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Hickories (Carya spp.) have long been sought after by horticulturists for their 

ornamental traits yet have not been integrated into commercial nursery production due 

to limited propagation techniques, slow growth, and claims of poor transplant success. 

Further, their environmental tolerances and potential uses in managed landscapes have 

been speculative, traditionally based on observations of their niche roles in the wild. A 

series of experiments were conducted with the goal of characterizing drought tolerance 

and identifying alternative propagation and production techniques that could bolster 

cultivation of hickories in the nursery and ease establishment into the landscape.  

Drought tolerance of multiple desirable species was predicted and ranked to 

guide the matching of taxa to the site conditions they are best suited, while also 

providing evidence of variability between individuals and provenances to support the 

selection of superior clones. A modified-stool-bed-layering technique was assessed for 

successful asexual propagation and found to be well-suited to shagbark hickory. The 

use of GA4+7 to increase the rate of development of seedling hickories was tested and 

determined to be effective for bitternut hickory and pecan. Container production of 

hickories in standard plastic nursery pots and RootMaker® bags was trialed against 

field production of liners and shown to be an effective means of growing bitternut 

hickory and kingnut hickory. Symptoms and susceptibility to mouse ear disorder, a 

function of nickel deficiency, were characterized and documented for the first time in 



 

bitternut hickory. The disorder was successfully corrected using the commercial 

product Nickel Plus®. In addition, a series of transplanting regimens involving trees of 

several species and representing different nursery stock options were implemented at 

the Bluegrass Lane Turf and Landscape Research Center on the Ithaca campus of 

Cornell University to document plant recovery and provide physiological evidence to 

help explain transplant success of hickories in the landscape.  

Separate from the research involving hickories, three experiments were 

conducted using unrelated taxa to better understand the influence of root pruning on 

root hydraulic conductance in field production and with container-grown nursery stock 

as well as exploring mouse ear disorder in two underutilized species of Betula.  

 

  

 

 



 

v 

BIOGRAPHICAL SKETCH 

Brandon Miller received his Bachelor of Science degree in Agronomy and 

Horticulture as well as his Master of Science degree from Iowa State University in 

2015 and 2017, respectively. During his graduate study at Iowa State University 

Brandon was awarded the Graduate Teaching Excellence Award from the Department 

of Horticulture. While at Cornell University, Brandon was the recipient of the College 

of Agriculture and Life Sciences’ Outstanding Graduate Teaching Assistant Award as 

well as the Barbara McClintock Graduate Student Award. After graduation from 

Cornell, Brandon will join the faculty of the Department of Horticultural Science at 

the University of Minnesota as an Assistant Professor with a specialization in cold 

climate perennial specialty horticultural plants.   



 

vi 

 

 

 

 

 

 

 

 

 

 

 

In honor of my loved ones, living and passed. Your unwavering support of my 

academic pursuits has made this work possible.  

 



 

vii 

ACKNOWLEDGMENTS 

I thank my advisor, Dr. Nina Bassuk, for her mentorship, support, and friendship 

throughout my degree program. Dr. Bassuk provided me an invaluable opportunity to 

study a group of plants I hold dear while also guiding my education with instrumental 

lessons on the cultivation of woody plants and in landscape horticulture.  I thank my 

committee members, Dr. Mark Bridgen and Dr. Tim Setter, for their advice and 

sincere feedback at each step in my research. Coreen Robinson, Hazel Schrader, Ryan 

Georgia, Eileen Brucatto, James Lynch, and Fan Feng are among the many individuals 

that assisted me in the establishment, maintenance, and collection of the research 

presented herein. Collaborators include Dr. John Ruter, Dr. Taryn Bauerle, and Erika 

Mudrak, whose assistance, resources, and expertise were crucial to the completion of 

my projects. Among those instrumental in assisting me in obtaining research materials, 

especially during COVID-19 quarantine, were Jim Kisker, Alana McKean, and Guy 

Sternberg. I cannot thank these individuals enough for their support. 

 

I would like to also thank the following organizations and programs for providing 

funding to pursue this research: John Duling Program of Tree Fund, the Horticultural 

Research Institute, and the USDA National Institute of Food and Agriculture, 

McIntire Stennis/Smith-Lever project 1020775. 

 

 

 

 

 

 

 



 

viii 

TABLE OF CONTENTS 

 

BIOGRAPHICAL SKETCH ................................................................................... v 

DEDICATION ....................................................................................................... vi 

ACKNOWLEDGEMENTS .................................................................................. vii 

LIST OF FIGURES ............................................................................................... xii 

LIST OF TABLES ............................................................................................... xvi 

LIST OF ABBREVIATIONS ............................................................................ xviii 

LIST OF SYMBOLS ............................................................................................ xix 

PREFACE.............................................................................................................. xx 

CHAPTER 1     CARYA SPECIES AND INTERSPECIFIC HYBRIDS FOR 

USE IN THE MANAGED LANDSCAPE: PREDICTED DROUGHT 

TOLERANCE ......................................................................................................... 1 

 

 Abstract........................................................................................................ 1 

 Introduction ................................................................................................. 2 

 Materials and Methods ................................................................................ 5 

 Statistical Analysis................................................................................. 7 

 Results ......................................................................................................... 8 

Osmotic Potential at Full turgor (100) ............................................... 8 

Predicted Leaf Turgor Loss Point (po) ................................................ 8 

 Discussion.................................................................................................. 10 

 Acknowledgements ................................................................................... 19 

 References ................................................................................................. 20 

 

CHAPTER 2     ASEXUAL PROPAGATION OF HICKORIES AND 

PECAN USING A MODIFIED-STOOL-BED-LAYERING TECHNIQUE ....... 24 

 

 Abstract...................................................................................................... 24 

 Introduction ............................................................................................... 25 

 Materials and Methods .............................................................................. 27 

 Establishment ...................................................................................... 27 

 Stooling and Etiolation ........................................................................ 28 

 Treatment Implementation................................................................... 28 

 Harvest ................................................................................................ 29 

 Statistical Analysis............................................................................... 30 

 Results and Discussion .............................................................................. 30 



 

ix 

 Acknowledgements ................................................................................... 34 

 References ................................................................................................. 35 

 

CHAPTER 3     GIBBERELLIC ACID 4+7 INFLUENCES SHOOT 

GROWTH OF SEEDLING HICKORIES............................................................. 37 

 

 Abstract...................................................................................................... 37 

 Introduction ............................................................................................... 38 

 Materials and Methods .............................................................................. 40 

 Experiment 1: Effects of GA4+7 on one-year-old seedlings of six 

species of Carya .................................................................................. 40 

 Experiment 2: Effects of GA4+7 on seedlings of bitternut hickory 

shortly after germination ..................................................................... 41 

 Results ....................................................................................................... 43 

 Experiment 1 ........................................................................................ 43 

 Experiment 2 ........................................................................................ 44 

 Discussion.................................................................................................. 46 

 Acknowledgements ................................................................................... 50 

 References ................................................................................................. 51 

 

CHAPTER 4     NURSERY PRODUCTION METHOD INFLUENCES 

GROWTH OF HICKORIES ..................................................................... 53 

 

 Abstract...................................................................................................... 53 

 Introduction ............................................................................................... 53 

 Materials and Methods .............................................................................. 56 

 Statistical Analysis............................................................................... 58 

 Results and Discussion .............................................................................. 59 

 Caliper Growth .................................................................................... 59 

 Shoot Extension ................................................................................... 60 

 Acknowledgements ................................................................................... 64 

 References ................................................................................................. 65 

 

CHAPTER 5     SUPPLEMENTAL NICKEL CORRECTS MOUSE EAR 

DISORDER ON BITTERNUT HICKORY .............................................  67 

 

 Abstract...................................................................................................... 67 

 Introduction ............................................................................................... 68 

 Materials and Methods .............................................................................. 69 

 Statistical Analysis............................................................................... 71 



 

x 

 Results and Discussion .............................................................................. 72 

 Acknowledgements ................................................................................... 74 

 References ................................................................................................. 75 

 

CHAPTER 6     TRANSPLANT METHOD AND SPECIES DIFFERENCES 

INFLUENCE POST-TRANSPLANT RECOVERY OF HICKORIES .... 77 

 

 Abstract...................................................................................................... 77 

 Introduction ............................................................................................... 78 

 Materials and Methods .............................................................................. 80 

