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Abstract. Plant species, and the traits associated with them, can help buffer ecosystems to
environmental perturbations. Few studies have examined whether within species variation, both among
and within populations, can similarly buffer ecosystems to environmental perturbations, such as climatic
warming, across levels of organization. Using a dominant plant species in the eastern US, Solidago altissima,
we examined whether genotypes of the same species from both southern and northern latitude populations
exhibited differential short-term responses to temperature at the cell, leaf, and plant level. At the cell level
we quantified the production of reactive oxygen species (by-product of temperature stress) and total
oxygen radical antioxidant capacity (which ameliorates temperature stress by-products). At the leaf and
plant levels, we measured CO, assimilation. Increasing temperatures had strong negative impacts on plant-
level carbon gain, but weak impacts on cell-level antioxidant capacity. Southern latitude genotypes had
greater total antioxidant capacity, but lower leaf-level carbon gain, than did northern genotypes under
elevated temperature. At the plant level, northern and southern genotypes exhibited similar declines in
carbon gain under elevated temperature, likely because total plant leaf area was higher for southern
genotypes than northern genotypes, which compensated for their lower per unit area leaf-level carbon
gain. Overall, short-term temperature-induced declines in carbon gain at the plant level may scale to
reduce within species variation, both across and within populations, potentially altering ecosystem carbon
cycling.
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INTRODUCTION

Predicting the responses of species to climate
change is a fundamental challenge, especially
near range boundaries where the effects of
warming are likely to be most dramatic (Angert
2011, De Frenne 2011a). Plant species can vary
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considerably in morphological and physiological
traits both within and across latitudinal gradients
and such variation may influence that species’
responses to climate change along with associat-
ed ecosystem processes such as net primary
productivity (NPP) and carbon (C) cycling
(Hooper et al. 2005). Studies on plants along
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temperature gradients show there is extensive
trait variation among and within species, espe-
cially between northern and southern popula-
tions (Diaz et al. 2004, De Frenne et al. 2011b).
Linking plant traits to ecosystem processes
within and across species along latitudinal
gradients may lead to a better understanding of
the underlying processes shaping C cycling
locally and globally in the context of climatic
change.

Variation in morphological and physiological
traits within species, like variation across species,
has been shown to influence individual perfor-
mance, community dynamics and ecosystem
processes (Booth and Grime 2003, Schweitzer et
al. 2005, Crutsinger et al. 2006, Johnson et al.
2006, Classen et al. 2007, Hughes et al. 2008,
Cianciaruso et al. 2009, Crutsinger et al. 2009,
Albert et al. 2010, Jung et al. 2010). Crutsinger et
al. (2006) documented that plots with greater
intra-specific diversity in a dominant old-field
species (Solidago altissima) led to greater above-
ground net primary productivity (ANPP) and
higher arthropod diversity than plots with lower
intra-specific diversity. One interpretation of this
result is that variance in physiological and
morphological traits among Solidago altissima
genotypes promoted greater resource comple-
mentarity in diversity treatments generating
greater ANPP and greater diversity across
trophic levels (Hooper et al. 2005). Few studies,
however, have examined the influence of within-
species variation, especially comparing individ-
uals from range boundaries (De Frenne et al.
2011a), in terms of how such trait variation
influences C cycling under warming.

