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ABSTRACT 

Oaks (Quercus spp.) are noted for their sexual infidelity, and naturally occurring hybrids 

are common wherever two interfertile species occupy the same range. This tendency to hybridize 

is a useful trait that can be utilized to breed oaks with desirable landscape characteristics such as 

attractive fall color, tolerance to site conditions, and hybrid vigor. An ongoing research project of 

Cornell's Urban Horticulture Institute (UHI) involves the selection, evaluation, and propagation of 

superior plants for urban environments. With this mind, the UHI has developed approximately 350 

genotypes of hybrid oaks, consisting of approximately 55 unique crosses of over 40 diverse parent 

species. These developed hybrids have the promise of increased vigor and better adaptation to 

urban stresses such as alkaline soil, flooding, drought, and pests. During 2004-2006, these hybrids 

were created using seven hardy maternal species and pollen from numerous species native across 

the United States, Mexico, Europe, and Asia. The developed genotypes were planted out with the 

intent to propagate, evaluate, and select superior oaks for urban landscapes. The ultimate goal of 

this long-term project is to introduce superior hybrid oak selections into the nursery trade. For my 

MPS degree, I have contributed to this project by focusing on two experiments that will help screen 

the developed genotypes for the individuals that possess key desirable characteristics. 

 

Evaluation of hybrid oaks for propagability  

One goal of this project is to identify the oak hybrids that will propagate readily. Until 

recently, relatively few selections of oaks have been made due to the difficulty involved in 

asexually propagating members of this genus by conventional methods, such as budding or 

grafting. Recently, a propagation technique that incorporates juvenile shoots, etiolation, and 

treatment with indolebutyric acid (IBA) has shown promise in the asexual propagation of Quercus 



 

 

species. Using this method, the hybrid oaks have been clonally propagated during the 2009, 2010, 

2011, and 2012 growing seasons. Each year, data has been collected on how many rooted shoots 

are produced from each stock plant. This data was analyzed to identify the genotypes that 

propagate most readily and to provide insight into which parent species consistently yield hybrid 

progeny that are readily propagated. Analysis of the data suggests that significant differences in 

propagability exist as an effect of the parent species involved in each cross.  

 

Evaluation of hybrid oaks for tolerance to alkaline soils 

Alkaline soils are common in urban landscapes, and tolerance to them is one of the key 

desirable traits for this project. Utilizing the rooted shoots harvested from stock plants during the 

2012 growing season, an experiment was conducted looking at the hybrid oak genotypes’ 

performance while growing in a high pH medium. Replicates were planted in pH6.0 and pH8.0 

media, and grown in a greenhouse for two growing seasons. Using a SPAD chlorophyll meter, leaf 

chlorosis was regularly recorded for each plant. The different genotypes displayed differing 

severities of leaf chlorosis while growing in the alkaline medium: some plants maintained healthy 

green leaves while others developed highly chlorotic cream-colored leaves. The addition of 

chelated iron to several severely chlorotic plants and the observed greening of the leaves confirms 

that the chlorosis is due to an iron deficiency— a result of this nutrient being less available in 

alkaline soils and soilless growing media. Analysis of the data suggests that hybrids that are the 

progeny of certain parent species perform significantly better than others do in alkaline soils. 
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CHAPTER 1 

CLONAL PROPAGATION OF OAK HYBRIDS USING A MODIFIED LAYERING 

TECHNIQUE 

ABSTRACT 

Oak (Quercus) hybrids were created using over 40 diverse parent species. The developed 

hybrids were used as stock plants and asexually propagated annually over four years. This was 

done to measure the effectiveness of a modified stool bed layering technique on diverse members 

of the oak genus, and this study is part of a long-term project to select superior urban-tolerant oak 

hybrids for introduction as named cultivars into the nursery industry. The number of shoots 

produced by a stock plant each year and the probability for those shoots to root were found to vary 

between different maternal parent species. Results suggest the shoots of the hybrids that are the 

progeny of rhizomatous shrub Quercus spp. are more likely to develop roots when propagated 

using the described technique. This article also identifies and describes in detail a reliable 

technique to clone oaks. 

INTRODUCTION 

 Oaks (Quercus spp.) are noted for their sexual infidelity, and natural hybrids commonly 

occur wherever two interfertile species from the same subgenera grow near each other (Sternberg, 

2000). This tendency to hybridize is a useful trait that may be utilized by plant breeders to create 

hybrids with desirable characteristics such as attractive fall color, tolerance to site conditions, and 

hybrid vigor. Increasingly, a number of purported hybrid oak selections are becoming available in 

the nursery industry (JFSchmidt) (Dirr M. A., 2010). 
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 Until recent years, relatively few selections of oaks have been made due to the difficulty 

involved in asexually propagating members of this genus by conventional methods. Oaks are 

notoriously difficult to bud or graft successfully, which compounds the problem of producing 

superior selections. Recently, a modified layering technique that incorporates juvenile shoots, 

etiolation, and treatment with indolebutyric acid (IBA) has shown promise in the asexual 

propagation of Quercus species (Amissah & Bassuk, 2009) (Hawver & Bassuk, 2000). A study 

examining the usefulness of this propagation method on numerous hybrid oaks was conducted at 

the research farms of Cornell University in Ithaca, New York. The hybrids used represent crosses 

of over 40 diverse parent species, most of which are in the white oak group (section Quercus). A 

previous study has shown that the rooting success of oaks propagated asexually using a similar 

method can differ between species (Amissah & Bassuk, 2007), and preliminary research suggests 

that the propagation success of individual hybrid oaks would vary depending on the parental 

species involved in each cross (Gao, 2011). 

 The objective of this research was to measure the effectiveness of the modified stool bed 

layering technique on diverse members of the genus Quercus, as well as to provide insight into 

which, if any, parent species consistently yielded hybrid progeny that could be successfully 

propagated. Additionally, this article identifies and describes in detail a reliable technique to clone 

oaks. This experiment is part of a long-term project underway at Cornell’s Urban Horticulture 

Institute to select superior urban-tolerant oak hybrids for introduction as named cultivars into the 

nursery industry. Along with developing a reliable method to clone oaks, the project involves 

screening the developed hybrids for tolerance to alkaline soils (a common issue in urban 

landscapes) and making long-term observations on growth and landscape performance. 
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MATERIALS AND METHODS 

 Trees used in this study were hybrids grown from seed that were developed by Peter 

Podaras at Cornell University in Ithaca, New York (Podaras & Wells, 2008). During the years 

2004, 2005, and 2006, controlled crosses were made by pollinating seven species of oak trees 

growing on the Cornell University campus with pollen from 36 species that are native throughout 

North America, Europe, and Asia. Table 1 details the number of hybrid seedlings developed from 

each cross. These seedlings were grown in containers for several years, and during the spring of 

2008, 345 unique oak genotypes were planted out in a field of Arkport sandy loam with a pH of 

6.2 for future use as stock plants. Starting in spring of 2009, and repeated yearly through 2012, 

these field-grown stock plants were propagated each year using a modified version of the oak 

propagation protocol developed by Amissah and Bassuk (2009). 
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Table 1. Hybrid crosses performed and the resulting number of acorn-grown genotypes 

Maternal Parent Paternal Parent Number of Genotypes 

Q. bicolor OPEN POLLINATED 7 

  Q. sp. (unidentified species) 9 

  Q. ×bebbiana  5 

  
Q. muehlenbergii ×  

Q. robur 
6 

  Q. affinis 3 

  Q. aliena 27 

  Q. austrina 4 

  Q. chapmanii 4 

  Q. dentata  7 

  Q. fabri 14 

  Q. fruticosa 4 

  Q. fusiformis 2 

  Q. gambelii 5 

  Q. geminata 2 

  Q. glauca 1 

  Q. graciliformis 11 

  Q. libani 3 

  Q. lyrata 2 

  Q. macranthera 1 

  Q. minima 5 

  Q. mongolica var. grosserata 3 

  Q. muehlenbergii 22 

  Q. myrsinifolia 19 

  Q. phillyreoides 7 

  Q. polymorpha 4 

  Q. robur  14 

  Q. rugosa 13 

  Q. spinosa 2 

  Q. turbinella 6 

  Q. vaseyana 6 
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Table 1 (continued) 

Maternal Parent Paternal Parent Number of Genotypes 

Q. 'Ooti'  Q. fusiformis 1 

Q. ×warei 'Long'   Q. ×comptoniae  17 

  Q. ×warei 'Long'   8 

Q. gambelii × macrocarpa Q. ×comptoniae 2 

  Q. lyrata 2 

Q. macrocarpa OPEN POLLINATED 12 

  Q. ×comptoniae 1 

  Q. ×undulata  4 

  Q. fusiformis 2 

  Q. gambelii 6 

  Q. geminata 1 

  Q. lyrata 4 

  Q. macrocarpa 1 

  Q. michauxii 3 

  Q. minima 1 

  Q. prinoides 13 

  Q. turbinella 1 

Q. montana Q. geminata  2 

  Q. lyrata 1 

Q. muehlenbergii Q. ×comptoniae  1 

  Q. aliena 2 

  Q. fusiformis 16 

  Q. geminata  2 

  Q. lyrata 3 

  Q. michauxii 3 

  Q. minima 4 

  Q. muehlenbergii 1 

  Q. prinoides 6 

  Q. virginiana 7 
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 2009 Propagation. Before bud break in May of 2009, each hybrid oak stock plant was cut 

back, leaving an 8 cm (3 in) stump. After 2-3 weeks, upon evidence of epicormic bud swelling on 

the stump, the plants were etiolated. To achieve etiolation, each stump was covered with an 

inverted #2 container wrapped in heavy-duty aluminum foil to reduce heat accumulation. A brick 

was placed on top of each container to secure it in place.    

