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a  b  s  t  r  a  c  t

Global  warming  and  associated  increases  in  the  frequency  and  amplitude  of extreme  weather  events,  such
as  heat  waves,  may  adversely  affect  tropical  rainforest  plants  via  significantly  increased  tissue  tempera-
tures.  In  this  study,  the  response  to two  temperature  regimes  was  assessed  in  seedlings  of  the  neotropical
pioneer  tree  species,  Ficus  insipida.  Plants  were  cultivated  in  growth  chambers  at  strongly  elevated  day-
time  temperature  (39 ◦C),  combined  with  either  close  to natural  (22 ◦C)  or  elevated  (32 ◦C)  nighttime
temperatures.  Under  both  growth  regimes,  the  critical  temperature  for irreversible  leaf  damage,  deter-

◦

espiration
hotosynthetic CO2 assimilation
hotosystem II
eat acclimation

mined  by  changes  in  chlorophyll  a fluorescence,  was  approximately  51 C. This  is  comparable  to values
found  in  F.  insipida  growing  under  natural  ambient  conditions  and  indicates  a limited  potential  for  heat
tolerance  acclimation  of  this  tropical  forest  tree  species.  Yet,  under  high  nighttime  temperature,  growth
was strongly  enhanced,  accompanied  by  increased  rates  of  net  photosynthetic  CO2 uptake  and  diminished
temperature  dependence  of  leaf-level  dark respiration,  consistent  with  thermal  acclimation  of  these  key
physiological  parameters.

© 2013 Elsevier GmbH. All rights reserved.
ntroduction

Increases in greenhouse gas concentrations and anthropogenic
lteration of land use and surface albedo have resulted in a rapid rise
n global surface temperature over the last three decades (Hansen
t al., 2010) and are predicted to result in further rises in the
ear future (IPCC, 2007). Such changes in temperature may  have
rofound implications upon individual species performance and
urvival, as well as ecosystem functioning (Colwell et al., 2008;
orlett, 2011, 2012; Offord, 2011). In tropical rainforest regions,

 mean temperature increase of 0.26 ± 0.05 ◦C per decade since

he mid-1970s has been reported (Mahli and Wright, 2004), with
limate projections suggesting that the American tropics may  see
ccelerated temperature rises in the future (Cramer et al., 2004;

Abbreviations: Asat, light-saturated net CO2 assimilation; Chl, chlorophyll; E0,
ctivation energy; F0, initial chlorophyll a fluorescence; Fv, variable fluorescence;
v/Fm, ratio of maximum variable to maximum total fluorescence; LAR, leaf area ratio
leaf area per total dry mass); LMA, leaf mass per area; LMF, leaf mass fraction; NAR,
et  assimilation rate; PAR, photosynthetically active radiation; PSII, photosystem

I;  Rd, leaf-level dark respiration; RGR, mean relative growth rate; RMS, root mass
raction; SMF, stem mass fraction.
∗ Corresponding author at: Institute of Plant Biochemistry, Heinrich Heine Uni-

ersity Düsseldorf, Universitätsstraße 1, 40225 Düsseldorf, Germany.
el.: +49 211 8112527; fax: +49 211 8113706.

E-mail addresses: ghkrause@uni-duesseldorf.de, krauseh@si.edu (G.H. Krause).

176-1617/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.jplph.2013.01.005
Diffenbaugh and Scherer, 2011). There is evidence for a greater
increase in nighttime temperature as compared to daytime tem-
perature leading to a decrease in the diel temperature range (Kukla
and Karl, 1993; Easterling et al., 1997; Alexander et al., 2006;
Malamud et al., 2011; Smithsonian Tropical Research Institute
Physical Monitoring Program, unpublished data for Barro Colorado
Island). Moreover, extreme weather events, such as heat waves
combined with drought (Jentsch and Beierkuhnlein, 2008) and
changing seasonal patterns of precipitation (Lintner et al., 2012) are
thought to become more common, potentially causing leaf temper-
ature to rise beyond the point at which irreversible damage occurs.
Information on thermal tolerance and the ability of plant species in
the humid tropics to acclimate to altered high temperature regimes
is scarce and largely restricted to a small number of important agro-
nomic species (Smillie and Nott, 1979; Weng and Lai, 2005). In these
studies and in those focused on non-crop tree species (Cunningham
and Read, 2006), thermal tolerance limits range from 35 to 52 ◦C.

