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Abstract

Carbon starvation as a mechanism of tree mortality is poorly understood. We exposed seedlings of aspen (Populus 
tremuloides) to complete darkness at 20 or 28 °C to identify minimum non-structural carbohydrate (NSC) concentra-
tions at which trees die and to see if these levels vary between organs or with environmental conditions. We also first 
grew seedlings under different shade levels to determine if size affects survival time under darkness due to changes 
in initial NSC concentration and pool size and/or respiration rates. Darkness treatments caused a gradual dieback 
of tissues. Even after half the stem had died, substantial starch reserves were still present in the roots (1.3–3% dry 
weight), indicating limitations to carbohydrate remobilization and/or transport during starvation in the absence of 
water stress. Survival time decreased with increased temperature and with increasing initial shade level, which was 
associated with smaller biomass, higher respiration rates, and initially smaller NSC pool size. Dead tissues generally 
contained no starch, but sugar concentrations were substantially above zero and differed between organs (~2% in 
stems up to ~7.5% in leaves) and, at times, between temperature treatments and initial, pre-darkness shade treat-
ments. Minimum root NSC concentrations were difficult to determine because dead roots quickly began to decom-
pose, but we identify 5–6% sugar as a potential threshold for living roots. This variability may complicate efforts to 
identify critical NSC thresholds below which trees starve.
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Introduction

Mechanisms of tree mortality remain poorly understood, 
hindering our ability to predict forest die-off  events (Allen 
et al., 2010) and to understand how different stressors affect 
trees and why some individuals or species are able to cope 
and survive and others are not. Carbon starvation – the pro-
cess by which a tree dies as the result of insufficient carbon 
to support the metabolism, defense, and other basic mainte-
nance and repairs necessary for sustaining life – is potentially 

involved in tree death resulting from many factors includ-
ing drought, defoliation, and decline-diseases (Bamber and 
Humphreys, 1965; McDowell et al., 2008, 2011; Oliva et al., 
2014). However, while starvation is theoretically possible, it 
remains unclear how often it actually occurs (McDowell and 
Sevanto, 2010; Sala et al., 2010, Hartmann, 2015).

Non-structural carbohydrates (NSCs) are frequently meas-
ured to test whether carbon starvation is occurring or was 
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responsible for tree death (e.g. Bamber and Humphreys, 
1965; Adams et al., 2013; Hartmann et al., 2013a). In trees, 
NSCs often make up the vast majority of the carbon storage 
pool (Hoch et al., 2003) – carbon that can be remobilized for 
use in metabolism – and are used as indicators of a plant’s 
carbon balance (Körner, 2003, Hoch, 2015). During starva-
tion, NSC levels decline (Hartmann et  al., 2013b; Sevanto 
et al., 2014), but it is unclear at what NSC levels tissues die of 
starvation. Death from starvation may occur before NSC is 
completely depleted because sugars perform roles other than 
storage (McDowell and Sevanto, 2010; Galvez et  al., 2013; 
Hoch, 2015) or because substantial amounts of NSC may 
not be accessible (‘sequestered’ sensu Millard et al., 2007). It 
is also unknown whether minimum NSC levels vary between 
organs or with environmental conditions. The ratio of liv-
ing to dead cells, the amount of sugars fulfilling non-storage 
roles, or the amount of inaccessible reserves could all affect 
the amount of NSC that can be remobilized. As these factors 
could all vary with tissue type and potentially with growing 
conditions or plant size, NSC concentrations indicative of 
starvation could also vary. We therefore need to understand 
how variable minimum NSC levels can be (and why) in order 
to use tissue NSC concentrations as indicators of starvation.

Another aspect of starvation that is unknown is whether 
NSC depletion and starvation occur simultaneously and uni-
formly throughout the plant, killing the whole plant at once, 
or whether the remobilization and redistribution of reserves 
are somewhat compartmentalized (Wiley et al., 2016), lead-
ing to localized depletion and tissue death. Sala et al. (2010) 
pointed out that trees could starve during drought before 
depleting whole-plant reserves because inhibited carbon 
transport could lead to localized reserve depletion (such 
as in the roots), which could kill the tree. Inhibited carbon 
transport under drought may arise due to insufficient tur-
gor pressure in the phloem (Sala et al., 2010; Sevanto et al., 
2014); however, even in the absence of water stress, the rates 
of carbon remobilization and transport may not be sufficient 
to meet the demands of some tissues, particularly if  reserves 
are located at a distance (e.g. in another organ). If  tissues 
do not starve at the same time, this could indicate that there 
are limiting constraints on the remobilization and distribu-
tion of stored NSC under ‘pure’ carbon stress. Such a result 
would also suggest that NSC reserves throughout a tree are 
not equally available for use by any part of the plant (Wiley 
et al., 2016).

Because NSCs provide a supply of carbon when current 
photosynthesis cannot meet a plant’s needs, the amount of 
NSC storage– relative to demands (e.g. respiration) – should 
also be indicative of a tree’s ability to survive severe car-
bon stress prior to reaching a potential NSC minimum. It is 
unclear, though, whether the relative (i.e. tissue concentra-
tion) or absolute size (i.e. NSC mass or ‘pool size’) of the 
storage pool is a better general measure of storage and plant 
carbon balance, and therefore which is more indicative of 
survival potential (Canham et al., 1999; Ryan, 2011; Hoch, 
2015). Both measures have been found to correlate with sur-
vival under deep shade or following defoliation (Webb, 1981; 
Canham et  al., 1999, Gleason and Ares, 2004; Myers and 

Kitajima, 2007; Poorter and Kitajima, 2007), but because 
NSC concentration and pool size are often correlated, it is 
not clear which is a better predictor of survival under carbon 
limitation. This distinction is important because if  a larger 
NSC pool per se can improve the chance of survival, then 
bigger trees could have higher survival potential than smaller 
trees under carbon stress, even if  they have similar NSC con-
centrations. On the other hand, differences in NSC storage 
may be irrelevant for survival potential if  differences in size 
cause large differences in respiration rates.

In this study, we exposed aspen seedlings to complete 
darkness at two temperatures to improve our ability to rec-
ognize death caused by carbon stress. Specifically, we sought 
to determine (1) at what NSC concentrations organs starve 
to death, and (2) whether tissues are all maintained until all 
reserves are depleted – suggesting equal access among tissues 
to NSC pools – or whether tissue survival is variable within 
the plant and decoupled from the whole-plant NSC pool. 
In addition, we grew seedlings under different shade levels 
before exposing them to darkness to manipulate initial NSC 
concentrations and pool size in our seedlings; by doing so, 
we aimed to test (3) whether initial NSC concentrations, ini-
tial NSC pool size, or respiration rates (i.e. carbon demand) 
are better predictors of survival under severe carbon stress. 
We hypothesized that seedlings would starve before NSC was 
depleted, that organs would vary in NSC concentrations at 
death, and that these minimum concentrations would depend 
on environmental conditions such as temperature. Finally, we 
predicted that higher NSC concentrations rather than larger 
NSC pool size or lower respiration rates would be associated 
with longer survival time.

