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Abstract
1. Non-structural carbohydrates (NSCs, including soluble sugars and starch) are  

essential to support the growth and survival of terrestrial plants. Starch and sug-
ars play different roles in multiple plant ecological functions such as drought tol-
erance, growth and plant defence, and several other processes which are being 
rapidly shaped by global environmental change. However, it is uncertain whether 
soluble sugars and starch show different responses across plant functional types, 
tissue types and treatment conditions (i.e. the intensity and duration of environ-
mental variability) to global-change drivers.

2. Here based on a database of 275 plants (including 17 plant functional types), we 
conducted a meta-analysis to examine the effects of elevated atmospheric CO2 
concentration (eCO2), nitrogen (N) addition, drought and warming on NSCs and its 
components.

3. We found NSCs responses to global environmental change were mainly driven 
by (a) soluble sugar changes in response to N addition and drought, as well as  
(b) starch changes in response to eCO2 and warming. The different responses 
between soluble sugars and starch were more evident under eCO2 and drought, 
especially in herbs or leaves. Interactive effects of multiple environmental change 
drivers on soluble sugars and starch were mainly additive. The divergent main and 
interactive effects on soluble sugars and starch depend on experimental condi-
tions. For example, the starch responses to eCO2 and its interaction with N addi-
tion were the strongest in short-term experiments.

4. Overall, our study shows the divergent responses of soluble sugars and starch in 
terrestrial plants to different global environmental change drivers, suggesting a 
changed carbon sink–source balance in plants under future global changes. The 
findings also highlight that predicting plant functional changes into the future re-
quires a mechanistic understanding of how NSCs and its components are linked  
to specific environmental change drivers.
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1  | INTRODUC TION

Non-structural carbohydrates (NSCs) are crucial to fulfilling mul-
tiple functions in plants, including metabolism, transport, osmo-
regulation and export as substrates for soil organisms (Hartmann 
& Trumbore, 2016; Smith & Smith, 2011). NSCs are largely com-
prised of soluble sugars and starch, which have distinct ecological 
functions. Soluble sugars are mainly synthesized from newly as-
similated carbon by daytime photosynthesis and translocated to 
different organs by mass flow (Kozlowski, 1992). They are crucial 
in metabolism, osmotic regulation, translocation of energy, sig-
nal transduction as well as synthesis of defence chemicals, such 
as monoterpene olefins (turpentine) and diterpene resin acids 
(rosin) (Chaves, Maroco, & Pereira, 2003; De Schepper, De Swaef, 
Bauweraerts, & Steppe, 2013; Hartmann & Trumbore, 2016; 
Plavcová & Jansen, 2015; Rolland, Baena-Gonzalez, & Sheen, 2006; 
Steele, Lewinsohn, & Croteau, 1995). Soluble sugars are converted to 
starch when carbon assimilation exceeds carbon demand for growth 
and maintenance (Chapin III, Schulze, & Mooney, 1990). The starch 
can be converted back to soluble sugars when carbon assimilation is 
insufficient to support metabolic activities (e.g. at night; Chapin III 
et al., 1990; Gibon et al., 2009; Sulpice et al., 2014). Starch is of great 
importance because its degradation can produce energy, sugars and 
metabolites to enhance plant resilience under stressful conditions 
(Thalmann & Santelia, 2017), and its synthesis can reserve carbon for 
future use and lower the concentration of soluble sugars, avoiding 
more respiratory consumption (Chapin III et al., 1990). In short, solu-
ble sugars act as a short-term NSCs reserve for immediate functions 
and starch is mainly a long-term storage reserve (Dietze et al., 2014; 
Hartmann & Trumbore, 2016; Thalmann & Santelia, 2017).

Global rises in atmospheric CO2 concentration, nitrogen (N) 
deposition rate, air temperature and drought occurrence have be-
come the major external drivers for many recent changes in global 
patterns of plant growth and survival (Hughes, 2000; Parmesan & 
Yohe, 2003; Reich, Hobbie, & Lee, 2014; Xu et al., 2013). For exam-
ple, the increasing atmospheric CO2 concentration and N deposition 
have driven the enhancing vegetation growth and greenness over 
global land areas during the past three decades (Huang et al., 2018; 
Zhu et al., 2016), whereas climate warming and the associated 
drought have increased the rate of tree mortality at the global scale 
(McDowell & Allen, 2015). In order to cope with these environmen-
tal changes, plants need to develop different strategies to keep the 
carbon sink–source balance by adjusting the use of NSCs (Dietze 
et al., 2014; Körner, 2003). Thus, how NSCs and its components re-
spond to these global-change factors is critical in determining the 
terrestrial carbon feedback to climate changes (Dietze et al., 2014; 
Hartmann & Trumbore, 2016; Martínez-Vilalta et al., 2016).

In the past decades, many new insights about NSCs' responses 
to environmental changes have been reported by experimental stud-
ies. Those experimental data have been synthesized by a few meta- 
analyses to explore general response patterns of NSCs to different 
global environmental change drivers. For example, Li et al. (2018) has 
synthesized data of 71 trees species and found more enhancement 

of starch than soluble sugars in leaves under eCO2. However, the 
stimulation induced by eCO2 is higher in soluble sugars than starch 
in a meta-analysis of 31 plant species, which include 7 gymnosperms 
and 24 angiosperms (8 woody and 16 herbaceous species; Zvereva 
& Kozlov, 2006). Starch is decreased more than soluble sugars in 
roots of trees under N addition (Li et al., 2018), but the contrary re-
sponse pattern of a larger reduction in soluble sugars than starch has 
been reported under warming (Zvereva & Kozlov, 2006). It has been 
reported that soluble sugars are increased yet starch is decreased 
under drought in both leaves and roots of trees (Adams et al., 2017; 
Li et al., 2018).

However, it is uncertain whether the observed pattern is con-
sistent between tissue types, plant functional types and experi-
mental conditions such as treatment intensities and durations. The 
leaf is the productive organ in plants and has higher metabolic ac-
tivities than roots and stems (Brüggemann et al., 2011). Sugars are 
loaded through lignified and suberized walls, which can be devel-
oped as a barrier to limit spread of sugars progressively (Jacobsen, 
Fisher, Maretzki, & Moore, 1992; Rae, Perroux, & Grof, 2005; 
Slewinski, 2012). Compared with woody plants, herbaceous plants 
have less lignified tissues. Hence, one can expect that soluble sugars 
and starch in leaves or herbaceous plants are more sensitive to en-
vironmental changes. Plants can quickly acclimate or adapt to global 
changes such as climate warming (Atkin & Tjoelker, 2003). Plants 
grown under CO2 enhancement are limited by other resources 
in the long-term, such as N (Reich et al., 2014), but the consump-
tion of NSCs is accelerated under long-term severe drought (e.g. 
McDowell, 2011). Thus, we further hypothesize that the responses 
of soluble sugars and starch could be stronger under short- than 
long-term treatment.

Different global change factors can interact with each other to 
affect NSCs and its two major components. For example, Huttunen, 
Saravesi, Markkola, and Niemelä (2013) has found that N addition 
can alleviate the positive effect of elevated CO2 and the negative 
impact of warming on NSCs in Betula pendula respectively. Similarly, 
the combination of elevated CO2 and temperature can mitigate 
the main positive effects of CO2 enhancement and the negative 
effects of warming on starch in Panicum maximum (Habermann 
et al., 2019). Some other studies have reported that the negative 
impact of drought on NSCs can be alleviated by CO2 enrichment or 
N addition but exacerbated by warming (Agami, Alamri, El-Mageed, 
Abousekken, & Hashem, 2018;Duan et al., 2013). However, it is un-
certain whether these combined effects of global change drivers are 
additive or not. The additive interaction means the interactive im-
pact of multiple drivers has no significant difference from the sum 
of individual impacts (Yue, Fornara, Yang, Peng, Peng, et al., 2017). 
To date, multiple meta-analyses have found that additive effects 
are dominant in plant C pool, N concentration, phosphorus (P) pool 
and C:N:P stoichiometry (Yuan & Chen, 2015; Yue, Fornara, Yang, 
Peng, Li, et al., 2017; Yue, Fornara, Yang, Peng, Peng, et al., 2017; 
Yue et al., 2018). Also, Li et al. (2018) have found that the interac-
tions of eCO2 with nitrogen or drought on NSCs and its compo-
nents in trees are predominantly additive. Hence, we hypothesize 
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the additive interactions are dominant across various combinations 
of global-change factors. Also, few studies have explored whether 
these interactions are consistent across different durations of en-
vironmental changes. It limits our understanding of how global en-
vironmental changes affect carbon cycle in terrestrial ecosystems.

