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Warming-induced vapor pressure deficit
suppression of vegetation growth dimin-
ished in northern peatlands

Ning Chen1,2, Yifei Zhang1, Fenghui Yuan1,3, Changchun Song1,4 , Mingjie Xu5,
Qingwei Wang 2, Guangyou Hao2, Tao Bao6, Yunjiang Zuo1, Jianzhao Liu1,7,
TaoZhang5,YanyuSong1, Li Sun1, YuedongGuo1,HaoZhang1,GuobaoMa1, YuDu1,
Xiaofeng Xu 8 & Xianwei Wang1

Recent studies have reported worldwide vegetation suppression in response
to increasing atmospheric vapor pressure deficit (VPD). Here, we integrate
multisource datasets to show that increasing VPD caused by warming alone
does not suppress vegetation growth in northern peatlands. A site-level
manipulation experiment and amultiple-site synthesis find a neutral impact of
rising VPDon vegetation growth; regional analysismanifests a strongdeclining
gradient of VPD suppression impacts f
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mechanisms. A recent global study hasdetected a subtle increase inRH
in northern peatlands over the last four decades17 (Supplementary
Fig. 1), suggesting that the actual water vapor (AVP) increases at
approximately the same rate as the saturation water vapor (SVP)
(RH = f ðAVP,SVPÞ). This may be due to the unique surface character-
istics of the water-rich environment and the high moss cover in the
northern peatlands, which supplies sufficient atmospheric water to
meet the increasing water demand caused by high VPD18 and to
maintain the atmospheric water balance. If RH remains unchanged,



Vegetation responses to rising VPD caused by concurrent
warming and decreasing RH in global nonpeatland regions
Increasing VPD caused by concurrent warming and decreasing RH led
to a stronger suppression impact on GPP in global nonpeatland
regions. Ta (mean ± 1 se, 0.027 ±0.003 °C yr−1, p <0.001) and VPD
(0.018 ±0.001 hPa yr−1, p < 0.001) increased significantly during
1982−2018, but RH ( −0.027 ±0.005% yr−1, p < 0.001) decreased

significantly in global nonpeatland regions (Fig. 3a–c). From 1982 to
2018, ~60% of the global nonpeatland regions showed an increasing
VPD trend with significantly increasing Ta and significantly declining
RH (p <0.05, Supplementary Fig. 4).When thedetrendedTa, radiation,





Fig. 3d). Grouping the 95 eddy covariance flux towers into the non-
humid regions (33 towers) and the humid regions (62 towers) further
confirmed agreater VPD suppression impact in the global nonpeatland
regions compared to the northern peatlands, with a significantly
negative PCORGPP vs. VPD of 63.6% and 35.5% in the nonhumid regions
and the humid regions, respectively (Supplementary Fig. 6). In addi-
tion, according to the latitude, longitude, and time span in 113 eddy
covariance flux towers, we found that the symbols (±) of the satellite-
derived PCORGPP vs. VPD agreed with 76.4% (mean value from three
satellite-derived GPP) of the eddy covariance flux towers (Supple-
mentary Fig. 7, Methods). In addition, the satellite-derived PCORGPP vs.

VPD was positively correlated with eddy covariance PCORGPP vs. VPD,
with r values ranging from0.51 to0.58 (p < 0.05, Supplementary Fig. 7).
In summary, the field-scale and grid-scale observations consistently
suggested that the prevailing viewpoint derived from the global non-
peatland regions may overestimate the VPD suppression impact in the
northern peatlands.

Mechanisms for the divergent VPD effects
Six plant traits and environmental factorswere used to understand the
causes of the contrasting VPD effects. Soil hydraulic properties were



H2O lower and 0.22 higher than the global nonpeatland regions,
respectively (mean ± 1 se, 1.23 ± 0.01 vs. 1.84 ± 0.01 gC kPa0.5 kg−1 H2O,
0.13 ± 0.01 vs. −0.09 ±0.006) (Fig. 4c). Overall, plants in the northern
peatlands tended to adopt an “open” water-use strategy with lower
uWUE and higher PCOREt vs. VPD in response to increasing VPD, leading
to aweaker suppressive impact on vegetation growth compared to the
global nonpeatland regions.