 Large-caliper shagbark hickories ....................................................... 80 

 Container-grown hickories .................................................................. 83 

 Results ....................................................................................................... 84 

 Discussion.................................................................................................. 88 

 Acknowledgements ................................................................................... 91 

 References ................................................................................................. 92 

 

CHAPTER 7     ENHANCING TREE TRANSPLANT SUCCESS 

THROUGH THE MANIPULATION OF ROOT HYDRAULIC 

CONDUCTANCE ..................................................................................... 95 

 

 Abstract...................................................................................................... 95 

 Introduction ............................................................................................... 95 

 Materials and Methods .............................................................................. 97 

 Statistical Analysis............................................................................. 100 

 Results and Discussion ............................................................................ 100 

 Acknowledgements ................................................................................. 104 

 References ............................................................................................... 105 

 

CHAPTER 8     ROOT PRUNING IMPROVES ROOT HYDRAULIC 

CONDUCTANCE AND VEGETATIVE GROWTH OF 

ROOTBOUND OAKS IN CONTAINERS............................................. 107 

 

 Abstract.................................................................................................... 107 

 Introduction ............................................................................................. 108 

 Materials and Methods ............................................................................ 109 

 Statistical Analysis............................................................................. 112 

 Results ..................................................................................................... 113 

 Size Assessment ................................................................................. 113 

 Species Assessment ............................................................................ 116 



 

xi 

 Discussion................................................................................................ 121 

 Acknowledgements ................................................................................. 123 

 References ............................................................................................... 124 

 

CHAPTER 9     CORRECTION OF MOUSE EAR DISORDER OF 

YELLOW AND SWEET BIRCHES ...................................................... 127 

 Abstract.................................................................................................... 127 

 Significance to Nursery Industry ............................................................. 128 

 Introduction ............................................................................................. 128 

 Materials and Methods ............................................................................ 131 

 Statistical Analysis............................................................................. 134 

 Results ..................................................................................................... 135 

 Discussion................................................................................................ 145 

 Acknowledgements ................................................................................. 149 

 References ............................................................................................... 150 

 

APPENDIX ......................................................................................................... 152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



 xii 

LIST OF FIGURES 

 

Fig. 1.1   Predicted leaf turgor loss point in spring and summer of species and 

interspecific hybrids of Carya ranked by summer leaf turgor loss values. Error bars 

represent the SE of the mean. Vertical lines indicate the overall mean for spring 

and summer across taxa ....................................................................................... 11 

 

Fig. 1.2   Predicted leaf turgor loss point in spring and summer of two populations of 

Carya laciniosa of known provenance ranked by summer leaf turgor loss values. 

Error bars represent the SE of the mean. Vertical lines indicate the overall mean 

for spring and summer across populations .......................................................... 16 

 

Fig. 1.3   Predicted leaf turgor loss point in spring and summer of ten individuals of 

Carya glabra ranked by summer leaf turgor loss values. Error bars represent the 

SE of the mean. Vertical lines indicate the overall mean for spring and summer 

across individuals ................................................................................................ 17 

 

Fig. 3.1   Mean caliper of six species of Carya. Error bars indicate standard error. Data 

were pooled across treatments to reflect main effect of species. Means with same 

letter are not different according to Tukey’s honestly significant difference test (P 

≤ 0.05) ................................................................................................................. 44 

 

Fig. 3.2   Mean shoot extension of six species of Carya by treatment. Error bars 

indicate standard error. Means across species and treatments with same letter are 

not different according to Tukey’s honestly significant difference test (P ≤ 0.05)

 ............................................................................................................................. 46 

 

Fig. 4.1   Caliper growth (measured 2.5 cm above the soil line) of four species of 

Carya grown using different production methods (field-grown, plastic container, 

or bag) at the conclusion of the second year of cultivation ................................. 59 

 

Fig. 4.2   Caliper growth (measured at 2.5 cm above the soil line) of three species of 

Carya grown using different production methods (field-grown, plastic container, 

or bag) at the conclusion of the fourth growing season ....................................... 60 

 

Fig. 4.3   Shoot extension (cm) of four species of Carya grown using different 

production methods (field-grown, plastic container, or bag) at the conclusion of the 

second year of cultivation. Means across species and treatments with same letter 

are not different according to Tukey’s honestly significant difference test (P ≤ 

0.05) ..................................................................................................................... 61 

 

Figure 4.4   Shoot extension growth at the end of the fourth growing season in 

response to treatment by cultivating in the field (field), in a standard (#10) plastic 

container (plastic), or in a RootTrapper® II container (bag) ............................... 61 



 

xiii 

 

Fig. 6.1   Fine root hydraulic conductance, caliper growth, leaf surface area, and shoot 

extension of large-caliper shagbark hickory pooled across season. Means sharing a 

letter within a response are not different according to Tukey’s HSD test (P ≤ 

0.05). Error bars indicate the standard error of the mean .................................... 85 

 

Fig. 6.2   Fine root hydraulic conductance of large-caliper shagbark hickory pooled 

across treatment. Means sharing a letter are not different according to Tukey’s 

HSD test (P ≤ 0.05). Error bars indicate the standard error of the mean............ 86 

 

Fig. 6.3   Shoot extension and leaf surface area of small-caliper bitternut hickory (C. 

cordiformis), kingnut hickory (C. laciniosa), and shagbark hickory (C. ovata) 

pooled across taxon and season. Means within a response sharing a letter are not 

different according to Tukey’s HSD test (P ≤ 0.05). Error bars indicate standard 

error of the mean ................................................................................................. 87 

 

Fig. 6.4   Shoot extension and leaf surface area of small-caliper bitternut hickory (C. 

cordiformis), kingnut hickory (C. laciniosa), and shagbark hickory (C. ovata) 

pooled across treatment and season. Means within a response sharing a letter are 

not different according to Tukey’s HSD test (P ≤ 0.05). Error bars indicate 

standard error of the mean ................................................................................... 88 

 

Fig. 7.1   Comparisons of mean caliper growth (diameter of trunk in cm). Data were 

analyzed by means of a two-way ANOVA followed by a post hoc comparison. 

Interaction term was not significant and was removed. Model was run using main 

effects post hoc comparison with a Tukey adjustment for multiple comparisons. 

Means and standard errors of observed values are presented (n = 5) .................. 101 

 

Fig. 7.2   Comparisons of mean leaf surface area (cm
2
) between treatments at 

conclusion of study. Significant differences among means within a species are 

indicated by lowercase letters (P ≤ 0.05) according to a two-way ANOVA 

followed by a post hoc comparison with a Bonferroni correction. Data were ln(log) 

transformed to fit the assumptions of the model. Means and standard errors of 

observed values are presented (n = 5) ................................................................. 102 

 

Fig. 7.3   Comparisons of mean specific hydraulic conductance (Ks) in fine (< 2 mm 

diameter) and coarse roots (2 to 4 mm diameter) between sampling intervals. Non-

shaded bars represent Ks of roots derived from unpruned controls. Shaded bars 

represent Ks of roots arising from pruning wounds. Data were analyzed using a 

three-way ANOVA followed by a post hoc comparison with a Bonferroni 

correction. Data were log transformed to fit the assumptions of the model. Means 

and standard errors of observed values are presented. Rounds 1 and 2 (n = 3), 

round 3 (n = 5) ..................................................................................................... 103 

 

 



 

xiv 

Fig. 8.1   Specific root hydraulic conductance of fine roots (< 2.5 mm diameter) of 

small (11.3 L) and large (36.7 L) Quercus bicolor by treatment (A) and season (B). 

Means (across treatments or seasons) with same letter are not different according 

to Tukey’s honestly significant difference test (P ≤ 0.05). Error bars indicate 

standard error of the mean. Although data were transformed to square roots for 

analysis, non-transformed values are presented .................................................. 118 

 

Fig. 8.2   Leaf surface area (cm2) of small (11.3 L) Quercus bicolor and Q. 

macrocarpa (A) as well as small (11.3 L) and large (36.7 L) Q. bicolor (B) by 

treatment. Means (across treatments) with same letter are not different according 

to Tukey’s honestly significant difference test (P ≤ 0.05). Error bars indicate 

standard error of the mean. Although data were transformed to square roots for 

analysis, non-transformed values are presented .................................................. 119 

 

Fig. 8.3   Caliper growth measured as the difference in stem diameter (cm) from 

treatment implementation to end of growing season of 2019 for small (11.3 L) 

Quercus bicolor and Q. macrocarpa (A) as well as small (11.3 L) and large (36.7 

L) Q. bicolor (B) by species and treatment, respectively. Means (across species or 

treatment) with same letter are not different according to Student’s T-Test (A) or 

Tukey’s honestly significant difference test (B) at P ≤ 0.05. Error bars indicate 

standard error of the mean ................................................................................... 120 

 

Fig. 9.1   Mean leaf area of Betula alleghaniensis and B. lenta by treatment (low and 

high-rate foliar spray or substrate drench) and treatment time (Fall or Spring). 

