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Figure 3.12 Specific leaf area of a) D. antarctica and b) C. quitensis. Bars depict mean
SE, N = 12, except for 16/AC and 16/EC (N = 6). White bars represent growth
temperature of 12 °C, grey bars represent growth temperature of 16 °C, and dark grey
bars represent growth temperature of 20 °C. Empty bars represent ambient growth CO>
(400 ppm CO2, AC) and hashed bars represent elevated growth CO; (750 ppm CO;, EC).
For each graph, the effect of growth temperature (T), growth CO2 (CO.) and the
interaction of temperature and CO; (T x CO3) is shown: ns indicates no significant
difference, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.

Means with different letters are significantly different (Tukey’s HSD, p < 0.05).
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Figure 3.13 a) Aboveground biomass, b) belowground biomass, ¢) total biomass, and d)
root to shoot ratio of D. antarctica on a pot basis. Bars depict means + SE, N = 10, except
for 20/AC (N = 8) and 20/EC (N = 9). White bars represent growth temperature of 12 °C,
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grey bars represent growth temperature of 16 °C, and dark grey bars represent growth
temperature of 20 °C. Empty bars represent ambient growth CO> (400 ppm CO., AC) and
hashed bars represent elevated growth CO2 (750 ppm CO», EC). For each graph, the
effect of growth temperature (T), growth CO2 (CO;) and the interaction of temperature
and CO2 (T x CO») is shown: ns indicates no significant difference, * indicates p < 0.05,
** indicates p < 0.01, and *** indicates p < 0.001. Means with different letters are
significantly different (Tukey’s HSD, p < 0.05).
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Figure 3.14 a) Aboveground biomass, b) belowground biomass, c) total biomass, and d)

root to shoot ratio of C. quitensis on a pot basis. Bars depict means £ SE, N = 10. White
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bars represent growth temperature of 12 °C, grey bars represent growth temperature of 16
°C, and dark grey bars represent growth temperature of 20 °C. Empty bars represent
ambient growth CO> (400 ppm CO», AC) and hashed bars represent elevated growth CO>
(750 ppm CO2, EC). For each graph, the effect of growth temperature (T), growth CO-
(CO2) and the interaction of temperature and CO> (T x COz) is shown: ns indicates no
significant difference, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p <
0.001. Means with different letters are significantly different (Tukey’s HSD, p < 0.05).
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Table 3.2 Mean * SE of leaf carbon, nitrogen, and carbon to nitrogen ratio of D.

antarctica and C. quitensis (N = 5). The last 3 rows denote treatment effects from growth

temperature (T), CO2 concentration (CO>), and their interaction (T x COz2): ns indicates

no significant difference, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p

< 0.001. Different letters in brackets suggest significant differences between treatments

within a species (Tukey’s HSD, p < 0.05).

D. antarctica C. quitensis
Treat- %C %N C:N %C %N C:N
ment
12/AC 40.93+0.24 | 2.74+0.15 | 15.14+0.88
(@) @) (b)
16/AC 4144 +025 242+0.17 1744+1.14 36.98+040 256%+0.18 14.77+1.14
(@ (ab) (b) (ab) @ @
20/AC 4136 +0.25 | 2.63+0.21  16.12+1.32 35.60+0.19 2.81+0.12 12.77 £0.62
@) @ (b) (b) (@) (@)
12/EC 40.84+0.30 1.75+0.10 23.53+1.05 38.93+0.16 2.49%x0.16 15.87 +0.92
@ (b) @ @ @ @
16/EC 4147 +047 2.15+0.21 | 1987+1.43 37.46+1.08  2.33+0.24 16.89 +2.07
@) (ab) (ab) (ab) (a) (@)
20/EC 4059+0.25 234+0.16 17.65+1.20 36.59+0.46 230%x0.14 16.15+1.05
@ (ab) (b) (ab) @ @
T ns ns ns * ns ns
COZ ns *%* **k* ns * *
TxCO; ns ns * ns ns ns
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3.3 Leaf anatomy

Analysis of leaf anatomy provides an additional method to assess acclimation to the new
growth environments. While modifications in the mesophyll cells, the main
photosynthetic tissue, could help explain thermal or CO> acclimation of photosynthesis,
other structures revealed by the cross-sectional analysis, such as stomata, vascular
bundles, and epidermis, can also inform of the plant water status and allocation of
resources that contribute to photosynthetic performance.

All 30 samples of leaf cross-sections across treatments of D. antarctica showed a leaf
blade folded towards the adaxial epidermis (Fig. 3.15a). Leaves from all treatments had a
thick-walled abaxial epidermis and a thinner-walled adaxial side (Fig. 3.15a). Vascular
bundles were well-differentiated, and wrapped inside a layer of mestome with thick
internal walls. The number of vascular bundles ranged from 3 to 5, resulting in 3 to 5
stomatal grooves, where most stomata occurred. Bulliform cells, which are usually
located at the bottom of each stomatal groove to facilitate leaf folding or unfolding, were
missing in all treatments. Mesophyll cells were undifferentiated, and did not follow any

particular arrangements.

Transverse sections of C. quitensis were typical of dicotyledon plants. Stomata occurred
on both sides of the leaf, but there were significantly more stomata on the adaxial side,
and only near the leaf margin on the abaxial side (Fig. 3.15b). Mesophyll cells were
differentiated into palisade mesophyll on the adaxial side and spongy mesophyll on the
abaxial side. There was one main vascular bundle at the center of the cross-section where
the central vein was, in addition to three to four smaller vascular bundles surrounded by a
sheath of cells without chlorophyll (Fig. 3.15b).

D. antarctica cross-sectional images showed no significant treatment responses in leaf
thickness (p > 0.48 for temperature and CO>, Table 3.3) or width (p > 0.43 for
temperature and CO,, Table 3.3). C. quitensis leaf thickness also did not vary among
treatments (p > 0.10 for temperature and CO, Table 3.3). However, leaf width in C.
quitensis decreased by up to 39% as temperature increased at ambient growth CO2 (p =
0.001), and this response to temperature was much less pronounced in the elevated CO>

treatments (p = 0.03, Table 3.3). Analyses of the cross-sectional areas occupied by
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different types of tissue showed that intercellular air space in D. antarctica was
significantly reduced at 16 °C growth temperature (p = 0.042, Table 3.3). There was no
treatment response in the cross-sectional areas filled by mesophyll cells, vascular
bundles, or any other non-photosynthetic tissues in D. antarctica (p > 0.13 for all, Table
3.3). The same analyses on C. quitensis showed no significant treatment effects in any
tissue types (p > 0.13 for all, Table 3.3).