We further assessed the robustness of the satellite-derived dif-
ferences in the plant traits between the northern peatlands and the
global nonpeatland regions using eddy covariance flux towers. As the
proxy for the plant water-use strategy, the uWUE in the northern
peatlands was 0.78 g C kPa0.5 kg−1 H2O lower than that in the global
nonpeatland regions (mean ± 1 se, 1.10 ± 0.12 vs. 1.88 ±0.10 gC kPa0.5

kg−1 H2O) (Fig. 4c). Compared to the global nonpeatland regions, weak

stomatal regulation and an abundant atmospheric water supply in
response to increasing VPD in the northern peatlands were also con-
firmed by the eddy covariance flux datasets. For stomatal activity, a
significant negative response of Gc to VPD was found in only 5.6% of
the eddy covariance flux towers in the northern peatlands (coefficient
mean ± 1 se, 0.04 ±0.08), whereas this percentage increased to 52.6%
in the global nonpeatland regions ( −0.27 ±0.04) (p <0.05, Fig. 4c,
Methods). As a proxy for atmospheric water supply with increasing
VPD, a significant negative response of evapotranspiration (ET) to VPD



increased with increasing VWC and SOC, but it decreased with
increasing BD andCWD (Fig. 4b). Compared to the global nonpeatland
regions, higher VWC (mean ± 1 se, 17.58 ± 0.12 vs. 13.56 ± 0.02%) and
SOC (1.11 ± 0.02 vs. 0.26 ±0.002%) and lower BD (1.06 ±0.01 vs.
1.30 ±0.001 gm−3) and CWD (15.9 ± 0.20 vs. 37.4 ± 0.20mm) were
observed in the northern peatlands (Fig. 4c). These differences sug-
gested that vegetation in the northern peatlands with good soil
hydraulic properties and abundant water availability could resist the
atmospheric water stress caused by increasing VPD compared to the
global nonpeatland regions.

We then assessed the cascading correlations of plant water-use
strategy, water availability, and soil hydraulic properties with VPD
effects using mediation effect models (Methods). The results showed
that thewater availability and the soil hydraulic properties significantly
influenced the VPD effects by determining the plant water-use strategy
(p < 0.05, Fig. 4d, e). Specifically, changes in VWC (standardized
indirect effect ± 1 se from three datasets of satellite-derived GPP,
0.14 ± 0.001) and SOC (0.15 ± 0.001) had a significant positive indirect
effect on PCORGPP vs. VPD through decreasing uWUE and increasing
PCOREt vs. VPD (p <0.05, Fig. 4d, e). In contrast, a significant negative
indirect effect was observed from changes in CWD ( −0.26 ± 0.01) and
BD ( −0.18 ± 0.001) (p <0.05, Fig. 4d, e). Collectively, compared to the
global nonpeatland regions, plants in the northern peatlands adopted
an “open”water-use strategy in response to increasing VPD because of
the wet environment, favorable soil hydraulic properties, and ade-
quate atmospheric water supply, resulting in a neutral response of
vegetation growth to increasing VPD.

Implications
This study represents one of the first attempts to mechanistically
examine the VPD impacts on vegetation growth in northern peatlands.
The neutral response of vegetation growth to warming-induced
increasing VPD in the northern peatlands (Fig. 5) suggested that the
prevailing views of vegetation suppression under increasing VPD are
not necessarily the case across the globe. This can be explained by the
fact that plants in the wet soil‒air environment of the northern peat-
lands tended to adopt an “open” water-use strategy by relaxing sto-
matal regulation to maximize carbon uptake even as VPD
increases (Fig. 5).

An ample atmospheric water supply, driven by a water-rich
environment and high moss cover, was a critical factor in determining
whether the increasing VPD was caused by warming alone in the
northern peatlands. Factors contributing to the wet environment (e.g.,
relatively high VWC and low CWD) were the high water table43, snow
melt44, permafrost thaw45, and good soil hydraulic properties (e.g.,
relatively low BD and high SOC), which could directly accelerate water
movement from the underlying surface into the atmosphere to meet
the increasing water demand caused by rising VPD28 in the northern
peatlands. A high moss cover is another essential contributor to the
atmospheric water supply with increasing VPD in the northern
peatlands18. Mosses can store substantial water in their interconnected
cavernous structures46, yet they fail to minimize water loss under
increasing atmospheric water demand due to a lack of stomatal reg-
ulatory structures47,48. Combining these characteristics with a large
surface area, the water evaporation rate in moss is even higher than in



