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Abstract: The carbon starvation hypothesis (CSH) is one of the current leading hypotheses regarding the 
mechanism of plant death, although it has not been sufficiently validated due to a lack of evidence. To help 
verify the role of carbon starvation in plant mortality, we measured the non-structural carbohydrate (NSC) 
concentration ([NSC]) in different organs (roots, stems, and leaves) of plants of Catlapa bungei clone 9-1 
after the cessation of photosynthesis and death due to drought and in well-watered controls. Drought in-
duced the loss of NSC reserves, which was observed in all organs at death, and carbon starvation appeared 
to begin after the cessation of photosynthesis. The [NSC] dynamics, occurrence time of carbon starvation, 
and survival time varied among the organs, and even within the same organs at different stem heights. 
Overall, our findings are compatible with the CSH in that carbon starvation occurs in roots, stems, and 
leaves and concurs with plant death during prolonged drought.
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Introduction

Worldwide, massive tree mortality events have 
caused widespread public concern. These events may 

be associated with climate change-induced drought, 
and have been observed in a variety of forests in dif-
ferent geologic and  climatic domains (Liang et al., 
2003; Bréda et al., 2006; Adams et al., 2009; van 
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Mantgem et al., 2009; Allen et al., 2010; Paddock et 
al., 2013; Niu et al., 2014; Pellizzari, 2016), including 
arid regions in China (Liang et al., 2003; Zhang et 
al., 2014). Compared to temperature, light, and pal-
aeo-CO2 concentration variations, drought is the main 
climatic characteristic associated with tree mortality 
(Rebetez & Dobbertin, 2004; Allen et al., 2010), but 
the mechanisms of drought-induced tree mortality 
remain unclarified (McDowell et al., 2008; Sala et al., 
2010). The hydraulic failure hypotheses (HFH) and 
carbon starvation hypotheses (CSH) are the current 
leading hypotheses of the mechanism of plant death 
(McDowell, 2011). Numerous studies have tested 
these hypotheses at the organ (Hartmann et al., 2013; 
O’Grady et al. 2013; Salmon et al., 2015), individual 
(Sevanto et al., 2014; Wang et al., 2016), and forest 
(Rowland et al., 2015) levels; however, the results 
have been inconclusive. As summarized by Adams et 
al. (2017), recent research supports the notion that 
physiological mechanisms of drought-induced tree 
mortality may be explained by the two controversial 
statements: hydraulic failure inhibits water transport 
through the loss of xylem function from embolism, 
leading to tissue desiccation; and carbon starvation 
via imbalance between carbohydrate demand and 
supply may lead to an inability to meet osmotic, met-
abolic and defensive carbon requirements (Hartmann 
et al., 2013; Heres et al. 2014; Sevanto et al., 2014).

A growing number of empirical studies have sug-
gested that hydraulic failure rather than carbon star-
vation determines plant mortality during drought 
(Vilagrosa et al., 2003; Hartmann et al., 2013; Sevan-
to et al., 2014; Pellizzari et al., 2016), and the lat-
est results have revealed that hydraulic failure dur-
ing drought-induced mortality is widespread across 
species, whereas carbon starvation is not universal 
(Adams et al., 2017). Moreover, Adams et al. (2017) 
noted that non-structural carbohydrate (NSC; main-
ly soluble sugars and starch) loss was more common 
in gymnosperms than in angiosperms and was con-
nected to xylem hydraulic vulnerability. Similarly, 
numerous studies have shown that both hydraulic 
failure and carbon starvation induce tree mortality 
(Heres et al. 2014; Sevanto et al., 2014), and their 
interaction in dying trees has been observed (Salm-
on et al., 2015; Wang et al., 2016). Overall, the hy-
draulic failure hypothesis is well accepted, but the 
CSH remains controversial. Nonetheless, carbon 
starvation seems to be closely related to tree mortal-
ity due to its potential role in diminishing hydraulic 
function (Adams et al., 2017). Thus, loss of carbo-
hydrate reserves should be experimentally observed 
and verified to better understand the mechanism of 
tree mortality. Carbon starvation occurs when carbon 
supplies from photosynthesis, mobilisation of NSCs, 
and autophagy (i.e., vacuolar proteolysis) are lower 
than the carbon required for respiration, growth, and 