Means (across species, treatment, and treatment times) with same letter are not 

different according to Tukey’s honestly significant difference test (P ≤ 0.05). 

Although data were transformed to square roots for analysis, non-transformed 

values are presented. Error bars indicate standard error of the mean .................. 139 

 

Fig. 9.2   Mean number of leaves per unit stem elongation, stem dry weight, and leaf 

count of fall and spring treated plants by treatment (pooled across species). Means 

(across treatment times and treatment per response) with same letter are not 

different according to Tukey’s honestly significant difference test (P ≤ 0.05). 

Although data were transformed to logs for analysis, non-transformed values are 

presented. Error bars indicate standard error of the mean ................................... 141 

 

Fig. 9.3   Mean number of leaves per unit stem elongation, specific leaf area, and leaf 

greenness of Betula alleghaniensis and B. lenta by treatment (pooled across 

treatment time). Means (across species and treatment per response) with same 

letter are not different according to Tukey’s honestly significant difference test (P 

≤ 0.05). Although data were transformed to logs for analysis, non-transformed 

values are presented. Error bars indicate standard error of the mean .................. 142 

 

 

 



 

xv 

Fig. 9.4   Mean number of leaves per unit stem elongation and stem elongation by 

treatment time (pooled across treatments). Means (across treatment times per 

response) with same letter are not different according to Tukey’s honestly 

significant difference test (P ≤ 0.05). Although data were transformed to logs for 

analysis, non-transformed values are presented. Error bars indicate standard error 

of the mean .......................................................................................................... 143 

 

Fig. 9.5   Mean leaf dry weight and stem elongation (pooled across species and 

treatment time). Means (across treatments per response) with same letter are not 

different according to Tukey’s honestly significant difference test (P ≤ 0.05). 

Although data were transformed to logs for analysis, non-transformed values are 

presented. Error bars indicate standard error of the mean ................................... 144
 

 



 

xvi 

LIST OF TABLES 

 

Table 1.1 Osmotic potential at full turgor (100 (±SE)) and seasonal osmotic 

adjustment (100) for Carya species and interspecific hybrids ....................... 9 

 

Table 1.2 Variability of predicted spring and summer leaf turgor loss points across 

individuals within each Carya species ................................................................ 9 

 

Table 2.1   Summary of experimental units and rooting characterization in assessment 

of auxin concentration for three species of hickory using a modified-stool-bed-

layering technique ............................................................................................... 31 

 

Table 2.2   Total number of rooted stock plants and total number of viable rooted 

layers by treatment .............................................................................................. 32 

 

Table 3.1   Significance of species and treatment main effects and their interactions on 

shoot extension and caliper responses to GA4+7 treatments applied to seedlings 

of Carya cordiformis, C. glabra, C. illinoinensis, C. laciniosa, C. ovata, and C. 

tomentosa ............................................................................................................. 44 

 

Table 3.2   Effects of GA4+7 applications to seedlings of Carya cordiformis on height, 

caliper, and count of nodes of shoots, leaf surface area, and dry weight of leaves, 

shoots, and roots. All responses except caliper were transformed to meet the 

assumptions of the model; non-transformed means (±SE) are presented ........... 45 

 

Table 5.1   Growth analysis of three-year old bitternut hickory seedlings (Carya 

cordiformis) grown in a soilless substrate 30 days after treatment with Nickel 

Plus® .................................................................................................................... 72 

 

Table 6.1   Fine root hydraulic conductance (10-3 kg s-1 m-2 kPa-2) of small-caliper 

bitternut hickory (C. cordiformis), kingnut hickory (C. laciniosa), and shagbark 

hickory (C. ovata). Means across treatment, season, and taxon sharing a letter are 

not different according to Tukey’s HSD test (P ≤ 0.05) ..................................... 86 

 

Table 8.1   Main effects and interactions of season, size, and treatment as well as 

species, treatment, and season on fine root hydraulic conductance of two sizes of 

Quercus bicolor and small plants of Q. bicolor and Q. macrocarpa, respectively

 ............................................................................................................................. 114 

 

Table 8.2   Main effects and interactions of size and treatment as well as species and 

treatment on leaf surface area of two sizes of Quercus bicolor and small plants of 

Q. bicolor and Q. macrocarpa, respectively ....................................................... 115 

 



 

xvii 

Table 8.3   Main effects and interactions of size and treatment on caliper growth, leaf 

dry weight, and shoot dry weight of large and small Quercus bicolor ............... 115 

 

Table 8.4   Effects of treatment on leaf dry weight and shoot dry weight of large and 

small Quercus bicolor. Leaf dry weight and shoot dry weight data transformed to 

square roots for analysis; non-transformed data are presented ........................... 116 

 

Table 8.5   Main effects and interactions of species and treatment on caliper growth, 

leaf dry weight, and shoot dry weight of small Quercus bicolor and Q. macrocarpa

 ............................................................................................................................. 117 

 

Table 8.6   Effects of treatment on caliper growth, leaf dry weight, root hydraulic 

conductance, and shoot dry weight of small Quercus bicolor and Q. macrocarpa. 

Root hydraulic conductance and shoot dry weight data, respectively, were square 

root and log transformed for analysis; non-transformed data are presented ....... 117 

 

Table 9.1   Significance of species, treatment, and time main effects as well as all 

combinations of their interactions on six responses to supplemental nickel 

applications in spring or fall on Betula alleghaniensis and B. lenta. Responses 

were tested in a mixed model ANOVA with a random effect of plant ............... 136 

 

Table 9.2   Significance of species, treatment, and time main effects as well as all 

combinations of their interactions on three responses to supplemental nickel 

applications in spring or fall on Betula alleghaniensis and B. lenta ................... 137 

 

Table 9.3   Nickel content of foliage (mg/kg) from three single-plant replicates of (#1) 

Betula alleghaniensis and B. lenta left untreated (control) or supplied with a nickel 

supplement via a low or high-rate foliar application or substrate drench of Nickel 

Plus® in fall or spring.  Samples were analyzed using inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) .......................................................... 145 

 

 

 

 

 

 

 

 

 

 



 

xviii 

  LIST OF ABBREVIATIONS 

 

Eq.  equation 

B&B balled and burlapped 

BR bare root 

IBA indole-3-butyric acid  

PPM parts per million 

GA gibberellic acid 

ICP-AES inductively coupled plasma atomic emission spectroscopy 

 

 

 

 



 

xix 

LIST OF SYMBOLS 

R          ideal gas constant 

T          temperature measured in Kelvins 

Cs         solute concentration         

        osmotic potential 

100    osmotic potential at full turgor  

po          leaf water potential at turgor loss point 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xx 

PREFACE 

 

As severe weather events and the introduction of invasive pests occur more 

frequently in the United States, the resiliency of managed landscapes has come into 

question (Tubby and Weber, 2010). Those that manage green spaces recognize they 

must incorporate diverse selections of plants capable of tolerating the demands of a 

changing climate (Sjöman et al., 2015). Yet modern trends in the nursery supply chain 

have led to the repetitive use of easily grown, closely related taxa, inadvertently 

creating monocultures. To combat landscape vulnerability, underutilized taxa capable 

of tolerating expected environmental conditions of the future could be introduced into 

horticulture to expand biodiversity. Many neglected species exist that tout superior 

ornamental traits and are suspected to exhibit excellent stress tolerances. However, 

these taxa usually remain underutilized due to limitations with their production or 

establishment in the landscape.  

One genus comprising a multitude of underappreciated plants is Carya (Nutt.). 

Carya species, commonly referred to as hickories, include many stately, native trees, 

that offer superior ornamental features with great promise for application in managed 

landscapes, especially urban environments. Species such as Carya ovata (Mill.) K. 