 When the newly expanded shoots reached approximately 12 cm (4.7 in) in length, which 

took ~7 days, the pots used for etiolation were removed. At that time, any shoots less than 5 cm (2 

in) in length were removed, and the basal 3 cm (1.2 in) section of the new shoots was sprayed with 

a solution of 8,000 ppm Indol-3-butyric Acid (IBA) dissolved in 98% aqueous ethanol.  

 After the IBA solution dried (~10-15 minutes after treatment), a #2 bottomless pot wrapped 

with light-reflective aluminum was placed over each stock plant so that it rested on the surface of 

the soil. The bottomless pots were filled with pre-moistened PRO-MIX1 (a peat-based growing 

medium by Premier Tech Horticulture) to cover the treated shoot bases while leaving the growing 

tips of the shoots exposed. The tips of the shoots, while coming out of the planting medium, were 

still contained within the headspace of the bottomless pot.  

                                                 

 

 

 

 

1Main components: Canadian sphagnum peat moss (75-85 % / vol.), perlite, vermiculite, 

dolomitic & calcitic limestone (pH adjuster), macronutrients, micronutrients, and wetting agent. 
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 The openings of the pots were then covered with white plastic perforated with two cuts to 

reduce humidity. This was done to protect and temporarily shade the etiolated shoots and allow 

them to gradually acclimate to the increased irradiance levels while greening up. After 2 weeks, 

the white plastic was removed and the shoot tips were exposed to full sun conditions. Since the 

stock plants grew at different rates, all treatments were completed in late July of 2009. 

 The plants were then allowed to grow. Over the growing season, overhead irrigation was 

used when necessary to keep the medium in the bottomless pots moist. Additional medium was 

added as the shoots elongated until it entirely filled the bottomless pots. Throughout the summer, 

the lengthening shoots were pruned back to approximately 60 cm (23.6 in) to reduce ultimate shoot 

height. 

  The plants were allowed to grow until early November when the bottomless pots and the 

growing medium were removed, and the rooted and unrooted shoots were harvested from the stock 

plants. Shoots that had developed roots were potted up with PRO-MIX in #1 containers. During 

harvesting, the number of total shoots and the number of rooted shoots were recorded for each 

stock plant. The potted oaks were thoroughly watered, then placed in an unheated covered 

overwintering structure for winter dormancy. 

 2010 Propagation. The propagation procedure was repeated in 2010 with a few 

adjustments. The IBA concentration was reduced from 8,000 to 6,000 ppm in 98% aqueous 

ethanol, and it was applied with a soft paintbrush instead of a spray bottle. Rather than using white 

plastic for shading and the acclimatization of the etiolated shoots to full sun, silver-colored, light-

reflective metal mesh trashcans approximately 30 x 30 x 35 cm (12 x 12 x 14 in) in size were used 
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to cover and shade the shoots following etiolation. After the shoots gradually greened up under the 

shade for approximately 1 week, the trashcans were removed.  

 2011 & 2012 Propagation. A few adjustments were made to the 2010 procedure for use 

in both 2011 and 2012. Rather than harvesting and potting up the rooted shoots in the fall, they 

were left until the spring, allowing the shoots to undergo dormancy while still attached to the stock 

plants. The shoots were then harvested before bud break. Also, rather than using bottomless #1 

pots wrapped in aluminum foil for the layering step of the procedure, a section of white PVC pipe, 

approximately 15.25 cm tall with a diameter of 16.5 cm (6 x 6.5 in), was employed. The IBA 

concentration was also increased back to 8,000 ppm from 6,000 ppm. Figure 1 illustrates the 

procedure used during these years, and Table 2 details the suggested protocol for rooting Quercus 

spp. using this technique.  
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Figure 1. Field layering propagation procedure for Quercus spp. 

The oaks are planted in a field and grown for one to two years for future use as stock plants (0). In 

spring, while the plant is dormant, it is cut back to an 8cm stump. When the buds begin to swell 

(1), the plant is covered for etiolation (2). The container used for etiolation is removed 1 week later 

(3). At this time, IBA is painted onto the bases of the new shoots (4). A bottomless container is 

then placed over the stock plant and filled with a soilless medium (5). The plant is then covered 

with a metal mesh trashcan to temporarily shade the plant as it becomes acclimated to full sun (6). 

After the trashcan is removed, the plant is allowed to grow all season and the medium in the 

bottomless pot is kept moist (7). The following spring, the pot and medium are removed, and the 

shoots — which hopefully have rooted — are then harvested from the stock plant (8). The entire 

procedure can be repeated the following year (1).  
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Table 2. Suggested protocol for asexually propagating Quercus spp. 

Time Action 

Time 0 
Immediately prior to bud 

break 

Stock plants cut back to ~8 cm 

above soil 

Week 2-3 Buds start expanding 

Stumps covered with #2 containers 

that are wrapped in aluminum foil 

and secured with brick for 

etiolation 

Week 3-4 ~7 days later 

Containers removed. IBA applied 

to base of newly developed shoots. 

Bottomless pot placed over shoots 

and filled with soilless medium. 

Stock plant covered with a metal 

mesh trashcan for shading 

Week 4-5 ~7 days later Trashcans removed 

Throughout the 

growing season 
 

Plants pinched back to ~60 cm, and 

medium is kept moist to encourage 

rooting 

The following 

spring, before 

bud break 

 
Rooted shoots harvested. Protocol 

can be repeated in following years 

 

 Statistical Analysis. Statistical analysis of the data was done using SAS 9.3 statistical 

software (developed by SAS Institute Inc.), and the unit for analysis was a single shoot. Due to the 

large number of paternal parent species involved, and the fact that many hybrid crosses were 

represented by only a few genotypes, the data was pooled by maternal parent species, and the data 

from all four years were combined for analysis. Table 3 summarizes the number and diversity of 

stock plants (genotypes) when sorted by maternal parent species. The effect of the maternal parent 

species on the total number of shoots produced annually by a stock plant and the effect on the 

probability of a shoot to produce roots were studied.  
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Table 3. Summary of oak hybrid crosses sorted by maternal parent species 

Maternal Parent 

Number of Unique 

Hybrid Crosses 

Number of 

Unique Genotypes 

Q. bicolor 30 218 

Q. gambelii × Q. macrocarpa  2 4 

Q. macrocarpa  12 49 

Q. montana  2 3 

Q. muehlenbergii  10 45 

Q. 'Ooti' 1 1 

Q. ×warei 'Long' 2 25 

 

 In order to study the effect of the maternal parent species on the number of shoots produced, 

a generalized linear mixed model using a Gauss-Hermite quadrature method with a Poisson 

distribution and log link was employed. For studying the effect of maternal parent on the likelihood 

of a shoot to produce roots, a generalized linear mixed model with a binomial distribution and logit 

link was used. For both regression analyses, the combination of parents (hybrid species) was 

controlled for as a random effect. Least squares means was used to estimate the number of shoots 

a stock plant produced annually and the probability of a produced shoot to root based on the 

maternal parent. The Tukey-Kramer method was used to compare differences of maternal parent 

least square means with differences being considered significant when P < 0.05.  

RESULTS AND DISCUSSION 

 Shoot Production. The mean number of shoots produced annually by stock plants varied 

significantly between maternal parent species (Table 4). The mean number of shoots produced 

annually was highest in the hybrid with Quercus ‘Ooti’ as a maternal parent (8.9 shoots/year) and 

lowest in Quercus bicolor progeny (4.8 shoots/year) (Table 5). The Tukey-Kramer HSD test 

reveals that Q. bicolor and Q. macrocarpa values are significantly different (P < 0.05) when 
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compared to Q. ‘Ooti’ and Q. muehlenbergii (Figure 2). It should be noted that the limited number 

of stock plants with Q. 'Ooti', Q. montana, and Q. gambelii × Q. macrocarpa as a maternal parent 

(Table 3) resulted in high standard error values of over 1.0 for these three species (Table 5). 

