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CLIMATE FEEDBACKS
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Extreme drought events are predicted to increase with climate 
change, yet their impacts on ecosystem carbon dynamics under 
warming and elevated carbon dioxide (eCO2) remain unclear. In 
a peatland experiment with five warming treatments each under 
ambient carbon dioxide (aCO2) and eCO2 (+500 parts per 
million), a 2-month extreme drought in 2021 reduced net 
ecosystem productivity by 444.0 ± 65.8 and 736.6 ± 57.8 grams 
of carbon per square meter at +9°C under aCO2 and eCO2, 
respectively—228.6 ± 56.8% and 381.9 ± 83.4% of the reduction 
at +0°C under aCO2. This exacerbation was driven by warming-
induced water table decline, prolonged low water tables, and 
CO2-enhanced substrate availability through increased plant 
carbon inputs. Findings indicate that future climate will greatly 
amplify carbon loss during extreme drought, reinforcing positive 
carbon-climate feedbacks.

The latest Intergovernmental Panel on Climate Change (IPCC) report 
projects extreme drought events to become 1.7 to 7.2 times more 
frequent if the surface temperature increases by 4°C in the near 
future (1). Studies examining the effects of extreme drought under 
current climates (2–7) suggest that more frequent extreme drought 
events have the potential to substantially affect ecosystem carbon 
(C) cycling. For example, Ciais et al. reported a 30% decline in gross
primary productivity over Europe during the 2003 European summer 
drought, resulting in a net C release of 0.5 Pg C year−1, which is equiva-
lent to 4 years of C sequestration under nondrought conditions (8).
Similarly, Wolf et al. found that the 2012 US summer drought reduced 
net ecosystem productivity (NEP) by 0.23 Pg C per season throughout 
the United States, with a 71% reduction in the Great Plains, United 
States (9). These severe impacts represent large-scale declines in 
plant growth and increased mortality (4, 5), which can offset ecosys-
tem C sinks and even reverse them into C sources across both time 
and space (3, 5, 10–13). Such disruptions could intensify positive 
climate-C feedback, accelerating future warming (14, 15). However, 
how extreme drought events will influence NEP in a future world with 

higher temperatures and elevated carbon dioxide (eCO2) concentra-
tion remains unclear.

Field experiments offer opportunities to study the impacts of 
extreme drought events on ecosystem C processes under future climate 
scenarios (16, 17). For example, during experimental warming that 
increased soil temperature by up to 2.6°C and air temperature by 1.1°C 
in a tallgrass prairie of the Great Plains from 1999 to 2019, an extreme 
drought event in 2011 reduced NEP by 23.5% under ambient tempera-
ture but 53.5% under warming with clipping (18). In a temperate peat-
land ecosystem, an extreme summer drought event in 2018 reduced 
NEP by approximately 57.8% compared with a nondrought year (2020) 
under ambient temperature and by around 146.2% under +3.2°C warm-
ing (19). In addition to warming, eCO2 is another key driver of future 
climates. Numerous studies in upland ecosystems have shown that eCO2 
can mitigate the negative drought impacts on ecosystem C sequestration 
by stimulating photosynthesis (20–22), conserving water (21, 23, 24), 
and improving plant water-use efficiency (22, 25). However, to the best 
of our knowledge, no studies have examined the impacts of naturally 
occurring extreme drought events on NEP in a field experiment combin-
ing eCO2 and warming in peatland or other ecosystems (26).

Peatlands, although covering only 3% of the land surface, store 
around 500 billion tonnes (Gt) C (nearly one-third of the world’s soil 
C or about half of the C stored in the atmosphere) because of water-
logging conditions that inhibit decomposition (27–29). Climate warm-
ing driven by eCO2 and associated extreme events pose a great threat 
to peatland C sequestration (30–32). Understanding how the large 
peatland C stocks respond to extreme drought events under combined 
warming and eCO2 is essential so that we can accurately predict the 
global C budget and future climate. To study peatland response to 
future climate scenarios, the Spruce and Peatland Responses Under 
Changing Environments (SPRUCE) project was established as a long-
term field experiment that has five whole-ecosystem warming levels 
(+0°, +2.25°, +4.5°, +6.75°, and +9°C) each under two CO2 levels (ambi-
ent and +500 parts per million) in a northern boreal peatland in 
Minnesota, United States. The warming gradients were designed to 
capture the upper limit (8.3° ± 1.9°C) of projected high-latitude 
warming under Representative Concentration Pathway 8.5 (RCP8.5) 
by 2100 (33).

1Soil and Crop Sciences Section, School of Integrative Plant Science, Cornell University, 
Ithaca, NY, USA. 2Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, 
TN, USA. 3Northern Research Station, Forest Service, US Department of Agriculture (USDA), 
Grand Rapids, MN, USA. 4Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, 
USA. 5Department of Earth, Ocean and Atmospheric Science, Florida State University, 
Tallahassee,  FL, USA. 6School of Biological Sciences, Georgia Institute of Technology, Atlanta,  
GA, USA. 7Department of Environmental Systems Science, ETH Zurich, Zurich, Switzerland. 
8Center for Ecosystem Science and Society, Northern Arizona University, Flagstaff, AZ, USA. 
9School of Informatics, Computing, and Cyber Systems, Northern Arizona University, 
Flagstaff, AZ, USA. 10Division of Plant Science, Research School of Biology, The Australian 
National University, Canberra, Australia. 11Department of Biology, The University of Western 
Ontario, London, ON, Canada. 12Nicholas School of the Environment, Duke University, Durham, 
NC, USA. *Corresponding author. Email: yl2735@​cornell.​edu †These authors contributed 
equally to this work.

ns
ns

* *
**

R2 0.28, P 0.05
Slope −20.3aSlope −20.3aSlope −20.3a

R2 0.73, P 0.001
Slope 77.1b

−1000

−500

0

500

0 2.25 4.5 6.75 9
Warming treatment (oC)

N
E
P
dr
ou

N
E
P
no
n
dr
ou
 (g

 C
 m

2  
2m

o
1 )

