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Growing season temperatures limit growth of loblolly pine
(Pinus taeda L.) seedlings across a wide geographic transect
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Abstract We grew potted loblolly pine (Pinus taeda L.)
seedlings from a single provenance under well watered and
fertilized conditions at four locations along a 610 km
north—south transect that spanned most of the species range
to examine how differences in the above-ground environ-
ment would affect growth rate, biomass partitioning and
gas exchange characteristics. Across the transect there was
an 8.7°C difference in average growing season tempera-
ture, and temperature proved to be the key environmental
factor controlling growth rate. Biomass growth was
strongly correlated with differences in mean growing sea-
son temperature (R* =097) and temperature  sum
(R? = 0.92), but not with differences in mean daily pho-
tosynthetic photon flux density or mean daily vapor
pressure deficit. Biomass partitioning between root and
shoot was unchanged across sites. There was substantial
thermal acclimation of leaf respiration, but not photosyn-
thesis. In mid-summer, leaf respiration rates measured at
25°C ranged from 0.2 umol m™2 s~ in seedlings from the
warmest location to 1.1 pmol m~% s™' in seedlings from
the coolest site. The greatest biomass growth occurred near
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the middle of the range, indicating that temperatures were
sub- and supra-optimal at the northern and southern ends
on the range, respectively. However, in the middle of the
range, there was an 18% decrease in biomass increment
between two sites, corresponding to 1.4°C increase in mean
growing season temperature. This suggests that thermal
acclimation was insufficient to compensate for this rela-
tively small increase in temperature.

Keywords Loblolly pine - Thermal acclimation -
Net photosynthesis - Dark respiration

Introduction

Climate simulations predict that temperatures in this cen-
tury will increase by approximately 2°C in the southeastern
United States (Meehl et al. 2007). Most biological pro-
cesses determining net biomass accumulation are
temperature dependent, including photosynthesis and res-
piration (Hellmers 1962). Yet factors such as the ability of
a species to acclimate physiologically to different tem-
perature regimes, changes in the length of the growing
season and increased potential for high temperature stress
complicate predictions of how warmer conditions will
affect tree growth.

Many studies of the effect of temperature on tree growth
have reported that higher temperatures increase tree
growth. Height growth of a population of genotypes of
Pinus sylvestris (L.) planted in genetic trials throughout
Europe was greatest in sites in the southern (warmest)
locations, and least in the colder northern sites (Reich and
Oleksyn 2008). The annual biomass increment of mature
moist tropical evergreen forests growing on different sites
with mean annual temperatures ranging from 10 to 27°C
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was substantially greater in warmer sites than cooler sites
(Raich et al. 2006). Most experimental warming studies
using tree species also report an increase in growth in
elevated temperatures. For example, temperature increases
of 2 and 4°C over ambient increased biomass growth of
Fagus sylvatica (L.) saplings (Overdieck et al. 2007).
Diameter growth of Pinus sylvestris was enhanced by
elevated temperatures (Peltola et al. 2002). Increasing
temperature 4°C significantly increased biomass growth in
both Pinus sylvestris and Picea abies seedlings (Sallas
et al. 2003). However, some experimental warming studies
have reported no effect of elevated temperature on growth.
A 3.5°C increase in temperature over ambient had almost
no effect on biomass growth of Pseudotsuga menziesii
(Mirb. Franco) seedlings (Olszyk et al. 2003). Similarly, a
3 to 5°C increase in air temperature had no effect on
diameter growth of trees in a Pinus sylvestris—Betula
pubescens (Ehrh.) forest in southern Norway (Rasmussen
et al. 2002). There have also been observations of
decreased growth in response to experimental warming. In
a year that was warmer than normal, seedlings of Acer
rubrum (L.) and A. saccharum (Marsh.) exposed to ambi-
ent+-4°C had substantially less biomass growth than in the
ambient treatment (Norby et al. 2000).