To date, research addressing the impact of
climatic warming on individual species largely
focused on a single level of organization without
examining whether the observed responses to
warming scale across levels of organization
(Petchey et al. 2004, Bailey et al. 2009, Purdy et
al. 2010, Woodward et al. 2010). Scaling bio-
chemical and physiological constraints to elevat-
ed temperature, from cells to leaves to
individuals may enable scientists to better predict
the underlying processes associated with atmo-
spheric and climatic change impacts at local and
global scales. At the lowest level of organization,
the cell level, studies have documented an
increase in the production of reactive oxygen
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species (ROS) H,O, (Chen and Hartman 1995,
Kim and Portis 2004) under elevated temperature
linked to reduced photosynthetic capacity both
within and across species (Snider et al. 2010,
Weston et al. 2011). The ability of species and/or
genotypes to scavenge ROS therefore will deter-
mine leaf and potentially plant-level photosyn-
thetic capacity under warming (e.g., reviewed in
Berry and Bjorkman 1980). Recently a number of
studies have implicated increased cell-level anti-
oxidant activity with enhanced thermal tolerance
among plant genotypes (Larkindale and Huang
2004, Snider et al. 2010). Furthermore, linking
biochemical and physiological constraints to
morphological trait variation will elucidate po-
tential trade-offs in temperature responses both
within and across species (Bailey et al. 2009).
Our study addressed differences in tempera-
ture responses at the cell (ROS production and
total antioxidant capacity), leaf, and plant level
(CO;, assimilation) among genotypes from pop-
ulations near the range boundaries of a dominant
old-field plant species distributed along a latitu-
dinal gradient. We assessed whether constraints
to heat stress scaled across levels of organization
among genotypes in the same species and
whether temperature responses vary in northern
vs. southern Solidago genotypes. To examine
whether temperature may differentially alter the
responses of Solidago genotypes from southern
and northern populations, we conducted a
growth chamber experiment. We measured
temperature response curves, across 8 tempera-
ture levels, on southern and northern latitude
genotypes of Solidago altissima and quantified
cell, leaf, and plant level responses. We predicted
that: (1) Solidago temperature responses would be
greatest at the lowest level organization, the cell
level, because of fewer levels below to counteract
the overall effect of temperature. Solidago tem-
perature responses would be the lowest at the
highest level of organization, the plant level,
because of several levels below that would likely
counteract the overall effect of temperature.
Thus, structure and functional complexity at
higher levels of organization may buffer warm-
ing effects, (2) greater cell-level antioxidant
capacity of southern than northern populations
under heat stress would promote greater leaf and
plant-level C gain due to the reduction of heat
stress by-products that may be detrimental to
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photosynthetic capacity, and (3) variation in
morphological traits across southern and north-
ern populations will likely shape temperature
responses as bigger individuals from southern
populations may outperform smaller individuals
from northern populations simply by having
greater C reserves for allocation toward heat
stress defense and C gain than northern popula-
tions.

METHODS

Solidago altissima (hereafter Solidago) is a
dominant plant species in old-field ecosystems
(Schmitz 2003, Abrahamson et al. 2005, Schmitz
2008, Wise and Abrahamson 2008, Souza et al.
2011; Souza et al., in press), across a range of
thermal zones in eastern North America, from
Florida (average January and July temperatures =
26.6°C and 32.3°C, respectively) to Maine (aver-
age January and July temperatures = 4.2°C and
26.6°C, respectively), and has significant mor-
phological trait variation shaping ecosystem
processes (Crutsinger et al. 2006, Crutsinger et
al. 2008, Crutsinger et al. 2009). Additionally,
predicted increases in global temperatures range
from 1.5-1.9°C to 3.4-6.1°C, which would raise
the average growing season temperature of
Solidago up to ~37°C in Florida and ~31°C in
Maine.

We chose genotypes from near the northern
and southern ends of Solidago’s geographic
distribution because we were interested in
documenting temperature responses of ‘warm-
adapted’ (southern individuals) and ‘cool-adapt-
ed’ (northern individuals) populations. We col-
lected 35 Solidago genotypes across northern (15
genotypes from three old-field sites near Stafford,
Connecticut) and southern (20 genotypes from
three old-field sites near Oak Ridge, Tennessee)
latitude populations in 2009. Solidago genotypes
from northern populations experience a mean
annual temperature of 15.5°C (winter = —0.4°C,
summer =23.2°C), while Solidago genotypes from
southern populations experienced a mean annual
temperature of 22.5°C (winter = 2.4°C, summer =
24.8°C). Each old-field site we surveyed, in
northern and southern locations, represented a
continuous Solidago population. We excavated
rhizomes from each Solidago genotype from
natural patches growing 50-150 m apart. Given
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the majority of Solidago’s reproduction takes
place vegetatively rather than sexually, such
spatial separation (50-150 m) between patches
ensured that we were obtaining different indi-
viduals (i.e., genotypes) (Crutsinger et al. 2006).
Rhizomes were cut into 3-cm sections, placed in
flats containing sterilized potting soil (Pro-Mix
BX, Premier Brands, New Rochelle, NY) and root
stimulator (Roots 2, Roots OSIA, Independence,
MO). They were grown in a greenhouse (at 25°C)
for 12 weeks and fertilized as needed. Northern
and southern populations did not differ in
rhizome volume (F = 0.0004, P = 0.98). Similarly,
within southern populations rhizome volume
did not differ among genotypes (F = 1.26, P =
0.37), but at northern populations there was a
significant difference in rhizome volumes
amongst genotypes (F =6.72, P = 0.01). Previous
studies addressing temperature responses within
and across species have also grown species and/
or genotypes at 25°C prior to conducting
temperature response curves (Snider et al. 2010,
Weston et al. 2011).