defence (McDowell, 2011). Hence, plants succumb to 
drought when there are insufficient NSCs to support 
metabolism and regeneration (Sala et al., 2010). The 
CSH was formulated to explain tree mortality during 
long-term drought, but no direct evidence exists sup-
porting its role in drought-induced mortality in trees 
(Ward et al., 2005; Gruber et al., 2012). Therefore, the 
validation and clarification of the mechanisms of car-
bon starvation warrant further discussion (McDowell 
& Sevanto, 2010). In our opinion, to clarify the role of 
carbon starvation, NSC should be quantified in plants 
that are in the process of dying or have already died, as 
seen from some previous studies (Piper et al., 2009; 
McDowell et al., 2010; McDowell, 2011). In particu-
lar, the minimum NSCs required for the maintenance 
of metabolism and defence must be determined, and 
the threshold NSC concentration ([NSC]; per unit 
of dry matter (DW), mg g–1 DW) should be quanti-
fied; furthermore, future research on carbon starva-
tion should focus on these tipping points of mortality 
(McDowell, 2011). In recent years, numerous studies 
have focused on the NSC dynamics and the processes 
by which plants succumb to drought to examine the 
mechanism of carbon starvation on coniferous (Ward 
et al., 2005; Hartmann et al., 2013; Salmon et al., 
2015) and evergreen (Piper, 2011) trees. More decid-
uous broad-leaved trees should be studied to test the 
NSC metabolism and carbon starvation mechanism, 
although some similar studies on deciduous broad-
leaved trees (e.g., Acer pseudoplatanus, Populus tremuloi-
des ) have been reported (Anderegg et al., 2012; Piper 
& Fajardo, 2016).

In addition, differential NSC allocation to plant or-
gans should be studied during drought, as it seems 
to differ among tree species and may be related to 
distinct drought-resistance abilities and strategies, as 
well as drought stress duration and severity. For ex-
ample, Barbaroux et al. (2003) detected differences in 
NSC reserves and responses to stress among organs 
in plants. Meanwhile, O’Grady et al. (2013) examined 
the roles of carbon and water dynamics in tree mor-
tality in terms of “thirsty roots” and “hungry leaves”. 
Similarly, in a preliminary experiment, we observed 
that stems and leaves at different stem heights had 
different survival times during long-term drought, 
and we speculated that this might be attributable to 
differences in NSC reserve allocation, carbon seques-
tration and translocation, or metabolic necessities 
among organs; however, this remains unclarified due 
to a lack of comprehensive data. Thus, considering 
the differential responses of NSC reserves in organs 
to drought stress, we aimed to further verify and clar-
ify the CSH of plant mortality at the organ level to 
understand the mechanisms of carbon starvation.

Catalpa bungei, a deciduous broad-leaved tree that 
is native to China, has been planted widely in tem-
perate regions of China. Large areas of C. bungei in 
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north-western China experience climatic drought, 
and the exact mechanism of mortality is of great con-
cern. Therefore, we studied the NSC dynamics and 
carbon starvation mechanisms associated with mor-
tality in C. bungei. C. bungei plants were grown under 
two treatments, drought and a well-watered control, 
to determine the [NSC] during drought-induced 
mortality. Our objective was to identify the changes 
in NSC reserves at the organ level at two endpoints 
(zero net photosynthetic rate (Pn) and death) caused 
by drought and determine the difference in [NSC] 
dynamics among organs.

Methods
Plant material and growth conditions

One-year-old plants of C. bungei clone 9-1 were 
obtained from Luoyang City, Henan Province, Peo-
ple’s Republic of China, and transplanted into flower 
pots in early March 2015. The flower pots measured 
30 cm (top diameter) × 30 cm (bottom diameter) 
× 45 cm (height). Plastic pellets were placed in the 
flower pots under every plantlet to prevent water loss 
and soil erosion. The empty space was filled with 
potting soil. The soil field capacity and bulk density 
were measured using the core cutter method, and its 
chemical properties were determined following the 
methods described by Lu (1999). Table 1 presents 
the physical and chemical properties of the potting 
soil. The plants were planted and allowed to accli-
mate for 3 months in a plastic film greenhouse meas-
uring 60.0 m (length) × 8.0 m (width) × 3.0 m (the 
height of the tunnel), arch space of 1.0 m, and total 
area of 480.0 m2. During acclimation, plants were wa-
tered well daily and protected against insects and dis-
ease. The study site was located at the Xiaolongshan 
Forestry Science and Technology Research Institu-
tion, Tianshui, Gansu Province (34º29'N, 105º48'E, 
1160 m a.s.l.), which is in a temperate zone within 
a semi-humid monsoon climatic region. The average 
annual rainfall and evaporation capacity at the site 
are 600~800 mm and 1290 mm, respectively. The 
average annual temperature is 11°C, and the frost-
free period lasts ~180 days. During the experiment, 
the daily average temperature in the greenhouse 
ranged from 20 to 38°C, and daily average humidi-
ty was 40–65%. Before treatment, the average stem 
height and basal diameter of the plants were 1.64 m 
and 12.81 mm, respectively.

