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E C O L O G Y

Elevated CO2 mitigated warming-enhanced carbon loss 
from northern peatland
Jian Zhou1, Quan Quan1, Wenjuan Huang2, Paul J. Hanson3, Daniel Ricciuto3, Melanie A. Mayes3, 
Natalie A. Griffiths3, Verity G. Salmon3, Sören Eliot Weber3,4, Jeffrey M. Warren3,  
Richard J. Norby3,5, Mara Y. McPartland6, Mirindi Eric Dusenge7, Danielle Way7,8,9, Lifen Jiang1,  
Yu Zhou10, Haodi Xu1, Feng Tao11,12, Xiaoying Shi3, Weinan Chen1, Yahai Zhang1, Yiqi Luo1*

Peatlands store one-third of the global soil carbon (C) on only ∼3% of Earth’s land surface but risk becoming C 
sources to accelerate climate change due to warming-induced C loss. Elevated CO2 (eCO2) may mitigate this loss 
by boosting plant C uptake. However, how eCO2 and climate warming interact to influence peatland C dynamics 
remains unclear. Here, we investigated peatland C fate at five warming levels (+0°, +2.25°, +4.5°, +6.75°, and + 9°C), 
each under ambient CO2 (aCO2) and eCO2 (+500 parts per million), by model-guided synthesis of 18 measured 
variables for each of the 10 treatments from an experiment. Our results showed that the peatland C loss increased 
with warming at a rate of 62.6 g C m−2 year−1°C−1, reaching 476.5 ± 104.7 g C m−2 year−1 at +9°C under aCO2, 
primarily because of increased Sphagnum mortality and accelerated decomposition. eCO2 reduced the loss rate to 
17.3 g C m−2 year−1°C−1, nearly halving the C loss at +9°C (269.4 ± 80.5 g C m−2 year−1), mainly due to enhanced 
tree and shrub growth. Methane emissions increased with warming, similarly under aCO2 and eCO2. Our findings 
suggest that northern peatlands likely become major C sources under climate warming, although rising atmo-
spheric CO2 concentration may partially slow down the C loss. Climate-driven shifts in plant community structure, 
rather than peat decomposition alone, play a critical role in regulating peatland C fate and may threaten the sta-
bility of peatland ecosystem functions and services in the future.

INTRODUCTION
Peatlands serve as a long-term carbon (C) sink that contributes to 
global climate cooling (1–3), and disproportionately store a sub-
stantial volume of C-rich peat (4, 5). Northern peatland C has been 
protected by low temperatures and anaerobic environments (6) 
over millennia. By the end of this century, temperatures in high-
latitude regions, where the vast majority of peatlands are located, 
are predicted to rise by up to 8.3°C under extreme climate change 
scenarios (7, 8), which could trigger massive C loss, risking peat-
lands becoming C sources (9–12). However, the vulnerability of 
peatland C to warming may be lessened by a concomitant increase 
in atmospheric CO2 concentration (eCO2) that can enhance plant 
C uptake and may increase soil organic carbon (SOC) stocks (13). 
Nonetheless, the extent to which eCO2 interacts with warming to 
influence net peatland C balance remains unclear, leading to vari-
able predictions about the future role of peatlands in the global 
C cycle, ranging from a sustained C sink (2) to a major C source 
(11, 14). This uncertainty underscores a critical knowledge gap in 

our understanding of peatland responses to climate warming and 
eCO2 and their underlying mechanisms.

Climate warming and eCO2 can trigger a myriad of process chang-
es to influence peatland C dynamics. A 3-year synthesis of observa-
tions from a peatland experiment manipulating warming and eCO2 
showed rapid warming-induced C loss with negligible effects of 
eCO2, primarily due to enhanced peat decomposition (11). Consis-
tent with this observation, most previous studies that project the 
future fate of peatland C are focused on peat decomposition in re-
sponse to warming (4, 10, 15). However, over longer timescales, 
temperature acclimation and adaptation can reduce the sensitivity 
of C loss to warming (16, 17), resulting in lower C emissions than 
predictions assuming constant temperature sensitivity (18). Whether 
these longer-term responses reduce the relative importance of peat 
decomposition in peatland C balance remains uncertain, as warm-
ing may continue to increase the vulnerability of large peat C stocks 
accumulated under historically cold and waterlogged conditions. 
This leads to our first hypothesis that warming stimulates C loss pri-
marily through accelerated peat decomposition under ambient CO2 
(aCO2). On the other hand, the responses of plant C uptake in peat-
lands to global change have received less attention than peat decom-
position in peatland research. Although the CO2 fertilization effect 
that is frequently observed on leaf photosynthesis may be dampened 
due to limited nutrient availability (19, 20), especially in nutrient-
poor ombrotrophic bogs, the CO2 fertilization effect may be ampli-
fied over longer timescales if eCO2 leads to leaf area increases (21) 
and/or plant community structure changes (22). Furthermore, al-
though multifactorial experiments have primarily indicated addi-
tive effects of global change factors (23), interactions between eCO2 
and warming are often observed due to altered plant composition 
and other physiological processes (24, 25). These changes could en-
hance plant C uptake and offset warming-induced C losses through 
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peat decomposition. We therefore postulate a second hypothesis that 
elevated CO2 mitigates peatland C loss through its interactive effects 
with climate warming.

