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Abstract

Southern pines provide critical ecosystem services, including supplying the global timber
market and playing a major role in regional carbon cycling. Yet, many basic knowledge gaps
regarding southern pine physiology remain, including the role of temperature adaptation and
acclimation on two major physiological processes related to growth and carbon storage:
photosynthesis and respiration. Therefore, we conducted a common garden experiment with
three or more geographically distinct populations of loblolly (Pinus taeda), longleaf (Pinus
palustris), shortleaf (Pinus echinata) and slash pine (Pinus elliottii). While species demonstrated
significant evidence of respiratory adaptation, there was no evidence of species-level
photosynthetic adaptation. Additionally, we found that all species demonstrated evidence of
photosynthetic and respiratory acclimation, although the mechanism of acclimation varied
between species and populations. Quantifying the temperature responses of photosynthesis and
respiration in southern pine species can inform models of carbon fluxes and forest-atmosphere

interactions in a future shaped by climate change.
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Introduction

By the year 2100, it is projected that the average global surface temperature will increase by 1.4
to 4.4 °C relative to pre-1900 levels (central estimates, SSP1-1.9-SSP5-8.5; Arias et al. 2021).
While global forests were a net carbon sink of —7.6 + 49 GtCOze yr! in the period between 2001
and 2019 (Harris et al. 2021), forest function can be directly and indirectly affected by
temperature (van Mantgem et al. 2009; Tiwari et al. 2020). Therefore, understanding the existing
temperature responses of photosynthesis and respiration in species of interest is critical in order
to make accurate predictions of future feedbacks between a changing climate and global forests.

Photosynthesis is the single largest global flux of carbon dioxide, taking up an estimated
123 + 8 Pg C per year (Beer et al. 2010). Mechanistically, photosynthesis involves the
conversion of light energy into a chemical form via reactions in the thylakoid membrane
(Stirbent et al. 2019). This energy is later used in the Calvin-Benson cycle, where the enzyme
ribulose bisphosphate carboxylase/oxygenase (Rubisco) catalyzes the fixation of carbon dioxide
on RuBP (ribulose 1,5-bisphosphate) and RuBP is cyclically regenerated (Stirbent et al. 2019).
The temperature dependence of net photosynthesis (Anet) can be best understood as the
combination of limitations on these component process. Limitations to Anet include the
maximum rate of RuBP carboxylation (Vcmax; Berry and Bjorkman 1980; Farquhar et al. 1980),
the maximum rate of RuBP regeneration (Jmax; Farquhar et al. 1980; Hikosaka et al. 2005), the
efficiency of triose phosphate utilization (TPU; Hikosaka et al. 2006; Yang et al. 2016), the
intercellular concentration of CO; (Ci; Berry and Bjérkman 1980; Flexas et al. 2012; Wang et al.
2020), and the rate of respiration (R; Atkin and Tjoelker 2003).

Vemax reflects limitations on the activity of Rubisco, and therefore the overall rate of
photosynthesis, with changes in temperature (Berry and Bjorkman 1980). Rubisco can
alternatively catalyze a carboxylation reaction as part of the Calvin-Benson cycle or an
oxygenation reaction as part of an opposing photorespiratory pathway (Andersson and Backlund
2008). At temperatures below the photosynthetic temperature optimum (Topt,a), the rate of carbon
assimilation typically increases with temperature due to the kinetics of the Rubisco-catalyzed
carboxylation reaction (Berry and Bjorkman 1980; Hermida-Carrera et al. 2016). However,
above the Topta, the rate of carboxylation increases slower than the rate of oxygenation due to a
decreased affinity of Rubisco for CO2 and decreased concentration ratio of CO2 to O2 in solution

(Sage et al. 2008; Hermida-Carrera et al. 2016). Although the thermal stability varies by species,
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Rubisco has been found to be heat stable at temperatures in excess of 49.5 °C (Bjérkman et al.
1978), while substantial Rubisco activase denaturation has been observed at temperatures as low
as 37 °C (Salvucci et al. 2001). The denaturation of Rubisco activase would theoretically cause a
reduction in the activation level of Rubisco within the chloroplast, resulting in a slowing of the
Calvin-Benson cycle (Sage et al. 2008). Therefore, Vcemax limitations can describe a combination
of enzymatic kinetics, CO- concentration, and activation state on the activity of Rubisco in vivo.

Jmax limitations refer to processes related to the regeneration of RuBP at the end of the
Calvin-Benson cycle (Farquhar et al. 1980). As RuBP is the key acceptor of CO> in the Calvin-
Benson cycle (Stirbent et al. 2019), RuBP deficits can result in major limitations to the overall
rate of photosynthesis. While the limiting step of RuBP regeneration may differ between species
or temperatures (Hikosaka et al. 2006), Jmax limitations are typically linked to declines in
thylakoid membrane electron transport activity (Berry and Bjorkman 1980). At high
temperatures, structural changes in the thylakoid membrane can result in increased ion leakage
and decreased proton motive force (Sharkey and Zhang 2010), while low temperatures can result
in increased membrane saturation and reduced electron carrier diffusion (Niinemets et al. 1999).
In a similar vein, low electron transport chain capacity may contribute to a TPU limitation,
which occurs when triose phosphates from the Calvin cycle cannot be converted into other
sugars quickly enough to keep pace with the rate of photosynthesis (Yang et al. 2016). Although
TPU limitations are typically only relevant at very low temperatures (Yang et al. 2016), the
electron transport chain limitations described by Jmax remain a major limitation to Anet under
physiologically relevant temperature conditions.

As CO; acts as one of two potential substrates for Rubisco, the concentration of CO>
available inside the leaf is another major determinant of the overall rate of photosynthesis. Cj is
limited by stomatal conductance (gs), which refers to the rate of diffusion of CO> from the
atmosphere to the sub-stomatal cavity (Wang et al. 2020), and mesophyll conductance (gm),
which refers to the rate of diffusion of CO> through intercellular spaces, cell walls, and the
intercellular liquid pathway within the mesophyll (Flexas et al. 2008). While stomatal
conductance has been observed to increase with increasing temperature (Urban et al. 2017),
assessments of the influence of temperature on gm remain scarce due to the challenges inherent in

gm measurement (Flexas et al. 2008).
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Finally, Anet can be influenced by the temperature responses of R. Respiration and
photosynthesis share a complex regulatory relationship involving the use of mitochondria-
generated ATP for photosynthetic processes, mitochondrial dissipation of excess photosynthetic
reducing agents, and joint involvement in the photorespiratory pathway (Millar et al. 2011).
Therefore, a full understanding of carbon flux dynamics within an individual plant requires an
appreciation of photosynthetic and respiratory processes both in isolation and in the context of
one another.

Due to the numerous temperature-dependent reactions involved, the temperature
responses of R are best understood as a composite of multiple components. At low temperatures,
R can be limited by the kinetics of enzymes involved in glycolysis or the citric acid cycle (Vimax)
or by a reduction in electron transport chain function due to an increase in membrane rigidity
(Atkin and Tjoelker 2003). At moderate temperatures, the rate of respiration can be limited by
substrate and adenylate availability (Atkin and Tjoelker 2003). Finally, at extremely high
temperatures, low membrane thermal stability can result in the loss of concentration gradients,
further reducing substrate availability and resulting in higher respiratory requirements in order to
maintain plant functionality (Atkin and Tjoelker 2003; Mohammed and Tarpley 2009). The
change in overall limiting factor from enzymatic capacity to substrate or adenylate availability
results in a greater increase in respiratory rate per degree Celsius for cold temperatures than
warm temperatures (Atkin and Tjoelker 2003). The temperature dependence of R at a given
temperature can be quantified through the value of Q1o, or the proportional increase in R per 10
°C (Atkin and Tjoelker 2003; Aspinwall et al. 2017a).

Photosynthetic and respiratory responses to temperature are not static, and changes can
occur at a variety of ecological and temporal scales. Short-term, reversible changes in an
individual’s phenotype that provide a fitness advantage in the context of an immediate
environmental stressor are referred to as acclimation (Berry and Bjorkman 1980; Aspinwall et al.
2017b), while multi-generational, genetic changes that improve a species’ or population’s fitness
in the context of a long-term selective pressure are referred to as adaptation (Aspinwall et al.
2017b; Collier et al. 2019). In practice, there can be significant overlap in physiological
acclimation and adaptation, as genetic factors determine an individual’s acclimation potential, or
the extent to which an individual can alter its phenotype in response to environmental stressors

(Berry and Bjorkman 1980). Both adaptive and acclimatory changes must be considered in order
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to fully understand the potential effects of increasing global surface temperatures on the
physiological processes of carbon uptake and release.

Photosynthetic adaptation to temperature can occur through a number of mechanisms,
including the specialization of photosynthetic proteins (Ferndndez-Marin et al. 2020) and
heritable changes to membrane composition (Guschina and Harwood 2006). While an analysis of
global photosynthesis datasets found no predictable relationship between Topt,a and climate of
origin, global variation in Topt,a Was strongly driven by variation in growth temperature, leading
the authors to hypothesize that photosynthetic temperature acclimation may swamp out the less
influential effects of adaptation (Kumarathunge et al. 2018). Photosynthetic acclimation can
occur through reversible changes to the structure and concentration (YYamori et al. 2005) or
activation state of photosynthetic proteins (Sage et al. 2008), short-term alterations to thylakoid
membrane structure (Yamori et al. 2014), or changes of stomatal and mesophyll conductance
(Yamori et al. 2005; Wang et al. 2020).

The genetic variation and temperature acclimation of R is often correlated with that of
Anet (Dusenge et al. 2019). Unlike photosynthesis, however, prior metanalyses of respiratory
adaptation to temperature have found differences in basal respiratory rate between plant
functional types and biomes (Heskel et al. 2016). While the mechanisms of respiratory
adaptation in plants remain unclear, respiratory adaptation to temperature likely involves changes
to the mitochondrial genome (Das 2006). The temperature acclimation of R may occur through
changes in a plant’s temperature sensitivity, measured through a change in Q1o (Type 1), or
through a shift in the overall intercept of the temperature-response curve (Type II; Atkin and
Tjoelker 2003). While Type I acclimation can involve short-term changes in soluble sugar
availability (Atkin et al. 2000), Type Il acclimation is typically driven by an increase in
enzymatic capacity (Wei et al. 2016). Additionally, while both Type I and Type Il respiratory
acclimation can affect the observed rate of respiration at moderate to high temperatures, only
Type Il acclimation can substantially alter the rates of respiration observed at low temperatures
(Atkin and Tjoelker 2003). Partial Type Il acclimation can be commonly found across plant
types and biomes (Slot and Kitajima 2015; Zhu et al. 2021), although there is a wide range of
variation in the responses of individual species and populations (Bolstad et al. 2003; Tjoelker et
al. 2009; Silim et al. 2010; Aspinwall et al. 2017b). It should be noted that most studies

assessing the temperature acclimation of R focus on leaf-level mitochondrial respiration as
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measured in the dark (Rdark; Way and Yamori 2013), as the presence of light typically suppresses
the rate of respiration during the day (Riight; Way et al. 2015).