Koch (shagbark hickory) are sought after for their characteristic exfoliating bark, 

golden fall color, edible nuts, perceived adaptability, and susceptibility to few pests 

and pathogens. While this taxon is arguably the most widely recognized species of 

Carya, it has 13 congeners endemic to North America and six native to Asia (Manos 

and Stone, 2001). Included among the species endemic to North America is pecan (C. 
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illinoinensis (Wangenh.) K. Koch) a major nut crop cultivated around the globe, as 

well as an array of species not commonly encountered by horticulturists and landscape 

practitioners.  

The species that comprise the genus Carya exhibit diverse adaptations to many 

niche environments. Species are found throughout the spectrum of dry, upland sites to 

seasonally inundated swamps (Thompson and Grauke, 1991). While some taxa appear 

restricted to sites of one habitat type, others seem more plastic in their ability to 

tolerate diverse environmental conditions. For example, species such as C. cordiformis 

(Wangenh.) K. Koch (bitternut hickory) and C. laciniosa (F. Michx.) Loudon (kingnut 

hickory) are predominantly considered riparian species, however, multiple sources 

also support the occurrence of one or both of those taxa on non-riparian sites (Braun, 

1961; Elias, 1980; Schlensinger, 1990; Thompson and Grauke, 1991). In many cases, 

the environmental tolerances of landscape plants are assumed based on correlative 

occurrence in situ and expectations of performance evidenced by tolerances of 

congeners. Antiquated site association-stress tolerance scales can be found for 

hickories in the literature as well. Boisen and Newlin (1910) state the following taxa, 

in ascending order, require increasing amounts of water for successful growth: C. 

glabra (Mill.) Sweet (pignut hickory), C. tomentosa (Lam.) Nutt. (mockernut 

hickory), C. ovata, C. cordiformis, C. laciniosa, C. myristiciformis (F. Michx.) Nutt. 

(nutmeg hickory), C. illinoinenis, and C. aquatica (F. Michx.) Nutt. (water hickory). 

The authors provide no empirical evidence for this scale and this order strictly follows 

typical site association from upland to bottomland environments. Relatively few 

studies have formally assessed tolerances of Carya species to environmental stresses. 
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Parker et al. (1982) studied C. tomentosa, a species common on well-drained, mesic 

sites and provided evidence to suggest the species avoids rather than tolerates drought. 

Other studies have claimed some species of Carya, such as pecan, are phreatophytic, 

using their taproot to acquire water from deep soil profiles (Sparks, 2005). While this 

is a plausible hypothesis, these proposals are largely observation based, and support 

the need for formal assessments.  

Although hickories have potential as more widely grown nursery crops, their 

introduction into horticulture is limited by claims of resistance to standard production 

techniques and successful transplanting. Hickories are predominantly grown from seed 

and pecan is typically produced by grafting desirable cultivars onto seedling 

understock (Brison, 1974; Wood, 2003). Relatively few selections have been made of 

Carya species other than C. illinoinensis, none of which were intended for landscape 

application (Thompson and Grauke, 1991). Overall, asexual propagation of Carya 

species is limited. Grafting techniques display reduced success rates relative other 

woody plants (Casales et al., 2018) and require a particularly skilled propagator 

(Brison, 1974). Some research has explored factors that influence success of asexual 

propagation including methods for collecting and storing scion (Madden, 1978), graft 

compatibility (Bixby, 1924; Grauke and O’Barr, 1996; Thomas, 2015), 

micropropagation (Corte-Olivares et al., 1990), as well as taking hardwood (Allan et 

al., 1980; O’Rourke, 1953; Cao et al., 2019) and softwood (Dirr, 2009) cuttings. But 

these studies have yielded mixed results. Other reports indicate techniques difficult to 

execute at scale, like root cuttings, have been successful (Burns and Honkala, 1990; 

Fouad et al., 1992).  
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In the nursery, a combination of traits are blamed for the purported resistance 

of hickories to standard production. Young hickories are notorious for their slow 

growth, a characteristic associated with juvenile development and artifacts of growing 

plants from seed. Carya species display preformed, determinate growth (Pallardy, 

2008). Seedlings focus energy on the development of a taproot instead of shoot growth 

during their juvenile years (Holch, 1931; Sparks, 2005; Toumey, 1929), a 

phenomenon sometimes referred to as lag-phase development (Miller and Graves, 

2019). While pecan is known to have a relatively short lag-phase of four years, post-

germination (Sparks, 2005), other hickories are typically thought to endure longer 

juvenile periods. For some growers, an investment of twelve-years is required to 

achieve a saleable-sized tree (Ben French, Johnson’s Nursery, Menomonee Falls, WI, 

personal communication). Dirr and Warren (2019) report shagbark hickory seedlings 

potted into containers for a nursery trial did not grow a discernable amount after three 

years, indicating slow development is a critical limitation for producers. Considering 

this, limited research has explored techniques for growth modification. Taylor (1973) 

observed tall, spindly growth on pecan seedlings after exogenous application of 

gibberellic acid in the form of a spray but claimed significant caliper growth could be 

elicited by applying one-part gibberellic acid (0.5% GA3 via Gibrell
) suspended in 

two parts anhydrous lanum applied to the base of the shoot. Overall, production of 

hickories in the nursery has been neglected in formal assessments and what little is 

known is based on results acquired from attempts with pecan or shagbark hickory.  

Among the purported difficulties experienced by growers and landscape 

practitioners is the resistance of hickories to successful transplanting (Dirr and 
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Warren, 2019). While no formal assessments have been reported, the stigma of 

impossibility concerning transplant ability is a common theme. Often used to support 

this claim is the characteristic development of a strong, prominent taproot and minimal 

fine and lateral root branching, of which all hickories are known to exhibit to some 

degree (Thompson and Grauke, 1991). Some taxa within the genus are suspected to 

transplant better than others. For example, Dirr (2009) claims most hickories, except 

for C. aquatica, resist successful transplanting when harvested and planted as balled 

and burlapped (B&B) nursery stock.  

For species considered difficult to transplant, alternative production methods 

and techniques for transplanting have been explored. Practices such as root 

manipulation through careful root pruning (Carlson, 1974; Geisler and Ferree, 1984; 

Harris et al., 2001; McCraw and Smith, 1998) or the use of plant growth regulators 

(Crunkilton et al., 1994; Prager and Lumix, 1983) have shown to be effective at 

modifying the root systems of other species deemed difficult to transplant. Root 

pruning can be an effective tool to encourage root branching, create a denser root ball, 

and enhance shoot growth rates over time (Gilman, 1990). Root pruning via 

undercutting has shown to alter root morphology and improve post-transplant survival 

in the taprooted species Juglans nigra, among others (Schultz and Thompson, 1990; 

Mullin, 1966). However, taproot regeneration and the formation of first-order lateral 

roots after root pruning, traits associated with post-transplant survival of some 

difficult-to-transplant species, varies between taxa and genera. Species such as C. 

aquatica and C. laciniosa have exhibited taproot regeneration and increases in the 

number of first-order lateral roots of seedlings after root pruning and exposure to 
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auxin (Miller and Graves, 2019). Other factors such as genetic variability within a 

species can also influence growth responses to root manipulation (Kalliokoski et al., 

2008). Studies that explore these concepts focus on root morphological responses and 

few examine hydraulic conductivity, an underlying physiological component shown to 

directly influence transplant recovery (Yin et al., 2014).  

As an alternative to field-grown stock, landscape practitioners will commonly 

seek container-grown or containerized material of species considered resistant to 

transplanting. Trees transplanted from containers are thought to endure less 

disturbance to the root mass and retain more roots than those lost due to severance 

when harvested as B&B or BR stock (Gilman, 1990). Container nursery crops offer 

advantages for growers including greater control over cultural inputs and reduced 

costs associated with holding, handling, and transporting stock (Davidson et al., 2000). 

However, containers can also cause detrimental root architecture and root binding 

(O’Connor et al., 2018), which can hinder roots from establishing into the soil after 

transplanting (Gilman et al., 2010). Many methods and products have been proposed 

for avoiding root deformation of container-grown crops (Amoroso et al., 2010; 

Appleton, 1993, Arnold, 1996; McGrath et al., 2021; Miller and Bassuk, 2018). 

