Xia et al. Ecological Processes (2023) 12:60 Ecological Processes
https://doi.org/10.1186/513717-023-00477-2

: : ®
The effects of multiple environmental factors ===
on global carbon allocation

Jiangzhou Xia' ®, Yang Chen"", Wenping Yuan? ® and Ying-Ping Wang?

Abstract

Background The allocation of photosynthate among the parts of plants (e.g., leaves, wood tissues and roots) strongly
regulates their growth, and this conditions the terrestrial carbon cycle. Recent studies have shown that atmospheric
CO, and climate change dominate the changes in carbon allocation in plants, but the magnitude and mechanism

of its effects remain unclear.

Methods The Community Atmosphere Biosphere Land Exchange (CABLE) model can accurately simulate

the responses of carbon allocation to environmental changes. This study quantifies the contributions of four envi-
ronmental factors—atmospheric CO,, temperature, precipitation, and radiation—on resource availability and carbon
allocation from 1979 to 2014 by using the CABLE model.

Results The results of the CABLE model showed that rising CO, significantly reduced carbon allocation to the leaves
of plants at a global scale, but the other three environmental factors exhibited contrasting effects that dominated
the rise in carbon allocation to the leaves. The increased precipitation and CO, significantly reduced the light avail-
ability and increased carbon allocation to the wooden parts of plants. By contrast, the rising temperature reduced
the water availability, resulting in a decrease in carbon allocation to the wooden parts. All four environmental factors
consistently exhibited negative effects on carbon allocation to the roots, with rising precipitation causing the largest
reduction in carbon allocation to them. Moreover, except for CO,, the effects of the other three environmental factors
were heterogeneous owing to their variable interactions in different regions.

Conclusions The CABLE model can accurately represent the mechanisms of response of resource availability and car-
bon allocation to environmental changes. Our study highlights the substantial environmental regulation of global car-
bon allocation. The responses of carbon allocation to global environmental changes need to be extensively studied
through ecosystem models based on different hypotheses.

Keywords Carbon allocation, CO,, Temperature, Precipitation, Radiation, Terrestrial ecosystem model
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global carbon budget (Friedlingstein et al. 1999; McMur-
trie and Dewar 2013; Xia et al. 2017; Wei et al. 2022).
Carbon allocation between the wooden and non-wooden
parts of plants also determines the quality and rate of
decomposition of litter (Bird and Torn 2006). Ise et al.
(2010) found a large variation in estimates of wooden
biomass that stemmed from different assumptions about
the coefficients of carbon allocation. The ratio of car-
bon allocated to the stems of plants in forests according
to the vegetation integrative simulator for trace gases
(VISIT) model was found to be higher than that of the
Biome-BGC model (e.g., 0.517 vs. 0.3 for tropical forests),
because of which the wooden biomass simulated by the
former model was 178 Pg C higher than that of the lat-
ter (Ise et al. 2010). Therefore, reliable estimates of the
changes in carbon allocation are crucial for reducing
uncertainty in modeling the global carbon cycle.

Carbon allocation varies substantially over space and
time in the context of global climate change, but the
effects of climate change on carbon allocation are not well
understood. For example, a rising CO, concentration has
exhibited divergent effects on carbon allocation in two
long-term experiments on CO, enrichment—an increase
in carbon allocation to the wooden parts of plants at
Duke but a decrease in it at Oak Ridge—as a result of the
different responses of the availability of nitrogen in soil to
CO, enrichment (De Kauwe et al. 2014). Moreover, pre-
vious studies have highlighted the inconsistent responses
of carbon allocation to the components of plants under
warming conditions. Warmer climate has been reported
to increase the NPP in boreal forests but reduce the
growth of wood, while the limitation in nutrients result-
ing from rising temperatures leads to greater carbon allo-
cation to the roots (Lapenis et al. 2013). However, there is
a dearth of research on how carbon allocation among the
components of plants varies with different environmental
variables at the global scale, where this is important for
understanding the effects of carbon allocation on the ter-
restrial carbon budget (Xia et al. 2015; Wang et al. 2023).

The modeled response mechanism of carbon allocation
to environmental changes remains unclear. Theoretically,
the dynamic characteristics of plant carbon allocation
result from their response in terms of using carbon to
capture the most limiting resources (e.g., light, water,
and nutrients) (Sharpe and Rykiel 1991; Kobe et al. 2010).
The limitation of critical resources, such as water and
nutrients, can enhance carbon allocation to the roots of
plants to increase their uptake and alleviate resource def-
icits (Ikegami et al. 2007; Matzek 2011; Peng et al. 2017;
Brunn et al. 2022). Previous studies have suggested that
an increase in the ratio of biomass of the roots to that of
the shoots may play an important role in the adaptation
of plants to drought (Nelson et al. 2004). By contrast, the
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limitation in the radiation absorbed by them increases
carbon allocation to the leaves at the expense of that to
the roots to increase absorption of incoming photosyn-
thetically active radiation by them (Wang et al. 2006).
Whether the observational data support the assump-
tions of these models of carbon allocation, and whether
the modeled mechanism of the responses of plants to the
processes of carbon allocation are correct still require
further study.