Stomatal grooves, a unique anatomical feature in grasses, were characterized in D.
antarctica in terms of width, depth, area, and perimeter, assuming a half-ellipse shape
(Fig. 3.16). Groove width was smallest in plants grown at 20/AC, but the groove
significantly widened at higher growth CO> (p = 0.37 for temperature, p = 0.005 for CO3,
p = 0.012 for the interaction, Fig. 3.16a). Grooves also became shallower as growth
temperature increased (p = 0.030), with no CO effect on groove depth (p = 0.40, Fig.
3.16b). Analysis of groove area to perimeter ratio allowed an estimate of the balance
between the size of the diffusion surface (perimeter) and the pocket of air with high
humidity (area). Most notably, the perimeter to area ratio of the stomatal groove was
lowest in the warmest treatment at ambient CO2 concentration (20/AC), but significantly
increased in the same growth temperature at elevated CO2 (p = 0.005 for CO2, p = 0.014
for the interaction, Fig. 3.16c). This suggested that very high evaporative demand at the
20/AC treatment resulted in a groove structure that minimized diffusion to prevent water
loss, and that elevated CO> concentrations alleviated the negative effect of high

temperature.
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Figure 3.15 Cross sections of a) D. antarctica and b) C. quitensis stained with Toluidine
blue O. Tissue types shown include mesophyll cells (Me), vascular bundles (Vb),
intercellular air space (1AS), stomata (St), abaxial epidermis (Ab), adaxial epidermis
(Ad), and stomatal groove (Sg). Scale bars indicate 50 pum.
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Table 3.3 Proportion of cross-sectional images of D. antarctica and C. quitensis filled
with mesophyll cells, intercellular air space, vascular bundles, and other non-
photosynthetic tissues (abaxial and adaxial epidermis, fiber bundles), as well as leaf
thickness and width. Data are means + SE, N = 5. The last 3 rows denote treatment
effects from growth temperature (T), CO2 concentration (CO), and their interaction (T x
CO»): ns indicates no significant difference, * indicates p < 0.05, ** indicates p < 0.01,
and *** indicates p < 0.001. Different letters in brackets suggest significant differences

between treatments within a species (Tukey’s HSD, p <0.05).

Treat- Mesophyll ceI:S;[z:-air Vascular Other  Thickness  Width
ment cells space bundles tissues (um) (um)

12/AC 0.50 + 0.16 + 0.049 + 0.29 + 202.8 + 1487.9 +
0.043 (a) 0.013 (a) 0.004 (a) 0.032 (a) 13.8 (a) 129.0 (@)
16/AC 0.58 £ 0.07 £ 0.047 + 0.29 £ 213.1 + 1542.7 +
0.024 (a) 0.025 (a) 0.010 (a) 0.017 (a) 11.1 (a) 126.2 (a)
20/AC 0.49 + 0.14 + 0.072 + 0.30 + 196.0 £ 1272.2 +
< 0.040 (a) 0.032 (a) 0.017 (a) 0.026 (a) 7.2 (a) 92.5 (a)
3 12/EC 0.57 + 0.11 + 0.061 + 0.26 + 197.0 + 1448.7 +
,g 0.030 (a) 0.028 (a) 0.020 (a) 0.045 (a) 12.3 (a) 150.9 (a)
@ 16/EC 0.58 + 0.07 + 0.040 + 0.30 + 213.0 + 1524.2 +
@) 0.025 (a) 0.025 (a) 0.013 (a) 0.029 (a) 9.3 (@) 123.8 ()
20/EC 0.53 + 0.14 + 0.056 + 0.26 + 219.9 + 1447.4 +
0.043 (a) 0.030 (a) 0.010 (a) 0.034 (a) 20.5 () 151.9 (a)

T ns * ns ns ns ns

CO; ns ns ns ns ns ns

T xCO; ns ns ns ns ns ns
12/AC 0.44 + 031+ 0.017 + 0.23 + 412.7 + 1362.6 +
0.049 (a) 0.052 (a) 0.005 (a) 0.051 (a) 39.7 (2) 160.5 (a)
16/AC 0.47 0.21 + 0.064 + 0.25 + 345.1 + 829.3 +
0.019 (a) 0.026 (a) 0.020 (a) 0.024 (a) 21.5 () 76.8 (b)
20/AC 0.49 + 0.27 + 0.026 + 0.22 + 352.9 + 872.2 +
o 0.034 (a) 0.048 (a) 0.012 (a) 0.021 (a) 36.6 (2) 35.5 (b)
g 12/EC 0.45 + 0.28 + 0.066 + 0.21 + 355.2 + 1123.9 +
= 0.033 (a) 0.028 (a) 0.021 (a) 0.020 (a) 25.6 () 32.4 (ab)
o 16/EC 0.52 + 0.22 + 0.059 + 0.20 + 349.1 + 980.7 +
o 0.050 (a) 0.027 (a) 0.030 (a) 0.026 (a) 18.6 (a) 66.7 (b)
20/EC 0.52 + 0.22 + 0.023 + 0.24 + 299.1 + 1066.2 +
0.028 (a) 0.031 (a) 0.007 (a) 0.019 (a) 16.0 (a) 54.5 (ab)

T ns ns ns ns ns kel

CO; ns ns ns ns ns ns

TxCO; ns ns ns ns ns *
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Figure 3.16 a) Average stomatal groove width, b) depth, and c) area to perimeter ratio of

Deschampsia antarctica. Bars depict means £ SE, N = 5, except for 12/AC (N = 4).
White bars represent growth temperature of 12 °C, grey bars represent growth
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temperature of 16 °C, and dark grey bars represent growth temperature of 20 °C. Empty
bars represent ambient growth CO2 (400 ppm CO2, AC) and hashed bars represent
elevated growth CO2 (750 ppm CO, EC). For each graph, the effect of growth
temperature (T), growth CO> (COz2) and the interaction of temperature and CO> (T x CO»)
is shown, with ns indicates no significant difference, * indicates p < 0.05, ** indicates p
< 0.01, and *** indicates p < 0.001. Means with different letters are significantly
different (Tukey’s HSD, p < 0.05).
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The lack of thermal acclimation of photosynthesis in both Antarctic vascular plant
species was a surprising, but not irregular, finding. The potential of photosynthesis to
thermally acclimate greatly varies among species (Yamori et al. 2014). Cool-adapted
plants are thought to have much less thermal acclimation potential in photosynthesis
compared to warmer-adapted species. For example, Atkin et al. (2006) demonstrated that
the alpine Plantago euryphylla showed little thermal acclimation of photosynthesis and
respiration compared to two lowland congeners when grown under warm temperatures.
Similarly, while desert clones of Atriplex lentiformis fully acclimated and had enhanced
photosynthetic performance at high temperature, their coastal counterparts did not show
any plasticity to temperature and suffered thermal damage (Pearcy 1977). In this case,
neither D. antarctica or C. quitensis specimens collected from Antarctica showed thermal
plasticity of photosynthesis, while there has been evidence that populations living outside
of Antarctica have a larger acclimation potential (Sierra-Almeida et al. 2007). Hence, one
could postulate that the long evolutionary history of the Antarctic ecotype in the stable
and thermally extreme environment of Antarctica largely contributes to the limited

plasticity in photosynthesis when both species is grown in a new environment.

4.1.2 Photosynthetic performance at growth temperature was driven by direct responses

to measurement temperature

Direct temperature response of photosynthetic parameters has been well established: net
CO; assimilation rate (Anet), maximum Rubisco carboxylation rate (Vemax), and maximum
electron transport rate (Jmax) all respond positively to rising measurement temperature
(Berry and Bjorkman 1980, Medlyn et al. 2002, Way and Oren 2010). The thermal
optimum of Anet tends to be lower than that of Vemax Or Jmax, and correlates with the
growth temperature of the species (Medlyn et al. 2002, Yamori et al. 2014). The positive
response of these parameters to measurement temperature is expected, and needs to be

considered when evaluating photosynthetic performance across treatments.

In D. antarctica, net CO assimilation rates (Anet) increased linearly with measurement
temperature, which correlated with a direct temperature stimulation of the maximum
Rubisco carboxylation rates (Vcmax) and maximum electron transport rates (Jmax). The

linear rise in Anet With rising leaf temperature suggested that 12, 16, and 20 °C all fell
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below the thermal optimum of Anet. While this finding contradicts the findings by Xiong
et al. (2000), who reported an optimal temperature for photosynthesis of approximately
10 °C in D. antarctica, it matches the temperature response curve data from the same
experimental plants (Sanhueza et al., unpublished data). Overall, the lack of thermal
acclimation and the strong response to measurement temperature resulted in an enhanced

photosynthetic performance at elevated growth temperatures.