In June and July of 2009, we selected ten
Solidago genotypes that significantly diverged in
morphological traits (i.e., represented a full range
of morphological traits within northern and
within southern genotypes) from across northern
and southern populations (southern n = 5,
northern n = 5). The morphological traits we
used to select genotypes included: leaf width,
leaf length, leaf area, and internode space. The
selected genotypes originated from all three
sampled populations in southern and northern
locations, and for each genotype we had three
replicate individuals. We then placed individuals
across genotypes in a growth chamber, acclimat-
ed the plants to 22°C over 24 hours so genotypes
could better adjust to the temperature curves (in
particular the low temperature ends). We then
exposed all of the genotypes to the following
temperatures: 14°C, 18°C, 22°C, 26°C, 30°C, 34°C,
38°C, 42°C to generate photosynthetic tempera-
ture response curves (Berry and Bjorkman 1980).
At each of the eight temperature levels, plants
were allowed to acclimate for approximately 30
minutes. Cell (ROS and total antioxidant capac-
ity) and plant-level C gain were measured at
suboptimum (14°C), optimum (26°C), and inhi-
bition (38°C) temperatures (Weston et al. 2011);
leaf-level C gain was measured at each of the 8
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temperature levels. Growth chamber and cuvette
(leaf and plant) were maintained at 55% relative
humidity (average leaf-level VPD = 1.6). Tem-
perature responses at the cell, leaf, and plant
levels were measured between 9:30 and 11:30 am
and between 11:30 am and 2:00 pm which is the
most photosynthetically active time period. We
also measured two morphological traits that can
shape short-term temperature responses at the
cell, leaf and plant levels but are independent of
the manipulations (Crutsinger et al. 2006, Crut-
singer et al. 2008): total plant leaf area (cm?) and
total aboveground biomass. For total leaf area,
we clipped all leaves of each individual and ran
them through a leaf area scanner (WinFolia,
Ottawa, Canada). We then clipped the stems and
placed both leaves and stems into paper bags
and oven dried them at 65°C for approximately
48 hours to obtain total aboveground biomass.
To determine the short-term cell-level response
to temperature, we measured the production of
reactive oxygen species (ROS) and oxygen
radical antioxidant capacity (ORAC). We esti-
mated ROS production using the total H,O,
assay where we extracted 500 | cold leaf
extraction buffer (10 mM Tris-HCL pH 7.3, 1
mM EDTA, 20% glycerol, 2 mM DTT and 1 mM
PMSF, all from EMD, Gibbstown, NJ) and
centrifuged the extract at 13,000 rpm for 10 min
at 4°C. The oxidation of H2DCF-DA to fluores-
cent 2’, 7’-dichlorofluoriscein (DCF) was mea-
sured using a Fluoroscan Ascent microplate
fluorometer (Volkov et al. 2006). Total antioxi-
dant capacity was estimated using the ORAC
assay using fluorescein (Sigma-Aldrich). Decay
area curves were generated from a microplate
fluorometer and total protein concentration was
estimated with Coomassie Blue assay using
Quick start Bradford reagent (Bio-Rad, Hercules,
CA) (Gillespie et al. 2007). We determined total
protein concentration with Coomassie Blue assay
using Quick start Bradford reagent (Bio-Rad,
Hercules, CA), but we found no differences
between northern and southern genotypes in
total protein concentration (P = 0.49, F = 0.52).
To examine leaf-level CO, assimilation (i.e., C
gain), we took instantaneous measurements of
leaf net photosynthetic rate using a LI-6400 gas
exchange system (Li-Cor, NE, USA). We placed
one attached Solidago leaf per genotype in a
cuvette and allowed it to acclimate (between 5-
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15 minutes) to saturating PPFD (1500 pmol m ?

sfl), temperature, relative humidity, and ambient
[CO,]. We recorded leaf-level CO, assimilation at
each temperature level; data are expressed as the
rate of C gain per unit leaf area (m?) per second.

We measured plant-level CO, assimilation
(hereafter C gain), using an LI-7500 infrared gas
analyzer (IRGA; Li-Cor). It was housed in a plant
cuvette (0.75 m wide X 0.75 m long X 0.75 m tall)
attached to a laptop with two fans mixing the air
within the plant cuvette. The cuvette was covered
with tightly sewn polyethylene sheet (Shelter
Systems, CA) (Arnone and Obrist 2003, Huxman
et al. 2004, Potts et al. 2006). Specifically, in each
plant-level measurement, we placed a single
individual Solidago genotype at the center of the
large cuvette, and adjacent to the plant we placed
the IRGA with fans mounted on the plant cuvette
metal frame. At the base of the cuvette, we
installed foam that was impermeable to [CO;] to
ensure the cuvette system was well-sealed
minimizing CO, leaks. CO, concentrations were
allowed to draw down overtime, and from such
draw down CO, flux was determined. We did
not record CO, flux data for the first 20 seconds
that the plant cuvette was put in place to allow a
complete mix of air within the chamber. We then
recorded the concentration of CO, overtime for
approximately 90 seconds in order to calculate
the slope of change in CO, concentration across
time. We corrected the slope of CO, depletion
overtime with the chamber volume and corrected
these values with total plant leaf area in order to
obtain a plant-level C gain value.