In this study, we report five modeling experiments
based on the Community Atmosphere Biosphere Land
Exchange (CABLE) model to illustrate how carbon allo-
cation varies with environmental variables. The objec-
tives of this study are to (1) illustrate the effects of
multiple environmental factors on resource availability
and carbon allocation, and (2) reveal the response mech-
anisms of carbon allocation and resource availability to
environmental changes according to the CABLE model.

Methods

CABLE model

The CABLE model is a global land-surface model that
has been integrated with the CASA (Carnegie—Ames—
Stanford approach)-CNP (carbon-nitrogen—phospho-
rous) model (CASA-CNP). This model can simulate the
carbon, nitrogen, phosphorus, water, and energy cycles
in terrestrial ecosystems (Wang et al. 2010; Zhang et al.
2011). Four phases of leaf phenology determine the
growth and patterns of carbon allocation in leaves in the
CABLE model. These are the phases of maximum and
steady leaf growth, leaf senescence, and dormancy or no
leaves. During the first phase, the ratio of carbon alloca-
tion to the leaves (aleaf) is set to 0.8, while those to the
wood tissues (awood) and roots (aroot) are set to 0.1 for
wooden plant functional types (PFTs), and zero and 0.2,
respectively, for non-wooden PFTs. The ratios of carbon
allocation (i.e., aleaf p,, awood_p,, and aroot_p,) in the
second phase (phase 2) are calculated according to the
resource limitation carbon allocation model. During the
third and fourth phases, aleaf is set to zero while awood
and aroot are calculated by using the allocation ratios
of phase 2 (awood=awood_p,/( awood_p,+aroot_p,),
aroot=aroot_p,/( awood_p,+aroot_p,)). For evergreen
PFTs, the leaf phenology and carbon allocation persist in
phase 2 throughout the year.

During the phase of steady leaf growth (i.e., phase 2),
the allocation of photosynthate among the components
of plants in the CABLE model is regulated by the avail-
ability of light, water, and nitrogen (hereinafter called
the resource limitation model). This model assumes that
the greatest part of the gain in carbon is allocated to
the component of the plant that most limits its growth
(Fig. 1). If the availability of light is limiting its growth,
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Fig. 1 Fractions of allocation to the leaf (a), wood (b), and root (c) of the plant as functions of light (L), and the minimum values of the availability
of water and nitrogen (Min(Water, Nitrogen)) for tree plant functional types (PFTs), with values of [,=04, s,=0.3, and r,=0.3. Fractions of allocation
for the leaves (d) and roots (e) in grass and crop PFTs, with values of /,=0.7 and r,=0.3

the plant allocates more carbon to the wood tissues, such
as stems. If water and nitrogen are limiting growth, the
plant allocates more carbon to the roots (Fig. 1). The
resource limitation carbon allocation model uses the
scheme developed by Friedlingstein et al. (1999). The
allocation coefficients of woody biomes for their leaves
(aleaf), woody tissues (awood), and roots (aroot) are as
follows:

L
t=3rn——mm——,
Aroot = 210 T min(W, N) @
in(W,N
awood = 3s M, (2)
2L 4+ min(W,N)
aleaf =1 — awood — aroot. (3)

For non-woody biomes, the allocation coefficients are
as follows:

L

aroot = 3rg——m—,
L + 2min(W,N)

(4)

aleaf = 1 — aroot,

(5)

where min (W, N) represents the minimum values of the
availability of water (W) and nitrogen (N). The param-
eters r, and s, in the CABLE model describe the pro-
portional allocation to the roots and wood tissues when
resources are not limited. For the tree PFTs, both r, and
s, are set to 0.3, with an allocation of 0.4 to the leaves (/).
For C3 grass and crop PFTs, r,=0.3 and /,=0.7 (Fig. 1).
Light availability (L) is calculated by:

L = min[max(e %7 0), 1],

(6)

where LAI is the leaf area index.
Water availability (W) is calculated by:
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where fr; is the fraction of root in the ith (n=6) layer of
soil, S,,; is the volumetric moisture content of soil in the
ith layer, and S, and Sj,, are the volumetric soil mois-
ture contents at the wilting point and the field capacity
soil moisture content, respectively.

Nitrogen availability (N) is calculated as the product of
the temperature of soil (7,) and moisture (W,) (Friedling-
stein et al. 1999), where T is calculated based on a stand-
ard Q;, equation (Potter et al. 1993) and W is calculated
by using Eq. (7):

N = TS X WS: (8)

n
> fyi Tsoil =30
i=1

10 (9)
TS = QIO ’

where T, ;; (°C) is the temperature of soil in the ith layer,
and Q,,=2.0.

The performance of the resource limitation carbon
allocation scheme in CABLE model was evaluated at five
natural observation sites and four global change manipu-
lation experiments (precipitation reduction, warming,
and elevated atmospheric CO,) in various ecosystems
(Table 1 and Fig. 2b, Xia et al. 2017). The experiment
at the C4 grass site in Oklahoma showed that the grass
allocated more carbon to its roots under warming con-
ditions. A precipitation control experiment at a rainfor-
est site in Caxiuana showed that trees had decreased
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values of awood, and increased values of aroot and aleaf
under drought conditions. The elevated atmospheric CO,
(eCO,) experiment at the evergreen needleleaf tree at the
Duke site showed that the tree allocated more carbon
to wood under the eCO, condition. The eCO, experi-
ment at the deciduous broadleaf tree of the Oak Ridge
site showed that the tree allocated more carbon to the
roots under the eCO, condition. The CABLE was able to
accurately simulate the responses of carbon allocation to
environmental changes at those experimental sites (Xia
et al. 2017). We thus used the CABLE model to explore
the responses of plant carbon allocation to environmen-
tal changes (i.e., the dataset on precipitation, air tempera-
ture, and incident shortwave radiation obtained from the
Modern-Era Retrospective Analysis for Research and
Applications (MERRA), and data on atmospheric CO,
concentration).