Materials and methods

Plant material
In May 2014, aspen seedlings (Populus tremuloides Michx.) were 
grown from seed collected from an open-pollinated source in the 
boreal mixed-wood forest of central Alberta (AB), Canada. After 
germination, seedlings were initially kept in a growth chamber at 
20 °C at the University of Alberta, well-watered, and fertilized with 
1  g l–1 10-52-10 NPK (Agrium Advanced Technologies, Calgary, 
AB) at 2 and 3 weeks after germination, and then with 2 g l–1 15-30-
15 NPK with micronutrients (Agrium Advanced Technologies, 
Calgary, AB) weekly thereafter. At 6 weeks after germination, seed-
lings were moved to a greenhouse, transplanted into 1.2-l pots filled 
with a mineral topsoil (silty-loam texture) collected from the Crop 
Diversification Center in Edmonton, AB, allowing for easy and 
complete extraction of root systems. Seedlings were acclimated for 1 
week before being moved outdoors.

Prior to total darkness treatments, seedlings were grown under dif-
ferent levels of light availability to manipulate initial NSC concentra-
tion and pool size. On July 8, 351 seedlings were moved outside into 
shade shelters representing a light- (n=113), medium- (n=115), and 
dark-shade treatment (n=111) for 2 months. Each shelter consisted 
of a 3.0 × 1.85 × 1.50-m plywood frame covered with shade cloth 
(black polyethylene fabric; Shade Rite, Green-Tek Inc., Janesville, 
WI, USA) set inside a ‘growth box’. Light levels at mid-day averaged 
43%, 7.6%, and 2.6% of full light for the light-, medium-, and dark-
shade treatments, respectively. Seedlings remained well-watered 
and were fertilized every other week with 2g l–1 15-30-15 NPK until 
early August when fertilization was ended to encourage budset. On 
September 7, after seedlings had set bud but still had green leaves, 
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seedling height was measured. Subsets of seedlings were then har-
vested (n=8–9 per shade level) to characterize initial seedling NSC 
and size at the onset of the darkness treatments.

Darkness treatments
To subject seedlings to severe carbon stress, seedlings were moved 
on September 9 into one of two growth chambers kept in 24-h dark-
ness: one at 20 °C and one at 28 °C. Throughout the study, seed-
lings were well-watered and monitored for the timing of leaf death, 
first stem death (i.e. the first sign of any partial stem necrosis), and 
subsequent stem death. After a seedling’s leaves had died, they were 
removed to prevent mold.

For each initial shade (light, medium, and dark) × temperature in 
darkness (20 ° and 28 °C) combination, seedlings were pre-assigned 
to be harvested when they reached the following stages in the dark-
ness treatment (determined from observations of a pilot study): 
(1) leaf area half  dead (LHD); (2) leaves all dead (LAD); (3) stem 
half  dead, i.e. outer phloem necrotic (i.e. turned black) (SHD); (4) 
stem all dead (SAD); (5) 3 or 5 d after SAD (28 and 20 °C treat-
ment, respectively); (6) 6 or 10 d after SAD; and (7) 9 or 15 d after 
SAD. Seedlings at 28 °C were harvested earlier at 3, 6, and 9 d after 
SAD as opposed to 5, 10, and 15 d at 20 °C because we expected 
mortality to proceed more quickly at the warmer temperature. An 
eighth group of seedlings from each shade treatment in the 20 °C 
chamber was also harvested at the same time that seedlings in the 
28 °C chamber reached SHD in order to provide a NSC comparison 
between temperature treatments at a similar length of time in dark-
ness (as opposed to at a similar stage). To ensure equal size distribu-
tion across harvest stages, all trees from each shade×temperature 
in darkness treatment were ordered by height and divided into five 
groups based on size. Within each size group, one tree was randomly 
assigned to each of the seven or eight harvests, resulting in about five 
seedlings per harvest per shade×temperature in darkness treatment.

To determine if  trees were capable of recovery at different stages of 
starvation, an additional five trees per shade×temperature in dark-
ness treatment were moved into a lighted growth chamber (20 °C) at 
the SHD and SAD stages. Doing so allowed us to define death func-
tionally [i.e. when seedlings were no longer able to recover (resprout), 
even though cells may still be living; Anderegg et al., 2012]. For the 
20 °C darkness treatment, additional trees were moved into the light 
on November 20 and January 20 when stems ranged from less than 
half  dead to more than half  dead.

Plant harvests and respiration measurements
At harvest, leaves were removed (if  applicable) and, for the initial 
harvest, leaf area was measured with a LI-3000 leaf area meter 
(LI-COR, Inc., Lincoln, NE, USA). Soil was carefully washed off  
the roots, which were then patted dry with paper towels and allowed 
to air dry for ~5 min. Root volume was determined using gravimetric 
volume displacement by submerging the root system in a beaker of 
water on a digital scale (1 g = 1 cm3 volume).

At harvest, we also measured root and stem respiration rates as 
these could be important determinants of survival time under car-
bon stress. Respiration was measured using a LI-6400XT with the 
6400-22L opaque conifer chamber (LI-COR, Inc., Lincoln, NE, 
USA). CO2 was set at 400 ppm, and the chamber temperature was 
set to the treatment temperature (20 ° or 28 °C) except for the ini-
tial harvest (half  measured at 20 ° and half  at 28 °C). Whole root 
systems were patted dry, allowed to air dry for up to10  min, and 
then inserted into the chamber. For stems, the entire stem was placed 
in the chamber for short seedlings (most dark-shade and shortest 
medium-shade seedlings). For taller seedlings, the chamber was 
clamped down on a 7.5-cm segment of the lower stem, which was 
later removed and weighed separately. For roots and stems, respira-
tion was measured for 3 min after it had plateaued. All tissues were 
oven-dried at 100 °C for 1 h, dried at 70 °C for 1 week, and then 
weighed. Respiration is presented on a dry-weight basis from initial 

harvests through to the SHD and SAD stages for stems and roots, 
respectively.

On a subset of roots, we also used a redox indicator to verify our 
assumption that coarse white roots – as opposed to those that had 
turned brown/black – were still alive. We submerged slices of white-
root segments in solutions of 0.5% tetrazolium (K & K Laboratories, 
Inc, Plainview, NY, USA), which is used in seed viability tests and 
turns red in the presence of respiration. In most cases, white roots 
stained pink around the outer edge of the phloem or showed pockets 
of pink staining throughout the phloem.

NSC sampling and analysis
NSC analysis was generally restricted to seedlings sampled at the 
initial harvest through to the SAD (stem all dead) stage, as seedlings 
were effectively dead by this point (see Results). Live leaf-tissue NSC 
was analysed at the initial harvest (pre-darkness treatment), while 
dead leaf-tissue NSC was analysed at the LHD and LAD harvest 
stages (i.e. leaf area half  dead and leaf area all dead) and at the 
post-LAD stage from leaves removed in the growth chamber from a 
subset of seedlings. Stems and root tissue were analysed separately 
unless there was insufficient tissue present (<0.08 g); in these cases 
(i.e. for most dark-shade and some medium-shade trees), roots and 
stems were combined. For some dark-shade seedlings, there was 
still not enough tissue even after roots and stem were combined; in 
these cases, if  possible, the two smallest seedlings from a given har-
vest stage (e.g. stem half  dead) were combined to make one sample, 
reducing the sample size from 5 to 4.

