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,e ability of a plant to acclimate metabolically to thermal changes is necessary to maintain a positive carbon balance. It is likely
that a plant’s acclimatory potential is a function of leaf nitrogen and/or leaf carbohydrate status. Two important issues assessed
concerning leaf dark respiration (RD) were the effects of growth temperature, light, and fertilization on thermal respiratory
acclimation and changes in respiratory parameters (indicative of acclimation) throughout the dark period. Soybean (Glycine max
(L.) Merr.) plants were grown in greenhouses under a full factorial treatment arrangement of temperature, light, and nutrition. RD
was measured at three temperatures to estimate respiratory parameters (cool respiration R13, warm respiration R25, and the
temperature response of respiration EO) three times throughout the night (6 pm, 11 pm, and 4 am). Respiratory parameters did
not differ throughout the night. ,ermal acclimation was observed in warm grown plants under optimal growing conditions
(i.e., high light and high fertilization); however, acclimation did not occur when limitations were imposed (i.e., shade or no
fertilization). ,ese findings suggest thermal acclimation will occur so long as plants do not undergo limitations. ,is may have
major implications for natural ecosystems and may play a role in assessing an ecosystems resiliency to climate change.

1. Introduction

Tissue dark respiration (RD) not only provides energy and
carbon (C) skeletons for most plant metabolic processes [1]
but also accounts for up to 50% of gross productivity [2].
Climate clearly exerts a strong influence on plant C balance as
a whole, and this impact on tissue RD is an important de-
terminant of that balance being positive or negative [2]. In the
short term, RD has been shown to be quite sensitive to
variations in temperature [3]; however, respiratory meta-
bolism is often adjusted to minimize acceleration of C loss at
higher temperatures [4]. ,e opposite effect has been ob-
served when plants are exposed to low or declining tem-
peratures [5], and the absence of thermal acclimation has been
reported in other studies [6]. Clearly, the nature and extent of
thermal RD acclimation appear to differ significantly across
species and growth environments [7–12]. When thermal

acclimation is detected, it may be a result of changes in RD at a
predetermined base or cool temperature [10, 13], changes in
the temperature response [7], or both [14].

Exponential functions are commonly used to describe
the relationship between temperature and RD. However
when measured over a range of short-term temperature
changes, Q10 (quantifying the relative rise in RD with a 10°C
increase in temperature) has been shown to introduce bias
into these estimates [15], which can be avoided by using a
modified Arrhenius equation to calculate an energy of ac-
tivation (EO) [16]. While both Q10 and EO values can range
widely across tissue types, species, and environments, they
are frequently large enough to result in at least a doubling of
RD with a 10°C increase in temperature [17]. Some studies
have indicated correlations between this observed temper-
ature response and leaf chemical traits [18]; however, there
are a number of studies which have suggested that the
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mechanisms underlying RD may differ at warmer versus
cooler growth temperatures, and as a result, EO (shape of
temperature response curve) will be a function of these rates
[4, 17]. For example, Dillaway and Kruger [19] reported a
strong correlation between warm respiration (R30; respira-
tion at 30°C) and mass-based photosynthesis, while cool
respiration (i.e., 20°C) appeared to be a function of leaf
nitrogen concentration ([N]). ,us, when assessing the
relationships between leaf traits and respiratory temperature
response, it is imperative that both cool and warm respi-
ration (minimum of 10°C temperature spread) are assessed
equally but separately.