A widely employed method to determine thermal tolerance of
plants is the study of changes in Chl a fluorescence upon heating
of leaf sections or whole leaves. Established by Schreiber and Berry
(1977), a standard procedure to determine incipient leaf damage
is to monitor heat-induced increase in ‘initial fluorescence’ (F0).

This fluorescence response was shown to correlate with visible
necrotic damage (Bilger et al., 1984) and detrimental effects on pho-
tosynthetic CO2 assimilation (Downton et al., 1984; Seemann et al.,
1984). The decline in the ratio of maximum variable to maximum

dx.doi.org/10.1016/j.jplph.2013.01.005
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
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otal fluorescence (Fv/Fm), indicating loss of potential efficiency of
hotosystem II (PSII), has also been used as a measure of heat-

nduced leaf damage (Méthy et al., 1997; Bigras, 2000; Ladjal et al.,
000; Cunningham and Read, 2006). Fv/Fm measurements tend to
esult in higher critical temperatures of leaf damage than measure-
ents of F0.
Krause et al. (2010) reevaluated the Chl a fluorescence method

n an investigation of thermal tolerance in two neotropical tree
pecies of Panama: Ficus insipida Willd. (Moraceae), a pioneer
ree, and Virola sebifera Aubl. (Myristicaceae), a late successional
ree. Plants growing under local ambient conditions were stud-
ed. Results demonstrated that a 50% decline in Fv/Fm, determined
24 h after a 15 min  heat treatment of leaf disks, was the most reli-
ble predictor of irreversible leaf damage which occurred in both
pecies between 50 and 52 ◦C. Alongside fluorescence data for four
ustralian species provided by Cunningham and Read (2006), these
epresent the highest thermal tolerance values reported thus far in
ropical trees. The question arises: is this the upper limit of thermal
olerance in tropical tree species?

We  examined the capacity for increases in thermal tolerance by
rowing F. insipida seedlings inside controlled-environment cham-
ers under a markedly elevated daytime temperature of 39 ◦C,
pproximately 7 ◦C above current ambient daytime maxima and
0 ◦C above mean daytime temperatures in lowland Panama (see
rause et al., 2010), and close to the highest temperature the cham-
ers available to us could sustain. The temperature of 39 ◦C was
ontinuously maintained throughout a 12 h light period, while dur-
ng the 12 h dark period, seedlings were exposed to either near
atural (22 ◦C) or elevated (32 ◦C) air temperatures. Thermal toler-
nce, photosynthetic and respiratory CO2 exchange and growth of
he seedlings cultivated under the two temperature regimes were
nalyzed. Results demonstrate no enhanced thermal tolerance of
eedlings cultivated under elevated daytime and nighttime tem-
eratures. However, the study did highlight significant effects of
ighttime temperature on CO2 assimilation, dark respiration and
rowth, the most remarkable result being a strong stimulation of
iomass production in response to increased nocturnal tempera-
ure.

aterials and methods

lant material and growth conditions

Seeds of Ficus insipida Willd. (Moraceae) were collected from
ature trees and germinated in January 2012 in Jiffy 7 peat

ellets (Jiffy Products of America Inc., Lorain, OH, USA). Individ-
al seedlings with 4–5 leaves were transferred into 15 cm high
.2 L plastic pots filled with soil (‘Potting mix’, Miracle Gro Lawn,
arysville, OH, USA). Three seedlings were harvested and mea-

ured for initial leaf area and total dry mass, while 36 plants
ere distributed evenly between two GC-15 controlled environ-
ent chambers (EGC, Chagrin Falls, OH, USA). Plants received

n initial dose of slow release fertilizer (‘Osmocote Plus’, Scotts
iracle-Gro, Marysville, OH, USA) and were watered to field capac-

ty daily. Chambers were maintained with a 12 h light period,
ith photosynthetically active radiation (PAR) between 520 and

