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ABSTRACT 

Aspen (Populus tremuloides) is the most widely distributed broadleaf forest tree in North 

America. However, aspen are declining rapidly in areas of the Intermountain West. Aspen in this 

area are prone to experiencing limited moisture and high temperatures. An important aspect of 

plant physiology when dealing with these stressors is stomatal function. Stomata control the rate 

of photosynthesis, therefore, the size and frequency of the stomata is likely to influence the 

survival of the species in this environment. 

An unusual feature of aspen is the high frequency of triploidy in the southern portion of 

its range. Stomata! size and density differences between cytotypes have not been assessed in 

aspen. The purpose of this study is to evaluate the differences in stomatal length and density 

between diploid and triploid aspen in Utah. If stomatal differences are pronounced between 

cytotypes, this could be the basis of a rapid field-based test to distinguish cytotypes without 

laboratory analyses. To test this, I collected leaves from independent clones in Logan Canyon 

and Fishlake National Forest in the summers of 2013, 2014, and 2015. Using cellulose acetate 

impressions of the underside of the leaves, I measured the stomatal size and frequency. The 

results indicated that triploid aspen have larger and fewer stomata than their diploid counterparts 

which may influence the ploidy response to drought conditions. Understanding the complexities 

of the different aspen ploidy levels is essential in future forest management and predicting future 

vegetation changes in a changing climate. 
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INTRODUCTION 

Quaking aspen (Populus tremuloides) is the most widely distributed broadleaf forest tree 

in North America (Little 1971, Jones and DeByle 1985, Perala 1990, Peet 2000). Throughout its 

range, aspen are regenerated vegetatively or sexually, depending largely on environmental 

conditions (Barnes 1966, Schier 1973, Kemperman and Barnes 1976). In xeric landscapes, 

seedling establishment may be uncommon and episodic, and vegetative reproduction can 

dominate, resulting in large clones (Barnes 1966). 
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Despite the ability to persist vegetatively, aspen are declining rapidly in some areas of the 

Intermountain West (Bartos and Campbell 1998, Bartos 2001, Shepperd et al. 2006, Rehfeldt et 

al. 2009, Worrall et. al 2010). There are many causes of aspen decline, including fire suppression 

(reducing regeneration by suckering), over-browsing by ungulates, and climate change (Kay 

1997, Hanna and Kulakowski 2012). Much of this mortality is described as Sudden Aspen 

Decline (SAD), and is associated with drought and temperature stress (Allen et al. 2010). With 

increasingly severe drought conditions predicted for many areas of western North America 

(Seager et al. 2007), there is a critical need for improved understanding of the mechanisms of 

drought sensitivity and resistance in aspen. 

In the southern portion of its range where drought stress is common (Worrall et al. 2008, 

Anderegg et al. 2012), there is a high frequency of triploid aspen (Mock et al. 2012). Triploidy is 

the state of having three copies of each chromosome, and occurs when unreduced gametes are 

fertilized (Harlan and deWet 1975). The presence of three or more copies of the genome is 

common in plants, and can have a range of physiological and morphological effects, including 

traits that influence drought tolerance (Levin 1983). The reasons for elevated triploidy in the 

southern range of aspen is not well understood (Mock et al. 2012), but may include past selection 
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for growth rates (De Rose et al. 2015) and/or drought tolerance. Physiological and structural 

differences between diploid and triploid aspen, including drought tolerance differences, have 

never been directly investigated. Two traits which may vary with ploidy level are stomatal size 

and density. Because genome size is correlated with nuclear volume and cell volume, polyploid 

cells are often significantly larger than diploid cells (Mowforth and Grime 1989, Kudo and 

Kimura 2002). Previous research has also shown a positive correlation between genome size and 

stomatal size and a negative correlation with stomatal density (Beaulieu et al 2008, Hodgson et. 

al 2010), suggesting that stomatal size is inversely related to stomatal density. 

