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Change of ecosystem productivity and its response to climate extremes in the

context of global warming are of great interest and particular concern for

ecosystem management and adaptation. Using the simulations with and

without the CO2 fertilization effect from the Yale Interactive Biosphere (YIBs)

model driven by seven CMIP5 climate models, this article investigates the future

change in the gross primary productivity (GPP) of the Northern Asian ecosystem

as well as the impacts from extreme heat events under the RCP2.6 and

RCP8.5 scenarios, respectively. The results show an overall increase of GPP

in Northern Asia during the growing season (May-September) under both

scenarios, in which the CO2 fertilization effect plays a dominant role. The

increases in GPP under RCP8.5 are larger than that under RCP2.6, and the

greatest projected increases occur in western Siberia and Northeast China. The

extreme heat events are also projected to increase generally and their

influences on the Northern Asian ecosystem GPP exhibit spatiotemporal

heterogeneity. Under the RCP2.6 scenario, the positive and adverse effects

from the extreme heat events coexist in Northern Asia during the middle of the

21st century. During the end of the 21st century, the areas dominated by positive

effects are expected to expand particularly in Northeast China and central-

western Siberia. For the RCP8.5 scenario, the facilitation effects of the extreme

heat events are widely distributed in Northern Asia during the middle of the 21st

century, which tends to decline in both intensity and extent during the end of

the 21st century. The case is similar after the CO2 fertilization effect is excluded.

KEYWORDS

extreme heat events, YIBs model, ecosystem GPP, northern asia, projection

OPEN ACCESS

EDITED BY

Shangfeng Chen,
Institute of Atmospheric Physics (CAS),
China

REVIEWED BY

Anning Huang,
Nanjing University, China
Huopo Chen,
Institute of Atmospheric Physics (CAS),
China

*CORRESPONDENCE

Botao Zhou,
zhoubt@nuist.edu.cn

SPECIALTY SECTION

This article was submitted to
Atmospheric Science,
a section of the journal
Frontiers in Earth Science

RECEIVED 15 June 2022
ACCEPTED 04 July 2022
PUBLISHED 22 July 2022

CITATION

Yan M, Yue X, Zhou B, Sun X and Xin N
(2022), Projected changes of ecosystem
productivity and their responses to
extreme heat events in northern asia.
Front. Earth Sci. 10:970296.
doi: 10.3389/feart.2022.970296

COPYRIGHT

© 2022 Yan, Yue, Zhou, Sun and Xin.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 22 July 2022
DOI 10.3389/feart.2022.970296

https://www.frontiersin.org/articles/10.3389/feart.2022.970296/full
https://www.frontiersin.org/articles/10.3389/feart.2022.970296/full
https://www.frontiersin.org/articles/10.3389/feart.2022.970296/full
https://www.frontiersin.org/articles/10.3389/feart.2022.970296/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.970296&domain=pdf&date_stamp=2022-07-22
mailto:zhoubt@nuist.edu.cn
https://doi.org/10.3389/feart.2022.970296
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.970296


Introduction

Terrestrial ecosystem is an important component of global

carbon cycle. It can absorb and fix a large amount of CO2 through

photosynthesis, thus reducing atmospheric CO2 concentration

and playing an important role in climate change (IPCC, 2013).

On the other hand, the terrestrial ecosystem is also highly

sensitive to climate change (Walther et al., 2002; Ni, 2011;

Piao et al., 2013; Wang et al., 2014). As revealed by

observational evidence and modeling findings, global climate

warming has exerted profound impacts on the terrestrial

ecosystem (IPCC, 2014). In response to future warming

caused by continued emissions of greenhouse gases, an

increasing tendency toward the end of the 21st century in the

gross primary productivity (GPP), a critical indicator of the

terrestrial carbon cycle, is projected (Yu et al., 2014; Zhu

et al., 2018; Schlund et al., 2020).

