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Abstract

This study focused on the physiological changes that occur throughout the year in Acer
rubrum, Quercus rubra and Thuja plicata. The photosynthesis rates, transpiration rates and
protein profiles were measured weekly using the CI-340 Handheld Photosynthesis Machine and
SDS-PAGE from May to November of 2016. T. plicata maintained its needle-like leaves
throughout the entire study while A. rubrum and Q. rubra began to show signs of senescence on
October 19", 2016. The chlorophyll levels were higher in A. rubrum than in Q. rubra but both
species showed a dramatic decrease in early October. The A. rubrum and Q. rubra showed
relatively low, but consistent photosynthesis and transpiration rates throughout the study while
the T. plicata had relatively higher rates with a drastic peak in late July and early August. The
protein profiles focused on RubisCO, the Light Harvesting Complex Ilb (LHC Ilb) and the D1
and D2 proteins of Photosystem Il. Q. rubra showed drastically low protein profiles compared to
A. rubrum and T. plicata. On the other hand, both A. rubrum and T. plicata showed very high
amounts of both RubisCO and LHC IIb. T. plicata was the only species to show a seemingly
random pattern of D1 and D2 protein abundance and the only species to maintain protein levels
throughout the entire study. A. rubrum and Q. rubra showed minimum protein expression by the
time their leaves changed colour. By tracking these physiological processes over the year, better
insight is gained into how plants are responding to the changing climate.

Introduction
The earth is experiencing climate change as the levels of greenhouse gases in the

atmosphere continue to rise (Solomon et al., 2008; Kammann et al., 2011). One of these
greenhouse gases called carbon dioxide (CO,) is directly released into the air by human activity,
like the burning of fossil fuels. Because greenhouse gases trap heat, the increase of atmospheric
COz is related to the increasing global temperatures (Hansen et al., 2006). This can lead to
hazardous consequences like higher sea levels, acidification of oceans and increased storm
intensities (Solomon et al, 2008). However, plants may be a possible solution to this problem.
They have the ability to capture CO; in the atmosphere and convert it into sugars to use as an
energy source. If used correctly, plants can offset fossil-fuel emissions by 5 to 15% globally (Lal,
2004). However, the ability to sequester carbon depends not only on the type of plant, but also on
its stage of development.

During the spring and summer, plants are focused on growing. They lengthen their roots

and branches and create new leaves (Taiz et al, 2015). It is during these warmer months of the



year that environmental conditions, like increased sunlight and rainfall, favour high levels of the
carbon-fixing process called photosynthesis.

Photosynthesis is the process by which plants convert sunlight, carbon dioxide and water
into sugars for energy (Taiz et al., 2015). An important photosynthetic enzyme is ribulose-1,5-
bisphosphate carboxylase/oxygenase (RubisCO). This enzyme takes CO, in the air and uses it to
carboxylate ribulose-1,5-bisphosphate into a form that the plant cell can use to create glucose
(Ono et al., 2013). Another protein called the Light Harvesting Complex Il1b (LHC 1lb) also plays
a critical role in photosynthesis. It serves to orient chlorophyll and associated carotenoid
pigments in such a way that allows for the capture of energy from sunlight and the extraction of
electrons from water (Dreyfuss and Thornber, 1994). Then, these electrons are passed to another
set of important proteins called the D1 and D2 proteins, which make up the reaction core of
Photosystem Il (PSII). When the D1 and D2 proteins receive the electrons, they can indirectly
create the power required to convert CO, into glucose (Kamiya and Shen, 2005; Kawamori et al.,
2005). Due to the complexity of photosynthesis, there is no doubt that RubisCO, LHC Ilb and
the D1 and D2 proteins are essential for carbon fixation.

Transpiration, like photosynthesis, is another process that occurs in plants throughout the
year. It is the upward movement of water within a plant that occurs when stomata, tiny pores on
the underside of leaves, open to allow for carbon dioxide capture (Taiz et al., 2015). During this
process, water is evaporated at the surface of leaves and thus, water loss is an inevitable
consequence of photosynthesis.

In the fall, some plants shed their leaves. Leaf senescence is a highly regulated
developmental process, involving a wide array of cellular mechanisms and morphological

changes. It requires the production and sensation of hormones like ethylene and abscisic acid but



can also be affected by environmental conditions like darkness, drought and nutrient deficiency
(Lietal., 2013; Kim et al., 2011; Buchanan-Wollaston et al., 2003). It occurs every year in
deciduous species, leaving them leafless for two to seven months (Eamus, 1999). On the other
hand, evergreen species maintain their needle-like leaves all year long and only old or damaged
leaves senescence (Eamus, 1999). Nonetheless, when leaves are undergoing senescence, the
ability to carry out cellular processes like photosynthesis and transpiration decreases.

The difference between photosynthesis and transpiration in deciduous and evergreen
species is striking. Deciduous species can support higher photosynthetic rates because they
invest large amounts of nitrogen into their flat, broad leaves (Eamus, 1999). In contrast,
evergreen species have lower photosynthetic rates, which are partly explained by the decreased
nitrogen investment in the leaves and use of RubisCO for nitrogen storage (Warren and Adams,
2004). The transpiration rate is typically higher in evergreen species than deciduous species due
to their advanced root and vascular systems that can access deeper layers of soil and transport
water more efficiently (Warren and Adams, 2004; Eamus, 1999; Goldstein et al., 1989). During
the year, the leaves of evergreen species are able to support photosynthesis at a relatively
constant rate (Eamus, 1999). As the leaves of deciduous species senescence, the ability to do
photosynthesis will diminish as well (Sanchez et al., 2013). The developmental processes differ
greatly between these two types of trees.