Box

aCO2
eCO2

Regression

aCO2
eCO2

Fig. 1. Effects of extreme drought on NEP under different warming and CO2 
scenarios. NEPdrou and NEPnon-drou represent NEP in the 2 months (July and August) 
in drought year 2021 and nondrought years, respectively. The lower and upper 
boundaries of the boxplots indicate the 25th and 75th quartiles. The center lines 
indicate the median values, the rhombus-shaped points inside the boxes indicate the 
mean values, and the whiskers indicate 1.5 times the interquartile range (IQR). The 
fitted lines indicate regressions, and the shaded bands indicate 95% confidence 
intervals (CIs). Different letters denote significantly different slopes. P values were 
adjusted by using the Benjamini-Hochberg false discovery rate correction for multiple 
comparisons. Differences between aCO2 and eCO2 under each warming treatment are 
ns, not significant; *P < 0.05; **P < 0.01.
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An extreme drought event at the SPRUCE site in 2021 (July–August) 
substantially lowered the water table to levels below the 10th percentile 
of the historical range from 1961 to 2021 (fig. S1). The average water 
table during this period was 411.93 m above sea level, close to the lowest 
record of 411.82 m during the same period in 1976, the driest year since 
1961. This drought lowered the water table depth (WT) by 0.24 m on 
average in the control plot [+0°C under ambient CO2 (aCO2)], which 
is consistent with reported declines of 0.2 to 0.3 m in other northern 
peatlands during extreme drought events (34–36). Taking advantage 
of this concurrence of a peatland warming and eCO2 experiment with 
an extreme drought event in 2021, we explored the response of peatland 
NEP to the natural extreme drought event under five warming and two CO2 
levels. We hypothesize that (i) an extreme drought event and warming 
promote reduction in NEP, likely by exacerbating water table drawdown, 
increasing soil aeration, and enhancing microbial decomposition, 
and (ii) eCO2 offsets the NEP reduction, potentially buffering the C 
loss under extreme drought and warming.

Effects of extreme drought on NEP under warming and eCO2
The extreme 2-month drought (July and August) in 2021 significantly 
reduced NEP by 217.9 ± 46.4 g C m−2 (mean ± SE) (P < 0.05) at ambi-
ent temperature and aCO2 in comparison with that in nondrought 
years (2016–2019) (no measurement was made in 2020 because of the 
COVID-19 pandemic) (Fig. 1). This drought effect is comparable in 
magnitude with the annual NEP declines (range, 218 to 234 g C m−2) 
reported in other northern peatlands because most of these annual 

losses occurred during the drought period (37, 38). At ambient tem-
perature and eCO2, the NEP insignificantly increased by 8.6 ± 79.4 g 
C m−2 (P > 0.05) (Fig. 1) during the drought event, likely because of 
enhanced water-use efficiency and photosynthesis under eCO2 offsetting 
the negative impact of drought (22, 25, 26, 39). However, at +9°C, the 
drought event caused a notable decrease in NEP by 444.0 ± 65.8 g C m−2 
(P < 0.01) under aCO2 and 736.6 ± 57.8 g C m−2 (P < 0.01) under eCO2 
over 2 months compared with NEP in the nondrought years (Fig. 1). 
The NEP response to the extreme drought under warming and eCO2 
was primarily due to increased ecosystem respiration (ER). Both 
of the factors (warming and eCO2) significantly amplified the drought-
induced increase in ER (fig. S2, A and B). Specifically, ER increased 
by 513.7 ± 44.0 g C m−2 (P < 0.01) under aCO2 and 651.7 ± 98.1 g C 
m−2 (P < 0.01) under eCO2 at +9°C during this extreme drought com-
pared with that in the nondrought years.

Mechanisms driving amplified C loss under eCO2 
during drought
The difference in drought effects on NEP between aCO2 and eCO2 was 
significantly negatively correlated with drought-induced changes in 
number of days with WT below −0.25 m (Fig. 2 and table S1). As shown 
in fig. S3, significant correlations emerged only when the water table 
fell below −0.25 m, suggesting it as a critical threshold for strong C 
flux response to drought. This aligns with the range of −0.2 to −0.3 m 
that is reported for other peatlands where C cycling is strongly affected 
(40–43). In addition, drought-induced declines in WT and increases 

in vapor pressure deficit (VPD) led to greater in-
creases in ER under eCO2 (fig. S4 and table S2). eCO2 
could amplify the increase in ER induced by water 
table decline by enhancing the supply of labile C from 
leaf litterfall and root exudation (44–46), which 
facilitate decomposition, and by accelerating below-
ground C turnover (47, 48). Globally, eCO2 signifi-
cantly increases leaf and root biomass by 21 and 45%, 
respectively; increases microbial biomass by 21%; and 
stimulates soil respiration by nearly 30% (47). At the 
SPRUCE site, we also found increased plant-derived 
C substrates under eCO2. Before the eCO2 treatment 
started in 2014, peat soil carbohydrate concentrations 
were similar between plots assigned to aCO2 and eCO2 
treatments. However, they increased significantly in 
the eCO2 plots after 4 years of eCO2 treatment in 2019 
(P < 0.01) (Fig. 3), averaging 33.7% compared with 
28.7% under aCO2 across the soil profile to a depth of 
2 m. Moreover, hydrolysable biopolymers increased by 
nearly 20% under eCO2 after 2 years of the eCO2 treat-
ment (49), which may contribute to the overall 5% 
increase in carbohydrate content and higher pore-
water CO2 concentrations under eCO2 across the peat 
soil profile, at depths of up to 2 m (Fig. 3) (50). Thus, as 
drought deepened the water table, more C substrates 
accumulated under eCO2 became exposed to oxygen, 
leading to increased CO2 release through respiration.

As the number of days with WT below −0.25 m 
increased, the effect of eCO2 on the impact of drought 
on gross ecosystem productivity changed from mitiga-
tion to exacerbation (fig. S5 and table S3), reflecting 
a dependence on drought duration, which in our 
study was mainly driven by the warming treatments. 
Under a short-term drought condition, eCO2 generally 
enhances photosynthesis and water-use efficiency 
while delaying stomatal closure, allowing plants to 
maintain higher C uptake (amplified CO2 fertilizer 
effect) (25, 39, 51). However, prolonged severe drought 
can impair stomatal function and photosynthetic 
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Fig. 2. Difference in drought effects on NEP between aCO2 and eCO2 treatment as related to various 
predictors. The difference, denoted by Δdrought effect on NEP, depends on drought-induced changes in 
(A) number of low-water-table (LowWT, below −0.25 m) days, (B) WT, (C) VPD, (D) temperature (Temp), 
(E) Sphagnum biomass (Sphag.bm), and (F) Sphagnum coverage (Sphag.cover), respectively. The fitted 
lines indicate the estimated effect of each predictor while controlling all other predictors. Solid lines 
indicate significant effects, and dashed lines indicate insignificant effects, with a significance level set at 
α = 0.05. The shaded bands indicate 95% CIs.
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structures (52). In such conditions, eCO2-induced premature leaf 
senescence and abscission, along with excessive stomatal closure, 
can intensify the negative impact of drought on C uptake (53, 54). 
Ridge regression analysis, which accounts for collinearity among 
drought-induced changes in all these potential causal variables (the 
number of low-water-table days, WT, VPD, temperature, and 
Sphagnum biomass and coverage), further supported these results 
(fig. S6). The differences in C flux responses to drought between 
aCO2 and eCO2 were not caused by differential drought responses 
of these factors because these responses were similar (figs. S7 and 
S8) and did not significantly differ between the two CO2 treatments 
(figs. S9 to S11). Overall, with greater water table decline and an 
increased number of days with low water table, warming and eCO2 
jointly promote C release and suppress C uptake, exacerbating the 
decline in NEP during extreme drought.