We tested the above hypotheses using data from the Spruce 
and Peatland Responses Under Changing Environments (SPRUCE) 
experiment, a large-scale, two-factor experiment conducted in an 
ombrotrophic bog, in northern Minnesota (United States), with 
five warming levels (+0°, +2.25°, +4.5°, +6.75°, and + 9°C; below-
ground since 2014 and aboveground since 2015), each under two 
CO2 treatment levels [ambient and +500 parts per million (ppm); 
since 2016] (see Materials and Methods) (11, 26, 27). While the 
previous synthesis of observations over 3 years at SPRUCE pro-
vided important early evidence of peatland C dynamics under 
warming and CO2, it primarily relied on empirical functions to 
upscale monthly CO2 and CH4 fluxes measured from large col-
lars into annual estimates and excluded tree photosynthesis or 
aboveground autotrophic respiration (Ra) (11). To more com-
prehensively examine the longer-term fate of peatland C under 
warming and eCO2, we adopted a model-guided data synthesis 
approach, as used in previous studies to upscale sparse and mul-
tiple data sets to estimate ecosystem C balances (28, 29). Spe-
cifically, we estimated the annual C budget for each of the 10 
treatments by synthesizing 18 observed variables from 2011 to 
2021 (table S1) with a process-based modeling framework [Ter-
restrial ECOsystem (TECO)–SPRUCE] (fig.  S1) (30,  31). Esti-
mates from this approach closely match all measured variables 
(figs. S2 and S3), allowing us to infer peatland C fate under warm-
ing and elevated CO2.

RESULTS
Changes in C fluxes under warming and elevated CO2
Under aCO2, warming linearly increased C loss [i.e., net carbon ex-
change (NCE); note that all the fluxes in this paper have been cor-
rected with pretreatment values to account for baseline variability] 
at a rate of 62.6 g C m−2 year−1°C−1 across the five warming levels, 
shifting the ecosystem from a slight C sink of 79.1 ± 61.5 g C m−2 
year−1 at +0°C to a significant C source of 476.5 ± 104.7 g C m−2 
year−1 at +9°C (Fig. 1A). The warming-induced increases in C loss 
under aCO2 resulted from both decreasing plant C uptake [i.e., gross 
primary productivity (GPP); Fig. 1B] and increasing soil C decom-
position via both heterotrophic respiration of CO2 ( RhCO2

 ) and CH4 
emissions (Fig. 1, E and F), with declining GPP contributing most to 
the overall C loss (fig. S4). Conversely, eCO2 reduced the warming-
induced C loss rate to 17.3 g C m−2 year−1°C−1, decreasing C loss by 
52.7 and 43.5% (i.e., 212.8 ± 89.3 and 207.1 ± 45 g C m−2 year−1°C−1) 
at +6.75° and + 9°C, respectively (Fig. 1A), primarily due to increased 
plant C uptake (Fig. 1B). The lower NCE at eCO2 than aCO2 at +0°C 
and + 4.5°C (Fig. 1A) was mainly due to decreased net plant C up-
take [i.e., net primary productivity (NPP)] and increased RhCO2

 (Fig. 1,  
C and E).

GPP decreased with temperature under aCO2 at a rate of 63.5 g C 
m−2 year−1°C−1, reaching a reduction of 241.4 ± 111 g C m−2 year−1 
at +9°C (Fig. 1B). eCO2 mitigated the warming-induced decreases in 
GPP under high warming treatments (+6.75° and + 9°C) (Fig. 1B), 
mainly due to eCO2-driven increases in tree GPP (fig. S5A). NPP 
declined significantly with temperature under aCO2 but showed no 
significant response to warming under eCO2 (Fig. 1C). Negative eCO2 

Fig. 1. Changes in C fluxes estimated by the model-guided data synthesis approach at five warming treatment levels under ambient and elevated CO2 in the 
peatland. (A) NCE. (B) GPP. (C) NPP. (D) Ra. (E) RhCO2

 . (F) Methane emissions (CH4). All estimated fluxes were corrected for differences between the treatment years (2017–
2021) and the pre-treatment year (2013). Solid dots denote annual values with open dots and error bars indicating mean and SD across years, respectively. The blue and 
red colors represent data under ambient and elevated CO2, respectively. The lines and statistics shown are regression results, with solid and dashed lines indicating statis-
tically significant and non-significant relationships, respectively. Different letters (i.e., a and b) in each equation indicate statistically significant differences (analysis of 
covariance; P < 0.05). The shaded areas represent the 95% confidence intervals. Asterisks above the x axis denote significant differences between ambient and elevated 
CO2 (paired t test) for a given temperature treatment or a significant regression relationship in the equations (*P < 0.05, **P < 0.01, and ***P < 0.001). R2, coefficient of 
determination.
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effects on NPP at the warming treatments below +4.5°C (Fig. 1C) 
were mainly due to eCO2-induced depression in Sphagnum growth, 
potentially driven by increased shading effect (32) and consistent 
with similar suppressive eCO2 effects reported in other studies (33, 
34). At +6.75°C, NPP was much higher under eCO2 than aCO2, which 
was associated with substantial stimulation of GPP by eCO2 despite 
an increase in Ra (Fig. 1D).