Here a comprehensive meta-analysis focusing on NSCs' re-
sponses to the primary global environmental change drivers, includ-
ing eCO2, N addition, drought and warming, was conducted based 
on 341 published studies (see Appendix S1). Our study aims to an-
swer three specific questions, including (a) how soluble sugars and 
starch differently respond to global-change drivers?; (b) how their 
responses vary with plant functional type, tissue type and experi-
mental conditions; and (c) whether and how different environmental 
change drivers interact to impact NSCs and its components?

2  | MATERIAL S AND METHODS

2.1 | Data compilation

Peer-reviewed journal articles reporting NSCs and its components 
in response to multiple environmental change drivers (i.e. elevated 
CO2, nitrogen addition, drought and warming) were searched in Web 
of Science and Google Scholar. The search term combinations were 
as follows: (non-structural carbohydrates or nonstructural carbohy-
drates or soluble sugar or starch) and (nitrogen or CO2 or temperature 
or warming or drought or water) and (plant or production or produc-
tivity or biomass or mass). Moreover, we set the following criteria to 
minimize the potential uncertainties and select proper observations: 
(a) experimental duration and magnitude were clearly indicated;  
(b) full-factorial design was used to examine interactive effects of 
multiple global change factors; (c) the means, standard deviations/ 
errors and samples sizes of the selected variables in both of the control 
and experimental groups could be extracted directly from text, tables 
or figures using GetData Graph Digitizer 2.24 (http://getda ta-graph - 
digit izer.com/). For studies with multiple levels of experimental 
treatments, multiple measurements in time, multiple plant species 
and plant parts, they were considered as multiple independent ob-
servations. Overall, 341 articles published before March 2019 were 
compiled into the literature database (see Appendix S1). It should be 
noted that there are six studies to use plants grown at alpine or bo-
real system, but they did not impact the response patterns of NSCs 
and its components to experimental warming.

To further assess the main and interactive effects of multiple 
environmental change drivers on NSCs and its components, rele-
vant experimental information was complied. In our database, plants 
were divided into several groups based on growth forms (woody and 
herbaceous plants, or tree, shrub, grass and forb), life history (annual, 
biennial and perennial herb; the results of biennial plants were not 
shown in results because of limited data), photosynthetic pathways 
(C3, C4 and CAM herbs) and other functional types (broadleaved and 
coniferous trees, evergreen and deciduous trees or legume and non-
legume). In order to detect responses of NSCs and its components 

to different treatment intensities, we grouped them into three cat-
egories: ‘low intensity’, ‘moderate intensity’ and ‘high intensity’. For 
example, according to enhanced magnitude, elevated CO2 concen-
tration experiments could be divided into low (≤300 p.p.m.), mod-
erate (>300 and ≤600 p.p.m.) and high (>600 p.p.m.) intensity. For N 
addition experiments, they were classified into low (≤200%), mod-
erate (>200% and ≤400%) and high (>400%) intensities based on 
comparison of N addition amount between experimental and control 
groups within a given study (Li et al., 2018). However, for remaining 
experiments where control groups were not fertilized with nitro-
gen, they were grouped into low (<50 kg N/ha), moderate (≥50 and 
<150 kg N/ha) and high (≥150 kg N/ha) intensities. Among studies, 
experimental drought decreased water by 14%–100%, which could 
be classified into low (<50%), moderate (≥50% and <70%) and high 
(≥70%) intensity. Warming experiments were grouped as low (≤3°C), 
moderate (>3°C and ≤6°C) and high (>6°C) intensity based on warm-
ing magnitude. The studies were conducted in greenhouse, growth 
chamber, pot, Free-Air CO2 Enrichment (FACE) and natural habitats. 
Hence, we grouped them into laboratory conditions (greenhouse, 
growth chamber, pot) and field conditions (FACE and natural habi-
tats; Xu, Yan, & Xia, 2019).

2.2 | Data analysis

Owing to differences in quantification methods, NSCs cannot be 
compared directly among laboratories (Landhäusser et al., 2018; 
Quentin et al., 2015). However, relative changes of NSCs between ex-
perimental and control groups are comparable among studies (Adams 
et al., 2017; Li et al., 2018; Liu et al., 2016). Hence, we calculated the 
natural logarithm of the response ratio (ln RR) and Hedges' d to meas-
ure the responses of NSCs and its components to individual and inter-
active environmental change drivers respectively (Hedges, Gurevitch, 
& Curtis, 1999). The ln RR and Hedges' d can both reflect the relative 
changes of variables. For these test statistics, a value larger than zero 
represents a positive treatment effect, while a value less than zero 
represents a negative treatment effect on NSCs and its components. 
The RR is defined as the ratio of the mean of NSCs and its compo-
nents in the experimental group (Xe) to that in control group (Xc). The 
log transformation was to improve statistical behaviour (Equation 1):

The variance (v1) was estimated by Equation 2:

where Se and Sc are standard deviations of NSCs and its components in 
the experimental and control group respectively. Ne and Nc represent 
sample size in the corresponding groups. The reciprocal of the vari-
ance (v1) was considered as the weight (w1) of each ln RR (Equation 3).  
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A nonparametric weighting function was used to calculate mean effect 
size because some studies include two or more observations (Hedges 
et al., 1999; Li et al., 2018; Liu et al., 2016). The w′

1
 is the average of the 

w1 over the total number of observations (n) in a study (Equation 4). 
Then, a fixed-effect model (Equation 5) was conducted to calculate the 
mean effect size and generate 95% confidence interval in MetaWin 2.1 
(Rosenberg, Adams, & Gurevitch, 2000):

where w′

i
 represents the weight of the ith study. The main influence 

on NSCs and its components was evaluated as significant if the 95% 
confidence intervals (95% CI) did not overlap with zero. A resampling 
bootstrapping method based on 9,999 iterations was used if the sam-
ple size was lower than 20.

Furthermore, a random-effect model was used to compare het-
erogeneity of NSCs and its components within (Qw) and between 
(Qb) categories (i.e. different plant functional types, tissue types, 
experimental intensities and approaches; Borenstein, Hedges, 
Higgins, & Rothstein, 2009; Li et al., 2018). The random-effect 
model assumes the effect size is different among studies and con-
siders the variance of each effect size as a sum of within-study vari-
ance and between-study variance (Borenstein, Hedges, Higgins, & 
Rothstein, 2010). A significant between-group heterogeneity (Qb) 
suggested that the effect size differed among categories (Hedges 
et al., 1999). The meta-regression considered different weights of 
NSCs and is components (Thompson & Higgins, 2002). It was used to 
explore the relationship between NSCs and its components as well 
as the relationship between soluble sugars or starch and experimen-
tal duration. The meta-regression was conducted with the metafor 
package in r 3.4 (R Development Core Team, 2016). The difference in 
regression slope was examined in SPSS 23.0 (SPSS). The relative con-
tribution of changes in soluble sugars or starch to NSCs responses 
was analysed using the relaimpo package in r.

Hedges' d is an estimate of the standardized mean difference not 
biased by small sample sizes (Gurevitch & Hedges, 2001). Thus, we 
employed Hedges' d to calculate interactive effects for each study 
according to the method of Crain, Kroeker, and Halpern (2008). For 
a study with two factors (A and B), main effect of factor A (dA), main 
effect of factor B (dB) and interactive effect (dI) were calculated as 
following Equations 6–8:

where XC is the mean value in the control group, and XA, XB and  
XAB are mean values in the experimental groups of A, B and their 
combination (A and B). J(m) and s represent correction term for small 
sample bias and pooled standard deviation respectively (Hedges & 
Olkin, 1985), which were estimated by the following Equations 9 and 
10, respectively:

where m is the degree of freedom (m = nC + nA + nB + nAB − 4), 
nC, nA, nB and nAB are the sample sizes, and sC, sA, sB and sAB are the  
standard deviations in the corresponding groups. The variance of dI(v2) 
was calculated by Equation 11:

The weight (w2) can be calculated as reciprocal of variance (v2). 
Likewise, it can be adjusted by the total number of observations per 
study (n) to calculate w′

2
 (Li et al., 2018):

The mean dI(d++) and standard error [s(d++)] were estimated by 
Equations 14 and 15, respectively.

where l is the number of groups, k is the number of comparisons in the 
ith group. The 95% CI of d++ was estimated as d++ ± C∂/2 × s(d++), where 
C∂/2 is the two-tailed critical value of the standard normal distribution. 
If the sample size was lower than 20, a bootstrapping method based on 
9,999 iterations was used.