Experimental design

In a preliminary experiment, we observed that 
plants at stem death could not be revived and did 
not resprout with persistent rehydration (Table S1); 
thus, plant death was defined as stem death in the 
present study. We divided 90 plants into two treat-
ments, a well-watered control (CK, 40 plants) and 
drought (D, 50 plants). CK plants were watered well 
throughout the experimental period, whereas water 
was withheld from D plants beginning on July 25, 
2015 (mid-growing season in north-western China). 
D plants were divided into four groups: D-model (n 
= 10), Start (n = 10), Zero-Pn (n = 10), Leaf death 
(n = 10), and Stem death (n = 10). CK plants were 
divided into three groups: CK-model (n = 10), CK1 
(n = 10), CK2 (n = 10), and CK3 (n = 10). The stem 
height and basal diameter among the groups did not 
differ significantly (P > 0.05). The Start group in-
cluded plants that were harvested before the drought 
treatment (i.e., at the start of the experiment), Ze-
ro-Pn was defined as the group in which photosynthe-
sis has ceased (i.e., zero Pn), Leaf-death was defined 
as the group in which all the leaves of plants died due 
to drought, and Stem-death was defined as the group 
in which the stems of plants died due to drought (all 
n ≥5). CK1, CK2, and CK3 represented the respec-
tive controls versus Zero-Pn, Leaf death, and Stem 
death. Leaf-death was considered to have occurred 
once all leaves discoloured to orange and defoliation 
was apparent, and Fv/Fm (maximum quantum yield 
of PSII) values were used as a  supplemental basis 
for the identification of leaf death. Stem-death was 
confirmed by staining stem samples with 0.1% neu-
tral red after the stems changed from green to grey 
(Peterson, 1979). In D-model and CK-model plants, 
which were only used for observation rather than 
harvest sampling, the soil water content (SWC; i.e., 
water volume/soil volume) was measured every day 
using a handheld time domain reflectometer (FOM/
mts type; Easy Test, Ltd., Lublin, Poland). The Fv/Fm 
values of the fourth and fifth fully expanded leaves 
from the apex was measured using a portable chlo-
rophyll fluorometer (MINI-PAM; Walz, Effeltrich, 
Germany). The instantaneous Pn in the fourth and 
fifth fully expanded leaves counting from the apex 
was determined at 9:00–10:30 h every day under 
constant light (photosynthetically active photon flux 
density: 1000 μmol m–2 s–1) under ambient CO2 con-
centrations (400 ppm) and leaf temperature (30°C) 
(Li-6400; Li-Cor, Inc., Lincoln, NE, USA).

Table 1. Physical and chemical properties of the potting soil

FC
(volume,%)

Bulk density
(g cm–3) pH Organic matter

(g kg–1)
Total N
(g kg–1)

Total P
(g kg–1)

Total K
(g kg–1)

Available N
(mg kg–1)

Available P
(mg kg–1)

Available K
(mg kg–1)

31.95 1.04 6.86 64.70 2.30 0.80 18.14 178.94 25.46 179.08

FC: field capacity; N: nitrogen; P: phosphorus; K: potassium.
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Harvesting and sample preparation

Based on the observations of the D-model and 
CK-model plants, four D plants harvests were per-
formed. The first harvest (Start) was obtained at the 
start of the experiment. When plants were deter-
mined to have reached the Zero-Pn stage, the second 
harvest of CK1 and Zero-Pn plants was obtained. 
The third harvest (CK2 and Leaf death) followed the 
leaf death of the D plants. The fourth harvest (CK3 
and Stem death) was obtained when stem death was 
confirmed. After harvesting, plants were divided into 
fine roots (diameter ≤2 mm), coarse roots (diam-
eter >2 mm), upper stems (upper half of the total 
stem height), lower stems (lower half of the total 
stem height), upper leaves (from the upper stem), 
and lower leaves (from the lower stem). The samples 
were prepared for the NSC analysis. After washing, 
the samples were oven-dried at 80°C for 72 h, col-
lected in numbered sample bags, crushed, and sieved 
through a 100-mesh screen. Since the leaves and 
stems at different stem heights of plants died asyn-
chronously during the drought period based on the 
preliminary observations, in the present study, the 
upper and lower stem and leaf deaths were record-
ed separately. In addition, defoliation occurred as 
drought progressed; therefore, the fallen leaves were 
collected as leaf samples for the Leaf-death group; 
leaf samples were harvested only twice (Zero-Pn and 
Leaf death).