A longer growing season as well as thermal acclimation
may explain increases in growth under warmer conditions.
Thermal acclimation is a reversible, physiological change
that enables optimum functioning of plants under different
temperature regimes (Atkin and Tjoelker 2003). Thermal
acclimation of respiration, which reduces the loss of carbon
at higher temperatures and increases metabolic activity at
lower temperatures, has been commonly observed in trees
(Rook 1969; Paembonan et al. 1991; Teskey and Will
1999; Bolstad et al. 2003; Lee et al. 2005; Ow et al. 2008;
Tjoelker et al. 2008). Thermal acclimation of photosyn-
thesis causes a shift in the temperature optimum that
enhances carbon gain. Some tree species exhibit this
acclimation (Battaglia et al. 1996; Gunderson et al. 2000;
Mikela et al. 2004), but others do not (Ow et al. 2008;
Warren 2008).

In the warm temperate zone of the southeastern USA
where this study takes place, the growing season lengthens
from the northern to the southern portion of the range, but
the length and duration of high temperature periods
(>35°C) in the summer also increase. These temperatures
are supra-optimal for carbon gain of loblolly pine (Teskey
and Will 1999). In this study, we grew loblolly pine
seedlings at four sites along a north—south (N-S) gradient
from North Carolina to Florida for one growing season
(March to November) in pots that were well watered and
well fertilized. The 610 km distance between sites repre-
sented an 8.7°C difference in mean growing season
temperature. The main objective of the study was to
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investigate the degree to which growing season tempera-
tures or other above-ground environmental factors
controlled growth across a N-S transect of sites when soil
nutrients and water were not limiting. We hypothesized
that growth would increase from the coolest to the warmest
sites because warmer conditions throughout the growing
season would increase the rate of growth and that respi-
ratory thermal acclimation would minimize the effect of
high temperatures on maintenance respiration rates in
summer.

Materials and methods
Plant material and growth conditions

In January 2004, 120 one-year-old, bare root, open-polli-
nated loblolly pine seedlings were planted in 7.6 1 pots
filled with Fafard Professional Potting Mix (Conrad Fafard
Inc., Agawam, MA). The seedlings, from a mixed seed-
source representing the upper coastal plain provenance,
were acquired from the Plum Creek Timber Company
nursery in Jesup, GA. The planted seedlings were kept in
an unheated greenhouse in Athens, GA that generally
mimicked outside ambient conditions. The seedlings were
maintained in a well watered condition and fertilized once
a week using an NPK-with-micronutrient mix (Miracle-
Grow, Scott’s Miracle-Grow Products Inc., Marysville,
OH) and chelated Fe (Hi-Yield Chemical Company,
Bonham, TX).

In early March, 34 randomly selected seedlings were
placed in each of four sites along a 610 km N-S transect
across the interior range of loblolly pine in the Southeast-
ern United States: Coweeta, NC (35.0°N, 83.3°W, 643 m
elevation); Athens, GA (33.9°N, 83.4°W, 229 m eleva-
tion); Macon, GA (32.8°N, 83.6°W, 116 m elevation);
and Gainesville, FL. (29.7°N 82.3°W, 54 m elevation).
Coweeta, NC, our northernmost and coolest site, is situated
just north of the northern native range limit of loblolly
pine, while Gainesville, FL, our southernmost and warmest
site, is situated near the southern range limit. The experi-
mental plots were located in full sun. Seedlings were
placed 0.75 m apart on landscape fabric to control weeds
and the pots were stabilized with wooden stakes.