However, in recent years, mechanical removal has gained the most attention and 

evidence for successful manipulation (Gilman and Wiese, 2012; Weicherding et al., 

2007), especially rootball shaving, where the periphery of the root mass is removed 

(Cregg and Ellison, 2018; Rouse and Cregg, 2021). These examples involve root 

pruning at the time of transplanting and few studies have examined how this technique 

could be incorporated proactively in the nursery as a production tool.  
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While claims of resistance to standard production and landscape establishment 

currently limit the availability of hickories in the nursery industry, new techniques and 

protocols could ease their incorporation into commercial nurseries. Most purported 

limitations are conjecture based and formal research assessments should be used to 

focus on the true problems that restrict the commercial adoption of hickories. Some 

challenges associated with hickories are specific to the genus, while others are likely 

applicable to multiple unrelated taxa, many of which also could be used to bolster 

landscape biodiversity.  
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CHAPTER 1 

 

CARYA SPECIES AND INTERSPECIFIC HYBRIDS FOR USE IN THE 

MANAGED LANDSCAPE: PREDICTED DROUGHT TOLERANCE 

Abstract 

Impressive ornamental features including exfoliating bark and golden fall color 

are among the reasons why Carya (Nutt.) species are sought after by horticulturists. 

Their potential for application in the green industry continues to grow as producers 

and consumers become more interested in adopting native plants. However, an 

absence of knowledge that defines which species are tolerant of abiotic stresses in the 

landscape limits their use. If production of stress tolerant Carya species increases, they 

could be used to diversify urban forests and may bolster the sustainability of managed 

landscapes. We examined the predicted leaf water potential at the turgor loss point to 

estimate drought tolerance among several species and interspecific hybrids of 

hickories and pecan adapted to growing in northern climates. Our hypotheses were 

that because some bottomland habitats experience seasonal drought in addition to 

flooding that taxa adapted to these sites may be more drought tolerant than previously 

assumed, and that the degree of drought tolerance would be variable within species 

and populations. Predicted mean leaf turgor loss measured in summer across species 

was -3.38 MPa. Carya laciniosa (F. Michx.) Loud. exhibited the lowest mean summer 

leaf turgor loss point (-3.64 MPa) whereas Carya glabra (Mill.) Sweet. exhibited the 

highest (-3.20 MPa). Provenance of trees studied influenced estimated drought 

tolerance of C. laciniosa. Variability between individual trees within each species, 

excluding hybrids, was observed suggesting clonal selections of each taxon can be 

made for drought-prone landscapes. The results of this work indicate that all species 

and hybrids studied are at least moderately drought tolerant and should be considered 
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for planting in managed landscapes. Further, species often associated with riparian 

habitats appear to exhibit superior drought tolerance and should not be excluded for 

use on drought-prone sites.   

 

Introduction 

The genus Carya comprises twenty taxa globally, with fourteen species found 

in North America (Wood and Grauke, 2011). Divided into three subgenera, the “true 

hickories” (sect. Carya) and “pecan hickories” (sect. Apocarya) comprise the fourteen 

species found in North America, while the remaining species (sect. Sinocarya) are 

restricted to Asia (Manos and Stone, 2001). Of the taxa endemic to North America, all 

but one, (C. palmeri Manning), are distributed across the eastern United States. 

Species belonging to this genus are commonly referred to as either “hickories” or 

“pecans.” Naturally occurring interspecific hybrids are found for multiple species in 

overlapping ranges (Grauke, 2003). When interspecific hybrids consist of crosses 

between pecan (C. illinoinensis (Wangenh.) K. Koch.) and a hickory taxon, their 

hybrid offspring are referred to as “hicans.” This genus consists of large, long-lived 

woody perennials, with all but one (C. floridana Sarg.) exhibiting upright, tree-like 

habits and forms (Peattie, 1966). Diversity of adaptations to unique habitats and 

conditions abound within this genus ranging from species found on dry, upland sites to 

taxa encountered in seasonally inundated swamps, as well as those that fall in the 

middle of the spectrum, and those that appear adaptable to both extremes. Across 

species exists the potential for application throughout USDA cold hardiness zones 4-

10. Hickories and pecan, as well as their hybrids, are often sought after by 

horticulturists for their outstanding ornamental features. Some hickories, like shagbark 

hickory (C. ovata (Mill.) K. Koch) or kingnut hickory (C. laciniosa) exhibit large, 

exfoliating plates of bark (S. Fig. 1) while others offer scaly (S. Fig. 2) and ridged or 
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fissured bark (S. Fig. 3). Coarse, upright habits and superior golden fall colors are 

typical of hickories (S. Fig. 4) and pecan. While all species produce edible nuts, not all 

are desirable for nut production. Flavor, ease of cracking, and fruit size varies, leaving 

opportunity for selection of trees better suited to urban applications rather than 

orchards (S. Fig. 5). Additionally, reports indicate some interspecific hybrids may be 

sterile and therefore fruitless (Thompson and Grauke, 1991).  

While desirable for a variety of applications, some species belonging to the 

genus Carya are restricted by nursery production bottlenecks. Their potential for 

commercial horticulture is constrained by a lack of clonal selections and propagation 

techniques suited to trees grown for landscape application, minimal production in the 

nursery trade, and claims of difficulty transplanting (Dirr, 2009). Some common 

generalized claims in the green industry suggest hickories are not well-suited to 

traditional nursery production systems. Yet some nurseries have shown interest in 

adopting these trees into production by trialing hickory crops to evaluate amenability 

to current production schemes.  

Given that hickories and pecan offer many desirable traits, their limitations in 

the nursery should not invalidate potential application for use in managed landscapes. 

In addition to their ornamental traits and their adaptability, Peattie (1950) suggests 

they may be excellent candidates for tolerating the conditions of urban environments; 

potentially bolstering urban forest resiliency via species diversification and stress 

tolerance. Some riparian species belonging to the genus Carya are clearly suited to 

sites with periodic inundation of the root zone and traditional thinking may suggest 

that only taxa adapted to upland sites will offer increased drought tolerance. However, 

many riparian habitats fluctuate between seasonal inundation and drought (Hodges, 

1998; Kassahun and Renninger, 2021). This is true of habitats of which some 

bottomland species of Carya occur (Thompson and Grauke, 1991). Therefore, it is 
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possible that species adapted to riparian environments may be more plastic in their 

responses to fluctuations between drought and flooding.  

Trees planted and managed in urban environments are exposed to the stresses 

and conditions of those sites. Urban trees often experience limited soil volumes 

(Grabosky and Bassuk, 1995), soil compaction (Day and Bassuk, 1994) and high pH 

(Jim, 1998), as well as extreme fluctuations in temperature (Graves et al., 1991) and 

water availability (Whitlow and Bassuk, 1987). To ensure successful growth, these 

stresses must be accounted for when selecting trees for managed landscapes. These 

factors help focus selection criteria for practitioners and are useful for exploring and 

identifying underutilized taxa that may offer plasticity traits capable of enduring a 

broad range of site conditions. To successfully match an appropriate plant for a set of 

specific site conditions, the tolerances of the species or cultivar should be well 

documented. In the case of drought, the leaf water potential at the turgor loss point 

(po) is a valuable measurement for characterizing the ability of a plant to tolerate 

water stress. Leaves of species with a more negative po will continue to function 

physiologically over a broader range of water deficits relative to those with a less 

negative po. Consequently, plants with more negative po are more likely to have the 

capacity to survive and maintain growth during and after periods of reduced soil 

moisture. 

A common misunderstanding among native plant enthusiasts is that because a 

taxon is endemic to a particular locale it is suitable for use in managed landscapes 

within that same region. However, this thinking does not acknowledge conditions 

plants encounter in the wild versus the harsh site conditions typical of managed 

landscapes. As reported stress tolerance of hickories is often based solely on their 

habitats in situ and evidence for drought tolerance beyond observation is lacking 

without a relative scale, we evaluated leaf osmotic potential at full turgor (100) and 
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predicted po of five Carya species and two interspecific hybrids. Our objectives were 

to: 1) quantify and characterize drought tolerance of species and hybrids belonging to 

the genus Carya suitable for managed landscapes in the northern regions of the United 

States and 2) determine if drought tolerance is variable across individuals and 

populations.  

