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A B S T R A C T

Nonstructural carbohydrates (NSC) play important roles in forest vulnerability to climate change, especially
under increasing drought intensity and frequency. Understanding NSC dynamics is essential for accurately
predicting the resistance and resilience of forests in response to drought. However, our knowledge of NSC re-
sponses to drought is still limited due to the lack of research in trees of different life stages. In this study, we
conducted a throughfall exclusion experiment (TFE) with four subtropical evergreen tree species to examine
drought effects on NSC in mature trees and understory seedlings. Our results showed the differential effects of
drought on NSC dynamics of understory seedlings and mature trees. In the TFE experiment, mature trees of all
four species were relatively homoeostatic with the insignificantly changed NSC pools, photosynthesis, and
growth under the drought treatment compared to the control. In contrast, understory seedlings displayed sig-
nificant decreases in total NSC and soluble sugars (−14.70 ± 3.66% and −16.93 ± 3.85%, respectively) with
the exception of Lithocarpus glaber (L. glaber). The seedlings of L. glaber with the highest hydraulic resistance
maintained or slightly increased NSC and its components in response to drought. Our study highlights the im-
portance of life stage in assessing drought effects of trees on NSC storage and then forest C cycling, which could
be incorporated into the dynamic global vegetation models (DGVMs) to better understand drought effects on
forest C balance in the future.

1. Introduction

Forest mortality is an emerging issue due to increased intensity and
frequency of drought events coupled with warmer temperature (IPCC,
2014; Allen et al., 2015), altering forest structure, function and service
(Allen et al., 2010; Anderegg et al., 2013; Kurz et al., 2008; Phillips
et al., 2009). These threats reinvigorated interest in understanding
physiological mechanisms underlying tree responses to drought
(Hartmann et al., 2015; McDowell et al., 2013; McDowell and Sevanto,
2010). Nonstructural carbohydrates (NSCs) are distributed from leaves
and stored into different tissues typically in the form of sugars and
starch. NSCs play an important role in tree drought resistance and re-
silience (O’Brien et al., 2014) by acting as a mobilized carbon (C) re-
source to support multiple functions in basic metabolism, defense and
osmotic adjustment (Chapin et al., 1990). NSC storage in trees can

buffer the imbalance between photosynthetic supply and metabolic
demand on various timescales from minutes to decades, allowing trees
to survive under ominous conditions like drought in the future (Furze
et al., 2019). Thus, better knowledge of tree NSC dynamics is important
to accurately predict trees' performance and survival under drought
(Dietze et al., 2014; Hartmann et al., 2018).

NSC responses to drought largely vary depending on the balance of
C assimilation, C storage mobilization, and C demands (Hoch, 2015;
McDowell et al., 2011a). NSC concentrations were indicated to increase
under mild water stress due to the faster decline of growth than pho-
tosynthesis, but may decline when suffering extreme drought due to the
prolonged suppression of photosynthesis and the utilization of stored C
for meeting C demands (e.g., respiration, metabolism, and defense;
Hoch, 2015; McDowell et al., 2011a). Hydraulic failure with in-
sufficient NSC availability during drought condition is assumed to cause
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tree death (McDowell et al., 2011a; Sala et al., 2010). However, the role
of carbon starvation in drought-induced tree mortality is still debated as
C depletion is not ubiquitously observed at tree mortality (Adams et al.,
2017). Under drought, the NSC accumulation, specifically soluble su-
gars, can maintain high osmotic pressure to prevent turgor loss during
drought (O’Brien et al., 2014). Evidence from aspen trees in complete
darkness showed that large amounts of sugars were not available for
remobilization, which is probably associated with the observed high
NSC concentrations in trees under extreme drought (Wiley et al., 2019).
These processes are often used to explain the inconsistent responses of
NSC concentrations to drought, from declines (Dickman et al., 2015;
Maguire and Kobe, 2015; Rosas et al., 2013) to no change (Dickman
et al., 2019; McDowell et al., 2019; Rowland et al., 2015) and increases
(Galvez et al., 2011; Gruber et al., 2012; Piper et al., 2017). Further-
more, the discrepancies in NSC behaviors in response to drought can be
attributed to species-specific variations such as rooting depth, drought
resistance ability, and phenological development as well as artificial
results of unnatural experimental conditions (Adams et al., 2017, 2015;
Mitchell et al., 2014; Nardini et al., 2016; O’Brien et al., 2015; Piper,
2011). The drought-induced reduction in NSC was more common for
gymnosperms than angiosperms under tree mortality, since gymnos-
perm trees with higher xylem embolism resistance had relatively
greater NSC (Adams et al., 2017).