open water47. Under the same environmental conditions, our synthe-
sized observations showed that the ET of moss was significantly
greater by 0.43 ±0.14mm day−1 (mean ± 1 se) than that of vascular
plants (p =0.009, Supplementary Fig. 9). The moss-dominated wet
system of the northern peatlands allowed ET and Et to increase with
increasing VPD18. Therefore, a sufficient atmospheric water supply
allowed increases in AVP in approximately the same proportion as the
SVP, leading to increasing VPD induced by warming alone in the
northern peatlands.

A neutral response of vegetation growth to warming-induced
increasedVPDwas observed in the northernpeatlands. This is contrary
to the prevailing views that increasing VPD induced by the coaction of
warming and decreased RH markedly depressed vegetation growth in
global nonpeatland regions6–10,22,49. A relatively dry environment in the
global nonpeatland regions can limit atmospheric water supply under
increasing VPD, disrupting the supply-demand balance of atmospheric
water conditions and exacerbating atmospheric water stress27. This
can increase the hydraulic burden of plants, limiting their stomatal
activity to preventing excessive water loss at the expense of
photosynthesis16,50. In contrast, themoss-dominated wet system of the
northern peatlands can provide adequate atmospheric water to meet
the increased water demand caused by increasing VPD. Even if atmo-
spheric water stress occurs as warming-induced VPD increases, the
stress may be below the threshold that leads to stomatal closure, as
evidenced by the neutral response of Gc, Et, and GPP to increasing
VPD. In thiswet soil‒air environment, plants adopt an “open”water-use
strategy in response to water stress, maximizing carbon uptake by
relaxing stomatal regulation24,29. Although an “open” water-use strat-
egymay sacrifice hydraulic security, plants in water-rich environments
would benefit more from keeping their stomata open to take up car-
bon than from conserving water29,41. Multisource datasets consistently



Thewarming experiment at theMohe sitewas conducted in a peatland
in the northern Greater Hinggan Mountains (Tuqiang Forestry Bureau
inMohe city,HeilongjiangProvince; 52.93°N, 122.83°E). Thepeatland is
characterized by a humid monsoon climate in a cold temperate zone
with a mean annual temperature and precipitation of −3.9 °C and
450mm, respectively. The growing season lasts for c. 120 days, from
mid-May to mid-September. Four common native plant species in the
plant community are Sphagnum palustre (SP), Vaccinium uliginosum
(VU), Ledum palustre



The flux tower-based GPP, latent heat flux (LE, W m−2), sensible
heat flux (H, W m−2), and environmental variables of Ta, VPD, pre-
cipitation, shortwave radiation, wind speed (m s−1), friction velocity
(u8, unitless), and atmospheric pressurewere obtained from the global
eddy-covariance flux dataset, FLUXNET2015 (global nonpeatland
regions) and FLUXNET-CH4 Community Product (northern peatlands).
Following recent studies on VPD effects, we used GPP estimates based
on the nighttime partitioning method (i.e., “GPP_NT_VUT_REF”)7,20. We
identified and used sites with at least 3 years (more than 15months) of
high-quality data ( ≥75% of good quality data in amonth)63. In addition,
we removed all cropland towers in the study area to exclude the effects
of human activity7



and the mean r was >0.8 in this study. In the analyses, one of the
predictor variables was perturbed by one standard deviation (a value
of 1 due to the initial input data normalization), and PCORGPP vs. VPDwas
predicted again using the existing random forest model with the pre-

https://figshare.com/s/a1b39bfc3a2077cc0515
https://figshare.com/s/a1b39bfc3a2077cc0515


31. Li, X. et al. Temporal trade-off between gymnosperm resistance and
resilience increases forest sensitivity to extreme drought. Nat. Ecol.
Evol. 4, 1075–1083 (2020).

32. Shangguan, W., Dai, Y., Duan, Q., Liu, B. & Yuan, H. A global soil data
set for earth system modeling. J. Adv. Modeling Earth Syst. 6,
249–263 (2014).

33. Huang, L. & Shao, M. A. Advances and perspectives on soil water
research in China’s Loess Plateau. Earth-Sci. Rev. 199,
102962 (2019).