Mechanisms driving amplified C loss under warming 
during drought
Under both CO2 treatments, warming significantly amplified the 
drought-induced reductions in NEP. The temperature sensitivity of 
this response was 77.1 g C m−2 °C−1 under eCO2, which is significantly 
greater than the 20.3 g C m−2 °C−1 under aCO2 (P < 0.001) (Fig. 1). 
Warming can directly exacerbate peatland C loss during drought by 
shifting plant and soil fungal communities and enhancing the activity 
of C-degrading enzymes, which stimulates decomposition of recalcitrant 
deeper peat, as shown in many studies (30, 55–57). Under nondrought 
conditions, it has been estimated that a 1°C increase in temperature 

reduces NEP by 17.0 [95% confidence interval (CI): 8.0 to 26.0] g C m−2 
year−1 across 16 northern peatland sites, which is comparable with the 
24.6 (95% CI: 17.6 to 33.5) g C m−2 year−1 reduction observed in the 
SPRUCE site (58). In addition, warming strongly amplifies drought-
induced water table decline (fig. S9), exposing more peat to aerobic 
decomposition. A study showed that a water table decline of >0.3 m can 
strongly accelerate microbial respiration by 123% across global boreal 
peatlands (43). In our study, although warming did not significantly alter 
drought’s effects on other variables (figs. S10 and S11), it significantly 
enhanced the water table decline and the number of low-water-table 
days during drought (fig. S9). Further analysis showed that warming-
aggregated water table decline significantly contributed to warming-
amplified increase in ER and decrease in NEP during drought (fig. S12). 
Moreover, warming promotes substrate availability for microbial de-
composition in peatlands (57, 59, 60), which in combination with 
drought further accelerates peat soil C loss. Specifically, at the SPRUCE 
site, warming strongly promoted shrub fine-root growth by 1.2 km m−2 
year−1 °C−1 in 2016 and by 2.54 km m−2 °C−1 during the growing season 
(June to October) of 2017 (61). Increased belowground C allocation and 
root-derived labile metabolites primarily contributed to peat C release 
under warming (31, 49, 50, 62). All of these processes will lead peatlands 
to lose more C under warming during extreme drought events.

Implications
These findings support our first hypothesis that warming intensifies 
peatland C loss during extreme drought events by enhancing microbial 
decomposition and lowering the water table. However, contrary to our 
second hypothesis, eCO2, which typically mitigates drought impacts 
in upland ecosystems, exacerbated C loss in peatland by providing 
more substrate for decomposition and suppressing C assimilation un-
der extreme drought and warming (44–47, 53, 54, 60, 63–66). The 
exacerbated peatland C loss during extreme drought under warming 
and eCO2 (228.6 ± 56.8% and 381.9 ± 83.4% of the control at +9°C 
under aCO2 and eCO2, respectively) far exceeds that observed under 
current climates. This suggests that peatland C sinks may become in-
creasingly vulnerable to future climate extremes.

In this study, the extreme drought period was defined on the basis 
of ambient water table dynamics. Whereas ambient plots exhibited 
water table drawdown and recovery during this period, warming plots 
experienced deeper and more prolonged water table drawdown with-
out recovery during this period, likely because of higher VPD and 
evapotranspiration. This divergence explains the greater C loss under 
warming and eCO2, underscoring that future droughts and their im-
pacts could be much more severe than under the current climate. Our 
current analysis excluded NEP responses during the recovery phase 
under warming because it extended beyond the extreme window de-
fined by ambient conditions. If the water table recovery phases were 
considered, the delayed recovery phases may cause more C loss under 
warming and eCO2. Therefore, the recovery phase warrants further 
investigation (10, 26).

Whether the warming- and eCO2-amplified drought effects on C loss 
are short- or long-term remains an open question. Drought temporarily 
increases aerobic conditions, enhancing decomposition. However, 
when the water table recovers, peat returns to anaerobic conditions 
that slow decomposition. Moreover, much of the labile C may have 
already been decomposed during drought, potentially limiting post-
drought decomposition. If drought persists, shifts in plant communi-
ties and organic C inputs could introduce new feedbacks that alter 
photosynthesis and decomposition over longer timescales (67, 68). 
Whereas our short-term observations show that warming and eCO2 
immediately amplified C loss under extreme drought, the long-term 
impacts will depend on ecosystem responses to drought duration, 
frequency, and the combined effects of warming and eCO2 (67, 68).

Undisturbed northern peatlands are weak net C sinks, with long-
term C accumulation rates ranging from 3 to 80 g C m−2 year−1 over 
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Fig. 3. Carbohydrate and porewater dissolved CO2 concentrations in peat soil 
under aCO2 and eCO2. (A to D) Depth profiles of carbohydrate concentrations in 
[(A) and (B)] 2014 (before the eCO2 treatment) and [(C) and (D)] 2019 (after the 
eCO2 treatment). (E and F) Depth profile of porewater dissolved CO2 concentrations 
between aCO2 and eCO2. The lower and upper boundaries of the boxplots indicate 
the 25th and 75th quartiles. The center lines indicate the median values, the 
rhombus-shaped points inside the boxes indicate the mean values, and the whiskers 
indicate 1.5 times the IQR. The fitted lines indicate regressions, and the shaded 
areas indicate 95% CIs.