Appropriate warming of the temperature can better satisfy

the thermal demand of vegetation, thereby improving the leaf

photosynthetic efficiency and consequently increasing the

ecosystem productivity. However, high temperatures beyond

the plant tolerance threshold can increase plant respiration

and inhibit photosynthesis (Salvucci and Crafts-Brandner,

2004). Some studies have shown that temperature extremes

may decrease the plant productivity and change the carbon

cycle of the ecosystem through affecting plant physiological

processes (Meehl et al., 2000; Smith et al., 2009; Frank et al.,

2015; Piao et al., 2019; Peng et al., 2022). For example, the heat

wave event occurring in western Russia in 2010 led to a

significant decrease in local ecosystem productivity (Bastos

et al., 2014). The extreme heat events promoting plant growth

at middle and high latitudes has also been reported. Based on the

data from the European Carbon Flux Observatory network,

Delpierre et al. (2010) indicated that the extreme warm spring

in 2007 caused an increase in ecosystem photosynthesis and

respiration, with the increase in photosynthesis larger than that

in respiration. As a consequence, the carbon uptake was

enhanced. These studies suggest that the effects of extreme

heat events on the ecosystem may promote or inhibit

productivity, depending on the location, duration and

intensity of extreme events, and vegetation type, etc.

Northern Asia, especially Siberia, is a region with rich

vegetation and diverse ecosystem. It is famous particularly for

a widespread of taiga. The GPP change in this region is crucial to

the Asian and even global carbon cycle. Meanwhile, Northern

Asia is also one of the regions that are most sensitive to climate

extremes (Xu et al., 2017; Zhou et al., 2020; IPCC, 2021).

Accompanied with future warming, significant changes in

frequency, intensity and duration of temperature extremes are

anticipated in this region (IPCC, 2021). However, the impact of

future changes in temperature extremes on the ecosystem

remains an open issue. Exploring this issue can deepen our

understanding of terrestrial carbon sequestration and

ecological risks to climate extremes. It is also demanded for

ecosystem management and adaptation.

In this study, we use the simulations of the Yale Interactive

Biosphere (YIBs) model which are driven by multiple

CMIP5 models under the low and high emission scenarios, i.

e, RCP2.6 and RCP8.5 (Taylor et al., 2012), to project the GPP

change in Northern Asia. The impacts of extreme heat events on

the Northern Asian GPP during the middle and end of the 21st

century under the two scenarios are also quantified, with the aim

to provide scientific support for ecosystem management and

adaptation.

Model, data, and methods

Data, model, and simulations

The YIBs model (Yue et al., 2020) with a spatial resolution of

1° × 1° is applied for the simulations of ecosystem productivity.

This model dynamically produces the leaf area index and tree

height in terms of carbon assimilation and allocation. The hourly

leaf photosynthesis is calculated by the scheme of Farquhar et al.

(1980), and different responses of sunlit and shading leaves to

diffuse and direct light (Spitters, 1986) are taken into account.

Carbon absorbed by plants is firstly used to maintain life

activities and then distributed among leaves, stems, and roots

to support plant growth (Clark et al., 2011). Soil respiration is

calculated by the carbon transition among 12 soil carbon pools

(Schaefer et al., 2008). There are nine plant functional types

(PFTs) considered in the model, including evergreen broadleaf

forest (EBF), evergreen needleleaf forest (ENF), deciduous

broadleaf forest (DBF), tundra, shrubland, C3/C4 grass, and

C3/C4 crop.

The simulations of the YIBs are driven by the daily

meteorological fields under the historical simulation

(1986–2005) as well as the RCP2.6 and RCP8.5 scenarios

(2006–2100) of seven CMIP5 climate models (Table 1). The

meteorological variables include surface temperature,

precipitation, specific humidity, surface downward shortwave

radiation, surface pressure and surface wind speed. The domain

TABLE 1 CIMP5 models used to drive the YIBs model.