In contrast with D. antarctica, C. quitensis photosynthesis showed no response to
increasing measurement temperature. Neither Vcmax nor Jmax Showed any temperature
sensitivity and, as a result, Anet did not respond to increases in measurement temperature.
This lack of response is uncommon, and may not reflect a true lack of temperature
sensitivity in the species. Instead, the missing 12/AC treatment, the low sample size, or
the narrow range of temperature exposure could make it difficult to detect small but
significant temperature response. The temperature response curve of Anet from the same
experiment saw very little change in Anet between 12 and 20 °C (Sanhueza et al.,
unpublished data), although a positive response to measurement temperatures from 5 to
35 °C still existed. Additionally, limitations in CO- diffusion could offer another
explanation. In C. quitensis, the Ci/Ca ratio, an indicator of CO> diffusion from the
atmosphere to the intercellular air space, showed a decline at high leaf temperatures,
suggesting that CO> uptake was limited at high measurement temperature, potentially due
to stomatal closure. Overall, photosynthesis in C. quitensis did not acclimate to warmer
growth temperature, and demonstrated little response to increasing measurement
temperature; consequently, C. quitensis photosynthetic performance remained fairly

constant across the temperature changes in this experiment.

4.2 Enhanced photosynthesis at elevated CO- is mostly due to the direct CO; effect

4.2.1 Photosynthesis in both species was enhanced by direct exposure to elevated CO;

Because CO: is the main substrate for photosynthesis, increasing CO2 concentrations lead
to higher net CO; assimilation rates (Anet) by providing more substrate for carboxylation.
Additionally, a higher internal CO. concentration also inhibits photorespiration, further

enhancing the efficiency of Rubisco (Drake et al. 1997). This short-term response has
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been well-established when plants are exposed to elevated CO. concentrations, although
the magnitude of the response might vary (Ainsworth and Roger 2007). In fact, under
elevated atmospheric CO: (a higher Ca), both D. antarctica and C. quitensis saw an
increase in Ci/C, ratio, which suggests the CO> supply for carboxylation was enhanced.
As a result, the increased Anet in both D. antarctica and C. quitensis when exposed to
their growth CO- is expected.

4.2.2 Photosynthesis was down-regulated at elevated CO: in D. antarctica

After longer exposure to elevated CO,, the stimulation of photosynthesis results in a
larger quantity of carbohydrates synthesized through the Calvin cycle. The buildup of
carbohydrates in the leaf elicits a sink feedback inhibition that down-regulates
photosynthesis, a common response in plants grown at elevated CO,. The down-
regulation of photosynthesis at elevated growth CO; is usually manifested as a decrease
in Anet When measured under a common CO; concentration. In fact, D. antarctica grown

under elevated CO; did show a 25% down-regulation in Anet, but C. quitensis did not.

The down-regulation of photosynthesis at elevated CO- is usually attributed to a
reduction in Rubisco activation state, Rubisco content, or leaf nitrogen allocated to
Rubisco (Ainsworth and Rogers 2007). These responses are not mutually exclusive, but
ultimately result in a decrease in maximum Rubisco carboxylation rate (Vemax). A
decrease in Vcmax, however, was not observed in D. antarctica. Stitt (1991) discussed the
possibility of a direct feedback inhibition of photosynthesis from accumulation of
carbohydrates and inorganic phosphate (Pi) limitation, instead of a regulation through
Rubisco. Additionally, excess accumulation of starch could also damage the chloroplast
and decrease CO> assimilation rates (Stitt 1991). However, evidence for these responses
in the literature is rare, and data from my study do not allow for such interpretation.
Meanwhile, in D. antarctica, the acclimation of stomatal conductance to elevated CO-
was unlikely to cause the decrease in Anet. The Ci/C, ratio in D. antarctica was higher in
elevated CO; plants when measured at a common CO; concentration, which suggests that
there was sufficient CO> in the intercellular air space, and that the decrease in Anet IS a

response of a lower CO; assimilation rate itself.
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Additionally, CO> diffusion from the intercellular air space to the chloroplast could
potentially account for the lack of Ve¢max and Jmax responses. My photosynthetic model
assumed no resistance along this pathway in the calculation of apparent Vemax and Jmax.
However, this assumption might not always hold, as mesophyll conductance has been
demonstrated to decrease with elevated CO; as leaves become thicker and denser (Luo et
al. 1994). Anatomically, there was no change in the density of mesophyll cells or
intercellular air space in D. antarctica under elevated CO: that could suggest any
physical changes to the diffusion pathway. Nevertheless, mesophyll conductance could
also change via shifts in biochemistry, such as the diffusion of CO> in the aqueous phase,
transport through aquaporins, or conversion by carbonic anhydrase (Bernacchi et al.
2002), none of which could be estimated in this experiment.

While there was no decrease in Vemax, D. antarctica still had other responses typical of
plants grown under elevated CO., including a decrease in leaf nitrogen (N) and specific
leaf area (SLA), which could have implications for photosynthesis. The decrease in leaf
N content was likely a result of N dilution through increasing leaf mass. As plants grown
at elevated CO> accumulate more carbohydrates, their SLA decreases as leaf mass
increases; as a result, the same amount of N is now expressed against a larger leaf dry

mass, leading to lower leaf N content (Luo et al. 1994).
4.2.3 There was no CO> acclimation in C. quitensis

Elevated CO> directly stimulated Anet in C. quitensis, but no down-regulation was
observed in Anet, Vemax, OF Jmax. Additionally, the Ci/C, ratio was higher in elevated CO;
plants when measured at a common ambient CO> level, implying no diffusion limitations
as a result of an acclimatory decline in stomatal conductance. In fact, with a higher Ci/Ca,
ratio at a common measurement CO2, one would expect the observed direct stimulation
of Anet by elevated CO,. The lack of acclimation to elevated CO- in C. quitensis is
therefore less likely an idiosyncratic response, and more likely suggests the presence of

alternate carbohydrate sinks.

As previously mentioned, a down-regulation of photosynthesis at elevated CO usually
originates from an imbalance between production and consumption of carbohydrates

(Drake et al. 1997). While Anet in C. quitensis was enhanced under elevated growth COo,
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which suggests a larger capacity to produce carbohydrates, there was no change in SLA
in plants grown under elevated CO., implying the excess photosynthates were not stored
in the leaf. It can be postulated that consumption of carbohydrates could be enhanced
elsewhere in the plant, removing the source-sink imbalance that would otherwise down-
regulate photosynthesis. One possible explanation is the observed presence of flowers in
C. quitensis during the measurement period: flower production could be one of the
additional carbohydrate sinks that increased carbohydrate consumption. In fact, Lewis et
al. (2002) also found no photosynthetic down-regulation in the period leading up to

flowering and during fruit production in Xanthium strumarium.

Overall, D. antarctica exhibited an approximately 25% down-regulation of
photosynthesis in plants grown at elevated CO», while no acclimation was observed in C.
quitensis. Photosynthesis in both species, on the other hand, responded positively to high
CO:. levels. Together, under elevated growth CO, the direct CO; effect overwhelmed any
down-regulation of photosynthesis, if any, and resulted in a higher capacity to assimilate
CO: in both species. Ultimately, the enhancement of photosynthesis at elevated CO> had
significant implications for the growth and performance of both D. antarctica and C.

quitensis.