 

Table 4. Statistics for number of shoots produced by stock plants based on maternal parent 

Effect F Value Prob > F 

Maternal Parent 2.96 0.0146 

 

Table 5. Estimated annual number of shoots produced by stock plant based on maternal 

parent 

Maternal Parent 

Estimate Number 

of Shoots 

Standard 

Error Prob > |t| 

Q. bicolor 4.8 0.2 < 0.0001 

Q. gambelii ×  

Q. macrocarpa  
6.7 1.1 < 0.0001 

Q. macrocarpa  5.2 0.4 < 0.0001 

Q. montana  6.2 1.1 < 0.0001 

Q. muehlenbergii  6.2 0.4 < 0.0001 

Q. 'Ooti' 8.9 2.2 < 0.0001 

Q. ×warei 'Long' 5.4 0.7 < 0.0001 
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Figure 2. Estimates for yearly number of shoots produced by stock plants based on 

maternal parent. 

For the yearly number of shoots produced by stock plants, estimates based on the maternal parents 

were found to be significantly different (P < 0.05). Different letters indicate significant differences 

(P < 0.05, Tukey-Kramer HSD test). Error bars represent calculated standard error. 

 

 Rooting Probability. The probability for a shoot to develop roots varied significantly 

between the maternal parent species. Table 6 summarizes the statistical analysis. The probability 

for a shoot to develop roots was highest in the hybrids with Q. gambelii × Q. macrocarpa as a 

maternal parent (62.3%) and lowest in Q. muehlenbergii progeny (7.0%) (Table 7). The Tukey-

Kramer HSD test reveals that values for Q. bicolor , Q. gambelii × Q. macrocarpa, and Q. 
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muehlenbergii were all significantly different (P < 0.05) from each other (Figure 3). Similar to the 

statistical analysis of the number of shoots produced annually, the limited number of stock plants 

with Q. 'Ooti', Q. montana, and Q. gambelii × Q. macrocarpa as a maternal parent resulted in high 

standard error values of over 12%. Q. ×warei 'Long' also had a high standard error value over 

12%. Additionally, these four species had Prob > |t| values greater than 0.05. 

 

Table 6. Statistics for the probability of a shoot to root based on maternal parent 

Effect F Value Prob > F 

Maternal Parent 7.82 < 0.0001 

 

Table 7. Estimates for the probability of shoots to root based on maternal parent 

Maternal Parent 

Estimate of 

Rooting Probability 

Standard 

Error Prob > |t| 

Q. bicolor 19.4% 2.2% < 0.0001 

Q. gambelii ×  

Q. macrocarpa  
62.3% 12.7% 0.359 

Q. macrocarpa  27.4% 4.7% 0.0001 

Q. montana  33.7% 13.0% 0.2494 

Q. muehlenbergii  7.0% 1.8% < 0.0001 

Q. 'Ooti' 60.0% 18.8% 0.6083 

Q. ×warei 'Long' 48.8% 12.7% 0.9229 
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Figure 3. Estimates for shoot rooting probability based on maternal parent 

For the probability of shoots to produce roots, estimates based on the maternal parents were found 

to be significantly different (P < 0.05). Different letters indicate significant differences (P < 0.05, 

Tukey-Kramer HSD test). Error bars represent calculated standard error. 

  

The relatively high rooting probability associated with the maternal parent Q. gambelii × 

Q. macrocarpa might be related to the fact that Q. gambelii, the Gambel Oak, is a shrubby species 

native to the southwestern United States that spreads by rhizomes (Grimshaw & Bayton, 2009). 

Q. 'Ooti' is also associated with high rooting probability. Q. 'Ooti' is a cultivar of difficult to 

determine origins and is supposedly a selection of the complex hybrid Q. robur × Q. macrocarpa 

× Q. muehlenbergii (Pavia Nursery, Belgium). Because Q. 'Ooti' is only represented by a single 
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cross and genotype (Table 3), the high rooting probability might be connected to the paternal parent 

species involved ~ Q. fusiformis, the Texas Live Oak. This is another shrubby species from the 

southwestern United States that spreads by rhizomes (Grimshaw & Bayton, 2009). On a related 

note, for the long-term goals of this project, it is of interest to observe the mature growth habit of 

all of the developed oak hybrids, especially those that involve Q. gambelii, Q. fusiformis or any of 

the other rhizomatous shrub species used. 

 Conclusions. These results have shown that the described propagation method can be 

utilized to clone genetically diverse members of the genus Quercus. However, out of the 345 

unique genotypes originally involved in the study, only 235 of them produced rooted shoots at any 

point during the four years, but these numbers do not account for the 88 stock plants that had died 

by 2012 for various reasons. This suggests that there is more to learn about developing a successful 

asexual propagation method for diverse Quercus species. Moreover, the number of rooted shoots 

produced annually by a stock plant will likely need to increase for this method to become a viable 

commercial propagation practice. It is expected that the described propagation method, which has 

proven successful on a diverse range of oaks, could be further optimized to have greater success 

on a given oak species, hybrid, or cultivar of interest.  

 The results of this study provide guidance to plant breeders interested in creating oak 

hybrids and suggest that certain maternal parents are preferable to others if the goal is to create 

hybrids that can be asexually propagated in good numbers using the described method. 

Additionally, the findings will be used to select from the hybrids the genotypes that are highly 

propagable for future study. 
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CHAPTER 2 

SCREENING OAK HYBRIDS FOR TOLERANCE TO ALKALINE SOILS 

ABSTRACT 

This study evaluated a diverse range of oak (Quercus) hybrids for tolerance to alkaline 

soils, which is a common site condition in urban landscapes that often limits the growth and 

longevity of many tree species. Results from this experiment demonstrate that different oak 

hybrids display varying severities of iron-deficiency induced leaf chlorosis when grown in a highly 

alkaline medium. Severity of leaf chlorosis was found to vary between different maternal parent 

species, with the results suggesting that hybrids with maternal parents that are known to be tolerant 

of alkaline soils are more likely to maintain healthy green leaf color when growing in a highly 

alkaline medium. These findings provide guidance to breeders interested in developing oak hybrids 

that are both cold-hardy and tolerant to alkaline soils. It is also one part of a long-term project 

underway at Cornell’s Urban Horticulture Institute to select superior urban-tolerant cultivars of 

oak hybrids for future introduction into the nursery industry.  

INTRODUCTION 

One of the main obstacles to using certain temperate oaks (Quercus spp.) that are found in 

the northeastern United States is their intolerance to the alkaline soils that are inherent in many 

urban landscapes.  Many native oak species that are suitable for planting in the northeastern United 

States display iron-deficiency symptoms, such as interveinal chlorosis, poor root formation, and 

growth retardation when grown in alkaline soils. A plant’s tolerance to alkaline soils depends on 

its ability to take up nutrients that are less soluble at a higher soil pH. Essential nutrients, such as 
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iron, manganese, copper, and zinc, though they may be abundant in the rhizosphere, become 

significantly less available in higher pH soils. Iron is especially important as it plays an 

irreplaceable role in functional processes such as photosynthesis and respiration. Planting sites in 

urban landscapes commonly possess alkaline soils resulting from the release of carbonate from 

construction materials, and this site characteristic can limit the palette of tree species that can be 

grown successfully (Jim, 1997).  

One method for increasing the usefulness of certain trees in urban environments involves 

taking advantage of intraspecific variation within the population of the species of interest, and 

selecting for cultivars that are tolerant of urban stresses such as alkaline soils (Steiner, 1980). This 

is a worthwhile approach for oaks, as many native oak species are distributed over a wide-range 

of North America, and considerable intraspecific variation has been shown in a number of species 

(Kriebel, 1993). One example of selecting for urban tolerant traits in oaks is seen in the work done 

at Penn State University to select a chlorosis-resistant Pin Oak (Q. palustris) (Berrang P. C., 1979). 

The Pin Oak is one of the most popular street tree species, but it is susceptible to leaf chlorosis 

(Wallace & Wallace, 1986). This species, along with others, will often display symptoms of an 

iron deficiency, chlorotic leaves and poor growth, when grown in alkaline soils. Work at Penn 

State University has demonstrated genetic variability of chlorosis-resistance in Pin Oaks, finding 

that plants from populations in Indiana, Illinois, and Missouri were consistently among the most 

resistant to iron-deficiency chlorosis (Berrang & Steiner, 1980). As of 1980 the project faced 

limitations due to difficulties in asexual propagation of oaks and the genetic variability of this trait 

observed among seed-grown plants. Work done at Cornell University’s Urban Horticulture 

Institute to develop a reliable method of asexually propagating oaks (Denig, Macrae, Gao, & 
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Bassuk, 2014) could prove valuable to this effort, as well as other projects that involve cloning 

superior oak selections.  