Differences in tree life stages have long been ignored when we ex-
trapolated drought responses of NSC in individual trees to forest stand,
despite the fact that large trees have been observed with higher mor-
tality rates under drought (Bennett et al., 2015; McDowell et al., 2018).
This problem arises because field experiments are dominated by those
conducted on seedlings, while experimental manipulation of mature
trees is challenging and only rarely attempted (Adams et al., 2017;
Hartmann et al., 2018). On one hand, the allometric proportions,
photosynthetic capacities, phenological development, and growth rates
differ between seedlings and mature trees (Augspurger and Bartlett,
2003; He et al., 2005; King, 2011; Mencuccini et al., 2005; Thomas and
Winner, 2002), resulting in variation in C storage and allocation
(Hartmann et al., 2018). Previous studies found that seedlings have
higher NSC concentrations but with smaller and more fluctuating NSC
pools compared to mature trees, which might lead to faster depletion of
NSC in seedlings (Baber et al., 2014; Hartmann et al., 2018; Niinemets,
2010). Mature trees are more hydraulically vulnerable with wider
conduits (Olson et al., 2018), and undergo stronger inherent hydraulic
stress because of larger evaporative demand and longer-distances to
transport water (McDowell et al., 2011b; Zhang et al., 2009). On the
other hand, understory seedlings experience lower light irradiation and
higher humidity than mature trees, but have lower stem water reserves
(Oberhuber et al., 2015). Their root networks are limited and almost all
roots occur in shallower soil layers, which may make them suffer more
serious water shortage than mature trees (Cavender-Bares and Bazzaz,
2000; Mueller et al., 2005; Zweifel et al., 2000). These changes in in-
trinsic C storage processes, microclimate, and environmental stresses
across tree life stages cause uncertainty when extrapolating NSC re-
sponses from seedlings to mature trees. Therefore, to link the differ-
ential NSC responses with tree sizes, it is necessary to conduct manip-
ulative experiments or long-term observations to examine drought
effects across tree life stages (Hartmann et al., 2018).

To date, no study has yet examined drought effects on NSC in ma-
ture trees and seedlings in the field at the same time. Here, we carried
out a field throughfall exclusion experiment (TFE) in a natural sub-
tropical evergreen forest to explore the drought impacts on whole-tree
NSC dynamics as well as the differences of NSC responses in two tree
life stages for four species. Specifically, this study aimed to compare
NSC responses to drought for co-occurring mature trees and understory
seedlings, and examine species variations in NSC responses to drought.
We hypothesized that (i) foliage NSC of seedlings will decline more
than those of mature trees in response to reduced soil water, and (ii)
NSC responses to drought are species-specific in four coexisting

subtropical evergreen broadleaf tree species. We stress that our goal is
not to detect the ontogeny effect on NSC responses to drought, but to
compare the actual responses of mature trees and seedlings growing in
the same stand under the simulated drought treatment, offering the
potential for improving understanding of forest succession and re-
generation in the future.

2. Materials and methods

2.1. Study site

A field study was conducted in Tiantong National Forest Park
(29°48′N, 121°47′E, 200 m a.s.l) located in Zhejiang province, Eastern
China. The area has a typical subtropical monsoon climate with hot,
humid summers and cool, dry winters. Average annual temperature is
16.7 ± 0.8 °C (standard deviation) ranging from 4.9 ± 1.4 °C in
January to 28.4 ± 1.3 °C in July, and mean annual precipitation is
1376.0 ± 224.7 mm, which mainly occurs from June to August
(1962–2012, data from Tiantong weather station). The mean annual
relative humidity is 78 ± 3.7% (Zhou et al., 2017). The soil pH ranges
from 4.4 to 5.1 (Yan et al., 2006). The zonal vegetation type is sub-
tropical evergreen broadleaved forests. The dominant tree species in the
canopy and sub-canopy include Schima superba Gardner and Champ.
Lithocarpus glaber (Thunb.) Nakai., Castanopsis sclerophylla (Lindl.)
Schott. and Symplocos setchuensis Brand.

2.2. Experimental design and sampling

The throughfall exclusion experiment (TFE) was established in July
2013, containing three blocks with three plots in each block (an area of
25 m × 25 m for each plot). Plots within each block are randomly
assigned to one of three treatments, thus each treatment has three re-
plicates. The treatments are (i) TFE plots with transparent concave
polycarbonate (PC) plates and gutters placed at a height of 2 m from the
ground to exclude approximately 70% of the precipitation, (ii) TFE-
control plots that were similar to the drought plots except for the
concave side of gutters facing down, hence they did not exclude rain,
(iii) ambient plots that were left in their natural state (shown in Fig.
S1). Photosynthetically active radiation (PAR) of plots under trans-
parent PC plates was not significantly different from that of the control.
Stand canopy openness is 12.4%, and total amount of sun radiation and
PAR in understory on sunny days is 78.4%, 81.6% lower than that in
the canopy layer, respectively (Xu, 2008).