In order to provide optimum levels of water and nutri-
ents, each seedling was supplied with 0.63 1 of water and a
dilute nutrient solution (MiracleGrow) three times each day
using a drip irrigation system (The Toro Co., Bloomington,
MN) and irrigation timer (Model 7001, Dig Irrigation
Corps., Vista, CA). In order to prevent root mortality due to
high soil temperatures, each pot was wrapped with reflec-
tive insulation (Reflectix Inc., Markleville, IN) and the
irrigation system delivered water to the seedlings three
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times during the middle of the day, at 1100, 1400 and 1600
hours. Soil temperatures were monitored with iButton
temperature chips (Dallas Semiconductor, Dallas, TX)
randomly placed in five pots at each site. The iButtons
recorded soil temperature every 30 min for the duration of
the experiment. Since soil temperatures at the four sites
never exceeded 30°C (data not shown), temperature related
root mortality was unlikely.

At each site throughout the experiment, temperature and
relative humidity were recorded 1 m above ground every
15 min using a Hobo sensor/datalogger (Hobo Pro, Onset
Computer Corp., Bourne, MA) placed in a solar radiation
shield. Photosynthetic photon flux density (PPFD) was
measured with quantum sensors (Model LI-190, Li-Cor
Inc., Lincoln, NE) on site at Coweeta and Athens and
recorded using dataloggers (Model 21X, Campbell Scien-
tific Inc., Logan, UT). PPFD data for the Macon site were
from the Jeffersonville, GA weather station located 32 km
from the site. For the Gainesville site, PPFD data were
averaged from the Alachua, Citra, and Putnam Hall, FL
weather stations located between 20 and 40 km from the
site (Florida Automated Weather Network, http://fawn.ifas.
ufl.edu).

Growth measurements

Height and diameter of the seedlings were measured
monthly from April through October using a meter stick
and calipers (VWR International, Westchester, PA).
Unfortunately, height and diameter measurements were not
completed at the Gainesville site during the later part of the
growing season. Therefore, those measurements are
reported only from the Coweeta, Athens and Macon sites.
At the end of the experiment in November, all seedlings
were harvested and individual seedling biomass was
determined by separating seedlings into needles, stems and
coarse roots, oven drying at 60°C for 1 week, verifying
they had reached a constant mass and weighing each
component using a precision balance (GT4800, Ohaus
Corp., Pine Hurst, NJ).

Net photosynthetic measurements

Over the period from mid-September to mid-October, a
randomly selected group of 10 seedlings was moved from
each site into a growth chamber (GC36, Environmental
Growth Chambers, Chagrin Falls, OH) at the University of
Georgia in Athens, GA. Seedlings were measured one site
at a time, and all measurements were performed in the
same growth chamber. Measurements were made on fully
expanded fascicles from the current growing season and all
measurements were completed within 3 days.

Measurement of net photosynthesis (A,a.x) Was made at
three temperatures, 15, 25 and 35°C, under saturating
PPFD and low vapor pressure deficits (VPDs). Growth
chamber PPFD was 700 umol m~2 s~ at the top of the
seedlings. Net photosynthesis was measured in the growth
chamber with a portable photosynthesis system (LI-6400,
Li-Cor Inc., Lincoln, NE). The cuvette temperature was set
to the growth chamber measurement temperature, 15, 25 or
35°C. Relative humidity was set to keep the cuvette VPD
between 0.8 and 1.4 kPa, as in the growth chamber. Cuv-
ette CO, concentration was maintained at 370 pmol mol ™
and PPFD of 1,600 umol m2s L Seedlings were
exposed to each temperature for a minimum of 1 h before
measurement to allow the seedlings to equilibrate. Before
and after the A,,,x measurements, the growth chamber was
maintained at a constant temperature equal to the mean
temperature at each site the week before measurements.
This was 17.1°C for Coweeta, 19.7°C for Athens, 21.1°C
for Macon and 23.7°C for Gainesville. Foliage dark res-
piration (Ry) at 15, 25 and 35°C was measured in the
laboratory using a temperature-controlled cuvette designed
for Ry measurements (Teskey 1997).