90 �mol  photons m−2 s−1 at leaf level (Philips TL841 fluorescent
ulbs), which corresponded to about 50% of integrated daily ambi-
nt PAR on sunny days. Air temperature was 39 ◦C during light
eriods in both chambers. Temperature during the 12 h dark period
as maintained at either 22 or 32 ◦C. Chamber-set air tempera-
ures were confirmed with a shielded 107-L Air Temperature Sensor
Campbell, Logan, UT, USA). Leaf temperature, measured on the
daxial leaf surface with an infrared thermometer (MiniTemp MT,
aytec, Santa Cruz, CA, USA) ranged from 37 to 40 ◦C during the light
ysiology 170 (2013) 822– 827 823

period. In both chambers, air was  maintained with a dew point of
∼18 ◦C and ambient CO2 concentration (∼400 �L L−1). After 32–42
days, Chl a fluorescence, net CO2 exchange and biomass accumula-
tion and allocation were determined.

Chlorophyll (Chl) a fluorescence

The ratio of maximum variable to maximum total Chl a flu-
orescence (Fv/Fm), measured on mature leaves after 10 min  dark
adaptation, was used for assessment of potential efficiency of pho-
tosystem II (PSII) under both day and nighttime growth conditions.
Fluorescence was recorded with a MINI-PAM fluorometer (Walz,
Effeltrich, Germany). For details of the measuring procedure see
Krause et al. (2006).

Heat tolerance tests

Chl a fluorescence (initial fluorescence, F0, and ratio Fv/Fm)
was  used to determine high-temperature tolerance of leaves as
described by Krause et al. (2010). Leaf disks (diameter 1.1 cm)  of
fully expanded leaves from five different plants were heated for
15 min  in a water bath (Lauda RM6/RMS, Analytical Instruments,
LLC, Golden Valley, MN,  USA), at 45, 48, 50, 51, 52 or 53 ◦C. To
avoid anaerobiosis, leaf disks were wrapped in small pieces of
Miracloth (Calbiochem, La Jolla, CA, USA) and kept dry in plastic
bags. Untreated leaf disks without heating served as controls. After
heat treatment, leaf sections were kept in the dark for ∼10 min,
before fluorescence was monitored with a PAM 2000 fluorometer
(Walz, Effeltrich, Germany). Adverse effects of heating were indi-
cated by increased F0 and decreased Fv/Fm. Fluorescence changes
were partly reversed upon storing the same leaf disks for ∼24 h in
petri dishes on moist tissue paper under dim light. In accordance
with Krause et al. (2010), only fluorescence data obtained ∼24 h
after heating are presented.

Photosynthetic CO2 assimilation and dark respiration

Rates of light-saturated net photosynthetic CO2 uptake (Asat)
and dark respiration (Rd) were measured on mature leaves using a
LI-6400 system equipped with a 2 cm × 3 cm leaf cuvette (LI-COR
Biosciences, Lincoln, NE, USA). Temperature response of Rd was
determined by transferring 4 dark-adapted plants (at the end of the
dark period) from each chamber into a third GC-15 growth chamber
with air temperature set at 22 ◦C. Plants were kept for another hour
in darkness before Rd was determined in one fully expanded leaf
of each plant. The LI-6400 cuvette temperature was set to that of
the growth chamber. Reference CO2 partial pressure was  regulated
at 400 �L L−1. Growth chamber and cuvette temperatures were
then raised to 27 ◦C. Plants were allowed to equilibrate for 30 min
before Rd was  measured on the same leaves. This was  repeated at
32 ◦C. For subsequent Asat determination, the same plants were kept
for 2 h under standard conditions of the light period (39 ◦C; PAR,
520–590 �mol  photons m−2 s−1). To obtain maximal rates under
ambient [CO2], measurements were performed at saturating light
(PAR, 1000 �mol  photons m−2 s−1) and 400 �L L−1 CO2, with the
cuvette temperature set at 39 ◦C. Growth chamber and cuvette
temperatures were then reduced stepwise to determine Asat at a
range of lower temperatures (35.5, 32, 27, and 22 ◦C) with plants
equilibrated for 30 min  at each step.

Growth
Upon harvest of seedlings, leaf area was measured with a leaf
area meter LI-3100 (LI-COR, Lincoln, NE, USA). The dry mass of
laminae, stems (including leaf petioles) and roots was  determined
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Table 1
Chlorophyll fluorescence parameters of F. insipida grown at 39/32 ◦C or 39/22 ◦C
(light/dark periods). After six weeks of growth, recordings were done on mature
leaves in the light (8.5 h) or dark (11 h). F0 and Fv are given in relative units.
Means ± SD (n = 8, leaves of different plants).