Mature trees (70–80 years old) and understory seedlings (< 2 m in
height, 3–6 years old) of four dominant species S. superba, L. glaber, C.
sclerophylla and Castanopsis carlesii (Hemsl.) Hayata were chosen at
each plot with two replicated individuals for a total sample size of six
individuals per size class, species, treatment and sampling time. These
four coexisting evergreen broadleaf tree species in the subtropics were
characterized by different hydraulic traits, among which the L. glaber
trees had the highest dehydration tolerance and the maximum xylem
conductance (Kröber et al., 2015; Zhang et al., 2012; Table S1). Seed-
lings of the four species were shade-tolerant, and most of their fine
roots were observed to distribute at the soil depth of 0–20 cm (Zeng
et al., 2008). Stem diameters ranged from 12.6 cm to 43.9 cm in the
sampled mature trees at breast height, and from 0.8 cm to 2.6 cm in the
sampled seedlings at 15 cm height (Table 1). Field sampling was im-
plemented four times over 2015 and 2016. Mature trees of S. superba
and L. glaber were sampled in quarterly intervals from June (June,
August, October in 2015 and January in 2016). All remaining in-
dividuals (trees and seedlings) for all species were collected in quarterly
intervals from August (August, October in 2015 and January in 2016).
For mature trees, a stemwood core to the pith was taken with an in-
crement borer (4.3 mm in diameter) at about 1.3 m above the ground
on the south face of the tree. In our prior study by staining method on
tree cores, the sapwood depths in the target S. superba, L. glaber and C.
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sclerophylla trees were estimated ranging from 3.05 cm to 4.83 cm,
while the sapwood depths in the target C. carlesii trees ranged from
6.20 cm to 8.15 cm. Outer dead bark was removed and wood cores
(cork cambium to pith) were cut into three sub-cores by distance from
the outer wood: 0–3 cm, 3–6 cm and 6 cm-pith stemwood. Through
excavation, coarse roots with the diameter around 1 cm were sampled
by following the main roots to the distance of 40 cm from the stem base.
Fine roots (< 2 mm in diameter) of the sampled individual trees were
collected around the sampled coarse roots. Fully sunlit branchlets to-
gether with leaves were sampled from mature trees using a pole pruner.
To avoid destructive damage on seedlings, only current-yr-old twigs
with leaves were sampled from seedling individuals using a pruning
shear. Branches with leaves as well as root and stemwood samples were
immediately placed in a cooler (0–4 °C) once collected. For each time
sampling, branchlet samples were collected during 12:30–14:00, stem/
root samples were collected on the same day, and they were taken back
to the laboratory within 3 h after sampling.

2.3. Measurement protocols

2.3.1. Microclimate and soil moisture
The microclimate, including air temperature, relative air humidity

(RH%), and daily precipitation near plots were recorded automatically
by the micrometeorological station (CR1000, Campbell Scientific Inc.,
Logan, UT, USA) throughout the study period. Sensors were installed at
the height of 3 m within canopy. Continuous data were summed (pre-
cipitation) or averaged over 30 min intervals. Vapor pressure deficit
(VPD) was calculated from records of air temperature and RH% using
the equation given in Hartmann (2016), with 30-minute data averaged
up to daily means. Volumetric soil water content (VWC%) was recorded
in each plot at depths of 5 cm, 15 cm, 30 cm, 50 cm and 75 cm (n = 3
sensors per soil depth for each plot). VWC% under each treatment was
calculated by averaging the daily means of measurements from the
three replicate plots.

2.3.2. Gas exchange
To enable further interpretation of the carbon balance in trees, we

measured gas exchange of the plants during the sampling campaigns.
Light-saturated photosynthesis (Asat) was measured with a portable
photosynthesis system equipped with a red-blue LED source (LI-
6400XT, LI-COR Inc., Lincoln, NE, USA). Reference [CO2] was matched
to ambient conditions and the flow rate was kept at 500 μmol s−1. The
cuvette temperature was maintained at 20 °C. Asat of understory seed-
lings was measured in situ with a photosynthetic photo flux density
(PFD) of 800 μmol m−2 s−1, while that of mature trees was measured
on leaves of detached branches that were placed in a container of water
to restore water column during measurement with a PFD of
1500 μmol m−2 s−1. Measurements on detached branches of mature
trees were chosen because of the difficulties to reach their canopies, and
it had been found in our preliminary test that Asat measured on cut

twigs were similar to that measured in situ in mature individuals with
easily-reached canopies performed in species of S. superba and C.
sclerophylla (n = 3 trees for each treatment, Table S2). To reduce the
diurnal heterogeneity, Asat measurements were conducted at
9:00–11:30 am on the same day as NSC sample collection in October.

2.3.3. Growth
Before the onset year of the TFE treatment (2012), we marked all

the mature trees in TFE and TFE-control plots, and recorded their DBH
(diameter at breast height, all trees DBH > 10 cm) in December 2014,
2015 and 2016. Relative DBH increment of all mature tree individuals
from the onset of TFE treatment was calculated by [(DBH-DBH2012)/
DBH2012 × 100%] in TFE-control and TFE plots.