Model name Country Atm. Resolution (lon×lat)

BCC-CSM-1.1 China 128 × 64

BCC-CSM-1.1(M) China 320 × 160

CNRM-CM5 France 256 × 128

GFDL-ESM2G U.S. 144 × 90

GFDL-ESM2M U.S. 144 × 90

MIROC5 Japan 256 × 128

MRI-CGCM3 Japan 320 × 160
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for the YIBs simulations focuses on the Northern Asian region

(60°-140°E, 40°-60°N). The RCP2.6 (RCP8.5) scenario is a low

(high) emission pathway with the radiative forcing peaking at 2.6

(8.5) Wm−2 by 2,100 (Taylor et al., 2012). The seven models

chosen not only provide all available daily meteorological data

that are needed to drive the YIBs, but also yield a warming of

temperature close to 1.5°C (relative to the pre-industrial era)

under the RCP2.6 scenario, which meets the long-term warming

target pursued by the Paris Agreement.

To exclude the effect of CO2 fertilization, two groups of

experiments are conducted, i.e., total factor simulation

(ALL) and meteorological element simulation (MET). The

sole difference between the two groups of experiments is

that the ALL simulation allows the year-to-year variation of

CO2 concentrations in line with the CMIP5 simulations,

while the CO2 concentration in the MET simulation after

2000 is fixed at the level of 2000. More information about the

YIBs model and experiments can refer to the study of Yue

et al. (2020).

The satellite retrieval NIRv-based GPP data at a resolution of

0.05° × 0.05° (Wang et al., 2021) are used as the observation to

assess the YIBs performance. To facilitate the comparison, the

data are interpolated to the same 1° × 1° resolution as the YIBs

model.

Methods

In this study, the period 1986–2005 is taken as the reference

period and the periods 2041–2060 and 2081–2100 are referred

to as the middle of the 21st century (the mid-century) and the

end of the 21st century (the end-century), respectively. The

ensemble is calculated as the arithmetic mean with the same

weight.

As the growing season for plants in the Northern

Hemisphere is confined to the period from May to September,

the present and future extreme heat events at each grid of

Northern Asia are identified during these 5 months by the

95% percentile threshold method (Zhai and Pan, 2003) on the

daily scale. Specifically, the threshold of extreme heat events at

one grid for a certain calendar day is calculated as the 95th

percentile of daily temperature from May to September of the

reference period, with the given day centered on a 31-days slide

window. When the daily temperature exceeds the corresponding

threshold for three consecutive days, one extreme heat event is

considered to occur.

The anomalies of GPP associated with extreme heat events

(abbreviated as EHE-GPP) relative to the climate mean state are

composited to represent the impact of extreme heat events on the

ecosystem. The GPP anomalies are calculated separately on each date

of the growing season to exclude the influence of seasonal variations

of GPP. The statistical significance is assessed by the Student’s t-test.

Performance of the YIBs model
The performance of the YIBs model in the simulation of GPP

over Northern Asia is evaluated through the comparison with the

observation. Figures 1A–C show the spatial distributions of the

ensemble simulated and the observed GPP as well as their

difference in Northern Asia over the course of 1986–2005,

respectively. In general, the ensemble simulated climatological

distribution of GPP bears a resemblance to the counterpart

shown in the observation, although the GPP values are

somewhat overestimated in parts of Siberia and Northeast

China and underestimated in the remaining regions. For the

region west of 110°E, large GPP values are mainly located in the

north flank of 50°N, particularly in the vast area of Siberia. Due to

the widespread distribution of Gobi and desert south of 50°N,

only the Altai Mountains and the Tianshan Mountains show

large GPP values. To the east of 110°E, large values of GPP are

more widely distributed with the largest values situated in

Northeast China. The spatial correlation coefficient between

the ensemble simulation and the observation is 0.75, higher

above the 99.9% significance level. In addition, the observed

GPP shows an upward trend, which can be generally captured by

the ensemble simulation (Figure 1D). The temporal correlation

coefficient between the ensemble simulation and the observation

is 0.53, also higher above the 99.9% significance level. Overall, the

evaluation suggests that the YIBs model performs well in

capturing the climatological distribution and trend of GPP in

Northern Asia.