In order to compare the responses of cells,
leaves, and whole plants, we estimated the effect
sizes of warming at the cell, leaf, and plant level
as the log-response ratio (In R)

Ik = H

a

where X, is the mean of the response variable for
each northern and each southern Solidago geno-
type (n = 5) under elevated temperature (38°C)
and X, is the mean of the response variables or
each northern and each southern Solidago geno-
type (n = 5) under ambient conditions (26°C)
(Hedges et al. 1999). Positive or negative values
indicate a positive or negative effect of warming
on cell-, leaf-, and plant-level responses. A two-
way analysis of variance (ANOVA) followed by a

December 2011 %¢ Volume 2(12) %* Article 132



Tukey HSD mean separation test was used to
determine if the log-response ratio differed
among the cell, leaf, or plant level, between
northern and southern populations, and if there
was an interaction between population source
and level of organization.

The impacts of warming on northern and
southern genotypes were investigated using
one-way ANOVA models with population
source (northern, southern) as the main effect at
each temperature (14°C, 26°C, 38°C) and total
antioxidant capacity (cell level) and C gain (leaf
and plant level) as the response variables. To
better understand how trait variation within a
species shapes short-term temperature responses,
we used linear regression to examine whether
variation in total aboveground biomass, across
southern and northern genotypes, predicted
temperature responses at the cell (total antioxi-
dant capacity) and leaf level (C gain).

REsuLTs

We found the standardized effect of warming
to be the greatest at the highest level of
organization (plant level) and to be smallest at
the lowest levels of organization (leaf and cell
levels) (F = 8.95, P = 0.0012). In other words,
warming did not have a negative impact on cell-
level antioxidant capacity, but it had a strong
negative impact on plant-level C gain. We found
an interaction between level of organization (cell,
leaf, plant) and population source (northern vs.
southern population) on the standardized effect
of warming (Fig. 1, F = 5.05, P = 0.0026). The
standardized effect of warming, for the northern
population, was significantly more negative at
plant-level C gain than at both leaf-level C gain
and cell-level antioxidant capacity. The standard-
ized effect of warming for the southern popula-
tion, however, was significantly more negative at
the plant level (C gain) than cell level (antioxi-
dant capacity), but did not differ from leaf-level
C gain.

Solidago genotypes from northern and southern
populations varied in their response to increasing
temperature at the cell and leaf, but not at the
plant level. At the cell level, southern genotypes
had 32% greater production of reactive oxygen
species and antioxidants under elevated temper-
ature than did northern genotypes (Fig. 2, Table
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Fig. 1. Mean (%= 95% CI) standardized effect size of
temperature on carbon processes between populations
(northern and southern) at the cell, leaf, and plant
level. Temperature effects were greatest at the highest
level of organization (plant level) and lowest at the
smallest level of organization (cell level).

1; Appendix A: Fig. A1, Appendix B: Fig. B1). At
the leaf level, southern genotypes had 25% lower
leaf-level C gain than northern genotypes indi-
cating a potential tradeoff between defense at the
cell level (higher ORAC production) and invest-
ment towards leaf growth (lower C uptake)
under warming (Fig. 2, Table 1). Nonetheless,
plant-level C gain significantly declined with
increasing temperature across northern and
southern genotypes (Fig. 2, Table 1). Finally, we
found that both leaf and plant-level C gain did
not differ within northern (F=0.195, P=0.93; F=
0.110, P = 0.972) and southern (F = 0.792, P =
0.566; F = 0.858, P = 0.557) populations. This
result indicates that warming will negatively
impact individual genotypes in northern and
southern ranges equally (Appendix C: Fig. ClI,
Appendix D: Fig. D1).

Trait variation across northern and southern
genotypes, at the plant level, predicted temper-
ature responses at the cell and leaf level.
Southern genotypes had 30% more leaf area (P
= 0.02, F = 813, df = 1, 8) and 40% greater
aboveground biomass (P=0.01, F=11.62, df =1,
8) than northern genotypes. Variation in leaf area

December 2011 %¢ Volume 2(12) %* Article 132



SOUZA ET AL.