The adaptation and acclimation of photosynthesis and respiration to temperature can
substantially change how an increasing global surface temperature will affect forests around the
world, with potential implications for carbon feedback modeling (Rogers et al. 2017), future
ecosystem structures (Ghannoum and Way 2011), and the forestry industry (Kirilenko and Sedjo
2017). In the southeastern United States, loblolly pine (Pinus taeda) remains the predominant
timber species (Schultz 1999), and the southeastern forest products industry employs over
700,000 people and provides $82 billion in value added to the region (Jolley et al. 2020).
Therefore, understanding the potential direct and indirect effects of increasing global temperature
on southern pine productivity can have substantial social and economic impacts throughout the
region. Temperature-induced alterations to the productivity of southern pines may also have
substantial ecological impacts across the southeastern United States. Longleaf pine (Pinus
palustris) provides habitat for dozens of threatened or endangered animal species and over 180
rare plant species (Van Lear et al. 2005), while both longleaf and shortleaf pine (Pinus echinata)
provide habitat for the federally listed red-cockaded woodpecker (Picoides borealis; Bukenhofer
et al. 1994; Van Lear et al. 2005). Similarly, slash pine (Pinus elliottii) serves as a keystone
species for the highly endangered and rapidly disappearing pine rockland habitat of southern
Florida (Williams et al. 2007).

Despite the multitude of ecosystem services provided by southern pines, relatively little
research has been conducted into the temperature responses of photosynthesis and respiration in
key southern pine species. While Teskey and Will (1999) observed evidence of respiratory
adaptation and photosynthetic and respiratory acclimation to temperature in loblolly pine,
Samuelson et al. (2012) found no evidence of differences in photosynthetic rate among species
or photosynthetic acclimation to temperature in loblolly, longleaf, or slash pine. Similarly, while
Wells and Wakeley (1970) found evidence of different growth rates due to provenance in
shortleaf pine, the authors are not aware of any studies explicitly testing the temperature
acclimation of photosynthesis or respiration in shortleaf pine. Therefore, the responses of
photosynthesis and respiration to temperature currently remain unclear for loblolly, longleaf,

slash, and shortleaf pine.
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To address this knowledge gap, this study measured and compared the temperature
adaptation and acclimation potential of leaf-level photosynthesis and respiration across loblolly,
longleaf, slash, and shortleaf pine. Based on the likely evolutionary pressures faced by these
species, we hypothesized that species and populations from warmer and lower latitude home
climates would demonstrate higher Topta and lower rates of realized respiration than species and
populations from more temperate home climates. Additionally, we hypothesized that species
with wider home ranges and populations from more seasonal home climates would demonstrate

a greater extent of photosynthetic and respiratory temperature acclimation.

Methods
Study Design

Seedlings were sampled from one year old, nursery-grown seedlings of loblolly pine (Pinus
taeda), longleaf pine (Pinus palustris), shortleaf pine (Pinus echinata), and slash pine (Pinus
elliottii). Seedlings were sourced from three to four geographically distinct provenances
throughout each species’ range in collaboration with the Southern Forestry Management
Cooperative. All loblolly and slash pine seedlings were bareroot, and all longleaf and shortleaf
pine seedlings were containerized. Despite the maintenance of non-limiting nutrient and water
availability conditions, the shortleaf pine seedlings suffered substantial (70.69%) rates of
mortality. Therefore, a second set of shortleaf pine seedlings was planted in mid-March. The
overall mortality rate across all species and populations was 35.22% (Table 1).

A common garden experiment was established at the trophotron research site at Auburn
University in Auburn, Alabama, USA (32.59° N, 85.49° W). Seedlings were arranged using a
split-plot design, with species at the whole-plot level and population at the subplot level. Species
position was randomly determined within each of six blocks, then population positions were
randomly determined within each species plot. Finally, individual seedlings were randomly
assigned to each population position. Slight modifications in seedling distribution across all ssix
blocks were made in response to seedling mortality prior to the first measurement campaign.

All seedlings were planted into identical 22.86 by 39.37 cm pots (Stuewe and Sons, Inc.
2023) in a top soil growing medium (Evergreen 2022). Seedlings were planted between October
2021 and March 2022 within 48 hours of arrival from the nursery of origin. Throughout the

experiment’s duration, seedlings were watered every one to three days according to weather and
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soil moisture conditions. Soil moisture was measured periodically throughout the study duration
using a HydroSense 11 soil moisture probe to a depth of 20 cm (Campbell Scientific, Inc. 2020),
and soil moisture content for all seedlings was maintained between an average of 11.48% (x
9.74; 95% CI) and 24.36% (* 11.82; 95% ClI). All seedlings were fertilized with 25 mL of a
10N:10P.0s5:10K>0 formula every two to four weeks to avoid nutrient limitations (Winston
Weaver Co., Inc. 2022). After an outbreak of brown spot needle blight (Scirrhia acicula) in
October 2022, all longleaf seedlings were treated with 5 oz/ac equivalent of Proline fungicide
(Bayer CropScience LP 2019).

A HOBO U30 weather station and associated sensors were used to provide continuous
readings of ambient temperature, relative humidity, solar radiation, and wind speed and direction
at ten minute intervals from February 2021 through the study’s conclusion (HOBO Data Loggers
2020). Growth temperatures were calculated from the average air temperature recorded for the
thirty days immediately prior to the date of measurement (Tgrowth,30) Or on the date of
measurement (Tgrowth). A 16.80 °C range of seasonal temperature variation in Tgrowth,30 and a
26.05 °C range of seasonal temperature variation in Tgrowth Were captured in this study. Due to
the nature of actual seasonal variation in the field, photoperiod covaried with growth temperature

at the study site.

Photosynthesis Measurements

Photosynthesis measurement campaigns were conducted at three timepoints during the study’s
duration: June 7-23, 2022, October 2-24, 2022, and January 7-24, 2023. Prior to each
measurement campaign, one individual from each population within each block was randomly
selected for measurement (n=78). Each day, a random subset of selected seedlings was taken to
an indoor, temperature- and light-controlled growth chamber and allowed to adjust to the
temperature in the chamber for twenty minutes. Using LI-6800 portable photosynthesis systems
(LI-COR Biosciences 2021), a net photosynthesis (Anet) measurement was made at an ambient
(420 umol mol™*) CO2 concentration for three mature fascicles (approximately nine needles) per
individual. Following the spot measurement, photosynthetic CO> response (A/Ci) curves were
measured at 11 CO; concentrations ranging from 0 pmol mol™ to 1800 umol mol™. The process
was repeated at 5°C increments ranging from 15°C to 40°C for all sampled individuals. During
the course of this experiment, photosynthetically active radiation exposure was held constant at

1800 pmol m™2 s™!. Water vapor was introduced or removed from the measurement chamber as
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necessary to approximate a target relative humidity of 50%. Needle widths were recorded at the
time of measurement in October and January and at the time of collection in June, allowing
photosynthesis to be expressed on a leaf area basis. All measurement protocols used were based
on Aspinwall et al. (2017b).

Datasheets for measurements of photosynthesis were downloaded from the L1-6800
systems, and measured values of needle width were manually entered. Using R programming
language version 4.2.1 (R Core Team 2022), values of A and Ci below 0 were removed from
analysis. Next, A/C; curves were examined graphically, and influential outliers were removed.
AJ/C;i curves were fitted according to the Farquhar et al. (1980) biochemical model using the
plantecophys package (Duursma 2015). Curves were preferentially fit using the default approach
with no temperature correction. Curves that could not be fit using the default method were fit
using a bilinear approach. Model fit was assessed through a linear regression of observed vs.
fitted points. Kept curves were required to have a trendline slope within 0.25 of 1 and an R?
above 0.5. Any A/C; curve with fewer than six valid points was excluded from further analysis.
After the quality control process was complete, a total of 1210 curves from 224 individuals were
used in Topt analysis.

Peaked Arrhenius models were fit to the temperature responses of Vemax and Jmax using
AJ/C; curve data, as described in Medlyn et al. (2002). Topt, Kopt, and Ha were determined
iteratively, while Hq was fixed at 200 kJ mol™ to avoid over-parameterization. A peaked
Arrhenius model approach was selected due to its grounding in biochemical theory regarding
limitations to the activity of Rubisco (Scafaro et al. 2023) and empirical observation (Medlyn et
al. 2002; Kattge and Knorr 2007). The Topt of A was determined using Anet data via a quadratic
model according to Aspinwall et al. (2017b) and Battaglia et al. (1996). All Topt models required
at least four datapoints to successfully converge. All models that failed to successfully converge
or that generated a minimum instead of a maximum value were removed from analysis.
Additionally, all A models that generated a Topt,a above 50 °C or below 5 °C were removed from
analysis, as the calculated temperature optima were substantially outside of the range of
experimentally measured temperatures. A total of 116 individuals were used for fitting models of
Topt,vemax and Topt,umax, and 176 individuals were used for fitting models of Topta. All Topt models
were fit using a nonlinear least-squares regression approach using the minpack.Im package
(Elzhov et al. 2022).
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The mean air temperature at the common garden site during the thirty days prior to each
measurement (Tgrowth,30) Was included as a predictor variable in all models. To avoid the potential
for substantial pseudoreplication, date was included as a random effect in all species-level
models of photosynthesis. As fewer than 15% of all population-level photosynthesis
measurements were pseudoreplicated, no random effects were incorporated for population-level
photosynthetic analyses. As location within the plot was found to have no significant effect, all
locations were grouped for analysis. All mixed effect ANCOVASs were conducted using the nlme
package (Pinheiro et al. 2023). All fixed effect ANCOVASs and Tukey HSD post-hoc tests were
conducted using commands available in base R, with the addition of the Type 11l ANOVA
analysis available through the car package (Fox and Weisberg 2019) and the Tukey HSD post-
hoc test available through the emmeans package (Lenth et al. 2023) for models containing
random effects. Standard errors were calculated using the package plotrix (Lemon et al. 2009).