Research ArticleS

Science  23 October 2025 370

the past millennium (69), which is comparable with the 8 to 82 g C 
m−2 year−1 measured at the SPRUCE site (70, 71). This short-term NEP 
loss during the extreme drought event at +9°C under eCO2 would erase 
9.0 to 92.1 years of net C accumulation at the SPRUCE site, or poten-
tially 9.2 to 245.5 years in other northern peatlands. Our study did not 
quantify drought impacts on methane (CH4) emissions because it 
accounts for only a small fraction (7%) of ecosystem C exchange in 
northern peatlands (72) and typically approaches zero under drought 
condition when the water table drops to approximately −0.2 to 
approximately −0.3 m (42, 67, 73). Thus, it likely contributes little to 
net C loss during extreme drought. Consistent evidence from peatland 
studies shows that the increased CO2 emission in response to drought 
and water table drawdown overwhelmingly outweighed the cooling 
effect from a reduction in CH4 production, yielding a net warming 
effect (42, 74, 75). As extreme drought events become more frequent, 
our findings suggest that episodic C losses during the short-term 
droughts may substantially undermine long-term peatland C seques-
tration under future climate scenarios and pose a greater threat to the 
global C balance than current climate-based projections suggest.
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Materials and Methods 

Study site 

The Spruce and Peatland Responses Under Climatic and Environmental Change (SPRUCE) 

experiment was conducted at the S1 bog within the USDA Forest Service Marcell Experimental 

Forest (MEF) in northern Minnesota, USA, situated at approximately 47° 30' N and 93° 27' W, 

with an elevation of 418 m above mean sea level. The climate of the MEF is characterized as 

subhumid continental. Over the past 60 years, the mean annual air temperature was 3.3°C, rising 

at a rate of about 0.4°C per decade (78). The average annual precipitation was 779 mm from 1961 

to 2021 at this site (79).  The study site is dominated by two tree species: Picea mariana (Mill.) 

Britton, Sterns, and Poggenburg (black spruce) and Larix laricina (Du Roi) K. Koch (tamarack). 

The understory is mainly comprised of shrubs including Rhododendron groenlandicum (Oeder) 

Kron and Judd (labrador tea) and Chamaedaphne calyculata (L.) Moench. (leatherleaf), along with 

herbaceous species Maianthemum trifolium (L.) Sloboda, Carex spp. and Eriophorum vaginatum. 

Vegetation within the site includes a bryophyte layer dominated by Sphagnum spp., such as S. 

divinum, S. angustifolium, and S. fallax (80, 81). The peat is a Greenwood series, Typic 

Haplohemist, with average depths of 2-3 m (82, 83). The accumulated C storage exceeds 240 kg 

C m-2, with over 90% of it dating back more than 3000 years (80, 83). 

Experimental design 

Whole‐ecosystem warming began August 2015, while the belowground‐only warming was 

initiated in 2014. The elevated CO2 (eCO2) treatment started in June 2016. Whole‐ecosystem 

warming occurs in open‐top enclosures with a dimension of 12.8 m in diameter × 7 m in height. 

Air and soil are warmed at five levels: +0°C, +2.25°C, +4.5°C, +6.75°C, and +9°C. To achieve air 

warming, four propane‐fired furnaces generate warm air from recirculated air within each 

enclosure since 2015. A portion of warmed air is recaptured and routed back to the air handing 

ductwork via 4 air intake diffusers. Peat is warmed using an array of 67 low wattage, 3‐m long 

resistance heaters inside coated pipe emplaced throughout the enclosed plot since 2014. Targeting 

the enclosure plot peat volume, 19 belowground heaters only add heat energy at peat depths from 

-2 to -3 m, avoiding direct heating of the measured peat profiles. Temperature control points were

established at 2 m aboveground for air temperature and 2 m belowground for soil temperature.

To represent a high end of predicted atmospheric CO2 scenario by the end of this century (80), 

atmospheric CO2 concentration is elevated to 900 ppm in the eCO2 plots (exceeding CO2 

concentrations in 2016 by +500 ppm) since 2016. The CO2 source (Praxair, Inc.) is obtained from 

fossil fuel-based fertilizer plants. Pure CO2 is distributed and mixed within the air handling 

manifolds prior to additions into each enclosure. Both horizontal and vertical mixing processes 

within each enclosure ensure homogenization of air, effectively distributing the added CO2 with 

the heated air. 

Overall, there are 10 enclosures. Two enclosures were constructed for each temperature 

treatment and one with ambient CO2 concentration and the other received the eCO2 treatment. 

Warming occurs throughout the year, while elevated CO2 treatment is applied only during daylight 

hours of the growing season. Detailed information on the eCO2 and warming treatments can be 

found in (84) and (80). 

Biotic and abiotic variables measurement 

Water table depth (WT) was recorded every half-hour using water level probes (Trutrack Ltd. 

Christchurch, New Zealand; Part No. WT-VO2000) placed in a 5.25 cm diameter well casing. Peat 

temperatures were recorded every 30 minutes by multipoint thermistor probes (W.H. Cooke and 

Co. Inc, Hanover, PA) up to 2 m below ground within each plot. Air temperatures at 2 m above the 



 

 

 

 

peat surface were measured using a combination sensor (Vaisala, Finland; Model HMP155A) at 

the center of each plot. Vapor pressure deficit (VPD) was calculated using a function of air 

temperature and relative humidity. All the data sets and their associated measurements and 

calculation of abiotic variables are described in detail in (80), (84) and (85).  

Prior to the start of any of the treatments in August 2014, one peat soil core up to a depth of 

2 m was collected from each plot. Peat samples were dried, ground, and analyzed using a 

PerkinElmer Spectrum 100 FTIR (Fourier Transform Infrared Spectroscopy) with a Universal ATR 

accessory. Spectra were collected from 4000 to 650 cm−1 at 4 cm−1 resolution, with ten scans 

averaged. After ATR and baseline corrections, peak heights for soil organic matter compounds 

were normalized and calculated as weight percentages following (86). The data and detailed 

description on the measurement of soil carbohydrate content can be found in (87) and (88). In 

August 2019, four years after eCO2 treatment and five years of whole ecosystem warming 

treatment, peat soil cores were sampled from +0°C, +4.5°C and +9°C treatments in both ambient 

(aCO2) and eCO2 plots using the same method to measure the soil carbohydrate content.  

Porewater samples in each plot were collected in July and August from 2016 to 2022 for CO2 

concentration measurements. Porewater samples were collected from 2.5 cm diameter piezometers 

installed at depths of 25 to 200 cm in enclosures. Six to twelve piezometers were used per enclosure, 

with recharging allowed after pumping them dry 12 hours before sampling. Gas diffusion was 

negligible during this period. Porewater samples for CO2 analyses were preserved with 10% 

phosphoric acid and analyzed via headspace analysis using a Finnigan Mat Delta V Isotope Ratio 

Mass Spectrometer coupled to a gas chromatograph (89). The analytical uncertainty for CO2 

concentrations was <5%. The details of the method and data are described in (90).  