In addition to the samples above, root NSC levels of light-shade 
seedlings were further explored at the SAD stage and beyond. A sub-
sample of white-root tissue (presumed to be living) was processed 
separately from the remainder of the root system. This was done 
to ensure that we had a measure of root NSC that did not include 
partially decayed tissue, because as starvation progressed much of 
the root system began to die and decay (see Results).

Soluble sugar and starch content of all plant tissues were deter-
mined following the method of Chow and Landhäusser (2004). 
Dried samples were ground to 40 mesh with a Wiley Mill. Sugars 
were then extracted in 80% ethanol, and their content was deter-
mined spectrophotometrically via a phenol–sulfuric acid assay. 
After extraction, starch in the remaining pellet was digested with 
α-amylase and amyloglucosidase (Sigma-Aldrich, St. Louis, MO), 
and the resulting glucose content was determined spectrophoto-
metrically using glucose oxidase/peroxidase-o-dianisidine solution 
(Chow and Landhäusser, 2004) and converted to starch equiva-
lent. Sugar and starch concentrations were calculated as percent of 
sample dry weight. NSC concentrations are the sum of starch and 
soluble sugars. Where root and stem NSC were analysed separately, 
plant (i.e. stem and root) NSC concentrations were calculated as the 
dry-weight weighted average of stem and root NSC concentrations, 
making them comparable to NSC concentrations of small seedlings 
where roots and stems were analysed together. Finally, plant NSC 
pool size (i.e. NSC mass) was calculated as the sum of stem and root 
NSC concentration multiplied by stem and root mass, respectively.

Data analysis
Initial shade treatment effects on seedling characteristics were ana-
lysed by univariate ANOVA in SPSS Statistics 23 (IBM Corp). 
When unequal variance was detected by visual examination of 
residuals, data were either ln-transformed or analysed by Welch’s 
ANOVA. Significant differences between shade levels were tested 
using either Tukey’s HSD test or Welch’s test with Games–Howell 
post hoc comparisons.

Respiration rates, plant NSC concentrations, root weight, and 
root volume/mass during the darkness treatments were analysed 
as three-way ANOVAs with initial shade treatment, temperature in 
darkness treatment, and stage at harvest (e.g. SHD) as main effects. 
Data were ln-transformed when unequal variance was detected. 
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Significant main effects were further explored with Tukey’s HSD 
tests. Significant (P<0.05) and marginally significant (P<0.10) inter-
actions were further explored with ‘slice tests’ (i.e. linear contrasts 
testing one main effect at each level of the other main effect).

Stem and root NSC concentrations during starvation were ana-
lysed as described above, but only with medium- and light-shade 
seedlings. In addition, because so many medium seedlings at SAD 
did not have enough tissue to analyse stem and roots separately, 
seedlings at 3 or 5 d after SAD were included with SAD medium-
shade seedlings to increase sample size.

To determine the effects of temperature during darkness and initial 
shade treatments on survival time, we compared the number of days 
for plants to reach the following stages: (1) leaf area all dead (LAD); 
(2) first stem death; (3) stem half  dead (SHD); and (4) stem all dead 
(SAD). Due to violations of normality and the presence of outliers, 
these data were analysed as permutation-based ANOVAs using the 
‘aovp’ function of the lmPerm package in R (R Core Development 
Team, 2013)  with shade, temperature, and shade×temperature as 
effects. Significant differences between shade treatments (across tem-
peratures) were determined using Tukey’s HSD tests.

Finally, to better understand the underlying causes of  different 
survival times, we tested if  differences in survival time within ini-
tial shade treatments were related to NSC mass, concentration, or 
respiration rates. This could not be done directly as we did not 
measure survival times and early NSC and respiration rates on the 
same seedlings. Instead, we used different aspects of  plant size as 
proxies for NSC concentration, NSC mass, and respiration rates 
during the early stages of  starvation and then related those to 
survival time. To do this, we first calculated Pearson’s correlation 
coefficients between plant size variables [height, stem mass, root 
mass, root specific volume (i.e. root volume/mass), and specific 
stem length (SSL, stem height/mass)] and NSC concentrations, 
NSC mass, and respiration rates for seedlings harvested during 
leaf  death (i.e. early stages of  carbon stress). We then calculated 
correlation coefficients between these plant size variables and sur-
vival time (i.e. days until SAD) for seedlings harvested at SAD or 
beyond to determine whether variables correlated with initial NSC 
concentration, NSC mass, or respiration rates were better predic-
tors of  survival time. Analyses were performed in JMP 12 (SAS, 
Inc.) unless stated otherwise.

Results

Initial seedling characteristics prior to darkness 
treatment

The initial shade treatments applied before darkness treat-
ments reduced growth and NSC pool size as expected 
(Supplementary Tables S1, S2 at JXB online) but, unexpect-
edly, did not affect NSC concentrations (Table S2). At the 
onset of darkness treatment, light-shade seedlings had 5–16 
times the NSC mass (stem + root NSC) of medium- and 
dark-shade seedlings. The decreasing NSC pool size with 
increasing shade was due to a decrease in total biomass and 
not to a decrease in the root:stem mass ratio, which actually 
increased with decreasing shade level (Supplementary Table 
S1). In contrast to pool size, NSC concentrations of stems, 
roots, and the whole plant (stem+roots) were unaffected by 
shade, although there was substantial variation within treat-
ments (Supplementary Table S2). Leaf NSC concentrations 
displayed only subtle variation with shade treatment; light-
shade seedlings had the highest levels, but only marginally 
higher than medium-shade seedlings, which had the lowest 
(Supplementary Table S2).

Tissue death and recovery during darkness treatment

Under darkness treatments, tissues did not die at the same 
time. Leaves generally died quickly (on average, after 9 and 
18 d for 28 and 20 °C, respectively), before any stem death 
occurred (Fig.  1a). Stem death was gradual, starting at the 
terminal bud and preceding slowly to the base of the stem 
(Fig. 1d–h). Although harder to monitor, root systems also 
died back progressively. At later harvests, portions of the root 
system had turned black and were decomposing or had disin-
tegrated, with finer roots appearing to die first (Fig 2). These 
observations were supported by significant declines in root 
mass and root specific volume between leaf death and when 
all the stem had died (SAD; Supplementary Figs S1, S2).

Although tissue death proceeded similarly in all seedlings, 
temperature and initial shade treatments affected the time it 
took for seedlings to reach the different stages of dieback. 
Leaf death (LAD) occurred earlier at 28 than at 20 °C (9 ver-
sus 18 d; Supplementary Table S3), as did first stem death (16 
versus 50 d; Table S3). The higher temperature also decreased 
the time until half  (SHD) and all the stem (SAD) was dead 
by ~65–70% (Fig.  3, Supplementary Table S3). Time until 
SHD and SAD also decreased with increasing initial shade 
level, despite initially similar NSC concentrations (Fig.  3, 
Supplementary Table S3). Light-shade seedlings on average 
took 63 and 174 d to reach SAD at 28 and 20  °C, respec-
tively, compared to only 39 and 105 d for dark-shade seed-
lings. Interestingly, there was large variation in survival times 
among seedlings within each shade treatment, leading to sub-
stantial overlap between shade treatments as well as between 
starvation stages (e.g. SHD versus SAD).

