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1 | INTRODUCTION

The distribution and features of forest ecosystems are largely deter-
mined by climate. On the individual level, climate directly influences

seed reproduction and seedling establishment (Renard, Mclntire, &

| Xiaodong Zeng'??

Abstract

The climate has important influences on the distribution and structure of forest eco-
systems, which may lead to vital feedback to climate change. However, much of the
existing work focuses on the changes in carbon fluxes or water cycles due to climate
change and/or atmospheric CO,, and few studies have considered how and to what
extent climate change and CO, influence the ecosystem structure (e.g., fractional cov-
erage change) and the changes in the responses of ecosystems with different charac-
teristics. In this work, two dynamic global vegetation models (DGVMs): IAP-DGVM
coupled with CLM3 and CLM4-CNDV, were used to investigate the response of the
forest ecosystem structure to changes in climate (temperature and precipitation) and
CO, concentration. In the temperature sensitivity tests, warming reduced the global
area-averaged ecosystem gross primary production in the two models, which de-
creased global forest area. Furthermore, the changes in tree fractional coverage
(AF,
system structure, i.e., the mean annual temperature (MAT; °C) largely determined
whether AF, %)

tree
around the globe, and the dependence

rees 26) from the two models were sensitive to the regional temperature and eco-

was positive or negative, while the tree fractional coverage (F,..;

played a decisive role in the amplitude of AF, .

was more remarkable in IAP-DGVM. In cases with precipitation change, F, ., had a

uniformly positive relationship with precipitation, especially in the transition zones of
forests (30% < F, . < 60%) for IAP-DGVM and in semiarid and arid regions for CLM4-

tree

CNDV. Moreover, AF

—_— than on the mean annual

had a stronger dependence on F,, ..

precipitation (MAP; mm/year). It was also demonstrated that both models captured

the fertilization effects of the CO, concentration.

KEYWORDS
climate change, CO, concentration, dynamic global vegetation model, forest ecosystem, tree
fractional coverage

Fajardo, 2016), growth (Carrer & Urbinati, 2004, 2006), leaf area and
form (Fisher et al., 2007; Yang et al., 2015), phenology (Pettorelli et al.,
2005; Zhang et al., 2003), and longevity of individual plants (Goulden
et al., 1998). On the ecosystem level, climate change can alter pro-
ductivity (Meir, Metcalfe, Costa, & Fisher, 2008; Schwalm et al., 2010;
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Wang et al., 2016), species composition (Renwick & Rocca, 2015), and
regional diversity (Beaumont et al., 2011; Garcia, Cabeza, Rahbek, &
Araujo, 2014; Ohlemidiller et al., 2008) and can even result in shifts
from one ecological state to another (Bush, Hanselman, & Gosling,
2010). Such changes may lead to vital feedback in the water and car-
bon cycles (Gonzalez-Meler, Rucks, & Aubanell, 2014); therefore, it is
important to explore how climate change influences the structure and
functions of forest ecosystems.

Most projections of future climate change refer to temperature
and precipitation changes, as well as increasing concentrations of
greenhouse gases in the atmosphere. Temperature is the main in-
fluencing factor of many ecosystem processes (Badeck et al., 2004)
and the carbon balance. For example, Rustad et al. (2001) used meta-
analysis to find that experimental warming of soil temperature in the
range 0.3-6.0°C significantly increased soil respiration rate by 20%,
net N mineralization rate by 46%, and plant productivity by 19%. Lin,
Zhu, Wang, Gong, and Zou (2016) analyzed gross primary production
(GPP) and net primary production products during 2000-2010 and
leaf area index (LAI; m%/m?) products during 1981-2011 and found
that the air temperature had a significant positive correlation with LAl
(R*=.311) and GPP (R? = .189). Meanwhile, it has been discovered
that the responses of ecosystems to temperature change are spatially
heterogeneous and partly uncertain (Mekonnen, Grant, & Schwalm,
2016; Williams et al., 2010; Willis, Bennett, Burrough, Macias-Fauria,
& Tovar, 2012). Plenty of work has shown that because of temperature
limitations, warming favors boreal forests in the form of increases in
vegetation cover (Berner, Beck, Bunn, & Goetz, 2013) and northward
movement of tree lines. However, for some tropical forests, tem-
perature has a strong negative effect on stem growth by increasing
respiration and decreasing photosynthesis due to reduced stomatal
conductance (Schippers, Sterck, Vlam, & Zuidema, 2015). Willis et al.
(2012) concluded that when regional conditions become warmer and
wetter, the biomass and range distribution of trees are likely to in-
crease, while if a transition to warmer and drier conditions occurs,
grass or savanna replaces woody vegetation in many regions.