4.3 Leaf anatomy showed little plasticity, except in D. antarctica stomatal grooves

4.3.1 There were no major changes in leaf morphology in either species

While photosynthetic parameters are very sensitive to measurement conditions, leaf
anatomy directly reflects effects of the growth conditions. In this experiment, there were
no changes in the proportions of measured tissues in the leaf cross-sections in either D.
antarctica or C. quitensis under the various treatments, which offers additional evidence
for the small degree of acclimation of photosynthesis to variations in growth conditions.
The general lack of acclimation to warming and elevated CO; in photosynthetic
parameters was coupled with a lack of change in the quantity of the photosynthetic
tissues. Furthermore, the aphid attack resulted in the loss of the 12/AC treatment in all
comparisons of photosynthetic parameters. Here, because leaf structure of C. quitensis in

12/AC likely remained the same despite the aphid attack, the lack of structural response
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across all six treatments further reinforced the conclusion that little acclimation occurred
in C. quitensis under either warming or elevated COx.

4.3.2 Modified stomatal groove structure in D. antarctica suggests high moisture stress
at high temperature

Anatomical features in D. antarctica leaves mostly reflect their growth environment,
regardless of the level of genetic diversity (Chwedorzewska et al. 2008). The most
prominent change in leaf anatomy was the modifications in stomatal groove structure in
D. antarctica. Grass blades of D. antarctica tended to roll inward towards the adaxial
side, creating stomatal grooves. This is where a high concentration of stomata occur,
supposedly creating an air pocket with high humidity and preventing water loss (Ellis
1976). At warmer growth temperatures, both stomatal groove depth and width decreased
as a direct response the larger evaporative demand in warmer treatments. This study, like
most warming experiments, did not control for vapor pressure deficit; therefore, at
constant relative humidity, VPD increased with temperature, resulting in larger
evaporative demand (Oishi et al. 2010). Therefore, the shift in the stomatal groove
towards a more xeromorphic structure in warmer treatments served to recapture water
lost through transpiration, likely limiting water loss to the atmosphere. This
morphological acclimation came with a trade-off, however. A more tightly packed
groove, while preventing water from escaping the leaf, also prevented CO; from diffusing
into the intercellular air space, evidenced by a significant decrease in Ci/C, ratio when

measured at the growth conditions.

Qualitatively, leaf cross-sections also showed an absence of bulliform cells in D.
antarctica. Bulliform cells are very large, thin-walled cells located on the epidermis at
the bottom of the stomatal grooves to facilitate the folding and unfolding of the leaf blade
through changes in stomatal groove width (Fig. 4.1). These cells lose water easily under
dry conditions, and as they do, stomatal grooves shrink in size, the leaf blade folds, and
water loss is minimized. The loss of this tissue has been previously observed in D.
antarctica grown at a drier habitat compared to those developing at a coastal site in
Antarctica (Chwedorzewska et al. 2008), as well as in greenhouse plants grown at 16-

18 °C, compared to those grown at 2 °C or 13 °C (Romero et al. 1999, Gielwanowska et
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al. 2005). The lack of bulliform cells in D. antarctica plants shown here suggests leaf
unrolling was not regulated in their growth environment, and that the dry conditions in
my experiment forced the leaf blades to stay constantly rolled. The absence of bulliform
cells in the D. antarctica specimen in this experiment further supports a previous
interpretation of the stomatal groove dimensions: without bulliform cells to facilitate leaf
rolling or unrolling, stomatal groove dimensions were developmentally set. Hence,
stomatal groove depth and width reflect the effects of the long-term exposure to the
experimental growth conditions rather than the transient condition at the time of sample
collection.

4.4 Leaf-level photosynthetic responses did not always translate to growth

While neither D. antarctica and C. quitensis displayed thermal acclimation of
photosynthesis, and both showed some degree of acclimation to elevated CO5,
photosynthesis in both species was stimulated by a direct effect of high temperature and
high CO>. These measurements also allow an assessment of D. antarctica and C.
quitensis photosynthetic performance in their treatment conditions that, when
extrapolated to the whole-plant level, should correlate with the trends in biomass
accumulation. A mismatch between leaf-level photosynthesis and whole-plant growth
response can reveal either patterns in the partitioning of photosynthates towards other

sinks, or changing variables and processes under the new growth environment.
4.4.1 Biomass accumulation was enhanced at elevated CO; in both species

In both species, photosynthesis was stimulated by elevated CO; in the growth
environment, even when the down-regulatory response was accounted for. This trend
directly translated to larger aboveground and belowground biomass in both D. antarctica
and C. quitensis. This response is quite common (Ainsworth and Long 2005): while the
magnitude of the stimulation of growth under elevated CO: is variable (Curtis and Wang
1998), D. antarctica biomass increased by 46%, and C. quitensis by 33% under elevated
COg, both slightly higher than the average for Cs plants (approximately 20%) as compiled
by Ainsworth and Long (2005).
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4.4.2 Warming did not consistently enhance growth

In contrast, the effect of warming on growth is more complex than that of elevated CO»,
due to the integrated temperature responses of various processes involved in growth and
biomass accumulation. Since photosynthesis did not thermally acclimate in either D.
antarctica or C. quitensis, performance at the growth condition reflects a direct response
to high measurement temperature. While D. antarctica responded positively, C. quitensis
was not responsive to increases in measurement temperature. The capacity to assimilate
CO:. at the growth conditions should translate to a similar trend in biomass accumulation;
however, this is not always the case.

In D. antarctica, the accumulation of both aboveground and belowground biomass was
enhanced under moderate warming (+4 °C), as suggested by the greater Anet at the growth
conditions. This result agrees with most moderate warming experiments across
ecosystems, which observe a stimulation of plant productivity by 19-20% (Rustad et al.
2001, Lin et al. 2010). However, under a growth temperature of 20 °C, the stimulation of
photosynthesis did not translate to higher biomass. Meanwhile, photosynthesis in C.
quitensis did not acclimate to growth temperature or respond to measurement
temperature. Under the growth conditions, 20 °C treatments had a lower Anet
(approximately 35% the rate of a cooler-grown plant at the same CO; level); however,
the poor photosynthetic performance of plants grown in warmer treatments was quite
evident in biomass. Total biomass in the warmest treatments was 30 to 60% lower than
that produced by a cooler-grown plants at the same growth CO», a response that could not

be accounted for by the poor photosynthetic performance alone.

There could be a number of explanations for the mismatch in whole-plant biomass
accumulation and leaf-level photosynthesis in warmer treatments in D. antarctica and C.
quitensis. First of all, in D. antarctica, the aforementioned modifications in stomatal
groove structure at high growth temperature could potentially account for the suppression
of growth in the warmest treatments. As stomatal grooves became smaller to minimize
water loss, CO- diffusion becomes more limiting. Gas exchange measurements of
photosynthetic parameters were performed at a relatively constant vapor pressure deficit,

which served to assess the capacity of the photosynthetic machinery itself. Under the
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growth condition, however, this measured capacity was not realized due to the high VPD
at warmer treatments. As evidenced by the decline in the Ci/C, ratio in both species and
changes in stomatal groove structure in D. antarctica, in warmer treatments, the pressure
to conserve water was high enough that CO- diffusion was reduced, resulting in lower
CO- assimilation and as a result, reduced growth. Likewise, the aforementioned
decreasing Ci/Ca in C. quitensis at high temperature could also suggest CO. diffusion
limitations, which could be amplified under extended exposure to the growth conditions,

and resulted in lower biomass accumulation under warming.