—@- Northern Population
—(O~ Southern Population

25 30 35 40 45

25 30 35 40 45

——2—=3
——3

25 30 35 40 45

—~ 05
5 ‘T(,, Plant level
§ o 044
£ §~ 03
]
g9 o
~ O
(@)
o S; 0.1
10 15 20
— 10
c v Leaf level
O 8 1
oo~
‘—_“ IE 6 -
E
n O 4 1
&)
< = 2
~ O
3 § o
~ 10 15 20
6e+6 1Cell level
S 5e+6 |
T8
0~ 4et6 -
O o
X 5 3e+6 -
L
K 2046
10 15 20
200
180 {Cell level
S 160 |
E 140 -
-~ 120
& > 100
L 80
£ 60
10 15 20

25 30 35 40 45

Temperature °C

Fig. 2. Mean (* SE) temperature response at the cell, reactive oxygen species (ROS) and total antioxidant
capacity (ORAC); and at the leaf and plant level (CO, assimilation) between northern and southern populations.
Cell- and leaf-level responses to temperature differed between northern and southern populations, yet plant-level

responses to temperature were similar between northern and southern populations.

and biomass ranged from 505-726 cm? and 5-10
g in southern populations and 295-533 cm” and
3-5 g in northern populations. Solidago genotypes
with more biomass, generally from southern
populations, tended to have both higher cell-
level antioxidant capacity (Fig. 3, R* = 0.36, P =
0.065) and lower leaf-level C gain than northern
genotypes with less biomass (R*=0.52, P =0.028)

(Fig. 3).
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DiscussioN

Temperature effects on Solidago individuals
were greatest at the plant level and weakest at
the cell level. Even though we predicted temper-
ature responses to be the weakest at the highest
level of organization, the plant level, levels below
it likely responded similarly without counteract-

December 2011 %¢ Volume 2(12) %* Article 132



Table 1. Impacts of warming (ANOVA) on southern
and northern genotypes at the cell (ROS, ORAC),
leaf, and plant level (C gain). Significant P-values are
bold (o= 0.10).

Metric df MS F P

14°C

Plantlevel Cgain 1,7 22X 10* 001 093

Leaf-level C gain 1,7 0.44 0.31 0.59

Cell-level ROS 1,8 419 x 10 381  0.09

Cell-level ORAC 1,8 2649.6 1.89 021
26°C

Plant-level C gain 1,7 0.02 1.45 0.27

Leaf-level C gain 1,7 4.4 3.57 0.1

Cell-level ROS 1,8 529 x10% 725  0.03

Cell-level ORAC 1,8 4305.58 942  0.02
38°C

Plant-level C gain 1,7 0.001 0.86 0.38

Leaf-level C gain 1,7 10.97 154 0.01

Cell-level ROS 1,8 535x102% 584  0.04

Cell-level ORAC 1,8 6179 29 0.12

ing overall temperature effects. Elevated temper-
ature appears to have greater negative effects at
higher levels of organization despite increasing
structural and functional complexity. Previous
studies have addressed temperature effects at the
cell and leaf levels, not at the plant level where
we found temperature effects to play the stron-
gest role. Thus adding a level of complexity
(plant level) might explain the divergence of
results found in previous studies (Petchey et al.
2004, Bailey et al. 2009, Purdy et al. 2010,
Woodward et al. 2010). Although our study
demonstrated that short-term temperature effects
were stronger at higher levels of organization
(i.e., plant level), it is clear that future studies
should address both short- and long-term effects
of temperature at even higher (community and
ecosystem) levels of organization as in De Frenne
(2011a).

Southern Solidago genotypes had higher anti-
oxidant capacity and lower leaf-level C gain than
northern genotypes indicating a potential trade-
off between defense at the cell level (higher
ORAC production) and investment towards
growth at the leaf level (lower C gain). This
suggests that southern genotypes, which experi-
ence longer and warmer growing seasons than
northern genotypes, have greater antioxidant
capacity to combat the by-products of warming.
These results support previous findings docu-
menting both inter- and intra-specific variation in
antioxidant capacity under heat stress generated
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Fig. 3. Intra-specific variation in aboveground
biomass across northern and southern Solidago indi-
viduals vs. cell-level ORAC (bottom panel) and vs.
leaf-level CO, assimilation (top panel). The square
point has not been considered in the analysis, but is
shown in the figure, because it was identified as an
outlier. Overall, variation in aboveground biomass

between northern and southern populations influ-
enced cell- and leaf-level responses to temperature.

from local adaptation (Snider et al. 2010).
Likewise, recent studies show species from
southern ranges outperform northern range
species under climatic warming (Parmesan
1996, Parmesan et al. 1999, Parmesan and Yohe
2003, Walther 2010). Our results suggest that if
cell-level antioxidant capacity promotes thermal
tolerance within Solidago, then southern popula-
tions may persist while northern populations
may not, potentially leading towards a reduction
of geographic range, assuming dispersal is
minimal.