Precipitation is another vital factor, influencing tree growth (Subedi
& Sharma, 2013; Voelker, Meinzer, Lachenbruch, Brooks, & Guyette,
2014) and affecting forest population dynamics (Booth et al., 2012; De
Steven, 1991). More precipitation during the wettest quarter increases
tree diameter growth (Subedi & Sharma, 2013), whereas reductions in
photosynthesis occur during droughts, which decrease GPP (Schwalm
et al., 2010; Van der Molen et al., 2011). Wu, Dijkstra, Koch, Pefiuelas,
and Hungate (2011) demonstrated that decreased precipitation sup-
pressed aboveground biomass, whereas increased precipitation stim-
ulated aboveground and belowground biomass. Moreover, the CO,
concentration is the third factor related to climate change because it is
expected to have a direct fertilization effect (Norby & Zak, 2011) and
lead to warming. Kimball (1983) had estimated that a doubling of the
CO, concentration, all else constant, will increase growth and yield ap-
proximately 34 + 6% in C3 plants and 14 + 11% in C4 plants. However,
elevated CO, does not always have a positive relationship with biomass
and growth, and its fertilization effects partly depend on forest age
(Korner et al., 2005) and individual tree size (Kim, Oren, & Qian, 2016).

In recent two decades, dynamic global vegetation models (DGVMs)
have become important tools to investigate and predict the rate and
direction of changes in global vegetation biomes in response to cli-
mate change and rising atmospheric CO, (Cramer et al., 2001; Notaro,
2008; Shafer, Bartlein, Gray, & Pelltier, 2015; Woodward & Lomas,
2004). Some are coupled with climate models to predict climate-vege-
tation interactions (Sitch et al., 2003; Notaro, Chen, & Liu, 2011), while
others are run offline with different scenarios to explore the effects
of changes in climate or CO, on vegetation (Ni, Harrison, Prentice,
Kutzbach, & Sitch, 2006; Peng et al., 2009; Plattner et al., 2008; Ruosch
et al., 2016; Shafer et al., 2015; Sitch et al., 2008; Woodward & Lomas,
2004; Zhang et al., 2015). For example, Cramer et al. (2001) used six
DGVMs to investigate the responses of ecosystem carbon to changes
in climate and CO, concentration. Woodward and Lomas (2004) used
SDGVM (the Sheffield DGVM) to find that a scenario of future global
warming resulted in a gradual decline in the terrestrial carbon sink.
Galbraith et al. (2010) used three DGVMs to explore the mechanisms
of Amazonian forest biomass changes under climate change; and
it was found that high temperature directly increased plant respira-
tion and declined photosynthesis and then led to reduction in forest
biomass losses (Galbraith et al., 2010). Furthermore, large uncertain-
ties may exist among different DGVMs. Sitch et al. (2008) used five
DGVMs to explore that significant discrepancies were associated with
the response of tropical vegetation to drought and boreal ecosystems
to elevated temperatures and changing soil moisture status.

Attention has been given to the relationship between terrestrial
ecosystems and climate change and atmospheric CO,. However,
much of the research has focused on the influences of climate change
and/or atmospheric CO, on carbon fluxes or water cycles, and few
work considered how climate change and CO, influence the ecosys-
tem structure (e.g., fractional coverage change) and which ecosystem
types are susceptible to varying climate and CO,. Such issues are very
important because they have a direct impact on global biogeography,
carbon and water cycles, vegetation succession, and the time scale of
vegetation ecosystem recovery.

In this work, two DGVMs (a revised version of IAP-DGVM1.0 and
CLM4-CNDV) were used to investigate the responses of forest eco-
systems to climate change with respect to changes in temperature,
precipitation, and CO, concentration. The following questions are ad-
dressed: (1) Which regions are sensitive to climate change? (2) When
the temperature, precipitation, and CO, concentration vary, how do
the forest area and fractional coverage change? (3) Which factor has
(AF,

ecosystem structure, and how? (4) Which climate conditions favor for-

larger influences on the change in F, %), climate or forest

ree ree’

est ecosystems in different regions?

2 | MODEL DESCRIPTION

2.1 | Arevised IAP-DGVM1.0

IAP-DGVM1.0 (Zeng, Li, & Song, 2014) was developed by the Institute
of Atmospheric Physics, the Chinese Academy of Sciences, to investi-
gate ecological processes and to study land-atmospheric interactions.
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It involves photosynthesis, respiration, phenology, individual carbon
allocation, competition, survival and establishment, mortality, litter de-
composition, soil respiration, and fire disturbance. IAP-DGVM1.0 has
been coupled with CLM (Oleson et al., 2004; Zeng et al., 2014) and the
Common Land Model (Dai, Dickinson, & Wang, 2004; Dai et al., 2003;
Zhu, Zeng, Li, & Song, 2014) to describe the major regions of tree,
shrub, grass, and bare soil under current climatic conditions (Zeng et al.,
2014; Zhu et al., 2014), as well as vegetation-climate relationships.
Subsequently, a revised IAP-DGVM1.0 introduced the effects of
soil moisture during the growing season on the establishment rate of
woody plant functional types (PFTs) in the establishment scheme (Song,
Zeng, Zhu, & Shao, 2016). When coupled with CLM3, compared with
the default IAP-DGVM1.0, the revised version reduced biases in forest
fractional coverage in approximately 78.8% of the global grid cells, es-
pecially in arid and semiarid regions and the transition zones of forests
(Song et al., 2016). In this work, the revised IAP-DGVM1.0 coupled with
CLMS is used and abbreviated as IAP-DGVM in the following sections.