Heterotrophic CO2 emissions increased linearly with warming 
at 27.5 g C m−2 year−1°C−1 under aCO2, reaching 234.9 ± 148.5 g 
C m−2 year−1 at +9°C (Fig. 1E). Although CO2 emissions changed 
nonlinearly with warming under eCO2, the differences in CO2 
emissions between aCO2 and eCO2 were not significant under 
each warming level, except at +0°C. This suggests that eCO2-
driven priming in our study was not as substantial as in other 
studies that found extra plant C inputs under eCO2 fuel soil C de-
composition via priming for mining additional nutrients (35, 36). 
At this site, warming-induced mortality of Sphagnum mosses may 
have supplied extra nutrients for eCO2-stimulated plant growth 
(37). CH4 emissions increased linearly with warming under both 
aCO2 and eCO2 (Fig. 1F), probably through thermodynamic stim-
ulation and increased substrate availability (10, 15). While mean 
annual water-table depth did not significantly change among the 
10 experimental plots over the treatment period (2017–2021) 
[fig.  S6; except during the extreme drought event in 2021 (38)], 
heterotrophic CO2 emissions were significantly correlated with 
water-table depth under aCO2 (fig. S7), consistent with previous 
findings (39).

Changes in C pools under warming and elevated CO2
Substantial changes in C fluxes under warming and eCO2 treatments 
were reflected in changes in C storage in different pools (Fig. 2). The 
annual change in plant C storage showed no significant responses 
to warming under aCO2 but increased with warming under eCO2 
(Fig. 2A), partially due to increased GPP in response to warming 
(Fig. 1B). The annual change in litter C pool significantly decreased 
with warming under both aCO2 and eCO2 (Fig. 2B). Warming stim-
ulated substantial soil C losses under aCO2 via enhanced decompo-
sition and reduced C input from Sphagnum, while eCO2 mitigated 
warming-induced soil C losses mainly through increased C input 
from tree and shrub growth (Figs. 2C and 3). This is consistent with 
a previous study that warming alone increased peatland SOC loss 
whereas the combination of warming and eCO2 partially alleviated 
the warming-induced SOC loss by increasing plant-derived C in-
puts (40). The interactive effects of warming and eCO2 resulted in 
less decreases in total ecosystem C storage at +4.5° and + 9°C under 
eCO2 than aCO2 (Fig. 2D).

Differential responses of PFTs to eCO2 under warming
To quantify alleviation of ecosystem C loss by eCO2, we calculated 
differences in C fluxes between eCO2 and aCO2 at each of the warm-
ing levels. The effect of eCO2 on NCE exhibited a linear response to 
warming (Fig. 3A), primarily due to the eCO2 stimulation of tree 
and shrub NPP (Fig. 3B). Tree NPP showed no response to warming 
under aCO2 but increased under eCO2 (Fig. 3C), with a significant 
eCO2-induced enhancement at +2.25°, +6.75°, and  +  9°C. Shrub 

Fig. 2. Annual changes in C pools in the peatland at five warming treatment levels under ambient and elevated CO2. The change in the size of the annual C pool 
was calculated as the difference between the C stock of the current year and that of the previous year for total plant C pool (ΔCplant) (A), litter C pool (ΔClitter) (B), soil C pool 
(ΔCsoil) (C), and total ecosystem C pool (ΔCtotal) (D). The open dots and error bars indicate mean and SD of estimates from multiple years (2017–2021) derived using the 
model-guided data synthesis approach, respectively, and solid dots denote yearly values. The blue and red colors represent data under ambient and elevated CO2, respec-
tively. The lines and statistics shown are regression results, with solid and dashed lines indicating statistically significant and non-significant relationships, respectively. The 
shaded areas represent the 95% confidence intervals. Different letters (i.e., a and b) in each equation indicate statistical significance (analysis of covariance; P < 0.05). 
Asterisks above the x axis denote a significant CO2 effect (paired t test), and those within the equations indicate significant regression relationships (*P < 0.05* **P < 0.01, 
and ***P < 0.001).
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NPP exhibited the same trend as tree NPP (Fig. 3D and fig. S8B), 
supported by previously reported increases in shrub photosynthetic 
rate under eCO2 (41) and leaf area index (LAI) with warming (42). 
Sphagnum productivity declined with warming under both aCO2 and 
eCO2 (Fig. 3E and fig. S8, C and D), driven by warming/desiccation-
induced mortality (43) and shading by trees and shrubs (32). While 
differential changes in growth of the three plant functional types 
(PFTs) (i.e., trees, shrubs, and Sphagnum) significantly altered the 
annual C balance, their long-term impacts will depend on changes 
in litter quality and composition, which can have cascading effects 
on peat decomposition (40, 44).