Respiration Measurements

Respiration measurement campaigns were conducted at five timepoints during the study’s
duration: June 24-26, 2022, August 21-23, 2022, October 28-November 5, 2022, December 9-11,
2022, and January 25-27, 2023. Prior to each measurement campaign, one individual from each
population within each block was randomly selected for measurement (n=78), then randomly
assigned to one of three measurement days. Before dawn (between 04:00 and 06:00), three
mature fascicles were detached from each of the selected seedlings and stored in darkness with a
damp paper towel. LI-6800 systems were used to measure CO; efflux, an indicator of cellular
respiration (Rdark), in complete darkness following the same measurement temperature regime as
photosynthesis. Needles were then dried and weighed so that respiration could be expressed on a
dry mass basis.

Measured values of needle dry weight were manually entered into LI1-6800 datasheets of
respiration measurements, and any values of R above 0 were removed. Next, a log polynomial
model was used to describe the temperature response of Rmass for each individual according to
the methodology of O’Sullivan et al. (2013). The log polynomial coefficients for each individual
were then used to calculate a value of Q1o for each available measurement temperature. Upon
comparison to the fit of a purely exponential Q10 model, which assumes a constant value of Q1o
across measurement temperatures (Tjoelker et al. 2009), the log polynomial-derived Q10 model
was found to provide a substantially better fit to the data. Therefore, the log polynomial-derived
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values of Q1o were used for all future analysis, including to predict the rate of respiration
expected for the average growth temperature experienced on the date of measurement. Tiear Was
assumed to be equal to Tair for all measurements. The log polynomial models were fit using a
linear model-based approach, while all Q1o values were determined iteratively using a nonlinear
least-squares regression approach. A total of 379 individuals were used for fitting models of Quo.
The mean air temperature at the common garden site during the thirty days prior to each
measurement (Tgrowth,30) Was included as a predictor variable in all models. To avoid the potential
for substantial pseudoreplication, date was included as a random effect in all models of
respiration. As location within the plot was found to have no significant effect, all locations were
grouped for analysis. All mixed effect ANCOVAs were conducted using the nlme package
(Pinheiro et al. 2023), with the addition of the Type I1l ANOVA analysis available through the
car package (Fox and Weisberg 2019), the Tukey HSD post-hoc test available through the
emmeans package (Lenth et al. 2023), and the standard error calculation available through the

plotrix package (Lemon et al. 2009).

Growth Measurements

At the time of planting, one to three seedlings for each population (n=88) were destructively
sampled to allow for estimations of initial shoot length, root collar diameter (RCD), dry root
mass, dry shoot mass, and dry leaf mass. Measurements of shoot length and diameter at 5 cm
above the root collar were conducted on all living seedlings in December 2021, August 2022,
December 2022, and February 2023. Measurements of stem diameter were recorded at 5 cm
above the root collar to avoid disturbing the growth of the living seedlings. A subset of all living
seedlings (n=138) was destructively sampled at the study’s conclusion in February 2023, and
measurements were obtained for final shoot length, RCD, diameter at 5 cm above the root collar,
dry root mass, dry shoot mass, and dry leaf mass. Some root systems were collected in an
incomplete form, as part of the root system had grown outside of the pot and become
irretrievable at the time of final harvest.

Best fit models for the prediction of RCD and total dry weight were selected using a
bidirectional stepwise selection procedure via the MASS package (Ripley et al. 2023). Predictive
ability of the best fit models was assessed using a 10-fold cross-validation procedure via the
caret package (Kuhn et al. 2023). The best fit models were used to generate estimated values of
initial, mid-study, and final RCD and total dry weight for all individuals with measured stem
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lengths and diameters at 5 cm above the root collar. For all non-destructive measurements, RCD
was estimated from the diameters at 5 cm above the root collar using the relationship obtained
from final harvest data. As the diameters at 5 cm above the root collar could not be measured for
grass-stage longleaf pine seedlings at the time of initial planting, initial diameters at 5 cm above
the root collar were modeled for longleaf pine using data obtained at the time of final harvest.
Differences in final RCD, stem length, and dry weight between species and populations were

assessed using ANOVAs and Tukey HSD post-hoc tests.
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Table 1. Provenances, sample sizes at planting and final harvest, and overall mortality rates of

planted seedlings are listed by species for loblolly (Pinus taeda), longleaf (Pinus palustris),

shortleaf (Pinus echinata), and slash pine (Pinus elliottii).

Species Population Initial Sample Size Final Sample Size | Mortality Rate
Loblolly 125 105 16.00%
Tuscaloosa County, AL 32 31 3.13%
Drew County, AR 27 26 18.75%
Marion County, FL 31 18 41.94%
Twiggs County, GA 30 30 0.00%
Longleaf 92 68 26.09%
Unknown, AL 32 24 25.00%
Escambia County, FL 27 24 11.11%
Unknown, NC 33 20 39.39%
Shortleaf 116 (66 Dec, 50 March) 34 70.69%
Unknown, AR 39 (22 Dec, 17 March) 17 56.41%
Unknown, MS 39 (22 Dec, 17 March) 7 82.05%
Unknown, TX 38 (22 Dec, 16 March) 10 73.68%
Slash 90 67 25.56%
Flagler County, FL 30 18 40.00%
Tattnall County, GA 30 27 10.00%
Sabine Parish, LA 30 22 26.67%
All All 423 274 35.22%
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Results

Temperature Responses of Photosynthetic Parameters: Net Photosynthesis (Anet)

For each 1 °C increase in Tgrowth,30, the mean value of Anet2s across all species and populations
increased by 0.41 umol m? s (+ 0.078 SE; p < 0.0001). No significant differences in the value
of Anet,2s Were found between species or populations (Table 2; p > 0.05), and the differences in
the response of Anet,25 t0 Tgrowth,30 between species and populations were not statistically
significant (Figure 1; p > 0.05). Additionally, no significant differences in the average
temperature optimum of photosynthesis (Topt,a) Or in the response of Topta t0 Tgrowth 30 Were
observed at the species or population level (Table 2; p > 0.05). When averaged across all
populations and species, each 1 °C increase in Tgrowth,30 resulted in a decrease in the value of
Topta 0F 0.29 °C (£ 0.062 SE; Figure 2; p < 0.0001). Although significant differences in the
maximum value of net photosynthesis (Aopt) between species and in the response of Aopt to
Tgrowth,30 Were observed at the species level (p < 0.05), post-hoc analysis failed to uncover any
significant pairwise comparisons (Table 2; p > 0.05). Similarly, no significant differences in the
value of Aopt Or in the response of Aopt t0 Tgrowth,30 Were observed between populations (p > 0.05).
For each 1 °C increase in Tgrowth,30, the mean Aot OF all species and populations increased by 0.42
umol m2s? (+ 0.070 SE; Figure 2; p > 0.0001). No significant differences in the average value
of the coefficient describing the shape of the Topta Curve (photosynthetic parameter b) were
found between species or populations, and no significant differences were observed in the
response of parameter b to Tgrowth,30 at the species or population level (Table 2; p > 0.05). When
all species and populations were grouped for analysis, the mean value of photosynthetic
parameter b increased by units (+ SE) for each 1 °C increase in Tgrowth,30 (Figure 2; p ). In
summary, the temperature response of Anet was relatively similar across species and populations.
The value of Anet,25, Aopt, and photosynthetic parameter b increased significantly with increasing
Tgrowth,30, although some photosynthetic parameters, including Topt,a, demonstrated a significant
decrease with increasing Tgrowth,30. Despite the surprising temperature response of Topt,a, SpPecies
and populations exhibited significant evidence of photosynthetic acclimation to temperature,

with little variation in the overall extent of acclimation between groups.
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Table 2. Means (z standard error) of net photosynthesis (Anet25) at a measurement temperature of 25 °C, the temperature optimum of

Anet (Topt,a), the maximum value of Anet (Aopt), the value of the coefficient describing the shape of the Topt,a curve (photosynthetic

parameter b), the ratio of Jmax:Vemax, and the ratio of Anet2s:Rdark,25 Of four southern pine species and related populations. Values

marked with * demonstrate a significant positive correlation to the average growth temperature of the thirty days prior to measurement

(Tgrowth,30), and values marked with ** demonstrate a significant negative correlation to Tgrowth,30 (p < 0.05).

Anget Ratios
Anet25 Aopt

Species Population (umol m2s?) Topta (° C) (umol m2s?) Parameter b Jmax,25:Vemax25 | Anet,25:RNet,25
All 8.97 +0.41* 25.24 +0.44** | 9.16+0.40* | 0.025+ 0.0013* | 1.42 + 0.029** | 1.06 + 0.055*
Longleaf 8.89 + 0.83* 26.27 + 0.81 10.35+0.70 | 0.033 £0.00031 | 1.57 £ 0.057** | 1.10+£0.10*

Alabama 10.31 +1.36 22.69 +1.49 11.06 £ 1.26 0.030 £ 0.0045 | 1.64 +0.087** | 1.29+0.17

Florida 8.80 + 1.54* 26.19 £ 0.77 10.38 + 1.26 0.035+0.0040 | 1.49+0.068 1.12 £ 0.20*

N. Carolina 7.25+1.37 30.21+1.35 954 +1.14 0.035 +0.0080* | 1.57 £0.13** 0.86 £0.16

Loblolly 8.03 £ 0.74* 24.89 +0.83 7.87 £ 0.67* 0.018 £0.0016 | 1.42+0.045 1.04 +0.11*
Alabama 8.67 + 2.02* 25.49 + 1.89 9.43 +1.64 0.019 + 0.0036 1.38+0.10 1.18 £0.27*

Arkansas 6.99+1.14 26.21 +1.47 6.70 £ 0.83 0.017 £0.0030 | 1.44 +0.080 0.84 + 0.20*

Florida 8.45 + 1.50* 26.04 + 0.87 8.36 + 1.48* 0.022 £0.0029 | 1.44+0.087 1.13+£0.22*

Georgia 799+ 111 21.76 + 1.96 6.89 + 1.23* 0.016 +£0.0029 | 1.43+0.11** 0.94+0.19

Shortleaf 9.48 £ 0.78* 23.69 £0.92** | 953 +0.78* 0.026 + 0.0032 | 1.29 £ 0.072** | 0.96 + 0.10*
Arkansas 9.99 + 1.44* 23.28+1.32 9.37 £1.35 0.029 + 0.0055 1.47 +0.11 1.07 £ 0.21*