2.2 | CLM4-CNDV

The Community Land Model 4.0 (CLM4; Oleson et al., 2010) builds on
CLMS.5 with the introduction of a carbon and nitrogen cycle model.
CLM4 includes an option to run CLM4CN as a DGVM (CLM4-CNDV),
and the modules of DGVM follow the prior versions of CLM-DGVM
without major modifications. CNDV changes the CN framework only
as needed to simulate biogeography updates, including light competi-
tion, establishment and survival, as well as mortality. All other ecosys-
tem processes (such as individual allocation, phenology, and fire) are
handled by CN (Castillo, Levis, & Thornton, 2012; Oleson et al., 2010).

3 | EXPERIMENTAL DESIGN

Two types of global offline simulations were conducted: one using
IAP-DGVM coupled with CLM3 and the other using CLM4-CNDV. All
simulations were forced circularly with 50 years of reanalysis surface
atmospheric fields (1950-1999) from Qian, Dai, Trenberth, and Oleson
(2006). IAP-DGVM ran for 800 years with Té62 resolution (79 x 192
grid cells covering 60°S-90°N) to equilibrium and then restarted for
another 50 years with the default atmospheric fields (control case) and
climate change (i.e., with changes in temperature, precipitation, or CO,
concentration) in several separate cases: (1) temperature +1°C, +2°C,
and +3°C at each time step (abbreviated as mean annual temperature
[MAT] + 1°C, MAT + 2°C, and MAT + 3°C, respectively); (2) precipi-
tation increased or decreased by 15% (abbreviated as MAP115 and
MAPOQ85); and (3) doubling the CO, concentration (2CO,). For CLM4-
CNDV, the 20th-century control simulation documented by Bonan
and Levis (2010) (initial conditions supplied with the CCSM4 release)
was used as the initial data to run CLM4-CNDV for 600 years to equi-
librium with 96 x 144 grid cells. The simulation was then restarted
for the same ten cases with climate change and one control case, as
IAP-DGVM. The last 50 years of simulation results were analyzed. In
each simulation, only one climate factor was changed, and the others
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remained at the default settings. For simplicity, variables from the con-
trol cases of the two models were marked “ctrl” in the subscript.

In IAP-DGVM and CLM4-CNDV, natural plants are classified into
12 PFTs according to their physical, phylogenetic, and phenological
characteristics, including seven trees (Table 1), two shrubs, and three
grasses, in which trees have the highest hierarchy for the competi-
tion of establishment. Therefore, the simulation performance of tree
PFTs has a direct influence on other PFT simulations, and this work
mainly focused on how climate change influences forest coverage and
its relevant variables using IAP-DGVM and CLM4-CNDV. The defini-
tion of fractional coverage and related parameterizations is shown in
Appendice S1.

4 | RESULTS

4.1 | The effects of temperature change on forest
ecosystems

4.1.1 | Comparison among different sensitivity
tests of temperature change

Global distribution of regions sensitive to temperature change
First, to investigate which areas are sensitive to temperature change,
the global distribution of differences between the maximum tree frac-

tional coverage (Ft %) and the minimum tree fractional cover-

ree,max’

age (F, %) from seven temperature sensitivity tests is shown in

ree,min’
Figure 1. In IAP-DGVM, most forest regions were influenced by tem-
perature change, and the most sensitive areas were distributed in the
core areas of forests, especially in boreal forests, where the amplitude
of the Fy .,

some grid cells. In CLM4-CNDV, boreal regions also had significant

change was approximately 10%-20%, exceeding 35% in

sensitivity to temperature change; however, the most influenced
areas were distributed in the transitional areas of boreal forests, the
peripheral zones of tropical forests, and some semiarid or arid regions
(e.g., western America).

The influence of temperature change on gross primary
production
Temperature change influences terrestrial ecosystems in various ways,

and one of the most direct ways is affecting the GPP of the ecosystem

TABLE 1 The list of seven tree plant functional types in IAP-
DGVM and CLM4-CNDV

Full Name Abbreviation

Trees
Needleleaf evergreen temperate NEM-Tr
Needleleaf evergreen boreal NEB-Tr
Broadleaf evergreen tropical BET-Tr
Broadleaf evergreen temperate BEM-Tr
Broadleaf deciduous tropical BDT-Tr
Broadleaf deciduous temperate BDM-Tr
Broadleaf deciduous boreal BDB-Tr
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(GPP,__; gC m~2 year™%; see Appendice S1), leading to changes in eco-
system characteristics and structure. Therefore, the changes in forest
ecosystem GPP (AGPPeco; gC m?! year’l, i.e, GPP__, in cases of tem-
perature change—GPP___ in case of control simulation for each model)
with different cases were investigated, where the boxplots showed
the 10th, 25th, median, 75th, and 90th percentiles, and the red star
line was the global area-averaged value (FPW,; gCm % year™?;
Figure 2; it should be declared that the median lines in Figure 2b were
almost near the zero line, so they could not be seen clearly). Overall,
the greater the MAT change was, the larger the change in GPP,__ was,
and AGPP__, from CLM4-CNDV usually had a larger standard devia-
tion than that from IAP-DGVM. For IAP-DGVM, as MAT changed by
-3°C to 3°C, FPECO decreased from 43.3 to -117.8 gC m2 year'l,
while for CLM4-CNDV, it first increased and then decreased, and the
peak appeared at MAT - 1°C (1.0 g€ m™2 year™ ). For both models,
warming resulted in drier soil moisture and then led to a drop in aver-
age GPP
by the two models had distinct responses to cooling, i.e., Mfrom
IAP-DGVM increased when MAT decreased by from -1°C to -3°C
(mmcreased from 22.5 to 43.3 gC m™2 year %), while FPECO
from CLM4-CNDV decreased as MAT decreased (WPMfeII from
-1.0gC m~2 year “Lin the case of MAT - 1°C to -60.7 gC m~2 year 1
in the case of MAT - 3°C).