Respiration measurements

Using the same seedlings from the A, measurements,
fully expanded fascicles of needles from the current
growing season were placed in a 0.25 1 cuvette with ther-
moelectric temperature control (Thermoelectric Cooling
America Corp., Chicago, IL) connected to a CO,/H,0O
analyzer (LI-7000, Li-Cor Inc., Lincoln, NE). Compressed
gas cylinders of CO, in air served as the source gas
entering the cuvette at a rate of 0.5 1 min~" controlled by a
mass flow controller (FMA 5870, Omega Engineering Inc.,
Stamford, CT). The gas was first passed through a dew-
point generator (LI-610, Li-Cor Inc., Lincoln, NE) before
entering the cuvette so that the dew point remained lower
than the cuvette temperature, preventing condensation and
maintaining a constant VPD at each measurement tem-
perature. The foliage was exposed to the measurement
temperature for a minimum of 1 h prior to measurement to
allow them to equilibrate.

Data analysis

We calculated the cumulative temperature sum, mean
growing season temperature, mean daily VPD and mean
daily PPFD of each site. To examine the effect of envi-
ronmental factors ranging from supra- to sub-optimal for
growth across the four sites on biomass accumulation, we
calculated the absolute difference in each factor using the
site of the highest mean biomass accumulation (Athens) as
the baseline. The cumulative daily temperature sum, mean
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growing season temperature, mean daily VPD and mean
daily PPFD of the Gainesville, Macon, and Coweeta sites
were calculated as the absolute difference from the Athens
site value. Linear regression was used to determine the
degree of correlation with mean growing season biomass
accumulation.

Analysis of variance was used to determine differences
in Apax and Ry temperature response among sites. Biomass,
height and diameter data were also analyzed using analysis
of variance. Mean separation tests on significant differ-
ences (P < 0.05) were conducted using the Holm-Sidak
test. An allometric analysis of biomass was made to
determine if there were differences in root and shoot bio-
mass partitioning among sites following procedures in
Bongarten and Teskey (1987).

Results

The mean growing season temperatures were 17.6, 22.5,
23.9 and 26.3°C for the Coweeta, Athens, Macon and
Gainesville sites, respectively, which provided a maximum
difference in mean growing season temperature of 8.7°C
(Table 1). Between adjacent sites, the temperature differ-
ences ranged from 1.4°C between Athens and Macon,
2.4°C between Macon and Gainesville and 4.9°C between
Coweeta and Athens. Mean daily VPD for the growing
season was highest in Athens, but similar and relatively
low across sites, ranging from 0.39 to 0.47 kPa. Mean daily
PPFD was also similar, ranging from a minimum of 38.12
to a maximum of 44.96 moles day ' at Coweeta and
Macon, respectively.

A strong linear relationship was found between mean
seedling biomass and the absolute difference in mean
growing season temperature (P = 0.01, adj. * = 0.97,
mean biomass = 300.73 — 30.53x) (Fig. 1a). The rela-
tionship was also as strong between mean seedling biomass
and the absolute difference in daily temperature sum
(P =0.02, adj. P = 0.92, mean biomass = 299.23 —
1.35x) (Fig. 1b). There were no significant relationships

Table 1 Mean growing season temperature, mean daily vapor pres-
sure deficit (VPD) and mean daily photosynthetic photon flux density
(PPFD) for Coweeta, NC, Athens, GA, Macon, GA and Gainesville,
FL during the study

Location Growing season Mean daily  Mean daily PPFD
temperature (°C)  VPD (kPa) (mole dayfl)

Coweeta 17.6 0.45 38.12

Athens 22.5 0.47 42.20

Macon 23.9 0.39 44.96

Gainesville  26.3 0.40 39.11
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between either mean seedling biomass and the absolute
difference in mean daily VPD (P = 0.72) or mean seedling
biomass and the absolute difference in mean daily PPFD
(P = 0.15) (Fig. 1c, d).