Mississippi 9.86 + 1.48 23.50 + 1.58 10.46 + 1.44 0.029 + 0.0070 1.00+0.13 0.97 +0.17

Texas 8.62+1.19 24.37 £ 2.01** 8.71+1.32 0.017£0.0024 | 1.28+0.072 0.86 + 0.15*

Slash 9.83 £ 0.94* 25.97 £0.96** | 9.00 + 1.00* 0.022 +0.0019 | 1.35%0.040 1.19+0.12

Florida 8.95 + 1.00 27.42 + 1.47 8.08 + 1.39 0.020 + 0.0028 | 1.49+0.081 1.08 £0.18

Georgia 8.79+1.72 27.26 +1.30** | 8.36+1.62** | 0.021+0.0030 | 1.33+0.036 1.03+0.16

Louisiana 11.33+1.83 23.50 + 1.96** | 10.37 + 2.05** | 0.024 +0.0037 | 1.21+0.055 1.38+£0.24
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Figure 1. Population-level variation in net photosynthesis (Anet,2s) at a measurement temperature of 25 °C compared to the average

Species

Longleaf
Loblolly
Shortleaf
Slash

Population

AL Longleaf
FL Longleaf
NC Longleaf
AL Loblolly
AR Loblolly
FL Loblolly
GA Loblolly
AR Shortleaf
MS Shortleaf
TX Shortleaf
FL Slash

GA Slash

LA Slash

growth temperature for the 30 days prior to measurement (Tgrowth,30) for four southern pine species and related populations. Solid lines

represent linear models fit by population (color) and species (black).
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Figure 2. Population-level variation in net photosynthesis (Anet), compared to the measurement temperature (Tmeasurement) aCross three
measurement campaign months for four southern pine species and related populations. Solid lines represent quadratic models of net
photosynthesis (Topt,a) fit by species (black) and population (color).
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Temperature Responses of Photosynthetic Parameters: RuBP Carboxylation Limitations
(Vemax)

No significant differences in the in the maximum velocity of RuBP carboxylation at a
measurement temperature of 25 °C (Vemax,25) Or in the response of Vemax,2s 10 Tgrowth,30 Were
exhibited between species or populations (Table 3; p > 0.05). For each 1 °C increase in Tgrowth,30,
the value of Vemax 25 across all species and populations increased by 1.19 pmol m2 s (+ 0.44 SE;
Figure 3; p = 0.0068). Similarly, no significant differences in the average temperature optimum
of Vemax (Topt,vemax) Were observed between species or populations, and no significant differences
in the response of Toptvemax t0 Tgrowth,30 Were observed between species or populations (Table 3; p
> 0.05). For each 1 °C increase in Tgrowth,30, the average value of Topt,vemax fOr all species and
populations increased by 0.14 °C (x 0.058 SE; Figure 4; p = 0.021). No significant differences in
the maximum value of Vcmax (Kopt,vemax) Were found between species or populations (Table 3; p >
0.05), and no significant differences were found in the response of Kopt.vemax t0 Tgrowth,30 between
species or populations (p > 0.05). The mean value of Kopt,vcmax for all species and populations
increased by 2.36 umol m2 s (+ 0.81 SE) for each 1 °C increase in Tgrowth30 (Figure 4; p =
0.0037). Finally, no significant differences in the activation energy of Vemax (Havemax) Were found
between species or populations, and no significant differences were observed in the response of
Ha,vemax t0 Tgrowth,30 at the species or population level (p > 0.05). When all species and
populations were grouped for analysis, the mean value of Havemax decreased by 1.24 kJ mol™? (+
0.60 SE) for each 1 °C increase in Tgrowth,30 (Figure 4; p = 0.039). Across metrics of Vemax, all
species and populations demonstrated a similar acclimatory response to temperature, with the
mean values of Vemax,25, Topt,vemax, @Nd Kopt,vemax increasing with increasing Tgrowth,30 and the mean

value of Havcmax decreasing with increasing Tgrowth,30.
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Table 3. Means (£ standard error) of the maximum velocity of RuBP carboxylation (Vcmax,2s) at a

measurement temperature of 25 °C, the temperature optimum of Vcmax (Topt,vemax), the maximum

value of Vcmax (Kopt,vemax), and the activation energy of Vemax (Havemax) Of four southern pine

species and related populations. Values marked with * demonstrate a significant positive

correlation to the average growth temperature of the thirty days prior to measurement (Tgrowth,30),

and values marked with ** demonstrate a significant negative correlation to Tgrowth,30 (p < 0.05).

Vemax
chax,25 Topt,chax kopt,chax Ha,chax
Species | Population | (umol m2s?) (°C) (umol m2s?) (kJ mol ™)
All 77.20+2.73* | 33.46+£0.36* | 118.33 + 5.35* | 76.80 + 3.52**
Longleaf 68.15 + 7.47 34.70+0.72 | 120.69 + 10.03 72.33+6.71
Alabama 71.53 +6.98 34.33 +1.08 116.09 + 9.83 65.27 + 8.45
Florida 69.44 + 8.81 35.17+1.66 | 12246 +28.23 | 70.14+13.51
N. Carolina | 63.67 £8.35* | 34.72+1.20 | 123.97+16.46 | 81.04 +£13.34
Loblolly 80.80 £6.51* | 32.87 +0.65 119.72 £ 9.35 75.87 £ 6.00
Alabama 91.36+12.38 | 33.98+1.28 | 141.06 + 20.83 70.33+6.24
Arkansas 69.44 + 9.25 32.27 +0.89 97.62+11.81 | 71.08+11.67
Florida 8248 £10.91 | 33.36 £+1.45* | 140.87 +20.31 | 87.48 +15.56
Georgia 81.00+11.27 | 31.29+1.89* | 89.40+1285 | 74.66 + 13.92
Shortleaf 77.34+7.26 32.95+0.74 | 113.56 +14.37* | 85.61 +7.52
Arkansas 84.68 + 8.43 34.06 +0.78 | 136.61+31.06 | 75.30+11.97
Mississippi | 74.96 + 15.05* | 32.33+1.53 | 104.50+18.11 | 91.33+13.91
Texas 68.29 + 5.02 32.14 + 1.53 91.18+18.52 | 92.93+13.31
Slash 84.57 + 7.66 33.14+0.76 | 117.17+10.96 76.67 £ 8.49
Florida 91.02+10.23 | 3481+1.31 | 142.06+19.00 | 67.71+11.11
Georgia 73.60 + 8.40 33.53+1.14 | 102.15+16.48 | 79.56 +16.90
Louisiana 90.23+13.66 | 31.02+1.34* | 109.18 +21.04 | 82.39 + 16.23
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Temperature Responses of Photosynthetic Parameters: RuUBP Regeneration Limitations (Jmax)
No significant differences in the maximum velocity of RuBP regeneration at a measurement
temperature of 25 °C (Jmax,25) Or in the response of Jmax25 t0 Tgrowth,30 Were exhibited between
species or populations (Table 4; p > 0.05). When all species and populations were grouped for
analysis, no significant relationship was observed between Jmax,2s and Tgrowth,30 (Figure 5; p >
0.05). No significant differences in the average temperature optimum of Jmax (Topt.Jmax) OF in the
response of Toptamax 10 Tgrowth,30 Were observed at the species or population level (Table 4; p >
0.05). When grouped for analysis, the Toptmax for all species and populations increased by 0.17
°C (£ 0.052 SE) for each 1 °C increase in Tgrowtn,30 (Figure 6; p = 0.0016). The maximum value
of Jmax (Kopt,Jmax) also behaved similarly across groups, with no significant differences in the value
Of Kopt,max Or in the response of Kopt,amax 10 Tgrowth,30 Observed at the species or population level
(Table 3; p > 0.05). The mean value of Kopt,smax across species and populations increased by 2.03
pmol m? s (+ 0.78 SE) for each 1 °C increase in Tgrowth30 (Figure 6; p = 0.0098). Finally, no
significant differences were observed in the average value of the activation energy of Jmax
(Ha,max) between species and populations (p > 0.05). No significant differences were observed in
the response of Hamax t0 Tgrowth,30 at the species or population level, and when species and
populations were grouped for analysis, no significant relationship was observed between Ha jmax
and Tgrowth,30 (Table 4; p > 0.05). Like Vemax, the trends for Jmax Were similar across species and
populations. As Tgrowth30 increased, the values of Toptmax and Kopt,smax also increased significantly,
although Ha,max and Jmax,25 demonstrated no significant relationship to Tgrowth,30 When all species

and populations were grouped for analysis.
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Table 4. Means (+ standard error) of the maximum velocity of RuBP regeneration (Jmaxz2s) at a

measurement temperature of 25 °C, the temperature optimum of Jmax (ToptJmax), the maximum

value of Jmax (Koptamax), and the activation energy of Jmax (Hamax) Of four southern pine species

and related populations. Values marked with * demonstrate a significant positive correlation to

the average growth temperature of the thirty days prior to measurement (Tgrowth,30), and values

marked with ** demonstrate a significant negative correlation to Tgrowth,30 (p < 0.05).

\]max
Jmax,25 Topt,Jmax kopt,Jmax Ha,Jmax
Species | Population | (umol m2s?) (° C) (umol m2s?) (kJ mol?)
All 105.47 + 3.61 31.12 £0.35* | 128.20 +5.14* 39.49+£2.76
Longleaf 105.14 + 7.47 32.66 £ 0.59 146.98 + 10.25 43.00 £5.48
Alabama 114,55 +10.21 31.95+0.75 14493 + 11.17 34.69 £ 5.50
Florida 105.17 £ 16.53 32.89 £ 0.88 140.56 + 26.56 48.23 + 15.17
N. Carolina 95.70 £ 12.72 33.20£1.33 153.84 + 17.98 47.38 + 8.63
Loblolly 108.75 + 6.51* | 30.53 £ 0.64* 121.90 +7.22 34.90 £4.01
Alabama 118.86 + 15.89 31.66 £1.34 139.60 + 16.12 42.40 = 4.62
Arkansas 94.45 £ 10.56 30.06 £ 0.67 103.85 + 11.25 25.34 £5.10
Florida 113.94 + 13.00 30.73 £ 1.66 135.68 + 13.94 41.46 £12.13
Georgia 109.18 +11.90 | 29.20+£1.46* | 102.52 + 11.32 29.00 £6.31
Shortleaf 95.60 £ 7.26 30.90£0.70 | 116.63 + 15.44* 47.64 +7.43
Arkansas 118.44 +10.97 31.39+£1.08 149.38 + 32.31 31.79 £8.32
Mississippi 66.99 £ 11.49 30.54 £ 1.05 101.42 + 20.21 54.65 £+ 13.37
Texas 88.69 £ 9.01 30.68 £ 1.92 88.56 + 14.76 61.79+17.18
Slash 112.30 + 7.66 30.16 £ 0.79 122.43 + 9.61 34.83 £ 6.05
Florida 129.89 + 11.62 30.83+£1.28 138.15 + 14.26 36.18 £ 7.67
Georgia 97.37 £11.16 29.74 £1.26 106.28 + 13.40 | 43.10 = 14.98**
Louisiana 108.98 +16.71 | 29.96 £1.71* | 124.88 +21.84 2416 £4.16
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Figure 5. Population-level variation in the maximum velocity of RuBP regeneration (Jmax25) at a measurement temperature of 25 °C
compared to the average growth temperature for the 30 days prior to measurement (Tgrowth,30) for four southern pine species and related
populations. Solid lines represent linear models fit by population (color) and species (black).