o (GPP.,; gCm™ " year™). However, the GPP,, simulated

Changes in global areas of different forest types

Temperature change may result in changes in forest ecosystem struc-
tures due to changes in GPP and population dynamics among different
PFTs. In IAP-DGVM and CLM4-CNDV, there are seven tree PFTs, and

FIGURE 2 Comparison of the change in ecosystem gross primary
production (AGPP,_; gC m™! year ') among six temperature change
sensitivity tests by IAP-DGVM and CLM4-CNDYV, respectively. The
boxplots denote the 10th, 25th, median, 75th, and 90th percentiles,
and the red star line is the global area-averaged AGPP,_

different forest types are often expected to have various sensitivi-
ties to climate change. To explore how different tree PFTs respond to
temperature change, the simulated changes in global area (AQ; km?)
for the seven tree PFTs are shown in Figure 3.

Overall, for two models, warming resulted in a reduction in the
total area of trees around the globe, while cooling led to a slight in-
crement in global area of trees, except in the case of MAT - 3°C for
CLM4-CNDV (Figure 3a). Furthermore, warming had a larger impact
on the AQ for trees than cooling. For boreal forests (NEB-Tr and
BDB-Tr), warming consistently decreased their global areas (Q; km?) in
the two models (Figure 3c,h). When MAT declined, the Qs of NEB-Tr
and BDB-Tr from IAP-DGVM decreased; however, in CLM4-CNDV,
cooling reduced NEB-Tr's Q (except in the case with MAT - 1°C) but
increased BDB-Tr's Q. The combination of changes in the Qs of NEB-Tr
and BDB-Tr led to a reduction in boreal forest areas in both the two
models.

In the two models, temperature increase had a negative impact on
the global areas of NEM-Tr and BEM-Tr (Figure 3b,e). For the third tem-
perate tree PFT, BDM-Tr, the two models had opposite performance
to warming (Figure 3g). Meanwhile, for BET-Tr and BDT-Tr, the dom-
inant tree PFTs in tropical forests, the responses of their global areas

to temperature changes were totally distinct between two models. In
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FIGURE 3 Comparison of the global
area change (AQ; x10° km?) for seven tree
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MAT-3°C A
MAT-2°C A

IAP-DGVM, both BET-Tr's Q and BDT-Tr's Q had positive responses
to decreasing temperature and negative relationships with warming,
while in CLM4-CNDYV, the results were opposite (Figure 3d,f). It was
probably because of differences in population dynamics schemes and

photosynthesis parameterizations between models.

4.1.2 | Tree fractional coverage change and its
influencing factors

Comparison of different temperature sensitivity tests showed some
common points, e.g., the negative relationship between GPP__ and
warming, as well as the similar response to increasing or decreasing
temperature for a given tree PFT. In the following, the cases with
AF
in the control simu-

MAT + 1°C were used to investigate the difference in F
%; Fiee In cases of temperature change—F
lation (F

tree,ctrl)

tree ( tree’

tree
for each model) due to temperature change in dif-

ferent regions and to identify the influencing factors for the two
models.

The global distribution of tree fractional coverage change

Figure 4 shows the global distribution of AF, . simulated by the two

ree

models, and only grid cells with |AF, .| > 5%0 are shown. Increasing

ree

temperature favored most boreal forests, especially in IAP-DGVM
(Figure 4a), but led to declines of F,

ree IN temperate and tropical re-

gions. For IAP-DGVM, over most regions south of 45°N, increasing
(-2% < AF, < 0), such as the
Amazon and Central Africa rainforests, Indonesia, and southern China.

Similar to IAP-DGVM, F,

tree

temperature slightly decreased F, ..

in some boreal regions had a positive

MAT-1°C ~
MAT+1°C 1
MAT+2°C
MAT+3°C
MAT-3°C ~
MAT-2°C A
MAT-1°C A
MAT+1°C
MAT+2°C 1
MAT+3°C 1

sensitivity to rising temperature in CLM4-CNDV (but the sensitive

areas were smaller; Figure 4c), and reduction in F

tree Mainly occurred

in arid or semiarid regions, such as the western United States and the
marginal zone of Central Africa rainforests.