Mean height growth did not differ among sites for 7 out
of 8 months measured and mean total height was not sig-
nificantly different across the sites at the end of the
growing season (Gainesville site not recorded; Fig. 2a). In
contrast, mean seedling diameter growth was significantly
different among sites for the final 6 of 8 months measured
(Fig. 2b). Diameter growth began sooner at the Athens and
Macon sites, which were warmer, than at Coweeta. From
June onward, the seedlings grown at Coweeta had the
smallest diameter growth. The seedlings grown at Athens
had significantly larger diameter growth than the seedlings
grown at Macon beginning in September. The differences
in diameter growth at the end of the growing season par-
alleled the differences in accumulated biomass among
these sites.

Many significant differences existed among the four
sites in mean root, shoot and leaf biomass (Fig. 3). At the
end of 8 months of treatment, the seedlings grown at
Athens had significantly higher mean shoot and leaf bio-
mass than those grown at Coweeta, Macon or Gainesville.
The seedlings grown at Athens and Macon had signifi-
cantly larger root biomass than the seedlings grown at
Coweeta or Gainesville. There were no significant differ-
ences in root, shoot or leaf biomass between Coweeta and
Gainesville, the coolest and warmest sites.

Allometric analyses of component tissue biomass from
all seedlings and sites showed no significant differences in
the slopes of the relationship between total biomass and
either root or shoot biomass when calculated separately for
each of the four sites. This demonstrated that carbon par-
titioning among needles, stems and roots within the
seedlings did not differ across the four sites (Fig. 4).

As expected A.x changed with measurement tempera-
ture (Fig. 5). The highest mean A,,,x was at 25°C and the
lowest was at 35°C. There were no significant differences
in mean A,,x among seedlings from the four sites at any of
the three measurement temperatures, indicating there had
been no acclimation to the different site temperature
regimes.

Leaf R4 increased with increasing measurement tem-
perature; however, the rate of Ry differed significantly
across the four sites (Fig. 6). The seedlings grown at
Gainesville, which had the highest mean growing season
temperature, exhibited significantly lower Ry at all three
measurement temperatures than the seedlings grown at the
other three sites. Conversely, the seedlings grown at
Coweeta, with the lowest mean growing season tempera-
ture, exhibited significantly higher leaf Ry than seedlings
from Gainesville when measured at 15°C, and significantly
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higher R, than seedlings from all of the other sites at 25 and
35°C. There was no difference in Ry at the three temper-
atures between seedlings from the Athens and Macon sites.
At 25°C, Ry ranged from 1.1 pmol m~2 s~ in seedlings
grown at the coolest site to 0.2 pmol m™2 s~ in seedlings
from the warmest site, i.e., an 82% decrease. The Q;o was
also higher in seedlings from Coweeta (1.8) than Gaines-
ville (1.3). These patterns indicated that this species was
capable of substantial thermal acclimation of leaf
respiration.

Discussion

Mean growing season temperature had a very large effect
on seedling biomass accumulation in this study. Total
biomass accumulation was highest at the Athens site, and it
was 18% less at the Macon site, 43% less at the Gainesville
site and 48% less at the Coweeta site. Mean growing sea-
son temperatures were highly correlated (R* = 0.97) with
biomass accumulation in this study. Seedling growth was
not correlated with PPFD or VPD, perhaps because the
differences in PPFD and VPD across this 610 km transect
were relatively small. Athens had a mean growing season
temperature of 22.5°C. A decrease in mean growing season
temperature relative to the Athens site of 4.9°C (Coweeta)
or an increase of 3.8°C (Gainesville) produced very

Absolute Diff in Mean Daily PPFD (mol day™")

substantial reductions in biomass growth. The Coweeta and
Gainesville sites, which were near the northern and
southern edges of the species native range, were clearly
sub- and supra-optimal for growth of this upper coastal
plain provenance of loblolly pine. Carbon partitioning did
not change across the four sites, so the causes of these
growth differences were most likely related to the net
accumulation of carbon, i.e., the balance between rates of
net photosynthesis and total plant respiration. Hawkins
et al. (1999) also found that temperature did not affect
carbon allocation in Pseudotsuga menziesii and Abies
amabilis seedlings grown at 10 and 20°C.