Input data for CABLE model

The CABLE model was driven by the 1-hourly MERRA
dataset (Global Modeling and Assimilation Office 2004),
which contained data on the air temperature (Tair),
precipitation (Prec), specific humidity (Qair), incident
longwave radiation (Lwd), incident shortwave radiation
(Swd), pressure (Ps) and wind speed (Wind) from 1979
to 2014. The spatial resolution of the data was 0.5° lati-
tude by 0.67° longitude. The annual mean CO, concen-
tration from 1850 to 2014 was obtained from research by
Keeling and Whorf (2005). The fixed PFTs for 2005 were
based on data from Lawrence et al. (2012) (Fig. 2a). The
PFTs included evergreen needleleaf tree (ENT), ever-
green broadleaf tree (EBT), deciduous needleleaf tree

Table 1 The information of observation sites for evaluating carbon allocation model

Site name Lon Lat

Plant functional types (dominant species)

Treatment References

Duke —79.08

taeda) plantation

Oak Ridge —8433 3590 Deciduous broadleaf tree, sweetgum (Liquid-
ambar styraciflua) plantation

Caxiuana —5145 —1.72 Evergreen broadleaf tree (undisturbed terra
firme forest with more than 110 tree species
ha™)

Oklahoma — 9752 3498 C4 grass (Schizachyrium scoparium
and Sorghastrum nutans)

Duolun 11628 42.03 C3 grass (Leymus chinensis)

Jornada —106.85 3260 C4 grass (Bouteloua eriopoda)

Montecillo —9891 1946 C4 grass (Distichlis spicata)

Matador —102.72  50.70 C3 grass (Agropyron spp.)

Tumugi 123.00 46.10 C3 grass (Filifolium sibiricum)

35.97 Evergreen needleleaf tree, loblolly pine (Pinus

The atmospheric CO, at elevated CO, De Kauwe et al. 2014
and control sites from 1997 to 2005 are 542

and 342 ppmv

The atmospheric CO, at elevated CO,
and control sites from 1999 to 2008 are 547
and 395 ppmv

De Kauwe et al. 2014

Approximately 50% of precipitation da Costaetal. 2014
in the drought site was excluded from 2009

t0 2011

Air temperature was elevated by an average ~ Xuetal. 2012

of 1.38 °C from 2005 to 2009 in the warming

site

// Xuetal. 2016

// Hui and Jackson 2006
// Hui and Jackson 2006
// Hui and Jackson 2006
// Hui and Jackson 2006

Lon longitude (“-": Western Hemisphere), Lat latitude (“-": Southern Hemisphere)
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Fig. 2 Global distribution of plant functional types in the CABLE model (a). The global ecological zones, and locations of the observation sites
for carbon allocation (b)

(DNT), deciduous broadleaf tree (DBT), shrub (SHB), Simulations

C3 grass (C3), C4 grass (C4), tundra (TDR), and C3 crop  To determine the influence of the four environmental
(CROP). The global ecological zone for forest reporting  variables, i.e., atmospheric CO, concentration, precipita-
by the FAO was used to analyze the results (Fig. 2b, FAO  tion, air temperature, and incident shortwave radiation,
2012). on the spatiotemporal patterns of carbon allocation, we
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performed five simulations (Table 2): (1) a control simu-
lation, forced by the original MERRA climatic data and
historical CO, observations from 1979 to 2014; (2) a
CO,_fixed simulation, forced by the original MERRA
climatic data, with the atmospheric CO, concentration
fixed at the 1979 level (337.0 ppm); and (3) Prec_fixed,
(4) Tair_fixed and (5) Swd_fixed simulations, forced by
the data on the hourly precipitation, near surface air tem-
perature and incident shortwave radiation of 1979 for all
simulation years and historical CO, observations, respec-
tively. We then quantified the effects of changes in each
environmental variable at an inter-annual scale after 1979
on the carbon allocation by calculating the difference in
ratios of carbon allocation between the control simula-
tion and simulations in which the inter-annual variations
of the given environmental variable after 1979 were not
considered (e.g., Prec_fixed simulation).

We conducted a spin-up run and two transient runs for
the simulations. For the spin-up run, we ran the model
20 times by recycling the MERRA climatic datasets from
1979 to 2014. The atmospheric CO, concentration at the
1850 level (280.0 ppm) was used for this. Once the model
had reached equilibrium state, it was run in the first tran-
sient mode (1850-1978) with varying CO, concentra-
tions while recycling the MERRA climate datasets from
1979 to 2014. The second transient mode covered the
period 1979-2014, and the corresponding CO, concen-
trations and climatic variables were used according to the
design of the five simulations (Table 2).