Growth temp. Condition F0 Fv Fv/Fm

39/32 ◦C Light-adapted 328 ± 18 1078 ± 89 0.766 ± 0.019
Dark-adapted 285 ± 11 1273 ± 40 0.817 ± 0.005

s
(

R

w
a
i
W

N

a

S

b
w
w
t
g
p
fl
r
b
l
e
D

R

w
t
e
v
n
a
a
s
a
o

A

2

R

T

∼
u
r

Fig. 1. Effects of 15 min  heating of leaf disks of F. insipida on Chl a fluorescence emis-
sion, measured ∼24 h after heat treatment. Assays were performed on plants grown
39/22 ◦C Light-adapted 318 ± 28 1154 ± 54 0.783 ± 0.015
Dark-adapted 301 ± 22 1267 ± 71 0.807 ± 0.011

eparately after drying for >72 h at 70 ◦C. Mean relative growth rate
RGR) was calculated as

GR (mg  g−1 d−1) = ln W2 − ln W1

t
, (1)

here W1 and W2 are total dry mass (mg) at start of the experiment
nd time of harvest, respectively, and t is the duration of the exper-
ment (39 d). Net assimilation rate (NAR) was calculated using W1,

2 (g), t, and the initial and final leaf area, A1 and A2 (m2);

AR (g m−2 d−1) = (W2 − W1) · (ln A2 − ln A1)
(A2 − A1) · t

(2)

Initial total dry mass (W1) and leaf area (A1) were 0.116 ± 0.017 g
nd 31.1 ± 1.6 cm2, respectively (n = 3).

tatistics

Variances in physiological response and growth parameters
etween plants grown under contrasting nighttime temperatures
ere assessed by Student’s t-tests. Differences between treatments
ere considered significant at p < 0.05. Fluorescence characteris-

ics presented in Table 1 were evaluated by two-way ANOVA, with
rowth temperature and light/dark acclimated condition as inde-
endent factors. The influence of temperature upon leaf level gas
uxes was analyzed by fitting individual tested leaves with model
esponse curves. The mean fitting parameters were then compared
etween treatments using Student’s t-test. The response of Rd to

eaf temperature (Fig. 2b) was modeled using a modified Arrhenius
quation (Eq. (3)) described by Lloyd and Taylor (1994); see also
illaway and Kruger (2011):

d(T1) = Rd(T2)e
((E0/R)×((1/T2)−(1/T1))) (3)

here Rd(T1) and Rd(T2) are dark respiration rates at different leaf
emperatures, T1 and T2 (K); E0 (J mol−1 K−1) is the activation
nergy, and R the ideal gas constant (8.314 J mol−1 K−1). The acti-
ation energy was calculated through the fitting of Eq. (3) by
on-linear generalized least squares solving for both E0 and Rd
t the reference temperature, 25 ◦C. The thermal response of Asat

cross the range of temperatures tested was limited (Fig. 2a) and
o analyzed using a simple linear relationship (Eq. (4)) with net
ssimilation at a standard leaf temperature 30 ◦C (Asat(30)) and rate
f decline (ˇ), compared between treatments:

sat(T) = Asat(30) − ˇT (4)

Curve fitting was carried out using statistical program R, version
.13 (R Development Core Team, 2011).

esults

hermal tolerance
Changes in chlorophyll a fluorescence emission determined
24 h after heat treatment are depicted in Fig. 1. Fluorescence val-
es of non-heated control leaves grown at 39/32 ◦C and 39/22 ◦C,
espectively, were: (a) Fv/Fm, 0.816 ± 0.014 and 0.823 ± 0.006; (b)
for  37–39 d under the specified conditions. (a) Ratio Fv/Fm; (b) initial fluorescence,
F0. Means ± SD are shown (n = 5, leaves from different plants). Open circles, plants
grown at 39/32 ◦C (light/dark periods); closed circles, plants grown at 39/22 ◦C.