Our findings contradict previous work indi-
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cating that thermal tolerance at the cell level
maintains C gain at the leaf level. This contra-
diction may be due to the lack of temperature
acclimation of fully expanded leaves in our study
relative to measurements made on newly devel-
oped leaves in other studies (Atkin and Tjoelker
2003). Unlike leaf-level responses, plant C gain
did not differ between northern and southern
populations because southern genotypes had
greater leaf area than northern genotypes thereby
compensating for lower C gain at the leaf level.
In fact, total plant leaf area predicted total plant
C gain (R2 =0.4, P < 0.005) whereby increases in
total plant leaf area equaled increased rates of
CO, assimilation. Overall, our findings suggest
that short-term temperature effects can negative-
ly impact C gain at the individual level in the
same ways among northern and southern Soli-
dago genotypes. Further our results indicate that
a reduction in population size and loss of
genotypic variation in this dominant plant
species could occur with increasing atmospheric
temperatures - an idea that needs to be tested in
large-scale, long-term field manipulations. While
short-term temperature exposure provides us
with valuable information on responses within
and across populations to climatic warming,
long-term studies and experiments could provide
a more realistic picture of plant population
responses to changing temperature.

Intraspecific variation in morphological traits,
such as plant leaf area or aboveground biomass,
can shape both short-and long-term plant re-
sponses to global change. We found that intra-
specific variation in Solidago aboveground
biomass across northern and southern genotypes
shaped both cell- and leaf-level responses to
elevated temperature. Understanding the role of
trait variation and its relationship to variation in
function is key to understanding key physiolog-
ical processes in the context of global change and
predict the consequences of such changes (Re-
usch et al. 2005, Hughes et al. 2009).

CONCLUSIONS

The most salient results of our experiments are
that (1) temperature effects are more detrimental
to C processes at the plant level leading to the
decline in C gain across Solidago populations; (2)
greater cell-level antioxidant capacity in southern
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genotypes than northern genotypes does not
infer greater leaf and plant-level C gain; and (3)
intra-specific variation in temperature responses
between northern and southern genotypes likely
results from tradeoffs between higher cell de-
fense at a cost of lower leaf-level C uptake under
warming. Overall, the negative impact of short-
term warming on plant-level C gain across
northern and southern genotypes could lead to
a reduction in individual (i.e., genotypic) varia-
tion both within and between populations at
range boundaries. The consequences for these
reductions for other key ecosystem processes
remain an open, but important, question to be
addressed. To test the generality of our findings
future studies should address long-term effects of
warming within and across species and across
levels of biological organization including a
larger sample of genotypes and several species,
thereby increasing ecological inference of gener-
ated results. Long-term growth chamber studies
would allow plants to be grown under different
temperature regimes providing a more realistic
scenario of warming effects.

ACKNOWLEDGMENTS

Thanks to L. Breza, M. Cregger, O. Schmitz and H.
Smith for assisting with plant collections and to S.
Allen, L. Gunter and H. Tran for assisting with growth
chamber experiments. UT Science Alliance Program
(Joint Directed Research and Development) and the
Laboratory Directed Research and Development Pro-
gram of ORNL, managed by UT-Battelle, LLC, for the
U. S. Department of Energy under contract DE-ACO05-
000R22725 sponsored the research. LS was supported
by an American Fellowship from AAUW.

LiTeraTurRe CITED

Abrahamson, W. G., K. B. Dobley, H. R. Houseknecht,
and C. A. Pecone. 2005. Ecological divergence
among five co-occurring species of old-field gold-
enrods. Plant Ecology 177:43-56.

Albert, C. H.,, W. Thuiller, N. G. Yoccoz, R. Douzet, S.
Aubert, and S. Lavorel. 2010. A multi-trait ap-
proach reveals the structure and the relative
importance of intra- vs. interspecific variability in
plant traits. Functional Ecology 24:1192-1201.

Angert, A. L., L. G. Crozier, L. ]. Rissler, S. E. Gilman,
J. J. Tewksbury, and A. J. Chunco. 2011. Do species’
traits predict recent shifts at expanding range
edges? Ecology Letters 14:677-689.

Arnone, ]J. A. and D. Obrist. 2003. A large daylight

December 2011 %¢ Volume 2(12) %* Article 132



geodesic dome for quantification of whole-ecosys-
tem CO, and water vapour fluxes in arid shrub-
lands. Journal of Arid Environments 55:629-643.

Atkin, O. K. and M. G. Tjoelker. 2003. Thermal
acclimation and the dynamic response of plant
respiration to temperature. Trends in Plant Science
8:343-351.

Bailey, J. K., J. A. Schweitzer, F. Ubeda, ]J. Koricheva,
C. J. LeRoy, M. D. Madritch, B. J. Rehill, R. K.
Bangert, D. G. Fischer, G. J. Allan, and T. G.
Whitham. 2009. From genes to ecosystems: a
synthesis of the effects of plant genetic factors
across levels of organization. Philosophical Trans-
actions of the Royal Society B 364:1607-1616.