33



June October January

400 400 400
300 . = 1300 300
200 T ® & up|200 CRE | 200 Longleaf )
e . | P=‘:=':"‘-'/.”—;-\
0 oLt 1 0 ® | ongleaf
400 400 400 e Lobiolly
" 300 300 300 4 Shortieaf
— + Slas
'» 200 * . 8 200 . 3 200 . 8 Loblolly
100 ng—%ﬁs}ﬁ!,&% 100{g...8——8—F—4—49/100| g—8—5—4 : Population
0 0 0 ® AL Longleaf
E 400 400 400 * FL Longleaf
g 300 4 300 300 EE I_Lot;}gllleaf
A oblolly
£ 200 .+ | 200 , 4 4 200 Shortleaf  ALLOPON,
= 100 Eg:% 100| g g4 g 100 e * FL Loblolly
s O 0 0 e GA Loblolly
£ 400 400 400 ﬁn% ssr;]orrttllean:c
- ® ortlea
300 300 300
200{* o & % 200 200 Slash o P._( S." °rh"eaf
M . _8,_,3’—3—\3\: ° GASﬁ':lssh
100/ =% ¢ ¥ ¥ ¥ |100], _p—t=—=to  |100/%= et
% ¢ ° ¢ 10— g LA Slash

0
15 20 25 30 35 40 15 20 25 30 35 40 15 20 25 30 35 40
Measurement Temperature (°C)
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Temperature Responses of Photosynthetic Parameters: the Ratio of RuBP Regeneration to
RuBP Carboxylation (Jmax t0 Vemax)

The ratio of Jmax25 10 Vcemax,2s Was found to vary significantly between species (p = 0.018). The
mean ratio of Jmax,25 t0 Vemax,25 for longleaf pine was 1.57 units (£ 0.057 SE), which was found to
be significantly higher than mean ratio of Jmax,25 t0 Vemax,2s for shortleaf pine (p = 0.0031) and
slash pine (Table 2; p = 0.031). In contrast, no significant differences were found in the ratio of
Jmax,25 10 Vemax,25 between populations (p > 0.05). No significant differences in the temperature
response of the ratio of Jmax,25 t0 Vemax,25 10 Tgrowth, 30 Were observed between species or
populations (p > 0.05). When all species and populations were grouped for analysis, the ratio of
Jmax,25 10 Vemax,25 decreased by 0.018 units (+ 0.0043 SE) for each 1 °C increase in Tgrowth 30
(Figure 7; p <0.0001). Unlike other metrics of net photosynthesis, southern pine species show
significant evidence of variation in the ratios of Jmax2s t0 Vemax,2s. However, despite differences in
the mean Jmax.2s t0 Vemax,25 ratio between species, the temperature response of the ratio of Jmax2s
to Vemax,25 Was similar across all species and populations. These findings reflect an overall pattern
of similarities in photosynthetic acclimation to temperature for all assessed southern pine species

and populations.
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Temperature Responses of Dark Respiration

The respiratory rate when measured in the dark at a fixed temperature of 25 °C (R2s) was found
to vary significantly between species (p < 0.0001), with all species-level comparisons
demonstrating significant differences in Rzs (p < 0.05) except the longleaf and slash pine
comparison (Table 5; p = 0.50). Additionally, species exhibited significant differences in the
relationship between Ros and Tgrowth30 (p = 0.010). For each 1 °C increase in Tgrowth 30, the Ros of
loblolly pine decreased by 0.080 umol g* s (+ 0.030 SE; Figure 8; p = 0.0069); no other species
exhibited a significant relationship between Rzs and Tgrowtn,30 (p > 0.05). Although significant
differences in the value of R2s were present between populations of different species (p <
0.0001), no significant differences in R2s were found between populations of a given species (p >
0.05). There were also no significant differences in the relationship between R2s and Tgrowtn,30
among populations (p < 0.05).

Significant species-level differences were found for the rate of respiratory increase per 1
°C increase in measurement temperature at a measurement temperature of 25 °C (Q1o,25; p <
0.0001). Post-hoc analysis revealed a significant difference in the Q10,25 values between slash and
longleaf pine (p = 0.0008) and slash and loblolly pine (p < 0.0001), but no other species-level
comparisons were statistically significant (Table 5; p > 0.05). Significant species-level
differences were also found for the relationship between Q10,25 and Tgrowth,30 (p < 0.0001). Only
longleaf pine demonstrated a significant relationship between Q10,25 and Tgrowth,30, Where the
value of Q10,25 decreased by 0.0084 units (+ 0.0038 SE) for each 1 °C increase in Tgrowth 30
(Figure 11; p = 0.026). Significant population-level differences were found for the value of Q1025
(p < 0.0001) and the relationship between Q10,25 and Tgrowtn,30 (p < 0.0001), although post-hoc
tests found no significant comparisons between populations of a given species (p > 0.05).

Significant variation in the average value of the coefficient describing the steepness of
the short-term respiratory response to temperature (log polynomial parameter b) was present at
the species level (p = 0.0002). Post-hoc analysis revealed significant differences in the value of
parameter b between longleaf and shortleaf pine (p = 0.0023), longleaf and slash pine (p =
0.040), and loblolly and shortleaf pine (p = 0.043); all other comparisons were non-significant
(Table 5; p > 0.05). Significant species-level variation was also present in the relationship
between parameter b and Tgrowth,30 (P < 0.0001). For each 1 °C increase in Tgrowth,30, the value of
parameter b for shortleaf pine decreased by 0.0023 units (+ 0.0009 SE; p = 0.014), and the value
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of parameter b for slash pine increased by 0.0025 units (+ 0.0009 SE; p = 0.0083). No other
species exhibited a significant relationship between log polynomial parameter b and Tgrowth,30
(Figure 9; p > 0.05). Significant population-level differences were also present in the value of log
polynomial parameter b (p < 0.0001) and in the relationship between parameter b and Tgrowth,30 (P
< 0.0001), but post-hoc analysis revealed no significant comparisons between populations of the
same species (Figure 10; p > 0.05).

The coefficient describing the curvature of the short-term respiratory response to
temperature (log polynomial parameter c) exhibited a complementary pattern to log polynomial
parameter b. Significant species-level differences were present in the value of log polynomial
parameter ¢ (p = 0.0006) and in the relationship between parameter ¢ and Tgrowth,30 (Table 5; p <
0.0001). Post-hoc analysis revealed a significant difference in the value of parameter c between
longleaf and shortleaf pine (p = 0.0006), but not between any other species (p > 0.05). For each 1
°C increase in Tgrowtn30, the value of parameter ¢ for shortleaf pine increased by 3.86x107 units
(+ 1.6x10° SE; p = 0.017), and the value of parameter ¢ for slash pine decreased by 4.29x107°
units (+ 1.6x10° SE; p = 0.0074). No other species exhibited a significant relationship between
log polynomial parameter ¢ and Tgrowtn,30 (Figure 9; p > 0.05). Significant population-level
differences were also present in the value of log polynomial parameter ¢ (p < 0.0001) and in the
relationship between parameter ¢ and Tgrowth,30 (p < 0.0001), although post-hoc analysis did not
uncover any significant comparisons between populations (Figure 10; p > 0.05).

The intercept of the respiratory temperature response curve (log polynomial parameter a)
was found to vary significantly between all species (p < 0.05), with the exception of the
comparison between loblolly and longleaf pine and the comparison between loblolly and slash
pine (Table 5; p > 0.05). The relationship between Tgrowth,30 and log polynomial parameter a also
varied significantly between species (p = 0.0006), with only slash pine demonstrating a
significant decrease in the value of parameter a with increasing Tgrowth,30 at the species level (p =
0.028). However, when parameter a was compared between measurement campaign months, the
values of log polynomial parameter a for loblolly pine formed a gradient from the highest
intercept in January, through October, August, and December to the lowest intercept in June. The
mean value of log polynomial parameter a for loblolly pine in January was found to be 0.60
pumol g s (+ 0.056 SE) greater than the value of parameter a in June (p = 0.0030). At the

population level, the relationship of log polynomial parameter a to Tgrowth,30 Varied significantly
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between populations (p < 0.0001), but post-hoc analysis revealed no significant differences in the
value of parameter a between populations of a given species (p > 0.05). For each 1 °C increase in
Tgrowtn 30, the Georgia population of loblolly pine demonstrated a 0.058 umol g s (+ 0.020 SE)
decrease in the value of log polynomial parameter a (p = 0.0037), and the Louisiana population
of slash pine demonstrated a 0.048 pmol g* s (+ 0.019 SE) decrease in the value of parameter a
(p = 0.012). In contrast, the value of log polynomial parameter a for the Mississippi population
of shortleaf pine increased by 0.080 umol g s (+ 0.021 SE) for each 1 °C increase in Tgrowtn,30
(p < 0.001); no other population demonstrated a significant relationship between parameter a and
Tgrowth,30 (p > 0.05).