This study will investigate the physiological changes that occur throughout the year in the
deciduous species, Acer rubrum (Red Maple) and Quercus rubra (Red Oak) and the evergreen
species, Thuja plicata (Western Red Cedar). The Red Maple and the Red Oak are native to
eastern North America. The Red Maple is used for landscaping and small-scale maple syrup

production while the Red Oak is highly valued for lumber and veneer. The Western Red Cedar is



native to the west coast of North America and its wood is heavily relied upon in indigenous
societies. By studying the carbon sequestration of these economically and culturally significant
plants, it will allow for better insight of how plants will respond to future climate change and the
impact that it will have on society.

The objectives of this study include the following: to determine net photosynthetic rate
and transpiration rate differences within and between A. rubrum, Q. rubra and T. plicata, to track
the morphological changes in the trees and their leaves and to examine the differences in leaf
protein expression. | hypothesized that T. plicata will show consistent net photosynthetic and
transpiration rates throughout the period of this experiment while A. rubrum and Q. rubra will
show higher net photosynthetic and transpiration rates (relative to T. plicata) initially but both

will dramatically decrease after the onset of senescence.

Materials and Methods

Collection of Samples

The trees used in this study are located near the Centre for Interactive Research on
Sustainability. There is one A. rubrum and Q. rubra species each and two of the T. plicata
species. The T. plicata closest to A. rubrum has been designated T. plicata (2) and the one
furthest has been designated T. plicata (1).

The petioles of two leaves from each of the trees of A. rubrum, Q. rubra and T. plicata
were cut, immediately placed under water and then cut again.

Experimental Setup

The CI-340 Handheld Photosynthesis Machine was set up on a clear, open bench space.
A water-filled glass container and a light box were placed directly in front of the leaf chamber.
The light was calibrated to 250 umol/m?/s with a LI-COR Photometer. The leaf sample was
placed into the chamber and allowed to adjust to the light for two minutes before starting the
analysis. Please note that a broad-leaf and a needle-leaf chamber were initially used for their
respective samples but after having technical issues with the broad-leaf chamber, we switched to
using only the needle-leaf chamber after August 9, 2016.

The experimental setup is shown in Figure 1. Please note that the light box and glass
container are arranged at an angle to capture a better picture but do not depict the actual setup.
Analysis of Photosynthesis, Transpiration and Respiration

The CI-340 Handheld Photosynthesis Machine will automatically calculate
photosynthesis and transpiration by measuring the levels of CO, and water vapor. Respiration is
measured by turning the light off and covered the sample with a dark cloth. Each process was
measured for five counts, which lasts about ten minutes.

Chlorophyll Measurements



The CL-01 Chlorophyll Content System was used to measure the relative chlorophyll of
the leaves of A. rubrum and Q. rubra. Each leaf was sampled three times at various different
locations.

Protein Analysis

Each of the samples were frozen in liquid nitrogen and stored in a freezer. On the final
days of the study, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
was run on the samples from the following days: May 4, May 31, June 22, July 13, July 27,
August 9, September 14, October 19 and October 26. Please refer to Lab Unit 3: Senescence and
Regrening of Cucumber Cotyledons: Light and Hormonal Regulation of Proteins and
Chlorophyll in the BIOLOGY 352 Plant Physiology II: Plant Development Laboratory Manual
for a detailed methodology (Singh, 2016).

Results
The leaf morphology of Acer rubrum, Quercus rubra and Thuja plicata from May to

November 2016 is shown in Table 1. In both A. rubrum and Q. rubra trees, the leaves
maintained their green colour until the week of October 3. The leaves of A. rubrum began to
show colour change on October 19™. The edges had begun to turn yellow. In the next week, the
leaf continued to yellow toward the center and the edges turned brown. By the week of
November 9™, the leaf was entirely yellow with brown edges. This was the final week before all
the leaves of A. rubrum fell off. Similarly, the leaves of Q. rubra turned to a light green in the
center and yellow around the edges on October 19™. By the next week, Q. rubra had only brown
leaves. This was the final week before Q. rubra lost all its leaves. T. plicata (1) and (2) had dark
green, needle-like leaves from the beginning of the experiment on May 4" and maintained this
morphology until the end of the experiment on November 15

The tree morphology for A. rubrum, Q. rubra and T. plicata is shown in Table 2. The A.
rubrum maintained a leafy, green foliage until August 9™ Then, during the week of September
9™ a small section of the foliage turned red and was preserved until the week of October 19".
During this week, the upper half of the foliage turned different shades of yellow, orange and red.
By November 2", there were no more green leaves and much of the foliage had already dropped.

The tree fully senesced on November 15" The Q. rubra initially had a full, leafy green foliage



as well. This tree maintained this morphology perfectly until the week of October 19", where the
entire foliage turned orange and light green. By the following week, the leaves had all turned
orange or brown. On November 2", the leaves had fully senescenced and left its branches bare.
T. plicata (1) and (2) had a bushy and full foliage during the early weeks of this experiment and
maintained this exact morphology for the duration of the study.