34. Kustas, W. P. et al. Evaluation of Drought Indices Based on Thermal
Remote Sensing of Evapotranspiration over the Continental United
States. J. Clim. 24, 2025–2044 (2011).

35. Liu, Y. et al. Identifying a transition climate zone in an arid river basin
using the evaporative stress index. Nat. Hazards Earth Syst. Sci. 19,
2281–2294 (2019).

36. Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A. & Hegewisch, K. C.
TerraClimate, a high-resolution global dataset of monthly climate
and climatic water balance from 1958–2015. Sci. Data 5,
170191 (2018).

37. Cowan I. R. Regulation of Water Use in Relation to Carbon Gain in
Higher Plants. In: Physiological Plant Ecology II: Water Relations and
Carbon Assimilation (eds Lange O. L., Nobel P. S., Osmond C. B.,
Ziegler H.). (Springer Berlin Heidelberg, 1982).

38. Zhou, S., Yu, B., Huang, Y. & Wang, G. The effect of vapor pressure
deficit on water use efficiency at the subdaily time scale. Geophys.
Res. Lett. 41, 5005–5013 (2014).

39. Farquhar, G. D., von Caemmerer, S. V. & Berry, J. A. A biochemical
model of photosynthetic CO 2 assimilation in leaves of C 3 species.
Planta 149, 78–90 (1980).

40. Beer, C. et al. Temporal and among-site variability of inherent water
use efficiency at the ecosystem level. Glob. Biogeochem. Cycles23,
GB2018 (2009).

41. Konings, A. G. & Gentine, P. Global variations in ecosystem-scale
isohydricity. Glob. Change Biol. 23, 891–905 (2017).

42. Attia, Z., Domec, J. C., Oren, R., Way, D. A. & Moshelion, M.
Growth and physiological responses of isohydric and
anisohydric poplars to drought. J. Exp. Bot. 66, 4373–4381
(2015).

43. Carpino, O. A., Berg, A. A., Quinton, W. L. & Adams, J. R. Climate
change and permafrost thaw-induced boreal forest loss in north-
western Canada. Environ. Res. Lett. 13, 084018 (2018).

44. Qi, W., Feng, L., Liu, J. & Yang, H. Snow as an important natural
reservoir for runoff and soil moisture in Northeast China. J. Geo-
phys. Res.: Atmos. 125, e2020JD033086 (2020).

45. Helbig, M. et al. Regional atmospheric cooling and wetting effect of
permafrost thaw-induced boreal forest loss. Glob. Change Biol. 22,
4048–4066 (2016).

46. Admiral, S. W. & Lafleur, P. M. Partitioning of latent heat flux at a
northern peatland. Aquat. Bot. 86, 107–116 (2007).

47. Heijmans, M. M. P. D., Arp, W. J. & Chapin, F. S. Controls on moss
evaporation in a boreal black spruce forest. Glob. Biogeochem.
Cycles 18, GB2004 (2004).

48. Williams, T. G. & Flanagan, L. B. Effect of changes in water content
on photosynthesis, transpiration and discrimination against 13CO2
and C18O16O in Pleurozium and Sphagnum. Oecologia 108,
38–46 (1996).

49. Chen, N. et al. Multiple‐scale negative impacts of warming on
ecosystem carbon use efficiency across the Tibetan Plateau
grasslands. Glob. Ecol. Biogeogr. 30, 398–413 (2020).

50. Oren, R. et al. Survey and synthesis of intra- and interspecific var-
iation in stomatal sensitivity to vapour pressure deficit. Plant, Cell
Environ. 22, 1515–1526 (1999).

51. Xu, J., Morris, P. J., Liu, J. & Holden, J. PEATMAP: Refining estimates
of global peatland distribution based on a meta-analysis. Catena
160, 134–140 (2018).

52. Melton, J. R. et al. A map of global peatland extent created using
machine learning (Peat-ML). Geosci. Model Dev. 15,
4709–4738 (2022).

53. Chaudhary, N. et al. Modelling past and future peatland carbon
dynamics across the pan-Arctic. Glob. Change Biol. 26,
4119–4133 (2020).

54. Zhang, Y. et al. Warming effects on the flux of CH4 from peatland
mesocosms are regulated by plant species composition: Richness
and functional types. Sci. Total Environ. 806, 150831 (2022).