F0, 250 ± 33 and 256 ± 17 relative units. Heating to 45 ◦C and 48 ◦C
did not significantly reduce Fv/Fm (Fig. 1a) in leaves grown at
39/32 ◦C (p > 0.05), and only slightly decreased Fv/Fm in leaves
grown at 39/22 ◦C (p < 0.01). Beyond 48 ◦C, leaf disks of both growth
treatments exhibited progressive decline in Fv/Fm (Fig. 2a). The
Fv/Fm decline resulted from combined increase in F0 and decline
in maximum total fluorescence, Fm (data not shown). Correlation
of Fv/Fm decline with visible tissue damage observed during storage
of leaf sections subsequent to heat treatment has been previously
established for F. insipida leaves (Krause et al., 2010). A decrease
in Fv/Fm by 50%, considered as the limit of thermal tolerance, was
reached at approximately 51 and 51.5 ◦C in plants grown at 39/22 ◦C
and 39/32 ◦C, respectively. The data do not indicate a significant dif-
ference between thermal tolerance of plants grown under either
temperature regime.

Heat-induced rise in initial fluorescence, F0 (Fig. 1b), cor-
responded to the decrease in Fv/Fm. Compared to non-heated
controls, heating to 45 and 48 ◦C did not induce a significant F0
increase (p > 0.05). A strong increase in F0 was  observed upon heat
treatment at 51 ◦C and above in leaf disks from plants of both
growth temperature regimes (p < 0.01).

Chl a fluorescence, Asat and Rd of intact leaves

Chlorophyll a fluorescence parameters, recorded in intact leaves

during both dark and light periods, are presented in Table 1. Using
two-way ANOVA, the data show a significant effect of illumination
as compared to the dark-adapted state; F0 was increased (p < 0.001),
and Fv and Fv/Fm were decreased (p < 0.001) during the light period.
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Fig. 2. Net CO2 exchange in fully expanded leaves of F. insipida as function of leaf
temperature, determined after 32 d of growth at 39/32 ◦C (open circles) and 39/22 ◦C
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Thermal tolerance

Growth of F. insipida in controlled-environment chambers at
high daytime temperature (39 ◦C), markedly above temperatures in

Table 2
Growth parameters of F. insipida seedlings grown for 39 d either at 39/32 ◦C or
39/22 ◦C (light/dark periods). Means ± SD (n = 5). Mass fractions of leaves (LMF), stem
(SMF) and roots (RMF); leaf mass per area (LMA); leaf area ratio (LAR); mean relative
growth rate (RGR); net assimilation rate (NAR).

Growth temperatures

39/32 ◦C 39/22 ◦C

Dry mass (g)
Total** 3.80 ± 0.36 1.17 ± 0.25
Leaves** 1.98 ± 0.28 0.60 ± 0.16
Stem** 0.95 ± 0.16 0.27 ± 0.04
Roots** 0.86 ± 0.15 0.30 ± 0.11
Mass fraction (g g−1)
LMF  0.52 ± 0.03 0.51 ± 0.07
SMF  0.25 ± 0.04 0.23 ± 0.03
RMF  0.23 ± 0.04 0.26 ± 0.06
Other growth parameters
Leaf area (cm2)** 473 ± 83 120 ± 35
LMA  (g m−2)* 42.2 ± 2.1 50.4 ± 7.2
LAR (cm2 g−1) 124 ± 13 103 ± 23
Stem height (cm)** 33.3 ± 4.5 8.80 ± 1.7
Shoot/root (g g−1) 3.49 ± 0.71 3.06 ± 1.00
closed circles). Means ± SD (n = 4, leaves of different plants). (a) Net photosynthetic
O2 uptake under saturating light (Asat); (b) respiration in the dark (Rd). Fitted lines
ere calculated based on Eq. (3) (see Materials and Methods).

here was no significant effect of the growth temperature regime
n fluorescence. Interaction between light and temperature con-
ition was significant for Fv/Fm only (p < 0.01). The fluorescence
hanges observed in the light period were fully reversible in the
ark.