The interactive effect between two environmental change 
drivers was classified as additive, synergistic or antagonistic (Crain 
et al., 2008). If the 95% confidence interval (CI) overlapped with 
zero, then their interactive impact was additive. For the non-additive 
interactions (synergistic or antagonistic), there were three cases: 
(a) For two-driver pairs whose individual impacts were both 
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negative, then their interactive impacts lower than zero was syn-
ergistic and greater than zero was antagonistic. (b) In cases where 
the individual effects were both positive, their interactive impact 
greater than zero was synergistic and lower than zero was antago-
nistic. (c) If the individual main impact was negative for one driver 
but positive for the other driver, the type of interactive effect was 
jointly determined by the arithmetic sum of the two individual main 
impacts and the calculated interactive effect by Equation 8 (Zhou 
et al., 2016). If the arithmetic sum of the two drivers' main effects 
(e.g. 0.56 for the eCO2 × warming on sugars) and their interactive ef-
fect (e.g. 0.36 for the eCO2 × warming on sugars) were both positive 
or negative, then their interactive effect was defined as synergistic. 
Otherwise, the interactive effect was defined as antagonistic.

3  | RESULTS

3.1 | Main effects of global change drivers on NSCs 
and its components

Elevated CO2 concentration significantly increased NSCs (+27.8%), 
soluble sugars (+22.2%) and starch (+43.8%), and the enhancement 
of starch was nearly two times as large as that of soluble sugars. 
Nitrogen addition induced significant increases in NSCs (+4.1%), 
soluble sugars (+6.0%) and starch (+1.2%). NSCs (−4.1%) and starch 
(−8.5%) were significantly reduced under drought, yet soluble sug-
ars were increased by 4.5%. Warming significantly reduced NSCs 
(−8.7%), soluble sugars (−7.0%) and starch (−10.2%; Figure 1a).

We further examined the relative impacts of soluble sugars and 
starch on the total NSCs in response to global-change drivers. The 
response ratio of NSCs exhibited positive correlations with response 
ratio of soluble sugars or starch under four different environmental 
changes (Figure 2). As shown by the difference in correlation slopes in 
Figure 2, the changes in response of NSCs to N addition and drought 
were more sensitive to that of soluble sugars than starch (both p < 0.01). 
Moreover, the relative contribution analysis showed that NSCs were 
mainly driven by soluble sugars under N addition (52%) and drought 
(76%), but by starch under eCO2 (57%) and warming (92%; Figure 2).

Stronger enhancement of starch than soluble sugars under eCO2 
was found in woody and herbaceous plants as well as most plant 
functional types (Figure 3a; Table S1). Under N addition, starch 

was increased more than soluble sugars in woody plants, whereas 
it was contrary to herbaceous plants. The different responses be-
tween soluble sugars and starch were found in broadleaved trees, 
forbs and annual herbs under N addition (Figure 3b; Table S1). The 
drought-induced different response between soluble sugars and 
starch was common except for conifers, deciduous trees and CAM 
herbs (Figure 3c; Table S1). Severe reduction of starch than soluble 
sugars under warming was found mainly in herbaceous species, such 
as forbs, perennial herbs, C3 herbs (Figure 3d; Table S1).

Moreover, the responses of soluble sugars and starch under 
environmental changes varied with tissue types (Figure 4). Soluble 
sugars and starch were stimulated most in leaves under eCO2. The 
significant difference between soluble sugars and starch was found 
in leaves and roots of woody plants as well as leaves and stems of 
herbaceous plants (Figure 4; Table S2). In woody plants, soluble sug-
ars and starch were decreased in leaves (−9.2%) and roots (−19.9%) 
under N addition. In herbaceous plants, soluble sugars (+4.3%) 
were increased but starch (−28.4%) was decreased in leaves under 
N addition. Then the different response between starch and solu-
ble sugars was only found in herbaceous leaves (Figure 4; Table S2). 
In leaves of woody plants and roots of herbaceous plants, soluble 
sugars were increased and starch was decreased under drought. 
Drought resulted in different responses between soluble sugars and 
starch in leaves and roots (Figure 4; Table S2). Decrease of soluble 
sugars was found in leaves and stems of woody plants and leaves 
and roots of herbaceous plants under warming. However, decrease 
of starch was only found in leaves of woody and herbaceous spe-
cies. The different response between soluble sugars and starch was 
significant in the leaves of herbs (Figure 4; Table S2).

Soluble sugars (+27.2%) and starch (+53.8%) were enhanced 
most under moderate and low eCO2 treatment respectively. The 
different response between soluble sugars and starch disappeared 
under high eCO2 treatment (Figure 5a; Table S2). Soluble sugars 
(+19.7%) and starch (+2.1%) were increased under low N addition 
treatment. No significant difference between soluble sugars and 
starch was observed under N addition (Figure 5b; Table S2). Soluble 
sugars (+14.8%) were stimulated most under high drought treat-
ment, yet starch (−24.3%) was decreased most under high drought 
treatment. The different response between them was found across 
the three intensities (Figure 5c; Table S2). Soluble sugars and starch 
were significantly decreased across the three intensities of warming, 

F I G U R E  1   Mean effect size of non-
structural carbohydrates (NSCs), soluble 
sugar (sugars) and starch under individual 
(a) and interactive (b) effects of multiple 
global change drivers. The error bars 
indicated the 95% confidence interval 
(CI). If the CI did not overlap with zero, a 
response was considered to be significant. 
The sample size for each variable is shown 
in the right column of the figure
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F I G U R E  2   Correlations of response 
ratio of NSCs with response ratios of its 
components (soluble sugars and starch) 
under (a) eCO2, (b) N addition, (c) drought 
and (d) warming. The pies represent the 
relative contributions of response ratios 
of soluble sugar and starch to responses 
ratio of NSCs. Points represent single 
pairs of data
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F I G U R E  3   Mean effect size of NSCs, 
soluble sugars and starch in different plant 
functional types under elevated CO2 (a), N 
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especially under high warming treatment. Low or high warming 
treatment induced a significant difference between soluble sugars 
and starch (Figure 5d; Table S2).

The increases of starch under eCO2 and soluble sugars under 
drought decreased with the experimental duration (Figure S3). 
However, under N addition and warming, the effect size was indepen-
dent of the experimental duration. The difference between soluble 
sugars and starch was found in both the field and laboratory conditions 
under eCO2 and drought. However, it was significant only under field 
warming and insignificant under either natural or laboratory N addition 
experiment (Figure S5). Moreover, the response ratio of soluble sugars 
or starch was irrelative to mean annual temperature (Figure S6).

3.2 | Interactive effects of environmental change 
drivers on soluble sugars and starch

The interactive effects of eCO2 with drought, N with drought, N 
with warming as well as drought with warming were all additive 
(Figure 1b). The mean effect size of soluble sugars (0.36) was greater 
than zero under eCO2 with warming. The sum of main effects of 
eCO2 and warming (0.56) on soluble sugars was larger than zero. 

Hence, their interactive effect was synergistic (Figure 1b; Figure S2). 
The mean effect size of starch was lower than zero under eCO2 with 
N addition (−0.44) or eCO2 with warming (−0.40). However, the sum 
of main effects of eCO2 and N addition (0.52) or eCO2 and warming 
(0.78) on starch was larger than zero. Hence, their interactive effects 
were both antagonistic (Figure 1b; Figure S2).

The interactive effects of eCO2 with drought, eCO2 with warm-
ing, nitrogen with drought and nitrogen with warming were unre-
lated to experimental duration. However, the interactive effect of 
eCO2 with N addition and drought with warming on starch showed 
a positive and negative relationship with experimental duration re-
spectively (both p < 0.01; Figure S4).