55. Dee, D. P. et al. The ERA‐Interim reanalysis: Configuration and per-
formance of the data assimilation system. Q. J. R. Meteorol. Soc.
137, 553–597 (2011).

56. Viovy N. CRUNCEP Version 7 - Atmospheric Forcing Data for the
Community Land Model. Research Data Archive at the National
Center for Atmospheric Research, Computational and Information
Systems Laboratory. https://doi.org/10.5065/PZ8F-F017. Accessed
15 November 2021. (2018).

57. Zomer, R. J., Xu, J. & Trabucco, A. Version 3 of the Global Aridity
Index and Potential Evapotranspiration Database. Sci. Data 9,
409 (2022).

58. Zhang, Y. et al. A global moderate resolution dataset of gross pri-
mary production of vegetation for 2000-2016. Sci. Data 4,
170165 (2017).

59. Li, X. & Xiao, J. Mapping photosynthesis solely from solar-induced
chlorophyll fluorescence: A global, fine-resolution dataset of gross
primary production derived from OCO-2. Remote Sens. 11,
2563 (2019).

60. Jung, M. et al. Compensatory water effects link yearly global land
CO2 sink changes to temperature. Nature 541, 516–520 (2017).

61. Mu Q., Zhao M., Running S. W. MODIS Global Terrestrial Evapo-
transpiration (ET) Product (NASA MOD16A2/A3) Collection 5. NASA
Headquarters. Numerical Terradynamic Simulation Group Publica-
tions. 268. https://scholarworks.umt.edu/ntsg_pubs/268. (2013).

62. Zhang, Y. et al. Coupled estimation of 500 m and 8-day resolution
global evapotranspiration and gross primary production in
2002–2017. Remote Sens. Environ. 222, 165–182 (2019).

63. Wang, X. et al. No trends in spring and autumn phenology during
the global warming hiatus. Nat. Commun. 10, 2389 (2019).

64. Dengel, S. & Grace, J. Carbon dioxide exchange and canopy con-
ductance of two coniferous forests under various sky conditions.
Oecologia 164, 797–808 (2010).

65. Blanken, P. & Black, T. A. The canopy conductance of a boreal aspen
forest, Prince Albert National Park, Canada. Hydrol. Process. 18,
1561–1578 (2004).

66. Liu, H. et al. Annual dynamics of global land cover and its long-term
changes from 1982 to 2015. Earth Syst. Sci. Data 12,
1217–1243 (2020).

Acknowledgements
The work was supported by the National Natural Science Foundation of
China (Grant No. 42220104009 to C.S.; 42101109 to N.C.; 42271122 to
L.S.), the Jilin Provincial Natural Science Foundation to N.C. (Grant No.
YDZJ202201ZYTS477), and the China Postdoctoral Science Foundation-
funded project to N.C. (Grant No. 2020M681058; 2022T150644). X.X.
has been supported by the U.S. National Science Foundation (2145130).

Author contributions
N.C. and X.X. designed the study. N.C. performed the analysis. Y.Z., C.S.
and X.W. contributed the field data. N.C. and X.X. wrote the paper with
input from all coauthors. F.Y., M.X., Q.W., G.H., T.B., Y.Z., J.L., T.Z., Y.S.,
L.S., Y.G., H.Z., G.M., and Y.D. provided method suggestions and con-
tributed to the interpretation of the results.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-42932-w

Nature Communications |         (2023) 14:7885 12

https://doi.org/10.5065/PZ8F-F017
https://scholarworks.umt.edu/ntsg_pubs/268


Additional information

https://doi.org/10.1038/s41467-023-42932-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Warming-induced vapor pressure deficit suppression of vegetation growth diminished in northern peatlands
	Results and discussion
	Vegetation responses to warming-induced rising VPD in northern peatlands
	Vegetation responses to rising VPD caused by concurrent warming and decreasing RH in global nonpeatland regions
	Mechanisms for the divergent VPD effects
	Implications

	Methods
	Northern peatland�maps
	Field warming experiments
	Satellite and eddy covariance flux datasets
	Variables in the random forest�models
	Synthesized comparative observations of ET between vascular plants and�mosses
	Statistical analyses
	Reporting summary

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