Rather than making selections from genetically varied native populations to obtain oaks 

that are tolerant of urban stresses, another strategy for expanding the palette of oaks suitable for 

urban landscapes involves creating deliberate hybrid crosses. The genus Quercus is noted for the 

propensity of many of its species to readily hybridize with others within their own taxonomic 

section. Deliberately creating hybrids that combine traits from species that do not share the same 

geographic range can increase the chance of finding alkaline tolerant individuals. Hybrids could 

potentially combine the trait of tolerance to alkaline soils (found in species native throughout the 

northern hemisphere, and particularly in the southwestern United States) with other desirable 

landscape characteristics such as cold-hardiness, attractive fall color, good branching habit, 

tolerance to various soil moisture conditions, and heterosis (hybrid vigor). Such trees have the 

potential to expand the palette of oaks that will thrive in temperate urban landscapes, and their use 

could potentially increase the biodiversity and resiliency of the urban forest. Not surprisingly, in 

the last few years, the nursery industry has seen an increased number of purported hybrid oak 

selections become available (JFSchmidt, n.d.) (Dirr M. A., 2010). 

The objective of this study was to screen a number of developed hybrid oaks for tolerance 

to alkaline soils. The hybrids used have been grown outdoors in Ithaca, NY for at least five years 

(USDA hardiness zone 5b), and represent crosses of over 40 diverse parent species, most of which 

belong to the white oak group (section Quercus).  
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MATERIALS AND METHODS 

 This study utilized clones of oak hybrids that were developed by Peter Podaras at Cornell 

University in Ithaca, New York (Podaras & Wells, 2008). During the years 2004, 2005, and 2006, 

controlled crosses were made by pollinating seven species of oak trees growing on the Cornell 

University campus in Ithaca, New York, USA (lat. 42.4482, long. -76.4772) with pollen from 36 

species that are native throughout North America, Europe, and Asia. Individual acorns were 

planted in containers and grown for several years. During the spring of 2008, 345 unique oak 

genotypes were planted out in the research fields at Cornell University in Arkport sandy loam with 

a pH of 6.2 for future use as stock plants. Starting in spring of 2009, and repeated yearly through 

2012, these field-grown stock plants were asexually propagated each year using a modified version 

of the oak propagation protocol developed by Amissah and Bassuk (2009). A separate study was 

done to measure the effectiveness of the propagation technique on diverse members of the genus 

Quercus, as well as to provide insight into which parent species consistently yielded hybrid 

progeny that could be successfully propagated (Denig, Macrae, Gao, & Bassuk, 2014). 

The plants used in this study were the result of asexually propagating the hybrid oak stock 

plants during the 2011 season. The rooted shoots were harvested from each stock plant in March 

of 2012, and potted up in #1 containers. A 1:1 (v/v) peat:perlite soilless mix with dolomitic 

limestone added at the rates of 0.593 kg/m3 (1 lb/yd3) and 11.866 kg/m3 (20 lb/yd3) to adjust the 

pH of the medium to 6.0 or 8.0, respectively, was used. Replicate clones of the same genotype (a 

result of multiple rooted shoots being harvested from the same stock plant), were divided to include 

both an acid and alkaline replicate if possible, with preference given to using the alkaline medium 

when potting up the plants. All harvested shoots showing root growth were planted in the #1 
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containers, no matter how small the root system was. As expected, several of the oaks died in the 

weeks following planting. This die-off, along with the unequal starting numbers, resulted in a 

varied number of replicates between genotypes. Out of the 345 genotypes growing in the field and 

being used as stock plants, some of them were not represented in the greenhouse experiment, others 

only had one replicate, and still other genotypes, the ones that were highly propagable that year, 

had a large number of replicates (Table 8). 
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Table 8. Summary of oak hybrids involved in alkaline tolerance screening experiment 

Maternal Parent Paternal Parent 

Number of 

Genotypes 

Number of 

Plants 

Q. bicolor OPEN POLLINATED 4 16 

Q. bicolor Q. affinis 1 3 

Q. bicolor Q. aliena 11 25 

Q. bicolor Q. austrina 1 2 

Q. bicolor Q. dentata 3 8 

Q. bicolor Q. fabri 7 16 

Q. bicolor Q. fruticosa 4 10 

Q. bicolor Q. geminata  1 4 

Q. bicolor Q. glauca 1 2 

Q. bicolor Q. graciliformis 4 12 

Q. bicolor Q. libani 3 4 

Q. bicolor Q. lyrata 1 3 

Q. bicolor Q. macranthera 1 1 

Q. bicolor Q. minima 3 6 

Q. bicolor Q. mongolica grosserata 2 5 

Q. bicolor Q. muehlenbergii 6 17 

Q. bicolor 
Q. muehlenbergii ×   

Q. robur 
3 16 

Q. bicolor Q. myrsinifolia 10 31 

Q. bicolor Q. phillyreoides 1 1 

Q. bicolor Q. polymorpha 1 1 

Q. bicolor Q. robur 5 10 

Q. bicolor Q. rugosa 7 22 

Q. bicolor Q. sp. 5 8 

Q. bicolor Q. turbinella 3 8 

Q. bicolor Q. vaseyana 4 12 

Q. gambelii × 

Q. macrocarpa 
Q. lyrata 2 7 

Q. gambelii × 

Q. macrocarpa 
Q. ×comptoniae 1 1 

Q. macrocarpa OPEN POLLINATED 5 14 

Q. macrocarpa Q. gambelii 1 5 

Q. macrocarpa Q. lyrata 1 1 

Q. macrocarpa Q. michauxii 2 3 

Q. macrocarpa Q. minima 1 3 

Q. macrocarpa Q. prinoides 2 4 

Q. macrocarpa Q. turbinella 2 2 

Q. macrocarpa Q. undulata 2 7 

Q. macrocarpa Q. ×comptoniae 1 5 
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Table 8 (continued) 

Maternal Parent Paternal Parent 

Number of 

Genotypes 

Number of 

Plants 

Q. montana Q. geminata  1 2 

Q. montana Q. lyrata 1 1 

Q. muehlenbergii OPEN POLLINATED 1 1 

Q. muehlenbergii Q. prinoides 1 1 

Q. 'Ooti' Q. fusiformis 1 3 

Q. ×warei 'Long'  OPEN POLLINATED 5 18 

Q. ×warei 'Long'  Q. ×comptoniae 15 46 

 

1st Season in Greenhouse. After potting up, the oaks were placed in a greenhouse where 

conditions consisted of 23.9°C (75°F) day and 18.3°C (65°F) night temperatures, with plants being 

watered as needed. The plants were fertilized with 150 ppm NPK (21-5-20) every 2 weeks, and 

sprayed with pesticide as needed to control greenhouse pests such as mildew and aphids. 

 In addition to regular fertilization, 3 g of Micromax2 was added onto the surface of the 

growing medium in each pot. This was done at the beginning of the season to insure that 

micronutrients, especially iron (Fe), were present in the medium. While some of the potted oaks 

readily developed new shoots after breaking dormancy, others were reluctant to put on new 

growth. A gibberellic acid (GA) solution of 500 ppm GA4+7 in 5% aqueous ethanol was dabbed 

                                                 

 

 

 

 

2 A granular micronutrient made by Everris NA, Inc: Ca (6.00%), Mg (3.00%), S (12.00%), B 

(0.10%), Cu (1.00%), Fe (17.00%), Mn (2.50%), Mo (0.05%), Zn (1.00%) 
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onto the dormant terminal buds of trees that did not expand new shoots every 4 days until the plant 

displayed a new lengthening shoot, using a method adapted from a prior study (Bond, 1998). 

For each plant, a newly lengthened shoot was identified. From this shoot, 3 newly 

developed, but fully expanded, adjacent leaves were chosen. A mark was made on each with a 

permanent marker so that consecutive readings could be taken from the same leaves to track leaf 

chlorosis in plants over time. A SPAD-502 Chlorophyll Meter (manufactured by Konica Minolta, 

Inc.) was used. This device is able to estimate the chlorophyll content of a leaf, and for the purposes 

of this study a low SPAD value corresponded with a chlorotic leaf. When using the SPAD meter, 

care was taken to avoid the leaf midrib and veins, which might result in an inaccurate reading. 

SPAD readings were taken on the 3 selected leaves, and these were then averaged together. The 

average value of the three leaves was recorded for each plant. Additional SPAD readings were 

taken for each plant 1 month and 2 months after the initial reading. Each time, the average value 

of the same 3 leaves was recorded. By recording average SPAD readings on the same leaves for a 

period of 3 months, the data was expected to provide a timeline of leaf chlorophyll development 

over the growing season for each plant.  