The average chlorophyll levels of A. rubrum and Q. rubra are presented in Figure 5. In A.
rubrum, the initial reading was +5.91 relative chlorophyll units (rcu) and the values increased
slowly over the weeks to reach a peak of +18.53 rcu on July 13™. The following eight weeks had
chlorophyll levels that ranged between +12.53 and +17.66 rcu. On October 5™, the value dropped
to +11.67 rcu. From the onset of senescence (on October 19™ as shown in Table 1), the
chlorophyll reading was +3.57 rcu. On November 2", the reading was a lowly +0.33 rcu. Q.
rubra followed a similar pattern but peaked at only +13.90 rcu on July 27™. Following this peak,
the chlorophyll levels dropped dramatically. By September 28", the reading had dropped to
+5.68 rcu, a value less than half the maximum. After Q. rubra began to show signs of
senescence, the chlorophyll readings were +2.01 and +1.19 rcu on October 19" and 26"
respectively.

For A. rubrum, the average photosynthetic rates are shown in Figure 6 and are
represented by the red line. In the first week of May, A. rubrum showed its highest
photosynthetic rate at +6.068 pmol/m?/s. The rest of May showed heavy fluctuations, dropping
to +0.308 pmol/m?/s before rising to +2.338 pmol/m?/s. From early July to early August, the
photosynthetic rates were fairly constant, averaging around +0.523 pmol/m%/s. Then, A. rubrum
showed a slight increase to +1.925 pmol/m%/s on September 19™. For the next two weeks, the

photosynthetic rate dropped to +0.158 pmol/m%s. On October 19", the first signs of senescence



in A. rubrum occurred as shown in Table 1. Interestingly, this week’s rates were slightly higher
at +0.845 umol/m?/s but after a more complete yellowing of the leaves occurred, photosynthetic
rates dropped completely. The rates for October 26™ and November 2" were -0.234 and -0.045
umol/m?/s.

The average transpiration rates for A. rubrum are shown in Figure 7 and are also
represented by the red line. The highest transpiration rate was on May 4™ with a value of +1.182
mmol/m?/s. Then, the rates dropped off until early June, averaging at around +0.233 mmol/m?%/s
before showing a dramatic increase to +0.737 mmol/m?/s during the weeks of June 14" and June
29™. The following weeks’ transpiration rate ranged from +0.150 to +0.363 mmol/m?/s. From
late August to early October, there were heavy fluctuations in the transpiration rates. From
October 19" to November 2", the transpiration rates steadied at +0.515, +0.461 and +0.626
mmol/m?/s.

For Q. rubra, the average photosynthetic rates are shown in Figure 6 and are represented
by the blue line. The first two weeks of May 4™ and May 11" show the highest rates for Q. rubra
at +6.340 and +6.325 pmol/m?s respectively. The rate drops to +1.076 umol/m?/s on May 31%
before suddenly rising to +4.347 pmol/m?/s the following week and then returning to +1.230
umol/m%/s on June 14™. From June 22", the photosynthetic rate of +3.620 pmol/m*/s slowly
declines to -0.850 pmol/m?/s on August 9. The rate for July 13" seems to be an outlier with a
dramatically low rate of -0.430 pmol/m?/s. Following August 9™ there is a steady increase to
+2.355 pumol/m?/s over eight weeks of time. On October 19", the photosynthetic rate drops to
-0.195 pmol/m%/s. The week of October 26™ is the last week for Q. rubra and thus, the leaves

give a final photosynthetic rate of -0.618 pmol/m?/s.
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The average transpiration rates for Q. rubra are shown in Figure 7 and are also
represented by the blue line. The highest transpiration rates of +1.101 and +1.278 mmol/m?/s
were seen in the weeks of May 4™ and May 11", respectively. Then, the average transpiration
rates ranged between values of +0.113 and +0.486 mmol/m?/s from May 19" to October 3".
There were a few exceptionally high transpiration values. On June 8", a value of +0.566
mmol/m?/s was recorded and on June 29", a value of +0.612 mmol/m%/s was recorded. From the
onset of senescence, the weeks of October 19" and 26" had +0.196 and +0.191 mmol/m?/s
values for transpiration rates.

For T. plicata (1), the average photosynthetic rates are presented in Figure 6 and are
indicated by the green line. The first photosynthetic rate was +0.336 pmol/m?/s on May 4" The
next four weeks averaged to a value of +5.089 pumol/m%/s with a slight drop to +3.662 pmol/m?/s
on June 8". There was an increase in the photosynthetic rate to +6.573 pmol/m?/s on June 14"
but the following four weeks experienced a slight decline reaching +4.813 pmol/m?/s on July
13", The rest of July was a particularly profitable month, reaching values of +11.192 and
+11.481 pmol/m?/s on July 20" and July 27" respectively. The peak in photosynthetic rate for T.
plicata (1) during this experiment was a value of +25.600 pmol/m?/s on August 9™ This is the
highest recorded rate of all the trees studied in this experiment. The following weeks showed
varying levels of photosynthetic rates, the lowest being +3.940 pmol/m%s and the highest being
+9.302 umol/m?s.

The average transpiration rates for T. plicata (1) are shown in Figure 7 and are indicated
by the green line as well. The first week of May showed a value of +0.174 mmol/m?/s. Then,
from May 11" to June 8", there was a gradual decrease in transpiration rates from +0.683 to

+0.041 mmol/m?s. There was a sudden peak on June 14™ where the rate was +0.474 mmol/m?/s
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before dropping to +0.087 mmol/m%/s the next week. The next two weeks (June 29" and July 6™)
showed similar values to June 14™ at +0.360 and +0.444 mmol/m%/s respectively but the
following two weeks (July 13™ and 20™) showed values of +0.048 and +0.116 mmol/m?/s
respectively. The week of July 27" gave a transpiration rate of +0.814 mmol/m?/s. On August
9™ the highest transpiration rate of +1.322 mmol/m?%s was observed. The remaining weeks (until
November 2"%) showed relatively consistent transpiration rates between +0.060 and +0.208
mmol/m?/s with the only exception being October 19" where the transpiration rate was +0.427
mmol/m?/s.