2.3.4. Nonstructural carbohydrates
NSC concentrations were measured using a modified phenol-sulfuric

method (Chow and Landhäusser, 2004; Zhang et al., 2014). All samples
were microwaved at 600 W for 90 s to eliminate enzymatic activity
within 4 h after sampling, followed by oven drying for 72 h at 65 °C.
Leaf tissues were ground into powders< 0.2 mm particle size with a
ball mill (multi-sample tissue homogenizer; Jingxin Industrial Devel-
opment Co., Ltd., Shanghai, China). Woody tissues were milled with a
blade mill prior to ball milling. Soluble sugars were extracted by cen-
trifugation from 60 mg of the ground samples with 10 ml of 80% v/v
ethanol for 24 h followed by additional re-extraction with 5 ml of 80%
v/v ethanol. The supernatants obtained by two centrifugations were
combined together and used for the soluble sugar determination. The
ethanol-insoluble residuals were used to extract starch after ethanol
evaporation. The starch of the residuals was released by boiling in
10 ml distilled water for 15 min. After cooling to room temperature, the
starch was digested with α amylase and further hydrolyzed to glucose
by amyloglucosidase. The supernatants were used for determining the
concentration of starch. The concentrations of soluble sugars and starch
were measured with a spectrophotometer (UV-2550, Shimadzu Corp.,
Kyoto, Japan) at a wavelength of 490 nm using phenol–sulfuric method
based on a glucose standard curve (Palacio et al., 2007). A parallel
assay replacing phenol by water was applied to correct the interfering
effects on NSC component determination of each sample. The starch
concentrations were calculated by multiplying a reference concentra-
tion of glucose by the conversion factor of 0.9. Sucrose, fructose and
starch were used as standards, and their recoveries were> 95%. One
inter-lab standard (peach leaves NIST1547) was also applied in the
analyses. The total NSC was calculated as the sum of starch (mg g−1)
and soluble sugar (mg g−1) concentrations on a dry matter basis (mg
g−1 DW).

2.4. Estimating NSC pools at tissues and the whole-tree levels

Biomass of each tissue (leaves, branches, stems and coarse roots)
were estimated using allometric equations (Table S3; Gou et al., 2017;

Table 1
Basic characteristics of the sampled trees in four species in this study.

Tree life stage Species Stem diameter (cm) Tree height (m)

TFE TFE-control Ambient TFE TFE-control Ambient

Mature trees Schima superba 20.4 ± 1.9 16.4 ± 1.4 16.9 ± 1.6 12.3 ± 1.1 11.7 ± 1.3 10.1 ± 1.1
Lithocarpus glaber 15.7 ± 1.1 15.9 ± 0.9 16.2 ± 1.2 12.4 ± 1.4 12.5 ± 0.4 10.8 ± 0.8
Castanopsis carlesii 36.2 ± 3.3 31.5 ± 2.0 36.7 ± 2.3 15.4 ± 0.4 14.7 ± 1.0 14.2 ± 1.6
Castanopsis sclerophylla 19.0 ± 0.4 18.5 ± 3.0 20.1 ± 3.4 11.0 ± 0.5 10.3 ± 1.7 11.6 ± 1.6

Seedlings Schima superba 1.6 ± 0.1 1.4 ± 0.1 1.7 ± 0.2 0.7 ± 0.1 0.6 ± 0.1 0.6 ± 0.1
Lithocarpus glaber 1.0 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1
Castanopsis carlesii 1.6 ± 0.2 1.6 ± 0.1 1.7 ± 0.2 0.7 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
Castanopsis sclerophylla 2.1 ± 0.3 2.0 ± 0.3 1.9 ± 0.2 0.8 ± 0.1 0.9 ± 0.1 0.7 ± 0.1

Mean values ± SEs (n = 6) are shown. Stem diameter was measured at breast height (1.3 m) and 15 cm height for mature trees and seedlings, respectively.
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Guisasola, 2014; Lai et al., 2013; Tang et al., 2017; Yang et al., 2010;
Zuo et al., 2015). Whole-tree biomass was calculated as the sum of the
four tissues. We didn’t include fine roots into whole-tree biomass or
further NSC pool calculations as there was a lack of equations for fine
roots biomass, probably leading to the underestimation of NSC storage
in roots. To correct for the biomass differences among trees, we cal-
culated the proportions of total NSC and its component pool sizes re-
lative to whole tree biomass [(concentration × tissue biomass)/whole-
tree biomass × 100%]. NSC pools in leaves and coarse roots were de-
termined by tissue biomass and measured NSC concentrations. NSC
pools in branches were calculated using the biomass of branch and the
NSC concentrations measured from multi-yr-old branches (no sig-
nificant difference in NSC concentrations of multi-yr-old branches and
one-yr-old twigs was observed in our study, p > 0.05). To calculate
NSC pools in stem, we partitioned the main trunk biomass into three
subdivisions (0–3 cm, 3–6 cm and 6 cm-pith stemwood) by calculating
the ratio of each subdivision relative to the whole stemwood, and de-
termined stem NSC pools by the sum of NSC storage of these three
components. Whole-tree NSC storage was calculated as the sum of NSC
storage in each tissue.

2.5. Statistical analyses

Student’s t-test was used to test the treatment differences for DBH
growth in four species, with plots as replicates. Differences in soil
moisture, Asat among treatments were also evaluated by Tukey’s HSD
with plots as replicates. We performed linear regression analyses to
evaluate the correlations of NSC concentrations with Asat.

Fixed effects of species, treatments, tissues, sampling time and their
interactions on concentrations of NSC and its components in each tree
life stage were tested by the repeated measures linear mixed-effects
models (LME) fit by maximum likelihood using lme function of NLME
package in R v. 3.5.1. Each plot was considered as a random effect, and
mean tree biomass of mature trees or mean stem diameter of seedlings
in each plot ware used as covariates. For mature trees, we also used a
LME model to test those fixed effects on total NSC, sugars, and starch
pools in leaves, branches, stems and coarse roots (Table S4). Data was
transformed to obtain the normality of residuals. Differences in NSC
(and its components) concentrations and pool sizes among the TFE-
control plots, ambient and the TFE plots were tested using Tukey’s HSD.
TFE effects on NSC across sampling periods were defined as the change
in NSC (by tissue) from the TFE treatment relative to the TFE-control
treatment and its difference from zero was tested by t-test. All data
analyses were conducted with the software R v. 3.5.1 (R Core Team,
2018).