Increased stomatal sizes or densities in triploid aspen, if present, may in turn influence 

drought tolerance due to their roles in gas exchange and water loss (Hetherington and Woodward 

2003). Several studies have indicated a positive correlation between drought tolerance and 

stomatal size and density among species. Aasamaa et al (2001) demonstrated a clear, negative 

relationship between stomatal length and sensitivity to drought in six deciduous temperate trees 

(Acer plantanoides L., Tila cordata Mill, Padus avium Mill, Quercus robur L., Salix caprea L., 

and Populus tremula L.). The six species were grown in a greenhouse and exposed to three 

different growth conditions: nitrogen fertilization, water-stressed, and a control. The results 

indicated that species with larger stomata experienced slower stomatal closure rates and 

increased water loss when exposed to water-stressed conditions. Similarly, Carpenter and Smith 

(1975) assessed stomatal size and density in Appalachian hardwoods and found that between 

groups of similar species, trees growing on dry sites have smaller stomata and greater stomata! 

density, suggesting that smaller and denser stomata are more suited for droughty environments. 

Pearce et al (2005) investigated three species of poplars native to southern Alberta, Canada 

including: Populus deltoides Bartr. Ex Marsh common in warm and dry prairie regions, P. 



balsamifera L. common in cooler and wetter mountainous regions, and P. angustifolia James 

which is occurs in grassland regions. The results showed that (1) stomata! length and density 

differed among genotypes within a species but that mean stomata! length and density did not 

differ among species and (2) diverse genotypes of the Poplar species growing in semi-arid 

environments had small and dense stomata, consistent with observations in other species groups 
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(Pearce et al 2005, Dunlap and Stettler 2001). In spring wheat (Trisetum aestivum), Baloch 

(2013) showed that relative water content (an indicator of water stress; Merah (2001)) was lower 

with larger stomata! size and the yield was reduced in cultivars with large stomata grown under 

drought stressed conditions. Variation in stomata! size and density has also been studied to a 

limited extent within other species, but is often confounded with ploidy level variation, which 

may have other independent effects on drought tolerance. In Betula papyrifera, for example, 

pentaploid (Sn) and hexaploids (6n) had greater guard cell length and lower stomata! density, 

suggesting that diploids were more sensitive to water-deficits and polyploids were more drought 

tolerant (Li et. al 1996). Pallardy and Kozlowski (1979) tested 21 Populus clones representing 11 

species and hybrids and Ceulemans et al. tested 10 Populus clones representing 4 species and 

hybrids, both finding that stomata! characteristics are highly variable among genotypes. Li and 

Wang (2003) grew three populations of Eucalyptus microtheca from different habitats in well-

watered, moderately water-stressed, and extremely water-stressed environments. There were 

significant differences in drought response between the three populations demonstrating that 

different populations exhibit different survival mechanisms and drought-response characteristics 

. 
between populations E. microtheca. Additionally, differences in drought tolerance has also been 

recmded in subspecies of Artemisia tridentata (spp. Wyomingensis and spp. vaseyana) 

indicating that within a species, there are different responses to drought (Kolb and Sperry 1999). 
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Save et al (2000) assessed water relations in Lotus creticus creticus and L. certicus cystoides and 

demonstrated clear differences in stomatal density, leaf water potential, and leaf surface water 

retention between the two subspecies. Previous studies have shown that stomatal density 

increases with water stress in the studied species (Yang and Wang 2001, Zhang et. al 2006). 

However, the results of a study by Xu and Zhou (2008) with a perennial grass, Leymus cinerus, 

showed that stomatal density increased with increasing water stress but stomatal size decreased 

with water stress, implying that more and smaller stomata may be beneficial in water-stressed 

environments. Another study indicates differences in guard cell size and stomatal densities 

between subspecies of Phragmites australis, where the native subspecies has larger guard cells 

and lower stomatal density (Saltonstall et al 2007). The relationships between stomatal 

characteristics such as stomatal size and density have not been assessed in aspen clones or 

cytotypes, nor has the relationship between stomatal characteristics and drought tolerance. 

In general, smaller stomata are thought to be able to open and close more quickly, 

allowing maximization of gas exchange during favorable but rapidly changing conditions, and 

are associated with higher densities (Drake et al 2013, Aasamaa et. al 2001 ). Individuals with 

larger stomata may be capable of efficient photosynthesis (Parkhurst 1994), but may also be at 

risk of water loss during transpiration in environments with low precipitation and hot 

temperatures (Baloch 2013). Larger stomata also increased transpiration rates (Baloch 2013). 