Results

Effects of inter-annual changes in environmental variables
on carbon allocation

The environmental variables significantly changed from
1979 to 2014 across the globe. Along with a rising atmos-
pheric CO, concentration, the global mean surface tem-
perature increased by 0.72 °C over 36 years (Fig. 3d).
Moreover, the incident shortwave radiation and precipi-
tation exhibited a trend of growth, with rates of increase
of 0.12 W m™ yr and 2.27 mm yr !, respectively
(Fig. 3f, b). However, the climate variables were substan-
tially spatially heterogeneous. Increased temperatures

Table 2 Design of simulations of the CABLE model

ID Experiment Climate co,

1 Control 1979-2014 1979-2014

2 CO,_fixed 1979-2014 Fixed CO, (1979)
3 Prec_fixed Fixed precipitation (1979) 1979-2014

4 Tair_fixed Fixed temperature (1979) 1979-2014

5 Swd_fixed Fixed shortwave radiation (1979)  1979-2014

CO, atmospheric CO, concentration; Prec precipitation; Tair air temperature; and
Swd incident shortwave radiation
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were observed in all plant functional types. The largest
increase in the temperature was observed in the tundra,
0.04 °C yr~! (Table 3), while the lowest increase in tem-
perature increases were observed in evergreen broadleaf
tree, at 0.009 °C yr~! (Table 3). On average, the pre-
cipitation showed a trend of decline from 1979 to 2014
only in the evergreen needleleaf tree and the deciduous
needleleaf tree, while the largest increase in precipitation
occurred in evergreen broadleaf tree (Table 3). Radiation
exhibited a large spatial heterogeneity, and significant
decreased in the evergreen broadleaf tree, shrub and C4
grass (Table 3).

Climate change significant influenced resource avail-
ability. The global mean light availability showed a sig-
nificantly decrease trend from 1979 to 2014 (Fig. 4a
and Table 4). The model of carbon allocation in case of
resource limitation showed that changes in light availa-
bility mainly depended on changes in the LAI The largest
decrease in light availability was caused by the greatest
increase in the LAIT as a result of the fertilization effect of
CO, (Fig. 4a and d). Compared with the control simula-
tion, the changes in air temperature increased the mag-
nitude of global light availability (Fig. 4a and Table 4).
The global precipitation exhibited a trend of an increase
(Fig. 3b), and led to an increase in global water avail-
ability (i.e., soil moisture) from 1979 to 2014 (Fig. 4b and
Table 4). Water availability exhibited the largest decrease
in the Tair_fixed simulation (Fig. 4b and Table 4), reflect-
ing the dominant influence of the rising temperature on
it. The global mean nitrogen availability showed a signifi-
cant trend of increase from 1979 to 2014 as a result of the
dominant influence of increasing precipitation (Fig. 4c
and Table 4).

The effect of rising CO, levels on light availability was
highly consistent across the globe. More than 83.54% of
the global areas of land exhibited a significantly decreased
light availability (Fig. 5a) as the LAI increased (Fig. 5d).
Increased CO, concentrations led to an increase in water
availability in 63.46% of the global areas of land (Fig. 5b),
which in turn controlled the pattern of nitrogen availa-
bility except in the northern Amazon (Fig. 5¢). Increased
CO, resulted in decreased soil moisture in semi-arid and
arid ecological zones (Figs. 2b and 5b). The simulations
of the change in precipitation showed that the change in
the moisture content of soil, nitrogen availability, and the
LAI showed similar patterns to that of the trend of pre-
cipitation (Figs. 3a, 5f, g, and h). Thus, light availability
exhibited the opposite pattern of change to that of pre-
cipitation (Figs. 3a and 5e).

Compared with those of the atmospheric CO, and pre-
cipitation, the effects of the temperature and shortwave
radiation on the availability of resources and the LAI were
more complicated (Fig. 6). Increased temperature led to a
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Fig. 3 The trends and inter-annual variations of the global mean precipitation (a, b), air temperature (c, d), incident shortwave radiation (e, f)

and atmospheric CO, concentration (f) from 1979 to 2014

decrease in the availability of water in soil in 70.97% of
the global area of land (Fig. 6b) and increased nitrogen
availability at high northern latitudes (60° N to 90° N,
Fig. 6¢). The decrease in the LAI in the Congo rainfor-
est due to warming was consistent with the decrease in
water availability in this region (Figs. 3c, 6b, and d). The
effects of shortwave radiation on water availability exhib-
ited the oppose pattern to that of the shortwave radiation
(Figs. 3e and 6f). In the Northern Hemisphere, the effect
of the shortwave radiation on the LAI was consistent
with its own trend (Figs. 3e and 6h), while the increase
in the LAI was consistent with that in water availability
caused by the change in the shortwave radiation in the
Southern Hemisphere (Figs. 3e, 6f, and h).