3. Results

3.1. Soil volumetric moisture content

During the monsoon period (July to September), air temperature
and vapor pressure deficit (VPD) were relatively high, and the soil
volumetric moisture content (VWC%) fluctuated (Figs. 1, S2). No dif-
ference in VWC% was found between TFE-control plots and ambient
plots, while the VWC% in drought plots was significantly lower than
those in control and ambient plots at soil depths from 5 cm to 75 cm.
Averaged across all depths, VWC% in throughfall exclusion experiment
(TFE) treatment, TFE- control and ambient plots were 14.32 ± 0.19%,
22.12 ± 0.16%, and 22.43 ± 0.82%, respectively. Compared to the
mean VWC% in control plots, that in TFE reduced 37.3 ± 1.2%,
27.5 ± 1.1%, 42.1 ± 0.7%, 34.9 ± 0.6% and 34.2 ± 0.9%, re-
spectively, at depth of 5 cm, 15 cm, 30 cm, 50 cm and 75 cm
(p < 0.001, Fig. 1).

3.2. Photosynthesis and growth

Light-saturated photosynthesis (Asat) differed among species, with
the lowest Asat occurring in C. carlesii (p < 0.001, Fig. 2). TFE did not
change Asat in mature trees, while it did cause a significant decrease of
Asat in seedlings of C. carlesii and C. sclerophylla and a slight decrease in
seedlings of L. glaber (45.6 ± 2.0%, 36.1 ± 2.0%, 20.6 ± 2.1%,
respectively) (Fig. 2b–d).

During the 4-yr TFE treatment, the mature trees of S. superba and C.
carlesii grew faster than those of L. glaber and C. sclerophylla, and the
reduced throughfall showed no significant impact on tree growth in
mature trees of all four species (p > 0.05, Fig. 3).

3.3. Drought effect on NSC storage in mature trees and seedlings

There was no significant difference in concentrations of NSC and its
fractions between TFE-control and ambient plots in mature trees
(p > 0.05; Figs. 4, S3, S4; Table S4). The TFE treatment only showed
significant impacts on NSC and sugar concentrations of 0–3 cm stem-
wood in C. carlesii in January, while no significant change occurred in
other tissues of other three species (Figs. S5, S6).

For seedlings, however, TFE treatment had a significant effect on
NSC and its component concentrations in foliage (Table 2). Total NSC
and soluble sugars of leaves significantly decreased in S. superba in
August and January, and those of 1-yr-old branches also decreased for
all sample dates (Figs. 5a, e, 6a, e). In seedlings of C. carlesii, total NSC
and soluble sugars in foliage only decreased in October under TFE
treatment (Figs. 5c, g, 6c, g). Averaged across all sampling times, TFE
treatment significantly decreased total NSC concentrations in seedling
leaves of S. superba and C. sclerophylla by 18.64 ± 4.29% and
8.48 ± 3.87%, respectively, and in branches by 28.50 ± 1.70% and
9.78 ± 2.05%, respectively (Fig. 7a, e, d, h). The decreased trends
were also observed in the seedlings of C. carlesii, although it was not
statistically significant (Fig. 7c, g). The observed decreases in total NSC
concentrations were mainly from decreases in soluble sugars, as starch
showed no change in seedlings of these species (Fig. 7). However, in
seedlings of L. glaber, soluble sugars and total NSC in leaves increased
slightly and starch in 1-yr-old twigs increased significantly in August
(Fig. 5b, f, 6j, 7b).

4. Discussion

Our throughfall exclusion experiment (TFE) tested the differential
responses of NSC storage to drought in mature trees and understory
seedlings under field conditions. Our results showed that NSC sig-
nificantly decreased in foliage of seedlings of S. superba and C. carlesii
by drought but was maintained in all mature trees under TFE treat-
ments at all tissues (Figs. 4–6), partially supporting the hypothesis that
NSC in seedlings declined more than in mature trees under drought.
Whole-tree NSC storage of mature trees was also stable under drought,
although it exhibited significant variations in tissues and seasons as
temperate species (Furze et al., 2019). Meanwhile, the NSC responses to
drought in seedlings were species-specific, as the NSC decreased trends
shown in foliage of the other three species were not observed in the
seedlings of L. glaber, of which soluble sugars and starch were main-
tained or even slightly increased (Fig. 7). These results indicate the
different fate of carbohydrate reserves in seedlings and mature trees
responding to drought (Hartmann et al., 2018).

4.1. More drought-induced decline in NSC in seedlings than mature trees

Our observation that NSC maintained at tissues and whole-tree le-
vels of mature trees but decreased in seedling foliage of three species,
indicates the higher sensitivity of C storage to drought in understory
seedlings than mature trees (Figs. 4–7; Table 2). These differences
might largely result from the different drought sensitivity of
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Fig. 1. Daily mean volumetric soil water content (VWC, %) recorded at depths of 5 cm, 15 cm, 30 cm, 50 cm and 75 cm from March 2015 to February 2016. Values
under each treatment were calculated by averaging the daily means of measurements from the three replicate plots. Three sensors were applied and averaged per soil
depth for each plot. Shaded areas represent 95% confidence intervals of the daily means.