Most metrics of dark respiration demonstrated both species-level differentiation and
variation with increasing Tgrowth,30. AS Tgrowth,30 increased, loblolly pine demonstrated decreasing
values of R2s, longleaf pine demonstrated decreasing values of Q1o,25, and slash and shortleaf
pine demonstrated opposing patterns of variation in log polynomial parameters b and c. Finally,
species-level variation was evident in the mean values of Rzs and Q10,25, while the shape of the
temperature response curve captured by the log polynomial parameters demonstrated evidence of
both genetic differentiation and a significant acclimatory relationship to Tgrowth,30 at a species and

a population level.
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Values of Rrealized @t Tgrowth

Realized respiration (Rreaiized) refers to the rate of dark respiration predicted for the average
temperature measured in the field on the date of measurement (Tqrowth) based on previously
calculated measurements of Rgark and values of Q1o. VValues of Rrealized Were found to vary
significantly between species (Table 5; p < 0.0001), and the values of Rrealized Were significantly
different between all species (p < 0.001), with the exception of longleaf and slash pine (p =
0.61). No significant relationships were observed between Rreaiized and Tgrowth fOr any species (p >
0.05), and no significant species-level differences were observed in the response of Rrealized t0
Tgrowth (Figure 13; p > 0.05). Values of Rrealized Were also found to vary significantly between
populations (p < 0.0001), although post-hoc analysis did not uncover any populations within the
same species that had values of Rrealized that varied significantly from one another (p > 0.05). No
significant relationships were observed between Rreaiizea and Tgrowtn fOr any population (p > 0.05),
and no significant population-level differences were observed in the response of Rrealized t0 Tgrowth
(p > 0.05). In summary, while mean values of Rreaiized Varied between species, all assessed
southern pine species and populations demonstrated substantial evidence of respiratory
acclimation to temperature, exemplified by near-complete homeostasis in Rrealized aCross a broad

range of seasonal temperature variation.
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Table 5. Means (x standard error) of the predicted rate of dark respiration (Rrealizea) fOr the average growth temperature on the date of measurement

(Tgrowtn), the measured rate of dark respiration (Raark 25), the rate of respiratory increase per 1 °C increase in measurement temperature (Qio,2s) at a

measurement temperature of 25 °C, and the value of the coefficients describing the slope (log polynomial parameter b), curvature (log polynomial

parameter c), and intercept (log polynomial parameter a) of the respiratory temperature response curve of four southern pine species and related

populations. Values marked with * demonstrate a significant positive correlation to the average growth temperature of the thirty days prior to

measurement (Tgrowtn30), and ** denotes a significant negative correlation with Tgrowh,30 (p < 0.05).

Rdark
Rrealized Rodark 25 Log polynomial Log polynomial Log polynomial
Species | Population (umol gt s?) (umol gt s?) Q10,25 parameter b parameter ¢ parameter a
All 12.81 £0.15 8.65+0.11 2.09 £ 0.0098 0.12 £ 0.0024 -0.00098 + 4.02x10° -0.32 £ 0.035
Longleaf 11.18 £0.21 7.59 £0.15 2.10 £ 0.020** 0.13 £ 0.033 -0.0012 + 6.19x10° -0.58 + 0.058
Alabama 10.88 £ 0.37 7.34 £ 0.26 2.11 £ 0.027 0.14 £ 0.0055 -0.0012 + 9.15x10° -0.65 + 0.093
Florida 10.90 £ 0.35 7.44 + 0.29 2.10 £ 0.039 0.13 £0.0061 -0.0011 + 9.42x10° -0.58 +0.12
N. Carolina 11.74 £ 0.36 7.98 £0.24 2.09 £ 0.034 0.13 £0.0070 -0.0012 + 1.32x10* -0.51 + 0.086
Loblolly 13.20£0.19 8.79 £ 0.14** 2.14 £ 0.016 0.13+£0.0039 -0.0010 + 6.86x10° -0.38 + 0.056
Alabama 13.71 £ 0.34 8.98 + 0.28 2.13 £ 0.030 0.13 £ 0.0061 -0.0010 + 1.03x10* -0.31 + 0.087
Arkansas 12.86 £ 0.38 8.64 + 0.33 2.13 £ 0.026 0.13 £ 0.010** -0.0010 + 1.96x10** -0.39+0.13
Florida 12.94 £ 0.45 8.66 + 0.27 2.14 £ 0.026 0.13 £ 0.0064 -0.0010 + 1.07x10* -0.39 £ 0.090
Georgia 13.27 £0.36 8.86 + 0.27 2.16 + 0.042* 0.13 + 0.0082* -0.0011 + 1.31x10* -0.43 =+ 0.14**
Shortleaf 15.22 £ 0.36 10.30 £ 0.28 2.08 + 0.024 0.11 + 0.0064** -0.00075 + 1.07x10** 0.016 = 0.092
Arkansas 14.09 £ 0.38 9.49 + 0.27 2.07 £0.028 0.11 £ 0.0054 -0.00068 + 1.01x10* -0.0082 + 0.083
Mississippi 15.97 £0.80 10.84 £ 0.61 2.04 £ 0.063** 0.10 £ 0.017** -0.00066 + 2.76x10** 0.19£0.24*
Texas 15.47 £0.58 10.50 £ 0.46** 2.12 £ 0.025 0.12 £0.0075 -0.00089 + 1.36x10* -0.12+0.11
Slash 11.59 £ 0.23 7.93+£0.16 2.01 £0.017 0.12 £ 0.0046* -0.0010 + 7.73x105** -0.29 + 0.064**
Florida 11.75 £ 0.46 7.90 £ 0.32 2.05 +0.028 0.13 £0.0083 -0.0011 + 1.44x10* -0.44+0.11
Georgia 11.64 £0.39 7.97 £ 0.26 2.03 £ 0.028 0.12 £ 0.074 -0.0010 + 1.26x10* -0.32 £ 0.10
Louisiana 11.39 £ 0.33 7.91+0.27 1.96 + 0.030* 0.12 £ 0.0076* -0.00078 + 1.26x10** -0.12 £ 0.11**
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The Ratio of Net Photosynthesis to Dark Respiration

For each 1 °C increase in Tgrowth,30, the ratio of Anet2s to Rzs in longleaf pine increased by 0.049
units (+ 0.015 SE; p = 0.0012), the ratio of Anet2s to Rzs in loblolly pine increased by 0.10 units
(= 0.014 SE; p < 0.001), and the ratio of Anet2s to R2s in shortleaf pine increased by 0.071 units
(£ 0.015 SE; p < 0.001); the ratio of Anet2s to R2s in slash pine did not demonstrate a significant
relationship to Tgrowth,30 (Table 2; p = 0.051). Significant species- and population-level
differences were also observed in the ratio of Anet,2s to R2s (p < 0.05), although post-hoc analysis
did not uncover any significant comparisons (p > 0.05). Despite similarities in the temperature
responses and overall rate of net photosynthesis across species and populations, species-level
variation in dark respiration resulted in substantially different ratios of Anet2s to R2s, with
potential implications for the patterns of carbon flux affected by the balance between these

physiological factors.

Growth

The average stem diameter at the root collar (RCD) across all destructively sampled individuals
at the time of final harvest was 29.53 mm (z 0.40 SE). Values of RCD were found to vary
significantly between species (p < 0.0001) and populations (Table 6; p = 0.024). Post-hoc
analysis revealed that the average RCD values for longleaf, loblolly, and slash pine were
significantly larger than that of shortleaf pine (p < 0.05), and the average RCD of slash pine was
significantly larger than that of loblolly pine (p = 0.017). All other RCD comparisons were non-
significant (p > 0.05).

The average stem length across all destructively sampled individuals at the time of final
harvest was 73.54 cm (+ 3.21 SE). Stem lengths varied significantly between species (p <
0.0001), but not between populations of a given species (p > 0.05). Post-hoc analysis revealed
significant differences between the stem lengths of all species (p < 0.05). Loblolly pine had the
longest average stem lengths, followed by slash, shortleaf, and longleaf pine (Table 6).

The average total dry mass across all destructively sampled individuals at the time of
final harvest was 343.53 g (= 10.34 SE). Total, leaf, stem, and root dry masses varied
significantly between species (p < 0.0001), although only total, leaf, and root dry masses varied
significantly between populations (Table 6; p < 0.05). With the exceptions of the comparison
between slash and loblolly pine and the comparison between shortleaf and longleaf pine (p >
0.05), all species demonstrated significant differences in total dry mass (p < 0.05). For the mean
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value of leaf dry mass, all species-level comparisons were significant (p < 0.05), except for the
comparison between longleaf and shortleaf pine (p > 0.05). At the population level, the North
Carolina population of longleaf pine exhibited significantly lower levels of leaf dry mass than the
Alabama population of longleaf pine (p = 0.020). Similarly, all species demonstrated significant
differences in stem dry mass (p < 0.05) with the exception of the comparison between loblolly
and slash pine (p > 0.05). Finally, loblolly, slash, and shortleaf pine all exhibited significantly
larger average root dry masses than longleaf pine (p < 0.05), and loblolly pine exhibited a
significantly larger average root dry mass than shortleaf pine (p = 0.033). All other dry mass

comparisons were non-significant (p > 0.05).

49



Table 6. Means (£ standard error) of root collar diameter, stem length, and dry mass growth metrics at the time of final harvest of four

southern pine species and related populations. Superscripts denote statistically significant differences between groups (p < 0.05).

Root Collar Stem Length | Total Dry Mass | Root Dry Mass | Stem Dry Mass | Leaf Dry Mass
Species | Population | Diameter (mm) (cm) (9) (9) (9) (9)
Longleaf 29.72 + 0.87° 16.10 +1.06% | 222.08 + 13.02° | 96.62 + 5.88° 20.66 + 1.60° 104.80 £ 6.81°
AL 32.75 £ 1.56 19.13+1.70 | 260.37 +20.42 | 109.61 +10.30 | 24.17 +2.87 | 126.59 + 10.45%
FL 28.58 + 1.05 1657 +1.64 | 234.62+21.81 | 78.34+10.52 16.67 + 2.63 76.24 + 10.89°
NC 27.81 +1.54 1260+1.79 | 171.24+18.55 | 101.92 +8.08 21.13 +£2.58 11.56 + 9.64°f
Loblolly 29.37 £0.47° | 104.71 £1.98% | 406.67 + 12.77% | 162.67 +6.63* | 110.48 + 3.43% | 133.53 + 4.87"
AL 28.76 £ 0.40 105.05 +3.64 | 363.47 +13.60 | 142.22+7.86 | 101.01 +4.66 120.24 £5.16
AR 29.07 £1.07 99.85+4.07 | 410.57 £40.10 | 165.64 +£20.90 | 112.61+10.20 | 132.33+11.73
FL 28.95+1.34 105.76 £ 3.12 | 410.59 +20.94 | 162.52 +10.27 | 114.54 +6.64 133.52 £ 9.25
GA 30.71 £ 0.76 107.77 £5.01 | 44598 £21.55 | 18224 +11.54 | 114.71 £5.65 149.04 + 11.57
Shortleaf 24.60 £ 0.87°¢ 68.79 +3.23° | 272.23 +20.38" | 131.99 + 10.04° | 56.48 + 4.64° 83.76 £ 6.72°
AR 26.00 + 1.04 67.93+6.22 | 282.79+38.92 | 14557 +18.88 | 55.32+7.29 81.90 + 13.24
MS 22.74 +1.68 71.68+6.81 | 246.70+40.88 | 110.68+17.75 | 52.40+9.34 83.62 + 14.25
X 25.05+1.61 66.75+4.32 | 287.22+29.19 | 139.72+14.73 | 61.73 +8.37 85.76 +8.96
Slash 32.02 +£0.73? 91.80 +1.79° | 416.42 + 15.57% | 145.03 + 7.32%® | 112.94 + 4542 | 158.45 + 5.59?
FL 31.45+1.59 93.23+3.06 | 390.02+26.70 | 128.91+10.38 | 105.08 +7.66 | 156.03 +10.96
GA 30.40 £ 0.57 93.34+2.99 | 387.03+19.71 | 128.12+10.47 | 109.44 +6.02 149.47 £7.94
LA 34.22 +1.25 88.83+3.35 | 472.22+28.09 | 178.07+12.08 | 124.28 +9.14 169.87 £ 9.75
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Discussion