4  | DISCUSSION

4.1 | Main effects of environmental change factors 
on NSCs and its components

Our study found that soluble sugars and starch reacted differently 
under four environmental changes. For example, starch was stimu-
lated more than soluble sugars under eCO2, especially in leaves 

F I G U R E  4   Mean effect size of soluble 
sugars and starch in woody (a, c, e) and 
herbaceous (b, d, f) tissues (i.e. leaves, 
stems and roots). If the confidence 
interval did not overlap with zero, a 
response was considered to be significant. 
The sample size for each variable is shown 
near the dots
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(Figure 4). It is in accordance with results of Li et al. (2018), which has 
found eCO2 increased starch and soluble sugars in leaves of trees 
by 125.3% and 20.5% respectively. Although leaf stomatal conduct-
ance is lowered under eCO2 (Medlyn et al., 2011), the rate of carbon 
assimilation is still increased (Delucia, Sasek, & Strain, 1985; Long & 
Drake, 1992; Moore, Palmquist, & Seemann, 1997). Soluble sugars 
have higher metabolic activities and excessive sugars in the cyto-
plasm cause higher respiration rates and declined growth (Chapin 
III et al., 1990; Schulze, Stitt, Schulze, Neuhaus, & Fichtner, 1991). 
Moreover, cells with high sugar concentration are susceptible to os-
motic dehydration (Ahmed, Qazi, & Jamal, 2016). In contrast, res-
piration is less affected by starch than sugars under eCO2 because 
starch is insoluble and a long-term storage compound which is not 
readily available to participate in plant metabolic processes (Chapin 
III et al., 1990; Hoch, Richter, & Körner, 2003). We also found more 
enhancement of starch than soluble sugars across the three treat-
ment intensities under CO2 enhancement. However, starch was en-
hanced most under low or short-term CO2 enhancement treatment 
(Figure 5a; Figure S3a). It suggests this stimulation is not persistent 
and limited by other factors, such as, N (Reich et al., 2014).

It has been suggested that the NSCs were significantly decreased 
in trees and herbs under N addition (Liu et al., 2016; Figure 4). Also, 
our meta-analysis found that starch decreased by 15.2% in the 
roots of trees under N addition. N addition commonly increases leaf 
photosynthesis and plant growth (Hyvonen et al., 2007; Lambers, 
Chapin III, & Pons, 2008; Nakaji, Fukami, Dokiya, & Izuta, 2001; Xia 
& Wan, 2008). For example, Xia and Wan (2008) have found that 
biomass and N concentration in plants are commonly increased by 
N addition. This increase in N concentration could be expected to 
be correlated with greater leaf respiration, based on the large-scale 
leaf-trait coordination. Hence, the consumption of stored starch 
could be enhanced to meet the increased carbohydrates demand 
for maintaining respiratory activities. Also, starch was significantly 
decreased under moderate or high N addition, which may arise from 
the elevated stimulation on root respiration and biomass along N ad-
dition gradients (Figure 4e; Li et al., 2015).

Our study detected that starch was significantly reduced, but 
soluble sugars were increased under drought (Figure 1a), consistent 
with the results of a recent data synthesis (Adams et al., 2017). It can 
occur by interconversion between soluble sugars and starch to meet 
osmoregulatory and metabolic demands of plants (McDowell, 2011). 
However, starch was not decreased and the NSCs were increased in 
herbs (Figure 3). Compared with woody species, herbaceous plants, 
especially herbaceous angiosperms, have similar abilities to avoid 
drought-induced embolism (Lens et al., 2016). Furthermore, herbaceous 
plants have more strategies to cope with water deficit (Volaire, 2018). 
For example, annual herbs with short growing seasons can end growth 
to escape water deficit (Kooyers, 2015). Herbs can coordinate plasticity 
of xylem to maintain hydraulic safety, such as, sunflowers (Cardoso, 
Brodribb, Lucani, DaMatta, & McAdam, 2018). Hence, herbaceous 
species are more tolerant to drought (Volaire, 2018). The discrepant 
utilization strategies of soluble sugars and starch were found in leaves 
and roots (Figure 4). These two organs are especially sensitive to water 

availability and more starch will be converted into sugars in order to re-
pair embolism and avoid catastrophic xylem failure (Sala, Woodruff, & 
Meinzer, 2012). Owing to stronger inhibition of photosynthesis under 
severe drought, the enhancement of soluble sugars disappeared, 
and starch was severely depleted in the long-term (Martínez-Vilalta 
et al., 2016; McDowell, 2011).

Warming-induced reductions of soluble sugars and starch in 
plants were common (Zvereva & Kozlov, 2006; Figures 1 and 3). It 
has been reported that rising temperature stimulates sucrose phos-
phate synthase (Dai et al., 2015; Hussain, Allen, & Bowes, 1999; Stitt 
& Grosse, 1988) and the starch-consuming α-amylase (Yamakawa, 
Hirose, Kuroda, & Yamaguchi, 2007). However, the activity of sev-
eral enzymes involved in starch biosynthesis is reduced by warming 
(Hurkman et al., 2003; Jiang, Dian, & Wu, 2003; Wilhelm, Mullen, 
Keeling, & Singletary, 1999; Yamakawa et al., 2007). Furthermore, 
climate warming at night leads to a greater depletion of starch which 
can even in turn accelerate the accumulation of soluble sugars in the 
following day with enhanced leaf photosynthesis (Turnbull, Murthy, 
& Griffin, 2002; Turnbull et al., 2004; Wan, Xia, Liu, & Niu, 2009). 
Warming accelerates starch remobilization to provide energy for 
other activities and tissues (Thalmann & Santelia, 2017). Moreover, 
the positive response of respiration is enlarged with enhancing warm-
ing intensity (Liang, Xia, Liu, & Wan, 2013). Hence, starch was reduced 
most under high warming treatment (Figure 5). Effects of warming 
on plants are different among climate types, and different response 
between soluble sugars and starch was only found under field warm-
ing (Figure S5). It may because laboratory experiments have benign 
conditions for plant growth, such as temperature, water and nutri-
ents (Poorter et al., 2016). However, response ratio of soluble sugars 
(p = 0.63) or starch (p = 0.92) was irrelative to mean annual tempera-
ture (Figure S6). The different functions performed by soluble sugars 
under drought (osmoregulation and metabolism mainly) and warming 
(metabolism mainly) explain discrepant relative contribution of re-
sponse ratio of soluble sugars to response ratio of NSCs (Figure 2).

4.2 | Interactive effects of environmental change 
drivers on soluble sugars and starch

In our study, we found that additive effects on soluble sugars and 
starch were common between different global-change factors 
(Figure 1b). It is in accordance with the findings of Li et al. (2018). 
CO2 enhancement and N addition significantly increased and de-
creased starch respectively (Figure S2). However, the interaction 
of eCO2 with N addition reduced starch, suggesting that N is criti-
cal in limiting the positive impact of eCO2 on starch accumulation 
(Wong, 1990). Considering starch is a long-term storage to support 
plant growth, such N limitation might be an important driver of the 
widely reported progressive N limitation on canopy growth and 
ecosystem productivity under eCO2 (e.g. Luo et al., 2004; Norby, 
Warren, Iversen, Medlyn, & McMurtrie, 2010; Reich et al., 2014). 
The significant increase of soluble sugars and decrease of starch 
under eCO2 with warming could result from more C allocation to 
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immediate metabolism (mainly respiration and growth; Hussain 
et al., 1999; Liang et al., 2013) or decreased photosynthetic car-
bon accumulation under higher temperature (Aranjuelo, Irigoyen, 
Sánchez-Díaz, & Nogués, 2008). The antagonistic effects of eCO2 
with N addition and the additive effects of drought with warm-
ing showed significant relationships with experimental duration 
(Figure S4a,f). It implies these interactions may be changed in the 
long term.

5  | CONCLUSIONS

Our study quantifies the main and interactive effects of multi-
ple environmental change factors on NSCs and its components. 
It reveals that (a) dynamics of NSCs are driven by starch under 
eCO2 and warming, but by soluble sugars under N addition and 
drought; (b) Antagonistic interactions of eCO2 with N addition 
and eCO2 with warming on starch were found. Synergistic in-
teraction of eCO2 with warming was found on soluble sugars; (c) 
Responses of soluble sugars and starch are closely related to plant 
functional types, tissue types and experimental conditions (i.e. 
treatment intensities, durations and approaches). Although addi-
tive interactions are dominant across two-pair drivers, it should 
be noted that experiments including interactions among three or 
more factors are still scarce. The discrepant responses of soluble 
sugars and starch under varying environmental conditions indicate 
that their different ecological functions need to be considered in 
canopy photosynthesis models (Dietze et al., 2014; Richardson 
et al., 2015). Thus, the consideration of NSCs' dynamics in vegeta-
tion models could be important under future global environmental 
changes, especially with the increasing frequency and intensity of 
extreme climate events such as heat waves and drought which will 
drastically alter the dynamics of NSCs in plants (Hansen, Sato, & 
Ruedy, 2012; Meehl & Tebaldi, 2004; Shi, Kloog, Zanobetti, Liu, & 
Schwartz, 2015).