Effects of climate change on carbon allocation

Global climate change has led to substantial changes
in carbon allocation among the three parts of plants,
i.e., roots, leaves, and wood tissues. The carbon alloca-
tion to the leaves (aleaf) and wood (awood) significantly
increased from 1979 to 2014 (Fig. 7a, b, and Table 5),
while its allocation to roots (aroot) decreased in this
period (Fig. 7c and Table 5). However, the climatic vari-
ables had different effects on the changes in carbon allo-
cation. The allocation to leaves was significantly reduced
by rising atmospheric CO, concentration (Fig. 7a and
Table 5). By contrast, the changes in precipitation and
shortwave radiation enhanced the global mean carbon
allocation to the leaves (Fig. 7a and Table 5). The rising
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Table 3 Magnitudes and trends of the environmental variables from 1979 to 2014 in regions with different plant functional types

(PFTs)

PFTs (area Magnitude Trend

percentage,

unit:%) co, Prec(mmyr ") Tair(°C) Swd(Wm=2) CO,(ppmyr ") Prec(mmyr ") Tair(°Cyr") Swd(Wm2yr)
(ppm)

ENT (13.4) 36526 8246 28 147.73 173" - 148" 003" 0094~

EBT (13.1) 23045 237 2132 10.88" 0.009 034"

DNT (0.9) 42365 82 12228 -074 0.039" 0085

DBT (6.4) 1207.8 18.16 20933 220" 0012" 0.00

SHB (15.9) 41562 1751 247.12 248" 002" 009"

C3(13.1) 667.86 14.07 217.67 0.26 003" 0.01

C4(108) 1042.6 2643 24063 232 002" -0.13"

TDR (12.2) 559.65 6.51 1247 0.11 004" 0.00

CROP (14.2) 881.03 1592 197.13 149" 002" -0.02

CO, atmospheric CO, concentration; Prec precipitation; Tair: air temperature; Swd: incident shortwave radiation; ENT evergreen needleleaf tree; EBT evergreen
broadleaf tree; DNT deciduous needleleaf tree; DBT deciduous broadleaf tree; SHB shrub; C3 C3 grass; C4 C4 grass; TDR tundra; CROP C3 crop

" Highly significant change (p<0.01)
" Significant change (p <0.05)

atmospheric CO, and precipitation led to significant
increases in awood (Fig. 7b and Table 5), but it signifi-
cantly decreased with increasing temperature (Fig. 7b
and Table 5). The rising precipitation contributed to the
largest decrease in aroot (Fig. 7c and Table 5).

At the regional scale, the rising atmospheric CO, con-
centration increased awood to over 80% in woody plants
(Fig. 8b). The allocation to leaves decreased with increas-
ing CO, concentration in the wooden biomes, except at
high northern latitudes (60° N to 90° N) and in Australia
(Fig. 8a), while aroot exhibited a widespread decrease
(Fig. 8c). In response to rising atmospheric CO, con-
centration, aroot consistently increased and aleaf con-
sistently decreased in grasslands (Figs. 2, 8a, and c).
Increased precipitation enhanced the values of awood
(Figs. 8e and 3a), while it led to the largest increase in
values of awood in shrubs (Fig. 8e). By contrast, aroot
decreased with increasing precipitation (Figs. 8f and 3a).
The response of aleaf to precipitation was complicated.
For example, it increased with the increasing precipita-
tion in Australia but increased with decreasing precipita-
tion in the Congo Basin (Figs. 8d and 3a). The responses
of the ratios of carbon allocation to the temperature were
more complicated than those to the CO, concentration

(See figure on next page.)

and precipitation because of the divergent influence of
the temperature on nitrogen availability (Figs. 8g, h, i,
and 6¢).

Discussion

The CABLE model was able to accurately simulate the
processes of response of resource availability and car-
bon allocation to environmental changes. Elevated air
temperature at the C4 grass site in Oklahoma increased
the temperature of soil and reduced the availability of
water in it, resulting in more carbon being allocated to
the roots to efficiently capture water (McCarthy and
Enquist 2007; Xu et al. 2012). A reduction in the rainfall
reduced the availability of water in soil while increasing
aroot and reducing awood at the Caxiuana site (da Costa
et al. 2014). The CABLE model also correctly simulated
the decreased availability of water in soil and increased
aroot under warming and drought conditions (Xia et al.
2017). At the Duke site, the increase in CO, concentra-
tion enhanced the soil moisture by reducing stomatal
conductance and transpiration per unit area of the leaf,
and reduced light availability by stimulating leaf growth
(McCarthy et al. 2010; Ward et al. 2013; De Kauwe et al.
2014). Both of these effects stimulated the values of

Fig. 4 Inter-annual variations in the global mean availability of light (a), water (b), and nitrogen (c), and leaf area index (LAI, d) in the control
simulation (right vertical axis and the red line). Differences in the four variables between the control simulation, and the fixed CO, (CO,_fixed), fixed
precipitation (Prec_fixed), fixed temperature (Tair_fixed), and fixed shortwave radiation (Swd_fixed) simulations (left vertical axis). For example,
“Light_Control-Light_CO,_fixed" refers to the difference in light availability between the control and the CO,_fixed simulations, and negative values