The case of cooling had similar sensitive areas to the case of
warming, except some areas of Europe and the core areas of tropi-
cal rainforests (e.g., the center of the Amazon and Indonesian islands)
in IAP-DGVM (Figure 4a vs. b). Opposite to warming, temperate and
tropical forests benefited from cooling in the IAP-DGVM simulation,
and the F, .
cordance with the conclusion in Figure 3. Similar to IAP-DGVM, the
result in the case of MAT - 1°C contradicted that in the MAT + 1°C
experiment in CLM4-CNDV (Figure 4c vs. d). Furthermore, in the
cooling experiments, although the sensitive area in CLM4-CNDV was

of boreal forests dropped by up to 4% (Figure 4b), in ac-

smaller, the amplitude of AF,  was larger, which may be due to the
higher standard deviation of GPP in CLM4-CNDV.

The factors influencing tree fractional coverage change

As shown in Figure 4, forests in different regions might have differ-
ent responses to temperature change, not only in the direction but
also in the amplitude of the F,
between AF,

tree

ree Change. Are there any relationships

and the local climate conditions or forest ecosystem
characteristics? To answer this question, the relationship between
AF,

tree

warming led to negative area-averaged AF,
F

tree,ctrl
of decreasing temperature on AF, . were different between the two

models (the blue lines in Figure 5b,d). When reducing MAT by 1°C,

and MAT as well as F, ., Was investigated (Figure 5). Globally,

ree (AFiree; %) in any case of

for both models (the blue lines in Figure 5a,c), while the effects
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the area-averaged F, ., (Fyee: %) increased in areas with Freect < 32% |AFy el was larger in CLM4-CNDV (Figure 5c-d). Overall, MAT deter-

and decreased in regions with Fireectn > 50% in the IAP-DGVM simu-

lation (Figure 5b); however, for CLM4-CNDV, F,.increased when
0 < Fieectn < 72% (AFywas approximately 7% when F,
55%), and then, with F, >72%,

tree,ctrl
temperature (Figure 5d).

ree,ctrl was

Firecdecreased due to decreasing

In the IAP-DGVM simulations, there were two distinct tendencies
in the relationship between AF,  and Ftree’ctrl, and these tendencies
depended on MAT (Figure 5a,b). When MAT increased by 1°C, F,,
increased (AF, ., > 0) in most grid cells with MAT < 0°C and decreased
(

AF, . <0) in most grid cells with MAT > 0°C (Figure 5a); however,
Figure 5b shows that forests in warm regions benefited from cool-

ing, in accordance with Figure 4. Figure 5a and b illustrates that the

tree,ctrl ~ (60%’
80%; the absolute value of AF, ., (|AF,..|) was almost 4%). CLM4-
CNDV was similar to IAP-DGVM, although the boundaries of |AF, |
between regions with MAT > 0 and MAT < O were not obvious, but

most impacted forest ecosystems were in regions with F

mined whether AF,

tree
AF, . was relative to F,

was positive or negative, and the amplitude of

tree tree,ctrl®

To quantitatively explain the dependence of AF

tree

on MAT and
F the correlation coefficient (R?) was calculated (see Appendices

S2 and S3). Because Figure 5 demonstrates that whether AF,

tree,ctrl’
ree was
positive or negative largely depended on the MAT value, the simu-
lation results were classified into two groups based on the MAT
value (>0 or <0) for each case. Grid cells with an absolute value of
MAT (|MAT]) less than 1°C in the control simulations were excluded
from the analysis. Three regression equations were used to describe
the separate and combined effects of MAT and/or Ftree,ctrl on AF ..
Normalization of MAT (MAT'; -1 < MAT' < 1) was performed before
regression, i.e., MAT' = MAT/|MAT|__ , where [MAT]|

mum absolute value of MAT around the globe. AF,

max Was the maxi-

and Ftree,ctrl were

max’

ree
used in decimal form rather than as percentages (%). There were simi-

lar phenomena in the IAP-DGVM and CLM4-CNDV simulation results,

(a) IAP-DGVM MAT+1°C (b) IAP-DGVM MAT—1°C
10 1 1 1 2 10 1 1 1 25
54 L 1230 5 s
e g Sy
S AT ; & e ;
3 k o 3 0 & 0
e Y - 3 = 3
L9 A T3 = -10
= 10 Y . - =
-15 : : : : MAT €y -10 : : : : MAT ()
0 20 40 60 80 100 0 20 40 60 80 100
Frce, ctn (%) Foee, e (%)
FIGURE 5 The dependence of the
(c) CLM4-CNDV MAT+1°C (d) CLM4-CNDV MAT-1°C change in tree fractional coverage (AF,
20 a 204 A %) on the mean annual temperature (MAT;
Q 10 1 ok o 104 I °C) and tree fractional coverage in the
\:3 0 4% i :,’1 \_:3 0 :j] control simulation (Ftree‘ctrl; %) in the cases
o« -10 ] SR e % of MAT £ 1°C for (a, b) IAP-DGVM and (c,
< 0] ‘ 2 < -104 - d) CLM4-CNDV. The blue line indicates the
-30 T T T : MAT €0) -20 + T T : MAT €C) area-averaged AF, ., and the black solid