ACKNOWLEDG EMENTS
We thank three anonymous reviewers for constructive comments 
to considerably improve the manuscript. We are grateful to all the 
authors who have contributed data to this analysis. This research 
was financially supported by National Natural Science Foundation of 
China (31722009, 41630528) and the National 1000 Young Talents 
Program of China.

AUTHORS'  CONTRIBUTIONS
J.X. designed the study and Y.D. conducted the analysis; R.L. con-
tributed to the data collection and discussion of results; J.X. and Y.D. 
wrote the manuscript. The authors declare no competing financial 
interests.

DATA AVAIL ABILIT Y S TATEMENT
Data are deposited in the Dryad Digital Repository: https://doi.
org/10.5061/dryad.j6q57 3n9n (Du, Lu, & Xia, 2020).

ORCID
Ying Du  https://orcid.org/0000-0001-9690-4757 
Ruiling Lu  https://orcid.org/0000-0001-9583-550X 
Jianyang Xia  https://orcid.org/0000-0001-5923-6665 

R E FE R E N C E S
Adams, H. D., Zeppel, M. J. B., Anderegg, W. R. L., Hartmann, H., 

Landhäusser, S. M., Tissue, D. T., … McDowell, N. G. (2017). A 
multi-species synthesis of physiological mechanisms in drought- 
induced tree mortality. Nature Ecology & Evolution, 1, 1285–1291. 
https://doi.org/10.1038/s4155 9-017-0248-x

Agami, R. A., Alamri, S. A., El-Mageed, T. A., Abousekken, M. S. M., & 
Hashem, M. (2018). Role of exogenous nitrogen supply in alleviating the 
deficit irrigation stress in wheat plants. Agricultural Water Management, 
210, 261–270. https://doi.org/10.1016/j.agwat.2018.08.034

Ahmed, I., Qazi, I. M., & Jamal, S. (2016). Developments in osmotic de-
hydration technique for the preservation of fruits and vegetables. 
Innovative Food Science & Emerging Technologies, 34, 29–43. https://
doi.org/10.1016/j.ifset.2016.01.003

Aranjuelo, I., Irigoyen, J. J., Sánchez-Díaz, M., & Nogués, S. (2008). 
Carbon partitioning in N2 fixing Medicago sativa plants exposed to 
different CO2 and temperature conditions. Functional Plant Biology, 
35, 306–317. https://doi.org/10.1071/FP07296

Atkin, O. K., & Tjoelker, M. G. (2003). Thermal acclimation and the dynamic 
response of plant respiration to temperature. Trends in Plant Science, 
8(7), 343–351. https://doi.org/10.1016/S1360 -1385(03)00136 -5

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2009). 
Introduction to meta-analysis. Chichester, UK: John Wiley & Sons Ltd. 
https://doi.org/10.1002/97804 70743386

Borenstein, M., Hedges, L. V., Higgins, J. P. T., & Rothstein, H. R. (2010). 
A basic introduction to fixed-effect and random-effects models for 
meta-analysis. Research Synthesis Methods, 1, 97–111. https://doi.
org/10.1002/jrsm.12

Brüggemann, N., Gessler, A., Kayler, Z., Keel, S. G., Badeck, F., Barthel, 
M., … Bahn, M. (2011). Carbon allocation and carbon isotope fluxes 
in the plant-soil-atmosphere continuum: A review. Biogeosciences, 8, 
3619–3695. https://doi.org/10.5194/bgd-8-3619-2011

Cardoso, A. A., Brodribb, T. J., Lucani, C. J., DaMatta, F. M., & McAdam, 
S. A. (2018). Coordinated plasticity maintains hydraulic safety in sun-
flower leaves. Plant, Cell & Environment, 41, 2567–2576. https://doi.
org/10.1111/pce.13335

Chapin III, F. S., Schulze, E. D., & Mooney, H. A. (1990). The ecology 
and economics of storage in plants. Annual Review of Ecology and 
Systematics, 21, 423–447. https://doi.org/10.1146/annur ev.ecols 
ys.21.1.423

Chaves, M. M., Maroco, J. P., & Pereira, J. S. (2003). Understanding plant 
responses to drought-from genes to the whole plant. Functional Plant 
Biology, 30, 239–264. https://doi.org/10.1071/FP02076

Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive and cumu-
lative effects of multiple human stressors in marine systems. Ecology 
Letters, 11, 1304–1315. https://doi.org/10.1111/j.1461-0248.2008. 
01253.x

Dai, Y., Chen, B., Meng, Y., Zhao, W., Zhou, Z., Oosterhuis, D. M., & 
Wang, Y. (2015). Effects of elevated temperature on sucrose metab-
olism and cellulose synthesis in cotton fibre during secondary cell 
wall development. Functional Plant Biology, 42, 909–919. https://doi.
org/10.1071/FP14361

De Schepper, V., De Swaef, T., Bauweraerts, I., & Steppe, K. (2013). 
Phloem transport: A review of mechanisms and controls. Journal of 
Experimental Botany, 64, 4839–4850. https://doi.org/10.1093/jxb/
ert302

Delucia, E. H., Sasek, T. W., & Strain, B. R. (1985). Photosynthetic inhi-
bition after long-term exposure to elevated levels of atmospheric 

https://doi.org/10.5061/dryad.j6q573n9n
https://doi.org/10.5061/dryad.j6q573n9n
https://orcid.org/0000-0001-9690-4757
https://orcid.org/0000-0001-9690-4757
https://orcid.org/0000-0001-9583-550X
https://orcid.org/0000-0001-9583-550X
https://orcid.org/0000-0001-5923-6665
https://orcid.org/0000-0001-5923-6665
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1016/j.agwat.2018.08.034
https://doi.org/10.1016/j.ifset.2016.01.003
https://doi.org/10.1016/j.ifset.2016.01.003
https://doi.org/10.1071/FP07296
https://doi.org/10.1016/S1360-1385(03)00136-5
https://doi.org/10.1002/9780470743386
https://doi.org/10.1002/jrsm.12
https://doi.org/10.1002/jrsm.12
https://doi.org/10.5194/bgd-8-3619-2011
https://doi.org/10.1111/pce.13335
https://doi.org/10.1111/pce.13335
https://doi.org/10.1146/annurev.ecolsys.21.1.423
https://doi.org/10.1146/annurev.ecolsys.21.1.423
https://doi.org/10.1071/FP02076
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1071/FP14361
https://doi.org/10.1071/FP14361
https://doi.org/10.1093/jxb/ert302
https://doi.org/10.1093/jxb/ert302


1534  |    Functional Ecology DU et al.

carbon dioxide. Photosynthesis Research, 7, 175–184. https://doi.
org/10.1007/BF000 37008

Dietze, M. C., Sala, A., Carbone, M. S., Czimczik, C. I., Mantooth, J. A., 
Richardson, A. D., & Vargas, R. (2014). Nonstructural carbon in 
woody plants. Annual Review of Plant Biology, 65, 667–687. https://
doi.org/10.1146/annur ev-arpla nt-05021 3-040054

Du, Y., Lu, R., & Xia, J. (2020). Data from: Impacts of global environ-
mental change drivers on non-structural carbohydrates in ter-
restrial plants. Dryad Digital Repository, https://doi.org/10.5061/
dryad.j6q57 3n9n

Duan, H., Amthor, J. S., Duursma, R. A., O'Grady, A. P., Choat, B., & Tissue, 
D. T. (2013). Carbon dynamics of eucalypt seedlings exposed to pro-
gressive drought in elevated [CO2] and elevated temperature. Tree 
Physiology, 33, 779–792. https://doi.org/10.1093/treep hys/tpt061

Gibon, Y., Pyl, E. T., Sulpice, R., Lunn, J. E., Hoehne, M., Guenther, M., & 
Stitt, M. (2009). Adjustment of growth, starch turnover, protein con-
tent and central metabolism to a decrease of the carbon supply when  
Arabidopsis is grown in very short photoperiods. Plant, Cell & Environment,  
32, 859–874. https://doi.org/10.1111/j.1365-3040.2009.01965.x

Gurevitch, J., & Hedges, L. V. (2001). Meta-analysis: Combining the re-
sults of independent experiments. In S. Scheiner & J. Gurevitch (Eds.), 
Design and analysis of ecological experiments (pp. 347–369). New York, 
NY: Oxford University Press.