The provenance used in this study was from the middle
of the loblolly pine range. The amount of growth reduction
at the northern and southern sites might have differed if
genotypes from those locales had been selected. Significant
genotype x temperature interactions have been reported
for Pinus sylvestris families (Sonesson and Eriksson 2000).
However, results from loblolly pine family plantings in
different geographic locations have shown that there is
little change in the ranking of the relative growth perfor-
mance of most, but not all, loblolly pine families in
different environments (McKeand et al. 1997). A similar
result was found when P. banksiana families were exposed
to either ambient or elevated CO, and temperature (Cantin
et al. 1997). This indicates that some genotypes adapted
to warmer or cooler conditions will have different
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Fig. 2 Mean height (a) and diameter (b) measured monthly on
seedlings grown from April to November at Coweeta, NC, Athens,
GA and Macon, GA. Different letters indicate statistically significant
differences among sites for that month (P < 0.05). Error bars
represent 1 standard error of the mean (SEM)

temperature optima for photosynthesis and growth (Weston
and Bauerle 2007), which in turn will shift the geographic
location of their optimum growth.

It is interesting that a reduction or an increase in mean
annual temperature had the same overall effect on biomass
accumulation, suggesting that the temperature response
curve for growth was approximately symmetric around an
optimum. From the regression equation of biomass and
temperature, a 1°C change in mean annual temperature
from the growth optimum (which we assume was
approximately the Athens site temperature) produced about
a 10% change in biomass growth. In this study, increasing
mean growing season temperature caused both increased
(ca. Coweeta to Athens) and decreased growth (ca. Athens
to Gainesville and Macon). This suggests a general con-
clusion: if growth temperatures are sub-optimal, increasing
mean annual temperature will increase growth; if growth
temperatures are supra-optimal, increasing mean annual
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Fig. 3 Final mean component biomass of seedlings grown at
Coweeta, NC, Athens, GA, Macon, GA and Gainesville, FL. Different
letters indicate statistically significant differences among sites for

each tissue type at P < 0.05. Error bars represent =1 SEM
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Fig. 4 Relationship between the natural log of either above-ground
biomass (shoot and leaf) or root biomass and the natural log of total
plant weight for all individual seedlings (data from all four sites
combined)

temperature will decrease growth. Thus, studies can be
expected to find either result depending on site location,
species and genotype, which appears to be the case in
reported studies. Warming treatments done at a range of
scales and using different growth forms have had positive,
negative or negligible impacts on biomass (Rustad et al.
2001). Among tree studies, increasing temperature 4°C
significantly increased biomass growth in both Pinus syl-
vestris and Picea abies seedlings (Sallas et al. 2003), while
increasing temperature 4°C reduced biomass growth in
Acer rubrum and A. saccharum (Norby et al. 2000) and
increasing the air temperature 3.5°C produced no change in
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Fig. 5 Mean rate of net photosynthesis for seedlings grown at
Coweeta, NC, Athens, GA, Macon, GA and Gainesville, FL. measured
at three temperatures. Mean photosynthetic rates were not signifi-
cantly different among sites at each measurement temperature. The
combined means were not significantly different at 15 and 25°C but
were significantly lower at 35°C, as indicated by different letters.
Error bars represent =1 SEM
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Fig. 6 Mean foliar dark respiration rates for seedlings grown at
Coweeta, NC, Athens, GA, Macon, GA and Gainesville, FL measured
at three temperatures. Different letters indicate statistically significant
differences among locations at each temperature (P < 0.05). Error
bars represent £1 SEM

biomass compared with the ambient control in Pseudots-
uga menziesii seedlings (Olszyk et al. 2003).