When seedlings were moved back into the light, recovery 
was possible through to the SHD stage (Supplementary Table 
S4). Survival was nearly 100% for seedlings with less than half  
the stem dead. At SHD, survival was still possible (27% sur-
vival at 28 °C, 40% at 20 °C across all initial shade treatments) 
but was particularly low for dark-shade seedlings, of which 
only 1 of 10 from both temperature treatments recovered. At 
SAD, no seedling recovered regardless of shade treatment; 
we therefore considered seedlings to be functionally dead at 
this point.

NSC dynamics and respiration during darkness 
treatment prior to death

During darkness treatments, plant (stem+roots) total NSC 
concentration declined, but neither temperature nor prior 
shade treatment had an effect on plant NSC levels at any 
given stage. Plant starch levels also declined during starva-
tion; however, in contrast to total NSC, there was a significant 
shade effect at SHD, with light-shade seedlings having lower 
plant starch concentrations than dark- and medium-shade 
seedlings (0.5% versus 1.4%; stage×shade effect: F4,104=1.97, 
P=0.10; Fig. 4a).

Organ-specific NSC patterns indicate that a substantial 
amount of tissue death occurred before starch reserves were 
depleted. Stem NSC and starch concentrations declined over 
time, and when half  the stem had died there was very little to 
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Fig. 1.  Above-ground tissue during starvation. (a) All leaf area is brown and dead. (b) All leaf area is dead, but some tissue is green but crisp. (c) 
Resprouting in the dark shortly after leaves have died. (d–h) Progression of stem dieback starting at the tip and proceeding downward to the base. Lines 
indicate the extent of necrosis. Note: green axillary buds are black-tipped (indicated by an arrow) and the root system in (h), after most of stem has died, 
appears to be still alive (i.e. not black). 

Fig. 2.  Roots of light-shade seedlings during starvation. (a) A healthy root system at the onset of starvation. (b–d) Root systems at the stem half dead 
stage (SHD). At this point there appears to be some fine-root death and loss and, in some cases, a small amount of coarse-root death. (e–h) Root systems 
at the stem all dead stage (SAD). The root condition is variable, but many have a substantial amount of dead major roots and dead or missing fine roots. (i) 
A cross-section of a white root from (h) was dyed by tetrazolium, thus indicating that this tissue was living. 
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no starch left above ground (at SHD, Fig. 4b). However, at 
this point root starch still averaged 1.3% for light-shade and 
3.0% for medium-shade seedlings (Fig. 4c). Furthermore, at 
earlier stages of dieback, seedlings with stem dieback between 
2.4–26% of stem length still had starch levels ranging from 
0.4–1.6% in stems and 4.5–6.5% in roots (n=3 each for light- 
and medium-shade seedlings at 20 °C, harvested when 28 °C 
seedlings reached SHD; data not shown).

Stem and root respiration also declined over time during 
the darkness treatments (Fig. 5a, d; stage effects: F2,95=67.6, 
P<0.001 and F3,127=24.7, P<0.001 for stem and roots, respec-
tively). The temperature of the darkness treatment, however, 
did not have a consistent effect on respiration, with only 
stem respiration showing a sustained increase under the 
higher temperature. Mass-specific stem respiration was 41% 
higher at 28 °C across all stages (Fig. 5b; temperature effect: 
F1,95=7.78, P<0.01). In contrast, mass-specific root respira-
tion – although initially tending to be higher at 28 °C – was 
actually higher at 20 °C during leaf death, leading to a lack of 
a consistent temperature effect overall (Fig. 5d; temperature 
effect: F1,127=1.05, P=0.31).

Respiration during the darkness treatments also increased 
with increasing prior shade level. For stems, medium-shade 
seedlings respired at half  and light-shade seedlings respired 
at one-third the rate of dark-shade seedlings across all stages 

(Fig.  5a; shade effect: F2,95=35.21, P<0.001). Light-shade 
seedlings also generally had significantly lower root respira-
tion rates than dark- and medium-shade seedlings (Fig. 5c; 
shade effect: F2,127=11.70, P<0.001).

NSC concentrations at tissue death

Leaves died with variable, but surprisingly high sugar concen-
trations. Dead leaf NSC (all sugar) was significantly lower at 
28 °C, although this was not consistent across all shade levels 
(Fig.  6). Overall, leaves from light-shade seedlings had sig-
nificantly higher NSC at death than leaves from dark-shade 
seedlings, which had significantly higher concentrations than 
medium-shade seedlings; interestingly, this pattern mirrored 
the shade treatment differences in specific leaf area (i.e. 
light<dark<medium; Supplementary Table S1).

Stem NSC concentration at death was much lower than 
that of leaves, but like leaves it differed between shade treat-
ments, with slightly higher NSC in the larger, light-shade 
seedlings (SAD stage in Fig 4b). The pattern of higher stem 
NSC at death in larger seedlings also occurred within the 
light-shade treatment: NSC concentrations of dead stems 
increased with increasing stem mass (R2=0.59, P=0.005). 
However, there was no relationship between stem mass and 
NSC concentration in medium-shade seedlings, (P>0.10). In 

Fig. 3.  Darkness-temperature and initial (pre-darkness) shade treatment effects on survival time under darkness treatment. The number of days from 
the onset of darkness until (a) half the stem was dead (SHD) and (b) the whole stem was dead (SAD). Significant effects from permutation-based ANOVA 
are shown. Points represent individual seedling values. Inset graphs show treatment means ± SE, with different letters indicating significant differences 
between initial shade treatments across both darkness temperatures (i.e. main shade treatment effect) according to Tukey’s HSD. For sample sizes, see 
Supplementary Table S3.
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light-shade seedlings, the upper and lower stem had remark-
ably similar NSC concentrations at death, and although there 
was a trend for lower NSC at 28 °C, the difference was not 
significant (Supplementary Fig. S3).

Root NSC concentrations at root death were difficult to 
determine because roots began to decompose and disinte-
grate in the soil medium. At and after the SAD stage, NSC 
concentrations of whole-root systems in light-shade seedlings 
declined with increasing degree of root death (Fig.  7), but 
these values are deceptively low as much of the root system 
had already partially decayed (Fig. 2). In contrast, subsamples 

of white segments taken from these same root systems indi-
cated that ~5–6% NSC (0.3–0.4% starch) remained in the 
live roots when either little or most of the coarse roots were 
necrotic and decaying. However, in two cases, white-root seg-
ments contained between 1 and 2% starch.