Habermann, E., San Martin, J. A. B., Contin, D. R., Bossan, V. P., Barboza, 
A., Braga, M. R., … Martinez, C. A. (2019). Increasing atmospheric 
CO2 and canopy temperature induces anatomical and physiological 
changes in leaves of the C4 forage species Panicum maximum. PLoS 
ONE, 14, e0212506. https://doi.org/10.1371/journ al.pone.0212506

Hansen, J., Sato, M., & Ruedy, R. (2012). Perception of climate change. 
Proceedings of the National Academy of Sciences of the United States 
of America, 109, E2415–E2423. https://doi.org/10.1073/pnas.12052 
76109

Hartmann, H., & Trumbore, S. (2016). Understanding the roles of non-
structural carbohydrates in forest trees – From what we can measure 
to what we want to know. New Phytologist, 211, 386–403. https://
doi.org/10.1111/nph.13955

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of 
response ratios in experimental ecology. Ecology, 80, 1150–1156. 
https://doi.org/10.2307/177062

Hedges, L. V., & Olkin, I. (1985). Statistical method for meta-analysis. New 
York, NY: Academic Press.

Hoch, G., Richter, A., & Körner, C. (2003). Non-structural carbon com-
pounds in temperate forest trees. Plant, Cell & Environment, 26, 1067–
1081. https://doi.org/10.1046/j.0016-8025.2003.01032.x

Huang, K., Xia, J., Wang, Y., Ahlström, A., Chen, J., Cook, R. B., … Luo, 
Y. (2018). Enhanced peak growth of global vegetation and its key 
mechanisms. Nature Ecology & Evolution, 2, 1897–1905. https://doi.
org/10.1038/s4155 9-018-0714-0

Hughes, L. (2000). Biological consequences of global warming: Is the sig-
nal already apparent?Trends in Ecology & Evolution, 15, 56–61. https://
doi.org/10.1016/s0169 -5347(99)01764 -4

Hurkman, W. J., McCue, K. F., Altenbach, S. B., Korn, A., Tanaka, C. K., 
Kothari, K. M., … DuPont, F. M. (2003). Effect of temperature on ex-
pression of genes encoding enzymes for starch biosynthesis in de-
veloping wheat endosperm. Plant Science, 164, 873–881. https://doi.
org/10.1016/S0168 -9452(03)00076 -1

Hussain, M. W., Allen Jr., L. H., & Bowes, G. (1999). Up-regulation of 
sucrose phosphate synthase in rice grown under elevated CO2 and 
temperature. Photosynthesis Research, 60, 199–208. https://doi.
org/10.1023/A:10062 42001390

Huttunen, L., Saravesi, K., Markkola, A., & Niemelä, P. (2013). Do eleva-
tions in temperature, CO2, and nutrient availability modify below-
ground carbon gain and root morphology in artificially defoliated 
silver birch seedlings?Ecology and Evolution, 3, 2783–2794. https://
doi.org/10.1002/ece3.665

Hyvonen, R., Agren, G. I., Linder, S., Persson, T., Cotrufo, M. F., Ekblad, 
A., … Wallin, G. (2007). The likely impact of elevated [CO2], nitro-
gen deposition, increased temperature, and management on car-
bon sequestration in temperate and boreal forest ecosystems: A 
literature review. New Phytologist, 173(3), 463–480. https://doi.
org/10.1111/j.1469-8137.2007.01967.x

Jacobsen, K. R., Fisher, D. G., Maretzki, A., & Moore, P. H. (1992). 
Developmental changes in the anatomy of the sugarcane stem in re-
lation to phloem unloading and sucrose storage. Botanica Acta, 105, 
70–80. https://doi.org/10.1111/j.1438-8677.1992.tb002 69.x

Jiang, H., Dian, W., & Wu, P. (2003). Effect of high temperature on fine 
structure of amylopectin in rice endosperm by reducing the activity 
of the starch branching enzyme. Phytochemistry, 63, 53–59. https://
doi.org/10.1016/S0031 -9422(03)00005 -0

Kooyers, N. J. (2015). The evolution of drought escape and avoidance in 
natural herbaceous populations. Plant Science, 234, 155–162. https://
doi.org/10.1016/j.plant sci.2015.02.012

Körner, C. (2003). Carbon limitation in trees. Journal of Ecology, 91, 4–17. 
https://doi.org/10.1046/j.1365-2745.2003.00742.x

Kozlowski, T. T. (1992). Carbohydrate sources and sinks in woody plants. 
Botanical Review, 58(2), 107–222. https://doi.org/10.1007/BF028 
58600

Lambers, H., Chapin III, F. S., & Pons, T. L. (2008). Plant physiologi-
cal ecology (2nd ed.). New York, NY: Springer-Verlag. https://doi.
org/10.1093/aob/mcn225

Landhäusser, S. M., Chow, P. S., Dickman, L. T., Furze, M. E., Kuhlman, I., 
Schmid, S., … Adams, H. D. (2018). Standardized protocols and proce-
dures can precisely and accurately quantify non-structural carbohy-
drates. Tree Physiology, 38(12), 1764–1778. https://doi.org/10.1093/
treep hys/tpy118

Lens, F., Picon-Cochard, C., Delmas, C. E. L., Signarbieux, C., Buttler, 
A., Cochard, H., … Delzon, S. (2016). Herbaceous angiosperms are 
not more vulnerable to drought-induced embolism than angiosperm 
trees. Plant Physiology, 172, 661–667. https://doi.org/10.1104/pp.16. 
00829

Li, W., Hartmann, H., Adams, H. D., Zhang, H., Jin, C., Zhao, C., … Wu, 
J. (2018). The sweet side of global change–dynamic responses of 
non-structural carbohydrates to drought, elevated CO2 and nitrogen 
fertilization in tree species. Tree Physiology, 38, 1706–1723. https://
doi.org/10.1093/treep hys/tpy059

Li, W., Jin, C., Guan, D., Wang, Q., Wang, A., Yuan, F., & Wu, J. (2015). 
The effects of simulated nitrogen deposition on plant root traits: A 
meta-analysis. Soil Biology and Biochemistry, 82, 112–118. https://doi.
org/10.1016/j.soilb io.2015.01.001

Liang, J., Xia, J., Liu, L., & Wan, S. (2013). Global patterns of the responses 
of leaf-level photosynthesis and respiration in terrestrial plants to ex-
perimental warming. Journal of Plant Ecology, 6, 437–447. https://doi.
org/10.1093/jpe/rtt003

Liu, J., Wu, N., Wang, H., Sun, J., Peng, B., Jiang, P., & Bai, E. (2016). 
Nitrogen addition affects chemical compositions of plant tissues, 
litter and soil organic matter. Ecology, 97, 1796–1806. https://doi.
org/10.1890/15-1683.1

Long, S. P., & Drake, B. G. (1992). Photosynthetic CO2 assimilation and 
rising atmospheric CO2 concentrations. In N. Baker & H. Thomas 
(Eds.), Crop photosynthesis: Spatial and temporal determinants (pp. 
69–103). Amsterdam, The Netherlands: Elsevier Science Publishers.

Luo, Y., Su, B. O., Currie, W. S., Dukes, J. S., Finzi, A., Hartwig, U., … 
Pataki, D. E. (2004). Progressive nitrogen limitation of ecosystem re-
sponses to rising atmospheric carbon dioxide. BioScience, 54, 731–739. 
https://doi.org/10.1641/0006-3568(2004)054[0731:pnloe r]2.0. 
co;2

Martínez-Vilalta, J., Sala, A., Asensio, D., Galiano, L., Hoch, G., Palacio, 
S., … Lloret, F. (2016). Dynamics of non-structural carbohydrates in 
terrestrial plants: A global synthesis. Ecological Monographs, 86, 495–
516. https://doi.org/10.1002/ecm.1231