It is likely that physiological processes are affected
differently by cold and heat stresses (Grace et al. 2002), so
the factors contributing to the growth response at sub-
optimal temperatures may have been different than those at
supra-optimal temperatures. At sub-optimal temperatures
during the growing season, when frost damage is not a

factor, the direct control of rates of physiological and
developmental processes by temperature alone is a plau-
sible explanation for decreased growth (Juntilla and Nilsen
1993; Grace et al. 2002). In this study, the higher rate of
leaf dark respiration in seedlings from Coweeta, the coolest
site, appears to be evidence that the plants were acclimat-
ing to the sub-optimal temperatures by increasing
maintenance respiration rates to increase the rate of phys-
iological processes limited by temperature. At the other
extreme, supra-optimal temperatures increase maintenance
respiration, and decrease net photosynthesis, leading to
lower overall net carbon gain at higher temperatures, as
was observed in Picea mariana (Mill. B.S.P.) seedlings
exposed to either 22/16°C or 30/24°C day/night tempera-
tures (Way and Sage 2008) leading to carbohydrate
limitations to growth (Morison and Lawlor 1999). The very
low rate of leaf dark respiration in seedlings from
Gainesville appears to be evidence that the plants were
acclimating to the supra-optimal temperatures by decreas-
ing maintenance respiration to maintain a more positive
carbon balance.

The difference in biomass growth between the Athens
and Macon sites is also of interest because the mean
growing season temperature difference was only 1.4°C and
yet there was an 18% difference in total biomass between
the two sites. Even though the seedlings were clearly
capable of thermal acclimation of respiration, this was only
apparent when compared across a wide temperature range.
There were no statistically significant differences in ther-
mal acclimation between the Athens and Macon site
seedlings. PPFD and VPD were more favorable for growth
at the Macon site; mean daily PPFD was slightly higher
and mean daily VPD was slightly lower than at the Athens
site. This suggests that higher temperature, and perhaps
greater temperature extremes, rather than some other
environmental factor was responsible for the decreased
growth at the Macon site. Thermal acclimation of respi-
ration, and perhaps acclimation of other physiological
processes that we did not measure, was insufficient to
compensate for a 1.4°C increase in mean growing season
temperature in the provenance of loblolly pine used in this
study.

Rook (1969) reported a similar degree of thermal
acclimation of Ry with increasing temperatures in Pinus
radiata seedlings grown at 33/28°C or 15/10°C day/night
temperatures, as did Bolstad et al. (2003) when investi-
gating acclimation of respiration in Quercus alba and
Quercus rubra saplings in both a controlled environment
and a field experiment. In a growth chamber study, shoot
dark respiration was 40% lower in loblolly pine seedlings
grown and measured at 35°C compared to seedlings grown
at 25°C and measured at 35°C (Teskey and Will 1999). In
the present study, even under the variable temperature
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conditions at the field sites, the observed amount of
respiratory acclimation was similar to that achieved in the
loblolly pine growth chamber study. Unlike respiration,
there was no evidence of photosynthetic acclimation across
sites. Acclimation of respiration but not photosynthesis has
been reported in other tree species (Ow et al. 2008; Warren
2008).

In summary, growing season temperatures had a very
large effect on biomass accumulation in loblolly pine
seedlings, more so than PPFD or VPD, which did not vary
as much as temperature, across this transect. Thermal
acclimation of leaf dark respiration was evident but its role
in mitigating the effect of thermal stress on growth was not
clear. Super- and sub-optimal temperatures had essentially
the same net effect on growth. Even in the presence of
thermal acclimation of respiration, the large and linear
response of biomass growth to temperature, as demon-
strated by the 18% difference in growth across a 1.4°C
change in mean growing season temperature, suggests that
future changes in temperature may have substantial effects
on growth of this species. However, we expect that the
effect of increasing temperature can be negative or posi-
tive, depending on whether the plants are located in supra-
or sub-optimum portions of their range.
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