Contributions of ecosystem property changes to the eCO2 
effect on C fluxes under warming
We assessed the importance of altered plant community structure 
and other ecosystem properties (e.g., temperature sensitivity of CH4 
production), as reflected in varying parameters (fig. S9), in regulat-
ing the ecosystem-scale C balance through a modeling experiment. 
Specifically, estimated parameters at the control plot (i.e., +0°C and 
aCO2) from 2011 to 2013 (before the experimental treatments) were 
used in TECO-SPRUCE for simulating peatland responses to the 
five warming treatments each under aCO2 and eCO2 levels from 
2014 to 2021 (see Materials and Methods). This experiment mim-
icked conventional simulation modeling with fixed parameter val-
ues, assuming no changes in ecosystem properties under climate 
change (45), compared with using varying parameters to capture 

these ecosystem property changes (as done in this study). The latter 
approach was conceptually similar to trait-based modeling via ad-
justing parameter values with traits (46, 47). Without ecosystem 
property changes, most C fluxes showed significant responses to 
warming and eCO2 (fig.  S10) in sharp contrast with the patterns 
estimated by the data-informed model (Fig. 1). The contribution of 
ecosystem property changes to the eCO2 effect on NCE linearly rose 
with warming at a rate of 35.3 g C m−2 year−1°C−1 (Fig. 4A). This 
increased NCE was primarily attributed to changes in NPP (Fig. 4B), 
resulting from differential responses of the three PFTs to warming 
and eCO2 with and without ecosystem property changes (Fig. 4C). 
Overall, ecosystem property changes reduced the estimated eCO2 ef-
fect on NPP and heterotrophic respiration compared with the mod-
el using fixed parameters (Fig. 4C), consistent with widely reported 
ecosystem acclimation to climate change (48, 49).

DISCUSSION
Our findings deepen the mechanistic understanding of peatland C 
cycling in response to warming and eCO2. While most studies have 
focused on peat decomposition and its response to warming for pre-
dicting peatland future C dynamics (10, 15, 50, 51), we highlight the 
pivotal role of ecosystem property changes (i.e., changes in plant 
community structure or other ecophysiological properties) in shap-
ing the future C fate of peatlands under climate warming and rising 
atmospheric CO2 concentration.

Fig. 3. Elevated CO2 (eCO2) effect on NCE and its components across warming treatments. (A) eCO2 effect on NCE at different warming treatment levels. (B) Relation-
ships between the eCO2 effect on NCE and the eCO2 effect on flux components: NPP, RhCO2

 , and methane emissions (CH4). (C to E) Tree, shrub, and Sphagnum NPP across 
warming levels, respectively. Solid dots denote annual values estimated by the model-guided data synthesis approach from 2017 to 2021 with open dots and error bars 
indicating mean and SD across years, respectively. All estimated fluxes were corrected for differences between the treatment years (2017–2021) and the pretreatment year 
(2013). The lines and statistics shown are regression results, with solid and dashed lines indicating statistically significant and nonsignificant relationships, respectively. 
Shaded areas show 95% confidence intervals. Different letters (e.g., a, b, and c) in each equation indicate statistical significance (analysis of covariance; P < 0.05). Asterisks 
above the x axis denote a significant CO2 effect (paired t test), and those within the equations indicate significant regression relationships (*P < 0.05, **P < 0.01, and 
***P < 0.001).
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Under aCO2, the warming-induced decrease in plant C uptake, 
primarily due to increased Sphagnum mortality, was the major con-
tributor to NCE declines (fig.  S4), thereby partially falsifying the 
first hypothesis that warming stimulates C loss mainly through ac-
celerated peat decomposition. Although warming-induced decline 
in Sphagnum productivity and enhanced peat decomposition have 
each been documented previously (11, 43), their relative importance 
in regulating ecosystem-scale C balance under long-term warming 
has rarely been quantified within a unified framework. By compre-
hensively assessing C fate at the whole-ecosystem level, we directly 
quantified the relative contributions of vegetation-driven C inputs 
and decomposition-driven C losses to peatland C balance under 
warming. Our analysis demonstrates that changes in vegetation C 
uptake play an important yet often underappreciated role, alongside 
peat decomposition, in determining peatland C balance. This find-
ing broadens current perspectives on peatland C vulnerability to 
climate change by showing that future ecosystem C balance depends 
not only on the stability of existing C stocks but also on the capacity 
of plant communities to sustain C inputs under warming.

Previous experimental studies mostly reported minor interactive 
effects of warming and eCO2 on ecosystem C cycling (11, 37, 52, 53). 
However, we found that elevated CO2 effects increased with warm-
ing (i.e., interactive effects) to mitigate warming-induced peatland 
C loss (Fig. 3A) mainly through differential responses of the three 
PFTs (Fig. 3, C to E), supporting the second hypothesis. Specifically, 

eCO2 promoted shrub and tree growth across five warming levels 
while suppressing Sphagnum growth at moderate warming (Fig. 3, C to 
E). Previous studies suggest that warming and eCO2 can favor vas-
cular plant expansion, leading to greater shading of Sphagnum and 
consequently reducing its growth and photosynthetic capacity (32). 
These differential responses among PFTs underpinned the interac-
tion between warming and eCO2, as enhanced shrub and tree pro-
ductivity compensated for declines in Sphagnum productivity and 
partially offset C losses from peat decomposition at the ecosys-
tem scale. This result highlights the importance of plant community 
change in shaping ecosystem responses to warming and eCO2. Our 
results are consistent with previous findings that indirect effects of 
warming and eCO2 through changes in vegetation structure and 
other processes are often more important than their direct effects 
(21,  22,  54,  55). Moreover, this study also suggests that climate 
change–induced shifts in boreal peatland plant community struc-
ture may further suppress peat-forming Sphagnum mosses, poten-
tially contributing to transitions toward shrub- and tree-dominated 
ecosystem and reducing critical peatland ecosystem services.