Due to the reluctance of some plants to grow new shoots and the use of GA, the plants were 

asynchronous in the growth of new shoots and the development of leaves. In order for all plants to 

be at the same leaf stage during SPAD readings, the oaks were divided into 3 groups. Due to the 

varying phenology of the plants, SPAD readings were done for an early group (July 10, August 7, 

September 4), middle group (July 24, August 20, September 18), and late group (August 7, 

September 4, October 2). At the end of the season, after all SPAD data was collected, the oaks 

were placed in a cooler set to 4.4°C (40°F) for a period of induced dormancy. They entered the 
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cooler on October 3, 2012, and were removed on February 4, 2013 and placed into a greenhouse 

in order to collect another season’s worth of data. 

2nd Season in Greenhouse. Greenhouse conditions consisted of 23.9°C (75°F) day and 

18.3°C (65°F) night temperatures, plants were watered as needed, fertilized with 300 ppm NPK 

(21-5-20) twice a week, and sprayed with pesticide as needed to control mildew and aphids. 

Supplemental overhead lighting with a 16-hour photoperiod was used, as winter days in Ithaca, 

NY provide limited light. Again, 3 g of Micromax was given to each plant. By early March, every 

oak was actively growing— no plants were lost between the 1st and 2nd seasons in the greenhouse.  

Unlike the first season, all of the trees possessed buds that readily started expanding into 

new shoots, so the application of GA was not needed to stimulate shoot growth. For each plant, 2 

SPAD readings were taken on the first flush of growth, and 2 more were taken on the second flush 

of growth. Unlike the first season in the greenhouse, the oaks were acceptably synchronized in 

their shoot and leaf development, and SPAD readings for all the oaks were done on the same days. 

SPAD readings were taken twice on the first flush of growth (March 19 and April 15) and twice 

on the second flush of growth (May 24 and June 20). For each plant, 3 leaves were selected, and 

the average SPAD was recorded. These same leaves were revisited a month later. For the final 

SPAD readings, 3 leaves were selected from the second flush of growth, the average SPAD was 

recorded, and these were revisited a month later. On June 15, before the final reading, 3 g 

Micromax was again added to each pot, to insure the presence of iron and other micronutrients.  

pH Adjustments. Using a pour-thru pH testing method (Thomas, 2010), random testing 

of pots suggested that the pH values of the medium were shifting away from the original design of 

pH6.0 and pH8.0. Pots with the alkaline medium were becoming more acidic, and those with the 
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acid medium were becoming more basic. In an effort to combat this change, the plants were all 

given a pH modifying drench. Plants in the acid medium treatment received sulfuric acid at a rate 

of 0.30 g sulfuric acid/L (4 oz /100 gallons) on March 6, 2013. Plants in the alkaline treatment 

received a potassium bicarbonate drench at a rate of 1.20 g KHCO3/ L (1 lb/100 gallons) on March 

15, 2013. Drenches were administered with a Dosatron (manufactured by Doastron International, 

Inc.).  

Testing for Iron Deficiency. After the completion of the second season of SPAD 

measurements, we checked whether the leaf chlorosis and stunted growth observed was due to an 

iron deficiency. For this test, 10 of the most chlorotic plants growing in the alkaline medium in the 

greenhouse were selected, as well as 10 replicates of these genotypes that were growing in the acid 

medium (and therefore were not displaying leaf chlorosis). Sprint® 138, a 6% fully chelated 

EDDHA iron product manufactured by Becker Underwood Inc. for use in the most challenging 

alkaline or calcareous soils, was used to supply each plant with readily available iron. This type of 

chelated iron is notable because it prevents iron from binding with other compounds in the soil or 

medium, even in high pH conditions, so it stays in a form that is readily available for the plant to 

use. After a thorough watering, each of the 20 plants received 0.85 g of Sprint® 138 dissolved in 

approximately 500 mL water. After this drained from the pots, they received an additional 0.85 

grams of Sprint® 138 dissolved in ~500 mL water. SPAD measurements were taken on all 20 

plants before the addition of the chelated iron, and again 3 weeks later, after the plants had 

sufficient time to take up the chelated iron.  

For analysis of these readings, JMP Pro 10.0.2, produced by SAS Institute Inc., was used. 

SPAD readings were grouped by date (before or after the chelated iron drench), as well as pH class 
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(pH6.0 or pH8.0) for analysis. Least square means was used to make comparisons between the 

SPAD readings for the different pH classes before and after the addition of Sprint® 138. Least 

square means comparisons were also done within each pH class. The Student’s t-test method was 

used to compare differences of SPAD value. Least square means differences were considered 

significant when P < 0.05. 

Table 9 summarizes the differences in SPAD values within and between the two pH 

classes, both before and after all 20 plants received the Sprint® 138 chelated iron drench. Before 

the addition of chelated iron, mean SPAD values were found to vary significantly between the 

healthy green-leaved pH6.0 test group, and the highly chlorotic pH8.0 test group, with a difference 

of 33.97 SPAD points between the two groups. The mean SPAD values for the readings taken 3 

weeks after the plants received the chelated iron drench were also found to vary significantly, but 

the differences were smaller than before, at 15.59 SPAD points. This indicates that the pH8.0 

plants greened up considerably. As expected, mean SPAD values between pH8.0 plants from 

before and after the addition of chelated iron were significantly different, with an 18.26 difference. 

By comparison, readings for pH6.0 plants did not significantly change after the addition of 

chelated iron. Figure 4 compares SPAD estimates for both pH classes before and after the addition 

of Sprint® 138. 

Table 9. Differences in mean SPAD value based on pH class and Fe drench 

Group Group Difference p-Value 

pH6.0, before Fe pH8.0, before Fe 33.97 <0.0001 

pH6.0, after Fe pH8.0, after Fe 15.59 <0.0001 

pH6.0, before Fe pH6.0, after Fe 0.12 0.96 

pH8.0, before Fe pH8.0, after Fe 18.26 <0.0001 
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Figure 4. SPAD value estimates before and after the addition of chelated iron 

For the estimates of SPAD values based on pH treatment, the pH6.0 group was found to be 

significantly different than the pH8.0 group, both before and after the addition of Sprint® 138 

chelated iron. The pH6.0 mean SPAD value did not change significantly after the addition of 

chelated iron, but the pH8.0 group did experience a significant change, with plants greening up 

substantially. Different letters indicate highly significant differences (P < 0.0001, Student’s t-test). 

Error bars represent calculated standard error. 

 

Apparently, the addition of chelated iron allowed the severely chlorotic plants growing in 

the alkaline medium to turn green substantially, while the plants growing in the acid medium, all 

of which possessed leaves that were already a healthy dark green, did not green up after the 

addition of chelated iron. These results confirm that the leaf chlorosis observed in the study was 

due to an iron deficiency in the plants that were unable to adequately take up non-chelated iron 

when grown in a highly alkaline medium.  
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Statistical Analysis. Statistical analysis of the leaf chlorosis data was done using SAS 

statistical software (SAS Institute Inc.), and the unit for analysis was a single SPAD reading. 

Because the observation that some leaves, while fully developed, would display some chlorosis 

while young yet turn green subsequently, only the final SPAD measurement for each flush of 

growth was analyzed. Due to the large number of paternal parent species, and the fact that many 

hybrid crosses were represented by only a few genotypes, the data was pooled by maternal parent 

species and pH class for analysis. Table 10 summarizes the number and diversity of plants used in 

the experiment when sorted by maternal parent species. The effect of the maternal parent species 

on the SPAD value for each of the pH classes was studied. Because of the absence of any plants 

growing in pH8.0 medium with Q. montana as a maternal parent, this species was excluded from 

the statistical analysis.   

 

Table 10. Summary of hybrid crosses used in experiment sorted by maternal parent species 

Maternal Parent 

Number of 

Plants 

Number of 

pH6.0 

Plants 

Number of 

pH8.0 

Plants 

Number of 

Unique Hybrid 

Crosses 

Number of 

Unique 

Genotypes 

Q. bicolor 243 114 129 25 93 

Q. gambelii ×  

Q. macrocarpa  
8 4 4 2 3 

Q. macrocarpa  44 20 24 9 17 

Q. montana  3 3 0 2 2 

Q. muehlenbergii  2 1 1 2 2 

Q. 'Ooti' 3 1 2 1 1 

Q. ×warei 'Long' 64 29 35 2 20 

 

 In order to study the effect of the maternal parent species and pH class on SPAD reading, 

a generalized linear mixed model was employed. The combination of parents (hybrid species), 

genotype, and individual tree identity were controlled for as random effects. Least squares means 
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was used to estimate the SPAD reading based on the maternal parent and pH class, and a 

Bonferonni correction for multiple comparisons was done to adjust P values. The Tukey-Kramer 

method was used to compare maternal parent least square means with differences being considered 

significant when P < 0.05.  