For T. plicata (2), the average photosynthetic rates are presented in Figure 6 and are
indicated by the purple line. While the first week showed a low photosynthetic reading of only
+0.213 pmol/m?s, the second week had a considerably higher value of +4.348 pmol/m?/s. Then,
there was a slight decline over the next four weeks until the photosynthetic rate was +2.658
umol/m%/s on June 14™. The following week of June 22" showed another dramatic increase to
+6.005 pmol/m?/s before declining to +3.226 pmol/m%s on July 13™. On July 27", the highest
photosynthetic rate for T. plicata (2) was observed at +21.478 pmol/m?/s. Then, there was a drop
in the following week to +7.188 umol/m?/s. After this first peak, the rate declined to an average
of +2.578 pmol/m*/s from August 29" to September 14™. There was a second peak seen on
September 28" with a value of +10.140 pmol/m?/s. Then, in the following weeks, the
photosynthetic rate dropped to a relatively constant level at around +5.002 pmol/m?/s.

The average transpiration rates for T. plicata (2) are shown in Figure 7 and are indicated
by the purple line as well. The month of May had values of +0.072, +0.541, +0.383 and +0.724
mmol/m?/s for its average transpiration rates in that chronological order. Then, the transpiration

rate consistently averaged around +0.097 mmol/m?/s from June 8" to July 20". On July 27", the
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transpiration rate was +3.646 mmol/m%/s. This transpiration rate was the highest seen in the
entire experiment. The weeks from August 9™ to September 9™ had transpiration rates that
narrowly averaged +0.055 mmol/m%/s. Then, there was a slight increase from +0.0513
mmol/m?/s on September 9th to +0.605 mmol/m?/s on September 19th. There was a drop in the
transpiration rate the following week to +0.308 mmol/m?/s but it increased to +0.737 mmol/m?/s
on October 3. The rate dropped to +0.15 mmol/m?/s on October 19" and a slight decline
persisted into early November.

The protein profiles of leaf samples are shown in Figure 9, 10, 11 and 12 for A. rubrum,
Q. rubra, T. plicata (1) and (2) respectively. Each protein has a unique band on a protein profile
which corresponds to its size. The thickness and intensity of a band indicate the amount of the
protein that was present in the leaf sample.

The bands within the top red box of Figure 9, 10, 11 and 12 represent the relative amount
of RubisCO. In A. rubrum, the band is relatively stable from late May to early September as
indicated by Figure 9. The band becomes extremely thin on October 19™ and then, after October
26" the band completely disappears. In Q. rubra, Figure 10 shows that the RubisCO bands were
also relatively stable throughout the study, although the intensity of the bands was much lighter
than the other trees. By October 26", the bands are also nonexistent. The bands for RubisCO in
both the A. rubrum and Q. rubra disappear once their leaves turn yellow and brown, as shown in
Table 1. On the other hand, Figure 11 and 12 shows that RubisCO bands in T. plicata are
relatively constant in thickness throughout the study. A few exceptions include the slightly
thinner bands for RubisCO on May 4" and July 13Min T, plicata (1) and the thinner band for

RubisCO on May 31% in T. plicata (2).
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The bottom red box in Figure 9, 10, 11 and 12 shows the bands for the LHC Ilb. As
shown in Figure 9, the thickness of the LHC Ilb band in A. rubrum is relatively constant from
early May to early August. On October 19", when the colour change in A. rubrum occurred, the
band is almost nonexistent and by October 26™, there is no band at all for LHC 11b. In Q. rubra,
Figure 10 shows that the LHC Ilb band is very light for much of the study, except for the last
three weeks where it is nonexistent. The only weeks where the band for LHC I1b is prominent in
Q. rubra is during the week of July 13" and the week of August 9. The LHC IIb bands for T.
plicata (1) and (2) are quite different from A. rubrum and Q. rubra. In Figure 11, the LHC lIb
bands are thicker in T. plicata (1) during the weeks of May 31% and June 22" In Figure 12, the
band in T. plicata (2) for the week of May 4™ is slightly thicker as well.

In Figure 11 and 12, the middle red box contains two bands: the upper one represents the
D2 protein and the lower one represents the D1 protein. In T. plicata (1), these bands are very
faint until the week of August 9™ where the bands show medium thickness. On September 14",
the bands are of maximal thickness. Then, in October, the bands disappear again. In T. plicata
(2), the thickness of the bands for the D1 and D2 proteins are relatively constant with a few
exceptions. The bands are absent on June 22". On July 13" and August 9", only the band for the
D2 protein is thicker than usual. On September 14™, the bands for the D1 and D2 proteins are the
thickest relative to the other weeks. Please note that the bands for D1 and D2 proteins in A.

rubrum and Q. rubra were not significant.

Discussion
Acer rubrum

The Red Maple, A. rubrum, showed relatively low rates of photosynthesis and transpiration

throughout the length of this study. These results directly contradicted my hypothesis.
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The chlorophyll levels in A. rubrum steadily increased until the end of September as shown
in Figure 5. A study by Sibley et al. showed a similar increase in chlorophyll content in A.
rubrum from May to September (1996). Because chlorophyll pigments are an integral
component of capturing sunlight, it would seem reasonable to expect an increased capacity for
photosynthesis. Yet, this is not what was seen in this study. To the best of my knowledge, there
no studies testing the reason behind low photosynthesis rates and high chlorophyll levels.