https://doi.org/10.1007/BF00037008
https://doi.org/10.1007/BF00037008
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.5061/dryad.j6q573n9n
https://doi.org/10.5061/dryad.j6q573n9n
https://doi.org/10.1093/treephys/tpt061
https://doi.org/10.1111/j.1365-3040.2009.01965.x
https://doi.org/10.1371/journal.pone.0212506
https://doi.org/10.1073/pnas.1205276109
https://doi.org/10.1073/pnas.1205276109
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/nph.13955
https://doi.org/10.2307/177062
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1038/s41559-018-0714-0
https://doi.org/10.1038/s41559-018-0714-0
https://doi.org/10.1016/s0169-5347(99)01764-4
https://doi.org/10.1016/s0169-5347(99)01764-4
https://doi.org/10.1016/S0168-9452(03)00076-1
https://doi.org/10.1016/S0168-9452(03)00076-1
https://doi.org/10.1023/A:1006242001390
https://doi.org/10.1023/A:1006242001390
https://doi.org/10.1002/ece3.665
https://doi.org/10.1002/ece3.665
https://doi.org/10.1111/j.1469-8137.2007.01967.x
https://doi.org/10.1111/j.1469-8137.2007.01967.x
https://doi.org/10.1111/j.1438-8677.1992.tb00269.x
https://doi.org/10.1016/S0031-9422(03)00005-0
https://doi.org/10.1016/S0031-9422(03)00005-0
https://doi.org/10.1016/j.plantsci.2015.02.012
https://doi.org/10.1016/j.plantsci.2015.02.012
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1007/BF02858600
https://doi.org/10.1007/BF02858600
https://doi.org/10.1093/aob/mcn225
https://doi.org/10.1093/aob/mcn225
https://doi.org/10.1093/treephys/tpy118
https://doi.org/10.1093/treephys/tpy118
https://doi.org/10.1104/pp.16.00829
https://doi.org/10.1104/pp.16.00829
https://doi.org/10.1093/treephys/tpy059
https://doi.org/10.1093/treephys/tpy059
https://doi.org/10.1016/j.soilbio.2015.01.001
https://doi.org/10.1016/j.soilbio.2015.01.001
https://doi.org/10.1093/jpe/rtt003
https://doi.org/10.1093/jpe/rtt003
https://doi.org/10.1890/15-1683.1
https://doi.org/10.1890/15-1683.1
https://doi.org/10.1641/0006-3568(2004)054[0731:pnloer]2.0.co;2
https://doi.org/10.1641/0006-3568(2004)054[0731:pnloer]2.0.co;2
https://doi.org/10.1002/ecm.1231


     |  1535Functional EcologyDU et al.

McDowell, N. G. (2011). Mechanisms linking drought, hydraulics, carbon 
metabolism, and vegetation mortality. Plant Physiology, 155, 1051–
1059. https://doi.org/10.1104/pp.110.170704

McDowell, N. G., & Allen, C. D. (2015). Darcy's law predicts widespread 
forest mortality under climate warming. Nature Climate Change, 5, 
669–672. https://doi.org/10.1038/nclim ate2641

Medlyn, B. E., Duursma, R. A., Eamus, D., Ellsworth, D. S., Prentice, I. C., 
Barton, C. V. M., … Wingate, L. (2011). Reconciling the optimal and 
empirical approaches to modelling stomatal conductance. Global 
Change Biology, 17, 2134–2144. https://doi.org/10.1111/j.1365-2486. 
2010.02375.x

Meehl, G. A., & Tebaldi, C. (2004). More intense, more frequent, and lon-
ger lasting heat waves in the 21st century. Science, 305, 994–997. 
https://doi.org/10.1126/scien ce.1098704

Moore, B. D., Palmquist, D. E., & Seemann, J. R. (1997). Influence of 
plant growth at high CO2 concentrations on leaf content of rib-
ulose-1,5-bisphosphate carboxylase/oxygenase and intracellular 
distribution of soluble carbohydrates in tobacco, snapdragon, and 
parsley. Plant Physiology, 115, 241–248. https://doi.org/10.1104/
pp.115.1.241

Nakaji, T., Fukami, M., Dokiya, Y., & Izuta, T. (2001). Effects of high 
nitrogen load on growth, photosynthesis and nutrient status of 
Cryptomeria japonica and Pinus densiflora seedlings. Trees, 15, 453–
461. https://doi.org/10.1007/s0046 8-001-0130-x

Norby, R. J., Warren, J. M., Iversen, C. M., Medlyn, B. E., & McMurtrie, 
R. E. (2010). CO2 enhancement of forest productivity constrained by 
limited nitrogen availability. Proceedings of the National Academy of 
Sciences of the United States of America, 107, 19368–19373. https://
doi.org/10.1073/pnas.10064 63107

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421, 37–42. 
https://doi.org/10.1038/natur e01286

Plavcová, L., & Jansen, S. (2015). The role of xylem parenchyma in the 
storage and utilization of nonstructural carbohydrates. In U. Hacke 
(Ed.), Functional and ecological xylem anatomy (pp. 209–234). Cham, 
Switzerland: Springer.

Poorter, H., Fiorani, F., Pieruschka, R., Wojciechowski, T., van derPutten, 
W. H., Kleyer, M., … Postma, J. (2016). Pampered inside, pestered 
outside? Differences and similarities between plants growing in con-
trolled conditions and in the field. New Phytologist, 212, 838–855. 
https://doi.org/10.1111/nph.14243

Quentin, A. G., Pinkard, E. A., Ryan, M. G., Tissue, D. T., Baggett, L. S., 
Adams, H. D., … Woodruff, D. R. (2015). Non-structural carbohy-
drates in woody plants compared among laboratories. Tree Physiology, 
35, 1146–1165. https://doi.org/10.1093/treep hys/tpv073

R Development Core Team. (2016). R: A language and environment for 
statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing. Retrieved from http://www.R-proje ct.org/

Rae, A. L., Perroux, J. M., & Grof, C. P. (2005). Sucrose partitioning be-
tween vascular bundles and storage parenchyma in the sugarcane 
stem: A potential role for the ShSUT1 sucrose transporter. Planta, 
220, 817–825. https://doi.org/10.1007/s0042 5-004-1399-y

Reich, P. B., Hobbie, S. E., & Lee, T. D. (2014). Plant growth enhancement 
by elevated CO2 eliminated by joint water and nitrogen limitation. 
Nature Geoscience, 7, 920–924. https://doi.org/10.1038/ngeo2284

Richardson, A. D., Carbone, M. S., Huggett, B. A., Furze, M. E., Czimczik, 
C. I., Walker, J. C., … Murakami, P. (2015). Distribution and mixing 
of old and new nonstructural carbon in two temperate trees. New 
Phytologist, 206, 590–597. https://doi.org/10.1111/nph.13273

Rolland, F., Baena-Gonzalez, E., & Sheen, J. (2006). Sugar sensing and sig-
naling in plants: Conserved and novel mechanisms. Annual Review of 
Plant Biology, 57, 675–709. https://doi.org/10.1146/annur ev.arpla nt. 
57.032905.105441

Rosenberg, M. S., Adams, D. C., & Gurevitch, J. (2000). MetaWin: Statis-
tical software for meta-analysis. Sunderland, MA: Sinauer Associates.

Sala, A., Woodruff, D. R., & Meinzer, F. C. (2012). Carbon dynamics in 
trees: Feast or famine?Tree Physiology, 32, 764–775. https://doi.
org/10.1093/treep hys/tpr143

Schulze, W., Stitt, M., Schulze, E. D., Neuhaus, H. E., & Fichtner, K. (1991). 
A quantification of the significance of assimilatory starch for growth 
of Arabidopsis thaliana L. Heynh. Plant Physiology, 95, 890–895. 
https://doi.org/10.1104/pp.95.3.890

Shi, L., Kloog, I., Zanobetti, A., Liu, P., & Schwartz, J. D. (2015). Impacts 
of temperature and its variability on mortality in New England.  
Nature Climate Change, 5, 988–991. https://doi.org/10.1038/nclim ate 
2704

Slewinski, T. L. (2012). Non-structural carbohydrate partitioning in grass 
stems: A target to increase yield stability, stress tolerance, and bio-
fuel production. Journal of Experimental Botany, 63, 4647–4670. 
https://doi.org/10.1093/jxb/ers124

Smith, S. E., & Smith, F. A. (2011). Roles of arbuscular mycorrhizas in 
plant nutrition and growth: New paradigms from cellular to ecosys-
tem scales. Annual Review of Plant Biology, 62, 227–250. https://doi.
org/10.1146/annur ev-arpla nt-04211 0-103846

Steele, C. L., Lewinsohn, E., & Croteau, R. (1995). Induced oleoresin bio-
synthesis in grand fir as a defense against bark beetles. Proceedings 
of the National Academy of Sciences of the United States of America, 92, 
4164–4168. https://doi.org/10.1073/pnas.92.10.4164

Stitt, M., & Grosse, H. (1988). Interactions between sucrose synthesis and 
CO2 fixation IV. Temperature-dependent adjustment of the relation be-
tween sucrose synthesis and CO2 fixation. Journal of Plant Physiology, 
133, 392–400. https://doi.org/10.1016/S0176 -1617(88)80025 -7

Sulpice, R., Flis, A., Ivakov, A. A., Apelt, F., Krohn, N., Encke, B., … Stitt, 
M. (2014). Arabidopsis coordinates the diurnal regulation of carbon 
allocation and growth across a wide range of photoperiods. Molecular 
Plant, 7, 137–155. https://doi.org/10.1093/mp/sst127