Atkin et al. (2007) suggested that short-term changes in photosynthesis (A) and
respiration (R) and more importantly, the balance between the two (the R:A ratio), play a
key role in whole-plant CO, exchange. While some studies suggest the R:A ratio reaches
homeostasis regardless of the intrinsic growth rate (Loveys et al. 2003), both acclimation
and short-term response to temperature might disrupt this homeostasis (Campbell et al.
2007, Way and Yamori 2014). In species with little thermal plasticity in photosynthesis
or respiration, such as Plantago euryphylla (Atkin et al. 2007), high growth temperatures
suppress daily net carbon gain, as night time respiratory losses are a higher proportion of
the carbon gained during the day. On the other hand, full thermal acclimation of
respiration to a higher growth temperature and a lower night temperature could enhance
biomass accumulation even though photosynthesis does not acclimate (Xiong et al.
2000). In the cases of D. antarctica and C. quitensis, while photosynthesis was stimulated
under high leaf temperature, respiration rates did not show any thermal acclimation.
Because growth temperatures were constant between day and night in this experiment,

respiratory losses at night could be especially high in the warmest treatment.
4.4.3 D. antarctica and C. quitensis performance in future climates

Fowbert and Smith (1994) reported significant expansion in the populations of both D.
antarctica and C. quitensis over the second half of the 20" century, which was attributed
to the rapid warming in Antarctica over the same period. Enhanced growth has previously
been observed in both species under warmer growth temperatures in the field (Day et al.
1999) and greenhouse (Xiong et al. 2000). My work has demonstrated that increasing
growth temperatures by 4 °C in fact promoted growth in D. antarctica. Additionally,
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elevated CO> promoted growth in both species, without any interaction between warming
and elevated CO>. Consequently, population growth in D. antarctica from 1960 to 2000
could have been a result of both warmer growth temperature and the increasing
atmospheric CO-, considering warmer temperatures over this period were coupled with
rising CO2. However, both moderate and severe warming suppressed growth in C.
quitensis. One could postulate that the slower population growth in the second half of the
20" century in C. quitensis compared to D. antarctica could therefore have been due to
the poor performance of the species at warm temperatures, without ruling out the
differences in growth habits between the two species.

Although D. antarctica benefited from moderate warming, the trend of increasing plant
productivity might not hold if warming intensifies. This experiment has also shown that
growth was suppressed in both species at a growth temperature of 20 °C. This decrease in
growth is not from a limitation in the photosynthetic machinery itself, but may be linked
to either higher respiratory losses, CO; diffusion limitations, or other causes. Therefore,
changes in other environmental conditions in Antarctica, such as the extent of night
warming or the plant water status in future climates, could also alter the growth response
of the two vascular plants. Based on my findings, under very high greenhouse gas
emission scenarios, severe warming might decrease growth in both vascular plant species
in Antarctica, which could potentially alter the carbon budget and nutrient dynamics of

the terrestrial ecosystem of the continent.

Both D. antarctica and C. quitensis are key inputs of C and N to the intrinsically poor
Antarctic soils (Beyer et al. 2000). Therefore, changes in the population sizes of these
two species could affect the future carbon stocks in Antarctica, especially when the two
species are differentially affected under future climates. The warming trend and altered
species composition could impact the carbon pool in the soil and indirectly affect the

growth of nonvascular vegetation (Day et al. 2008).
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4.5 Future directions

To better evaluate the temperature and CO: response of D. antarctica and C. quitensis,
future studies could use chlorophyll fluorescence to estimate mesophyll conductance
(Harley et al. 1992). This method characterizes changes to the diffusion pathway of CO>
from the intercellular air space to the site of carboxylation in the chloroplast, arriving at
an estimate of mesophyll conductance. In this experiment, mesophyll conductance was
assumed to be infinite, although studies have shown that it can vary with temperature and
CO- (Bernacchi et al. 2002). Additionally, having an estimate of mesophyll conductance
would allow calculations of the CO> concentration at the chloroplast (Cc), which is the
CO- concentration used in carboxylation, and would offer a better estimate of Vc¢max and

Jmax-

Thermal acclimation of photosynthesis in this study was evaluated by measuring gas
exchange parameters under the growth temperature and again at a common temperature
of 16 °C. This method, however, did not allow estimates of the optimal temperature of
Anet, Or any actual shifts in the temperature response curve. Future studies, therefore,
should investigate the short-term temperature response of photosynthesis over a larger
range of temperature and use the thermal optimum to evaluate thermal acclimation.
Similarly, the acclimation response to elevated CO,, or the lack thereof, is often linked to
the pool of carbohydrates. Having an estimate of total non-structural carbohydrates, and
soluble sugars, would allow a more established link between feedback inhibition and

down-regulation of photosynthesis.

Future studies can design warming experiments that control vapor pressure deficit, which
affects stomatal regulation. With a constant relative humidity, VPD increased with
temperature and became a confounding factor in this experiment. As a result, CO;
diffusion decreases when stomatal conductance is reduced by a high VPD. Although
allowing VPD to fluctuate better reflects future climates, constant VPD experiments lend
to better understanding of the underlying mechanism of temperature response of
photosynthesis. Additionally, it would be interesting to emulate the daily temperature
fluctuation in Antarctica, and potentially look at its effect on photosynthetic acclimation

compared to a constant growth temperature. While the experimental period coincided
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with the austral summer, exposure of D. antarctica and C. quitensis to a photoperiod
much shorter than their summer could have unanticipated effects. Considering the very
short growing season and long photoperiod in their native habitat, it would also be
interesting to investigate the interplay of increasing temperature and constant photoperiod
on the ability of plants to take advantage of the longer photosynthetic time and shorter

period of respiratory losses.

While this study provided some insights into the response of D. antarctica and C.
quitensis in future climates, extrapolating the result to the performance of the two species
in Antarctica on a larger scale should be conducted with care. First of all, performance of
plants grown in the lab could differ from that in the field, especially in terms of leaf
anatomy (Romero et al. 1999) and photochemical efficiency (Casanova-Katny et al.
2010). Additionally, this experiment investigated vegetative growth only, leaving out the
effects of temperature and CO; on the reproductive output of the two species. Even if
only vegetative growth was considered, other factors such as the availability of ice-free
surface, as well as suitable microhabitat including nutrients, light availability, or wind,
could hinder the spread of both species despite the favorable temperature and CO-
conditions. Future studies should investigate these topics to arrive at a better prediction of

the performance of these two species under climate change.

4.6 Conclusions

This study investigated the photosynthetic and morphological responses of two Antarctic
vascular plants, Deschampsia antarctica and Colobanthus quitensis, to warming and
elevated CO. Overall, neither species showed thermal plasticity of the photosynthetic
apparatus to increasing growth temperatures. D. antarctica showed some down-
regulation of photosynthesis to elevated CO., but C. quitensis did not acclimate to
elevated COz. In their growth environment, photosynthesis was stimulated by short-term
increases in leaf temperature and atmospheric CO; in D. antarctica, and by elevated CO»
in C. quitensis. However, these trends did not translate directly to growth. Biomass
accumulation in both species was enhanced at elevated CO>, but was suppressed under

warming of +8 °C in D. antarctica and at all warmer temperatures in C. quitensis. Leaf



83

structures of D. antarctica were modified at high growth temperatures to prevent
moisture stress, but this also presents a challenge for CO. diffusion that could potentially
limit biomass accumulation at high growth temperature.

| have proposed physiological mechanisms that may help explain the documented
enhanced growth in both Antarctic vascular species. My results also suggest that in future
climates, both vascular species in Antarctica will benefit from elevated CO2; however,
severe warming can potentially suppress growth in both species, not due to damage to the
photosynthetic apparatus, but likely from either enhanced respiratory losses or CO>
diffusion limitations under warmer conditions. The study also offers useful insights for
climate models predicting the carbon cycling of Antarctica under climate change. Scaling
leaf-level gas exchange parameters to whole-plant performance to predict the
performance of D. antarctica and C. quitensis needs to consider other abiotic factors,

such as moisture availability.