Accurately modeling the acclimation of photosynthesis and photosynthetic parameters has
crucial implications for accurately predicting future global carbon feedbacks (Kumarathunge et
al. 2019), and additional research into the temperature responses of key photosynthetic and
respiratory variables have been listed as a major requirement for the improvement of terrestrial
biosphere models (Lombardozzi et al. 2015; Rogers et al. 2017). In order to improve the
scientific understanding of physiological temperature responses in southern pine species, we
grew three to four geographically distinct populations of loblolly, longleaf, slash, and shortleaf
pine in a common garden plot and took measurements of net photosynthesis and dark respiration
at set timepoints throughout the study duration. We hypothesized that species from warmer home
climates would demonstrate higher photosynthetic and lower respiratory rates than those from
cooler home climates. We also hypothesized that species with wider home ranges would
demonstrate a greater extent of photosynthetic and respiratory temperature acclimation than
those with narrower home ranges. Our analysis revealed no evidence of genetic differentiation or
adaptation in net photosynthesis at the species level. In contrast, all four species demonstrated
significant evidence of respiratory adaptation and acclimation to temperature. Although all
assessed species demonstrated similar extents of photosynthetic acclimation, the mechanism of
both photosynthetic and respiratory acclimation varied between species. These findings
emphasize that both the extent and the mechanism of photosynthetic and respiratory acclimation

must be understood in order to generate accurate predictions of future carbon fluxes.
Net Photosynthesis Responds to Variation in Growth Temperature Similarly Across Species

As none of the assessed species or populations demonstrated significant differences in Anet,2s or
Topt,A, We reject the hypothesis that species and populations from different home climates will
demonstrate adaptive differences in photosynthetic rate. These findings are in contrast with a
number of studies that found significant evidence of photosynthetic adaptation in Eucalyptus
pauciflora (Slayter and Ferrar 1977) and Picea abies (Oleksyn et al. 1998), but are in agreement
with Samuelson et al. (2012), who found no significant evidence of photosynthetic adaptation in
loblolly, longleaf, or slash pine. The wide variation in photosynthetic adaptation trends present in
the literature reflects the challenging nature of predicting patterns of photosynthetic adaptation to

temperature across forest species. A similar range of findings have been found for assessments of
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photosynthetic acclimation to temperature. Significant evidence of photosynthetic acclimation to
temperature has been found in Hevea brasiliensis (Kositsup et al. 2008), Populus balsamifera
(Silim et al. 2010), and some populations of Corymbia calophylla (Aspinwall et al. 2017b),
while Populus tremuloides, Betula papyrifera, Populus deltoides, and Liquidambar styraciflua
showed minimal evidence of photosynthetic acclimation to temperature across populations
(Dillaway and Kruger 2010). Although previous studies have found no evidence of
photosynthetic acclimation in mature longleaf and slash pines (Samuelson et al. 2012) and
conflicting patterns in loblolly pine (Teskey and Will 1999; Samuelson et al. 2012), all four
species assessed during this experiment demonstrated significant evidence of photosynthetic
acclimation to temperature when compared over nearly a full year’s range of temperature
variation. Additionally, the mechanism of photosynthetic acclimation appeared to vary
substantially between longleaf, loblolly, shortleaf, and slash pine.

For longleaf pine, the maintenance of a constant maximum photosynthetic rate was
accomplished through subtle changes to the balance between photosynthetic parameters.
Although neither Jmax,2s NOr Vemax,2s demonstrated a significant relationship to Tgrowth,30, the ratio
Of Jmax,25 10 Vemax,25 decreased significantly as Tgrowth,30 increased. While Jmax and Vemax are often
tightly co-regulated, previous studies have found that a decrease in the Jmax t0 Vcmax ratio results
in an increase in the temperature sensitivity of photosynthesis and the Topt,a, s Jmax typically has
a higher temperature optimum than Vemax (Onoda et al. 2005; Hikosaka et al. 2006; Fan et al.
2011). In addition, the North Carolina population of longleaf pine demonstrated a significant
increase in the value of photosynthetic parameter b with Tgrowth,30, providing additional evidence
of an increase in the temperature sensitivity of photosynthesis with increasing growth
temperature. As variation in the value of parameter b would capture seasonal changes in the
temperature sensitivity of photosynthesis that are not directly connected to RuBP carboxylation
or regeneration efficiency, this finding suggests that the North Carolina population of longleaf
pine may have access to additional acclimatory strategies that the other populations lack,
corresponding to its more seasonal home climate. Therefore, longleaf pine shows substantial
evidence of differences in acclimation potential between populations, with evidence of
photosynthetic acclimation to temperature increasing with latitude. Additional research into

alternative acclimatory mechanisms, such as seasonal adjustments to stomatal regulation or
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respiratory rate, may assist in fully understanding population-level differences in the temperature
response of net photosynthesis.

Unlike longleaf pine, photosynthetic acclimation for loblolly pine primarily took the form
of adjustments to RuBP regeneration efficiency via increases in Jmax,2s and Toptmax. AN increase
in the saturation level of thylakoid membrane lipids is often cited as a major mechanism of
photosynthetic acclimation to increases in temperature (Berry and Bjorkman 1980; Hiive et al.
2006; Allakhverdiev et al. 2008) and may serve as the biochemical mechanism of acclimation in
loblolly pine. Although population-level trends generally reflected species-level trends in
photosynthetic acclimation for loblolly pine, the Georgia and Florida populations also
demonstrated evidence of acclimation in the temperature optimum of Vcmax. Therefore, although
all loblolly pine populations demonstrated a similar potential for photosynthetic acclimation via
Jmax, the potential for Vemax acclimation may vary by population, with no clear effect of home
climate. These findings are in general agreement with a previous study of photosynthetic
acclimation in loblolly pine (Teskey and Will 1999), although significant population-level
variation has not previously been detected in this species.

In shortleaf pine, photosynthetic acclimation occurred by increasing the maximum
velocities of RuBP carboxylation (Koptvemax) and regeneration (Kopt.jmax), With minimal population-
level variation in acclimatory trends. As photosynthetic acclimation occurred through increases
in the values of kopt rather than Topt Or activation energy, the biochemical mechanism of
acclimation may have primarily involved increasing the concentration of key photosynthetic
components, not changing the temperature stability of photosynthetic components. However,
increases in leaf-level Rubisco content typically do not result in proportional increases in Vemax Or
the initial slope of the A-Ci curve (Yamori et al. 2005). Therefore, relying primarily on increases
in the concentration of limiting photosynthetic machinery may represent an energetically
inefficient acclimatory strategy, where increasing investments in photosynthetic machinery yield
diminishing returns in photosynthetic rate. The high energetic cost of this strategy may partially
explain why the photosynthetic acclimation of shortleaf pine was unable to overcome the
increase in respiratory costs with growth temperature, resulting in a significant decrease in Topt,a
with increasing Tgrowth,30. Additional research will be required to confirm the biochemical
mechanism of photosynthetic acclimation and to fully elucidate the connection between rates of

respiration and photosynthesis in shortleaf pine.
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Slash pine demonstrated a substantially different mechanism of acclimation from the
other three species. For slash pine, photosynthetic acclimation was accomplished through a
decrease in the activation energy of RuBP regeneration, causing the rate of photosynthesis for
slash pine became more limited by Vcmax than Jmax at elevated growth temperatures. The resulting
alteration to the overall shape of the Jmax curve would have also resulted in an increase the
minimum velocity of RuBP regeneration increased with Tgrowth,30. This evidence would be
consistent with an increased rate of cyclic electron flow along the thylakoid membrane electron
transport chain, which some authors have proposed as a potential mechanism of maintaining a
sufficient proton gradient for ATP generation under high temperature conditions (Allakhverdiev
et al. 2008; Sharkey and Zhang 2010). However, similar to shortleaf pine, Topt,a for slash pine
also declined significantly with increasing Tgrowtn,30, IMplying that the acclimatory strategy
employed by slash pine was insufficient to overcome the increase in respiratory costs with an
increasing growth temperature. Slash pine also demonstrated substantial evidence of differences
in acclimation potential between populations. Unlike other slash pine populations, the Louisiana
population of slash pine exhibited significant increases in the of Topt,vemax With increasing
Tgrowth,30. Therefore, the Louisiana population may acclimate to increasing Tgrowth30 through
alterations to the activity or efficiency of Rubisco (Berry and Bjérkman 1980; Sage et al. 2008),
in a mechanism that is absent in the other assessed populations of slash pine.