Fig. 2. Net photosynthesis rate at saturated light intensity (Asat) in mature trees and seedlings of four species measured in throughfall exclusion (TFE), TFE-control
treatments and ambient plots in October 2015. Values are means ± standard errors (n = 3 plots, measurements on two tree individuals within a plot were averaged
for each species × treatment × size combination). The effect of life stage, treatment and their interaction (S × T) for each species were shown (ns, p > 0.05; *,
p < 0.05; **, p < 0.01; ***, p < 0.001). Different lower cases represent significant differences among treatments at α = 0.05.

Fig. 3. Cumulative relative increment of diameter at
breast height (DBH) from the year of 2012 in mature
trees of four species in throughfall exclusion (TFE)
and TFE-control plots. The onset year of TFE (2013)
is marked in arrow. Values are means ± standard
errors (n = 3 plots, all trees DBH > 10 cm for each
species were averaged). Tree DBH relative incre-
ment between treatments were not significantly
different in each year for all species (t test,
p > 0.05).
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Fig. 4. Total nonstructural carbohydrates (NSC) in leaves, branches, stems, coarse roots and whole-tree levels for mature trees of four species in throughfall exclusion
(TFE), TFE-control treatments and ambient plots throughout the June 2015 to January 2016. Values are means ± standard errors (n = 3 plots, measurements on
two tree individuals within a plot were averaged for each species × treatment combination). Total NSC pools among treatments were not significantly different at
tissues or the whole-tree levels for all species and sampling time (Tukey’s HSD, p > 0.05).

Table 2
F-value of repeated measures linear mixed-effects models test for the effect of month, species, tissues and treatment on NSC concentrations and its components
(mg·g−1DW) in mature trees and seedlings of four species. Significant effect is shown in bold. For mature trees, mean tree biomass of each species in each plot was
included as a covariate. For seedlings, mean stem diameter of each species in each plot was included as the covariate.

Fixed factors Mature trees Seedlings

NSC (Sqrt(x)) Sugars (Sqrt(x)) Starch (Log(x + 1)) NSC (Sqrt(x)) Sugars (Sqrt(x)) Starch (x)

Month 8.26*** 10.96*** 11.12*** 182.79*** 153.10*** 66.64***

Species 85.24*** 93.60*** 6.69*** 104.26*** 104.18*** 12.48***

Tissues 183.52*** 205.56*** 103.07*** 100.52*** 108.85*** 7.70**

Treatment 0.01 0.09 0.24 8.63*** 15.41*** 1.01
Month × Species 1.03 2.25* 1.04 7.34*** 7.13 *** 7.03***

Month × Tissue 27.66*** 20.45*** 31.82*** 3.53* 6.43 ** 34.55***

Month × Treatment 0.86 1.62 1.31 3.91** 2.10 3.01*
Species × Tissue 7.09*** 9.19*** 2.18** 0.65 0.92 1.04
Species × Treatment 0.25 0.50 0.96 10.30*** 9.16*** 3.41**

Tissue × Treatment 1.52 0.82 1.92* 2.40 3.04 0.27
Month × Species × Tissue 1.31 1.57* 1.23 1.64 1.77 1.63
Month × Species × Treatment 0.64 0.88 0.35 3.02*** 2.86 1.83
Month × Tissue × Treatment 1.66* 1.33 1.16 0.71 0.32 1.96
Species × Tissue × Treatment 0.78 0.71 1.01 0.88 0.66 0.74
Month × Species × Tissue × Treatment 0.88 0.97 0.92 0.62 0.27 1.33

* p < 0.05.
** p < 0.01.
*** p < 0.001.

P. Zhang, et al. Forest Ecology and Management 469 (2020) 118159

6



photosynthesis in trees of two life stages, as photosynthesis showed
significant decreases in seedlings (especially in C. carlesii and C. scler-
ophylla) but maintained in mature trees under the TFE treatment
(Fig. 2). Our findings were in line with a previous study, where pho-
tosynthesis in seedlings of Quercus rubra decreased more severely than
that in mature trees in a drought year (Cavender-Bares and Bazzaz,
2000). The reduction of newly assimilated C would lead to a fast decline
of foliage carbon reserve due to the relatively small NSC pools

(Niinemets, 2010). For mature trees, however, their stable photo-
synthesis and homeostatic C storage indicate higher stabilities under
drought. These contrasted photosynthetic performances under drought
in two life stages may be resulted from the ontogenetic differences in
drought response strategy like stomatal regulation abilities (Cavender-
Bares and Bazzaz, 2000), but may be also associated with the degree of
drought stress on trees in canopy and understory (Smith et al., 2019).

Further evidence of the consistent lack of precipitation removal

Fig. 5. Concentrations of nonstructural car-
bohydrates (NSC, a–d), soluble sugars (e–h)
and starch (i–l) in leaves of mature trees
(circles) and seedlings (triangles) for four
species under throughfall exclusion (TFE,
black solid circles and red solid triangles),
and TFE-control treatments (open circles and
open triangles) throughout the June 2015 to
January 2016. Values are means ± standard
errors (n = 3 plots, measurements on two
tree individuals within a plot were averaged
for each species × treatment × size combi-
nation). The red asterisk denotes the values of
the seedlings in TFE are significantly different
from those under TFE-control/ambient treat-
ments (Tukey’s HSD, p < 0.05). The values
of ambient plots were not shown as they were
not significantly different from that of TFE-
control treatment (p > 0.05, Table S5).

