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Abstract. Plant respiration plays a critical role in the C balance of plants. Respiration is highly temperature sensitive
and small temperature-induced increases in whole-plant respiration could change the C balance of plants that operate close
to their light-compensation points from positive to negative. Nonstructural carbohydrates are thought to play an important
role in controlling respiration and its temperature sensitivity, but this role has not been studied at the whole-plant level.
We measured respiration of whole Ardisia crenata Sims. seedlings and tested the hypothesis that darkness-induced C
starvation would decrease the temperature sensitivity of whole-plant respiration. Compared with control plants, sugar and
starch concentrations in darkened plants declined over time in all organs. Similarly, whole-plant respiration decreased.
However, the temperature sensitivity of whole-plant respiration, expressed as the proportional increase in respiration per
10�C warming (Q10), increased with progressive C starvation. We hypothesise that growth respiration was suppressed
in darkened plants and that whole-plant respiration represented maintenance respiration almost exclusively, which is more
temperature sensitive. Alternatively, changes in the respiratory substrate during C starvation or increased involvement
of alternative oxidase pathway respiration may explain the increase in Q10. Carbohydrates are important for respiration
but it appears that even in C-starved A. crenata plants, carbohydrate availability does not limit respiration during short-term
warming.

Additional keywords: Ardisia crenata, carbohydrate storage, global warming, plant carbon balance, respiratory
substrate depletion.
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Introduction

Respiration (nonphotorespiratory mitochondrial respiration)
plays a critical role in determining plant growth and survival,
as it produces much of the energy and C skeletons required
for biosynthesis and cellular maintenance. About 50% of total
plant respiration comes from leaves (e.g. Ryan et al. 1996) and
because leaves are the primary —and for many species, the
only—photosynthetic organs, leaves are most commonly
measured in studies of plants’ ecological strategies (e.g.
Wright et al. 2004). However, for understorey seedlings, the
survival rate is determined by thewhole-plant light compensation
point (Baltzer and Thomas 2007), and when determining the
whole-plant C balance, the respiration of roots and stems cannot
be ignored.

Respiration is highly sensitive to short-term changes in
temperature, with a doubling of the respiration rate with 10�C
warming being commonly observed (e.g. Amthor 1984). This
increase is primarily driven by the increased costs of cellular
maintenance, as protein turnover increases and membranes get
leakier when they get more fluid at higher temperatures. There
does not appear to be a clear systematic difference in the

temperature sensitivity of respiration of leaves, stems and roots
(Atkin et al. 2005), all of which exhibit a proportional increase
in respiration per 10�Cwarming (Q10) of ~2.0. However, despite
this apparent consistency in the estimates of Q10 values, the Q10

is not as stable as often assumed. It varies across species (Atkin
et al. 2005; Slot et al. 2013, 2014a), and it depends on
measurement temperature (Tjoelker et al. 2001; Atkin and
Tjoelker 2003) and environmental conditions (Griffin et al.
2002; Slot et al. 2008). For example, Slot et al. (2008) showed
that prolonged heavy shading reduced theQ10 ofGeum urbanum
L. leaves, in apparent correlation with a decreasing concentration
of leaf nonstructural carbohydrates (NSC), suggesting a role
for carbohydrates in controlling respiration rates during short-
term warming.

Respiration rates are thought to be controlled by one of three
factors: respiratory capacity, demand for respiratory products or
availability of substrate for respiration (Atkin et al. 2005).
Enzymatic activity (and hence respiratory capacity) and the
demand for respiratory products both increase with short-term
warming, so at high temperatures, substrate availability is the
most likely factor controlling the respiration rate (Atkin and
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Tjoelker 2003; Atkin et al. 2005). When the pool of soluble
sugars, the primary substrate of respiration, gets depleted as a
result of C starvation in the deep shade, respiration can thus
not increase as much with short-term warming as it can when
sufficient carbohydrates are available, soQ10 values are expected
to decrease.