Role of NSC and respiration in survival time

There was substantial variation in survival time (time to 
SAD) within each initial shade treatment (Fig.  3), and the 
larger seedlings from each shade treatment generally survived 

Fig. 4.  Plant, stem, and root non-structural carbohydrate (NSC) concentrations throughout starvation. (a) Total NSC and (d) starch concentrations for 
whole plants (i.e. roots + stem) for dark-, medium-, and light-shade treatments at the following stages of starvation: during leaf death (n=19, 20, 21), 
at stem half dead (SHD; n=11, 9, 10), and at stem all dead (SAD; n=8, 13, 11). (b, c) Total NSC and (e, f) starch concentrations for stems and roots 
separately for medium- and light-shade seedlings during leaf death (n=19,21), at SHD (n=8,10), and at SAD (n=13,13). Only significant ANOVA effects are 
listed. Different letters represent significant differences between stages of starvation across darkness-treatment temperatures and initial shade treatments. 
Asterisks indicate significant shade treatment effects at each stage (*P<0.05, **P<0.01, ***P<0.001). Values are marginal means calculated across both 
temperatures (all back-transformed except for root NSC), and error bars represent 95% CI. Temperature effects are not shown separately because main 
temperature effects were not significant.
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longer under darkness, except in the medium-shade treat-
ment (Table 1). For dark-shade seedlings, survival time was 
positively correlated with height and final stem mass and 
negatively correlated with specific stem length (SSL) and root 

specific volume (Table 1a). These size variables were in turn 
associated with both higher NSC concentration and pool size 
during the early stages of starvation (i.e. during leaf death), 

Fig. 6.  Non-structural carbohydrate (NSC) concentrations of dead leaves. 
Different letters represent significantly different values between the initial, 
pre-darkness shade treatments according to Tukey’s HSD, and error 
bars represent SE. Closed and open symbols represent seedlings from 
the 20 and 28 °C darkness treatments, respectively. Dead leaf tissue 
was collected at leaf area half dead, leaves all dead (LAD), and post-
LAD (data were combined as there was no effect of stage on dead leaf 
NSC; P=0.55). n=14, 17, and 30 for dark-, medium-, and light-shade 
treatments, respectively.

Fig. 7.  Non-structural carbohydrate (NSC) concentrations of whole-root 
systems versus segments of white roots for plants pre-treated with light-shade 
at stem all dead (SAD) and after SAD. Seedlings harvested at SAD (n=13) 
from both darkness temperature treatments were separated by the status of 
their coarser roots. White roots were assumed to be living, while black roots 
were dead and often partially decayed. Three seedlings with ‘roots all white’ 
had ~1 cm of live stem left. Three seedlings had >1/2 of coarse roots still 
white, and six seedlings had >1/2 black. One seedling had a completely black 
root system. Post-SAD white-root segments were collected from seedlings 
harvested 3–15 d after SAD occurred (n=10). White-root segment NSC did 
not significantly differ between SAD and post-SAD (P=0.72) or between root 
systems >1/2 white and >1/2 black at SAD (P=0.66). Error bars represent SE.

Fig. 5.  Stem and root mass-specific respiration rates throughout starvation by initial, pre-darkness shade treatment and temperature of darkness 
treatment. Mass-specific stem (a, b) and root (c, d) respiration were measured during harvests for initial measurements (i.e. pre-darkness), during leaf 
death, and when the top half of the stem had died (SHD). Root respiration was also measured when the whole stem had died (SAD). Means are back-
transformed and error bars represent 95% CI. Only significant or marginal effects from the complete three-way ANOVA (stage, initial shade, temperature) 
are listed. D, M, and L indicate the initial dark-, medium-, and light-shade treatments, respectively. Different letters represent significant differences 
between stages of starvation across darkness temperatures and initial shade treatments. Asterisks indicate significant temperature (b, d) or initial shade 
treatment effects (a, c) at each stage: (*)P<0.10, *P<0.05, **P<0.01, ***P<0.001. For each shade treatment×temperature combination, n=4–5 at initial 
harvest, n=10–11 at leaf death, n=5–7 at SHD, and n=3–7 at SAD.
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except for root specific volume, which was positively corre-
lated with root respiration rate at 28 °C (Table 1a). Among 
light-shade seedlings, survival time was best predicted by 
stem mass (positive) and SSL (negative) at both temperatures. 
In addition, at 28  °C height and root mass were positively 
correlated and root specific volume was negatively correlated 
with survival time (Table 1b). Similar to dark-shade, most of 
the size variables positively related to survival time were also 
associated with initially higher NSC mass and concentration 
and lower root respiration, except for height, which was only 
correlated with NSC mass (Table  1b). For medium-shade 
seedlings, survival time was only correlated with root specific 
volume at 28 °C (negatively; Table 1c), and lower root spe-
cific volume was most strongly associated with initially higher 
NSC concentration and lower root respiration rates.

Discussion

Mortality under carbon stress

Under darkness, tissues died back gradually as opposed to all 
at once, indicating that the NSC storage pool in aspen seed-
lings cannot be represented as a single pool to which all tis-
sues have equal access. As the stem underwent dieback from 
the top down, substantial starch reserves were still present in 
the roots (Fig 4c); this starch must have been available for 
remobilization (i.e. not sequestered) because root starch lev-
els further declined to near zero by the time the whole stem 

had died. The fact that roots still contained >4% starch levels 
when the stem had already begun to die-back indicates that 
either a relative autonomy of reserves exists (i.e. no readily 
‘shared’ reserves; tissues must rely on their own) or that the 
rate of NSC remobilization and transport to starving tissues 
is insufficient. It is thought that water stress may limit remo-
bilization and phloem functioning, leading to local reserve 
depletion and death before whole-plant carbon reserves are 
depleted (Sala et al., 2010; Hartmann et al., 2013a; Sevanto 
et al., 2014); our data suggest that limitations to NSC remo-
bilization or transport may even occur in the absence of water 
stress.

The gradual progression of stem and root dieback during 
carbon stress is strikingly similar to the symptoms observed 
in decline-diseases where gradual canopy and root dieback 
occur as the result of interacting biotic and abiotic, inciting 
and contributing stressors (Manion, 1981; Houston, 1984). In 
these declines, initial dieback is sometimes viewed as an adap-
tive response to stress, such as drought (Houston, 1984; Rood 
et al., 2000). Similarly, dieback during starvation might be an 
adaptive mechanism to limit respiratory losses, particularly in 
a species such as aspen, where sprouting and root suckering 
can be prolific. However, the earlier death of distal tissues (finer 
roots, leaves, tips of buds, and upper stem) may not be an active 
or even adaptive response, but may simply arise because these 
tissues have higher respiration rates and/or are the greatest dis-
tance from the main source of carbon storage (e.g. coarse roots 
in mature aspen; Landhäusser and Lieffers, 2012). In any case, 

Table 1.  Correlation coefficients between size variables and survival time for seedlings harvested at SAD (stem all dead) or beyond, and 
between size variables, plant non-structural carbohydrate (NSC), and mass-specific respiration rates for seedlings harvested during leaf 
death

Survival time Early starvation NSC and respiration

Days to SAD, 20 °C Days to SAD, 28 °C NSC mass (g) NSC conc. (%) Root respiration Stem respiration

(a) Dark-shade size traits (n=24) (n=23)
Height 0.45 0.65 0.71 0.43 NS NS
Stem mass 0.59 0.74 0.91 0.58 NS NS
SSL –0.74 –0.58 –0.75 –0.54 NS 0.44

Root mass NS NS 0.90 0.54 NS NS
Root specific volume NS –0.65 NS NS 0.56 NS
(b) Light-shade size traits (n=25) (n=27)
Height NS 0.44 0.41 NS NS NS
Stem mass 0.59 0.60 0.85 0.53 –0.61 NS
SSL –0.74 –0.55 –0.80 –0.74 0.86 NS
Root mass NS 0.66 0.98 0.78 –0.66 NS
Root specific volume NS –0.67 –0.55 –0.58 0.55 0.42

(c) Medium-shade size traits (n=27) (n=27)
Height NS NS 0.83 NS NS 0.67
Stem mass NS NS 0.95 NS NS –0.69
SSL NS NS –0.84 NS NS 0.74
Root mass NS NS 0.96 NS NS –0.66
Root specific volume NS –0.47 –0.38 –0.69 0.53 NS

Correlation coefficients are only shown for P≤0.10, with values in italics indicating marginally significant correlations (0.05<P≤0.10). Height was 
measured at the onset of the darkness treatment. Stem and root mass, root specific volume (root volume/root mass), and SSL (specific stem 
length; stem height/stem mass) were measured (1) during leaf death for correlations with plant NSC and mass-specific respiration rates and (2) 
at SAD or beyond for correlations with survival time. n=19, 21, 20 for correlations with NSC and respiration for dark-, light-, and medium-shade 
respectively.
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if too much dieback occurs in response to starvation, trees may 
enter a spiral of decline (Manion, 1981), where the increasing 
loss of peripheral tissues, including the finer roots that provide 
water and nutrients necessary for photosynthesis, only exacer-
bates carbon stress (Landhäusser and Lieffers, 2012).