        Twenty five 5×5 cm square spots distributed in three community transects within each 

enclosure were established to estimate the percentage coverage of Sphagnum species, including 

Sphagnum angustifolium, S. fallax and S. divinum. The percentage coverage of these Sphagnum 

species, as well as the percentage of the area that was bare or covered with dead moss (bare dead), 

were visually estimated each year. The data and details for estimating the percentage coverage of 

dominant Sphagnum species can be found in (91) and (92). Sphagnum productivity was measured 

using 3.8-cm diameter mesh columns inserted into the peat surface each October. Each column 

was filled with a known quantity of one of three Sphagnum species, with two replicates for each 

species. After one year, columns were retrieved, samples were oven-dried, and weighed to 

determine annual productivity. Plot-level Sphagnum productivity was estimated by weighting the 

production of each species by its proportional cover. The data and complete details can be found 

in (91). 

Extreme drought identification 

We obtained historical water table data at the S1 bog (site of SPRUCE) from (93). To identify 

months of extreme drought in 2021, we calculated the probability density distribution of water 

table for each month from 1961 to 2021. The extreme drought was defined based on percentile 

threshold from the distribution (i.e. below 10th percentile) (94, 95). July and August in 2021 were 

considered extremely dry months over the past 61 years (Fig. S1). Moreover, we calculated the 

probability density distribution of water table for this period over the past six decades.  It showed 

that July to August in 2021 was a period of extreme drought compared to the non-drought years 

within our study period (2016-2019) (Fig. S13). 

Large collar measurement of carbon fluxes 

In each plot, a soil collar with the internal diameter of 1.2 m was permanently inserted 10-20 cm 

into the surface peat to achieve an airtight seal at ground level. A transportable and transparent 



enclosure, constructed from a cylindrical aluminum frame (1.3 m diameter by 1.02 m tall) with a 

transparent polyethylene fitted plastic cover was used to measure community scale net fluxes for 

CO2. Open-path CO2 (LI-7500A; LiCor Inc., Lincoln, NE) infrared sensor was mounted to a 

carrying device placed on a permanent stainless steel post in the center of each collar. The carbon 

(C) fluxes were measured monthly during the growing seasons of 2016-2019 and 2021, but not

2020 due to COVID pandemic disruptions.

On each measurement day, multiple measurement series were conducted, typically between 

8 am and 3 pm on sunny days, at each plot. Each series included flux measurements under ambient 

light and subsequently under dark conditions (using an opaque plastic cover). CO2 fluxes measured 

under light represent net CO2 exchange in the collar (negative value indicates C uptake) on that 

day, and those measured under dark conditions were the collar respiration (positive value indicates 

C release). In rare cases (< 3%) where the calculated collar gross primary productivity (i.e., collar 

net CO2 exchange minus collar respiration) was positive, each measurement series was examined. 

Because such values were physiologically unrealistic and likely caused by disturbance effects. 

They were excluded from the final analysis. The details of the method and data are described in 

(80, 84, 96). 

Relationships of daily means with the daytime collar measurement of C fluxes 

The large-collar measurement was made during daytime (usually between 8 am and 3 pm). To 

estimate daily means of the C fluxes from the daytime collar measurements, we used high temporal 

resolution of C fluxes measured in each experimental plot using small chambers during the 2022 

and 2023 growing seasons. Note that such high temporal resolution measurements were not 

available before 2022. In 2022 and 2023, C fluxes were measured using ABB GLA131-GGA CO2 

analyzers, each connected to an Eosense eosMX multiplexer and two eosAC-LT automated clear-

top flux chambers (0.5 m diameter), installed on metal collars embedded 15-20 cm into the peat 

and extending up to 50 cm above the surface. Measurements were taken every 30 minutes in 2022 

and every 15 minutes in 2023. Each flux chamber ran a 3-minute sampling period, followed by a 

90-second purge, alternating between two chambers in each enclosure. Soil moisture and

temperature were measured using Meter Teros 12 sensors installed within 50 cm of each chamber

collars. Measurements were averaged over each 3-minute flux measurement, resulting in one value

per chamber per closure cycle. Photosynthetically active radiation (PAR) was measured using

Apogee SQ-421 quantum sensors placed inside each flux chamber, also averaged over the 3-

minute sampling period to match the gas flux interval. Complete details of the method and data

are described in (97). Since the clear-top automated flux chambers allowed light penetration, the

measured CO2 fluxes represent net CO2 exchange in the small chamber. Nighttime CO2 fluxes

measured without light (PAR < 0, flux values > 0) were used as a proxy for small chamber

respiration.

We used these nighttime CO2 fluxes and environmental predictors to develop a random forest 

machine learning model for estimating small chamber respiration every 30 minutes in 2022 and 

15 minutes in 2023 over 24 hours. Soil temperature at 30 cm depth, soil volumetric water content 

at 20 cm depth, warming levels, CO2 levels and month (account for vegetation dynamics) were 

used as predictor variables in the random forest model. The data was randomly split into training 

(80%) and testing (20%) sets with replacement. Hyperparameter tuning was performed on the 

training set using five-fold cross-validation implemented with the “caret (V7.0.1)” package (98). 

The final model was trained using the optimal mtry = 2, with 1000 trees (ntree=1000), and a 

minimum node size of 5 (nodesize = 5). The trained model was used to validate against the testing 

dataset. Model performance was evaluated using mean squared error (MSE) and the coefficient of 



 

 

 

 

determination (R2). The random forest model showed good predictive performance, with an R2 of 

0.64 and MSE of 2.23 on the training dataset, and an R2 of 0.60 and MSE of 2.52 on the testing 

dataset (Fig. S14). The random forest was performed using the “randomForest (V4.7-1.2)” 

package (99).  

Based on the observed net CO2 exchange from high frequency automated chamber and 

estimated respiration from the random forest model, we calculated average flux values during 

daytime (8 am to 3 pm) and daily means over the full 24-hour period. To establish robust 

relationships between daytime C fluxes and their daily mean values, we employed Standardized 

Major Axis (SMA) regression. Unlike Ordinary Least Squares (OLS) regression, which assumes 

the independent variable (X) is measured without error and minimizes residuals only in the Y 

direction, SMA regression accounts for measurement errors in both variables, thereby providing 

an unbiased, bidirectional conversion between the two variables. This symmetry ensures the 

relationship is stable and reversible, making SMA the most appropriate approach to characterize 

the conversion between daytime and daily mean values. This method has been widely used in 

ecological studies to represent mutual associations where both variables have measurement 

uncertainties (100-103). The SMA regression was performed using the “smatr (V3.4.8)” package 

(104). Analysis revealed good correlations between daytime and daily mean values across these C 

fluxes (Fig. S15). These relationships were then applied to calculate daily mean fluxes from 

daytime large collar measurement values.  