Furthermore, the relative abundance of RubisCO and LHC l1lb are equal to, if not slightly
greater than, the evergreen trees T. plicata (1) and (2). Having similar levels of these proteins
should mean that A. rubrum can support rates of photosynthesis that are like T. plicata. However,
a study by Salvucci and Crafts-Brandner showed that RubisCO can actually inhibit
photosynthesis in cotton plants when the temperature is above 30°C (2004). While the
temperature during this study did not pass 30°C (as shown in Figure 2), there is a possibility that
the RubisCO in A. rubrum is inhibitory at a lower temperature. To the best of my knowledge,
there are no studies as of yet that can give more information regarding the specific temperature.
This would explain the high levels of photosynthetic proteins and the contrasting low rates of
photosynthesis. Because the inhibition of RubisCO is reversible, it would also explain the slight
recovery of the photosynthetic rate in some weeks (Salvucci and Crafts-Brandner, 2004). On
another note, the absence of a RubisCO band in the last weeks can be explained by the
degradation of this highly abundant protein and then, redirecting the resulting nitrogen to new
and developing organs (Ono et al., 2013).

According to Figure 2, days like May 31% and August 29" should have produced the

highest levels of transpiration because transpiration rates increase when the temperature

increases and decrease when the relative humidity increases (Taiz et al., 2015). The absence of
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these expected results could be explained by water stress. Bauerle et al. showed that the level of
transpiration and the amount of soil moisture are positively correlated (2002). If A. rubrum were
water stressed, the stomata would stay closed to preserve water and thus, the transpiration rates
would be low. This is exactly what is shown in Figure 7. The transpiration rates in A. rubrum
were consistently low throughout this entire study. This suggests that there was a decrease in
capture of CO, and therefore, photosynthetic rates were negatively affected. The lack of stomata
aperture could explain why A. rubrum shows high levels of chlorophyll and photosynthetic
proteins but does not display the corresponding high photosynthetic rates.

Perhaps the most interesting change that occurred in A. rubrum during this study was the
lack of its’ characteristic red foliage. Figure 3 shows the very limited reddening that occurred in
the foliage. However, when most leaves abscised, they were yellow or brown. This is in stark
contrast to Anderson and Ryser’s study that showed A. rubrum began its’ colour change to red as
early as August and that by mid-September, most the foliage was a deep, red colour (2015). This
suggests that the physiological processes behind senescence were not functioning normally.
Another thing to consider is the presence of mechanical damage on the leaves as shown in Figure
4. A. rubrum could have been in a state of defense, synthesizing secondary metabolites or doing
RNA silencing (Taiz et al., 2015). This could have resulted in the abnormal colour change and/or
low photosynthetic rates. Nonetheless, the morphology of the A. rubrum tree suggests irregular
functioning.

Quercus rubra

The Red Oak, Q. rubra, showed similar photosynthesis and transpiration rates to A.

rubrum. However, because the rates were relatively low and showed no significant decline with

senescence, these results also contradicted my hypothesis.
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The chlorophyll levels (as shown in Figure 5) in Q. rubra increased steadily until late
July and began to decrease well into October. A similar study by Holland et al. showed that
many species in Quercus maintained chlorophyll levels relatively well before dropping
dramatically in late October and early November (2013). In my Q. rubra, there is a slight decline
in the chlorophyll levels before the dramatic drop due to senescence. This suggests that
chlorophyll degradation began to occur much earlier than the other Quercus species (Holland et
al., 2013).

During the summer, Q. rubra had photosynthesis rates of up to +20 pmol/m?s in the
Harvard Forest, Massachusetts (Hadley et al., 2007). The maximum rate reached by Q. rubra in
this study was only +6.325 pmol/m?/s and was during the spring. Another study showed a similar
rate of +20 umol/m?/s in non-stressed Q. rubra leaves but a rate of +8 umol/m?%/s when leaves
were under drought conditions (Weber and Gates, 1990). While the temperature was
considerable higher (30°C) and the photon density was 1000 umol/m?/s in this study, the
resulting photosynthetic rate in the drought treatment is surprisingly close to the results in this
study (Weber and Gates, 1990). This suggests that the photosynthetic rates in Q. rubra could be
due to water stress. In support of this, Figure 7 shows the consistently low transpiration rates in
Q. rubra. Furthermore, these rates match values given when a similar species, Quercus ilex, was
experiencing a seasonal drought (Sala and Tenhunen, 1996). Specifically, the values in Sala and
Tenhunen’s study showed transpiration rates between +0.0 and +1.0 mmol/m?/s when the leaves
were in shade and drought. The possibility of shade contributing to the low photosynthetic rates
could also be a factor because leaves taken for sampling during this experiment were taken from
the bottom branches. Then, like A. rubrum, the stomata in Q. rubra may not have opened under

water stress conditions to allow sufficient CO, capture for photosynthesis.
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Unlike A. rubrum however, the protein profiles for Q. rubra were astonishingly weak.
The bands for RubisCO were not even half of the maximal thickness seen in other trees in this
study. This suggests that the low levels of photosynthetic proteins are correlated to the low rates
of photosynthesis. Something to note is that despite the increased thickness on August 9", the
photosynthetic rate actually dropped from the week before. A study by Haldimann and Feller
tracked the effect of temperature on RubisCO’s activity and they found that RubisCO in Quercus
had maximal activity at 25°C and this produced the highest photosynthetic rates (2004). During
this study, the highest temperature seen was 23.5°C as shown in Figure 2 and this could suggest
that the low levels of photosynthesis seen were due to suboptimal temperatures and thus,
decreased functioning of RubisCO. The LHC llb showed faint and blurry bands, indicating low
amounts of the protein and possible degradation as well. The only bands that showed thickness
of the LHC IlIb protein did not display higher photosynthetic rates. The lack of a RubisCO band
in the last two weeks indicates degradation and relocation of the nitrogen in this enzyme to new
and developing organs in the plant body (Ono et al., 2013). This is to be expected during

senescence.