Contrary to expectations, species-level patterns of photosynthetic acclimation did not
correspond to home range size, with all four species demonstrating a similar extent of
photosynthetic acclimation. However, the mechanism of photosynthetic acclimation varied
substantially between species. Longleaf pine acclimated through minor adjustments to the
balance between RuBP carboxylation and regeneration, while loblolly pine acclimated primarily
through alterations to RuBP regeneration efficiency. In contrast, shortleaf pine demonstrated
only incomplete acclimation through the modification of Koptvemax and Kopt.amax, and slash pine
demonstrated similarly incomplete photosynthetic acclimation through a decrease in Ha,jmax With
increasing Tgrowth,30. Finally, while the temperature responses of net photosynthesis for most
populations within a species did not demonstrate a clear correlation with climate of origin, the
North Carolina population of longleaf pine exhibited evidence of acclimatory mechanisms that
were absent in the other assessed populations. Therefore, there is some evidence of a climactic

influence on the extent of acclimation experienced within populations of longleaf pine. These
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findings demonstrate that the extent and mechanism of photosynthetic acclimation is not easily
predictable based on a species’ climate of origin, in agreement with previous findings

(Kumarathunge et al. 2019).
Dark Respiration Exhibits Species-Level Adaptation and Acclimation to Growth Temperature

In contrast to net photosynthesis, basal levels of Reark demonstrated substantial variation between
southern pine species. The mean values of Rzs and Rrealized for the two species with the most
southern ranges, longleaf and slash pine, were significantly lower than those of the two species
with the most northern ranges, shortleaf and loblolly pine. The lower basal values of Rgark in
longleaf and slash pine likely reflect lower respiratory maintenance costs (Reich et al. 1996),
which would be expected to have a more deleterious effect on trees grown at a high temperature
than those grown at a low temperature due to the quasi-exponential relationship between
respiratory rate and temperature (Atkin and Tjoelker 2003). Therefore, the lower basal values of
Rdark Observed in longleaf and slash pine support our hypothesis that species with more southern
home ranges will demonstrate a greater degree of respiratory adaptation to temperature than
species with more northern home ranges. Overall, these findings are in agreement with several
other studies that found significant differentiation in respiratory rate due to latitude (Reich et al.
1996; Quan and Wang 2018) and altitude (Oleksyn et al. 1998). However, unlike much of the
published literature, we found little population-level evidence of genetic differentiation or
adaptation. This result is similar to that of Silim et al. (2009), which found minimal evidence of
respiratory adaptation among populations of Populus balsamifera. Future experiments may aim
to repeat this experiment with a different selection of southern pine provenances in order to
determine if variation in basal rates of Rqark iS present among the populations that were not
sampled during this study.

Ruark also demonstrated considerable variation in response to changes in growth
temperature throughout the study duration, with the temperature response of Rgark Varying
substantially between species and populations. Longleaf pine demonstrated clear evidence of
Type I acclimation via a decrease in the value of Q10,25 as Tgrowth,30 INCreases, resulting in an
overall decrease in the responsiveness of Rqark to temperature (Atkin and Tjoelker 2003). No

significant variation in the temperature response of respiration or in the intercept of the
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temperature response curve was observed between populations of longleaf pine, suggesting that
population-level variation in the ability of Rqark to acclimate may be minimal for longleaf pine.

Loblolly pine demonstrates significant evidence of respiratory acclimation to
temperature, as exemplified through a decrease in Rzs with increasing Tgrowth,30. Despite the lack
of a significant relationship between Tgrowtn,30 and log polynomial parameter a, the significant
difference in parameter a between the temperature response curves for January and June suggests
that loblolly pine may demonstrate Type Il acclimation. The substantially lower intercept of the
temperature response curve in June would result in an overall decrease in the basal respiratory
rate of loblolly pine at elevated growth temperatures, mitigating the deleterious effects of a
pseudo-exponential increase in respiratory rate with temperature (Atkin and Tjoelker 2003).
Although most loblolly pine populations did not demonstrate significant shifts in the intercepts
of their temperature response curves with increasing Tgrowth,30, the Georgia population of loblolly
pine exhibited significant evidence of Type Il acclimation through a decreasing value of
parameter a with increasing Tgrowth,30. In contrast, the Arkansas population of loblolly pine
exhibited evidence of Type | acclimation through a significant decline in the steepness and
increase in the curvature of the respiratory temperature response with increasing growth
temperature. Although no other population demonstrated a significant relationship between
Tgrowth,30 and the temperature response of respiration, the differences in acclimatory trends
between loblolly pine populations provides indirect evidence of differences in acclimation
potential between populations of loblolly pine. These results are in agreement with those of
Teskey and Will (1999), which found significant evidence of population-level differences in
acclimation potential among provenances of loblolly pine from Texas, Arkansas, and Maryland.
Additional experiments will be required to fully uncover the relationship between differences in
acclimation potential and seed source for loblolly pine.

Shortleaf pine demonstrated evidence of Type | respiratory acclimation, which was
largely driven by the trend observed in the Mississippi population. As Tgrowth,30 increased, the
response of respiration to temperature for shortleaf pine became less steep but more curved,
leading to the greatest reductions in respiratory rate at low to moderate temperatures. However,
this mechanism of Type | acclimation comes with a potential tradeoff, as the rate of respiration
would increase rapidly at high measurement temperatures. For this experiment, the elevated

temperatures experienced in the field during the warmest months may have been sufficient to
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trigger this tradeoff, potentially contributing to the observed decrease in Topt,a With increasing
Tgrowth,30. AS global surface temperatures continue to increase, the potential tradeoff of this
acclimatory approach may increase in prominence, to the detriment of the growth and function of
affected shortleaf pines. Further research will be required to fully understand the complex
interplay between photosynthetic and respiratory responses to temperature, as well as the
potential implications for the future conservation of shortleaf pine.

Like shortleaf pine, slash pine demonstrated evidence of Type I respiratory acclimation.
Unlike shortleaf pine, however, the temperature response curve for respiration in slash pine
became steeper and less curved with increasing Tgrowth,30. This pattern of Type I acclimation
would reduce the temperature sensitivity of respiration across all temperatures, preventing the
rapid increase in respiratory rate experienced by shortleaf pine at high temperatures. Slash pine
also demonstrated significant evidence of Type Il acclimation, as the intercept of the temperature
response curve and corresponding rate of basal respiration decreased significantly with
increasing Tgrowth,30. The observed trends in slash pine were largely driven by the Louisiana
population, although additional research will be required to fully understand population-level
differences in acclimation potential for slash pine.

Surprisingly, Type | and Type Il acclimation strategies were equally common for the
species assessed. While many species in the published literature have been observed to acclimate
primarily or exclusively through Type Il respiratory acclimation (Tjoelker et al. 2009; Reich et
al. 2016), Type | acclimation has been observed more frequently in evergreen than deciduous
species (Slot and Kitajima 2015). Additionally, the findings of this study fit into a generalized
pattern of Type | acclimation playing a major role in the thermal acclimation of respiration in
evergreen species (Crous et al. 2022). Therefore, despite the observed variation in the
mechanism of acclimation, these findings support the growing consensus that most species
demonstrate a generalized and predictable pattern of respiratory acclimation to temperature (Slot
and Kitajima 2015; Heskel et al. 2016; Crous et al. 2022).

In summary, all four species and some populations demonstrated substantial evidence of
respiratory acclimation to temperature, but each species demonstrated a different mechanism of
acclimation. Additionally, none of the four species assessed demonstrated a significant
relationship between Rrealized and Tgrowth. This finding suggests that the extent of acclimation in all

four species was sufficient to maintain a near-homeostatic basal respiratory rate, despite
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mechanistic differences in how the temperature response curve of respiration changed.
Therefore, we reject the hypothesis that the extent of respiratory acclimation will vary among
species from differing home climates. Future studies of respiratory acclimation may benefit from
assessing how a temperature response curve changes shape and whether said mechanism is
related to the climactic niche of a given species or population, in addition to assessing the overall
extent of respiratory acclimation to temperature. Finally, as both temperature and photoperiod
can independently affect physiological processes (Way and Montgomery 2015), additional
research will be required to fully disentangle the roles of temperature and photoperiod on the

observed seasonal responses of photosynthesis and respiration in southern pine species.
Species Show Significantly Different Sizes at Final Harvest

Significant differences at the species level were observed in the RCD, stem length, and dry mass
of approximately two year old seedlings, as well as in the ratio of Anet,25:R25, although post-hoc
tests revealed no significant comparisons in this variable. While the ratio of A:R is
mathematically constrained at long timescales, short-term fluctuations in the ratio of A:R are
possible in response to changes in the amount of carbon allocated to storage and growth (Van
Oijen et al. 2010). In this study, the species-level variation in RCD at the time of final harvest
corresponded closely to the nonsignificant, species-level trends in the mean values of the ratio of
Anet,25:R25, with slash pine demonstrating the largest RCD, followed by longleaf and loblolly
pine, then shortleaf pine. These findings reflect previously observed relationships between the
temperature responses of physiological processes and growth rate. For example, previous work
in red mangrove (Rhizophora stylosa) found similar trends in the temperature responses of A:R
and the daily growth rates of height, diameter, and branch length (Akaji et al. 2019), while both
Aarea and Raark Were found to be correlated with relative growth rate for five boreal tree species
across a range of growth temperatures (Tjoelker et al. 1998; Tjoelker et al. 1999). However, this
trend was not observed for other metrics of seedling size, including stem length and total dry
mass. While stem diameter at planting is considered the strongest indicator of future seedling
growth potential (Grossnickle and MacDonald 2018), the connection between the temperature
responses of Anet,2s:R25 and the long term growth potential of southern pine seedlings remains to

be fully explored.
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In summary, while the ratio of Anet25:R25 appears to explain some of the observed
variation in final seedling size, other factors, such species-level variation in life-history traits,
may also play a substantial role in determining seedling growth rate. Additionally, future
research must be conducted to confirm that final sizes of the four assessed species were not
constrained by their development within pots before these findings can be applied by foresters,
nursery managers, or landowners. These findings contextualize the physiological findings of this
study by providing a tangible illustration of the carbon balance between photosynthesis and
respiration, though additional research will be required to fully elucidate the connection between

photosynthetic and respiratory temperature responses and biomass production in southern pines.

Conclusions

Measurements of net photosynthesis and dark respiration were conducted for longleaf, loblolly,
slash, and shortleaf pine grown in a common garden plot over a seasonal temperature gradient of
15°C. While significant evidence of respiratory adaptation was observed between the most
southern and northern species, no evidence of photosynthetic adaptation was found at the species
level. In contrast, all four species demonstrated at least partial respiratory and photosynthetic
acclimation to increases in growth temperature. Finally, the method of respiratory and
photosynthetic acclimation varied between all four species, and some mechanisms of respiratory
and photosynthetic acclimation to temperature appeared to interact for a given species. These
results emphasize that photosynthesis and respiration are complex, interrelated processes which
may not be fully understood if studied in isolation. The potential adaptive and acclimatory
responses of both photosynthesis and respiration must be considered in order to accurately
predict the potential effects of climate warming on the growth and function of southern pine

species.
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