Thalmann, M., & Santelia, D. (2017). Starch as a determinant of plant fit-
ness under abiotic stress. New Phytologist, 214, 943–951. https://doi.
org/10.1111/nph.14491

Thompson, S. G., & Higgins, J. P. (2002). How should meta-regression 
analyses be undertaken and interpreted?Statistics in Medicine, 21, 
1559–1573. https://doi.org/10.1002/sim.1187

Turnbull, M. H., Murthy, R., & Griffin, K. L. (2002). The relative impacts 
of daytime and night-time warming on photosynthetic capacity in 
Populus deltoides. Plant, Cell & Environment, 25, 1729–1737. https://
doi.org/10.1046/j.1365-3040.2002.00947.x

Turnbull, M. H., Tissue, D. T., Murthy, R., Wang, X., Sparrow, A. D., & 
Griffin, K. L. (2004). Nocturnal warming increases photosynthesis at 
elevated CO2 partial pressure in Populus deltoides. New Phytologist, 
161, 819–826. https://doi.org/10.1111/j.1469-8137.2004.00994.x

Volaire, F. (2018). A unified framework of plant adaptive strategies to 
drought: Crossing scales and disciplines. Global Change Biology, 24, 
2929–2938. https://doi.org/10.1111/gcb.14062

Wan, S., Xia, J., Liu, W., & Niu, S. (2009). Photosynthetic overcom-
pensation under nocturnal warming enhances grassland carbon  
sequestration. Ecology, 90, 2700–2710. https://doi.org/10.1890/08- 
2026.1

Wilhelm, E. P., Mullen, R. E., Keeling, P. L., & Singletary, G. W. (1999). 
Heat stress during grain filling in maize: Effects on kernel growth and 
metabolism. Crop Science, 39, 1733–1741. https://doi.org/10.2135/
crops ci1999.3961733x

Wong, S. C. (1990). Elevated atmospheric partial pressure of CO2 and 
plant growth. Photosynthesis Research, 23(2), 171–180. https://doi.
org/10.1007/BF000 35008

Xia, J., & Wan, S. (2008). Global response patterns of terrestrial plant 
species to nitrogen addition. New Phytologist, 179, 428–439. https://
doi.org/10.1111/j.1469-8137.2008.02488.x

Xu, X., Yan, L., & Xia, J. (2019). A threefold difference in plant growth re-
sponse to nitrogen addition between the laboratory and field exper-
iments. Ecosphere, 10, e02572. https://doi.org/10.1002/ecs2.2572

https://doi.org/10.1104/pp.110.170704
https://doi.org/10.1038/nclimate2641
https://doi.org/10.1111/j.1365-2486.2010.02375.x
https://doi.org/10.1111/j.1365-2486.2010.02375.x
https://doi.org/10.1126/science.1098704
https://doi.org/10.1104/pp.115.1.241
https://doi.org/10.1104/pp.115.1.241
https://doi.org/10.1007/s00468-001-0130-x
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1073/pnas.1006463107
https://doi.org/10.1038/nature01286
https://doi.org/10.1111/nph.14243
https://doi.org/10.1093/treephys/tpv073
http://www.R-project.org/
https://doi.org/10.1007/s00425-004-1399-y
https://doi.org/10.1038/ngeo2284
https://doi.org/10.1111/nph.13273
https://doi.org/10.1146/annurev.arplant.57.032905.105441
https://doi.org/10.1146/annurev.arplant.57.032905.105441
https://doi.org/10.1093/treephys/tpr143
https://doi.org/10.1093/treephys/tpr143
https://doi.org/10.1104/pp.95.3.890
https://doi.org/10.1038/nclimate2704
https://doi.org/10.1038/nclimate2704
https://doi.org/10.1093/jxb/ers124
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1073/pnas.92.10.4164
https://doi.org/10.1016/S0176-1617(88)80025-7
https://doi.org/10.1093/mp/sst127
https://doi.org/10.1111/nph.14491
https://doi.org/10.1111/nph.14491
https://doi.org/10.1002/sim.1187
https://doi.org/10.1046/j.1365-3040.2002.00947.x
https://doi.org/10.1046/j.1365-3040.2002.00947.x
https://doi.org/10.1111/j.1469-8137.2004.00994.x
https://doi.org/10.1111/gcb.14062
https://doi.org/10.1890/08-2026.1
https://doi.org/10.1890/08-2026.1
https://doi.org/10.2135/cropsci1999.3961733x
https://doi.org/10.2135/cropsci1999.3961733x
https://doi.org/10.1007/BF00035008
https://doi.org/10.1007/BF00035008
https://doi.org/10.1111/j.1469-8137.2008.02488.x
https://doi.org/10.1111/j.1469-8137.2008.02488.x
https://doi.org/10.1002/ecs2.2572


1536  |    Functional Ecology DU et al.

Xu, Z., Shimizu, H., Yagasaki, Y., Ito, S., Zheng, Y., & Zhou, G. (2013). 
Interactive effects of elevated CO2, drought, and warming on 
plants. Journal of Plant Growth Regulation, 32, 692–707. https://doi.
org/10.1007/s0034 4-013-9337-5

Yamakawa, H., Hirose, T., Kuroda, M., & Yamaguchi, T. (2007). 
Comprehensive expression profiling of rice grain filling-related genes 
under high temperature using DNA microarray. Plant Physiology, 144, 
258–277. https://doi.org/10.1104/pp.107.098665

Yuan, Z. Y., & Chen, H. Y. (2015). Decoupling of nitrogen and phosphorus 
in terrestrial plants associated with global changes. Nature Climate 
Change, 5, 465–469. https://doi.org/10.1038/nclim ate2549

Yue, K., Fornara, D. A., Yang, W., Peng, Y., Li, Z., Wu, F., & Peng, C. (2017). 
Effects of three global change drivers on terrestrial C: N: P stoichi-
ometry: A global synthesis. Global Change Biology, 23, 2450–2463. 
https://doi.org/10.1111/gcb.13569

Yue, K., Fornara, D. A., Yang, W., Peng, Y., Peng, C., Liu, Z., & Wu, F. 
(2017). Influence of multiple global change drivers on terrestrial 
carbon storage: Additive effects are common. Ecology Letters, 20, 
663–672. https://doi.org/10.1111/ele.12767

Yue, K., Yang, W., Peng, Y., Peng, C., Tan, B. O., Xu, Z., … Wu, F. (2018). 
Individual and combined effects of multiple global change driv-
ers on terrestrial phosphorus pools: A meta-analysis. Science of the 
Total Environment, 630, 181–188. https://doi.org/10.1016/j.scito 
tenv.2018.02.213

Zhou, L., Zhou, X., Shao, J., Nie, Y., He, Y., Jiang, L., … Hosseini Bai, S. 
(2016). Interactive effects of global change factors on soil respira-
tion and its components: A meta-analysis. Global Change Biology, 22, 
3157–3169. https://doi.org/10.1111/gcb.13253

Zhu, Z., Piao, S., Myneni, R. B., Huang, M., Zeng, Z., Canadell, J. G., … 
Zeng, N. (2016). Greening of the Earth and its drivers. Nature Climate 
Change, 6, 791–795. https://doi.org/10.1038/nclim ate3004

Zvereva, E. L., & Kozlov, M. V. (2006). Consequences of simultaneous el-
evation of carbon dioxide and temperature for plant–herbivore inter-
actions: A meta-analysis. Global Change Biology, 12, 27–41. https://
doi.org/10.1111/j.1365-2486.2005.01086.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Du Y, Lu R, Xia J. Impacts of global 
environmental change drivers on non-structural 
carbohydrates in terrestrial plants. Funct Ecol. 2020;34:1525–
1536. https://doi.org/10.1111/1365-2435.13577

https://doi.org/10.1007/s00344-013-9337-5
https://doi.org/10.1007/s00344-013-9337-5
https://doi.org/10.1104/pp.107.098665
https://doi.org/10.1038/nclimate2549
https://doi.org/10.1111/gcb.13569
https://doi.org/10.1111/ele.12767
https://doi.org/10.1016/j.scitotenv.2018.02.213
https://doi.org/10.1016/j.scitotenv.2018.02.213
https://doi.org/10.1111/gcb.13253
https://doi.org/10.1038/nclimate3004
https://doi.org/10.1111/j.1365-2486.2005.01086.x
https://doi.org/10.1111/j.1365-2486.2005.01086.x
https://doi.org/10.1111/1365-2435.13577