Furthermore, deciduous species (both Q. rubra and A. rubrum) tend to have more
stomatal sensitivity to soil drought because of their less elastic cell wall and increased
susceptibility to turgor loss than other species like evergreens (Eamus, 1999). It may be
interesting to note that both the A. rubrum and Q. rubra trees were in areas with heavily paved,
concrete pathways and buildings. The poor soil and drainage may have been a contributing factor

to the low photosynthesis and transpiration rates.
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Thuja plicata

The Western Red Cedar, Thuja plicata, showed relatively consistent rates for
photosynthesis and transpiration except for the dramatic peaks in both rates during July and
August. Thus, these results weakened my hypothesis because it did not account for any increases
in the rates.

Compared to Q. rubra and A. rubrum, T. plicata showed consistently higher
photosynthetic rates and consistently lower transpiration rates for much of the duration of this
study. Like my results, multiple other studies have suggested that deciduous species do not fare
as well as their evergreen counterparts (Goldstein et al., 1989; Eamus, 1999). Furthermore,
evergreen species, like T. plicata, have a much higher energetic cost to maintain their extensive
root systems and waxy, scleromorphic leaves (Eamus, 1999; Goldstein et al., 1989). Thus, to
support its morphology, evergreen trees must maintain their leaves and photosynthesize over a
longer time (Goldstein et al., 1989).

Other studies showed similar photosynthesis rates in T. plicata that ranged from +4.0 to
+7.0 umol/m?/s (Pepin et al., 2001; Grossnickle and Russell, 2009). However, T. plicata (2)
achieved a rate of +21.478 pmol/m?/s, which could be explained by high temperature (23.5°C)
and the low relative humidity (71%) on this date. Both variables favour a high transpiration rate
and as a matter of fact, this day has the highest transpiration rate in the whole study (Taiz et al.,
2015). This possibly allowed maximal CO, capture and thus, maximal carbon fixation. But,
interestingly, the day of the highest photosynthesis rate in T. plicata (1) and in the entire study,
the temperature was only 15.7°C and the relative humidity was 95%. These results suggest that
transpiration, which is linked to how long stomata are open, may not be the only factor in

determining photosynthetic rates. In fact, variations in photosynthetic rate occurred throughout
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the day and the highest rates are observed between 10 am to 12 pm (Goldstein et al., 1989).
Despite controlling for time, if the T. plicata samples were collected and analyzed slightly earlier
than the other weeks, it could explain the high peaks seen in July and August.

The low transpiration rates seen in T. plicata during this study are no surprise to scientific
literature. One study that measured the transpiration rates in T. plicata had values that ranged
from +0.4 to +0.6 mmol/m?/s (Pepin et al., 2001). The transpiration rates seen in my T. plicata
were predominately less than +0.5 mmol/m?/s. However, due to the strong suggestions of water
stress in A. rubrum and Q. rubra and the proximity of T. plicata, the lower transpiration rates
could be due to water stress as well. Nonetheless, the difference between the transpiration rates
in evergreen and deciduous species are not to due to differences in the structure of xylem (ie.
wider and more efficient vessels) but rather the relatively low leaf surface area to vascular tissue
ratio (Goldstein, 1989). This water transport efficiency in evergreens allows them to maintain
high stomatal conductance without turgor loss (Goldstein et al., 1989).

The protein levels for T. plicata (1) and T. plicata (2) are shown in Figure 11 and 12
respectively. The bands for RubisCO and the LHC I1lb are relatively constant through the
duration of this study. These results are consistent with the fact that evergreen trees maintain
their needle-like leaves all year round and thus, maintain their leaf function as well (Eamus,
1999; Goldstein et al., 1989). Furthermore, the relatively higher levels of these proteins than Q.
rubra can be a possible explanation for the significantly higher photosynthetic rates but do not
work for well in comparison with A. rubrum. These two species seem to have similar levels of
RubisCO and LHC I1lb although T. plicata surpasses A. rubrum’s photosynthesis rates. On
another note, an interesting pattern that was seen in T. plicata was the banding of the D1 and D2

proteins that make up the reaction core in PSII. There is a seemingly random pattern in their
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banding. On July 13" and August 9", only the D2 protein showed thickness and on June 22",
both bands seemed to disappear. A few studies have showed that there is degradation of the D1
protein (more than the D2 protein) under 800 umol/m?s of strong light and/or 1000 umol/m?/s
of photosynthetically active radiation (Liu, 2006; Babu et al., 1999). This may explain the strong
bands of only the D2 protein. To the best of my knowledge, no other studies have tracked the
changes in the D1 and D2 protein and this may be the first study to do so.

Concluding Notes

Overall, the photosynthetic rates observed in the deciduous species A. rubrum and Q.
rubra were lower than expected and the evergreen species, T. plicata, produced an expected peak
in its photosynthetic rates (Pepin et al., 2001; Grossnickle and Russell, 2009; Hadley et al., 2007;
Weber and Gates, 1990). While the aforementioned reasons are valid enough to explain these
results, here are two more.