Increasing evidence suggests that climate-driven changes in 
ecosystem properties can substantially affect ecosystem C cycling 
(22, 49, 56). However, these changes are often poorly represented by 
models using a fixed parameter set but can be captured through vary-
ing parameters across different environmental conditions (18, 45). In 
this study, we represented changes in ecosystem properties related to 

Fig. 4. Effects of ecosystem property changes on eCO2-induced changes in NCE and its components across warming treatment levels. (A) CO2 effect on NCE with 
and without ecosystem property changes as calculated by the difference between the CO2 effect on NCE with varying and fixed parameters (NCECO2,Vary − NCECO2,Fix). 
(B) Relationships between CO2 effects on NCE and its flux components with or without ecosystem property changes (FluxCO2,Vary − FluxCO2,Fix), including NPP, RhCO2

 , and 
methane emissions (CH4). (C) Differences in the CO2 effect on NPP and its three different PFTs (Shrub, Sphagnum, and Tree), RhCO2

 , and CH4 with and without ecosystem 
property changes. All estimated fluxes were corrected for differences between the treatment years (2017–2021) and the pretreatment year (2013). Fluxes without ecosys-
tem property changes were estimated using fixed parameters from the control experimental plot (+0°C and ambient CO2) during the pretreatment period (2011–2013). 
Solid dots denote annual values estimated by the model-guided data synthesis approach with open dots and error bars indicating mean and SD across years, respec-
tively. The lines and statistics shown are regression results, with the solid and dashed line indicating statistically significant and nonsignificant relationships, respectively. 
Shaded areas show 95% confidence intervals. Asterisks denote significant impacts of ecosystem property changes on eCO2 effects or significant relationships (*P < 0.05, 
**P < 0.01, and ***P < 0.001).
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plant community structure and other ecophysiological properties by 
treatment-specific parameterization. Our results showed that the re-
sponses of peatland C balance to warming and eCO2 were primarily 
regulated by changes in plant community structure (Fig. 3). We fur-
ther evaluated the contribution of ecosystem property changes to 
peatland C dynamics under warming and eCO2 in a modeling ex-
periment with varied (changed ecosystem properties) versus fixed 
parameters (unchanged ecosystem properties). Our finding under-
scores the importance of plant community structure in determining 
peatland C balance under climate change (Fig. 4). These results also 
highlight the limitations of current models relying on fixed parameter 
values to project future peatland C dynamics under climate change. 
Allowing parameters associated with changing ecophysiological prop-
erties to vary across environmental conditions practically represents 
these changes in ecosystem properties. Nevertheless, it is highly de-
sirable to move beyond parameter-based representation of ecosystem 
property changes and develop functional relationships of the property 
changes with environmental drivers to be incorporated for model pro-
jection of long-term peatland C dynamics under changing climate.

Water-table dynamics play an important role in regulating peat-
land C cycling (39). However, water-table depth showed no signifi-
cant changes with warming at either the annual or growing-season 
scale during the treatment period, except during the extreme drought 
in 2021 (fig. S6) (38). Overall, water-table drawdown during growing 
season had limited effects on ecosystem-level C fluxes, except for a 
significant increase in heterotrophic CO2 respiration (fig. S7, A to 
F). For individual PFTs, water-table drawdown during the growing-
season increased tree productivity but reduced Sphagnum produc-
tivity under eCO2 (fig. S7, G and I), consistent with previous evidence 
that lower water tables can favor woody vegetation while suppressing 
Sphagnum in peatlands (43,  57–59). Although the warming treat-
ment did not significantly lower either annual or growing-season 
mean water-table depth in our study, warming-induced hydrological 
stress may still be an important driver of Sphagnum decline (43). No-
tably, the extreme drought in 2021 caused pronounced water-table 
drawdown and amplified warming-induced C loss, even more so un-
der eCO2 (38). Therefore, understanding the influence of hydrologi-
cal change on peatland C dynamics requires consideration of both 
chronic water-table changes and episodic extreme events, supported 
by dedicated manipulation experiments and long-term observations.

In addition to the lack of water-table manipulation discussed 
above, a few additional limitations should be considered in interpret-
ing our results. First, experimental limitations of the SPRUCE exper-
iment, such as uniform and year-round warming, and limited CO2 
treatments to the growing seasons and daytime may not reflect real-
world patterns of global change (9, 60, 61), requiring cautions in in-
terpreting experimental results and extrapolating to larger spatial and 
temporal scales. Second, our model-guided data synthesis approach 
integrated and upscaled multiple observations within a process-based 
framework, effectively capturing treatment-induced ecosystem C dy-
namics through observation-constrained parameter variation. How-
ever, the underlying mechanisms are represented implicitly through 
parameterization rather than explicitly in model structure. Parame-
terization may be context dependent, and additional validations 
would be needed when applied to ecosystems beyond the spatiotem-
poral domains of the SPRUCE experiment. Third, our findings char-
acterize peatland C dynamics over an 8-year experimental period 
and reveal that elevated CO2 buffered warming-induced C loss by 
stimulating the growth of trees and shrubs. Although the observed 