Studies which assess the respiratory response of plant
tissues typically do not account for changes in respiration rates
and or the temperature response of respiration throughout the
nocturnal period [7, 14, 19–25]. Cumulative night-time res-
piration is often calculated using the temperature response of
respiration measured at one point-in-time (usually just after
sunset or just prior to sunrise) [19]. However, it is unknown
whether this temperature response of respiration at the onset
of darkness is in fact identical to the temperature response of
respiration found at the conclusion of the nocturnal period
[26, 27]. One theory proposed to explain the observed dif-
ferences in the temperature response of respiration across
climate gradation is changes in [N] [2, 28, 29]. However, none
of the previously correlated variables can explain why the
temperature response of respiration might change either
throughout the night or as a result of longer-term adjustments
to growth temperature (i.e., thermal acclimation). Given that
leaf [N] should be a relatively stable leaf chemical property (at
least in the short-term), if a differential decline in respiration
rates at contrasting temperature regimes is observed
throughout the night, it should result mainly from changes in
warm respiration indicating that this declinemay be driven by
carbohydrate concentration in the leaf.

,is research addresses three important and related
issues concerning leaf dark respiration:

(i) We assessed the effects of growth temperature, light,
and fertilization on the temperature response of
respiration and thus respiratory thermal acclima-
tion. ,ermal acclimation of respiration depends in
large part on two important respiratory parameters
including base respiration (cool respiration) and the
temperature response of respiration (EO, analogous
to Q10) [4, 17]. For the purpose of this study, we
adopted the theoretical construct of Atkin and
Tjoelker [4] in which two types of acclimations are
possible (Type I and Type II). Type I is theorized to
be a result of a shift in the temperature response of
RD (i.e., Q10 or EO), and Type II is theorized to be a
result of a shift in RD at low temperatures (i.e., cool
respiration (R13 in our study)). Based on current
research, additional insight regarding the mecha-
nistic underpinnings driving shifts in these variables
is needed. We hypothesized that EO would decrease
with increased growth temperature due to a decline
in warm respiration (R25). Cool respiration (R13)
will not change as a result of growth temperature.

(ii) We assessed the temporal temperature response of
respiration throughout the dark period. Cumulative
night-time respiration and the nature of thermal
acclimatory adjustments cannot be predicted with a
high level of confidence, to date. It is unknown
whether these variables change throughout the dark
period of a 24-hour span. We hypothesize that EO
and R25 will decline throughout the night regardless
of treatment but the decline will be more pro-
nounced in the “warm” grown plants owing to faster
depletion of carbohydrate stores. R13 will remain
stable throughout the night due to its strong cor-
relation with leaf [N].

(iii) Another principal goal of this research is to under-
stand the fundamental mechanistic underpinnings of
leaf dark respiration (warm respiration, cool respi-
ration, and the temperature response of respiration)
through manipulations of leaf carbohydrate con-
centration and leaf [N] status of plants growing at
contrasting growth temperatures. In this regard, we
hypothesized that EO and R25 will be lower in the
low-light treatments due to their positive correlation
with total leaf nonstructural carbohydrate (TNC),
while R13 will be nonresponsive to light treatments
due to its lack of correlation with leaf TNC. Because
of the strong relationship between leaf [N] and cool
respiration (R13), the no fertilization treatment will
exhibit a lower R13 relative to the fertilization treat-
ment; however, fertilization will show no apparent
effect on R25 or EO.

2. Materials and Methods

2.1. Study Design and Treatments. ,is work was conducted
using university greenhouses located at Louisiana Tech
University in Ruston, LA, from February to March 2010.
,is study employed a randomized complete block design
replicated three times with the treatments arranged as a full
2 × 2 × 2 factorial. Soybean (Glycine max (L.) Merr.) seeds
were sown on 23 February 2010, in 4.4 L pots filled with a
uniform soil mixture (Metro mix-300, Sun-gro horticulture,
Bellevue, Washington). Seeds were germinated in a common
greenhouse under ambient CO2 and a constant temperature
of 23°C for approximately two weeks prior to treatment
initiation.