NSC concentrations of dead tissues

Our experiments demonstrated that severe carbon stress 
leads to a significant but incomplete depletion of NSC, and 
starved tissues can retain a substantial level of carbohydrates 
at death. These lower limits of NSC can vary with organ and, 
to a certain extent, with current (e.g. temperature) and previ-
ous (e.g. shade) growth conditions. This variability suggests 
that there may not be one universal concentration indicative 
of starvation, which complicates the inference of starvation 
from examination of NSC concentrations. The variation in 
NSC was almost all due to sugars, the concentration of which 
could be well above zero. Although sugars have been reported 
to approach near zero under low CO2 in Norway spruce seed-
lings (Hartmann et al., 2013b) and in glucose-starved tissue 
cultures (Brouquisse et al., 1991), other studies have reported 
levels of 1–2% for light-deprived pinyon pine and Douglas 
fir (Marshall, 1984; Sevanto et  al., 2014), which is consist-
ent with our stem sugar concentrations, but much lower than 
our leaf sugar levels. Root NSC levels were difficult to assess 
because of the continuous and increasing degree of decom-
position of dead roots, but the 5–6% sugar measured in unde-
cayed (white) roots surrounded by dead and decaying root 
systems suggests that the minimum NSC concentration for 
roots may be in this vicinity. Care must be taken when sam-
pling roots for NSC measurements during the mortality pro-
cess and under stress, since a large amount of NSC might 
be lost quickly through decomposition as root systems die 
gradually, particularly when growing in soil.

Relatively high NSC levels at death are often treated as evi-
dence against starvation or carbon limitation, but our data 
show that relatively high NSC levels can occur in starved 
plants. For leaves, NSC concentrations at death measured in 
our experiment (shade treatment averages: 4–7.5%) are well 
within the measured range of values of dead leaves from 
droughted pinyon pine (4%; Adams et al., 2013) and lodge-
pole pine attacked by mountain pine beetle (8.4%; Wiley et al., 
2016), suggesting that such relatively high NSC concentra-
tions cannot rule out starvation as a potential mortality mech-
anism. Our starved leaf NSC concentrations are also similar 
to values reported in abscised leaves of birch and oak seed-
lings in autumn (Palacio et al., 2013), although lower than the 
14% reported for mature, abscised aspen leaves (Landhäusser 
and Lieffers, 2003). However, comparisons of absolute NSC 
values should always be made with caution, as measurements 
between laboratories can be so variable (Quentin et al., 2015).

Complete sugar depletion during starvation may not occur 
for a variety of reasons, and further work will be necessary 
to determine why the degree of depletion varies. A  cer-
tain amount of sugars may be unavailable to metabolism 
because they are functioning in other, non-storage roles such 
as osmotic adjustment and hydraulic maintenance, and this 

amount may differ between organs and could change with 
plant size or growing conditions such as degree of water 
stress (Sala et  al., 2012; Dietze et  al., 2014; Sevanto et  al., 
2014). Leaves, for example, generally have lower water poten-
tials than other organs, and their cells may require more sugar 
to function as osmotica than stems. Alternatively, it is possi-
ble that all cells have a similar minimum NSC concentration, 
but tissue minima differ because some tissues, such as leaves, 
have a greater proportion of living cell types than others, 
such as woody tissues. Finally, if  remaining carbon stores are 
not located in the cells that are starving, as discussed above, 
insufficient remobilization or transport rates could lead to 
the death of a critical proportion of cells before all potential 
reserves have been used up within a tissue. Therefore, differ-
ences in NSC concentration at death may result from differ-
ences in carbon remobilization or transport rates that could 
vary with plant size, organ type, or environmental conditions. 
For example, we found that in some cases, higher tempera-
ture reduced NSC concentrations at death (Fig.  6). Higher 
temperatures could theoretically increase remobilization and/
or transport rates by increasing enzymatic activity, increasing 
diffusion rates of sugars from storage cells into starving cells, 
or by increasing phloem sap velocity via decreased sap viscos-
ity. Similarly, the trend of higher minimum NSC concentra-
tions in bigger seedlings and thicker tissues (e.g. increasing 
stem NSC with stem mass and increasing leaf NSC with 
lower SLA) could result from potentially slower sugar trans-
port rates between some storage sites (e.g. xylem parenchyma 
or pith) and major metabolic sites (e.g. cambium) as diffusion 
rates decrease with increasing distance.

In contrast to sugars, starch was generally depleted by 
the time tissues died and may be a more reliable hallmark 
of starvation. Starch depletion in starved tissues has been 
reported in conifers under dark treatment or CO2 deprivation 
(Marshall, 1984; Hartmann et al., 2013b) as well as in starved 
tissue cultures (Brouquisse et al., 1991), although Piper and 
Fajardo (2016) reported about 1% starch remaining in dark-
ened Acer seedling tissues at death. Of course, starch deple-
tion may not always be possible, and in our experiment there 
were instances when starch was still present in dead tissues, 
although this was uncommon. Some researchers have sug-
gested that large starch deposits may become inaccessible in 
trees (Millard et  al., 2007), particularly under water stress 
(Sala et al., 2012; Sevanto et al., 2014). However, under these 
conditions, death may not occur via starvation, and currently 
it is not clear whether sequestration is at all common, as even 
carbon reserves more than a decade old may be remobilized 
following severe disturbance (Carbone et al., 2013).

The role of respiration and NSC storage in survival time 
under starvation

Longer survival times were expected in the darkness treatment 
at 20 °C due to lower respiration rates, which were observed 
for leaf (data not shown) and stem tissue but not roots. The 
lack of higher root respiration at 28 °C may result from accli-
mation. At high soil temperatures, after an initial increase, 
root respiration can decline to levels lower than those prior 
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to high-temperature exposure (Huang et  al., 2005, Di Iorio 
et al., 2016). However, our harvested root systems often con-
tained dead roots, and this could obscure or artificially create 
differences in root respiration rates between temperatures if  
treatments systematically differed in the amount of attached, 
dead roots. Inclusion of dead roots in respiration measure-
ments could (1) reduce apparent mass-specific respiration rates 
because total root mass includes non-respiring roots, or (2) 
increase apparent mass-specific respiration rates if dead roots 
were decomposing and releasing CO2 at a higher rate than root 
respiration.