interactive effect of warming and elevated CO2 on peatland C balance 
was more pronounced than that reported in the previous shorter-
term study (11), whether this response persists over longer timescales 
remains uncertain, as plant responses to elevated CO2 may diminish 
with stand age (29), nutrient limitation (19,  62), and longer-term 
physiological acclimation (63). Moreover, increased plant-derived C 
inputs may alter the partitioning of C among peat C pools, shifting a 
greater proportion of C toward faster turnover pools and potentially 
reducing long-term C storage (40). Experiments and modeling analy-
sis over longer timescales are therefore needed to resolve these uncer-
tainties. Despite these limitations, the mechanistic understanding 
gained from this, alongside other manipulative experiments, offers 
invaluable insights into the future C fate of peatlands and can inform 
model improvements.

MATERIALS AND METHODS
Description of the experimental site
The SPRUCE experiment is located in the ombrotrophic S1 Bog, a 
perched water table peatland within the Marcell Experimental For-
est, northern Minnesota, USA (47.5059°N, 93.4535°W). The mean 
annual temperature at the Marcell Experimental Forest was 3.4°C, 
and the average annual precipitation was 780 mm from 1961 to 2009, 
reflecting the area’s boreal climate (64). The overstory vegetation 
is primarily composed of black spruce (Picea mariana) and tama-
rack (Larix laricina), underlain by a rich layer of Sphagnum spp. 
mosses (Sphagnum divinum, Sphagnum angustifolium, and Sphagnum 
fallax). The understory features a variety of shrubs like Labrador tea 
(Rhododendron groenlandicum), blueberry (Vaccinium angustifolium), 
and leatherleaf (Chamaedaphne calyculata), along with a few herba-
ceous and graminoid species (11). The peatland underwent strip cuts 
in 1969 and 1974 to test the effects of seeding on the natural regenera-
tion of P. mariana. The current canopy stands at 5- to 8-m tall (11). 
The peatland soil is classified as the Greenwood series, a Typic Haplo-
hemist (http://websoilsurvey.nrcs.usda.gov) (65), with accumulation 
dating back thousands of years to an average depth of 2 to 3 m (66).

The SPRUCE experiment is composed of 10 experimental plots, 
with each plot equipped with an open-top enclosure of 12.8-m di-
ameter and 7-m tall. The regression design applies five distinct 
warming levels (+0°, +2.25°, +4.5°, +6.75°, and +  9°C) alongside 
two different CO2 levels (+0 and + 500 ppm) to study their individ-
ual or interactive effects on peatland carbon (C) dynamics. Peatlands 
in high-latitude regions may experience warming of up to 8.3°C in 
the future (7, 8). The temperature gradient at the experimental site 
(from +0° to +9°C) encompasses these potential warming scenarios. 
The design of gradient-based warming was intended to help better 
understand the sensitivity of peatland C cycling to increasing tem-
peratures through regression analysis. Belowground warming of 
this experiment began in 2014 (15), followed by the commence-
ment of whole-ecosystem warming in August 2015 (11). Below-
ground warming was achieved by strategically placing a series of 
low-wattage heaters to targeted depths (2- to 3-m deep), ensuring 
accurate temperature control. Air warming within the enclosures 
was achieved using propane-fired furnaces, which recirculated and 
heated the air. The elevated CO2 treatment started in June 2016 to 
maintain the CO2 concentration between 800 and 900 ppm (11). The 
warming treatments operated continuously throughout the year, 
while the elevated CO2 treatments were applied during the growing 
season and daylight hours only.
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Measurements
The measurements of 18 variables that were used to quantify peat-
land C fluxes and pools were collected in each of the 10 experimen-
tal plots, corresponding to 10 treatments at five levels of warming 
each under two levels of CO2 concentration (a total of 180 variable-
plot time series from 2011 to 2021) (table S1). Aboveground tree 
biomass was estimated using allometric relationships based on an-
nual measurements of tree diameter at breast height (1.3 m) and 
periodic assessments of tree height (67). These measurements were 
then converted to C units, assuming that 48% of the tree’s mass is 
C (68). Aboveground shrub-layer biomass was determined annually 
through destructive clipping (69). The area clipped in each experi-
mental plot varied year to year but was typically 0.25 m2. The clipped 
plant materials were divided into two categories: current year growth 
and older aboveground plant materials. These materials were then 
oven-dried at 70°C for several days and then weighed. The C content 
of all tissues, including leaves and stems, ranged from 46 to 53% 
(59). We used the mean measured values of 51.6% for leaves and 
51.2% for stems. The annual growth of the Sphagnum community 
was measured in 3.8-cm-diameter mesh columns (43, 70). The col-
lected Sphagnum was oven-dried and weighed. The average C con-
tent of Sphagnum tissue was 42.9% (70). These measurements were 
combined with assessments of the Sphagnum community cover. The 
Sphagnum growth was estimated by the difference between mass 
measurements taken in May and October.