Result

Projected changes in GPP

The spatial distributions of the ensemble projected changes

in GPP during the mid-century and the end-century under the

RCP2.6 and RCP8.5 scenarios in the ALL simulations are

displayed in Figure 2. Under the low emission scenario

(RCP2.6), relative to the reference period, an increase in

GPP is projected for both the mid-century and the end-

century, and the increasing amplitudes show little change

from the mid-century to the end century (Figures 2A,B). In

comparison, the GPP is projected to increase continuously from

the mid-century to the end century under the high emission

scenario (RCP8.5) (Figures 2C,D). The projected greatest

increases under the two scenarios both occur in western

Siberia and Northeast China, with the increasing magnitudes

much larger under the RCP8.5 scenario than under the

RCP2.6 scenario. Regionally averaged in Northern Asia,

compared to the reference period, the GPP during the mid-

century and the end-century under the RCP2.6 scenario is

projected to increase by 0.49 gCm−2d−1 and 0.56 gCm−2d−1,

respectively. The projected increases under the
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RCP8.5 scenario are 1.16 gCm−2d−1 in the mid-century and

further to 2.57 gCm−2d−1 in the end-century, much higher than

the counterpart under the low emission scenario. Figure 3

presents the ensemble projected GPP changes from the MET

simulations, in which the influence of CO2 change on the

ecosystem is eliminated; only the meteorological elements

vary with time following the RCP path. It is found that the

projections in the MET simulations differ from that shown in

the ALL simulations. Although the increases of GPP still appear

in most of Northern Asia in warmer scenarios, the magnitudes

of increases are much weaker than that of the ALL simulation in

which the effect of CO2 is taken into consideration. Moreover,

slight decreases in GPP are even projected in some areas of the

upper reaches of the Ob River and Northeast China. On the

regional average, the projected GPP in the mid-century and the

end-century increases around 0.11 gCm-2d-1 under the

RCP2.6 scenario, and that under the RCP8.5 scenario

increases by 0.15 gCm-2d-1 and 0.26 gCm-2d-1, respectively.

FIGURE 1
Spatial distributions of (A) ensemble simulated and (B) observed GPP (gCm−2d−1) as well as (C) their difference (simulation-observation) in
Northern Asia during the period of 1986–2005. (D) Time series of the normalized GPP (smoothed with a 5-years window) from the ensemble
simulation (red line) and observation (blue line). The time series are smoothed with a 5-years runningmean filter. The shading indicates the spread of
the individual CMIP5 simulations.

FIGURE 2
Ensemble projected anomalies in GPP (gCm−2d−1) during (A,C) the mid-century and (B,D) the end-century relative to the reference period
1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the ALL simulations.
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In summary, the above findings illustrate that the Northern

Asian ecosystem GPP positively responds to the future warmer

scenarios, with larger increases under the high emission scenario

(RCP8.5) than that under the low emission scenario (RCP2.6).

The enhancement of CO2 fertilization effect in the future plays a

dominant role in the projected increase in GPP. When excluding

the CO2 fertilization effect, the future climate warming also

shows a positive contribution, likely due to that the increase

of ambient temperature can better meet the thermal demand of

plant growth and improve the photosynthetic efficiency of

vegetation.

Projected impacts of extreme heat events
on GPP

Figure 4 shows the spatial distributions of the ensemble

projected changes in extreme heat events during the mid-

FIGURE 3
Ensemble projected anomalies in GPP (gCm−2d−1) during (A,C) the mid-century and (B,D) the end-century relative to the reference period
1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the MET simulations.

FIGURE 4
Ensemble projected anomalies in extreme heat events (times/year) during (A,C) the mid-century and (B,D) the end-century relative to the
reference period 1986–2005 under (A,B) RCP2.6 and (C,D) RCP8.5 in the ALL simulations.
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century and the end-century relative to the reference period

under the RCP2.6 and RCP8.5 scenarios from the ALL

simulations. As global climate continues to warm in the

future, an increase in the frequency of extreme heat events is

anticipated in Northern Asia, with larger increase under the high

emission scenario than under the low emission scenario, which is

consistent with the previous studies (IPCC, 2013; 2021). For the

RCP2.6 scenario (Figures 4A,B), the projected increases are

comparable between the mid-century and the end-century. A

slight decrease in the frequency of extreme heat events is seen

around Lake Baikal. For the RCP8.5 scenario (Figures 4C,D), the

increases of extreme heat events are projected to strengthen from

the mid-century to the end-century. During the mid-century, the

magnitudes of increases are in general 3–9 times per year with the

exceedance of 12 times per year in some coastal areas. During the

end-century, the projected extreme heat events increase more

significantly in the south than in the north. The north region

show an increase of more than 12 times per year, while the

increase in the south region is above 30 times per year.