84

References

Ainsworth EA, Long SP (2005) What have we learned from 15 years of free-air CO>
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO2. New Phytol 165:351-372.

Ainsworth EA, Rogers A (2007) The response of photosynthesis and stomatal
conductance to rising [CO-]: mechanisms and environmental interactions. Plant Cell
Environ 30:258-270.

Alberdi M, Bravo LA, Gutierrez A, Gidekel M., Corcuera LJ (2002) Ecophysiology of
Antarctic vascular plants. Physiol Plant 115:479-486.

Amthor JS (2000) Direct effect of elevated CO2 on nocturnal in situ leaf respiration in
nine temperate deciduous tree species is small. Tree Physiol 20:139-144.

Anderson, JM (1986) Photoregulation of the composition, function, and structure of
thylakoid membranes. Ann Rev Plant Physiol 37:93-136.

Arp W. (1991) Effects of source-sink relations on photosynthetic acclimation to elevated
CO:a. Plant, Cell Environ 14:869-875.

Atkin OK, Evans JR, Siebke K (1998) Relationship between the inhibition of leaf
respiration by light and enhancement of leaf dark respiration following light
treatment. Aust J Plant Physiol 25:437-443.

Atkin OK, Scheurwater I, Pons TL (2006) High thermal acclimation potential of both
photosynthesis and respiration in two lowland Plantago species in contrast to an
alpine congeneric. Glob Chang Biol 12:500-515.

Atkin OK, Scheurwater I, Pons TL (2007) Respiration as a percentage of daily
photosynthesis in whole plants is homeostatic at moderate, but not high, growth
temperatures. New Phytol 174:367—-380.

Atkin OK, Tjoelker MG (2003) Thermal acclimation and the dynamic response of plant
respiration to temperature. Trends Plant Sci 8:343-351.

Bascufian-Godoy L, Garcia-Plazaola JI, Bravo LA, Corcuera LJ (2010) Leaf functional
and micro-morphological photoprotective attributes in two ecotypes of Colobanthus
quitensis from the Andes and Maritime Antarctic. Polar Biol 33:885-896.

Bergstrom D, Chown SL (1999) Life at the front: history, ecology and change on
southern ocean islands. Trends Ecol Evol 14:472-477.

Bernacchi CJ, Pimentel C, Long SP (2003) In vivo temperature response functions of
parameters required to model RuBP-limited photosynthesis. Plant Cell Environ
26:1419-1430.

Bernacchi CJ, Portis AR, Nakano H, von Caemmerer S, Long SP (2002) Temperature
response of mesophyll conductance. Implications for the determination of Rubisco
enzyme kinetics and for limitations to photosynthesis in vivo. Plant Physiol



85

130:1992-1998.

Berry JA, Bjorkman O (1980) Photosynthetic response and adaptation to temperature in
higher plants. Annu Rev Plant Physiol 31:491-543.

Beyer L, Bolter M, Seppelt RD (2000) Nutrient and thermal regime, microbial biomass,
and vegetation of antarctic soils in the Windmill Islands region of East Antarctica
(Wilkes Land). Arct Antarct Alp Res 32:30-39.

Bravo LA, Griffith M (2005) Characterization of antifreeze activity in Antarctic plants. J
Exp Bot 56:1189-1196.

Bravo LA, Ulloa N, Zuniga GE, Casanova A, Corcuera LJ, Alberdi M (2001) Cold
resistance in Antarctic angiosperms. Physiol Plant 111:55-65.

Bromwich DH, Nicolas JP, Monaghan AJ, Lazza MA, Keller LM, Weidner GA, Wilson
AB (2012) Central West Antarctica among the most rapidly warming regions on
Earth. Nat Geosci 6:139-145.

Campbell C, Atkinson L, Zaragoza-Castells J, et al. (2007) Acclimation of
photosynthesis and respiration is asynchronous in response to changes in
temperature regardless of plant functional group. New Phytol 176:375-389.

Casanova-Katny MA, Zuafiga GE, Corcuera LJ, Bravo LA, Alberdi M (2010)
Deschampsia antarctica Desv. primary photochemistry performs differently in
plants grown in the field and laboratory. Polar Biol 33:477-483.

Chapman W, Walsh JE (2007) A synthesis of Antarctic temperatures. J Clim 20:4096—
4117.

Chwedorzewska KJ, Gietwanowska I, Szczuka E, Bochenek A (2008) High anatomical
and low genetic diversity in Deschampsia antarctica Desv. from King George
Island, the Antarctic. Polish Polar Res 29:377-386.

Convey P (2010) Terrestrial biodiversity in Antarctica - Recent advances and future
challenges. Polar Sci 4:135-147.

Convey P (1996a) Reproduction of Antarctic flowering plants. Antarct Sci 8:127-134.

Convey P (1996b) The influence of environmental characteristics on life history
attributes of antarctic terrestrial biota. Biol Rev 71:191-225.

Convey P, Gibson JAE, Hillenbrand CD, Hodgson DA, Pugh PJA, Smelllie JL, Stevens
MI (2008) Antarctic terrestrial life - Challenging the history of the frozen continent?
Biol Rev 83:103-117.

Curtis PS (1996) A meta-analysis of leaf gas exchange and nitrogen in trees grown under
elevated carbon dioxide. Plant, Cell Environ 19:127-137.

Curtis PS, Wang X (1998) A meta-analysis of elevated CO; effects on woody plant mass,
form, and physiology. Oecologia 113:299-313.

Day TA, Ruhland CT, Grobe CW, Xiong F (1999) Growth and reproduction of Antarctic



86

vascular plants in response in the field reductions and UV radiation to warming.
Oecologia 119:24-35.

Day TA, Ruhland CT, Xiong FS (2008) Warming increases aboveground plant biomass
and C stocks in vascular-plant-dominated Antarctic tundra. Glob Chang Biol
14:1827-1843.

Drake BG, Gonzalez-Meler MA, Long SP (1997) More efficient plants: A consequence
of rising atmospheric CO2? Annu Rev Plant Physiol Plant Mol Biol 48:609-639.

Edwards JA (1972) Studies in Colobanthus quitensis (Kunth) Bartl, and Deschampsia
antarctica Desv.: V. Distribution, ecology and vegetative performance on Signy
Island. Br Antarct Surv Bull 28:11-28.

Ellis RP (1976) A procedure for standardizing comparative leaf anatomy in the Poaceae.
I. The leaf-blade as viewed in transverse section. Bothalia 12:65-109.

Ellis-Evans J., Walton D (1990) The process of colonization in Antarctic terrestrial and
freshwater ecosystems. Proc NIPR Symp Polar Biol 3:151-163.

Farquhar GD, Sharkey TD (1982) Stomatal conductance and photosynthesis. Annu Rev
Plant Physiol 33:317-345.

Farquhar GD, von Caemmerer S, Berry JA (1980) A biochemical model of
photosynthetic CO> assimilation in leaves of C3 species. Planta 149:78-90.

Field C, Berry JA, Mooney HA (1982) A portable system for measuring carbon dioxide
and water vapour exchange of leaves. Plant, Cell Environ 5:179-186.

Ferron FA, Simdes JC, Aquino FE, Setzer AW (2004) Air temperature time series for
King George Island, Antarctica. Pesq Antart Bras 4:155-1609.

Fowbert JA, Smith RIL (1994) Rapid population increases in native vascular plants in the
Argentine Islands, Antarctic Peninsula. Arct Alp Res 26:290-296.