Fig. 6. Concentrations of nonstructural car-
bohydrates (NSC, a–d), soluble sugars (e–h)
and starch (i–l) in one-yr-old twigs of ma-
ture trees (circles) and seedlings (triangles)
for four species under throughfall exclusion
(TFE, black solid circles and red solid tri-
angles), and TFE-control treatments (open
circles and open triangles) throughout the
June 2015 to January 2016. Values are
means ± standard errors (n = 3 plots,
measurements on two tree individuals
within a plot were averaged for each spe-
cies × treatment × size combination). The
red asterisk denotes the values of the seed-
lings in TFE are significantly different from
those under TFE-control/ambient treat-
ments (Tukey’s HSD, p < 0.05). The values
of ambient plots were not shown as they
were not significantly different from that of
TFE-control treatment (p > 0.05, Table
S5).
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effect on growth rates during the 3-year TFE treatment (Fig. 3) also
suggests that mature trees have good persistence and higher avoidance
of future drought than understory seedlings. This is conflicted with
some recent reports that larger trees were more susceptible to drought
and experienced higher rates of mortality (Bennett et al., 2015; Stovall
et al., 2019). The longer xylem hydraulic path and exposure to more
arid canopy environments in large trees might contribute to their vul-
nerabilities to drought compared to those in small trees (Olson et al.,
2018; Rowland et al., 2015). However, the other evidences have also
shown that larger trees are more resilient to drought (Giardina et al.,
2018; Smith et al., 2019). We speculated that the homeostatic tree
physiology in mature trees cannot be explained by the drought accli-
mation because drought did not affect tree growth rates since the TFE
initiation (Fig. 3). In contrast, the increasing uptake of deeper soil water
due to extensive root systems in mature trees can make them have
greater water storage capacity, contributing to their stronger avoidance
of drought stress (McDowell et al., 2019; Yang et al., 2015). Indeed, the
use of deep soil water can help trees cope with short-time or mild
drought, although the larger trees are thought less tolerant of water
stress (Brum et al., 2019). This is supported by the evidence that un-
derstory seedlings exhibited higher sensitivity in radial growth, water
potential, and leaf area to environmental stresses than mature trees
(Cavender-Bares and Bazzaz, 2000; Oberhuber et al., 2015; Smith et al.,
2019). It is worthy to note that this difference in tree life stages may be
confounded with the environmental factors (e.g., light, temperature, air
humidity). However, we did not try to disentangle the environmental
effects from tree size one because it would be more representative in the
responses of mature trees and understory seedlings to natural drought,
offering potential to improve the understanding of forest succession
under drought in the future.

4.2. Variable sugar but maintained starch in understory seedlings under
drought

The two primary components of the measured NSC, soluble sugars
and starch, have different physiological functions. Soluble sugars
comprise a short-term C pool for ephemeral demands, while starch
often functions as a storage compound for future needs (Dietze et al.
2014; Martínez-Vilalta et al., 2016). Previous studies have found that
soluble sugars tended to maintain or even increase at the expense of

starch depletion in potted seedlings under drought (Maguire and Kobe,
2015; Mitchell et al., 2013; Rodríguez-Calcerrada et al., 2017). These
results are generally assumed to be associated with the function of so-
luble sugars in osmotic regulation and turgor maintenance (Martínez-
Vilalta et al., 2016; O’Brien et al., 2014). However, we found drought
reduced concentrations of soluble sugars but did not change starch
concentrations in the understory seedlings (Figs. 5–7). This was con-
sistent with some studies on seedlings under drying-watering cycles
(Duan et al., 2014; Hartmann et al., 2013; O’Brien et al., 2015) and with
those exposed to a combination of drought and shading (Maguire and
Kobe, 2015; Piper and Fajardo, 2016). This discrepancy in responses of
NSC components to drought suggests the greater complexity in phy-
siological responses to drought in understory seedlings of natural for-
ests compared to that on potted seedlings.

The variable sugar concentrations but unchanged starch con-
centrations in seedling foliage induced by drought may be associated
with the survival strategies under the understory environment with low
light irradiation, relative higher humidity, diverse disturbance, and
high competition (Kobe, 1997). On one hand, the low-light understories
may reduce aboveground sink strength of understory seedlings and
increase C investment to below‐ground growth/metabolisms to gain
more water/nutrient resources when the upper soil layer becomes dry
(Markesteijn and Poorter, 2009). Thus, lower soluble sugars were often
found under the reduced metabolic demands in foliage induced by mild
drought. On the other hand, the maintenance of starch at a certain level
would contribute to the rapid recovery after short disturbance in the
field understory environment (such as variable water availability, stem
damage, herbivory and pathogens infection), as starch always acts as a
carbon reservoir for the future use and may support tissue regrowth
(Martínez-Vilalta et al., 2016; Trugman et al., 2018). Under extreme
drought, however, starch can be depleted, while soluble sugar might be
maintained above a critical threshold for the function in osmotic reg-
ulation (Martínez-Vilalta et al., 2016; Wiley et al., 2019). Therefore,
further studies on the variations in NSC components with drought se-
verity are needed to understand C utilization strategies of understory
seedlings in response to drought. Moreover, to protect the seedlings at
the site, our sampling was limited to the seedling foliage. We did not
detect the belowground NSC dynamics of seedlings, which plays a cri-
tical role in tree survival under drought (Hagedorn et al. 2016). More
studies on belowground NSC storage of field forests are critical to better