Berry, J. and O. Bjorkman. 1980. Photosynthetic
response and adaptation to temperature in higher
plants. Annual Review of Plant Physiology and
Plant Molecular Biology 31:491-543.

Booth, R. E. and J. P. Grime. 2003. Effects of genetic
impoverishment on plant community diversity.
Journal of Ecology 91:721-730.

Chen, Y. R. and F. C. Hartman. 1995. Signature of
oxygenase intermediate of rubisco catalysis as
provided by a novel product formed with a site-
directed mutant. The Journal of Biological Chem-
istry 270:11741-11744.

Cianciaruso, M. V., M. A. Batalha, K. J. Gaston, and
O. L. Petchey. 2009. Including intraspecific vari-
ability in functional diversity. Ecology 90:81-89.

Classen, A. T., S. K. Chapman, T. G. Whitham, S. C.
Hart, and G. W. Koch. 2007. Genetic-based plant
resistance and susceptibility traits to herbivory
influence needle and root litter nutrient dynamics.
Journal of Ecology 95:1181-1194.

Crutsinger, G. M., M. D. Collins, J. A. Fordyce, Z.
Gompert, C. C. Nice, and N. J. Sanders. 2006. Plant
genotypic diversity predicts community structure
and governs an ecosystem process. Science
313:966-968.

Crutsinger, G. M., N. J. Sanders, and A. T. Classen.
2009. Comparing intra- and inter-specific effects on
litter decomposition in an old-field ecosystem.
Basic and Applied Ecology 10:535-543.

Crutsinger, G. M., L. Souza, and N. ]J. Sanders. 2008.
Intraspecific diversity and dominant genotypes
resist plant invasions. Ecology Letters 11:16-23.

De Frenne, P, et al. 2011a. Temperature effects on
forest herbs assessed by warming and transplant
experiments along a latitudinal gradient. Global
Change Biology 17:3240-3253.

De Frenne, P, et al. 2011b. An intraspecific application
of the leaf-height-seed ecology strategy scheme to
forest herbs along a latitudinal gradient. Ecography
34:132-140.

Diaz, S., et al. 2004. The plant traits that drive
ecosystems: Evidence from three continents. Jour-
nal of Vegetation Science 15:295-304.

ECOSPHERE % www.esajournals.org

SOUZA ET AL.

Gillespie, K. M., J. M. Chae, and E. A. Ainsworth. 2007.
Rapid measurement of total antioxidant capacity in
plants. Nature Protocols 2:867-870.

Hedges, L. V., J. Gurevitch, and P. S. Curtis. 1999. The
meta-analysis of response ratios in experimental
ecology. Ecology 80:1150-1156.

Hooper, D. U,, et al. 2005. Effects of biodiversity on
ecosystem functioning: A consensus of current
knowledge. Ecological Monographs 75:3-35.

Hughes, A. R., B. D. Inouye, M. T. J. Johnson, N.
Underwood, and M. Vellend. 2008. Ecological
consequences of genetic diversity. Ecology Letters
11:609-623.

Hughes, A. R, J. ]. Stachowicz, and S. L. Williams.
2009. Morphological and physiological variation
among seagrass (Zostera marina) genotypes. Oeco-
logia 159:725-733.

Huxman, T. E., K. A. Snyder, D. Tissue, A. J. Leffler, K.
Ogle, W. T. Pockman, D. R. Sandquist, D. L. Potts,
and S. Schwinning. 2004. Precipitation pulses and
carbon fluxes in semiarid and arid ecosystems.
Oecologia 141:254-268.

Johnson, M. T. J., M. ]. Lajeunesse, and A. A. Agrawal.
2006. Additive and interactive effects of plant
genotypic diversity on arthropod communities
and plant fitness. Ecology Letters 9:24-34.

Jung, V., C. Violle, C. Mondy, L. Hoffmann, and S.
Muller. 2010. Intraspecific variability and trait-
based community assembly. Journal of Ecology
98:1134-1140.

Kim, K. and A. R. Portis. 2004. Oxygen-dependent
H,0, production by Rubisco. Febs Letters 571:124—
128.

Larkindale, J. and B. Huang. 2004. Thermotolerance
and antioxidant systems in Agrostis stolonifera:
Involvement of salicylic acid, abscisic acid, calcium,
hydrogen peroxide, and ethylene. Journal of Plant
Physiology 161:405-413.

Parmesan, C. 1996. Climate and species’ range. Nature
382:765-766.

Parmesan, C., et al. 1999. Poleward shifts in geograph-
ical ranges of butterfly species associated with
regional warming. Nature 399:579-583.