Future increases in extreme heat events are expected to exert

effects on the GPP in Northern Asia. Figure 5 shows the

percentage anomalies of EHE-GPP relative to the

climatological state in the mid-century and the end-century as

projected from the ALL simulation. Under the RCP2.6 scenario,

in the mid-century (Figure 5A), negative anomalies can be

noticed in a majority of Northern Asia, indicating a general

adverse effect on the local GPP from the extreme heat events. In

contrast, the northwest-southeast oriented belt region from

around Lake Baikal to Heilongjiang Province of Northeast

China shows an increase of above 3% in GPP as a response to

the occurrence of extreme heat events, indicating a significant

facilitation effect from the extreme heat events. In the end-

century (Figure 5B), the areas dominated by negative EHE-

GPP anomalies tend to shrink. Instead, the regions covered by

positive EHE-GPP anomalies expand particularly in Northeast

China and central-western Siberia. This result hints at a relatively

strengthening (weakening) of the facilitation (inhibition) effect

on the ecosystem productivity from the extreme heat events in

the end-century compared to the mid-century under the low

emission scenario. For the RCP8.5 scenario, the extreme heat

events contribute to the increase of GPP in most regions

(Figures 5C,D). Contrary to the case under the

RCP2.6 scenario, the percentage increases in EHE-GPP

during the mid-century are much more salient than that

during the end-century in both intensity and extent. It

suggests that the facilitation effect from the extreme heat

events on the ecosystem productivity tends to decline from

the mid-century to the end-century under the high emission

scenario. During the end-century, the large positive anomalies

of EHE-GPP are concentrated in the belt region near 50°N and

the coastal zone of Russian Far East.

The spatial characteristics of the effect of extreme heat events

on the GPP in Northern Asia from the MET simulations are

similar to that of the ALL simulations, but with a reduction in

intensity particularly under the RCP8.5 scenario (Figure 6). For

instance, the magnitudes of increases in EHE-GPP forced by the

MET simulations are about half (one fifth) of that in the ALL

simulations during the mid-century (the end-century) under the

RCP8.5 scenario. Therefore, although the presence of CO2 can

promote the ecosystem productivity and improve the GPP level

on the whole, it will not change the impact of extreme heat events

on the ecosystem.

FIGURE 5
Ensemble projected percentage anomalies (%) of EHE-GPP relative to the climatological state during (A,C) the mid-century and (B,D) the end-
century under (A,B) RCP2.6 and RCP8.5 (C,D) from the ALL simulations. Regions with six out of seven models exceeding the 95% significance level
are dotted.
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It should be worth noting that the effects of extreme heat

events on the ecosystem are spatially heterogeneous around the

world, since the needs of temperature for the growth of

ecosystem are not the same in different regions. For example,

the projected increases of temperature tend to promote the

vegetation growth in the high latitudes of the Northern

Hemisphere (Yu et al., 2014; Jeong, 2020). However, in the

tropics, future temperature increases will inhabit the

vegetation growth and hence weaken the GPP (Park et al., 2015).

Given that the ENF and tundra are widely distributed in

Northern Asia (Zhang et al., 2015), we also calculate the GPP

anomalies of these two vegetation types under the influence of

extreme heat events. It is found that the spatial patterns under the

RCP2.6 and RCP8.5 scenarios in the All and MET simulations

are similar to Figures 5, 6, respectively, and the relative changes of

the tundra GPP affected by the extreme heat events are generally

larger than that for the ENF (Figure not shown). The spatial

correlations of the EHE-GPP anomalies in ENF and tundra with

that of the whole vegetation from the ALL and MET simulations

exceed 0.50 (significant at the 99.9% level) for both the mid-

century and the end-century under each scenario (Table 2),

indicating that the GPP changes of the ENF and tundra

influenced by the extreme heat events are consistent with that

for the whole vegetation. As the ENF is the dominant vegetation

type and the most important GPP provider in Northern Asia

(Pan et al., 2011), its GPP change affected by the extreme heat

events will largely determine the influence of extreme heat events

on the whole ecosystem productivity in Northern Asia. Although

the tundra is also extensive in Northern Asia, its GPP change

shows less contribution to the change of total GPP, due to small

proportion of tundra GPP to the whole Northern Asian

ecosystem GPP.