Fig. 7. Drought effect [(TFE-TFEcontrol)/
TFEcontrol] on NSC and its components in
mature trees and seedlings. Values are
means ± standard errors across four sam-
pling times (June, August, October of 2015
and January of 2016). The horizontal dotted
line was drawn at the Drought effect = 0.
Asterisks represent the significant differ-
ences between drought effect and zero (*,
p < 0.05; **, p < 0.01).

P. Zhang, et al. Forest Ecology and Management 469 (2020) 118159

8



probe the mechanisms of trees C allocation under adverse environment.

4.3. NSC responses to drought are species-specific in understory seedlings

Both soluble sugar and starch concentrations showed slight in-
creases for the seedlings of L. glaber as opposed to the other three
species, indicating species-specific NSC responses to drought (Fig. 7).
These species-specific NSC responses are in line with other studies,
where drought-induced changes in NSC changed in trees with different
drought response strategies (Lloret et al., 2018; Mitchell et al., 2014;
Piper, 2011). Specifically, NSC decreased in the relatively more
drought-susceptible species but increased in the more drought-resistant
species (Piper, 2011). Trees with higher embolism resistance are less
likely to deplete NSC storage at drought-induced mortality (Adams
et al., 2017). Among the four species, L. glaber has the highest dehy-
dration tolerance and the maximum xylem conductance (Kröber et al.,
2015; Zhang et al., 2012), suggesting that the uniqueness of L. glaber
may be due to high hydraulic resistance. Thus, the understanding of
tree NSC responses to drought should be always coupled with the hy-
draulic traits in trees (McDowell et al., 2011a). Indeed, the variable
NSC responses as well as the different drought resistance in coexisting
seedlings suggest functional diversity in forests that would enhance
forest resilience to drought (De la Riva et al., 2017), and have great
implications for forest succession and vegetation dynamics under future
extreme climatic change.

4.4. Implications for the future experiments and modeling

Despite the importance of NSCs to tree metabolism and survival
under drought, we have a limited understanding of how NSC regulation
varies from seedlings to mature trees (Hartmann et al., 2018). Our TFE
study, for the first time to best of our knowledge, provides evidence of
different drought sensitivity of NSC storage in tree life stages. Although
our study highlights the differential NSC responses from seedlings to
mature forests, more studies are necessary. First, complete carbon
budgets of field-grown small and large trees are needed to understand
carbon allocation as they vary with tree life stages. Our results are in-
dicative of different behavior in NSC concentrations in relation to
drought in two life stages. Through complete carbon budgets including
photosynthesis, tissue growth, respiration and C storage we can better
assess the mechanisms leading to these patterns. Meanwhile, in-
corporating carbon budgets and other physiological indicators (e.g.,
hydraulics and morphology, root depth) into future studies may provide
insights into the key mechanisms driving trees' survival, competition,
forest composition and regeneration. Second, the responses of soluble
sugars to drought in understory seedlings were inconsistent with potted
seedlings in other studies. Most of current controlled experiments on
potted seedlings only focused on single-factor and short-time effects,
providing the potential to easily understand the physiological me-
chanisms. However, the physiology for field-growing seedlings may be
different to adapt to inconstant environment and kinds of understory
disturbance. Thus further studies on seedlings with multi-disturbance
should be conducted to better understand natural forest responses to
future extreme drought. Third, seedlings are often regarded as small
trees and their physiological mechanisms are used for simulating C
allocation in mature trees. However, the observed stage-dependent
differences in NSC storage sensitivities and drought-resistance suggest
the extrapolation from seedlings to mature trees are questionable.
Linking continuous assessments of carbon fluxes and pools on seedlings
with the discrete observation on mature trees and flux measurements at
ecosystem scale is a realistic way to provide better representations of C
allocation and storage in vegetation models (Hartmann et al., 2018).
Therefore, the stage-related differences and interactions are required to
be considered in future vegetation models to forecast the forest dy-
namics under climate change.

5. Conclusions

Our TFE study indicates intrinsic variations in drought sensitivities
of carbohydrates storage to drought between mature trees and un-
derstory seedlings, providing insights to the stage-dependent C storage
traits. Seedlings are more likely to suffer from the changes in NSC and
soluble sugars under drought while mature trees tend to maintain NSC,
suggesting different trade-offs between C accumulation and consump-
tion in two life stages under drought. It deserves further study to ex-
amine how ontogenetic and environmental differences may affect NSC
regulation in drought-induced mortality of trees in relation to different
life stages on both canopy dominant and understory trees. Therefore,
the characteristic of carbon allocation and storage in tree life stages
under drought would be incorporated into vegetation models to gain
the key constraints of upscaling and better predict vegetation dynamics
in natural forests.
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