Fully developed leaves cannot import carbohydrates from
elsewhere in the plant after they have transitioned from being
a carbon sink as a developing leaf to being a C source upon
full leaf expansion (Turgeon 1989). Individual fully developed
leaves may thus not be able to support respiration when their own
carbohydrate pools are depleted, and respiration thus decreases
(Slot et al. 2008). At the whole-plant level, on the other hand,
stored carbohydrates can potentially contribute to support
respiration demands during short-term warming by supporting
developing leaves and respiration of roots and stems. In line
with leaf-level respiration, theQ10 of whole-plant respiration can
be expected to scalewith the availability of respiratory substrates,
all else being equal.

The temperature sensitivity of whole-plant respiration is
critically important for understorey seedlings operating close
to their light-compensation point, as small increases in whole-
plant respirationmay turn a positive Cbalance into a negative one
under slightly warmer conditions. Similarly, understanding the
increase of respiration with warming at the ecosystem level is
important for estimating the currentCfluxes andpredicting future
ones within forest ecosystems (Law et al. 1999; Slot et al. 2014a,
2014b). However, very limited experimental evidence exists
for the controls over the temperature sensitivity of whole-plant
respiration.

Here, we set out to quantify whole-plant respiration and its
instantaneous temperature sensitivity in relation to whole-plant
carbohydrate status of Ardisia crenata Sims., a shade-tolerant
understorey shrub native to Japan that is common in the
south-eastern United States, where it is invasive. To test the
hypothesis that the temperature sensitivity of whole-plant
respiration is affected by the availability of carbohydrates in
the plant, we ‘C-starved’ plants by shading them to well below
their photosynthetic light compensation point and used a
custom-built chamber to measure the whole-plant respiration
of C-starved and control plants at contrasting temperatures.

Materials and methods
Plant material and growth conditions
Seeds of Ardisia crenata Sims. (Myrsinaceae) were collected
from a large number of plants growing in the forest understorey
on the campus of the University of Florida, Gainesville, Florida
(29�3802200N, 82�2004300W). The seeds were washed and
surface-sterilised in 10% chlorine bleach before germination
on moist tissue paper in Petri dishes. After germination,
seedlings were transferred to individual pots (~0.8 L) filled
with a 1 : 1 ratio of perlite and washed coarse quartz sand.
At the start of the experiment, the plants were supplied with
~5mg slow-release N : P : K, 19 : 6 : 12 fertiliser (Osmocote;
Scotts-Sierra Horticultural Products Co, Maryville, OH, USA).
Plants were grown in this inert medium so we could assign the
whole respiration flux to the plants, with minimal interference
from microbial respiration associated with decomposition of

organic matter in the growth medium. Indeed, measurements
of pots containing only this growth medium revealed no
detectable rates of respiration (data not shown). After plants
had developed at least 10 leaves in a medium shade greenhouse,
photosynthesis and respirationweremeasuredover 2days (three
plants per day) to establish the pretreatment gas exchange values
(see below for details). The experimental treatment was then
initiated on 3 March 2010. A control group was maintained at
~50% of full sunlight, similar to the conditions at which they
developed; the treatment groupwas placed undermultiple layers
of 80% shade cloth topped with a layer of white cheesecloth
(to reduce heat absorption by the black shade cloth), reducing
the irradiance reaching the plants to <1% of full sunlight. Small
battery-powered fans were placed on each side of the block of
shaded plants to maintain ventilation and enable leaf cooling.
Night-time and daytime temperatures in both treatments
averaged 25�C and 32�C respectively, as monitored with
shielded copper–constantan thermocouple wires, attached to
a CR21X datalogger (Campbell, Logan, UT, USA). Plants were
frequently rotated on the greenhouse bench to minimise any
effects of heterogeneity within the treatment environments.