Fertilizer and growth temperature treatments were
initiated on 8 Mar. 2010. Seedlings were randomly moved to
one of four greenhouses. Two houses were designated
“warm” houses and maintained at a day/night temperature
of 30/23°C, while two houses were designated “cool” houses
and maintained at a day/night temperature of 20/13°C,
resulting in a ∼10°C spread in temperature both during the
day and night periods. Duplicate houses were used for each
growth temperature treatment to ensure any responses were
an effect of our treatments and not random differences
among greenhouses. Half of all seedlings within each house
were fertilized with a controlled release fertilizer (Osmocote,
15-9-12, Scott’s, Marysville, OH). In each house, fertilized
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(F) and nonfertilized (NF) seedlings were grown under high
light conditions. Soybean plants were grown for an additional
two weeks after transitioning seedlings to treatment rooms in
order to allow plants to fully acclimate to their new growth
conditions and develop new foliage under their respective
temperature regime. Shade treatments were initiated the
morning prior to respiration measurements. Plants were
shaded for approximately 14 hours prior to respiration
measurement. During each measurement period, a subset of
high light plants was moved into a shade house. Shade houses
provided approximately 30% of full sunlight and were
designed to reduce daily C fixation of “low-light” plants
relative to “high-light” plants (LL and HL, respectively).

2.2. Respiration Measurements. Respiration measurements
were conducted for three consecutive days (23rd, 24th, and
25th Mar.). During each measurement period, nocturnal
measurements were taken three times (beginning at 1800,
2300, and 0400 h) in order to examine the variability in key
respiratory parameters throughout the night. Leaf dark res-
piration and its response to temperature were measured, for
each treatment, during three “campaigns” throughout the
night, using a Li-Cor 6400 portable photosynthesis machine
(Li-Cor Biosciences, Lincoln, NE) with a 6 cm2 cuvette. Dark
respiration (RD) was determined on the youngest, fully ex-
panded leaf from six plants per treatment, at three cuvette
temperatures (13°, 18°, and 23°C). Partial pressure of CO2
(pCO2) inside the cuvette reference chamber was maintained
at 400 ppm (∼40 Pa) using the CO2 mixer on the Li-Cor 6400.
As in recent studies of leaf gas exchange [19, 30], we included
a correction factor recommended by Pons andWelschen [31]
in order to account for the “gasket effect” of commercially
available photosynthesis systems.

,e response of RD to temperature was calculated using
a modified Arrhenius equation [16, 18, 28]. ,e Arrhenius
equation was chosen (as opposed to the Q10 approach) so
that estimates were not dependent on measurement tem-
perature. ,e use of the Arrhenius equation allows us to
calculate RD for a particular leaf (with its unique EO and
temperature-adjusted RD) at any temperature of interest.
Respiratory responses to growth environments were ex-
amined using several calculated parameters, including
temperature-adjusted rates (Respiration at 25°C (R25) and
respiration at 13°C (R13)), along with the temperature
response of respiration (EO). Respiration rates at tem-
peratures as low as or lower than 15°C are commonly used
to assess “cool” respiratory metabolism in studies of RD
acclimation [4, 10, 18].

2.3. Leaf Morphology and Chemistry. At the conclusion of
each respiration campaign, all measured leaves were har-
vested, their projected leaf areas determined, and placed in a
70°C oven. After 72 hours, the leaves were removed from the
oven and weighed. Leaf area and dry mass were used to
calculate specific leaf area (SLA), which was used to convert
leaf RD to a mass basis (nmol g−1·s−1). Leaves were then
ground to a fine-powder and sent for C and N analysis
(Brookside Laboratories, Ohio).

An additional set of leaves, proximal to (and serving as
a proxy for) those measured for RD, were harvested si-
multaneously with individual RD measurement campaigns.
,ese samples were immediately frozen in a −20°C freezer.
Leaves were then freeze-dried using a benchtop lyophilizer
(VirTis Bench Top, SP Industries Inc., NY), ground to a fine-
powder with a mortar and pestle, and analyzed for con-
centrations of total nonstructural carbohydrate (TNC) and
its components (starch and soluble sugars), employing
enzyme digestion and colorimetric assays similar to those
detailed in Kaelke et al. [32]. Leaf starch and leaf [N] were
then regressed against respiratory parameters (i.e., R25, EO,
and R13) in order to determine the variables driving changes
in the temperature response of respiration and temperature-
adjusted rates of respiration.