 

Materials and Methods 

This study was conducted in both 2019 and 2020 in late spring (June) once 

trees exhibited fully expanded growth and in late summer (August) after trees had 

adequately experienced summer growing conditions. Species and number of 

individuals assessed include: Carya cordiformis (Wangenh.) K. Koch (n=10), C. 

xdunbarii Sarg. (n=1), C. glabra (n=10), C. illinoinensis (2019, n=4; 2020, n=5), C. 

laciniosa (2019, n=10; 2020, n=11), C. xnussbaumeri Sarg. (n=1), and C. ovata 

(n=10). All trees studied were well-established individuals in the landscape located in 

and around the Cornell University campus in Ithaca, NY (42°26'52.9"N 

76°28'38.0"W) with the exception of seven accessions of C. laciniosa at the Owasco 

Flats Nature Preserve in Moravia, NY (42°45'12.7"N 76°27'48.2"W). Mean (C) 

temperatures (Min.C, Max. C) for regions where the trees were sampled from June 

through August were 20 (3.8, 32.2) in 2019 and 21.5 (2.72, 34.5) in 2020 for 

Ithaca, NY. Trees in Moravia, NY experienced approximately 20.4 (5.5, 31.7) and 

21.8 (9.9, 33.9) in 2019 and 2020, respectively. From June through August in 2019 

and 2020 the sites in Ithaca, NY received approximately 33.5cm and 28.7cm total 

precipitation whereas the site in Moravia, NY received approximately 29.2cm and 

21cm. Weather data were acquired from the nearest weather stations (Ithaca (CUAES: 

Cornell Orchards) and Aurora) in the Network for Environment and Weather 

Applications station network (Cornell University [updated 2021]). All trees sampled 
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were assumed to be of seed origin with the exception of two known clonally 

propagated cultivars of C. laciniosa (‘Fayette’ and ‘Daulton’) as well as the ‘Cornell’ 

cultivar of C. xdunbarii.  

 

The evening before measurements were taken, samples were collected from the 

plants. Branches fully exposed to the sun and not afflicted by disease or exhibiting 

flower or fruit development were targeted (Bartlett et al., 2012a). Branches were 

removed with a pole pruner and the basal, cut ends were submerged under water in a 

bucket. Samples were quickly transported to the laboratory and recut under water to 

remove any embolisms in the branch vasculature that may have developed as a result 

of the initial severance. Once recut, branches were covered with an opaque material to 

exclude light and then left overnight at room temperature to equilibrate. The following 

day three separate leaves were removed from each branch sequentially and leaves 

were wiped with a Kimwipe (Kimberly-Clark Professional, Roswell, GA) to ensure 

the lamina was clean. Using a 7mm cork borer, a leaf disc was removed from the 

lamina between the largest veins. Each disc was wrapped singly in tin foil, labelled, 

then placed in a flask of liquid nitrogen for at least two minutes. In sequence, each 

disc was quickly removed from the liquid nitrogen, unwrapped, then pierced with 

sharp forceps (Kikuta and Richter, 1992) fifteen times before loading into the 10l 

chamber of a Vapro 5600 Vapor Pressure Osmometer (Wescor, Logan, UT). Leaf 

discs were pierced with forceps to ensure proper evaporation of leaf solutes once 

loaded in the chamber. After sample loading, the chamber of the Vapro 5600 would 

equilibrate for 10 minutes followed by measurements of the solute concentration (Cs) 
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of the leaf disc. Measurements of Cs were continuously taken until three measurements 

within 5 mmol kg-1 of one another could be recorded. Three measurements were 

recorded per leaf leading to nine total observations (n=9) made for each tree at each 

sampling period. The temperature of the Vapro 5600 was recorded for each 

measurement. Using Van’t Hoff’s relation (Eq. (1)): 

100 = -RTCs 

where R is a gas constant, T equals the temperature measured in Kelvins, and Cs is the 

solute concentration of the sample at full turgor, Cs was first converted to the osmotic 

potential at full turgor (100). The original relationship between osmotic potential at 

full turgor and the turgor loss point proposed by Bartlett et al. (2012b) can be used to 

predict the turgor loss point. However, Bartlett et al. (2012b) used a cosmopolitan 

meta-analysis for their work. Therefore, a temperate tree corrected equation published 

by Sjöman et al. (2015) (Eq. (2)): 

po = -.2554 +1.1243  100 

adapted from Bartlett et al. (2012b) was used to calculate po from the 100. 

 

Statistical Analysis 

Data collected for all but two plants in both 2019 and 2020 were pooled and 

presented as averages across both years to better account for year-to-year variation. 

Plants represented with only one year of data were presented as is. Spring and summer 

datasets were subjected to one-way analysis of variance. Post-hoc mean separations 

were performed using Tukey’s honestly significant difference test. Osmotic 

adjustment, calculated as the difference between spring and summer measurements, 
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was analyzed using a paired T-test. Statistical analysis was conducted using JMP Pro 

15 software (JMP Version 15, SAS Institute, Inc., Cary, NC). 

 

Results 

Osmotic Potential at Full turgor (100) 

Mean 100 (±SE) across species was -2.20 (±0.01) MPa in spring and -2.78 

(±0.02) MPa in summer. Differences across species in both spring and summer (P < 

0.0001) were observed (Table 1.1). In spring, C. illinoinensis exhibited the highest 

100 whereas the lowest 100 was observed with C. xnussbaumeri. In summer, 

highest 100 was evident with C. glabra and the lowest 100 occurred with C. 

laciniosa. Significant seasonal osmotic adjustment was evident with each taxon (Table 

1.1). The least and most seasonal osmotic adjustment occurred with C. xdunbarii and 

C. illinoinensis, respectively (Table 1.1). 

 

Predicted Leaf Turgor Loss Point (po) 

Overall spring and summer po means (±SE) across species were -2.73 (±0.01) 

MPa and -3.37 (±0.02) MPa, respectively. Differences across species (P < 0.0001) 

were detected in both seasonal groups (Fig. 1.1). Taxa exhibiting the highest and 

lowest po in spring and summer matched the aforementioned pattern observed for 

100 (Fig. 1.1). On the population scale, differences were observed for spring (P < 

0.0001) and summer (P = 0.0003) (Fig. 1.2). For both seasons, higher mean po was 

observed with the cultivated plants in the arboretum and lower mean po with the wild 

population in the Owasco Flats Nature Preserve (Fig. 1.2). Marked variation was noted 

with spring and summer means (P < 0.0001) across individual trees within the 
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sampled populations of C. glabra (Fig. 1.3) as well as C. cordiformis, C. illinoinensis, 

C. laciniosa, and C. ovata (Table 1.2).  
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Discussion 

Of the taxa involved in this study, C. laciniosa exhibited the most negative po 

while C. glabra had the highest po in summer (Fig. 1.1). Each taxon adjusted 

osmotically between late spring and late summer (Table 1.1). The relative po ranking 

we observed directly contradicts rankings of water quantity requirements in the 

literature. Boisen and Newlin (1910) indicate water requirements in ascending order 

as: C. glabra, C. tomentosa (Lam.) Nutt., C. ovata, C. cordiformis, C. laciniosa, C. 

myristiciformis (F. Michx.) Nutt., C. illinoinenis, and C. aquatica (F. Michx.) Nutt. In 

horticulture and related fields, species belonging to the genus Carya are often subject 

to generalizations and assumptions based on observations of familiar taxa and the 

most common habitat conditions of native stands in situ. These generalizations and 

assumptions underestimate the use and potential of Carya species in managed 

landscapes. Just as generalizations of root morphological development in response to 

nursery production techniques of seedling hickories have been shown to be inaccurate 

(Miller and Graves, 2019), likely too are the potential abilities of these species to 

tolerate drought (Fig. 1.1).  
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Fig. 1.1 Predicted leaf turgor loss point in spring and summer of species and interspecific 

hybrids of Carya ranked by summer leaf turgor loss values. Error bars represent the SE of the 

mean. Vertical lines indicate the overall mean for spring and summer across taxa. 

 

Based on mean summer po, C. cordiformis, C. xnussbaumeri, and C. 

laciniosa, taxa typically found on bottomland sites and generally considered drought 

sensitive, were more drought tolerant than C. glabra, a taxon referenced (Boisen and 

Newlin, 1910; Sparks, 2002) as one of the most tolerant of dry sites and requiring the 

least water (Fig. 1.1). While counterintuitive to traditional site and habitat association, 

we believe that this pattern should be given greater attention. The literature often 

reflects site-related restrictions for most species, yet some hickories are frequently 

observed in a variety of habitats in the wild and sites in cultivation (S. Fig. 6, 7, & 8). 