0
Eree, ctrl (%)

Ftree, ctrl (%)

line and dashed line denote the 10th and
90th percentiles, respectively
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i.e., for the two models: (1) In all the cases, although AF,.. had a signif-

ree

icant relationship with MAT' (all cases had p < .0001 except one case
with p <.01), it was more dependent on Ftreeml. For example, in the
IAP-DGVM simulations, when MAT decreased by 1°C, in areas with
MAT < 0, MAT' accounted for approximately 22.9% of the variation
in AF, .,

in AF,

tree’

while Ftree,ctrl explained approximately 62.4% of the variation
and the combined effects of MAT' and F,

tree,ctrl
imately 64.2%; (2) when warming, grid cells with MAT > O were more

, were approx-

sensitive to Ftree,ctrl and MAT' because regions with MAT > O had larger
R? than grid cells with MAT < O in regression Equation 1; on the other
hand, when MAT decreased, forest ecosystems with MAT < 0 usually
had strong responses to temperature and forest structure. Moreover,
it was shown that forest ecosystems described by IAP-DGVM were
more dependent on Frree.ctr and MAT’ (R? from IAP-DGVM was larger
than that from CLM4-CNDV for the same cases). For MAT + 2°C or
MAT * 3°C, similar conclusions were obtained, so the results are not
shown here.

Compared with IAP-DGVM, AF,

a wide range, especially for forest ecosystems with F

ree I CLM4-CNDV varied over

tree,ctrl ~ (25%’
85%; Figure 5). To determine which types of forest ecosystems have
large change in AF, . for the two models, the relationship between
c; %)

was analyzed (Figure 6). The results showed that forest ecosystems

ree
F, , and global area-averaged standard deviation of AF,

tree,ctrl tree (
simulated by CLM4-CNDV usually had larger ¢ when the temperature
varied. Except for the case with Fireectn at approximately 70%, ¢ from
IAP-DGVM was almost less than 5%, while in the CLM4-CNDV cases,
the maximum o reached approximately 15% (Ftree,Ctrl ~25%) and 20%
(Ftree‘ctrl ~ 85%) for warming and cooling, respectively (Figure 6). These
differences may be due to the larger change in AGPP in CLM4-CNDV.

4.2 | The effects of precipitation change on
forest ecosystems

Precipitation is another key factor that influences the vegetation
distribution and ecosystem structure; therefore, its effects on AF, .
were investigated in the following. Figure 7 shows the global distribu-
tion of tree fractional coverage change due to precipitation change
from IAP-DGVM and CLM4-CNDV, and following Figure 4, only grid

cells with |AF,

wreel greater than 5%o were shown. Compared with the

25 L 1 L 1 L 1 L 1
IAP-DGVM (MAT+1°C) CLM4-CNDV (MAT+1°C)
— — — IAP-DGVM (MAT-1°C) — — — CLM4-CNDV (MAT-1°C)
20 1 ) -
/ \
15 s N
~ —
(®)
s
© 10-
5 .
0
0

F tree, ctrl (%)

FIGURE 6 Dependence of the standard deviation of AF, . (c; %)
on tree fractional coverage (F, ; %) simulated by IAP-DGVM and

tree,ctrl’

CLM4-CNDV in the case of MAT + 1°C

cases of temperature change, the responses of forest ecosystems to
mean annual precipitation (MAP) change were uniform, i.e., increased
MAP led to globally increased F, ., while reduced MAP led to de-
creased F, .. However, the sensitive regions varied slightly between
IAP-DGVM and CLM4-CNDV. In IAP-DGVM, large changes in F,
occurred in eastern North America, northern Asia, and most regions
in South America (Figure 7a,b). However, in the CLM4-CNDV simu-

lations, the sensitive areas mainly covered western North America,

ree’

ree

Central Asia, and the peripheral areas of the core forests (e.g., the
southeast of Central Africa; Figure 7c,d).

rce 10 MAP change, CLM4-CNDV also had
than IAP-DGVM (Figure 8). When increasing MAP by 15%,
< 80%in

both models. However, in the case of decreasing MAP, obvious AF,

In the responses of F,
larger AF,

ree

larger AF, . occurred in areas with approximately 30% < F,

ree ree

ree

<45% in

ree

appeared in the grid cells with approximately 20% < F,
IAP-DGVM, while the sensitive regions were areas with approximately
60% < F .. < 85% in CLM4-CNDV.