The ability for small stomata to close more rapidly benefits individuals with small, dense stomata 

during drought conditions (Aasamma et al 2001). Additionally, greater stomatal density, 

correlated with smaller stomatal size, may increase the efficiency of photosynthesis by allowing 

more surface area for gas exchange (Parkhurst 1994 ). However, previous studies have 

demonstrated that the studied polyploid organisms are more likely to be found in and to survive 



in arid environments (Smith 1946, Li et. al 1996) and diploids are more sensitive to drought 

conditions (Lewis 1980, Lumaret et al. 1987). However, the presence of smaller and denser 

stomata shown to be associated with diploids (Li et al) has been hypothesized to be a beneficial 

combination for drought tolerance (Baloch 2013, Aasamaa et al. 2001, Pearce et al 2005, 

Carpenter and Smith 1975). 

The difference in stomata! size and density in aspen ploidy levels has not been assessed. 
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We hypothesized that 1) triploids will have significantly larger stomata with lower density and 2) 

diploids will have smaller stomata at greater density. If our results support these hypotheses, then 

these differences may also be indicators of drought susceptibility differences between cytotypes. 

Further, if stomata! size differences are pronounced between cytotypes, this could be the basis of 

a field-based diagnostic for ploidy level. A similar field-based technique has been previously 

demonstrated in Actinidia delicosa (Przywara et al 1988) and Acacia mearnsii (Beck et al 2003). 

Similarly, Sari et al (1999) demonstrated in Citrullus lanatus that stomata! size measurement is 

an effective way to distinguish haplotypes from diploids in the field and is not prohibitively labor 

intensive compared to chromosome counting, and flow cytometry. 

METHODS 

FIELD METHODS 

In the summers of 2013, 2014, and 2015 we collected five leaves from single aspen trees 

within 44 discrete stands (29 diploid and 15 triploid) in Logan Canyon (northern Utah) and Fish 

Lake ( central Utah) (Figure 1 ). Sample trees were chosen at intervals greater than 1 km to 

increase the probability of sampling from a variety of discrete clones. Leaves were collected 

prior to fall senescence. From each tree, leaves were sampled haphazardly from throughout the 

canopy. All sampled trees were approximately 2 meters tall. We coated the abaxial surface of the 



leaf with clear nail polish ( cellulose acetate), creating an imprint of the stomata, which was then 

carefully peeled from the leave and placed on a microscope slide, as described by Long and 

Clements (1943) and Payne (1970). 

STOMA T AL MEASUREMENTS 
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The stomata! imprints were viewed using a Leica DMLB light microscope and the 

images captured and measured using a ToupView digital camera and associated software. We 

measured the guard cell length across the leaf imprint area in random fields of view (Figure 2). 

Following Beaulieu et al. (2008), we measured guard cell length as opposed to guard cell areas 

to provide a more stable correlate of stomata! size. When stomata are open or closed, the width 

of the cell can change but the length_ remains the same. The guard cell lengths were measured in 

pixels at 400x. Using a calibration slide, the pixel values were converted into micrometers (at 

40x, 1187.12px=0.0lmm). Five stomata! density measurements were made for each leaf imprint 

in random fields of view, avoiding obvious veins and obstructions by counting the number of 

stomata in the field of view (Figure 3). All the stomata in the frame were counted at l0x 

magnification. To assess the precision of the measurements, the same observer measured all 

images, and for four samples the observer re-measured the same slide five times over the period 

of four days to ensure replicability. These replicated measurements of individual leaves were 

generally consistent (CV<l, Table 1). 

CYTOTYPE DETERMINATION 

To determine the cytotype, two leaves were collected from one tree in each clone and 

preserved using silica desiccant. Dried leaves were analyzed using flow cytometry to confirm the 



cytotype by determining the amount of DNA in the cells of the leaves (following Mock et al. 

2012). 

ST A TIS TI CAL ANALYSES 
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The statistical tests were computed in R v. 3.2.5. Using the lmerTest package, a nested 

ANOV A was used to compare the stomatal length and density between triploid and diploid aspen 

and to account for multiple levels of variation (within trees, within clones and within ploidy) and 

to determine if there is a significant difference in stomata! length and density between diploid 

and triploid aspen. Separate ANOV As were used to assess length and density. 