2.4. Data Analyses. Determination of respiratory thermal
acclimation was analyzed using analysis of variance with
repeated measures where block, growth temperature, light,
and fertilizationmain effects and interactions were treated as
fixed effects. Time of night and all associated interaction
terms were treated as random effects. All subsamples were
averaged and assumptions checked using plots of normality
curves and residuals prior to statistical analysis. For re-
gression analysis, outlier observations were identified using
Cook’s distance procedure and removed when appropriate.
All analyses were conducted using PROC MIXED and
PROC REG in SAS 9.3 [33].

3. Results

3.1. Comparisons of Leaf Respiration at Common
Temperatures. Estimates of RD at a common temperature
were calculated for cool metabolism and warm metabolism
(R13 and R25). R25 was higher in the cool treatment under
high light regardless of the associated fertilization treatment
(Figure 1(c)).

Under low light, R25 was not significantly different from
the “warm” grown plants under either fertilization treatment
(Figure 1(c)). R13 in “cool” grown plants was higher than
“warm” grown plants only in the high light, fertilized (HL,F)
treatment but did not appear to vary under other combi-
nations of light and fertilization (either low light or low
nutrition) (Figure 1(b)). Within temperature regimes, R13 in
“warm” grown plants was unaffected by light and nutrition
manipulations (P � 0.21 and P � 0.66, respectively). R25 in
“warm” grown plants did not differ within HL or LL, but
both HL,F and HL,NF were higher than their LL counter-
parts (P � 0.02 and P � 0.07, respectively) (Figure 1(c)).
Within “cool” grown plants, R13 was significantly higher in
the HL,F combination than all other light and fertilization
combinations (P≤ 0.05). R25 in “cool” grown plants was
significantly higher in the HL,F combination than the
HL,NF plants (P � 0.01). Both the F andNF plants under HL
were significantly greater (P< 0.0001 and P � 0.002, re-
spectively) than their LL counterparts. R25 showed no dif-
ference between the LL,F and LL,NF plants (P � 0.51;
Figure 1(c)).
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3.2. Temperature Sensitivity of Leaf Respiration. ,e tem-
perature sensitivity of respiration (EO) was significantly
increased in “cool” grown plants relative to “warm” grown
plants in all treatments with the exception of the LL,NF
treatment (Figure 1(a)). Within the “cool” grown plants, EO
was significantly greater in the HL treatments than the LL
treatments, regardless of the associated fertilization treat-
ment (P � 0.002). Within the “warm” grown plants, there
was no significant difference among any light-fertilization
combinations with the exception of HL,F plants being
greater than LL,F (P � 0.01).

3.3. Temporal Dynamics of Leaf Respiration and Leaf
Carbohydrate. ,roughout the night, we observed no sig-
nificant change in R13, R25, or EO in any treatment com-
bination or temperature environment (Table 1). In addition,
leaf starch, leaf soluble carbohydrate (TSC), and leaf total
nonstructural carbohydrate (TNC) did not differ throughout
the night (Table 1).

3.4. Leaf Carbohydrate Concentration. Leaf carbohydrate
concentration (both starch and soluble carbohydrates) was
affected by our treatments (Figure 2). Fertilization had
the greatest effect on both starch (P � 0.01) and soluble
carbohydrate (P< 0.0001) (Table 1). Temperature and light
also had a significant effect on starch (P � 0.03 and P � 0.06,
respectively) and soluble carbohydrates (P � 0.02 and P �

0.01, respectively). We did not, however, find any interac-
tions between light, temperature, and fertilization with the
exception of starch which showed an interaction between
temperature and fertilization (P � 0.01; Table 1).