NSC analysis

In this study, NSC was defined as the sum of total 
soluble sugars (TSS) and starch. The TSS concentra-
tion ([TSS]) and starch concentration ([Starch]) were 
determined using the anthrone–sulphuric acid  col-
ourimetric method, as described by Zou (1995), and 
were expressed as mg g–1 DW. Based on this defini-
tion of NSC, the [NSC] of roots, stems, and leaves 
was calculated as [NSC] = [TSS] + [Starch].

Statistical analysis

Data are expressed as the mean ±standard de-
viation (n = 10). Figures were prepared using Sig-
maPlot  ver. 10.0  (Systat, San Jose, CA, USA). Us-
ing SPSS ver. 20.0 (SPSS,  Inc., Chicago, IL, USA), 
two-way analysis of variance (ANOVA) was applied 

to test the effects of the treatment and harvesting 
time, Tukey test was used to detect the differences 
among harvesting times within the same treatment, 
and the differences between the treatments at the 
same harvesting time were analysed using Student’s 
t-test. P <0.05 was considered to indicate statistical 
significance.

Results
Key physiological parameters analysis 
and morphological observations

Under the well-watered condition, the SWC fluc-
tuated within a narrow range (36.2–40.4%), and the 
Pn (7.99–8.52 μmol m–2 s–1) and Fv/Fm (0.76–0.84) 
of well-watered plants showed no changes during 
real-time observations (Fig. 1). Pn declined rapid-
ly during the drought treatment, decreasing to 0 at 
8 days after the start of the experiment (Fig. 1A). 
Meanwhile, Fv/Fm decreased gradually during the 
drought treatment, reaching 0.18 ±0.02 at 16 days 
after the start of the experiment (Fig. 1B). During 
long-term drought, differences in the survival time 
among organs, as well as the stems and leaves at dif-
ferent stem heights, were observed (Fig. 1C). Spe-
cifically, stem and leaf survival time followed the or-
der lower leaf < upper leaf < upper stem < lower 
stem, dying at 15, 20, 26, and 34 days after the start 
of the experiment, respectively. In addition, the soil 
moisture supply (i.e., relative soil water content) de-
creased gradually over the course of the drought, and 
D plants showed different performance during the 
drought (Table 2). Based on the key parameters and 
observations during each harvesting time (Table 2), 
the four harvests were respectively conducted at 0, 
8, 20, and 34 days after the start of the experiment.

The effects of treatment and harvesting 
time on NSC

According to the two-way ANOVA results (Table 
3), the organ [TSS] (except coarse root), [Starch], 
and [NSC] values generally differed significantly 
between treatments, and the plants at different har-
vesting times generally showed significant differenc-
es in organ [TSS], [Starch], and [NSC], although 

Table 2. Key parameters and definitions of harvesting time

No. Harvest group Days after the start of the experiment (d) RSWC (% FC) Key observations in plants
1 Start 0 117.78 Healthy; dark-green leaves; green stems
2 Zero-Pn 8 48.83 Pn = 0; light-green curly leaves; green stems
3 Leaf-death 20 24.73 All leaves died; defoliation; green stems
4 Stem-death 34 21.60 All stems died; defoliation; grey stems

RSWC: relative soil water content, FC: field capacity.
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Fig. 1. Effects of treatment (drought and well-watered control) on the (A) instantaneous net photosynthetic rate (Pn), 
(B) Fv/Fm in Catalpa bungei plants, and (C) soil water content (SWC). The arrows indicate key timepoints (0 d: start of 
experiment, first harvest; 8 d: Pn = 0, second harvest; 15 d: lower leaf death; 20 d: upper leaf death, third harvest; 26 
d: upper stem death; 34 d: lower stem death). The values are the mean ±standard deviation (n = 10)

Table 3. Summary of the results of two-way ANOVA for the effect of treatment (drought vs. control) and harvesting time 
(Zero-Pn vs. Leaf death vs. Stem death) on concentrations of total soluble sugars (TSS) ([TSS]), starch ([Starch]), 
and non-structural carbohydrate (NSC) ([NSC]) in different organs. Note: leaf samples were only harvested twice 
(Zero-Pn and Leaf-death) due to defoliation

Organ Effect df [TSS] [Starch] [NSC]
F ratio P-value F ratio P-value F ratio P-value

Upper leaf Harvesting time 1 0.001 0.970 10.254 0.003 0.675 0.417
Treatment 1 154.157 <0.001 10.640 0.002 110.852 <0.001
Treatment × Harvesting time 1 48.190 <0.001 6.036 0.019 49.446 <0.001

Lower leaf Harvesting time 1 5.936 0.020 0.188 0.667 6.919 0.012
Treatment 1 38.500 <0.001 26.441 <0.001 59.951 <0.001
Treatment × Harvesting time 1 14.820 <0.001 24.020 <0.001 7.340 0.010