Estimation of ecosystem carbon fluxes 

The large collar chambers cover short-stature plants (e.g., shrubs and forbs but not trees), 

Sphagnum mosses, microbial communities, and roots of all plants, including tree. Thus, C fluxes 

measured from the large collar chambers do not include tree photosynthesis and tree aboveground 

autotrophic respiration. We added estimated tree photosynthesis and aboveground autotrophic 

respiration to the big collar measurements to calculate ecosystem C fluxes, including net 

ecosystem productivity (NEP), ecosystem respiration (ER), and gross ecosystem productivity 

(GEP).  

Direct measurements of tree photosynthesis and aboveground autotrophic respiration at 

canopy scale were not available as such measurements are challenging, especially in manipulative 

experimental plots. At the SPRUCE site, annual tree inventory data from 2016 to 2021 were 

available, including measurements of diameter at breast height (1.3 m) and tree height (105). These 

data allow for the estimation of annual aboveground biomass through allometric relationships, 

which can subsequently be used to derive annual aboveground net primary production (ANPP) 

(70) and leaf area index (LAI) for trees (106). However, these annual measurements are insufficient 

to capture C dynamics at finer temporal scales, such as monthly determinations in July and August 

required in this study. Therefore, we used model estimates of tree photosynthesis and aboveground 

autotrophic respiration.  

We estimated gross primary productivity and aboveground autotrophic respiration of trees for 

each experimental plot using a data-trained, process-based model (TECO-SPRUCE) (107, 108), 

which was specifically developed for the SPRUCE site. In this model, leaf photosynthesis is 

calculated using the Farquhar model (109), coupled with the Ball-Berry stomatal conductance 

model (110), and then upscaled to canopy photosynthesis through a multilayer process-based 

model (111). Leaf respiration is estimated primarily as a temperature-dependence function. The 

development and structure of TECO-SPRUCE are comprehensively described in (108, 112). To 

simulate tree C dynamics, the model was driven by treatment-specific hourly meteorological data 

(84), and its key parameters were constrained through a data assimilation method (113, 114) 



 

 

 

 

incorporating seventeen observational variables individually collected in each experimental plot 

at the SPRUCE site. Among these, four aboveground tree-related variables: ANPP, LAI, 

aboveground tree biomass and leaf-level photosynthetic rates (115, 116), were used to optimize 

model parameters related to tree C processes. After parameter optimization, the estimated values 

of tree C dynamics closely matched the observations (Fig. S16), providing reliable quantification 

of hourly tree gross primary productivity and aboveground autotrophic respiration. 

The performance of the model was further evaluated using observed daily green chromatic 

coordinate (GCC) data from PhenoCam (117). GCC is a widely used vegetation index from digital 

images (118) and the PhenoCam network provides continuous, high-frequency GCC observations 

across a variety of ecosystems (119), including the SPRUCE site (120). GCC effectively captures 

canopy greenness dynamics and has been shown to closely track seasonal changes in phenology 

and plant physiological activities (118, 121). The strong relationships of modeled tree gross 

primary productivity and aboveground autotrophic respiration with the observed GCC offer 

validation of the modeled tree photosynthesis and aboveground autotrophic respiration (Fig. S17). 

Finally, the estimated tree gross primary productivity was added to the large collar gross 

primary productivity to obtain the GEP. The estimated aboveground tree autotrophic respiration 

was added to the large collar respiration to obtain the ER. NEP was the difference between them. 

Positive NEP and GEP values indicate C uptake and positive ER values indicate C release. The 

estimated productivity of trees contributes only a small part to the overall ecosystem productivity. 

Tree photosynthesis represents 25.0% of the ecosystem GEP, while tree ANPP only accounts for 

11.9% of total ecosystem net primary production (70). This indicates that the aboveground tree 

productivity plays a relatively minor role in the ecosystem C dynamics. 

Statistical Analysis 
To evaluate the impact of extreme drought event on ecosystem C fluxes, we estimated the drought 

effect as the difference in mean C flux values between the drought period in 2021 and the 

corresponding period in non-drought years under the same treatment: 

𝐷𝑟𝑜𝑢𝑔ℎ𝑡 𝑒𝑓𝑓𝑒𝑐𝑡 = 𝐶𝑓𝑙𝑢𝑥𝑑𝑟𝑜𝑢𝑔ℎ𝑡 − 𝐶𝑓𝑙𝑢𝑥𝑛𝑜𝑛−𝑑𝑟𝑜𝑢𝑔ℎ𝑡  

where 𝐶𝑓𝑙𝑢𝑥𝑑𝑟𝑜𝑢𝑔ℎ𝑡  is the mean C flux during the extreme drought period in 2021, while 

𝐶𝑓𝑙𝑢𝑥𝑛𝑜𝑛−𝑑𝑟𝑜𝑢𝑔ℎ𝑡 is the mean C flux during the corresponding period in non-drought years 

(from 2016 to 2019). The effects of extreme drought event on other biotic and abiotic variables 

were calculated using the same method and their respective observations. 

All statistical significance levels were set at α = 0.05. Pairwise two-sided Student’s t-tests 

were performed to examine the differences in the peat carbohydrate content, porewater CO2 

concentration, as well as drought-induced changes in ecosystem C fluxes and associated biotic and 

abiotic variables between warming and CO2 treatments. P values were adjusted using the 

Benjamini-Hochberg false discovery rate (FDR) correction for multiple comparisons, 

implemented with the “rstatix (V0.7.2)” package (122). We used multiple regression analyses to 

explore the effects of drought-induced changes in biotic/abiotic factors (duration of low-water-

table conditions, WT, VPD, temperature, Sphagnum biomass, Sphagnum coverage, and bare 

ground or dead moss coverage) on the differences in the drought effect on C fluxes between 

ambient and eCO2 conditions. Predictors with a variance inflation factor (VIF) greater than 5 were 

excluded to reduce redundancy and avoid confounding effects. To visualize the effect of each 

predictor while controlling for the influence of others in the multiple regression model, predictor 

effect plots were generated using the “effects (V4.2.2)” package (123). These plots show the 

expected response as a function of one predictor at a time, with all other predictors held at their 

means. Furthermore, we applied ridge regression to control the collinearity among the drought-



 

 

 

 

induced changes in these biotic/abiotic covariates, and to evaluate their relative importance on the 

differential impacts of extreme drought on ecosystem C fluxes under ambient and eCO2 treatments. 