indicate that changes in CO, led to a decrease in light availability



Xia et al. Ecological Processes (2023) 12:60 Page 9 of 17

0.03 4—*— annual mean light availability(Light_Control) (a)
—e— Light_Control-Light_CO,_fixed —e— Light_Control-Light_Tair_fixed
. 0024 Light_Control-Light_Prec_fixed —eo— Light_Control-Light_Swd_fixed
=
S
T 0.01
& - 0.50 o
S 0.00 4 - 048 £
= b 0.46 O
'é 0.01 - 0.44 %
o ™ r0.42 -5
©
L
© .0.02
-0.03 A
—e— annual mean water availability(Water_Control) (b)
0.04 4—— Water_Control-Water_COo_fixed =~ —e— Water_Control-Water_Tair_fixed
o —e— Water_Control-Water_Prec_fixed —e— Water_Control-Water_Swd_fixed
=
T 0.02
g —
© - 0.68 2
_§ 1 0.67 g
£ 00 18S
- 0.64 &
= L 063 &
o - 0622
S -0.02 -
(]
F—
o
-0.04 A
0.020 - ——
—e— annual mean nitrogen availability(Nitrogen_Control) (c)
> 0.015 | —e— Nitrogen_Control-Nitrogen_CO,_fixed
E 0.010 {—*— Nitrogen_Control-Nitrogen_Prec_fixed _
® o
& 0.005 - 933 €
§, +0.31 O,
S 0.000 ¢ Y b 8%8 s
E (857 2
c d . =
= -0.005 =
Q
£.0.010 -
s —e— Nitrogen_Control-Nitrogen_Tair_fixed
© -0.015 {—*— Nitrogen_Control-Nitrogen_Swd_fixed
-0.020 -
0.15 ( s
0.12
x
§ 0.09 A
‘s 0.06 -
8 - 2.4 S
s 0.03 - L 03 ‘g’
§ 0.00 1 229
c —
‘g 003 1 - 2.1
Q
2-0.06 -
®©
S5 -0.09 +
—e— annual mean leaf area index(LAI_Control)
0129 o LAI_Control-LAI_CO,_fixed —e— LAI_Control-LAl_Tair_fixed
-0.15 1+—e— LAI_Control-LAl_Prec_fixed —o— LAI_Control-LAl_Swd_fixed

1980 1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013

Year
Fig. 4 (Seelegend on previous page.)



Xia et al. Ecological Processes (2023) 12:60

Page 10 of 17

Table 4 Magnitudes and trends of the global mean availability of light, water, and nitrogen from 1979 to 2014 in the control

simulation
Simulations Magnitude Trend

Light Water Nitrogen Light Water Nitrogen
Control 0.471+0.009° 0.652+0.012% 0.293+0.009° -0001" ~40E-4" 40E-4"
Control-CO,_fixed -0.012+0.008° -0.002+0.001° -0.002+0.001°° -7.8E-4 0.0 - 1.0E-4
Control-Prec_fixed -0.004+0.003¢ 0.008 +0.008° 0.004 +0.006¢ - 2.0E-4 1.0E-4 2.0E-4
Control-Tair_fixed 0.005 +0.003¢ -0.023+0.008° - 0.004+0.002° - 1.0E-4 - 6.0E-4 - 2.0E-4
Control-Swd_fixed -0.003+0.001°% 0.004+0.001° 0.003+0.001° - 1.0E-4 1.0E-4 0.0

Trends of differences in the availability of light, water, and nitrogen between the control simulation, and the fixed CO, (CO,_fixed), fixed precipitation (Prec_fixed),
fixed temperature (Tair_fixed), and fixed shortwave radiation (Swd_fixed) simulations. The letters indicate the statistical significance of ratios of carbon allocation in

the five simulations (p <0.05)

CO, atmospheric CO, concentration; Prec precipitation; Tair air temperature; and Swd incident shortwave radiation

"indicates a statistically significant level (p < 0.05)

awood. The CABLE model was able to accurately rep-
resent the effects of eCO, on the LAI light and water
availability, and carbon allocation (Xia et al. 2017). The
increase in aroot at the Oak Ridge site might have been
caused by a reduction in the availability of nitrogen in
soil (Norby et al. 2010). The CABLE model could not
completely reproduce the changes in carbon allocation at
this site partly because of the complicated effects of eCO,
on this deciduous forest ecosystem.

The rising atmospheric CO, concentration enhanced
the LAI over most areas of the globe (Fig. 5d). It ulti-
mately influenced carbon allocation by altering the
LAI which is an important property of the ecosystem
that determines the surface temperature and soil water
balance (Luyssaert et al. 2014; Shen et al. 2015). Ris-
ing CO, concentrations stimulated photosynthesis,
which increased the LAI (Zhu et al. 2016). Our simula-
tions showed larger increases in the LAI over low lati-
tudes (Fig. 5d), which is consistent with the results of
previous studies (Zhu et al. 2016). The enhanced LAI
reduced light availability according to the self-shading
rule, but had a weak effect on the availability of water
and nitrogen (Table 4). Consequently, changes in these
resources enhanced the allocation of carbon to wooden
parts of plants and benefited the carbon storage of ter-
restrial ecosystems (Ise et al. 2010; Poorter et al. 2012).

The effects of eCO, on water availability were con-
trolled by two processes in the CABLE model: (1) eCO,
decreased the stomatal conductance and transpiration,
which led to an increase in the soil moisture. (2) The
increased LAI enhanced transpiration and reduced the
soil moisture. The results of this study as well as previ-
ous ones support the mechanism of response of water
availability to the eCO, as represented by the CABLE
model (De Kauwe et al. 2013; Cheng et al. 2014). The

decrease in the soil moisture in water-limited PFTs (i.e.,
shrubs and C3 grass) was caused by the increase in the
LAI (Figs. 2, 5b, and d), where this is consistent with the
study by Donohue et al. (2009). The C3 grass allocated
more carbon to roots under water stress condition
(Fig. 8c). With regard to the other PFTs, an increase in
CO, concentration mostly led to an increase in the soil
moisture (Fig. 5b). The decrease in carbon allocation to
the roots in boreal evergreen needleleaf tree in particu-
lar was determined by the increase in the availability of
water in soil (Figs. 2, 5b, and 8c).