Upper stem Harvesting time 2 12.916 <0.001 2.439 0.097 6.503 0.003
Treatment 1 103.233 <0.001 32.818 <0.001 126.080 <0.001
Treatment × Harvesting time 2 44.856 <0.001 7.158 0.002 7.857 0.001

Lower stem Harvesting time 2 8.237 0.001 8.049 0.001 3.420 0.040
Treatment 1 240.339 <0.001 7.660 0.008 95.881 <0.001
Treatment × Harvesting time 2 90.807 <0.001 28.145 <0.001 38.953 <0.001

Fine root Harvesting time 2 8.291 0.001 133.668 <0.001 6.050 0.004
Treatment 1 195.636 <0.001 1437.802 <0.001 149.073 <0.001
Treatment × Harvesting time 2 139.294 <0.001 243.326 <0.001 41.284 <0.001

Coarse root Harvesting time 2 3.635 0.033 27.755 <0.001 1.727 0.188
Treatment 1 0.184 0.670 209.412 <0.001 31.763 <0.001
Treatment × Harvesting time 2 6.221 0.004 38.830 <0.001 10.505 <0.001
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there were no significant differences in harvesting 
times for the upper leaf [TSS] and [NSC], lower leaf 
[Starch], upper stem [Starch], or coarse root [NSC]. 
In general, we observed significant interactions for 
the [TSS], [Starch], and [NSC] values of each organ 
between the harvesting time and treatment (Table 
3), implying that the [TSS], [Starch], and [NSC] in 
each organ at different harvesting times responded 
differently to the treatments.

Under well-watered condition, the [TSS] in each 
organ gradually increased during the experiment 

(Fig. 2). The dynamic change of [Starch] in CK 
plants differed among organs: in upper leaf and 
stem it showed a relatively narrow range; in lower 
leaf and stem it fluctuated dissimilarly; in roots (fine 
roots and coarse roots) it increased slowly (Fig. 3). 
The [NSC] in each organ of the CK plants general-
ly showed an increasing tendency, demonstrating 
that NSC reserves accumulated in all organs of the 
well-watered plants (Fig. 4). The drought treatment 
provoked different changes in the [TSS], [Starch], 
and [NSC] among the organs and harvesting times 

Fig. 2. Effects of the treatment (drought and well-watered control) on [TSS] in upper leaf ([TSS]UL) (A), lower leaf 
([TSS]LL) (B), upper stem ([TSS]US) (C), lower stem ([TSS]LS) (D), fine root ([TSS]FR) (E), and coarse root ([TSS]CR) 
(F) in C. bungei plants at different harvesting times. The values are the mean ±standard deviation (n = 10). DW: dry 
matter weight. The different uppercase letters indicate significant differences in harvesting time for the same treat-
ment (P < 0.05; Tukey test), and the different lowercase letters indicate significant differences between treatments 
at the same harvesting time (P < 0.05; Student’s t-test); blue and red letters respectively present statistical results 
for well-watered control and drought
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(Fig. 2, 3, and 4). Zero-Pn plants had similar level of 
leaf [TSS] as the Start plants, but Leaf-death plants 
had significantly lower level (Fig. 2A and 2B). Stem 
(upper stem and lower stem) [TSS] firstly increased 
and then gradually declined during the drought peri-
od, and Stem-death plants had a significant lower lev-
el of stem [TSS] than Start plants (Fig. 2B and 2C). 
As drought progressed, fine root [TSS] remained in-
variable, coarse root [TSS] initially remained invaria-
ble (before Stem-death) and then decreased at Stem-
death (Fig. 2C and 2D). Compared to the Start plants, 
Zero-Pn plants had greater level of [Starch] in upper 
leaf ([Starch]UL) and lower level of [Starch] in low-
er leaf ([Starch]LL), but Leaf-death had similar level 

of [Starch]LL and [Starch]UL (Fig. 3A and 3B). Stem 
and root [Starch] gradually decreased during drought 
(Fig. 3C, 3D, 3E, and 3F). Compared to the Start 
plants, Zero-Pn plants had similar levels of [NSC]
UL and [NSC]LL, whereas Leaf-death plants showed a 
significant loss in [NSC]UL and [NSC]LL (Fig. 2A and 
2B). Meanwhile, Zero-Pn plants had higher [NSC]
US and [NSC]LS than did Start plants, demonstrating 
that the [NSC] increased in the stems of plants be-
fore photosynthesis ceased, whereas Leaf-death and 
Stem-death plants had significantly lower concentra-
tions than did Start plants (Fig. 2C and 2D). In ad-
dition, Zero-Pn plants had similar [NSC]FR to Start 
plants, but Leaf-death and Stem-death plants had 