3.5. Leaf Nitrogen Concentration. Leaf [N] did not differ
among fertilized plants between “cool” and “warm” grown
plants in either HL or LL (Table 2). However, we did find
significant differences in leaf [N] between “cool” and “warm”
grown plants under HL (P � 0.04) and LL (P � 0.01). Lowest
leaf [N] concentrations occurred in the HL,NF in the
“warm” grown plants.
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Figure 1: Differences among resource manipulation treatments for “warm” and “cool” grown plants (red and blue bars, respectively) for
temperature response of respiration (EO) (a), cool respiration (R13) (b), and warm respiration (R25) (c). Bars represent least square means
(n � 18) throughout the night (error bars represent ± one standard error from the mean). P values show comparisons among “warm” and
“cool” grown plants for each light (high light � HL and low light � LL) by fertilization (F � fertilized and NF � no fertilizer added) treatment
combinations.
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3.6. Relationships among Respiration Parameters and Asso-
ciated Leaf Traits. R13 was not correlated with leaf [N] under
any treatment combination with the exception of “cool”
grown plants under HL which was only marginally signif-
icant (r2 � 0.29; P � 0.07; Figure 3(a)). No relationship was
evident between leaf [N] and R25 or EO (data not shown). R25
was significantly correlated with leaf starch across treat-
ments in both “warm” and “cool” grown plants (r2 � 0.46;
P � 0.008 and r2 � 0.29; P � 0.01, respectively; Figure 4).
However, within the cold grown plants the low light, fer-
tilization treatment was anomalous and was left out of the
regression analysis (Figure 4(a)). Analysis of covariance
(ANACOVA) showed a slightly significant (P � 0.10) dif-
ference in the relationship (slopes) among our treatments.

4. Discussion

Accurately accounting for thermal acclimation in carbon
cycle models can have a profound effect on annual respiration
estimates [34, 35, 36]. Given that studies which report on the
presence or absence of thermal respiratory acclimation are
often contradictory, for example, [6, 7, 10, 11, 14, 18,
19, 24, 37–44], our study is unique in that it was designed to
manipulate precursors for warm, i.e., carbohydrates, [19] and
cool respiration, i.e., leaf [N] [11,19, 43, 45–49], in order to
analyse the mechanistic underpinnings of the temperature
response of respiration (EO), warm respiration (R25 in our
case), and cool respiration (R13 in our case). ,is was done in
an attempt to help explain why these contradictory results in
published findings of acclimation, or lack thereof, exist.

Our results, however, only partially supported our
hypotheses in that we did observe respiratory acclimation,
and this acclimation did result from a decrease in EO with
increasing growth temperature, as expected. Interestingly,
these acclimatory responses were only evident in plants

grown with no light or nutrition manipulations, indicating
that plants growing in less than ideal situations (LL and NF)
may be incapable of acclimating to increased temperatures.
It was also apparent that this lack of acclimation in our LL,
NF combinations were much stronger when two manip-
ulations were combined as opposed to just one (i.e., either
light or nutrition). It appears that light controlled these
acclimatory responses much more strongly than nutrition
evidenced by the fact that the HL,NF plants were still
capable of thermal respiratory acclimation while the
LL,F plants showed no evidence of acclimation. We ob-
served no overall change in R13 with changes in growth
temperature with very few exceptions across treatments.
,is was not expected due to the strong previously pub-
lished relationships between cool respiration and leaf [N]
[2, 19, 28], but we did not observe a change in R13 which is
indicative of Type I acclimation as defined by Atkin and
Tjoelker [4].

Because of the suggested link between leaf respiration
rates andmitochondrial substrate supply, i.e., carbohydrates;
[20, 50], we also hypothesized that we would observe a
decline in both EO and R25 throughout the night due to a
depletion of leaf carbohydrate and that this decline would be
much more pronounced in the warm grown plants. Previous
reports have indicated that as much as a 50% decline in leaf
starch can occur throughout a 12-hour dark period [51].
Surprisingly, we observed no discernible change in any of
our respiration parameters or carbohydrate concentrations
throughout the night. ,is stability of both the temperature
response and warm respiration may be in part due to the
stability of leaf carbohydrate concentrations.