Respiration measurement protocol

All respiration measurements were taken at the end of the dark
period, starting before 0600 hours. At dusk the preceding day,
two to four plants from treatment and control groups were
moved into a 20�C dark room and left there overnight.
Whole-plant respiration was first measured at ~21�C (see
below for details). Plants were then moved in darkness to a
25�C room at least 60min before remeasurement at
25�27�C. Respiration was measured in a custom-made 20-L
Lexan chamber (SABIC, Innovative Plastics Pittsfield, MA,
USA), connected to an LI-6400 infrared gas analyser (Li-Cor,
Lincoln, NE, USA) operating in closed flow mode. Air
temperature during measurements was monitored with a
Ni-Cr–Constantan thermocouple wire (Type E) attached
to the LI-6400. Small fans inside the chamber improved air
mixing. CO2 concentration in the chamber was pumped down
to ~10 parts per million (ppm) below ambient, and CO2

concentration was monitored until the concentration
had risen by 15 ppm due to respiratory CO2 release. This was
repeated twicemore. The average of the three slopes of chamber
CO2 concentration versus time thus created was used to
calculate whole-plant respiration rates, expressed per unit of
plant drymass. Followingmeasurement at the high temperature,
plants were harvested; separated into stems, roots and leaves;
leaf areawasmeasuredwith anLI-3050 leaf areameter (Li-Cor),
and all materials were dried at 60�C for >96 h.

The temperature sensitivity of respiration was determined
from the two respiration measurements as:

Q10 ¼ RT2

RT1

� � 10
T2�T1ð Þ

� �
, ð1Þ

where T1 and T2 are the lower and higher measurement
temperature, respectively. R values were converted to
respiration rate at 25�C (R25), a commonly used reference
temperature using Eqn 2: as:
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R25 ¼ RT

Q
T�25
10
10

, ð2Þ

where T is the actual measurement temperature.

Nonstructural carbohydrate analysis

Concentrations of NSCs were determined following DuBois
et al. (1956) with modifications, using finely ground, dried
tissue. Simple soluble sugars were first extracted in 80% (v/v)
ethanol from 10–15mg of the sample by shaking overnight
at 27�C followed by two more 2-h incubations at 30�C. The
supernatant from each sample was collected in a volumetric flask
and brought up to 10mL. Starch in the pellet was then digested to
glucose by amyloglucosidase in a sodium acetate buffer. Glucose
concentrations were determined colourimetrically at 487 nm
using the phenol–sulfuric acid method. Starch concentrations
were determined as glucose equivalents. Concentrations were
converted to pools by multiplication with organ dry mass.

Additional leaf traits
On the day before respiration measurements, light-saturated
leaf photosynthetic capacity was measured on one recently
matured fully expanded leaf per plant with an LI-6400
infrared gas analyser with a standard leaf cuvette (Li-Cor) at
saturating irradiance (as determined by light response curves)
of 1250mmolm–2s–1, 400 ppm CO2, ambient greenhouse
temperature and 50–75% relative humidity. Leaf chlorophyll
content was estimated on three leaves per plant using a SPAD
502Chlorophyllmeter (Minolta,Osaka, Japan) calibrated against
A. crenata leaf chlorophyll standards obtained by chlorophyll
extraction in N,N-dimethylformamide and spectrophotometry
according to Wellburn (1994).

Statistical analyses

Temporal trends were analysed with linear models. Where traits
in control plants displayed a temporal trend, traits of treatment
plants were expressed relative to the controls measured on that
same day and the trend in the relative change was analysed. All
statistical analyses were performed in R ver. 3.0.1 (R
Development Core Team 2013).

Results

Plant carbohydrate content

Whole-plant concentrations of NSC decreased with duration
of darkening (F-value = 14.6, P= 0.005), and this decrease at
the whole-plant level resulted from decreases in all organs:
starch concentrations decreased in leaves, stems and roots;
concentrations of simple sugars only decreased significantly
in leaves (Fig. 1). However, leaf sugar concentrations of the
control plants also declined significantly (F-value = 18.7,
P < 0.01). We therefore also expressed all parameters
pertaining to plant carbohydrates of the darkened plants as
relative to that of the control plants measured on the same day.
Expressed relative to control plants measured on the same day,
starch concentrations decreased significantly in all organs
(Fig. 2). In contrast, the relative concentrations of simple
sugars decreased significantly only in stems, whereas sugar

concentrations in leaves, roots and the whole plants were
not significantly affected by the treatment. Because total
biomass and biomass allocation did not change with the
treatment, the treatment effects on carbohydrate pool sizes
were the same as the effects on concentrations. We only report
the latter, alongside correlations of NSC concentrations with
other response variables.