C. laciniosa and C. cordiformis are species that tend to dwell in or near riparian 

habitats (S. Fig. 9). However, it is not uncommon to see these species and their 
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relatives thriving across a broad array of site conditions. Schlensinger (1990) mentions 

that while C. laciniosa requires more water to survive than do C. glabra, C. 

tomentosa, and C. ovata and is usually found on deep, rich, soils such as Alfisols, it 

can also be found on a broad range of sites including those with dry, sandy conditions 

and soils. Thompson and Grauke (1991) support the potential adaptability of C. 

laciniosa across both swampy and dry sites. Braun (1961), Elias (1980), as well as 

Thompson and Grauke (1991) describe C. cordiformis as often associated with 

swampy bottomlands, but also occurring naturally on mesic and dry sites. All-or-

nothing assumptions based on typical habitat characteristics are problematic because 

they simply may not be accurate and do not account for outlier individuals and 

populations.  

Some riparian habitats are subject to routine fluctuations between inundation 

and drought and taxa adapted to these sites must exhibit a degree of resilience to 

extremes of soil-moisture gradients (Devall and Parresol, 1998; Konings and Gentine, 

2017). Indeed, a high degree of resiliency and plasticity to both drought and flood is 

not the case for the majority of bottomland-dwelling angiosperm species (Niinemets 

and Valladares, 2006). However, some examples of documented outliers include Alnus 

maritima (Marshall) Muhl. ex Nutt. (Schrader et al., 2005), Pinkneya bracteata (W. 

Bartram) Raf. (formerly P. pubens) (Stewart et al., 2007), Taxodium distichum (L.) 

Rich., and Magnolia virginiana L. (Nash and Graves, 1993). In their evaluation of 

drought tolerance of seven Magnolia L. species, Sjöman et al. (2018b) corroborated 

the ability of M. virginiana to tolerate drought better than its congeners. In the wild, 

M. virginiana is found almost exclusively in bottomland habitats (Preston, 1989) and 
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the related taxa involved in their study are usually found inhabiting mesic sites, yet 

multiple reports have corroborated the ability of M. virginiana to surpass its congeners 

in drought tolerance.  

The two interspecific hybrids in our study were not different from one another 

based on mean summer po (Fig. 1.1). While numerically C. xnussbaumeri ranked in 

an intermediate position between its two parent species (C. laciniosa and C. 

illinoinensis), C. xdunbarii, a cross between C. laciniosa and C. illinoinensis did not. 

These findings should be considered preliminary based on the number of individual 

trees (n=1) for each hybrid represented in this dataset and future analyses should 

consider sampling hybrids with greater representation.   

Species that belong to the genus Carya exhibit strong taproots that persist 

beyond their juvenile development stages (Thompson and Grauke, 1991). While in 

this study we have reported drought tolerance predictions, other studies recommend 

the potential for some Carya species to employ drought avoidance strategies. Sparks 

(2002) suggests that C. illinoinensis, with its strong taproot, is phreatophytic, and will 

grow to the water table and that this taxon cannot be grown on dry sites (Sparks, 

2005). While all hickories are noted for the development of a taproot, it is unclear if 

all Carya species are accurately classified as phreatophytes. In their study of a 

population of oaks and hickory in central Missouri, Parker et al. (1982) provide 

evidence that C. tomentosa, a species common on mesic sites, may utilize drought 

avoidance strategies. Our study is focused on predicting drought tolerance in a few 

select species and hybrids. We recognize that some species in this genus, such as C. 

tomentosa, may be better classified as drought avoiders. However, given the evidence 
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we have provided for C. illinoinensis, we question if some species may be better 

classified as opportunistic, rooting into deep soil horizons when capable or enduring 

drought via seasonal osmotic adjustment when necessary. We also question whether 

generalizations of C. illinoinensis were made through the lens of prolific nut 

production rather than simple growth and survival.  

Relative to taxa involved in other research (Hirons et al., 2021, Sjöman et al. 

2015, Sjöman et al. 2018a, Sjöman et al. 2018b) the Carya species and hybrids in our 

study appear to rank among moderately drought tolerant taxa that are commonly found 

growing and thriving in urban environments. For example, mean summer po for all 

of the taxa we studied appear to have surpassed that of Acer platanoides L. (Sjöman et 

al., 2015), a taxon known for its ability to thrive under urban constraints. Our results 

for C. ovata align with findings of Sjöman et al. (2018a) who conducted a comparable 

study of underrepresented taxa with potential for use in urban forestry. Their research 

involved four specimens of C. ovata also located in Ithaca, NY. The corroborated 

results between the two studies are strongly aligned, not only supporting the reliability 

and repeatability of this evaluation method but also the conclusions we have drawn. 

As would likely be expected for a species with a broad distribution that is not 

entirely continuous, we observed distinct variability between a wild population and 

population of cultivated trees of known provenance of C. laciniosa (Fig. 1.2). It is 

widely known that provenance can contribute significantly to intraspecific variation 

for an assortment of traits and should be considered for making tree selections for the 

urban environment (Arnold et al., 2012). This trend appears consistent with stress 

tolerance traits like drought tolerance and should be strongly considered by 
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practitioners selecting nursery stock for planting. In addition to variability between 

distinct populations, our study also highlights marked intraspecific variation within a 

population. Relative to the other species involved in this study, C. glabra was found to 

be the most drought sensitive (Fig. 1.1). Comparatively, across the ten individual trees 

of C. glabra we found a significant amount of variation (Fig. 1.3). While the mean 

value for summer po was mostly uniform for the majority of trees, a few trees 

displayed a marked decrease in summer po (Fig. 1.3) far below the mean for the 

species. This trend was consistent across the taxa we evaluated (Table 1.2). Similarly, 

Sjöman et al. (2015) observed comparable trends with cultivars of Acer rubrum L. and 

A. saccharum Marshall, emphasizing the importance of intraspecific variability for 

stress tolerance traits both within and across populations and provenances. This 

variation between individual trees suggests that clonal selections can be made that are 

better suited to placement in drought-prone landscapes. We recognize also, on a 

relative scale across the endemic distribution of the taxa included in our study, that 

additional variation likely exists. Therefore, until additional provenances are sampled 

and reported, our results should be leveraged by the number of trees and locales they 

represent.  
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Fig. 1.2 Predicted leaf turgor loss point in spring and summer of two populations of Carya 

laciniosa of known provenance ranked by summer leaf turgor loss values. Error bars represent 

the SE of the mean. Vertical lines indicate the overall mean for spring and summer across 

populations. 
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Fig. 1.3 Predicted leaf turgor loss point in spring and summer of ten individuals of Carya 

glabra ranked by summer leaf turgor loss values. Error bars represent the SE of the mean. 

Vertical lines indicate the overall mean for spring and summer across individuals. 

 

As managed landscapes continue to be threatened by increasing abundance and 

frequency of abiotic and biotic stresses, further diversification of species composition 

will be necessary to bolster overall landscape resiliency (Hooper et al., 2005; Alvey, 

2006). Expanded species diversity in managed landscapes and urban forests will likely 

be achieved by adding underutilized taxa into the landscape (Sjöman et al., 2018a). 

The process of selecting plants and matching them to individual sites should consider 

not only ornamental features, but the ability of those species to tolerate the stresses 

imposed by the site. The species belonging to the genus Carya that inhabit the United 

States can be found growing in many different environments and offer a wealth of 
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biodiversity for use in horticulture. Their status as native plants does not necessarily 

imply that these species are capable of performing in managed landscapes, however, 

the species and hybrids we have studied exhibit useful drought tolerance traits that 

qualify them for use in a broad array of landscape situations including urban plantings 

that may otherwise exclude drought-sensitive species. Their relatedness on the generic 

level does not imply that these species will perform equally, and each should be 

considered on a case-by-case basis to match the best suited species to the site 

conditions. Further, outlying individual clones with superior drought tolerance should 

be identified and introduced specifically for use in drought-prone landscapes. Species 

that belong to the genus Carya are underutilized taxa that may offer both adaptability 

to a broad range of sites and stresses as well as superior ornamental traits for 

landscape application.  