Fig. 3. Effects of the treatment (drought and well-watered control) on [Starch] in upper leaf ([Starch]UL) (A), lower leaf 
([Starch]LL) (B), upper stem ([Starch]US) (C), lower stem ([Starch]LS) (D), fine root ([Starch]FR) (E), and coarse root 
([Starch]CR) (F) in C. bungei plants at different harvesting times. For explanation of symbols see legend to Fig. 2
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lower levels (Fig. 2E). The [NSC]CR in both Zero-Pn 
and Leaf-death plants showed no significant differ-
ences relative to Start plants, but a significant loss in 
[NSC]CR was detected in Stem-death plants (Fig. 2F).

Overall, the difference in [TSS], [Starch], and 
[NSC] between the treatments (D versus CK) at the 
same harvesting time all differed among the organs. 
At Zero-Pn, organ [TSS] showed no significant dif-
ference between treatments (Fig. 2). At Leaf-death 
plants had lower [TSS] than CK1 in all the organs 
than CK1, with the exception of fine roots, which had 
similar level of [TSS]. At Stem-death plants had lower 
[TSS] in all the organs than CK2 (Fig. 2). Compared 
to CK1, Zero-Pn plants had greater [Starch] in upper 

leaf ([Starch]UL) and lower stem ([Starch]LS), lower 
[Starch] in lower leaf ([Starch]LL) and roots, and sim-
ilar level of [Starch] in upper stem ([Starch]US) (Fig. 
3). Compared to CK2, Leaf-death plants had lower 
[Starch] values in roots and stems, but had similar lev-
el of ([Starch]UL and [Starch]LL(Fig. 3). The [Starch] in 
all the organs at Stem-death were significantly lower 
than those of the CK3 plants. The [NSC] in upper leaf 
([NSC]UL), lower leaf ([NSC]LL), and fine root ([NSC]
FR) of Zero-Pn plants were significantly lower than 
those of CK1 plants (Fig. 2A, 2B, and 2E), whereas 
no significant differences in [NSC]US, [NSC]LS, and 
[NSC]CR between Zero-Pn and CK1 plants were de-
tected (Fig. 2C, 2D, and 2F). Moreover, the [NSC] 

Fig. 4. Effects of the treatment (drought and well-watered control) on [NSC] in upper leaf ([NSC]UL) (A), lower leaf 
([NSC]LL) (B), upper stem ([NSC]US) (C), lower stem ([NSC]LS) (D), fine root ([NSC]FR) (E), and coarse root ([NSC]
CR) (F) in C. bungei plants at different harvesting times. For explanation of symbols see legend to Fig. 2
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values of all organs of the Leaf-death and Stem-death 
plants were significantly lower than those of the CK2 
and CK3 plants, respectively (Fig. 2). There was over-
whelming evidence that the organs at death retained 
some NSC reserves (71.52–166.10 mg g–1 DW) (Fig. 
4), although they showed 15.84~31.04% loss of 
[NSC] relative to Start plants, and had [NSC] reduc-
tions of 23.02~53.19% compared to CK plants (Fig. 
5). The [NSC] in organs at death was decreased by 
15.84~31.04% and 23.02~53.19% compared to Start 
and CK plants, respectively (Fig. 5), but still retained 
71.52–166.10 mg g–1 DW (Fig. 4).

Discussion

NSC reserves in temperate deciduous tree spe-
cies generally increase gradually during the growing 
season to create sufficient NSCs for overwintering 
(Kozlowski, 1992). Our results were in agreement 
with this trend in that well-watered plants accumu-
lated NSC reserves in all organs during experiment 
(This study ended at the end of growing season in 
north-western China; Fig. 2). Consistent with the 
need to quantify the [NSC] in dead or dying plants 
(Piper et al., 2009; McDowell et al., 2010; McDowell, 
2011), our results emphasised the importance of ob-
serving NSC dynamics in plants that have succumbed 
to drought. Drought-tolerant trees often cope with 
drought through improving osmotic adjustments, 
characterized by increasing soluble sugars (Magu-
ire & Kobe, 2015). We also observed that plants 
reduced starch and increased sugars for osmotic ad-
justments to tolerate drought, especially in the ear-
ly period of drought (Fig. 2 and 3). However, starch 
deficiency occurred in roots and lower stems under 
extreme drought (Fig. 3), resulting in sugars decline 
in all the organs due to the absence of the conver-
sion of stored starch (Fig. 2), suggesting that plant 
death during prolonged drought was related to the 