Whole-plant respiration

Whole-plant respiration of darkened plants, standardised to
25�C (R25) decreased significantly during the 35 days of the
experiment (P < 0.05. Fig. 3). The R25 of control plants did not
change and, as a result, R25 was significantly lower in darkened
plants than in control plants at the end of the experiment
(Fig. 3; Table 1). Respiration of darkened plants decreased
more over time at the lower measurement temperature than at
the higher temperature. Consequently, the Q10 significantly
increased over time in darkened plants (F-value = 16.2,
P= 0.0005; Fig. 3), whereas the Q10 of control plants remained
stable throughout the experiment. The Q10 values of darkened
plants were significantly higher than those of their control
counterparts at the end of the experiment (mean Q10 of last-
week darkened plants = 2.9, control Q10 = 2.0; Fig. 3; Table 1).

Other traits

Light-saturdated net photosynthesis decreased significantly
with duration of darkness (F-value = 19.9, P < 0.01. Fig. 4).
Interestingly, the photosynthesis of control plants also
decreased, although to a lesser degree than in darkened plants,
possibly in relation to gradually rising ambient temperatures
in the greenhouse. In darkened plants, leaf chlorophyll content
also decreased over time (F-value = 10.8, P = 0.017; Fig. 4b),
a decrease that did not start until plants were darkened for
>20 days. This resulted in significantly lower chlorophyll
content in leaves of darkened plants than those of control
plants in the final week of the experiment (t-test, P= 0.048).

Gas exchange and carbohydrate relationships

Respiration rates did not correlate with whole-plant or
organ-specific concentrations of carbohydrates. In contrast to
our expectations, Q10 values did not increase with whole-plant
carbohydrate concentrations (Fig. 5). What is more, there was a
significant decrease in Q10 with increasing whole-plant
carbohydrate concentrations (P< 0.01), albeit with a small
R2 value of 0.17. When expressing R25, Q10 and whole-plant
NSCs of darkened plants relative to control plants measured
the same day (see Table 1), similar results were found:
respiration did not correlate significantly with carbohydrates,
and the greater the decrease in NSC relative to the control
plants, the greater the relative increase in Q10 (F-value = 8.7,
P= 0.018).

When the respiration flux was expressed on a whole-plant
NSC basis, instead of on a whole-plant dry mass basis, there
was no significant change in respiration over time, neither in
darkened plants nor in the controls. Respiration flux expressed
per unit of structural mass (i.e. total plant dry mass minus NSC),
on the other hand, did decrease with duration of darkening.

Carbohydrates and whole-plant respiration Functional Plant Biology 581



Discussion

We tested the hypothesis that whole-plant respiration and its
short-term temperature sensitivity are largely controlled by
concentrations of carbohydrates, and that C starvation should

lead to a decrease in the short-term temperature sensitivity
of whole-plant respiration. Prolonged darkening caused
significant declines in carbohydrates and respiration rates,
suggesting successful experimental C starvation. However,
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Fig. 1. Concentrations of soluble sugars in Ardisia crenata (a) leaves, (b) stems, (c) roots and (d) whole plants, and concentrations of starch in
(d) leaves, (e) stems, (f) roots and (h) whole plants during prolonged darkening (closed circles) and under control conditions (open circles). Error
bars indicate s.e. (n= 2–4 plants per day). The error bars in (c) and (d) are obscured by the symbols. Treatment was initiated on Day 1. Solid lines
represent significant linear regressions at P< 0.01; dashed lines are not significant.
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the temperature sensitivity of respiration, expressed as Q10,
increased as C depletion progressed with duration of
darkening. We will first discuss our general experimental
results, then we provide several hypotheses that may

explain our unexpected results. Finally, we discuss the
consequences that these results may have for our ability
to model whole-plant temperature responses in a warming
world.
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Fig. 2. Relative concentrations of (a–d) soluble sugars and (e–h) starch in Ardisia crenata (a, e) leaves, (b, f) stems, (c, g) roots and (d, h) whole plants during
prolonged darkness, expressed relative to concentrations in control plants measured on the same day. Treatment was initiated on day 1. Solid lines represent
significant linear regressions at P< 0.01; dashed lines are not significant.
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Plant carbohydrates and controls over respiration rates