RESULTS AND DISCUSSION 

Table 11 summarizes the general statistical analysis. The mean SPAD values were not 

found to vary significantly between maternal parent species within the pH6.0 class, but they did 

vary significantly within the pH8.0 class in certain instances (Table 12). Within the maternal 

parents Q. muehlenbergii and Q. 'Ooti', the mean SPAD value was not found to vary significantly 

between the two pH classes (Table 13, Figure 5), suggesting that the hybrids with these species as 

maternal parents perform equally well (at least in terms of leaf greenness) growing in high or low 

pH conditions. The pH8.0 SPAD mean values were highest in the hybrids with the maternal parents 

Q. 'Ooti' (40.58), Q. macrocarpa (35.65), and Q. muehlenbergii (31.07). The maternal parent with 

the lowest pH8.0 SPAD mean value was Q. bicolor (20.94) (Table 14). 
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Table 11. Statistics for SPAD estimate based on pH group and maternal parent 

Effect F Value 
Original 

p-Value 

Adjusted 

p-Value 

pH Group 36.26 <0.0001 < 0.0036 

Maternal Parent 8.88 <0.0001 < 0.0036 

 

Table 12. Statistics of significant differences between maternal parents within each pH 

class  

pH class F Value 
Original 

p-Value 

Adjusted 

p-Value 

pH6.0 0.57 0.7226 26.014 

pH8.0 21.41 <0.0001 < 0.0036 

 

Table 13. Statistics of significant differences between pH classes within maternal parents  

Maternal Parent F Value 
Original 

p-Value 

Adjusted 

p-Value 

Q. bicolor 757.48 <0.0001 < 0.0036 

Q. gambelii × 

Q. macrocarpa 
17.88 <0.0001 < 0.0036 

Q. macrocarpa 15.18 0.0001 0.0036 

Q. muehlenbergii 1.46 0.2287 8.2332 

Q. 'Ooti' 0 0.9942 35.791 

Q. ×warei 'Long' 126.99 <0.0001 < 0.0036 
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Figure 5. SPAD value estimates based on pH class and maternal parent  

For the estimates of SPAD values based on the maternal parent and pH treatment, significant 

differences were found between pH classes for certain maternal parents. An asterisk indicates a 

significant difference between the pH6.0 and pH8.0 treatment SPAD value estimates for a given 

maternal parent (P < 0.05, Tukey-Kramer HSD test). Error bars represent calculated standard error. 
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Table 14. Estimated SPAD value based on pH class and maternal parent 

pH Class Maternal Parent 

Estimate 

SPAD 

Standard 

Error DF 

Original 

p-Value 

Adjusted 

p-Value 

6.0 Q. bicolor 41.7117 0.6788 48.2 <0.0001 < 0.0036 

6.0 
Q. gambelii × 

Q. macrocarpa 
39.6627 3.3482 127 <0.0001 < 0.0036 

6.0 Q. macrocarpa 42.6678 1.5413 122 <0.0001 < 0.0036 

6.0 Q. muehlenbergii 41.4333 6.0758 273 <0.0001 < 0.0036 

6.0 Q. 'Ooti' 40.6333 6.0758 273 <0.0001 < 0.0036 

6.0 Q. ×warei 'Long' 44.235 1.5839 14.8 <0.0001 < 0.0036 

8.0 Q. bicolor 20.9354 0.653 43.4 <0.0001 < 0.0036 

8.0 
Q. gambelii × 

Q. macrocarpa 
22.5652 3.4212 103 <0.0001 < 0.0036 

8.0 Q. macrocarpa 35.6585 1.4295 123 <0.0001 < 0.0036 

8.0 Q. muehlenbergii 31.0667 6.0758 273 <0.0001 < 0.0036 

8.0 Q. 'Ooti' 40.5833 4.6078 133 <0.0001 < 0.0036 

8.0 Q. ×warei 'Long' 27.4675 1.4853 12.3 <0.0001 < 0.0036 

  

The Tukey-Kramer HSD test reveals that the pH8.0 Q. muehlenbergii SPAD value is not 

significantly different (P < 0.05) from the pH8.0 SPAD values of any of the other maternal parent 

species. There is significant difference between the pH8.0 Q. bicolor SPAD value and the pH8.0 

values of Q. macrocarpa, Q. 'Ooti', and Q. ×warei 'Long' (Figure 6). It should be noted that the 

limited number of plants with Q. gambelii × Q. macrocarpa, Q. muehlenbergii, and Q. 'Ooti' as 

maternal parents resulted in high standard error values for these species (Table 14). 
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Figure 6. SPAD value estimates for pH8.0 treatment based on maternal parent  

For the estimates of SPAD values based on the maternal parent and pH treatment, no significant 

difference was found between any of the estimates for the pH6.0 treatment. Estimated SPAD 

values varied significantly between several of the maternal parents in the pH8.0 treatment. 

Different letters indicate significant differences among maternal parents in the pH8.0 treatment. 

(P < 0.05, Tukey-Kramer HSD test). Error bars represent calculated standard error. 

 

 The relatively high pH8.0 SPAD mean values observed in hybrids with the maternal 

parents Q. macrocarpa, Q. muehlenbergii, and Q. 'Ooti', are likely due to the inherent tolerance of 

alkaline soils associated with these species. Q. macrocarpa and Q. muehlenbergii are both widely 

distributed North American species that generaly prefer calcareous and limestone soils (Miller & 
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Lamb, 1985).  Q. 'Ooti' is a cultivar of difficult to determine origins, supposedly a selection of the 

complex hybrid Q. robur × Q. macrocarpa × Q. muehlenbergii (Pavia Nursery, Belgium). All 

three of these species are known to be alkaline tolerant (Dirr M. A., 2009). Additionally, Q. 'Ooti' 

is only represented by a single cross and genotype in this experiment (Table 10), and the observed 

alkaline tolerance might also be connected to the paternal parent species involved, Q. fusiformis, 

the Texas Live Oak. This shrubby, rhizomatous, mostly evergreen species is similar to Q. 

virginiana, the Southern Live Oak, but more cold-hardy and alkaline tolerant (Grimshaw & 

Bayton, 2009). Because the maternal parent Q. 'Ooti' lacks multiple paternal parent species in this 

experiment, these results cannot be used to infer that Q. 'Ooti' as a maternal parent will likely result 

in offspring hybrid oaks that are tolerant of alkaline soils. What can be deduced is that the only Q. 

'Ooti' × Q. fusiformis genotype in this experiment, which has a supposed pedigree that consists of 

four oak species that are known to be tolerant of  calcareous and limestone soils, could potentially 

make a worthwhile introduction into the nursery trade as a tree that can withstand the highly 

alkaline soils common in urban landscapes.  

As Q. gambelii and Q. macrocarpa are both species known to be tolerant of alkaline soils 

(Sternberg & Wilson, 2004), hybrids with Q. gambelii × Q. macrocarpa as a maternal parent  

might be expected to display alkaline tolerance, but this was not observed. This is possibly due to 

the influence of the pollen parent species that were crossed with Q. gambelii × Q. macrocarpa.  

Interestingly, Q. bicolor, the maternal parent species with the greatest number of replicates, unique 

hybrids, and unique genotypes in this experiment (Table 10), is associated with a relatively low 

pH8.0 SPAD mean value. Q. bicolor is known to display severe leaf chlorosis when grown in 

alkaline soils (Sternberg & Wilson, 2004). Although a diverse range of Q. bicolor crosses were 
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used in this experiment, the innate alkaline tolerence is unknown for the majority of the 25 pollen 

parent species. Because of this, it is difficult to conclude if the low pH8.0 mean SPAD value for  

Q. bicolor is due to the singular or combined effects of the maternal and paternal species involved 

in each cross. In varying degrees, this caveat about distinguishing the effects of the parental species 

involved in the crosses holds true throughout this experiment.  

 Conclusions. These results have shown that the developed Quercus hybrids, while they 

perform similarly in terms of leaf chlorosis when grown in an acid medium, display significant 

differences when grown in an alkaline medium. Statistical analysis was performed by grouping 

the hybrids together by maternal parent species because not enough data was available to make 

statistical conclusions about the oaks on the level of parent combination (hybrid species) or 

individual genotype. Still, observations can be made from the raw data to predict which of the 

hybrid oak genotypes have the potential to be introduced as alkaline-tolerant cultivars. 

Additionally, observations suggest that alkaline tolerance varies between unique genotypes that 

share the same parent combination (hybrid species).  