The ridge regression was performed using the “ridge (V3.3)” package (124). All statistical analyses 

were conducted in R (version 4.4.3., R Development Core Team). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Fig. S1 The probability distribution of water table at the study site for each month from 1961 

to 2021. The vertical grey dashed lines represent the 10th and 90th percentile of historical water 

table, respectively. The red solid lines represent water tables of each month in 2021. 



 

 

 

 

 

 

Fig. S2 Effects of extreme drought on (a, b) ecosystem respiration (ER) and (c, d) gross 

ecosystem productivity (GEP) under different warming and CO2 treatments. ERdrou and 

ERnon-drou represent ER in the two months in drought year and non-drought years, respectively. The 

same applies to GEP. The lower and upper boundaries of the boxplots indicate the 25th and 75th 

quartiles. The center lines represent the median values, the rhombus-shaped points inside the boxes 

indicate the mean values, and the whiskers represent 1.5 times the interquartile range. The 

abbreviations “aCO2” and “eCO2” refer to ambient and elevated CO2, respectively. P values are 

adjusted using the Benjamini-Hochberg FDR correction for multiple comparisons. An 

insignificant difference is indicated by “ns”, while *, **, *** and **** indicate significant 

differences at the 0.05, 0.01, 0.001 and 0.0001 levels, respectively.  



 

 

 

 

 

 

Fig. S3 Relationships between elevated CO2 (eCO2)-induced change in the drought effect on 

net ecosystem productivity (NEP) and drought-induced changes in number of low-water-

table (LowWT) days at different water table depth thresholds. ∆drought effect on NEP 

represents difference in drought effects on NEP between ambient and elevated CO2 treatments.  

LowWT daysdrou and LowWT daysnon-drou represent number of days with water table below the 

threshold in the two months in drought year and non-drought years, respectively. The fitted lines 

are regressions and the shaded bands are 95% confidence intervals. P-values are adjusted using 

the Benjamini-Hochberg FDR correction. Solid lines show significant relationships and dashed 

lines indicate insignificant relationships with a significance level set at α = 0.05.  



 

 

 

 

 

 

Fig. S4 Difference in drought effects on ecosystem respiration (ER) between ambient and 

elevated CO2 treatments as related to various predictors. The difference, denoted by ∆drought 

effect on ER, depends on drought-induced changes in (a) number of low-water-table (LowWT, 

below -0.25 m) days, (b) water table depth (WT), (c) vapor pressure deficit (VPD), (d) temperature 

(Temp), (e) Sphagnum biomass (Sphag.bm), and (f) Sphagnum coverage (Sphag.cover), 

respectively. The fitted line shows the estimated effect of each predictor while controlling all other 

predictors. Solid lines indicate significant effects and dashed lines indicate insignificant effects 

with a significance level set at α = 0.05. The shaded bands are 95% confidence intervals.  



 

 

 

 

 

 

Fig. S5 Difference in drought effects on gross ecosystem productivity (GEP) between ambient 

and elevated CO2 treatments as related to various predictors. The difference, denoted by 

∆drought effect on GEP, depends on drought-induced changes in (a) number of low-water-table 

(LowWT, below -0.25 m) days, (b) water table depth (WT), (c) vapor pressure deficit (VPD), (d) 

temperature (Temp), (e) Sphagnum biomass (Sphag.bm), and (f) Sphagnum coverage 

(Sphag.cover), respectively. The fitted line shows the estimated effect of each predictor while 

controlling all other predictors. Solid lines indicate significant effects and dashed lines indicate 

insignificant effects with a significance level set at α = 0.05. The shaded bands are 95% confidence 

intervals. 



 

 

 

 

 

 

Fig. S6 Contributions of extreme drought-induced changes in biotic and abiotic factors to 

the differential impacts of extreme drought on ecosystem carbon fluxes under ambient and 

elevated CO2 treatments. (a) net ecosystem productivity (NEP), (b) ecosystem respiration (ER) 

and (c) gross ecosystem productivity (GEP). LowWT Days: number of low-water-table (below -

0.25 m) days; WT: water table depth; VPD: vapor pressure deficit; Temp: temperature; Sphag.bm: 

Sphagnum biomass; Sphag.cover: Sphagnum coverage. Circles indicate the scaled coefficients of 

each predictor from the ridge regression, representing their relative importance. Error bars 

represent 95% confidence intervals. Red indicates significant factors while black for insignificant 

factors. 

 



 

 

 

 

 

 

Fig. S7 Patterns of air (a,b) and peat soil (e,f) temperature from 2016 to 2021 under five 

warming and two CO2 treatments. Seasonal means of air (c,d) and peat soil (g,h) temperature 

across years and during drought periods in non-drought (2016-2020) and drought (2021) years 

under five warming and two CO2 treatments. Time series data are shown at a daily resolution. 

Shaded areas indicate the extreme drought period. The abbreviations “aCO2” and “eCO2” refer to 

ambient and elevated CO2, respectively. 



 

 

 

 

 

 

Fig. S8 Patterns of vapor pressure deficit (VPD) (a,b) and water table depth (WT) 

fluctuations (e,f) from 2016 to 2021 under five warming and two CO2 treatments. Seasonal 

means of VPD (c,d) and WT (g,h) across years and during drought periods in non-drought (2016-

2020) and drought (2021) years under different warming and CO2 treatments. Time series data are 

shown at a daily resolution. Shaded areas indicate the extreme drought period. The abbreviations 

“aCO2” and “eCO2” refer to ambient and elevated CO2, respectively. 

 

 



 

 

 

 

 

 

Fig. S9 Effects of extreme drought on (a, b) number of low-water-table (LowWT, below -0.25 

m) days and (c, d) water table depth (WT) under five warming and two CO2 treatments. 

LowWT daysdrou and LowWT daysnon-drou represent number of days with WT below -0.25 m in the 

two months in drought year and non-drought years, respectively. The same applies to WT. The 

lower and upper boundaries of the boxplots indicate the 25th and 75th quartiles. The center lines 

represent the median values, the rhombus-shaped points inside the boxes indicate the mean values, 

and the whiskers represent 1.5 times the interquartile range. The abbreviations “aCO2” and “eCO2” 

refer to ambient and elevated CO2, respectively. P values are adjusted using the Benjamini-

Hochberg FDR correction for multiple comparisons. An insignificant difference is indicated by 

“ns”, while *, **, *** and **** indicate significant differences at the 0.05, 0.01, 0.001 and 0.0001 

levels, respectively. 