Similarly, to further investigate the influences of MAP and F,
on AF e and Fyeo o
well as MAP, were calculated (see Appendices S4 and S5). In the same
way, normalization of MAP (mm/year; i.e., MAP’' = MAP/MAP
where MAP__ was the maximum value of MAP around the globe)
ree and Ftree,ctrl
were used in decimal form rather than percentages (%).AF, ., had a
significant relationship with Ftree’ctrI (p < .0001) and MAP' (p < .0001),

especially with F, for both IAP-DGVM and CLM4-CNDV. AF

tree

ree,ctrl

the correlation coefficients between AF as

tree

max’

was performed before regression. Furthermore, AF,

ree,ctrl’
in the case of increasing MAP had greater dependence on F, . .

than cases with decreasing MAP (R? = .377 vs. .191 in IAP-DGVM;
R? = 181 vs. .154 in CLM4-CNDV). Additionally, the AF, .. simulated
by IAP-DGVM had much stronger sensitivity to Fireectr and MAP’
than in the CLM4-CNDV simulations. The relationship between the
standard deviation of AF,

ree @nd Ftree‘ctrI was also considered. Similar

to the cases of temperature change, 6 in CLM4-CNDV was generally
larger than that in IAP-DGVM for most forest ecosystems when MAP
changed (Figure 9). For IAP-DGVM, o in the case of decreasing MAP
was higher than o in the case of increasing MAP for all groups of for-
est ecosystems, especially regions with F, ~ 70%. However, for
CLM4-CNDV, grid cells with F,
increasing MAP (except for areas with 25% < F,

with F,

tree,ctrl

ree,ctrl

reesctrl < 48% had larger o in the case of

ree,ctrl < 36%), especially
~ 40%, whereas in the decreasing MAP sensitivity test,

higher ¢ occurred in regions with 70% < F, < 82%.

ree,ctrl

4.3 | The effects of CO, concentration change on
forest ecosystems

Changes in the carbon dioxide level have attracted attention be-
cause increasing CO, concentration not only results in global
warming but also increases carbon fertilization. In this work, in-
creasing CO, does not lead to rising temperature, i.e., only car-
bon fertilization effects were considered. Figure 10 shows the

relationship between Ftree’ctrl and area-averaged AF in the

tree
sensitivity tests with doubled concentration (2CO,) simulated by

IAP-DGVM and CLM4-CNDV. It was shown that (1) the simulated
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S 1,200 . . ’ .
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2 800
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400
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Fiee in the two models had a positive response to CO, concentra- sensitivity tests, it was shown that (1) the two models had different

tion; (2) when doubling the CO, concentration, ecosystems with
35% < Fireectn < 40% had the strongest sensitivity to CO, change,
AF, .. reached approximately 12% and 14% for IAP-DGVM and
CLM4-CNDV, respectively.

5 | CONCLUSIONS AND DISCUSSION
Forests are particularly vulnerable to changing environmental condi-
tions due to the longevity of tree species (Krauchi, 1993). However,
climate change effects on forests may also be subtle, affecting indi-
vidual tree growth and forest composition and structure from years to
decades (Pederson et al., 2015).

In this study, the responses of forest ecosystems to changes in
climate and CO, concentration were investigated by IAP-DGVM
coupled with CLM3 and CLM4-CNDV. In the temperature change

sensitive regions to temperature change, i.e., in IAP-DGVM, the most
sensitive areas were distributed in the core areas of forests, especially
in boreal forests, while in CLM4-CNDV, the most influenced regions
were distributed in the transitional areas of boreal forests, the periph-
eral zones of tropical forests, and some semiarid or arid regions; (2)
because warming led to stronger respiration and drier soil moisture,
msimulated by IAP-DGVM and CLM4-CNDV decreased with in-
creasing MAT, which may be the main cause of the reduction in @
in warming cases; however, in the three cases with declining MAT,
the trends ofm were opposite between the two models, which
partly accounted for the different responses of some tree PFTs to
cooling (such as BET-Tr, BDT-Tr, and BDB-Tr); (3) for MAT + 1°C in
both models, warming favored boreal forests, whereas cooling was
beneficial to temperate and tropical forests; moreover, the differ-

ence in tree fractional coverage AF, . and its global area-averaged

ree

standard deviation from CLM4-CNDV was larger than those in
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FIGURE 9 Dependence of the standard deviation of AF, . (07 %)
on tree fractional coverage (Ftree,ctrl; %) simulated by IAP-DGVM and
CLM4-CNDV in the cases of MAP increasing or decreasing by 15%

IAP-DGVM; (4) AF,
perature and forest ecosystem structure: MAT largely determined
whether AF,
amplitude of AF, . around the globe, and such the dependence was
stronger in IAP-DGVM.

Compared with the temperature change, the responses of for-

ree Nad a significant dependence on the local tem-

was positive or negative, while F, __ determined the

tree tree

ests to precipitation and CO, concentration changes were more uni-

form, i.e,, . increased with precipitation and CO, concentration

ree
around the globe. The regions sensitive to increasing and decreasing
MAP were different. Areas with 30% < F, ., < 60% (in IAP-DGVM)
or semiarid and arid regions (in CLM4-CNDV) had strong sensitivity

to increasing MAP; however, as MAP decreased, F,__ in areas with

tree

decreased remarkably in IAP-DGVM, while F,
arid and arid regions in CLM4-CNDV dropped significantly. Similar

ree 1IN SEMI-

large F,

ree

to the temperature change simulations, AF, _ was more dependent

tree
oN Fi e it than MAP, and the standard deviations of AF, . in CLM4-
CNDV were higher than those from IAP-DGVM. For the CO, con-
centration simulations, both DGVMs captured the CO, fertilization
effects.