The effects of precipitation on carbon allocation were
substantially spatially heterogeneous owing to inhomoge-
neous changes in the precipitation and the responses of
the ecosystem. Decreased precipitation was found in the
most areas of the Northern Hemisphere, and restricted
the growth of vegetation and reduced the LAI. However,
the decreased precipitation increased soil temperature
in the high latitude regions of the Northern Hemisphere
(Figs. 3a and 9b) and stimulated vegetation growth
(Yuan et al. 2014). Moreover, the increased precipita-
tion in the Amazon rainforest did not enhance the LAI,
but resulted in a slight decrease in it instead (Figs. 3a and
5h). One potential cause of this was the reduced radia-
tion with increased precipitation (Myneni et al. 2007).
Precipitation dominated the changes in soil moisture
as well as nitrogen availability according to the CABLE
model (Fig. 5f and g). In general, decreased precipitation
reduced the soil moisture and the LAI, and increased
the availability of light, while changes in both the soil
moisture and light enhanced carbon allocation to the
roots but restricted that to the wooden parts and leaves
of plants (Waring 1991; Poorter et al. 2012; Perrin and
Mitchell 2013).
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Fig. 5 Trends of the differences in the availability of light (a), water (b), and nitrogen (c) as well as the leaf area index (LAI, d) between the control
simulation and the fixed CO, (i.e,, CO,_fixed in Table 2) simulation. Trends of differences in the availability of light (e), water (f), and nitrogen (g)
as well as the leaf area index (LAI, h) between the control simulation and the fixed precipitation (i.e., Prec_fixed in Table 2) simulation

The effects of the temperature and shortwave radiation
on carbon allocation are mainly accomplished by influ-
encing the soil moisture and LAI in the CABLE model.
Warming increased evaporation and reduced the soil
moisture (Figs. 3c, 3e, 6b, and f), where this outcomes
is consistent with that reported in previous studies (Xu
et al. 2013; Samaniego et al. 2018). The reduced soil mois-
ture led to increased carbon allocation to the roots of
plants (Fig. 8i). Warming resulted in an increased LAI
in most regions with boreal evergreen needleleaf tree

and the tundra (Figs. 2 and 6d), where this is consistent
with findings based on remote sensing observations (Piao
et al. 2020). This process increased the allocation of car-
bon to wood tissues in the relevant PFTs (Fig. 8h).

The responses of carbon allocation to climate change
were influenced by several uncertainties in the former
in the CABLE model. Empirical equations for the avail-
ability of nitrogen led to uncertainties in the dynamics of
the response of nitrogen in the soil to climate change and
its effects on carbon allocation. This empirical equation
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Fig. 6 Trends of the differences in the availability of light (a), water (b), and nitrogen (c) as well as the leaf area index (LAI, d) between the control
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(g), and the leaf area index (LA, h) between the control simulation and t

assumed that spatial variability in the mineralization of
nitrogen and the decomposition of the organic matter in
soil were identical (Townsend et al. 1995). The availability
of nitrogen is calculated as the product of the abiotic fac-
tors of the temperature and moisture (Potter et al. 1993).
The abiotic factor of the temperature has a standard Q,,
formulation, while the availability of nitrogen increases
with the temperature. However, the simulations on
warming suggested that elevated temperature tended to
increase the net nitrogen mineralization in the first year

n. Trends of differences in the availability of light (e), water (f), and nitrogen
he fixed incident shortwave radiation (i.e., Swd_fixed in Table 2) simulation

but reduced decrease it in the subsequent years, a pro-
cess that is attributable to stimulated plant growth and
belowground carbon allocation that enhanced the immo-
bilization of microbial nitrogen (Wan et al. 2004). More-
over, the soil moisture strongly regulated the aerobic and
anaerobic conditions, which determined the magnitude
of nitrification and denitrification as well as the avail-
ability of nitrogen (Xu and Prentice 2008). However, the
effects of soil moisture on the availability of nitrogen
were largely spatially heterogeneous.
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Fig. 7 Inter-annual variations in the global mean carbon allocation to the leaves (aleaf, a), wood (awood, b), and roots (aroot, ¢) of plants
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Moreover, light condition is one of the most impor-  availability of light was not calculated from downwelling
tant environmental factors influencing carbon alloca- radiation, but from leaf area index because the plant at
tion (Iszkulo and Boratyniski 2004, 2006). However, the  the lower canopy might have had increased access to
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Table 5 Magnitudes and trends of the global mean carbon allocation to the leaves (aleaf), wood (awood), and roots (aroot) of plants
from 1979 to 2014 according to the control simulation