Fine-root biomass was measured using the minirhizotron meth-
od from 2015 to 2021. Two acrylic minirhizotron tubes (182.9-cm 
long, 5.08-cm inner diameter) were installed within 1.5 m of co-
niferous trees, one in a hummock and the other in an adjacent hol-
low. Plant root images were collected monthly using a BTC-100x 
minirhizotron camera (Bartz Technology Corporation, Carpinteria, 
CA, US) during the growing season. The images were processed 
using commercial software and classified into tree and shrub roots. 
Fine-root (less than 2 mm in diameter) production was estimated by 
measuring the length of new roots appearing between image collec-
tions and dividing by the days between the two observations. More 
details about fine-root measurements can be found in (71, 72).

The measured biomass and C content were used to estimate 
the corresponding C pool sizes and calculate the annual NPP (g C 
m−2 year−1) of different PFTs. Aboveground NPP (ANPP) of trees 
(ANPPtree) was calculated from the difference in biomass between 
the current and previous years. Shrub ANPP (ANPPshrub) was esti-
mated from the measured new growth of stems and leaves during 
each year. Sphagnum NPP (NPPSphag.) was calculated from the an-
nual growth measurements of Sphagnum, scaled by percent cover 
of Sphagnum community. Belowground NPP (BNPP) of shrubs and 
trees was assessed by the biomass of fine roots that grew during the 
current year.

CO2 and methane (CH4) fluxes were measured with the cham-
bers placed on the in situ large collars (1.2-m diameter) within each 
enclosure. These collars contained shrub and Sphagnum species but 
not trees. A monthly measurement was taken during the growing 
season from day 122 of year to day 244 (73, 74). Measurements of 
CO2 fluxes were conducted with a LI-7500A (LI-COR, Lincoln, NB, 
US) under both light and dark conditions. Measurements in the 
light represented net CO2 exchange in the collar, and dark measure-
ments were used to estimate respiration in the large collar. The dif-
ference between these two measurements was used to estimate GPP 
of shrubs and Sphagnum (GPPshrub + GPPSphag.) (73). Shrub LAI was 

measured using a LI-LAI-2200 (LI-COR, Lincoln, NB, US) from 
2017 to 2019 (75). Tree GPP (GPPtree) was estimated from tree leaf-
level photosynthetic rates and LAI. The tree’s leaf-level photosyn-
thetic rates were measured using LI-6400XT and LI-6800 (LI-COR, 
Lincoln, NB, US) from 2016 to 2017 and 2019 for each plot (76, 77). 
Tree LAI was estimated on the basis of annual maximum leaf mass 
and leaf mass per unit lamina area (LMA) from 2014 to 2021, with 
annual maximum leaf mass being estimated using allometric rela-
tionships (78).

RhCO2
 was estimated as a proportion of total respiration. The pro-

portion of RhCO2
 to total respiration was measured in six pairs of dark 

collars with a 1.2-m diameter placed in an area adjacent to, but 
outside, the experimental plots. Each pair included one intact and 
another with all autotrophic vegetation removed. Each collar was em-
bedded 10 to 20 cm into the surface peat. CO2 emissions from each of 
these large collars were measured from 2017 to 2019. Differences in 
measured CO2 emissions between intact and clipped collars from 
each pair were used to estimate the proportion of heterotrophic respi-
ration to ecosystem respiration (0.40 ± 0.18) (11), with the remain-
der being attributed to Ra. CH4 fluxes were measured by CH4 sensors 
(Li-7700; LI-COR, Lincoln, NB, US) installed within the chambers of 
the in situ large collars within each experimental plot (73).

Soil C content was measured from peat core samples taken at 
each experimental plot in August 2012 and August 2020 (79). Three 
replicates of soil cores were collected from both hummock and hol-
low locations within each plot to depths of 2 to 3 m. Dry weight and 
C concentrations of soil samples were measured to determine soil C 
storage for each experimental plot.

Environmental variables were measured in each experimental 
plot (80). Air temperature and relative humidity were measured at 
0.5, 1, 2, and 4 m above ground at half-hour intervals using thermis-
tors (model HMP-155; Vaisala, Vantaa, Finland). Vapor pressure 
deficit was calculated from measured air temperature and relative 
humidity (80). Soil temperature in all plots was measured at a depth 
of 10 cm by multipoint thermistor probes (W.H. Cooke & Co. Inc., 
Hanover, PA). Photosynthetically active radiation was measured us-
ing LI-190R quantum sensors (LI-COR, Lincoln, NB, US) 2.5 m 
above the peat surface. Wind speed was measured by wind sensors 
(Windsonic 4; Gill Instruments, Lymington, UK) 10 m above each 
enclosure in the center. Other variables, including water table depth 
(2000-mm TruTrack Water and Temperature Voltage Output) and 
rainfall, were also recorded at half-hour intervals. These environ-
mental data served as input data to drive the model.

Model-guided data synthesis approach
To estimate peatland C budgets under warming and eCO2 across the 
10 experimental plots, we applied a model-guided data synthesis ap-
proach in which a process-based model serves as a mechanistic 
framework to guide the synthesis and integration of 18 measured 
variables through a data assimilation technique. In this framework, 
the process-based model provides a mechanistic representation of 
ecosystem C cycling, while observational data constrain the model to 
ensure consistency between estimated and observed values. By com-
bining mechanistic understanding of ecosystem processes with con-
strains from multiple observations, this approach generates internally 
consistent estimates of ecosystem C dynamics across different C pools 
and fluxes that cannot be directly quantified simultaneously through 
sparse measurements alone. In addition, the approach enables the in-
tegration of multiple ecosystem observations collected at different 
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temporal scales, including variables not directly related to ecosystem 
C budgets, into a unified framework for constraining ecosystem-scale 
C dynamics and their responses to warming and eCO2.