Light-saturated rates of net CO2 assimilation (Asat) were consid-
rably higher in leaves of seedlings grown at 39/32 ◦C as compared
o those grown at 39/22 ◦C at all temperatures tested (Fig. 2a),
ith modeled Asat(30) significantly (t(6) = 4.15, p < 0.01) higher in
lants grown at higher nighttime temperature, 13.8 ± 0.5 as com-
ared to 10.1 ± 1.7 �mol  CO2 m−2 s−1. In plants grown under both
emperature regimes, Asat changed little across the wide range of

easuring temperatures, with no significant difference in the rate
f decline in Asat seen in leaves of plants grown either at 39/22 ◦C

 ̌ = 0.04 ± 0.10) or 39/32 ◦C (  ̌ = 0.07 ± 0.10).
Rates of Rd increased as leaf temperature increased from ∼22 to

32 ◦C (Fig. 2b), with a difference in the rate of change observed
etween plants grown at 39/22 and 39/32 ◦C. Although plants
howed no significant difference in Rd at the reference temperature
f 25 ◦C, plants grown at 39/22 ◦C did have a significantly higher
0 (t(8) = 3.46, p < 0.01) than plants grown under elevated night-
ime temperature (63 ± 14 and 37 ± 9 kJ mol−1 K−1, respectively).
ccordingly, Rd measured at 32 ◦C in plants grown at 39/22 ◦C
as significantly higher (t8 = 2.36, p < 0.05) than in plants grown

t 39/32 ◦C (rates of 1.64 ± 0.20 and 1.34 ± 0.13 �mol  CO2 m−2 s−1,
espectively).

rowth

Seedlings cultivated at 39/32 ◦C exhibited much faster growth
han seedlings grown at 39/22 ◦C (Fig. 3). Total biomass accu-
ulation was about three times higher in plants grown at the
levated nighttime temperature, as compared biomass accumula-
ion at 39/22 ◦C (Table 2), resulting in higher leaf, stem and root

ass, leaf area, seedling height, RGR and NAR, but leaf mass per
Fig. 3. Image of F. insipida seedlings after 33 d of growth at day/night temperatures
of  39/32 ◦C and 39/22 ◦C. Stem heights were 32 and 12 cm,  respectively.

area (LMA) was lower (p < 0.05) in plants grown under high night-
time temperature. Mass fractions of leaves, stem and root, as well
as leaf area ratio (LAR) and shoot to root ratio were not affected by
nighttime temperature (Table 2).

Discussion
RGR (mg  g−1 d−1)** 89.2 ± 2.5 58.5 ± 6.2
NAR (g m−2 d−1)** 5.80 ± 0.37 4.08 ± 0.82

Significant differences between parameters at the two growth conditions are
denoted (**p < 0.01; *p < 0.05).
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he native habitats of this pioneer tree in Panama, did not lead to an
ncrease in thermal tolerance beyond the upper level (∼51 ◦C) pre-
iously observed in outer-canopy leaves from mature forest trees
nd seedlings cultivated under natural outdoor conditions (Krause
t al., 2010). Furthermore, high nighttime temperature (32 versus
2 ◦C) did not significantly enhance thermal tolerance. Instanta-
eous measurements of Fv/Fm under growth conditions, showed
nly slight reductions of Fv/Fm during the light period which were
eversible in the dark (Table 1), indicating that none of the growth
reatments caused sustained photoinhibition of PSII.

The apparent lack of acclimation in thermal tolerance suggests
hat 51 ◦C represents a fundamental limit in F. insipida. Similar
imits of thermal tolerance, based on Fv/Fm analyses, have been
bserved in leaves of two further neotropical tree species, Virola
ebifera (see Introduction) and Swietenia macrophylla (unpublished),
s well as in four Australian tropical tree species (Cunningham
nd Read, 2006). Extension of this analysis to a wider range of
ropical forest species is desirable yet it is noteworthy that these
bservations contrast with the significant acclimation potential
f thermal tolerance in plants of biomes with high seasonal and
iel temperature variations, notably desert species (Downton et al.,
984; Seemann et al., 1984, 1986) and alpine plants (Braun et al.,
002).

et photosynthetic CO2 uptake (Asat) and dark respiratory net
O2 loss (Rd)