We did observe a decline in EO and R25 in the “low-light”
(LL) treatments, regardless of fertilization, but this was not a
function of leaf carbohydrate status. We found a slight
increase in leaf nonstructural C (starch and soluble sugars)

Table 1: Partial P table for leaf respiratory parameters (temperature response of respiration (EO), basal respiration (R13), and warm
respiration (R25)) and leaf nonstructural C for “warm” and “cool” grown Glycine max (soybean) plants subjected to a factorial combination
of light (L) and fertilization (F). Data were analyzed as a RCB design with treatments arranged as a full 2 × 2 × 2 factorial measured
repeatedly throughout the night using the repeated statement in PROC MIXED (SAS 9.3).

Num. Den. Resp. parameters Nonstructural C
df df EO R13 R25 Sol. Starch Total

Between subject effects
Block 2 13 0.89 0.05 0.12 0.32 0.26 0.18
Temp. (TC) 1 13 0.002 0.03 <0.0001 0.02 0.03 0.01
Light (L) 1 13 0.0004 0.002 <0.0001 0.01 0.06 0.23
Fert. (F) 1 13 0.65 0.42 0.21 <0.0001 0.01 <0.0001
TC × L 1 13 0.38 0.06 0.002 0.63 0.21 0.77
TC × F 1 13 0.85 0.83 0.28 0.11 0.01 0.93
L × F 1 13 0.20 0.31 0.04 0.84 0.09 0.51
TC × L × F 1 13 0.36 0.05 0.11 0.45 0.71 0.45
Within subject effects
Time 2 30 0.61 0.40 0.37 0.61 0.53 0.96
TC × time 2 30 0.49 0.21 0.94 0.96 0.53 0.90
L × time 2 30 0.75 0.19 0.12 0.59 0.12 0.41
F × time 2 30 0.85 0.87 0.60 0.99 0.68 0.79
TC × L × time 2 30 0.23 0.76 0.20 0.59 0.97 0.71
TC × F × time 2 30 0.97 0.77 0.94 0.89 0.26 0.49
L × F × time 2 30 0.83 0.31 0.32 0.92 0.37 0.93
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in our low-light treatments, which is likely a function of
reduced C use throughout the day as a result of the shade
treatment. Both “warm” and “cool” grown plants across
treatments showed a strong positive correlation between
leaf starch and R25. Within the “cool” grown plants,
however, the LL,F treatment was considered an outlier and
was not included in the regression analysis (Figure 4;
circled observations). We hypothesize that the reasoning
behind this anomalous treatment is that even though starch
is likely a source of energy for the enzymatic reactions
associated with leaf RD, the starch concentration in a leaf is
not affected by simply one day of reduced photosynthesis as
designed in this experiment, and due to the decrease in
photosynthetic rate, there was a drastic reduction in res-
piration rate indicating a direct link between photosyn-
thesis and respiration, possibly through a decline in ATP-
consumption rates [20]. ,is link between these two as-
sociated metabolic processes has been shown in numerous
studies [11, 14, 19, 37, 52–57]. It is equally as likely that this
same phenomenon was not observed in the warm grown
plants due to the increased demand for substrate because of

Table 2: Leaf attributes of Glysine max (soybean) plants exposed to
different combinations of light and fertilization grown under
“warm” (30°/23°C day/night) and “cool” (20°/13°C day/night)
temperature treatments.

Leaf attributes Light,Fert Warm Cool P value

Mass-based leaf
C (mg·g−1)

HL,NF 418 ± 6 417 ± 2 0.96
HL,F 425 ± 8 422 ± 10 0.87
LL,NF 394 ± 42 423 ± 7 0.20
LL,F 413 ± 4 416 ± 4 0.87

Mass-based leaf
N (mg·g−1)

HL,NF 38 ± 3 47 ± 2 0.04
HL,F 59 ± 2 59 ± 3 1.00
LL,NF 45 ± 5 56 ± 2 0.01
LL,F 63 ± 2 65 ± 2 0.63

Area-based leaf
N (g·cm−2)