Parmesan, C. and G. Yohe. 2003. A globally coherent
fingerprint of climate change impacts across
natural systems. Nature 421:37-42.

Petchey, O. L., A. L. Downing, G. G. Mittelbach, L.
Persson, C. F. Steiner, P. H. Warren, and G.
Woodward. 2004. Species loss and the structure
and functioning of multitrophic aquatic systems.
Oikos 104:467-478.

Potts, D. L., T. E. Huxman, B. J. Enquist, ]. F. Weltzin,
and D. G. Williams. 2006. Resilience and resistance
of ecosystem functional response to a precipitation
pulse in a semi-arid grassland. Journal of Ecology
94:23-30.

Purdy, K. J., P. J. Hurd, J. Moya-Larano, M. Trimmer,

December 2011 %¢ Volume 2(12) %* Article 132



B. B. Oakley, and G. Woodward. 2010. Systems
biology for ecology: from molecules to ecosystems.
Pages 87-149 in G. Woodward, editor. Integrative
ecology: from molecules to ecosystems. Elsevier,
San Diego, California, USA.

Reusch, T. B. H., A. Ehlers, A. Hammerli, and B. Worm.
2005. Ecosystem recovery after climatic extremes
enhanced by genotypic diversity. Proceedings of
the National Academy of Sciences of the United
States of America 102:2826-2831.

Schmitz, O. J. 2003. Top predator control of plant
biodiversity and productivity in an old-field
ecosystem. Ecology Letters 6:156-163.

Schmitz, O. J. 2008. Effects of predator hunting mode
on grassland ecosystem function. Science 319:952—
954.

Schweitzer, J. A., J. K. Bailey, S. C. Hart, and T. G.
Whitham. 2005. Nonadditive effects of mixing
cottonwood genotypes on litter decomposition
and nutrient dynamics. Ecology 86:2834-2840.

Snider, J. L., D. M. Oosterhuis, and E. M. Kawakami.
2010. Genotypic differences in thermotolerance are
dependent upon prestress capacity for antioxidant
protection of the photosynthetic apparatus in
Gossypium  hirsutum. Physiologia Plantarum
138:268-277.

Souza, L., W. A. Bunn, J. E. Weltzin, and N. ]J. Sanders.
2011. Similar biotic factors affect early establish-
ment and abundance of an invasive plant species

ECOSPHERE % www.esajournals.org

10

SOUZA ET AL.

across spatial scales. Biological Invasions 13:255-
267.

Souza, L., J. F. Weltzin, and N. J. Sanders. 2011.
Differential effects of two dominant plant species
on community structure and invasibility in an old-
field ecosystem. Journal of Plant Ecology 4:123-
131.

Volkov, R. A., I. I. Panchuk, P. M. Mullineaux, and F.
Schoffl. 2006. Heat stress-induced H202 is required
for effective expression of heat shock genes in
Arabidopsis. Plant Molecular Biology 61:733-746.

Walther, G. R. 2010. Community and ecosystem
responses to recent climate change. Philosophical
Transactions of the Royal Society B 365:2019-2024.

Weston, D. J., A. A. Karve, L. E. Gunter, S. S. Jawdy,
X. H. Yang, S. M. Allen, and S. D. Wullschleger.
2011. Comparative physiology and transcriptional
networks underlying the heat shock response in
Populus trichocarpa, Arabidopsis thaliana and Glycine
max. Plant Cell and Environment 34:1488-1506.

Wise, M. ]. and W. G. Abrahamson. 2008. Ducking as a
means of resistance to herbivory in tall goldenrod,
Solidago altissima. Ecology 89:3275-3281.

Woodward, G., D. M. Perkins, and L. E. Brown. 2010.
Climate change and freshwater ecosystems: im-
pacts across multiple levels of organization. Phil-
osophical Transactions of the Royal Society B
365:2093-2106.

December 2011 %¢ Volume 2(12) %* Article 132



SOUZA ET AL.

SUPPLEMENTAL MATERIAL

APPENDIX A
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Fig. Al. Reactive oxygen species production at the cell level in northern (top panel) and southern (bottom
panel) genotypes at three temperatures (14°C, 26°C, and 38°C).
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APPENDIX B
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Fig. B1. Antioxidant capacity production at the cell level in northern (top panel) and southern (bottom panel)
genotypes at three temperatures (14°C, 26°C, and 38°C).
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APPENDIX C
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Fig. C1. Mean CO, assimilation and SE at the leaf level in northern (top panel) and southern (bottom panel)
genotypes at three temperatures (14°C, 26°C, and 38°C).
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APPENDIX D
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Fig. D1. Mean CO, assimilation and SE at the plant level in northern (top panel) and southern (bottom panel)
genotypes at three temperatures (14°C, 26°C, and 38°C).
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