 The results of this study provide guidance to plant breeders interested in creating oak 

hybrids and suggest that certain maternal parents are preferable to others if the goal is to create 

hybrids that are tolerant of alkaline soils. Additionally, the findings will be used to select from the 

developed hybrids the genotypes that are highly alkaline tolerant for future observation. This study 

is just one step in the long-term project of Cornell’s Urban Horticulture Institute to select, develop 

an asexual propagation protocol for, and introduce named cultivars of superior urban-tolerant oak 

hybrids.
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CHAPTER 3 

GENERAL CONCLUSIONS AND FUTURE STUDIES 

In order to screen the 345 developed oak hybrids and be able to identify a handful of 

genotypes that will make superior introductions into the nursery industry, the described 

experiments were conducted to determine which of the oaks can successfully be propagated 

asexually with relative ease, and which are tolerant of the highly alkaline soils common in urban 

landscapes. For the study on clonal propagation, it was found that certain maternal parent species 

were associated with stock plants that produced a high number of shoots annually (Q. ‘Ooti’—

8.9), and certain maternal parent species were associated with a high rooting percentage for these 

shoots (Q. gambelii × Q. macrocarpa—62.3%, Q. 'Ooti'—60.0%). Still, the number of rooted 

shoots produced annually by a stock plant will likely need to increase for this method to become a 

viable commercial propagation practice. While the described method has proven successful on a 

diverse range of oaks, it is expected that it could be further optimized to have greater success on a 

given oak species, hybrid, or cultivar of interest.  

The experiment looking into iron-deficiency induced leaf chlorosis in the oaks growing in 

a highly alkaline medium demonstrates that within the diverse range of hybrids being studied, 

some are much more alkaline tolerant than others, as evidenced by the differences in leaf chlorosis 

severity that were observed during the experiment.  Certain maternal parent species stood out as 

being associated with high SPAD values while growing in the alkaline medium; Q. 'Ooti' (40.6), 

Q. macrocarpa (35.7), and Q. muehlenbergii (31.1). These results suggest that hybrids 

incorporating these species would perform well in urban soils.  
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While the design of the experiments permitted statistical analysis at the level of maternal 

parent species, and allowed for general observations, few conclusions about the performance of 

individual genotypes can be made from the statistical analysis. Interestingly enough, one of the 

maternal parents, Q. 'Ooti', is represented by only a single cross and genotype (Q. 'Ooti' × Q. 

fusiformis, ID# 05-922-1) in both experiments. While the lack of multiple hybrid combinations 

and genotypes for this maternal parent species is undesirable for making statistical conclusions 

about Q. 'Ooti' as a maternal parent, it has the unintended effect of allowing for conclusions to be 

made about the single Q. 'Ooti' × Q. fusiformis genotype. Our results link Q. 'Ooti' with a high 

number of shoots produced yearly on stock plants, a high rooting percentage, and a very high 

SPAD value when grown in an alkaline medium. Therefore, because there is only one stock plant 

with Q. 'Ooti' as a maternal parent, we can confidently say that this genotype (Q. 'Ooti' × Q. 

fusiformis, ID# 05-922-1), performed very well in all of our experiments, and possibly could make 

a terrific introduction to the nursery industry as a named cultivar for use in urban landscapes.  

Additional observations about which genotypes are most likely to be highly propagable as 

well as alkaline tolerant must be made by looking at the raw data, as the experimental design does 

not allow for meaningful statistical analysis on the detailed level of  individual genotype. Table 15 

lists the 20 hybrid oak genotypes with the highest average numbers of rooted shoots produced by 

the stock plants for the years 2008-2012. Similarly, Table 16 lists the 20 genotypes with the highest 

average SPAD value when grown in the alkaline medium. These are the plants that maintained 

healthy green leaves, and showed very little, if any, leaf chlorosis while growing in the pH8.0 

medium.  While comparing these two tables, certain genotypes appear on both, suggesting that 

they are highly propagable as well as alkaline tolerant. These are 04-576-3 (Q. macrocarpa × Q. 
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gambelii), 05-922-1 (Q. 'Ooti' × Q. fusiformis), 06-1500-4 (Q. ×warei 'Long' × OPEN 

POLLINATED), and 06-1800-7 (Q. ×warei 'Long' × Q. ×comptoniae). Understandably, these 

genotypes are of great interest, and future observations are planned. It is important to note that 

other genotypes that were found to be alkaline tolerant, but maybe not very propagable, deserve 

future study as well—perhaps modifications to the asexual propagation protocol could result in 

stock plants of these genotypes producing a commercially viable number of rooted shoots each 

year.   
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Table 15. The 20 stock plant genotypes that produced the highest average number of 

rooted shoots  

Genotype ID Maternal Parent Pollen Parent 

Average # 

of Rooted 

Shoots 

Average # 

of Total 

Shoots 

06-1819-1 
Q. gambelii × 

macrocarpa 
Q. lyrata 7.8 11.3 

06-1673-4 Q. macrocarpa OPEN POLLINATED 7.3 10 

04-560-3 Q. bicolor OPEN POLLINATED 6.3 12 

05-805-1 Q. montana Q. geminata  6 8 

06-1800-8 Q. ×warei 'Long' Q. ×comptoniae  5.7 7.7 

04-576-3 Q. macrocarpa Q. gambelii 5.5 7.8 

05-922-1 Q. 'Ooti' Q. fusiformis 5.3 9 

06-1500-4 Q. ×warei 'Long' OPEN POLLINATED 5.3 5.5 

06-1500-6 Q. ×warei 'Long' OPEN POLLINATED 5.3 6.8 

06-1810-2 Q. bicolor Q. dentata 'Pinnatifida' 4.8 11.8 

06-1800-11 Q. ×warei 'Long' Q. ×comptoniae  4.5 9.5 

06-1800-7 Q. ×warei 'Long' Q. ×comptoniae  4.3 6 

04-568-2 Q. bicolor Q. turbinella 4 10.3 

06-1811-3 Q. bicolor Q. fabri 4 7.3 

06-1813-3 Q. bicolor Q. rugosa 4 7 

04-566-2 Q. bicolor Q. muehlenbergii 3.8 5 

06-1818-1 
Q. gambelii × 

macrocarpa 
Q. ×comptoniae  3.8 5.8 

04-576-1 Q. macrocarpa Q. gambelii 3.5 5.5 

06-1734-2 Q. bicolor 
Q. muehlenbergii × 

robur 
3.5 6 

06-1800-5 Q. ×warei 'Long' Q. ×comptoniae  3.5 6 
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Table 16. The 20 genotypes that displayed the least leaf chlorosis when grown in an 

alkaline medium 

Genotype ID Maternal Parent Pollen Parent 

Average 

pH8.0 final 

SPADs 

05-906-3 Q. macrocarpa 'Ashworth Strain' Q. minima 47.9 

04-572-1 Q. macrocarpa Q. turbinella 43 

05-922-1 Q. 'Ooti' Q. fusiformis 42 

06-1500-7 Q. ×warei 'Long'   OPEN POLLINATED 41.9 

04-576-3 Q. macrocarpa Q. gambelii 41.5 

04-574-3 Q. macrocarpa Q. ×undulata  40.9 

06-1741-3 Q. bicolor Q. fabri 40.1 

06-1821-3 Q. macrocarpa Q. ×comptoniae  39.9 

06-1800-9 Q. ×warei 'Long'   Q. ×comptoniae 39.6 

06-1500-4 Q. ×warei 'Long'   OPEN POLLINATED 39.5 

06-1673-7 Q. macrocarpa OPEN POLLINATED 37.4 

06-1800-7 Q. ×warei 'Long'   Q. ×comptoniae 37.4 

06-1801-10 Q. bicolor Q. muehlenbergii 37.3 

06-1673-4 Q. macrocarpa OPEN POLLINATED 36.8 

04-574-3-1 Q. macrocarpa Q. ×undulata 36.7 

06-1800-4 Q. ×warei 'Long'   Q. ×comptoniae 36.4 

06-1800-10 Q. ×warei 'Long'   Q. ×comptoniae 36.4 

05-905-1 Q. macrocarpa 'Ashworth Strain' Q. michauxii 36.4 

05-905-2 Q. macrocarpa 'Ashworth Strain' Q. michauxii 36.2 

06-1802-1 Q. bicolor Q. glauca 36.2 

 

With the conclusion of these two studies, Cornell’s Urban Horticulture Institute is closer 

to introducing urban-tolerant cultivars of hybrid oaks into the nursery industry, as well as 

developing a commercially viable asexual propagation protocol. Following the conclusion of the 

greenhouse experiment that involved testing the hybrid oaks for tolerance to an alkaline medium, 

the trees that were used were planted outside in fall of 2013 for long-term observation and study. 

At the Bluegrass Lane Turf and Landscape Research Center, where the hybrid oak stock plants are 
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located, 266 of the trees were planted (one plot of 206, and another of 60). The soil here is an 

Arkport sandy loam with a pH of 6.2, so future iron-deficiency induced leaf chlorosis is not 

expected. Additionally, in the F.R. Newman Arboretum of the Cornell Plantations, 50 trees were 

planted in the Urban Tree Collection. The planting site is a berm that is constructed of dredge 

material taken from ponds, and as a result the soil is highly alkaline (pH~8.0) and compacted. 

These conditions are similar to the challenging soil conditions commonly found in urban areas. Of 

the 50 trees planted here, 47 are expected to be very alkaline tolerant, and future observations in 

the field will help confirm or refute the conclusions drawn from the greenhouse experiment. The 

remaining 3 plants are expected to become very chlorotic in the alkaline soil, and are included in 

this planting so that their chlorotic leaves and stunted growth can be visually compared to the 

leaves and growth of the more pH adaptable genotypes.  