Photoinhibition is the inhibition of PSII under strong light conditions (Taiz et al., 2015;
Murata et al., 2006). Because photosynthesis cannot occur without light, plants deal with
photoinhibition by rapidly and efficiently repairing PSII (Murata et al., 2006). Usually,
photoinhibition-causing light can range from 1000 to 2000 pmol/m?/s but these values depend on
the species (Niinemets and Kull, 2000; Kitao et al., 2000). It has also been shown that
photoinhibition at low temperatures can cause inactive, although intact PSII centers (Shipton and
Barber, 1993). Perhaps, the 250 umol/m?%/s of light used during analysis was enough to cause
photoinhibition in this study. To my knowledge, there are no studies confirming or denying that
this level of light intensity can cause photoinhibition. Another possibility is that the trees were

exposed to strong light before collection but because sun irradiances levels were not measured on
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the days of sample analysis, this is not something I can conclude with certainty. Nevertheless,
photoinhibition can cause extremely low photosynthetic rates.

Injury to plant tissue can cause a wide array of defensive mechanisms. For instance, cells
close to the wound can proliferate and excrete water impermeable substances like lignin and
suberin to seal off the wound (Rittinger et al., 1986; Delessert et al., 2003). The plant effectively
prevents water loss and indirectly prevents transpiration by inhibiting the pull of water upwards.
If a wound response caused waterproofing of the petiole when it was cut during this study, the
transpiration rates would be low and the resulting photosynthesis rates would also be affected.
Thus, the measurements calculated inside the C1-340 Handheld Photosynthesis Machine may not
be indicative of actual values.

If this study were to be repeated in the future, I would recommend taking photosynthesis
and transpiration rates when the leaves are still joined to the tree and/or measuring the light
intensity near the leaf before cutting it. Also, committing to a strict schedule of collection and

analysis would help to eliminate the difference in diurnal photosynthesis rates.
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Appendices

The figures and tables in this study have been split into the following: Experimental
Setup, Temperature and Relatively Humidity, Morphological Data, Chlorophyll Data,
Photosynthesis and Transpiration Data, Protein Analysis and Raw Data.

Appendix 1: Experimental Setup

Leaf Chamber i 0909090

CI-340 Handheld
Photosynthesis Machine

CL-01 Chlorophyll

Light Box Content System

Glass
Container

LI-COR Photometer

Dark Cloth

Figure 1. The experimental setup of the CI-340 Handheld Photosynthesis Machine, CL-01 Chlorophyll Content
System and LI-COR Photometer is shown above. Please note that the glass container and the light box are normally
positioned directly in front of the leaf chamber but are arranged differently here to effectively show the setup.
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Appendix 2: Temperature and Relative Humidity

Temperature and Relative Humidity in Vancouver from
May to November 2016
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Figure 2. The average temperature (blue line) and relative humidity (red line) on the day of collection and analysis
in this study are shown above. The location was the campus of the University of British Columbia, Vancouver.
Samples were collected between 11:00am and 12:00pm and then, were analyzed from 12:00pm to 2:00pm.
(Environment Canada, 2016)
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Appendix 3: Morphological Data

Table 1. The leaves of the four trees, Quercus rubra, Acer rubrum and Thuja plicata, are shown
in the following table. Boxes with “NO IMAGE” indicate missing/unavailable pictures of the
sample. The note “NO MORE LEAVES” indicate the point at which the leaves of the tree had

fully senescenced and abscised and thus, were unable to be collected and analyzed. Please note
that the pictures are not scaled to size.

Date

Quercus rubra

Acer rubrum

Thuja plicata (2)

oy ¥, 2ok

Thuja plicata (1)

Cedr

NO IMAGE

31-
May

NO IMAGE

v
Y
¥
¢

NO IMAGE

NO IMAGE

28




14-
Jun

22-
Jun

29-
Jun

06-
Jul

13-
Jul

29



30




Oct

19-
Oct

31




26-

Oct
NO MORE
LEAVES
02-
Nov
NO MORE
LEAVES
09-
Nov
NO MORE NO MORE LEAVES
LEAVES
15-
Nov

32




Table 2. Quercus rubra, Acer rubrum and Thuja plicata trees, from May to November 2016, are shown in the following table. Please
note that one representative sample set is shown for each month until the month of September 2016, after which each week’s sample

set is shown to demonstrate the morphological changes of senescence.

Date

Quercus rubra

Acer rubrum

Thuja plicata (1)

Thuja plicata (2)
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_ “JRREE
Figure 3. The above picture shows a portion of the Acer
rubrum tree on October 19, 2016. The leaves at the edge
have turned red while the rest of the foliage is a mix of
yellow and green leaves.

Figure 4. The leaves above belong to the Acer rubrum
tree on July 27, 2016. There is significant damage to the
leaves but the cause of this damage is unknown. While
this image only shows a few leaves, the damage was
evident on leaves throughout the entire foliage.
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Appendix 4: Chlorophyll Levels
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Figure 5. The average chlorophyll measurements for Quercus rubra and Acer rubrum are shown above. The
machine used was the Hansatech CL-01 Chlorophyll Content System. Each average is a collection of three
measurements from each of the two leaf samples on the day of collection and analysis. Thuja plicata samples were
not included.
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Appendix 5: Photosynthesis and Transpiration Data