Fox AJ, Cooper APR (1998) Climate-change indicators from archival aerial photography
of the Antarctic Peninsula. Ann Glaciol 27:636—642.

Franzen LD, Gutsche AR, Heng-Moss TM, Higley LG, Sarath G, Burd JD (2007)
Physiological and biochemical responses of resistant and susceptible wheat to injury
by Russian wheat aphid. J Econ Entomol 100:1692-1703.

Gianoli E, Inostroza P, ZUfiga-Feest A, Reyes-Diaz M, Cavieres LA, Bravo LA,
Corcuera LJ (2004) Ecotypic differentiation in morphology and cold resistance in
populations of Colobanthus quitensis (Caryophyllaceae) from the Andes of central
Chile and the Maritime Antarctic. Arctic, Antarct Alp Res 36:484-489.

Gielwanowska I, Szczuka E (2005) New ultrastructural features of organelles in leaf cells
of Deschampsia antarctica Desv. Polar Biol 28:951-955.

Gielwanowska I, Szczuka E, Bednara J, Gorecki R (2005) Anatomical features and
ultrastructure of Deschampsia antarctica (Poaceae) leaves from different growing
habitats. Ann Bot 96:1109-11109.



87

Harley PC, Loreto F, Di Marco G, Sharkey TD (1992) Theoretical considerations when
estimating the mesophyll conductance to CO: flux by analysis of the response of
photosynthesis to CO.. Plant Physiol 98:1429-36.

Hikosaka K, Ishikawa K, Borjigidai A, Muller O, Onoda Y (2006) Temperature
acclimation of photosynthesis: mechanisms involved in the changes in temperature
dependence of photosynthetic rate. J Exp Bot 57:291-302.

Holdgate MW (1977) Terrestrial ecosystems in the Antarctic. Philos Trans R Soc London
B, Biol Sci 279:5-25.

Holtom A, Greene W (1967) The growth and reproduction of Antarctic flowering plants.
Philos Trans R Soc 252:323-337.

Hopkins WG, Hiiner NPA (2008) An Introduction to Plant Physiology. New York, NY,
USA.

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I,
I1 and 111 to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change . IPCC, Geneva, Switzerland, 151 pp.

Jordan DB, Ogren WL (1984) The CO./O: specificity of ribulose 1,5-biphosphate
carboxylase/oxygenase. Planta 161:308-313.

Kattge J, Knorr W (2007) Temperature acclimation in a biochemical model of
photosynthesis: A reanalysis of data from 36 species. Plant, Cell Environ 30:1176—
1190.

Kennedy AD (1995) Antarctic terrestrial ecosystem response to global environmental
change. Annu Rev Ecol Syst 26:683—-704.

Kennedy AD (1993) Water as a limiting factor in the antarctic terrestrial environment - a
biogeographical synthesis. Arct Alp Res 25:308-315.

Komarkova V (1985) Two native Antarctic vascular plants, Deschampsia antarctica and
Colobanthus quitensis: a new sowthernmost locality and other localities in the
Antarctic Peninsula area. Arct Alp Res 17:401-416.

Lambers H, Chapin Il FS, Pons TL (2008) Plant physiological ecology. Springer-Verlag
New York, NY.

Lamers PP, Janssen M, De Vos RCH, Bino RJ, Wijffels RH (2008) Exploring and
exploiting carotenoid accumulation in Dunaliella salina for cell-factory
applications. Trends Biotechnol 26:631-638.

Larigauderie A, Korner C (1995) Acclimation of leaf dark respiration to temperature in
alpine and lowland plant species. Ann. Bot. 76:245-252.

Lewis JD, Wang XZ, Griffin KL, Tissue DT (2002) Effects of age and ontogeny on
photosynthetic responses of a determinate annual plant to elevated CO>
concentrations. Plant Cell Environ 25:359-368.

Lin D, Xia J, Wan S (2010) Climate warming and biomass accumulation of terrestrial



88

plants: A meta-analysis. New Phytol 188:187-198.

Long SP (1991) Modification of the response of photosynthetic productivity to rising
temperature by atmospheric CO> concentrations: Has its importance been
underestimated? Plant, Cell Environ J4:729-739.

Loveys BR, Atkinson LJ, Sherlock DJ, Roberts RL, Fitter AH, Atkin OK (2003) Thermal
acclimation of leaf and root respiration: An investigation comparing inherently fast-
and slow-growing plant species. Glob Chang Biol 9:895-910.

Luo Y, Field CB, Mooney HA (1994) Predicting responses of photosynthesis and root
fraction to elevated [CO2] - Interactions among carbon, nitrogen, and growth. Plant
Cell Environ 17:1195-1204.

Mantovani A, Vieira RC (2000) Leaf micromorphology of Antarctic pearlwort
Colobanthus quitensis (Kunth) Bartl. Polar Biol 23:531-538.

Mawson BT, Cummins WR (1989) Thermal acclimation of photosynthetic electron
transport activity by thylakoids of Saxifraga cernua. Plant Physiol 89:325-332.

Maxwell K, Jonhson GN (2000) Chlorophyll fluorescence - a practical guide. J Exp Bot
51:659-668.

Medlyn BE, Barton CVM, Broadmeadow MSJ, Ceulemans R, de Angelis P, Forstreuter
M, Jach ME, Kellomaki S, Laitat E, Marek M, Philippot S, Rey A, Strassemeyer J,
Laitinen K, Liozon R, Portier B, Roberntz P, Wang K, Jarvis PG (2001) Stomatal
conductance of forest species after long-term exposure to elevated CO-
concentration: A synthesis. New Phytol 149:247-264.

Medlyn BE, Dreyer E, Ellsworth D, Forstreuter M, Harley PC, Kirschbaum MUF, le
Roux X, Montpied P, Strassemeyer J, Walcroft A, Wang K, Loustau D (2002)
Temperature response of parameters of a biochemically based model of
photosynthesis. I1. A review of experimental data. Plant, Cell Environ 25:1167—
1179.

Montiel P, Smith A, Keiller D (1999) Photosynthetic responses of selected Antarctic
plants to solar radiation in the southern maritime Antarctic. Polar Res 18:229-235.

Moore DM (1970) Studies in Colobanthus quitensis and Deschampsia antarctica. Br.
Antarct. Surv. Bull 23:63-80.

Morison JIL, Lawlor DW (1999) Interactions between increasing CO, concentration and
temperature on plant growth. Plant, Cell Environ 22:659-682.

Oishi AC, Oren R, Novick KA, Palmroth S, Katul, GG (2010) Interannual invariability of
forest evapotranspiration and its consequence to water flow downstream.
Ecosystems 13:421-436.

Parkhurst F (1982) Stereological methods for measuring internal leaf structure variables.
Am J Bot 69:31-39.

Parnikoza I, Convey P, Dykyy I, Trokhymets V, Milinevsky G, Tyschenko O,



89

Inozemtseva D, ozeretska | (2009) Current status of the Antarctic herb tundra
formation in the Central Argentine Islands. Glob Chang Biol 15:1685-1693.

Parnikoza I, Kozeretska, 1., Kunakh V (2011) Vascular plants of the maritime antarctic:
origin and adaptation. Am J Plant Sci 02:381-395.

Parnikoza 'Y, Maidanuk DN, Kozeretska IA (2007) Are Deschampsia antarctica Desv.
and Colobanthus quitensis (Kunth) Bartl. migratory relicts? Tsitol Genet 41:36—40.

Pearcy RW (1977) Acclimation of photosynthetic and respiratory carbon dioxide
exchange to growth temperature in Atriplex lentiformis (Torr.) Wats. Plant Physiol
59:795-799.