failure in osmotic adjustment. Moreover, our results 
were consistent with those of a predictive simulation 
that showed an NSC surplus during early drought, 
although the [NSC] began to decline when photo-
synthesis was significantly reduced due to drought 
(McDowell, 2011). In the present study, during 
drought, plants at death exhibited a loss in [NSC] in 
all organs compared with Start or corresponding CK 
(CK2 or CK3) plants, indicating that a loss of stored 
NSC occurred in plants succumbing to drought and 
that the lost NSCs were mainly consumed to im-
prove tolerance of drought stress. Meanwhile, Ze-
ro-Pn plants generally had NSC reserves similar to, 
or greater than, those of Start or CK1 plants (Fig. 2). 
One possible explanation is that NSC loss leading to 
death ensued when photosynthesis had ceased (Mc-
Dowell, 2011). Isohydric C. bungei tolerate drought 
by avoidance strategy: maintaining a constant mid-
day leaf water potential under drought conditions, by 
reducing stomatal conductance as necessary to limit 
transpiration (Dong et al., 2013; Zheng et al., 2017). 
Photosynthesis ceases in plants suffering from se-
vere drought due to stomatal limitation (Piper, 2011; 
Yang et al., 2014; Xu et al., 2015), which we observed 
in the present study (Fig. 1). Thus, the main supply 
of NSCs is cut off when photosynthesis ceases, and 
the plant must consume stored NSCs to maintain its 
metabolism and defence mechanisms (McDowell, 
2011). Due to NSC loss, carbon starvation occurs 
when carbon acquisition and storage do not meet the 
needs of maintaining metabolism, increasing the risk 
of plant death (Sala et al., 2010).

The NSC allocation strategies, carbon transloca-
tion, or metabolic necessities among different plant 
organs can be comprehensively influenced by biolog-
ical and environmental factors, and are generally cor-
related closely with long-term survival and ecological 
adaptation strategies (Barbaroux et al., 2003; Litton 
et al., 2004; Rachmilevitch et al., 2006; Millard et 
al., 2007; Sala et al., 2010). Our results showed that 
leaves were shed earlier compared to stem death, 
consistent with the hypothesis of hydraulic segmen-
tation. Accordingly, the loss of the more vulnerable 
leaves help to avoid hydraulic failure extending to 
the stems that have higher construction costs (Buc-
ci et al., 2012). Unlike roots or leaves, stems at ze-
ro-Pn had similar level of [NSC] as CK1 stems (Fig 
4C and 4D), suggesting that light drought did not 
affect stem [NSC]. This finding might be attributed 
to the potential effects of drought on NSC transloca-
tion, as stated by Sala et al. (2010). Under drought, 
much of stored and newly assimilated NSCs might 
have been translocated into stems for phloem tur-
gor maintenance to drive phloem transport. Previous 
studies suggest that carbohydrate storage enhances 
plant stress tolerance and survival (Myers & Kitaji-
ma, 2007; O’Brien et al., 2014).

Fig. 5. Relative changes (%) in the non-structural carbo-
hydrate concentrations in the organs of Catalpa bungei 
plants at death (Leaf-death and Stem-death) over those 
at Start or in the respective controls (Leaf-death vs. 
CK1; Stem-death vs. CK2)
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During prolonged drought, upper leaves (20 d) 
had relative longer survival time than lower leaves 
(15 d) (Fig. 1). The possible reason was that upper 
leaves could maintain higher NSC levels reflecting 
their longer photosynthetic activity. Also, lower 
stems (34 d) survived drought for longer time than 
upper stems (26 d) (Fig. 1), and their survival time 
was related to the occurrence time of their NSC loss, 
i.e., upper stems showed NSC loss earlier than lower 
stems (Fig. 4). Fine roots are mainly used for water 
and nutrient absorption (Lei et al., 2012; Cui et al., 
2017), whereas the main functions of coarse roots 
include the transport and storage of various nutri-
ents and metabolites such as NSCs (Bengough et al., 
2011; Cui et al., 2017). Our results showed that fine 
roots showed earlier NSC loss than did coarse roots 
(Fig. 4E and 4F), which might be explained by their 
different functions (Cui et al., 2017). Under severe 
drought, coarse roots could initially maintain their 
[NSC] due to supply from their stored NSC, but fine 
roots showed NSC loss earlier due to a lack of NSC 
storage and greater carbon demands, suggesting that 
mortality of fine roots are expected to down-regu-
late carbon demands under water stress (Sala et al., 
2010). Notably, we found evidence that the [NSC] 
dynamics, occurrence time of carbon starvation, and 
survival time varied among the organs, and even 
within the same organ type at different position on 
the stem.