RESULTS 

Stomata! length ranged from 15.3-45.2 micrometers in diploids and 19.0-53.1 

micrometers in triploids. The density measurements ranged from 14-59 in diploids and 13-34 in 

triploids (Figure 4). The triploid aspen had larger and fewer stomata than the diploid aspen 

(Figure 5). Triploid stomata are 16% larger; however, there are 24% more stomata in diploid 

aspen. The length oftriploid aspen (31.820 µm, n=12) averaged 4.481 micrometers longer than 

the diploid aspen (27.339 µm, n=43) (nested ANOVA, F= 18.903, p < 0.001). The density of the 

triploid aspen (23.19, n=12) averaged 5.550 stomata fewer than the diploid aspen (28.74, n=43) 

(nested ANOVA, F=9,535, p<0.001) (Table 2). 

The stomata! length varied by clone, as shown in previous studies assessing stomata! 

characteristics in poplars (Pallardy and Kozlowski 1979, Ceuleman et al. 1984). However, the 

clonal effects did not negate the significance of the length difference between the ploidies. 
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DISCUSSION 

The differences in stomatal size and density are important features to determine how a 

plant responds to drought. Triploid aspen have significantly larger stomata than diploid aspen, 

indicating that they may be more efficient photosynthesizers due to the greater surface area for 

gas exchange (Parkhurst 1994); alternatively, greater surface area increases the transpiration rate 

and may result in higher drought susceptibility (Baloch 2013). However, similar conclusions can 

be made regarding the stomatal density of the two aspen ploidies. Diploids have a greater 

stomatal density than triploid aspen, again providing a greater surface area for both gas exchange 

and photosynthesis (Parkhurst 1994). More research needs to be done to assess the differences in 

water loss and gas exchange between stomatal length and stomatal density in aspen. 

During the field collection, more diploid stands were analyzed through the haphazard 

sampling method suggesting that diploids are more common on the landscape. This may be 

evidence that diploids are more adaptable to this environment, perhaps due differences in 

drought response and stomatal function compared to triploid aspen. 

More and smaller stomata may be beneficial in water-stressed environments (Xu and 

Zhou 2008). Another plausible explanation is simply that triploids are a relatively new 

evolutionary phenomena and have not yet established to the extent of diploids. Mock et al (2012) 

determined that the highest proportion of triploidy occurs west of the continental divide, south of 

the last glacial maximum and is particularly high in southern Utah and western Colorado. The 

majority of the ramets sampled in this study occurred west of the continental divide in northern 

Utah. Both clones were found on similar sites with similar environmental stressors, however 

diploids are more common across the landscape. Although research on other Claytonia perfoliata 

demonstrated that diploid and tetraploids occupy a separate niche, though the cytotypes 



responded similarly to environmental variation (McIntyre 2012). Such niche differentiation has 

not been observed in aspen, though triploidy is more common in the southwestern portion of the 

range (Mock et al 2012). 

9 

The difference in drought tolerance between the triploid and diploid aspen is particularly 

important in terms of forest management and restoration. Landhausser et al (2009) predicts that 

the as the current environment will continue to get warmer and drier, and current management 

practices continue to expose mineral soil substrates, the range of aspen will move to higher 

elevations where it is cooler and moister. We are currently undergoing a period deemed Sudden 

Aspen Decline (SAD), which has been attributed to drought conditions and a changing climate 

(Allen et al 2010). However, response of ploidies to the changing conditions may be related to 

the massive die-offs, and have not yet been assessed. If there is one ploidy susceptible to climate­

change type drought, then determining the scope of the ploidy and the restoration potential may 

help reduce the range of SAD and aid in the restoration of aspen forests. Triploid clones are 

significantly larger than diploid clones (Mock et al 2012), and may be pivotal in the 

understanding of these die-offs, particularly if the cytotype is more susceptible to drought stress. 

However, Li et al 1996, determined that in Betula papyrifera, tetraploids and hexaploids are 

more commonly found in xeric environments. Triploid aspen are found in warmer environments 

in the southwestern portion of the range (Mock et al 2012) and may be adapted to the warmer 

and drier conditions. Although, these areas are expected to get warmer and drier, which may 

surpass a threshold in the effectiveness of stomata! response. 