The process-based model used in this study is a version of the 
TECO model specifically developed for the SPRUCE project (TECO-
SPRUCE model). The original TECO model is designed to simulate 
biogeochemical cycles, canopy photosynthesis, plant growth, and wa-
ter dynamics (30). To simulate peatland C cycling, TECO-SPRUCE 
has incorporated a soil thermal dynamic module (81) and a CH4 
module (82) into the original TECO model. In this study, we further 
modified the TECO-SPRUCE model to include three dominant 
PFTs: trees, shrubs, and Sphagnum (fig.  S1). The TECO-SPRUCE 
model is driven by measured hourly meteorological data from 
each treatment.

We constrained the model using a Bayesian data assimilation ap-
proach that integrates observations with our process-based model. 
The approach uses a technique based on Bayes’ Theorem for con-
straining parameters of a model. Its fundamental principle is Bayes-
ian probabilistic inversion (83) that can be represented by

where p(θ|Z) is the posterior distribution of parameter θ, f(Z|θ) is 
the conditional probability density of observations Z given θ, and 
p(θ) represents the prior probability density function of parameter 
θ. In our research, we applied the Metropolis-Hastings algorithm 
(84) to generate the posterior distributions of model parameters. We 
set 50,000 iterations to derive the posterior distributions of param-
eters, with the acceptance ratios between 10 and 50%. The first half 
of the accepted parameter values were discarded as part of the burn-
in period, and the second half were used for posterior analysis. We 
treated the initial states of C pools in the TECO-SPRUCE model as 
represented by parameters with prior ranges based on pretreatment 
measurements of biomass and soil C content from 2011 to 2013 
(table S1). Then, we estimated the initial states and model parame-
ters simultaneously from 18 observed variables for each experimen-
tal plot from 2011 to 2021 through a single round of data assimilation 
as was done in previous studies (85, 86). To closely match the obser-
vations, we adopted a conditional inversion method to estimate pa-
rameter values yearly to reflect strong interannual variability in flux 
measurements (87). The optimized parameter values as shown in 
fig. S9 were used in simulations to estimate the C budgets across the 
10 treatments. Further details on our data assimilation techniques 
have been elaborately discussed in the paper by Xu et al. (83).

Estimation of the carbon budget
We estimated the annual C budgets, including NCE, GPP, NPP, Ra, 
RhCO2

 , and CH4, from 2013 to 2021 using the constrained TECO-
SPRUCE with 18 measured variables. The C budgets from 2017 to 
2021 were used for the analysis of warming and elevated CO2 im-
pacts while the model outputs from 2014 to 2016 were not used due 
to partial treatments during these years. Treatment-induced changes 
in fluxes were all corrected for their differences with pretreatment 
values in 2013, which was estimated flux values during the treatment 
years (2017–2021) minus those in 2013 for each plot. This baseline 
correction accounted for pre-existing differences among plots, and 
its use was supported by the absence of significant nonlinear interac-
tions between pretreatment conditions and warming or elevated 
CO2 treatments in their effects on NCE, as assessed using linear 
mixed-effects models (fig.  S11). Our NCE estimates represent the 

net C balance of the major ecosystem C fluxes explicitly quantified 
and constrained within the model-guided data synthesis framework 
and do not include lateral C fluxes, such as dissolved organic C and 
dissolved inorganic C, because of their relatively small magnitudes 
and the lack of significant warming effects under either ambient or 
elevated CO2 (11). NCE was calculated from GPP of the three PFTs 
(GPPtree + GPPshrub + GPPSphag.), Ra (Ratree + Rashrub + RaSphag.), and 
heterotrophic respiration ( RhCO2

 and CH4) as below

Modeling experiment
To assess the influence of ecosystem property changes induced by 
warming and elevated CO2 on peatland C balance, we compared es-
timates from the TECO-SPRUCE model with fixed versus varying 
parameters. Specifically, we first conducted a modeling experiment 
in which C dynamics in all the 10 treatment plots were simulated us-
ing a single set of fixed parameters. These parameters were optimized 
with observations from the control treatment (i.e., +0°C and ambient 
CO2) during the pretreatment period (2011–2013) and then applied 
them in the TECO-SPRUCE model to simulate all the 10 experimen-
tal plots during the treatment period (2014–2021) using plot-specific 
environmental data and initial C pool sizes. This approach is com-
monly used in simulation modeling to project ecosystem responses 
to climate change with fixed parameters. In contrast, parameter val-
ues that were optimized separately for each treatment via data as-
similation with treatment-specific observations, as done in our study 
(i.e., varying parameters) were used to account for ecosystem prop-
erty changes induced by warming and CO2 treatments. This com-
parison allowed us to evaluate the importance of ecosystem property 
changes in regulating the C fate under climate change.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Table S1
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