 



 

 

 

 

 

 

Fig. S10 Effects of extreme drought on (a, b) vapor pressure deficit (VPD) and (c, d) 

temperature (Temp) under five warming and two CO2 treatments. VPDdrou and VPDnon-drou 

represent VPD in the two months in drought year and non-drought years, respectively. The same 

applies to Temp. The lower and upper boundaries of the boxplots indicate the 25th and 75th 

quartiles. The center lines represent the median values, the rhombus-shaped points inside the boxes 

indicate the mean values, and the whiskers represent 1.5 times the interquartile range. The 

abbreviations “aCO2” and “eCO2” refer to ambient and elevated CO2, respectively. P values are 

adjusted using the Benjamini-Hochberg FDR correction for multiple comparisons. An 

insignificant difference is indicated by “ns”, while * and ** indicate significant differences at the 

0.05 and 0.01 levels, respectively. 



 

 

 

 

 

 

Fig. S11 Effects of extreme drought on (a, b) Sphagnum biomass (Sphag.bm) and (c, d) 

Sphagnum coverage (Sphag.cover) under five warming and two CO2 treatments. 

Sphag.bmdrou and Sphag.bmnon-drou represent Sphagnum biomass in drought year and non-drought 

years, respectively. The same applies to Sphag.cover. The lower and upper boundaries of the 

boxplots indicate the 25th and 75th quartiles. The center lines represent the median values, the 

rhombus-shaped points inside the boxes indicate the mean values, and the whiskers represent 1.5 

times the interquartile range. The abbreviations “aCO2” and “eCO2” refer to ambient and elevated 

CO2, respectively. P values are adjusted using the Benjamini-Hochberg FDR correction for 

multiple comparisons. An insignificant difference is indicated by “ns”, while * indicates 

significant differences at the 0.05 level, respectively. 

 



 

 

 

 

 

 

Fig. S12 Relationships between warming-induced changes in the drought effects on water 

table depth (WT), number of low-water-table (LowWT, below -0.25 m) days and warming-

induced changes in the drought effect on (a, b) net ecosystem productivity (NEP), (c, d) 

ecosystem respiration (ER), and (e, f) gross ecosystem productivity (GEP), respectively. The 

fitted lines are regressions and the shaded bands are 95% confidence intervals. Solid lines show 

significant relationships and dashed lines indicate insignificant relationships with a significance 

level set at α = 0.05. 

 



Fig. S13 Probability distribution of water table at the study site during July to August from 

1961 to 2021. The vertical grey dashed lines represent the 10th and 90th percentiles of historical 

water tables, respectively. The colored vertical solid lines represent water table during July-August 

in each year during the study period. 



 

 

 

 

 

 

Fig. S14 Relationship between observed and modeled small-chamber respiration for the (a) 

training and (b) testing datasets based on the random forest model. Observed CR values were 

obtained from nighttime measurements using automated flux chambers, and modeled CR values 

were predicted by the random forest model. The red line indicates the 1:1 line. 

 

 



 

 

 

 

 

 

Fig. S15 Relationships between daytime (08:00 – 15:00) and daily mean carbon fluxes for (a) 

net ecosystem productivity (NEP), (b) respiration in the small chamber.  



 

 

 

 

 

 

Fig. S16 Relationships between observed and modeled variables for (a) aboveground tree C, 

(b) leaf area index (LAI), (c) tree photosynthesis rate and (d) aboveground net primary 

production (ANPPTree). 

 



 

 

 

 

 

 

Fig. S17 Relationships between mean monthly green chromatic coordinate (GCC) and mean 

monthly values of (a) tree gross primary productivity (GPPTree), and (b) tree aboveground 

autotrophic respiration (RaTree). 

 



 

 

 

 

Table S1 Results of multiple regression analysis assessing the effects of drought-induced 

changes in biotic and abiotic factors on the difference in drought effects on net ecosystem 

productivity (NEP) between ambient and elevated CO2 treatments. The table reports 

estimated coefficients, standard errors, t-values, and P-values for each predictor. LowWT 

days: number of low-water-table (below -0.25 m) days; WT: water table depth; VPD: vapor 

pressure deficit; Temp: temperature; Sphag.bm: Sphagnum biomass; Sphag.cover: Sphagnum 

coverage. 

 
 Coefficient Std. Error t P R2 

LowWT days -15.23 4.78 -3.18 P < 0.01 0.67  

WT 56.65 439.45 0.13 P = 0.90  

VPD -797.05 978.34 -0.82 P = 0.43  

Temp 109.48 193.76 0.57 P = 0.58  

Sphag.bm 0.25 0.53 0.47 P = 0.65  

Sphag.cover -2.18 2.43 -0.90  P = 0.39  

Intercept 674.77 212.51 3.18 P < 0.01   

 

 



 

 

 

 

Table S2 Results of multiple regression analysis assessing the effects of drought-induced 

changes in biotic and abiotic factors on the difference in drought effects on ecosystem 

respiration (ER) between ambient and elevated CO2 treatments. The table reports estimated 

coefficients, standard errors, t-values, and P-values for each predictor. LowWT days: number 

of low-water-table (below -0.25 m) days; WT: water table depth; VPD: vapor pressure deficit; 

Temp: temperature; Sphag.bm: Sphagnum biomass; Sphag.cover: Sphagnum coverage. 

 

  Coefficient Std. Error t P R2 

LowWT days -5.68 3.26  -1.75 P = 0.10 0.58 

WT -673.05 299.04 -2.25 P < 0.05  

VPD 1516.55 665.75 2.28 P < 0.05  

Temp -58.95 131.85 -0.45 P = 0.66  

Sphag.bm -0.41 0.36 -1.12 P = 0.28  

Sphag.cover -0.40 1.65 -0.24 P = 0.81  

Intercept -125.74 144.61 -0.87 P = 0.40   

 

 

 

 

 



Table S3 Results of multiple regression analysis assessing the effects of drought-induced 

changes in biotic and abiotic factors on the difference in drought effects on gross ecosystem 

productivity (GEP) between ambient and elevated CO2 treatments. The table reports 

estimated coefficients, standard errors, t-values, and P-values for each predictor. LowWT 

days: number of low-water-table (below -0.25 m) days; WT: water table depth; VPD: vapor 

pressure deficit; Temp: temperature; Sphag.bm: Sphagnum biomass; Sphag.cover: Sphagnum 

coverage. 

Coefficient Std. Error t P R2 

LowWT days -20.91 7.12 -2.94 P < 0.05 0.53

WT -616.40 653.73 -0.94 P = 0.36

VPD 719.50 1455.40 0.49 P = 0.63 

Temp 50.53 288.24 0.18 P = 0.86 

Sphag.bm -0.15 0.80 -0.19 P = 0.85

Sphag.cover -2.58 3.61 -0.71 P = 0.49

Intercept 549.03 316.14 1.74 P = 0.11 
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