With the completion of my MPS degree, Cornell’s Urban Horticulture Institute is 

significantly closer to realizing the goal of selecting and introducing named cultivars of superior 

urban-tolerant oak hybrids. The results from these experiments will assist in selecting the top 

performing hybrid oaks from the hundreds of unique genotypes being tested.  With the 

characteristics of propagability, tolerance to alkaline soils, and cold-hardiness addressed, the 

project can move forward, and the UHI plans on using the 316 trees planted out during the fall of 

2013 for making long-term observations. There are many other characteristics, such as flood and 

drought tolerance, ornamental qualities (attractive fall color, corky bark, etc.), growth habit (some 

genotypes are expected to be fastigiate), and growth rate (hybrid vigor is desired), that can be 

studied before superior hybrid oak cultivars are named and introduced for use in challenging urban 

landscapes. 
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APPENDIX A 

MATERNAL PARENT SPECIES 

Scientific Name6 Common Name 

Natural 

Range6 

Alkaline 

Tolerance 

Horticultural 

Characteristics 

Quercus 'Ooti' 

[provisionally accepted] 

 from 

cultivation 

  

Quercus gambelii Nutt. × 

Q. macrocarpa Michx. 

    

Quercus bicolor Willd. Swamp White 

Oak 

E USA, SE 

Canada 

Intolerant5 Tolerance to 

flooding4  

Quercus macrocarpa 

Michx. 

Bur Oak E USA, E 

Canada 

Tolerant1, 5  Tolerant of city 

conditions1 

Quercus montana Willd.  Chestnut Oak E USA Possibly 

intolerant5  

Tolerates dry rocky 

soil1 

Quercus muehlenbergii 

Engelm. 

Chinkapin Oak SE Canada, 

E USA, 

Mexico 

Tolerant1, 2, 5 Widest range of 

any temperate oak 

in North America2 

Quercus ×warei  T. L. 

Green & W. J. Hess  

[Q. robur × Q. bicolor]    

 from 

cultivation 
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POLLEN PARENT SPECIES 

Scientific Name6 

Common 

Name Natural Range6 

Alkaline 

Tolerance 

Horticultural 

Characteristics 

Quercus muehlenbergii 

Engelm. × Q. robur L. 

    

Quercus ×bebbiana C. K. 

Schneid.  

[Q. alba × Q. 

macrocarpa]  

Bebb’s Oak E USA   

Quercus ×comptoniae 

Sarg.  

[Q. lyrata × Q. virginiana] 

Compton's 

Oak 

SE USA   

Quercus ×undulata Torr. Wavy Leaf 

Oak 

   

Quercus ×warei  T. L. 

Green & W. J. Hess  

[Q. robur × Q. bicolor]    

 from cultivation   

Quercus affinis Scheidw.  Mexico  Evergreen2 

Quercus aliena Blume Oriental 

White Oak 

China, Korea, 

Japan 

  

Quercus austrina Small Bluff Oak SE USA  Wet forest and river 

bottom2 

Quercus chapmanii Sarg. Chapman 

Oak 

SE USA  Dry sand hills and 

ridges4 

Quercus dentata Thunb. Daimyo Oak E Russia, 

Mongolia, 

China, Korea, 

Japan 

  

Quercus fabri Hance  China, Korea  Bright red fall color2 

Quercus fruticosa Brot. Lusitanian 

Oak 

N Africa, 

Morocco, 

Portugal, Spain 

  

Quercus fusiformis Small Texas Live 

Oak 

USA (Texas), 

Mexico 

Tolerant2, 5 Sub-evergreen shrub 

that spreads by 

rhizomes2 

Quercus gambelii Nutt. Gambel Oak SW & W USA, 

Mexico 

Tolerant5 Sub-evergreen shrub 

that spreads by 

rhizomes2 

Quercus geminata Small Sand Live 

Oak 

SE USA  Drought tolerant1 
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POLLEN PARENT SPECIES (CONT.) 

 

Scientific Name6 

Common 

Name 

Natural 

Range6 

Alkaline 

Tolerance 

Horticultural 

Characteristics 

Quercus glauca Thunb. Japanese Blue 

Oak 

China, Japan, 

Korea, India, 

Nepal, 

Afghanistan 

 Lustrous evergreen 

dark green leaves1 

Quercus graciliformis C. 

H. Mull. 

Slender Oak USA (Texas) Possibly 

intolerant2 

Graceful pendulous 

branches2 

Quercus libani G. 

Olivier 

Lebanon Oak W Iran, NW 

Iraq, N Israel, 

N & E Syria, 

Turkey 

  

Quercus lyrata Walter Overcup Oak E USA  Flood-tolerant1 

Quercus macranthera 

Fisch. & C. A. Mey. ex 

Hohen. 

Caucasian Oak Armenia, 

Georgia, N 

Iran, Iraq, S 

Russia, 

Turkey 

  

Quercus macrocarpa 

Michx. 

Bur Oak E USA, E 

Canada 

Tolerant1, 5 Tolerant of city 

conditions1 

Quercus michauxii Nutt. Swamp 

Chestnut Oak 

E USA   

Quercus minima (Sarg.) 

Small  

Dwarf Live 

Oak 

SE USA   

Quercus mongolica var. 

grosserata (Blume) 

Rehder & E. H. Wilson 

Mizu-nara 

Japanese Oak 

E Russia, S & 

E Korea, 

Japan 

  

Quercus muehlenbergii 

Engelm. 

Chinkapin Oak SE Canada, E 

USA, Mexico 

Tolerant1, 2, 5 Widest range of any 

temperate oak in North 

America2 

Quercus myrsinifolia 

Blume 

Chinese 

Evergreen Oak 

China, Korea, 

Japan, Laos, N 

Thailand, 

Vietnam 

Tolerant1 Evergreen, tolerant of 

many soils1 

Quercus phillyreoides 

A. Gray 

Ubame Oak China, Korea, 

Japan 

Possibly 

tolerant3 

Bronzy red new 

growth1 

Quercus polymorpha 

Schltdl. & Cham. 

Mexican White 

Oak 

USA (S 

Texas), 

Mexico, 

Guatemala, 

Honduras 

 Sub-evergreen. 

Attractive red-

pubescent new growth2 
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POLLEN PARENT SPECIES (CONT.) 

Scientific Name6 Common Name 

Natural 

Range6 

Alkaline 

Tolerance 

Horticultural 

Characteristics 

Quercus prinoides 

Willd. 

Dwarf Chinkapin 

Oak 

Canada, E 

USA 

  

Quercus robur L. English Oak Europe Tolerant1  

Quercus rugosa Née Net-leaved Oak SW USA, 

Mexico, 

Guatemala, 

Honduras 

 Evergreen2 

Quercus spinosa 

David 

 China, 

Myanmar 

Possibly 

tolerant3 

 

Quercus turbinella 

Greene 

Sonoran Scrub 

Oak 

SE USA, 

Mexico 

 Evergreen holly-

like leaves. Grows 

on dry dessert 

slopes2 

Quercus vaseyana 

Buckley 

Sandpaper Oak USA 

(Texas), 

Mexico 

  

Quercus virginiana 

Mill. 

Southern Live 

Oak 

S USA Intolerent2 Evergreen tree 

with broad arching 

canopy1 
 

 

1. (Dirr M. A., 2009) 

2. (Grimshaw & Bayton, 2009) 

3. (Menitsky, U. L., Fedorov, A. A., & Botanicheskiĭ institut im. V.L. Komarova , 2005) 

4. (Miller & Lamb, 1985) 

5. (Sternberg & Wilson, 2004) 

6. (Trehane, 2007 onwards) 
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OAK PLANTINGS AT BLUEGRASS LANE TURF AND LANDSCAPE RESEARCH 

CENTER    

 
*more detailed maps showing the locations of individual trees are included in APPENDIX B (see 

included CD)  
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OAK PLANTINGS AT THE F.R. NEWMAN ARBORETUM OF THE CORNELL 

PLANTATIONS  

 
*more detailed maps showing the locations of individual trees are included in APPENDIX B (see 

included CD)  
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APPENDIX B: LIST OF FILES INCLUDED ON CD 

1. Hybrid oak propagation experiment data (2008-2012) 

2. Hybrid oak propagation experiment statistical analysis report 

3. Hybrid oak chlorosis experiment data (2012-2013) 

4. Hybrid oak chlorosis experiment statistical analysis report 

5. Map of stock plants at Bluegrass Lane Turf and Landscape Research Center 

6. Map of oaks planted at Bluegrass Lane Turf and Landscape Research Center (2013) 

7. Map of oaks planted at the F.R. Newman Arboretum of the Cornell Plantations (2013) 
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