HL,NF 1.48 ± 0.11 1.57 ± 1.10 0.74
HL,F 2.18 ± 0.16 2.03 ± 0.19 0.66
LL,NF 2.11 ± 0.22 2.25 ± 0.19 0.61
LL,F 2.94 ± 0.28 2.63 ± 0.14 0.25

SLA (g·cm−2)

HL,NF 39.5 ± 2.7 33.8 ± 1.9 0.11
HL,F 36.9 ± 2.4 34.2 ± 1.9 0.48
LL,NF 46.9 ± 2.2 40.0 ± 1.6 0.06
LL,F 46.3 ± 3.9 40.3 ± 2.4 0.10
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Figure 2: Differences among resource manipulation treatments for “warm” and “cool” grown plants (red and blue bars, respectively) for
percent soluble sugars (a), starch (b), and total nonstructural C (c). Bars represent least square means (n � 18) throughout the night (error
bars represent ± one standard error from themean). P values show comparisons among “warm” and “cool” grown plants for each light (high
light � HL and low light � LL) by fertilization (F � fertilized and NF � no fertilizer added) treatment combinations.
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the 10°C increase in night temperature associated with the
“warm” treatment. Utilizing light response curves for
soybean from Lauer et al. [57] and measuring ASat rates on
HL plants (data not shown), we estimate that our LL plants
experienced an approximately 60% reduction in photo-
synthetic rates as a result of our shade treatments (i.e., 30%
of full sunlight). ,is estimate reasonably assumes that the

short duration of the LL treatment (1 day) would not be
enough time to impact leaf photochemical efficiency
(slope) or the light saturation. Even with this substantial
decrease in photosynthesis, starch and especially soluble
carbohydrate concentrations in fertilized plants remained
drastically higher than their NF counterparts in the “cool”
treatment.
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Figure 3: Relationship between cool respiration (R13) and percent leaf N concentration ([N]) for “cool” and “warm” grown plants
(represented in (a) and (b) and shown using blue and red symbols, respectively). Regressions were performed across fertilization (F,NF)
treatments within a light (HL,LL) treatment.
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Figure 4: Relationship between warm respiration (R25) and percent leaf starch for “cool” and “warm” grown plants (represented in (a) and
(b) and shown using blue and red symbols, respectively). Regressions were performed across all treatments combined. Circled observation in
(a) indicates omission of the low light, fertilized (LL,F) treatment from regression analyses.
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While the plants in our study were clearly not “starved”
for nitrogen (even within the nonfertilized treatment based
upon leaf N values of 3.8–5%), we did increase leaf [N]
significantly with our fertilization treatment. We did observe
shifts in allocation which are indicative of a nitrogen lim-
itation. Ruffy et al. [58] suggested that nitrogen limitations
can cause a general decline in the plants carbohydrate
utilization efficiency which ultimately would result in a shift
of allocation from roots to shoots. As reported in Ruffy et al.
[58], we also observed a 22% increase in the shoot to root
ratio although this was only marginally significant between
fertilized and unfertilized plants (P � 0.09). It is important
that more studies be conducted with more drastic nitrogen
limitations imposed to tease out the mechanistic un-
derpinnings of nutrient limitations on thermal acclimation
of leaf dark respiration.

5. Conclusions

If the results of this study translate into similar findings in
field situations and similar trends were to be found in
photosynthetic acclimatory responses to stressors, this study
has far-reaching implications for both managed and un-
managed (natural) landscapes. If plants are unable to ac-
climate metabolically to increased temperatures when grown
in lower nutrition or low light (or a combination of these
situations), agricultural (managed) and natural ecosystems
which have these characteristics may be much more sus-
ceptible to current and future temperature increases asso-
ciated with climate change. ,is limitation hypothesis which
would potentially allow natural and managed ecosystems to
be classified as to their potential resiliency to climate change
needs to be thoroughly addressed in future studies.
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