Simulations Magnitude Trend

aleaf (%) awood (%) aroot (%) aleaf (%) awood (%) aroot (%)
Control 20.99+0.25° 22.04+0.34° 56.98+0.52° 00146" 0.0195™ -00341"
Control-CO,_fixed -0.12+007° 0.33+0.22° -021+0.17% -0.0053 0.0209 - 00156
Control-Prec_fixed 0.24+0.19 045+0.22° - 0.69+032° 0014 0.0062 -0.0202
Control-Tair_fixed 0.07+0.14° -0.23+0.13¢ 0.16+0.18" 0.0076 ~0.0024 - 0.0052
Control-Swd_fixed 0.22+0.07¢ 0.02+0.05° -0.25+0.09° 0.0037 0.0013 - 0.005

The magnitudes and trends of the differences in carbon allocation to the leaves (aleaf), wood (awood), and roots (aroot) between the control simulation, and the fixed
CO, (CO,_fixed), fixed precipitation (Prec_fixed), fixed temperature (Tair_fixed), and fixed shortwave radiation (Swd_fixed) simulations. The letters indicate statistical
significance of the ratios of carbon allocation in the five simulations (p <0.05)

CO, atmospheric CO, concentration; Prec precipitation; Tair air temperature; and Swd incident shortwave radiation

" Highly significant change (p<0.01)
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Fig. 8 Trends of the differences in carbon allocation to the leaves (aleaf), wood (awood), and roots (aroot) between the control simulation,

and fixed CO, (CO,_fixed), fixed precipitation (Prec_fixed), fixed temperature (Tair_fixed), and fixed shortwave radiation (Swd_fixed) simulations.
For example, “aleaf_CO," refers to the difference in carbon allocation to leaves between the control and the CO,_fixed simulations. CO, atmospheric
CO, concentration; Prec precipitation; Tair air temperature; Swd incident shortwave radiation
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Fig. 9 Differences in the temperature limitation factor [Ts, see Eq. (9)] in the availability of nitrogen between the control simulation,
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light through increased allocation of carbon to the stem
(Friedlingstein et al. 1999). This method has been used
in several models, including Canadian terrestrial ecosys-
tem model (CTEM; Arora and Boer 2005), organizing
carbon and hydrology in dynamic Ecosystems (ORCHI-
DEE; Krinner et al. 2005), and adaptive dynamic global
vegetation model (aDGVM; Scheiter and Higgins 2009).
Numerous experiments have shown that plants allocate a
higher fraction of carbon to stems and leaves under a low
incident radiation above the canopy (Poorter et al. 2012).
For example, compared with plants grown at higher irra-
diance, shaded plants generally have a higher specific
leaf area (SLA), and allocate more biomass to the leaves
than to the roots for the efficient capture of light (Poorter
1999; Franck et al. 2007; Feng and Li 2007). The effect of
downwelling radiation on the carbon allocation to the
leaves should be considered in the terrestrial ecosystem
model (Chen et al. 2020).

Conclusions

In this study, we used the global land-surface model
CABLE to investigate the contributions of changes in
atmospheric CO, concentration, precipitation, air tem-
perature, and incident shortwave radiation to global car-
bon allocation from 1979 to 2014. The model showed
that rising atmospheric CO, concentration had reduced

the availability of light and increased that of water at a
global scale, where this had enhanced carbon alloca-
tion to the wood tissues of plants. By contrast, the global
mean precipitation exhibited an increasing trend, leading
to an increase in the availability of water and a decrease
in that of light. This had led to a reduction in carbon
allocation to the roots and an increase in allocation to
the wooden parts of plants. Rising atmospheric CO,
concentration had led to a uniform increase in carbon
allocation to wooden parts of the plants as well. How-
ever, the responses of the ratios of carbon allocation to
temperature exhibited a large spatial heterogeneity, and
were more complicated than those of the CO, concen-
tration and precipitation because of the opposite effects
of air temperature to the soil temperature and moisture.
Although the observations of four manipulation experi-
ments show that the CABLE model can accurately reflect
the response mechanism of resource availability and
carbon allocation to environmental change, there is still
uncertainty in the inference of carbon allocation for dif-
ferent plant functional groups at the global scale. More
studies are needed to model and verify the responses of
carbon allocation by plants to multiple environmental
changes based on models and field experiments in the
future.
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CABLE Community Atmosphere Biosphere Land Exchange
NPP Net primary productivity
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VISIT Vegetation Integrative Simulator for Trace gases

eCO, Elevated atmospheric CO,

aleaf Allocation coefficients for leaves

awood Allocation coefficients for woodly tissues

aroot Allocation coefficients for roots

L Light availability

w Water availability

N Nitrogen availability

MERRA Modern-Era Retrospective analysis for Research and Applications

Tai Air temperature

Prec Precipitation

Swd Incident shortwave radiation

Lwd Incident longwave radiation

Qair Specific humidity

Wind Wind speed

Ps Pressure

PFTs Plant functional types

ENT Evergreen needleleaf tree

DNT Deciduous needleleaf tree

EBT Evergreen broadleaf tree

DBT Deciduous broadleaf tree

SHB Shrub

a3 C3 grass

C4 C4 grass

TDR Tundra

CROP C3 crop

LAI Leaf area index

CTEM Canadian Terrestrial Ecosystem Model

ORCHIDEE  Organizing Carbon and Hydrology in Dynamic Ecosystems
aDGVYM Adaptive Dynamic Global Vegetation Model
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