As shown in Figure 3, tropical PFTs had opposite responses to
temperature change between two models. Our other research showed
that such distinctions were likely to result from the differences in
seedling establishment scheme and photosynthesis parameterization
(see Appendice S1). IAP-DGVM explicitly considers the impact of soil
moisture on the establishment rates of woody PFTs. When tempera-
ture decreased, lower evapotranspiration increased soil moisture, not
only benefiting seedling establishment rates which increased tree
population densities, but also improving the maximum rate of carbox-
ylation (V__ ) and GPP

max eco

(Figure 2), leading to individual growth. As a
result, the fractional coverage of tropical forests increased. However,
if not considering the soil moisture influences on establishment rates
in IAP-DGVM (Equation Sé; like the establishment parameterization in
CLM4-CNDV), similar results with CLM4-CNDV were found, i.e., the
tropical tree population densities would decrease in the case of cool-
ing. Therefore, introducing the effects of soil moisture on establish-
ment rates directly accounted for the different vegetation responses
to climate change. As to the fall in GPP simulated by CLM4-CNVD
in the case of cooling, it was mainly because of complicated nitro-

gen limitation. In CLM4-CNDV, V__ also varies with foliage nitrogen

Ftree, ctrl (%)

FIGURE 10 The relationship between tree fractional coverage
(Firee,curis %) @nd the change in tree fractional coverage (AF, . ; %) in
the cases of doubled concentration (2CO,) simulated by IAP-DGVM
and CLM4-CNDV
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FIGURE 11 The global distribution of the optimal temperature
change (relative to the current temperature) in (a) IAP-DGVM and (b)
CLM4-CNDV

concentration and specific leaf area (SLA, assumed to increase linearly
with cumulative LAI). Such complicated nitrogen influences exceeded
the positive effects from moister soilon V,  and led to GPP,_ decline
when temperature decreased.

In IAP-DGVM, the widest range of AF,  appeared in the grid
cells with 60% < F . . < 80%. However, in CLM4-CNDV, AF,  var-
ied over a large range, as shown by the smaller number of grid cells
with 25% < Ftree’CtrI < 85% (Figure 5). In addition to the differences in

GPP variance, due to the significant dependence of AF, . on Ftree’cm,

differences in the simulated Ftree,ctrl accounted for the discrepancies
in AF,

ree DEtWeEEN the two models. The results showed that excluding

< 5%, approximately 19.0% and 31.2% of the
grid cells fell in the intervals Fireectn < 20% and Fireectn > 85% in IAP-

DGVM, whereas in CLM4-CNDV, the percentages reached approxi-
mately 16.0% and 64.5%, respectively (Figure S2; to concentrate on

grid cells with F,

ree,ctrl
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the core areas of forests, only grid cells with F, > 5% were con-

tree,ctrl
sidered, and in the two models, F, . . is assumed not to exceed 95%
5%

> 95%). The combination of the differences in the simulated

in each grid cell; therefore, there were no results when F, __ ., <

or Ftree,ctrl

Fireectr and the dependence of AF, . on Fireectr

and its standard deviation in these two

largely accounted
for the differences in AF,
models.

As discussed in previous research, the responses of forest eco-
systems are spatially heterogeneous and partly uncertain (Mekonnen
et al., 2016; Williams et al., 2010; Willis et al., 2012). To further in-
vestigate the differences in the response of forest ecosystems to
temperature change in different regions, the optimal temperature
change (relative to the current temperature) was defined as tempera-
ture condition in the seven temperature sensitivity tests under which
Firee
considered. Large discrepancies existed in the global distribution
of the optimal temperature between IAP-DGVM and CLM4-CNDV
(Figure 11). In IAP-DGVM, most boreal forests had their largest F,
at MAT + 3°C, while for some boreal regions, the optimal tempera-
ture conditions were MAT - 1°C, MAT, or MAT + 2°C. In accordance
with Figure 4a, temperate and tropical forests benefited from de-
creased temperature in IAP-DGVM, and F, . reached the maximum
value when MAT decreased by 3°C. For CLM4-CNDYV, the advantage

of warming appeared in a smaller range of boreal forests, consistent

was the largest. Only grid cells with F, , greater than 1% were

ree,ctrl

ree

with Figure 4b, and the maximum F,_, was reached at MAT - 2°C,
MAT - 1°C or MAT in many boreal grid cells. In the arid and semi-
arid regions (e.g., the western USA) and transitional zones of forests
(e.g., the peripheral areas of the tropical rainforests in Central Africa),
decreased temperature was good for forest coverage, and F, ., was
largest at MAT - 3°C because cooling relieved drought or reduced
respiration, decreasing tree mortality in these regions, which was
somewhat in accordance with Williams et al. (2010). The tropical
forests in CLM4-CNDV mostly had the largest F,

MAT + 3°C; however, due to F,

tree,ctrl

ree IN the case of

being close to the upper 95%

was small in these

limit provided in the models, the increment of F, .

areas.

This work provided valuable ideas to investigate the responses of
forest ecosystems to climate change and several vital clues to explore
the uncertainties in the current vegetation dynamic models. In the
following work, the combined effects of changes in temperature and
precipitation on vegetation will be considered.
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