As the climate warms and changes, the ploidy response to drought should be monitored. 

We might expect diploid aspen stands to be dominant across the landscape due to their current 

dominance and the prevailing thought that smaller and denser stomata are more beneficial in arid 
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environments (Xu and Zhou 2008, Drake et al 2003, Aasaama et al 2001, Baloch 2013, Spence 

et. al 1986). To restore and manage the current aspen forests, managers should consider using the 

more drought tolerant ploidy for seeding and plantings; this may increase the effectiveness of 

aspen restoration projects. Current aspen management and restoration practices include but is not 

limited to and depending on site specificities: clearcutting, burning, selective cuts, and 

exclosures (O'Brian et al 2010, Shirley and Erickson 2001) 

However, determining the stomatal differences would be a time consuming and possibly 

inaccurate test in the field to determine ploidy due to the small differences in stomatal size and 

density. There is a wide range of both length (15.37- 53.12 µm) and density (13 - 59 stomata) 

between both ploidies, and a strong correlation to clone. However, other studies, not taking into 

account field identification of ploidy, support stomatal differences as a valid test to determine the 

cytotype (Przywara et al 1988, Sari et al 1999, Beck et al 2003). More testing is needed with 

field microscopes to determine the true effectiveness of this test outside of a laboratory setting. 

In order to expand this research, we must begin correlating the stomatal size and density 

to actual stomatal conductance and water loss/retainment in aspen. We must understand the 

relationship to the physiological mechanisms to fully understand the scope of the stomatal size 

and density differences. 
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TABLES AND FIGURES 

Table 1: The results from replicated leaf samples for (a) length and (b) density. The same stomata was measured for each 
sample and the density was determined for the same section of leaf over a period of four days. The coefficient of variance (CV} 
indicates little variation between the measurements. 

(a) Stomata) Length 

1 2 3 4 5 
9/2/2015 33.604 27.438 24.486 35.736 27.161 
9/3/2015 34.150 27.353 24.946 35.554 26.208 
9/4/2015 32.974 27.494 24.312 36.583 26.218 
9/8/2015 33.153 27.488 24.232 36.575 25.971 

CV 0.206 0.00317 0.0764 0.222 0.208 

(b) Stomata) Density 

1 2 3 4 5 
9/2/2015 23 25 26 24 30 
9/3/2015 24 25 25 23 28 
9/4/2015 23 26 24 25 30 
9/8/2015 25 24 26 23 29 

CV 0.6875 0.5 0.6875 0.6875 0.6875 

Table 2: Summary statistics of (a) stomata/ length and (b} stomata/ density. 

(a) Stomata) Length 

Ploidy Mean SE Lower CI Upper CI p-value 
Diploid 27.339 0.604 26.1 28.6 <0.0001 
Triploid 31.886 0.840 30.2 33.6 <0.0001 

(b) Stomata) Density 

Mean SE Lower CI Upper CI p-value 
28.74 1.06 26.6 30.9 <0.0001 
23.19 1.45 20.3 26.1 <0.0001 



Figure 1: A map of all the sites from the 2014 ond 2015 collections in Logan Canyon. Blue circles represent diploid clones. Red 
circles represent trip/aid clones. 

12 
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Figure 2: An example of a stomata/ length measurement in pixels which was later converted into micrometers. The image was 
taken with a ToupView microscope camera at 400x magnification. 

Figure 3: An example of a stomata/ density measurement from a picture taken with a ToupView Camera at lOx magnification .. 
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(a) Stomatal Length 
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Figure 5: (a) Stomata/ length in micrometers. The mean of trip/aids is larger than the mean of the diploids. {b} Stomata/ 
frequency, the mean number of stomata per field of view at lOx is larger in diploids than in trip/aids. There is a considerable 
spread for both measurements (length and frequency), although the means are significantly different for both length (p<0.0001} 
and density (p<0.001}. 
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REFLECTION 

When I entered USU as an Undergraduate Research Fellow I didn't know how to do research 

or that undergraduates could do more than just go to class. l didn't know what a thesis entailed but I 

knew it was daunting. I got some experience lab hopping my freshman year and started on this 

project in the fall of my sophomore year. I responded to a posting by Dr. Mock asking for someone 

with an interest in genetics and aspen to help with a new idea she had, a new idea she didn't even 

know would work. 