Relative to control plants, concentrations of starch decreased
in all organs as the duration of darkness continued. Although
absolute concentrations of simple sugars also decreased in all
organs, only in stems was the change relative to control plants
significant. Starch is most commonly used as a storage

carbohydrate, and dynamic changes in the balance between
photosynthetic C uptake and C use are generally buffered
by changes in osmotically inactive starch, with simple sugars
showing greater diel homeostasis (Baber et al. 2014). Compared
with many other woody species, A. crenata stores high
concentrations of starch in the roots and stems, which can
buffer C starvation and help maintain homeostatic control of
sugar and cellular maintenance under stress, as found in other
studies (e.g. Slot et al. 2008). However, deep shading may
have resulted in downregulation of the growth and turnover
rates of cellular components (Sims et al. 1994).

Under continued darkness, leaves will ultimately senesce.
Although this was not visible in the current experiment, it is
possible that some presenescence processes were already
operating. Breakdown of cellular components and the start of
nutrient resorption could account for decreases in R25,
independent of the availability of respiratory substrate. Leaf
chlorophyll content decreased with time, which may explain
both the decrease in photosynthetic capacity and the decreases
in R25, although photosynthesis also decreased in control plants
despite no change in chlorophyll content being recorded.
Keech et al. (2007) studied dark-induced scenescence
in Arabidopsis thaliana (L.) Heynh. and found that the
respiratory capacity decreased whereas the photosynthetic
capacity was maintained when whole plants were darkened.
In A. crenata, in contrast, photosynthetic capacity was clearly
reduced.AlthoughR25decreased, the respiratory capacitywasnot
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Fig. 3. (a) Whole-plant Ardisia crenata respiration rates standardised to 25�C (R25) and (b) the proportional increase in respiration per
10�C warming (Q10) of whole-plant respiration during prolonged darkening (closed circles) and under control conditions (open circles).
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Table 1. Mean trait values of darkened Ardisia crenata plants relative
to those of control plants measured on the same day (n = 2–3 per

treatment per day) for each sample day in the experiment
The dark treatment was initiated on Day 1. Relative values are shown
for whole-plant dark respiration rates standardised to 258C (R25), the
temperature quotient (Q10) of whole-plant dark respiration, light-saturated

leaf photosynthesis (PSat) and leaf chlorophyll concentrations

Day of
experiment

Whole
plant R25

Whole
plant Q10

Leaf
PSat

Leaf chlorophyll
concentration

–1 1.00 1.00 1.00 1.00
0 1.00 1.00 1.00 1.00
6 0.66 0.93 0.38 1.03
9 1.15 0.97 0.67 1.00
13 0.72 1.32 0.96 1.11
17 0.74 0.90 0.61 1.28
20 0.64 1.33 0.60 1.12
27 0.79 1.39 0.48 0.93
31 0.63 1.21 0.30 0.83
34 0.45 1.44 0.50 0.78
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dramatically downregulated, as increased respiratory demand
when plants were measured at high temperatures resulted in a
proportionally large increase in R. In contrast to A. thaliana,

seedlings of shade-tolerant species may survive without any
sign of senescence under <0.1% of above-canopy irradiance
(Myers and Kitajima 2007), so it is probably unlikely that a
highly shade-tolerant evergreen like A. crenata would start
senescing within the relatively short duration of the current
experiment.

Several factors can control respiration rates at any given
time, and changes in the relative importance of these factors
with temperature can influence the temperature sensitivity of
respiration (Atkin and Tjoelker 2003). The respiration of
A. crenata plants decreased with carbohydrate starvation,
but these C-starved plants had higher sensitivity to short-term
variation in temperature, suggesting potential positive feedback
between plant stress and respiratory C loss under warming. Slot
et al. (2008) showed Q10 values of leaf respiration in Geum
urbanum L. increased during severe drought stress, without a
decrease in leaf NSC concentration. They hypothesised that the
drought treatment and the associated leaf wilting significantly
increased the demand for respiratory products. It seems unlikely
that the respiratory demand increased in darkened plants relative
to control plants in the current experiment, as deep shade
generally reduces demand for ATP (Noguchi and Terashima
1997). Perhaps there are respiratory costs associated with
resorption processes; however, the general decrease in R25

does not support the idea that an increase in respiratory
demand could account for changes in Q10.