As described by various researchers, trees can die 
due both to hydraulic failure and to carbon starvation 
(Hartmann et al., 2013; Hereş et al., 2014; Sevan-
to et al., 2014). Because the role of hydraulic failure 
in determining drought-induced plant mortality has 
been adequately documented in a growing number 
of empirical studies, the hydraulic failure hypothe-
sis is now widely accepted (Vilagrosa et al., 2003; 
Hartmann et al., 2013; Sevanto et al., 2014; Pellizzari 
et al., 2016; Adams et al., 2017). Several previous 
studies on deciduous broad-leaved tree species are 
inconsistent with the CSH, for example, Anderegg 
et al. (2012) found substantial evidence of hydraulic 
failure of roots and branches linked to canopy and 
root mortality in Populus tremuloides, but found no ev-
idence that drought results in the depletion of car-
bohydrate reserves. Also, Piper and Fajardo (2016) 
suggested that growth reductions in Acer pseudopla-
tanus seedlings subjected to drought for 3 months 
are not accompanied by carbohydrate storage reduc-
tions. However, our results are compatible with the 
CSH, supporting the view that carbon starvation is 
not universal, and these conflicting findings might 
be explained by the difference in xylem hydraulic 
vulnerability among species (Adams et al., 2017). As 
hypothesized by Mitchell et al. (2014) and Mencuc-
cini et al. (2015), drought sensitive C. bungei plant-
lets with low resistance to xylem embolism that 

close their stomata earlier during drought are prone 
to show a reduction in NSC associated with carbon 
starvation. Hence, more experimental tests of carbon 
starvation in deciduous broad-leaved tree species, 
in addition to evergreen or coniferous trees should 
be conducted to provide a necessary basis to better 
understand plant mortality mechanisms. Overall, we 
tend to agree with the view that carbohydrate me-
tabolism and utilization strategies (e.g., storage, se-
questration, translocation, etc.) have an important 
role in determining plant survival, in addition to hy-
draulic parameters (Vilagrosa et al., 2003; Sala et al., 
2010; Sevanto et al., 2014). From this perspective, 
the quantification of NSC dynamics in plants during 
drought stress is a good starting point to test the 
CSH (McDowell, 2011).

Considering the shortage of evidence, the main 
concerns in understanding the mechanisms of car-
bon starvation are the determination of whether, and 
if so how, when, and where, carbon starvation oc-
curs (McDowell & Sevanto, 2010). We observed that 
carbon starvation occurs in roots, stems, and leaves 
concurring with plantlets death during drought. Al-
though we did not determine the specific timing of 
carbon starvation occurrence, our results preliminar-
ily show that carbon starvation occurs after photo-
synthesis ceases, providing evidence to help clarify 
the mechanisms of carbon starvation.

Predicting the survival time of trees is difficult due 
to a lack of available tests to understand the mecha-
nism of mortality. Among recent studies, Sevanto et 
al. (2014) stated that hydraulic constraints on plant 
carbohydrate use determined the survival time, and 
Doughty et al. (2015) observed that tree survival 
time was determined by the carbon utilisation strate-
gy during drought (i.e., priorities of carbohydrate al-
location: growth or metabolism and defence). More-
over, our results revealed that dead plants had [NSC] 
values greater than zero in all organs, further demon-
strating that plants maintain some NSC reserves to 
survive drought. This finding might be explained by 
the hypothesis of carbon sequestration postulating 
that much of NSC are sequestered in woody tissues 
and not reusable (Millard et al., 2007). However, we 
did not determine the threshold [NSC] for carbon 
starvation in the plants, which is an important topic 
for future research.

Conclusion

This study presents an assessment of carbon star-
vation during the process of drought-induced death 
in deciduous broad-leaved C. bungei plants. The re-
sults indicated that drought led to NSC loss in all 
the organs at death, that carbon starvation appeared 
to begin after photosynthesis has ceased, and that 
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dead plants retained some NSC reserves. The [NSC] 
dynamics, occurrence time of carbon starvation, and 
survival time varied among organs. Furthermore, 
leaves and stems at different stem heights exhib-
ited asynchronous survival times. Overall, our re-
sults showing that the depletion of carbohydrate re-
serves occurs in all the organs of plants undergoing 
drought-induced mortality are compatible with CSH 
. Our findings have some limitations based on the 
study materials used and methods and the use of ex-
perimentally controlled drought rather than natural 
drought conditions. The interaction between hydrau-
lic failure and carbon starvation should be factored 
into future studies of the mechanisms of plant death. 
Experiments should be designed to test the carbon 
starvation and hydraulic failure hypotheses and de-
termine critical [NSC] values to verify the mecha-
nism of plant death.
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