Differences in survival time between initial shade treat-
ments were also related to differences in respiration, in con-
trast to our prediction that survival time would be driven by 
differences in initial NSC concentrations. Differences in res-
piration may also have been partly responsible for variation 
in survival time within light- and medium-shade treatments 
too, as size variables that were positively correlated with sur-
vival time were associated with lower root respiration rates 
(Table 1b, c). Because reducing carbon loss through respira-
tion is a well-known strategy for coping with low-light con-
ditions (Grime, 1965; Loach, 1967), we would have expected 
dark- and medium-shade seedlings – which grew under deeper 
shade – to have the lowest (or at least similar) respiration rates. 
Instead, the lower respiration rates of light-shade seedlings 
allowed them to live longer off the same initial NSC concen-
tration as the medium- and dark-shade seedlings. However, 
the lower respiration rates of the larger, light-shade seedlings 
may be explained by their size, rather than as an expression 
of tissue acclimation. The lower specific stem length (SSL) of 
light-shade seedlings (Supplementary Table S1) indicates that 
they had thicker stems, and SSL was positively correlated with 
mass-specific stem respiration across shade treatments during 
leaf death (R2=0.53, n=54, P<0.001). Mass-specific respira-
tion rates commonly decline with increasing diameter in roots, 
stems, and branches (Desrochers et al., 2002; Cernusak et al., 
2006; Makita et al., 2009, 2012; Sendall et al., 2015), and this 
decline is associated with a decrease in the ratio of living cells 
or meristematic tissue to dead xylem with increasing diameter 
(Pregitzer et al., 1998; Damesin et al., 2002).

Because we were unable to manipulate initial NSC concen-
tration as expected with the pre-darkness shading treatments, 
it remains unclear whether initially greater NSC mass – inde-
pendent of concentration – increased survival time. Although 
we found a pattern of increasing survival time with increasing 
initial NSC mass between initial shade treatments, the longer 
survival time may have been caused by the decreasing respira-
tion rates with increasing shade level (which means that NSC 
concentration per unit respiration also declined with increas-
ing shade level). In addition, because NSC mass and concen-
tration were generally correlated within dark- and light-shade 
treatments, both NSC measures were correlated with the size 
variables that predicted survival time (Table 1a, b), making it 
impossible to distinguish between potential effects of mass 
versus concentration in these treatments. This perhaps speaks 
to the highly correlated nature of NSC mass and concen-
tration, at least in seedlings. However, an argument against 
greater NSC mass as a cause of prolonged survival is that 

in the medium-shade treatment, where height, stem and root 
mass and SSL were only correlated with NSC mass, these 
size variables were not significant predictors of survival time 
(Table 1c); but they should have been if  NSC mass was an 
important determinant of survival time. Instead, the only 
trait related to survival time was specific root volume, which 
was the only size trait correlated with NSC concentration and 
root respiration (Table 1c).

Conclusions

Mortality induced by severe carbon stress (i.e. starvation in 
darkness) in aspen seedlings occurs as a gradual process of 
dieback – strikingly similar to decline-diseases initiated by 
drought and/or defoliation. This process commences long 
before whole-plant reserves are depleted, suggesting that 
reserve mobilization and transport may be important factors 
limiting survival under carbon stress. At death, tissues gener-
ally contained no starch, but substantial levels of sugars were 
still present. Further, sugar concentrations at death varied 
with organ type and previous (i.e. shade treatment, perhaps 
reflecting differences in plant size) and current environmen-
tal conditions (i.e. temperature). Such variability complicates 
efforts to identify critical NSC thresholds below which trees 
starve; however, understanding the variation in minimum 
NSC levels – and its causes – will be necessary if  we continue 
to use NSC concentrations as indicators of carbon limitation 
during stress and after mortality in trees.

Supplementary data

Supplementary data are available at JXB online.
Table S1. Shading effects on initial size and biomass.
Table S2. Shading effects on initial NSC.
Table S3. Temperature/shade effects on the timing of mor-

tality stages.
Table S4. Seedling recovery following darkness.
Fig. S1. Root mass during starvation.
Fig. S2. Root specific volume during starvation.
Fig. S3. Upper versus lower stem NSC concentrations.

Acknowledgements
We thank Meghan Jacklin and Pak Chow for their help with this project. We 
are grateful for helpful comments from anonymous reviewers. This research 
was funded through a Discovery research grant to SML from the Natural 
Sciences and Engineering Research Council of Canada.

References
Adams HD, Germino MJ, Breshears DD, Barron-Gafford GA, 
Guardiola-Claramonte M, Zou CB, Huxman TE. 2013. Nonstructural 
leaf carbohydrate dynamics of Pinus edulis during drought-induced tree 
mortality reveal role for carbon metabolism in mortality mechanism. New 
Phytologist 197, 1142–1151.

Allen CD, Macalady AK, Chenchouni H, et al. 2010. A global overview 
of drought and heat-induced tree mortality reveals emerging climate 
change risks for forests. Forest Ecology and Management 259, 660–684.

Downloaded from https://academic.oup.com/jxb/article-abstract/68/18/5221/4243602
by WWZ Bibliothek (Oeffentliche Bibliothek der UniversitÃ¤t Basel) user
on 04 June 2018



5232  |  Wiley et al. 

Anderegg WR, Berry JA, Field CB. 2012. Linking definitions, 
mechanisms, and modeling of drought-induced tree death. Trends in Plant 
Science 17, 693–700.

Bamber RK, Humphreys FR. 1965. Variations in sapwood starch levels 
in some Australian forest species. Australian Forestry 29, 15–23.

Brouquisse R, James F, Raymond P, Pradet A. 1991. Study of glucose 
starvation in excised maize root tips. Plant Physiology 96, 619–626.

Canham CD, Kobe RK, Latty EF, Chazdon RL. 1999. Interspecific and 
intraspecific variation in tree seedling survival: effects of allocation to roots 
versus carbohydrate reserves. Oecologia 121, 1–11.

Carbone MS, Czimczik CI, Keenan TF, Murakami PF, Pederson 
N, Schaberg PG, Xu X, Richardson AD. 2013. Age, allocation and 
availability of nonstructural carbon in mature red maple trees. New 
Phytologist 200, 1145–1155.

Cernusak LA, Hutley LB, Beringer J, Tapper NJ. 2006. Stem and 
leaf gas exchange and their responses to fire in a north Australian tropical 
savanna. Plant, Cell & Environment 29, 632–646.

Chow PS, Landhäusser SM. 2004. A method for routine measurements 
of total sugar and starch content in woody plant tissues. Tree Physiology 
24, 1129–1136.

Damesin C, Ceschia E, Le Goff N, Ottorini J-M, Dufrêne E. 2002. 
Stem and branch respiration of beech: from tree measurements to 
estimations at the stand level. New Phytologist 153, 159–172.

Desrochers A, Landhäusser SM, Lieffers VJ. 2002. Coarse and 
fine root respiration in aspen (Populus tremuloides). Tree Physiology 22, 
725–732.

Dietze MC, Sala A, Carbone MS, Czimczik CI, Mantooth JA, 
Richardson AD, Vargas R. 2014. Nonstructural carbon in woody plants. 
Annual Review of Plant Biology 65, 667–687.