The first few weeks of the project were spent in the Natural Resources parking lot spraying 

aspen leaves with Shellac and wood finish and painting them with nail polish to determine which 

substance produced the best "peel" of the underside of the leaf. I received many strange looks from 

the proprietors of the parking lot with a couple complaints about the fumes being blown by the wind. 

Once this was established we collected leaves from the field and I walked around the woods with 

wet, nail polish soaked aspen leaves for hours. This project was the brainchild of my mentor, but she 

is a geneticist and I was an undergrad, neither of us were well versed in the next steps. We would 

determine the ploidy of the leaves using flow cytometry, that part was simple. Then I had to figure 

out how to peel off the nail polish, make microscope slides that are preserved and don't degrade the 

leaf peel, and somehow figure out how to measure the stomata) size and density under the 

microscope when my microscope use was limited to the lab in BIOL 1620. 

It was at this point when I finally realized, that unlike my previous high school science 

classes, where the labs are structured and the lab results are pre-determined, actual research is 

uncertain and there is no one who knows what the results should be. Despite the social hierarchy of 

professor to student, research is the great equalizer. 

Over the next couple years I spent hours in the lab measuring and counting stomata, and in 

the summer, going out to collect some more. I reveled in the independence of the project and the idea 



that the work I am doing, the work that may seem tedious, will make an impact on the field and 

further research. 
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Once the leaves were collected in the field, I thought the difficult part was over however, the 

process of measuring and counting the stomata took months. I would sit in the lab during breaks 

between classes and on the weekends, starting at the images so much so that I began dreaming about 

stomata. My estimate is that I counted about 7,000 stomata for the density measurements. 

As the project progressed and I began analyzing the data I learned how unprepared I was in 

regards to statistical analyses. I had limited knowledge of Rand regretted not paying attention in my 

Friday afternoon Stats class freshman year. I spent countless frustrating hours reading R forums 

on line and trying different lines of code until I could produce an adequate graph. 

When I began the project as a sophomore I knew very little about how to design an 

experiment. As I wrote this thesis, I constantly thought back to those early days and what I would 

have done differently. I) I would have started with a randomized AN OVA design instead of just 

driving down the road and picking leaves off of the trees and 2) I would have collected additional 

data about the soil and light conditions and stomata! conductance. However, I appreciate my mentor 

giving me the reins and essentially allowing me to design my own experiment. Learning from my 

mistakes as an experimental designer has made me a better scientist and better at critiquing other 

study designs, something I don't know I would have learned if the project was handed to me pre­

designed. This project reinforced my convictions that I am in the right field. As I was writing the 

literature review, I was constantly distracted by other papers that popped up during my literature 

search. I fueled my passion for my field and got a better idea about what I would want to study late 

down the road in graduate school. 

The most rewarding aspect of this project has been the numerous opportunities I have had to 

present my findings. This project has taken me to conferences in Kentucky, Washington, California, 



Texas, and across the state of Utah with audiences ranging from undergraduate students to 

professionals in the field. Entering college, I was very timid and terrified of public speaking but 

throughout the duration of this project I have learned that when I am passionate and knowledgeable 

about a subject (i.e. aspen), I can easily speak on it with little to no nerves. 
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To students who are just beginning this process, my biggest piece of advice is do NOT 

procrastinate and give our mentor ample time to edit each draft. However, on the other side, accept 

the fact that you will procrastinate. This time last year I told myselfl would write my thesis in the 

summer before the start of my last year. I had the data, I had the drive and it didn't seem that 

daunting. Alas, that did not happen. Nor did it happen within the first semester. In fact the first draft 

of the introduction wasn't complete until February and the first draft the entire paper was not 

completed until the middle of April. But I was anticipating the procrastination and with a dedicated 

mentor and lots of hard work and just a couple panic attacks, the thesis is complete. It is the longest 

cohesive piece of writing I have ever written and represents a culmination of data and analyses I have 

been working on for almost three years. It is a daunting and terrifying task, but in the end, at the very 

end, I think it was worth it. 

I would like to leave you with a poem: 

Terrifying yet 

Hopeful of publication, an 

Enigmatic 

Synthesis of my undergrad 

Involvement in 

Scientific research. 
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