Average Net Photosynthesis Rate (umol/m?/s)
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Average Photosynthetic Rates of Quercus rubra, Acer rubrum and Thuja plicata trees
from May to November 2016
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Figure 6. The average photosynthetic rates of the leaves of Quercus rubra, Acer rubrum and Thuja Plicata trees are shown above. Two leaves were taken from
each tree and the average reflects both leaves. The asterisk (*) on the samples from July 13, 2016 to August 9, 2016 is to indicate technical issues with the CI-340
machine and the deciduous samples only. These results may not be indicative of actual values. The error bars represent one standard deviation from the mean.
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Average Transpiration Rates of Quercus rubra, Acer rubrum and Thuja plicata trees
from May to November 2016
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Figure 7. The average transpiration rates of the leaves of Quercus rubra, Acer rubrum and Thuja Plicata trees are shown above. Transpiration was measured
during the light condition only. Two leaves were taken from each tree and the average reflects both leaves. The asterisk (*) on the samples from July 13, 2016 to
August 9, 2016 is to indicate technical issues with the CI-340 machine and the deciduous samples only. These results may not be indicative of actual values. The
error bars represent one standard deviation from the mean.
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Appendix 6: Protein Analysis

Protein Standard Curve
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Figure 8. The protein standard curve for the protein standards used in the SDS-PAGE gel for A. rubrum, Q. rubra
and T. plicata is shown above.

SDS-PAGE Gel of the Leaves of Acer rubrum from May to Nvember 2016

Figure 9. An image of the SDS-PAGE gel that was conducted on Acer rubrum leaves during various weeks from
May to November 2016. Lane 1 shows protein standards (7 pL) while lanes 2-10 show 12 pL leaf protein samples.
The corresponding weeks have been labeled above each lane. The top red box represents the protein bands for
RubisCO (Large subunit, 50 KDa) and the bottom red box represents the Light Harvesting Complex I1b (LHCIIb,
25-28 KDa).
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SDS-PAGE Gel of the Leaves of Quercus ru_‘l:l[a from May to November 2016
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Figure 10. An image of the SDS-PAGE gel that was conducted on Quercus rubra leaves during various weeks from
May to November 2016. Lane 1 shows protein standards (7 uL) while lanes 2-10 show 12 uL leaf protein samples.
The corresponding weeks have been labeled above each lane. The top red box represents the protein bands for
RubisCO (Large subunit, 50 KDa) and the bottom red box represents the Light Harvesting Complex I1b (LHCIIb,
25-28 KDa).

Figure 11. An image of the SDS-PAGE gel that was conducted on Thuja plicata (1) leaves during various weeks
from May to November 2016. Lane 1 shows protein standards (7 pL) while lanes 2-10 show 12 pL leaf protein
samples. The corresponding weeks have been labeled above each lane. The top red box represents the protein bands
for RubisCO (Large subunit, 50 KDa). The middle box represents the two bands for D1 (BOTTOM) and D2 (TOP)
proteins (Subunits of Photosystem Il core complex, 32 and 34 KDa respectively). The bottom red box represents the
Light Harvesting Complex I1b (LHCIIb, 25-28 KDa).
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SDS-PAGE Gel of the Leaves of Thuja plicata (2) from May to November 2016
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Figure 12. An image of the SDS-PAGE gel that was conducted on Thuja plicata (2) leaves during various weeks
from May to November 2016. Lane 1 shows protein standards (7 pL) while lanes 2-10 show 12 pL leaf protein
samples. The corresponding weeks have been labeled above each lane. The top red box represents the protein bands
for RubisCO (Large subunit, 50 KDa). The middle box represents the two bands for D1 (BOTTOM) and D2 (TOP)
proteins (Subunits of Photosystem 1 core complex, 32 and 34 KDa respectively). The bottom red box represents the

Light Harvesting Complex IIb (LHCIIb, 25-28 KDa).
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Appendix 7: Raw Data

With over 200 samples, the data from the C1-340 Handheld Photosynthesis Machine was too lengthy to be included in this
paper. An example of the raw data is shown in Table 3 for one of the two Q. rubra leaves on May 11, 2016.

Original name:
Z15
ope
n/cl | Delta | Delta
area |V | sd T C
111 0 1 0 0
int
ern .
al | Flo CO2 | H20 | H20 RH | RH int_
# T | W P PAR | Tair | Tleaf | CO2in | out in out | W Pn E C in out CO, Flo | VPD
um | mm
mol | ol/ ol/ mmol
° 1/mi umol/ Im™ | m"2 | m™2 | /Im"2/
C|n kPa m”"2/s | °C | °C ppm | ppm | kPa |kPa |2/s |/s /s S % % ppm kPa
32 100.6 25.
113 9| 0.3 5 244 4 26.4 | 498.1 | 4866 | 1.1 (186 |0.18 | 2.13 | 1.42 | 91.69 | 33.8 57.1 460 0 1.6
32 100.6 25.
114 | 9| 0.3 5| 246.5 4 26.7 494 | 4823|109 |173|0.18|215|1.19| 68.37 | 335 53.1 | 442.6 0 1.79
100.6 25.
115 33| 0.3 5| 248.4 4 26.6 | 4973 | 480.8 | 109 | 1.7|0.18 | 3.06 | 1.14 64.9 | 33.3 52.1 | 4205 0 1.81
100.6 25.
116 | 33| 0.3 4| 2494 4 26.5| 500.1 | 4718|109 | 1.7|0.18 |5.21| 1.15| 66.77 | 33.3 52.2 | 372.7 0 1.77
100.6 25.
117 | 33| 0.3 5| 247.2 5 26.4 | 509.2 | 480.7 | 1.09 | 1.74 | 0.18 | 5.26 | 1.22 | 73.18 | 33.2 53.2 | 391.7 0 1.71

Table 3. The raw data for Q. rubra on May 11, 2016 is shown above as an example.
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