Owing to reduced seasonality in the humid tropics compared to
emperate or boreal systems, thermal acclimation potential of pho-
osynthesis and respiration in tropical plants has been postulated to
e limited (Janzen, 1967; Cunningham and Read, 2003; Ghalambor
t al., 2006). Our study clearly demonstrates significant acclimation
n these performance traits to elevated nighttime temperature, as
vident from substantial differences in Asat and Rd between plants
rown under the two temperature regimes (Fig. 2). In both groups
f plants, Asat was relatively stable over a wide range of leaf tem-
eratures (∼22–39 ◦C), but exhibited higher rates in plants grown
nder elevated nighttime temperature (Fig. 2a). The absence of a
lear temperature optimum of Asat in both treatments is notable.
dditional experiments with well-watered seedlings of F. insipida
onfirmed high photosynthetic competence over a wide range of
eaf temperatures, and demonstrated 66% of Asat at leaf temper-
tures as high as 44 ◦C (K. Winter and A. Cheesman, unpublished
ata). This finding, together with the observation of irreversible

eaf damage at 51 ◦C (Fig. 1) suggests a dramatic decline in rate of
hotosynthesis above 44 ◦C. In contrast to F. insipida, Cunningham
nd Read (2003) noted relatively narrow temperature optima and
harp declines of maximum net photosynthesis above 30 ◦C in three
ut of four Australian tropical tree species adapted to considerably
ower mean annual temperatures than those of lowland Panama. It
s too early for generalizations regarding photosynthetic tempera-
ure responses of tropical trees. Clearly, species like F. insipida seem
ell adapted photosynthetically to air temperatures above those of

heir current habitat range.
We  demonstrate acclimation of leaf-level Rd, showing a reduced

ncrease in Rd with increasing temperature in plants grown at
9/32 ◦C compared to growth at 39/22 ◦C (Fig. 2b). In plants accli-
ated to the elevated nighttime temperature (32 ◦C), Rd increased

nly 1.6-fold when leaf temperature was raised from 22 to 32 ◦C,
hereas in plants grown at 22 ◦C, Rd increased 2.3-fold over the

ame temperature range. This pattern of temperature response is
onsistent with Type I acclimation of Rd as defined by Atkin and

joelker (2003), wherein plants acclimated to high temperatures
o so by a reduction in the temperature dependence of Rd but may
xhibit similar absolute rates as non-acclimated plants at lower
emperatures.
ysiology 170 (2013) 822– 827

The apparent decoupling between acclimation of CO2 exchange
and thermal tolerance indicates that F. insipida, within the limits
given by thermal stability of leaf tissue and photosynthetic appara-
tus, is capable of adjusting its metabolism to warmer temperature.

Growth

Although growth responses to temperature were not the pri-
mary motivation of the study, its most striking result is the
profound increase in biomass accumulation of plants under ele-
vated nighttime temperature (Fig. 3; Table 2). This result contrasts
with the widely assumed negative impact of increased nighttime
temperature upon tropical tree growth (Clark et al., 2003, 2010)
and the general paradigm that warmer temperatures reduce tree
growth in the tropics (Way  and Oren, 2010; but see Esmail and
Oelbermann, 2011). Consistent with the present study, nighttime
warming has been shown to stimulate growth in tobacco (Camus
and Went, 1952), cotton (Königer and Winter, 1993), and in another
tropical pioneer tree species, Ochroma pyramidale (A. Cheesman
and K. Winter, unpublished data). Furthermore, increased night-
time temperatures have been implicated in increased growth of red
oak seedlings in urban environments in upstate New York (Searle
et al., 2012).

At this point, we  cannot present a definitive mechanism to
explain the growth enhancement under elevated nighttime tem-
perature in F. insipida. Although rates of Rd at growth-chamber
nighttime temperatures (32 versus 22 ◦C) were higher in plants
grown at 39/32 ◦C, this is more than compensated for by concomi-
tant increases in Asat allowing for greater net carbon gain at the
leaf level under the higher nighttime temperature regime (Fig. 2).
However, it is by no means clear whether this increased carbon
gain is the reason or the consequence of increased growth rates
(Körner, 2003; Sala et al., 2012), and how tree growth and car-
bon storage are linked (Wiley and Helliker, 2012). Higher Rd at
higher nighttime temperatures could lead to faster breakdown
of photosynthate, thereby providing more energy for growth and
enhancing the assimilation of new carbon. This view emphasizes
the productive features of Rd rather than its CO2 releasing attributes
that negatively impact a plant’s carbon budget. Future studies
of source–sink relationships, meristematic activity, and carbon
use efficiency (Hansen et al., 2009) may  provide insight into the
mechanism leading to enhanced growth under elevated nighttime
temperature.
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