FIGURE 6
Ensemble projected percentage anomalies (%) of EHE-GPP relative to the climatological state during (A,C) the mid-century and (B,D) the end-
century under (A,B) RCP2.6 and RCP8.5 (C,D) from the MET simulations. Regions with six out of seven models exceeding the 95% significance level
are dotted.

TABLE 2 Spatial correlation coefficients of the total ecosystem GPP anomalies with the ENF/tundra GPP anomalies under the influence of extreme
heat events.

Vegetation type RCP2.6 RCP8.5

2041–2060 2081–2100 2041–2060 2081–2100

ALL Simulations ENF 0.67 0.66 0.63 0.77

tundra 0.56 0.54 0.50 0.63

MET Simulations ENF 0.68 0.67 0.66 0.74

tundra 0.57 0.54 0.56 0.60
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Conclusion

Based on the YIBs model simulations driven by

7 CMIP5 models under the low-emission (RCP2.6) and high-

emission (RCP8.5) scenarios respectively with the CO2 effect

included and excluded, this study projects the changes of GPP in

Northern Asia during the middle and the end of the 21st century.

The impacts of future changes in extreme heat events on the

Northern Asian ecosystem productivity are further examined.

The main findings are summarized as follows:

1) The GPP during the growing season is projected to increase in

Northern Asia, accompanied with larger increases under

RCP8.5 than under RCP2.6. The greatest increases are

projected in western Siberia and Northeast China. In

addition, the projected increases are enhanced from the

mid-century to the end-century under the

RCP8.5 scenario, whereas under the RCP2.6 scenario they

are comparable between the middle and the end of the 21st

century. The enhancement of CO2 fertilization effect plays a

dominant role in the projected increase of GPP. After

removing the influence of CO2 effect, the projected

increase of GPP in Northern Asia becomes weaker.

2) The impacts of future increases in the extreme heat events on

the Northern Asian GPP show spatiotemporal heterogeneity.

Under the RCP2.6 scenario, during the mid-century, the

adverse effect of extreme heat events exists in most of the

region except the northwest-southeast oriented belt region

from around Lake Baikal to Heilongjiang Province where the

positive effect from the extreme heat events is projected. The

positive effect tends to expand in the end-century particularly

in Northeast China and central-western Siberia. Under the

RCP8.5 scenario, the positive effect from the extreme heat

events is projected to dominate most regions in the mid-

century and to shrink in the end-century. Although the CO2

fertilization effect can amplify the facilitation effect from the

warming, it will not alter the spatial regime of the impact of

extreme heat events on the GPP.

3) The spatial distributions of the impacts on the evergreen

needleleaf forest and tundra from the extreme heat events

under each scenario with and without the effect of CO2

fertilization approximate that for the whole ecosystem in

Northern Asia. In addition, larger relative changes are

projected for the tundra GPP than for the evergreen

needleleaf forest GPP that are affected by the extreme heat

events.

Note that this study aims at the projected impacts of extreme

heat events on the GPP in Northern Asia. The physical processes

for their impacts on the GPP are not addressed. Naturally, the

processes of extreme heat events affecting the ecosystem are

complicated, which includes a variety of physicochemical

processes and a number of elements that are mutually

positively and negatively interacted (Allen and Breshears,

1998; Peng et al., 2009; Allen et al., 2010). Further in-depth

investigations are needed in the future work to explore detailed

physical processes for different behaviors of the impacts of

extreme heat events on the Northern Asian ecosystem GPP

under different scenarios.
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