Some hypotheses to account for increased Q10 values
in C-starved plants

Q10 values of root respiration as high as 2.4–3.1 have been
reported (Burton et al. 2002). It is possible that the
contributions of root, stem and leaf respiration to the total
plant respiration flux changed with the duration of darkening
and that this resulted in a gradual increase of the temperature
sensitivity of whole-plant respiration. However, despite the
occasional high Q10 values for root respiration, there is no
indication from the literature that root respiration is more
sensitive to warming than stem and leaf respiration (Atkin
et al. 2005). Furthermore, biomass allocation did not change
significantly during the experiment (data not shown), suggesting
that at least the contributions of root-related respiration fluxes
were not affected by the treatment. As such, it is unlikely that
shifting the contributions to total respiration of different plant
parts underlies the observed pattern of increasing whole-plant
Q10 values.

We identified several alternative hypotheses that may
explain why C-starved plants showed increased temperature
sensitivity of whole-plant respiration. First, prolonged
darkening and associated carbohydrate depletion, as observed
here, may result in a change in the dominant substrate used to
fuel respiration. Plant respiration primarily uses carbohydrates
as a substrate, except in specialised tissues (e.g. lipid-storing
seeds). However, when the carbohydrate supply is insufficient,
alternative respiratory substrates can be utilised, especially
proteins (e.g. Araújo et al. 2011), lipids (e.g. Aubert et al.
1996) and chlorophylls (e.g. Hörtensteiner and Kräutler 2011).
One result that may hint at this having occurred in the darkened
plants is that in parallel to a gradual depletion of carbohydrates,
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leaf chlorophyll concentrations declined in darkened plants.
A decrease in chlorophyll concentrations does not necessarily
mean that the metabolism of broken down chlorophylls
becomes a significant component of the total respiration flux,
but alternative substrate utilisation appears to be a reasonable
assumption. Respiration produces ATP and carbon skeletons,
but also reduces equivalents (e.g. NADH). The ratio at which
these are produced varies with the substrate used to fuel
respiration. It is not clear whether the temperature sensitivity
of respiration varies predictably with the primary substrate
respiration uses, but it is possible that short-term warming
shifts the demand for specific respiratory products, and that the
overall respiration rate is up- or downregulated at high
temperature accordingly. Substrates other than carbohydrates
have a respiratory quotient (the ratio of moles of CO2 released
to moles of O2 consumed) that differs from 1.0, so our
measurements of respiration using CO2 release only may thus
not fully represent the respiratory activity if alternative substrates
are used. Although alternative substrates may have supported
high respiration rates at high temperatures during carbohydrate
depletion, the question remains why the demand for any
respiratory product would be proportionally higher in
darkened plants than in controls.

Second, Atkin et al. (2002) found that in isolated soybean
(Glycine max (L.) Merr.) mitochondria, the Q10 of alternative
oxidase respiration was higher than the Q10 of cytochrome
pathway respiration. If prolonged darkening changed the
relative contribution of cytochrome and alternative pathway
respiration, a change in Q10 could be expected. Numerous
biotic and abiotic stress factors can result in the increased
engagement of alternative oxidase pathway respiration
(Vanlerberghe 2013), but deep shade or darkness alone is
unlikely to be a type of stress that results in reactive O
formation. Alternative oxidase respiration can also be induced
by inhibition of the tricarboxylic acid (TCA) cycle (Vanlerberghe
and McIntosh 1997). Reduced demand for ATP in darkened
plants could potentially trigger this TCA cycle downregulation
and may have increased the relative contribution of alternative
oxidase respiration. On the other hand, plants must maintain their
C flux through the TCA cycle even when the demand for ATP
and carbon skeletons is reduced, as the TCA cycle intermediates
play an important role in mitochondria–nucleus signalling
(e.g. Gray et al. 2004).