Poorter H, Niinemets U, Poorter L, Wright 1J, Villar R (2009) Causes and consequences
of variation in leaf mass per area (LMA): A meta-analysis. New Phytol 182:565—
588.

Reynolds JF, Hilbert DW, Kemp PR (1993) Scaing ecophysiology from the plant to the
ecosysstem: A conceptual framework. In Ehleringer JR, Field CR (eds) Scaling
physiological processes: Leaf to globe. Academic Press, San Diego, pp 127-140.

Romero M, Casanova A, Iturra G, Reyes A, Montenegro G, Alberdi M (1999) Leaf
anatomy of Deschampsia antarctica (Poaceae) from the Maritime Antarctic and its
plastic response to changes in the growth conditions. Rev Chil Hist Nat 72:411-425.

Rozema J, Boelen P, Blokker P (2005) Depletion of stratospheric ozone over the
Antarctic and Arctic: Responses of plants of polar terrestrial ecosystems to enhanced
UV-B, an overview. Environ Pollut 137:428—442.

Ruhland CT, Day TA (2000) Effects of ultraviolet-B radiation on leaf elongation,
production and phenylpropanoid concentrations of Deschampsia antarctica and
Colobanthus quitensis in Antarctica. Physiol Plant 109:244-251.

Rustad LE, Campbell JL, Marion GM, Norby RJ, Mitchell MJ, Hartley AE, Cornelissen
JHC, Gurevitch J, GCTE-NEWS (2000) A meta-analysis of the response of soil
respiration, net nitrogen mineralization, and aboveground plant growth to
experimental ecosystem warming. Oecologia 126:543-562.

Sage RF (1994) Acclimation of photosynthesis to increasing atmospheric CO2: The gas
exchange perspective. Photosynth Res 39:351-368.

Sage RF, Kubien DS (2007) The temperature response of C3 and C4 photosynthesis. Plant
Cell Environ 30:1086-1106.

Salvucci ME, Ogren ML (1996) The mechanism of Rubisco activase: insights from
studies of the properties and structure of the enzyme. Photosynth Res 47:1-11.

Sharkey TD, Bernacchi CJ, Farquhar GD, Singsaas EL (2007) Fitting photosynthetic
carbon dioxide response curves for Cs leaves. Plant Cell Environ 30:1035-1040.

Sierra-Almeida A, Casanova-Katny MA, Bravo LA, Corcuera LJ, Cavieres LA (2007)
Photosynthetic responses to temperature and light of Antarctic and Andean



90

populations of Colobanthus quitensis (Caryophyllaceae). Rev Chil Hist Nat 80:335—
343.

Smith RIL (1994) Vascular plants as bioindicators of regional warming in Antarctica.
Oecologia 99:322-328.

Smith RIL (2003) The enigma of Colobanthus quitensis and Deschampsia antarctica in
Antarctica. In: Huiskes AH., Gieskes WW., Rozema J, et al. (eds) Antarctic Biology
in a Global Context. Backhuys Publisher, Leiden, The Netherlands, pp 234-239

Stitt M (1991) Rising CO: levels and their potential significance for carbon flow in
photosynthetic cells. Plant, Cell Environ 14:741-762.

Thomson VP, Cunningham SA, Ball MC, Nicotra AB (2003) The effect of temporal scale
on the outcome of trophic cascade experiments. Oecologia 134:578-586.

Trumble JT, Kolodny-Hirsch DM, Ting IP (1993) Plant compensation for arthropod
herbivory. Annu Rev Entomol 38:93-120.

Turner NC, Schulze E-D, Gollan T (1984) The responses of stomata and leaf gas
exchange to vapour pressure deficits and soil water content. Oecologia 63:338—342.

Vaughan DG, Marshall GJ, Connolley WM, Parkinson C, Mulvaney R, Hodgson MA,
King JC, Pudsey CJ, Turner J (2003) Recent rapid regional climate warming on the
Antarctic Peninsula. Clim Change 60:243-274.

von Caemmerer S, Evans JR, Hudson GS, Andrews TJ (1994) The kinetics of ribulose-
1,5-bisphosphate carboxylase/oxygenase in vivo inferred from measurements of
photosynthesis in leaves of transgenic tobacco. Planta 195:88-97.

Wang D, Heckathorn SA, Wang X, Philpott SM (2012) A meta-analysis of plant
physiological and growth responses to temperature and elevated CO». Oecologia
169:1-13.

Way DA, Oren R (2010) Differential responses to changes in growth temperature
between trees from different functional groups and biomes: a review and synthesis
of data. Tree Physiol 30:669-688.

Way DA, Yamori W (2013) Thermal acclimation of photosynthesis: On the importance
of adjusting our definitions and accounting for thermal acclimation of respiration.
Photosynth Res 119:89-100.

Xiong FS, Day TA (2001) Effect of solar ultraviolet-B-radiation during springtime ozone
depletion on photosynthesis and biomass production of Antarctic vascular plants.
Plant Physiol 125:738-751.

Xiong FS, Mueller EC, Day TA (2000) Photosynthetic and respiratory acclimation and
growth response of antarctic vascular plants to contrasting temperature regimes. Am
J Bot 87:700-710.

Xiong FS, Ruhland CT, Day TA (1999) Photosynthetic temperature response of the
Antarctic vascular plants Colobanthus quitensis and Deschampsia antarctica.



91

Physiol Plant 106:276—286.

Xu ZZ, Zhou GS (2006) Combined effects of water stress and high temperature on
photosynthesis, nitrogen metabolism and lipid peroxidation of a perennial grass
Leymus chinensis. Planta 224:1080-1090.

Yamasaki T, Yamakawa T, Yamane Y, Koike H, Satoh K, Kato S (2002) Temperature
acclimation of photosynthesis and related changes in photosystem Il electron
transport in winter wheat. Plant Physiol 128:1087-1097.

Yamori W, Hikosaka K, Way DA (2014) Temperature response of photosynthesis in Cs,
Cs, and CAM plants: temperature acclimation and temperature adaptation.
Photosynth Res 119:101-117.



92

Appendix

Appendix A. Mean = SE of CO; gas exchange, chlorophyll fluorescence, leaf chemical

and structural parameters, and biomass of C. quitensis grown in the 12/AC treatment. The

treatment was under an aphid attack, which was likely to confound with the treatment

effect. Data for this treatment were therefore removed from the thesis.

Parameters

Measured at 16 °C Measured at growth
temperature (12 °C)

Vemax (Umol m2 s1)

Jmax (LMol m=2 s1)

Anet (Umol m2 s1)

Fv/Fm

ETR (umol m?2s?)

Ci/Ca

Raark (umol m2 s

SLA (mm?/g)

Aboveground biomass (g/pot)
Belowground biomass (g/pot)
Total biomass (g/pot)

%C

%N

57.57 £ 4.69 28.86 +5.82
148.85 + 7.56 82.04 +12.24
10.81 + 1.27 6.79 + 1.59
0.80 + 0.004
14401 £4.34 92.10 +£12.30
0.76 + 0.02 0.82 + 0.05
4.63 +0.28 2.27 +0.34
0.022 + 0.002
0.63+0.14
0.23+0.03
0.84 +0.14
36.83 +0.48
3.00 +£0.10
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Elsevier to use a figure from Lamers et al. 2008, (Trends in Biotechnology, 26(11):631-
638) as Figure 1.1 in this thesis; b) Permission from Oxford University Press to use a
figure from Maxwell and Johnson 2000 (Journal of Experimental Botany, 51:659-668) as
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