Di Iorio A, Giacomuzzi V, Chiatante D. 2016. Acclimation of fine root 
respiration to soil warming involves starch deposition in very fine and fine 
roots: a case study in Fagus sylvatica saplings. Physiologia Plantarum 156, 
294–310.

Galvez DA, Landhäusser SM, Tyree MT. 2013. Low root reserve 
accumulation during drought may lead to winter mortality in poplar 
seedlings. New Phytologist 198, 139–148.

Gleason SM, Ares A. 2004. Photosynthesis, carbohydrate storage and 
survival of a native and an introduced tree species in relation to light and 
defoliation. Tree Physiology 24, 1087–1097.

Grime JP. 1965. Shade tolerance in flowering plants. Nature 208, 
161–163.

Hartmann H. 2015. Carbon starvation during drought-induced tree 
mortality – are we chasing a myth? Journal of Plant Hydraulics 2, 5.

Hartmann H, Ziegler W, Kolle O, Trumbore S. 2013a. Thirst beats 
hunger – declining hydration during drought prevents carbon starvation in 
Norway spruce saplings. New Phytologist 200, 340–349.

Hartmann H, Ziegler W, Trumbore S. 2013b. Lethal drought leads to 
reduction in nonstructural carbohydrates in Norway spruce tree roots but 
not in the canopy. Functional Ecology 27, 413–427.

Hoch G. 2015. Carbon reserves as indicators for carbon limitation in trees. 
In: Lüttge U, Beyschlag W, eds. Progress in botany. Springer International 
Publishing, 321–346.

Hoch G, Richter A, Körner C. 2003. Non-structural carbon compounds 
in temperate forest trees. Plant, Cell & Environment 26, 1067–1081.

Houston DR. 1984. Stress related to diseases. Arboricultural Journal 8, 
137–149.

Huang X, Lakso AN, Eissenstat DM. 2005. Interactive effects of soil 
temperature and moisture on Concord grape root respiration. Journal of 
Experimental Botany 56, 2651–2660.

Körner C. 2003. Carbon limitation in trees. Journal of Ecology 91, 4–17.

Landhäusser SM, Lieffers VJ. 2003. Seasonal changes in carbohydrate 
reserves in mature northern Populus tremuloides clones. Trees 17, 471–476.

Landhäusser SM, Lieffers VJ. 2012. Defoliation increases risk of carbon 
starvation in root systems of mature aspen. Trees 26, 653–661.

Loach K. 1967. Shade tolerance in tree seedlings. New Phytologist 66, 
607–621.

Makita N, Hirano Y, Dannoura M, Kominami Y, Mizoguchi T, Ishii H, 
Kanazawa Y. 2009. Fine root morphological traits determine variation in 
root respiration of Quercus serrata. Tree Physiology 29, 579–585.

Makita N, Kosugi Y, Dannoura M, Takanashi S, Niiyama K, Kassim 
AR, Nik AR. 2012. Patterns of root respiration rates and morphological 
traits in 13 tree species in a tropical forest. Tree Physiology 32, 303–312.

Manion PD. 1981. Tree disease concepts. Englewood Cliffs, NJ: 
Prentice-Hall.

Marshall JD. 1984. Physiological control of fine root turnover in Douglas-
fir. PhD thesis, Oregon State University.

McDowell NG, Beerling DJ, Breshears DD, Fisher RA, Raffa KF, Stitt 
M. 2011. The interdependence of mechanisms underlying climate-driven 
vegetation mortality. Trends in Ecology & Evolution 26, 523–532.

McDowell N, Pockman WT, Allen CD, et al. 2008. Mechanisms of plant 
survival and mortality during drought: why do some plants survive while 
others succumb to drought? New Phytologist 178, 719–739.

McDowell NG, Sevanto S. 2010. The mechanisms of carbon starvation: 
how, when, or does it even occur at all? New Phytologist 186, 264–266.

Millard P, Sommerkorn M, Grelet GA. 2007. Environmental change and 
carbon limitation in trees: a biochemical, ecophysiological and ecosystem 
appraisal. New Phytologist 175, 11–28.

Myers JA, Kitajima K. 2007. Carbohydrate storage enhances seedling 
shade and stress tolerance in a neotropical forest. Journal of Ecology 95, 
383–395.

Oliva J, Stenlid J, Martínez-Vilalta J. 2014. The effect of fungal 
pathogens on the water and carbon economy of trees: implications for 
drought-induced mortality. New Phytologist 203, 1028–1035.

Palacio S, Hester AJ, Maestro M, Millard P. 2013. Simulated browsing 
affects leaf shedding phenology and litter quality of oak and birch saplings. 
Tree Physiology 33, 438–445.

Piper FI, Fajardo A. 2016. Carbon dynamics of Acer pseudoplatanus 
seedlings under drought and complete darkness. Tree Physiology 36, 
1400–1408.

Poorter L, Kitajima K. 2007. Carbohydrate storage and light 
requirements of tropical moist and dry forest tree species. Ecology 88, 
1000–1011.

Pregitzer KS, Laskowski MJ, Burton AJ, Lessard VC, Zak DR. 1998. 
Variation in sugar maple root respiration with root diameter and soil depth. 
Tree Physiology 18, 665–670.

Quentin AG, Pinkard EA, Ryan MG, et al. 2015. Non-structural 
carbohydrates in woody plants compared among laboratories. Tree 
Physiology 35, 1146–1165.

R Development Core Team. 2013. R: A language and environment 
for statistical computing. Vienna, Austria: R Foundation for Statistical 
Computing. http://www.R-project.org/. Accessed 19 September 2017.

Rood SB, Patiño S, Coombs K, Tyree MT. 2000. Branch sacrifice: 
cavitation-associated drought adaptation of riparian cottonwoods. Trees 
14, 248–257.

Ryan MG. 2011. Tree responses to drought. Tree Physiology 31, 
237–239.

Sala A, Piper F, Hoch G. 2010. Physiological mechanisms of drought-
induced tree mortality are far from being resolved. New Phytologist 186, 
274–281.

Sala A, Woodruff DR, Meinzer FC. 2012. Carbon dynamics in trees: 
feast or famine? Tree Physiology 32, 764–775.

Sendall KM, Lusk CH, Reich PB. 2015. Becoming less tolerant with 
age: sugar maple, shade, and ontogeny. Oecologia 179, 1011–1021.

Sevanto S, McDowell NG, Dickman LT, Pangle R, Pockman WT. 
2014. How do trees die? A test of the hydraulic failure and carbon 
starvation hypotheses. Plant, Cell & Environment 37, 153–161.

Webb WL. 1981. Relation of starch content to conifer mortality and 
growth loss after defoliation by the Douglas-fir tussock moth. Forest 
Science 27, 224–232.

Wiley E, Rogers BJ, Hodgkinson R, Landhäusser SM. 2016. 
Nonstructural carbohydrate dynamics of lodgepole pine dying from 
mountain pine beetle attack. New Phytologist 209, 550–562.

Downloaded from https://academic.oup.com/jxb/article-abstract/68/18/5221/4243602
by WWZ Bibliothek (Oeffentliche Bibliothek der UniversitÃ¤t Basel) user
on 04 June 2018

http://www.R-project.org/