Third, the respiration of control plants consisted of respiration
associated with maintenance, growth, and ion-uptake processes,
and there is no reason to assume that this changed during the
experiment. In darkened plants, however, as the duration of
darkness progressed, growth is likely to have stagnated, also
reducing the demand for ion uptake by roots. As a result, the
proportion of whole-plant respiration associated with
maintenance processes is likely to have increased gradually
during darkening. Maintenance respiration is highly sensitive
to temperature, whereas respiration associated with growth is
thought to be much less temperature-sensitive (Penning de Vries
et al. 1974). This may explain the gradual increase in the Q10

of whole-plant respiration during prolonged darkening. The
proportion of maintenance respiration to growth respiration,
rather than carbohydrate concentrations may have been the
factor driving whole-plant Q10. Interestingly, however, the Q10

values of the control plants are comparable to the Q10 values
commonly observed for leaf respiration. Because leaf respiration
is most commonly measured on fully expanded leaves, this is
often assumed to represent maintenance respiration alone.
A. crenata is a very slow-growing shade-tolerant plant
(Kitajima et al. 2006), and growth respiration may be low
relative to maintenance respiration. Previous studies have
found low Q10 values of whole-plant respiration, often lower
than 1.5 (Percival et al. 1996; Frantz et al. 2004), but in these
other species, growth respiration was proportionally higher than
in A. crenata. A. crenata grows in the understorey of warm to
temperate evergreen forests in its native environment in Japan
and also in Florida (Kitajima et al. 2006). Interestingly, Griffin
et al. (2002) found higher Q10 values for shaded leaves of
Populus deltoides Bartr than for sunlit leaves. We also found
that for 7 out of 10 tropical tree and liana species, Q10 values
were higher in the shade than in the sun, with mean shade leaf
Q10 values up to 3.0 for some species (M. Slot, unpubl. data).
Griffin et al. (2002) argued that the elevated Q10 in the leaves
that had the lowest R25 was related to a combination of
carbohydrate availability and maintenance processes. We
propose that a similar change in the relative importance of
maintenance processes may explain the current observations
in A. crenata.

Temperature sensitivity of respiration
and global warming

It is important to distinguish between short-term and long-term
temperature responses. Long-term exposure to warming
generally results in acclimation of respiration in the form of
downregulation of respiration rates at a set temperature; for
leaf respiration, this has been observed across biomes and
growth forms (Slot and Kitajima 2015). To predict the
respiration rates of whole-plant C balance under future
temperature regimes, it will thus be important to account for
acclimation. However, the short-term temperature sensitivity
is important when modelling current respiration fluxes or the
C balance of plants based on ambient temperature fluctuations
(Law et al. 1999; Slot et al. 2014a, 2014b). This study has
confirmed previous work that Q10 values are not stable, and
we have shown that the changes in temperature sensitivity with
environmental or experimental conditions aremore complex than
expected from a simple carbohydrate starvation model.
Carbohydrates are clearly important for respiration and they
have been implied in longer term acclimation processes as
well (Tjoelker et al. 2008; Slot et al. 2014b), but many
questions about their role remain unanswered (Dietze et al.
2014). It appears that carbohydrate depletion by darkness may
not drive respiration temperature responses in the short-term.

Conclusions

Here, we have shown experimentally that the temperature
sensitivity of whole-plant respiration does not appear to be
controlled by substrate limitation of respiration at elevated
measurement temperature in A. crenata. Instead, we found a
darkening-induced increase in the temperature sensitivity, a
pattern driven by a smaller decrease in high temperature
respiration with darkening rather than by low temperature
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respiration. Although the mechanism for this phenomenon
is not clear, we speculate that growth downregulation and
consequent proportional increase of maintenance respiration,
or possibly a change in the involvement of alternative oxidase
pathway respiration, may underlie the observed patterns. Data
on whole-plant respiration are very rare, but is important to
understand whole-plant C balance responses to environmental
perturbations. The current study emphasises the complexity of
respiratory responses to temperature and the need for more a
general understanding of respiration traits in order to increase
our ability to model whole-plant C balance in a warmer world.
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