Studies have demonstrated that commonly referenced literature may offer 

conflicting information or recommendations of plant tolerances that can be interpreted 

subjectively (Sjöman et al., 2015; Sjöman et al., 2018a). Therefore, characterization 

and relative ranking of stress tolerances should be considered when selecting species 

and cultivars for use in the landscape. This study offers direction to landscape 

practitioners on selection of species of Carya suited to growing in northern climates to 

aid in matching taxa to appropriate site conditions. Additionally, this work contributes 

to the larger knowledgebase of characterizing drought stress tolerance for more 

accurate species selection in managed landscapes and urban forests.   
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CHAPTER 2 

 

ASEXUAL PROPAGATION OF HICKORIES AND PECAN USING A MODIFIED-

STOOL-BED-LAYERING TECHNIQUE 

Abstract 

Hickories and pecans have long been admired for their horticultural attributes 

yet their potential as nursery crops is limited in part by a lack of asexual propagation 

protocols and a propensity for being difficult to transplant. As a result, the availability 

of clonal varieties and further development of these crops remains minimal. 

Vegetative cuttings and grafting techniques have demonstrated minimal success or 

proven challenging, however, a modified-stool-bed-layering technique involving 

etiolated shoots on stooled stock developed by the Urban Horticulture Institute at 

Cornell University may have potential for reliable asexual propagation of some Carya 

(Nutt.) species. The objective of this study was to assess the influence of auxin 

concentration (0, 4,000, or 8,000 ppm IBA) on the effectiveness of the modified-stool-

bed-layering technique on rooting layers of Carya illinoinensis (Wangenh.) K. Koch 

(northern pecan), C. laciniosa (F. Michx.) Loud. (kingnut hickory), and C. ovata 

(Mill.) K. Koch (shagbark hickory). The control (0 ppm IBA) resulted in no rooting of 

any of the three species. Shagbark hickory rooted at 95% when treated with 4,000 ppm 

IBA and no rooting took place after treatment with 8,000 ppm IBA. Northern pecan 

layers rooted at 21% when treated with either 4,000 or 8,000 ppm IBA. Kingnut 

hickory rooted at 21% and 29% when treated with 4,000 and 8,000 ppm IBA, 

respectively.  
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Introduction 

Species belonging to the genus Carya are desired by horticulturists for their 

superior ornamental features, ability to produce desirable nut crops in northern 

climates, and their resilience to abiotic and biotic stresses. However, a lack of 

information and reliable vegetative propagation procedures aimed at ornamental 

application for the different species limits their production in the nursery and use in 

the landscape. Further, their propensity for developing coarse root systems dominated 

by taproots and prolonged juvenile development phase has led to claims of difficulty-

of-transplanting and producing, prompting many nursery growers to exclude hickories 

from production (Miller and Graves, 2019).  

As a major nut crop in the United States and around the globe, C. illinoinensis 

is vegetatively propagated for use in orchard plantings (Wood, 2003). Asexual 

propagation by stem cuttings has proven limited while grafting and budding of 

desirable cultivars on seedling rootstock or topworking techniques are the dominant 

methods for asexual propagation. Yet even these grafting techniques result in low 

success rates relative to other woody plant species. Successful grafting or budding of 

pecans and hickories requires a skilled grafter, therefore, these products are considered 

specialty nursery items (Brison, 1974). As a result, the availability of clonal varieties 

and further development of these crops remains minimal. 

Asexual propagation of pecans and hickories by grafting has been previously 

explored, but not perfected. Specifically, researchers have assessed protocols for 

optimum scion collection and storage (Madden, 1978), bench-grafting techniques and 

timing (Brison, 1974; Wood, 2003), graft compatibility between desirable cultivars 

and different species understocks (Bixby, 1924; Thomas, 2015), as well as factorial 

assessments of compatibility between species and their interspecific hybrids (Grauke 

and O’Barr, 1996). 



 

26 

Successful reports of vegetative propagation of Carya species using stem 

cuttings varies in the literature. O’Rourke (1953) reported success with hardwood 

cuttings of pecan after waiting for callus to develop at the cut ends by storing in peat 

moss and subsequent treatment with an aqueous solution of IBA. However, four 

weeks following rooting, they reported all cuttings failed. Dirr (2009) claimed to root 

shoots of ‘Colby’ pecan from a mature tree using etiolation. After 20 days of 

etiolation, stem cuttings were treated with an IBA solution using a ten-second quick 

dip then stuck in sand under intermittent mist after. Optimum rooting (96%) was 

achieved with 5,000 ppm IBA (Dirr, 2009). While some success with vegetative 

cuttings has been achieved with pecan, this does not imply the viability of these 

practices for other Carya species. 

When main stems of mature hickories are cut or damaged, hickories are known 

to respond by producing an abundance of vigorously growing shoots from both roots 

and stumps (Burns and Honkala, 1990). This trait lends to a broad array of potential 

applications for asexual propagation and production in the nursery because 

adventitious growth originating from the base of a tree likely exhibits juvenility and 

basal shoots can be easily used in propagation practices involving etiolation or 

stooling (Miller, 2017). As such, a modified-stool-bed-layering technique developed 

by the Urban Horticulture Institute at Cornell University (Hawver and Bassuk, 2000; 

Amissah and Bassuk, 2004; Amissah et al., 2005; Amissah et al., 2009), wherein 

plants are coppiced, etiolated, and treated with exogenous auxin, has been proposed as 

a potential means of asexually producing hickories and pecan. Since 1980, the Urban 

Horticulture Institute (UHI) at Cornell University has worked to improve plant 

propagation for nursery growers by exploring new methods. The UHI has developed a 

modified-stool-bed-layering technique proven effective at rooting woody plants 

traditionally thought of as recalcitrant (Hawver and Bassuk, 2000; Amissah and 
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Bassuk, 2004; Amissah et al., 2005; Amissah et al., 2009) including the rooting of 

numerous interspecific hybrids of oaks (Quercus) belonging to subgenus 

Lepidobalanus (Denig et al., 2013). Further, these studies have demonstrated that the 

technique is simple to recreate and can be implemented by both small and large-scale 

nursery operations, alike. For these reasons, the modified-stool-bed-layering technique 

was assessed as a potential tool for nursery growers to reliably propagate cultivars of 

hickories and pecans. The objectives of this study were to: 1) determine the viability 

of the modified-stool-bed-layering technique on rooting layers of species belonging to 

the genus Carya, 2) assess the influence of auxin concentration on rooting capacity of 

C. illinoinensis (northern pecan), C. laciniosa (kingnut hickory), and C. ovata 

(shagbark hickory) when applied with this methodology.  

 

Materials and Methods 

Establishment.  

In November of 2017, bare-root liners (whips), ranging in height from 30.48 - 

86.36 cm, of C. illinoinensis (northern pecan), C. laciniosa (kingnut hickory), and C. 

ovata (shagbark hickory) were purchased from the Iowa State Forestry Nursery 

(Ames, IA), the George O. White State Forest Nursery (Licking, MO), and Forrest 

Keeling Nursery (Elsberry, MO), respectively. Bare-root stock was shipped in spring 

of 2018, kept moistened in the original packaging, and stored in a cooler maintained at 

4C. In June of 2018, a field with Hudson-clay-loam soil located at the Bluegrass Lane 

Turf and Landscape Research Center, in Ithaca, NY (lat. 42.48° N, long. 76.47° W, 

elevation 335 m) was prepared by surface tilling to a depth of 15.24 cm. A stock bed 

was established by planting whips in rows with 1.8 m spacing between rows (on 

center) and 1.2 m spacing within rows. Seed-grown stock plants were chosen for this 

purpose because they were available as bare-root stock and because they offer a 
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broader genetic base from which to draw species-level conclusions. Plants were 

irrigated for four hours with a circulating overhead sprinkler every other day for three 

weeks. Plants were then left to establish throughout the remainder of the growing 

season.  

Stooling and Etiolation.  

In May of 2019, before budbreak, the stock plants were coppiced to a height of 

≈10 cm from the soil level. Approximately two weeks after plants were coppiced, 

adventitious buds began to swell on the stems of the stools. A cylinder of PVC 

measuring 15.24 cm in both diameter and height was placed around the stools. 

Concurrently, a nursery container measuring 22.23 cm (diameter) by 21.6 cm (height) 

covered in aluminum foil, was placed upside down over each stool, effectively 

blocking light and inducing etiolation. Aluminum foil was chosen to cover the nursery 

containers to reflect solar radiation and prevent overheating of covered stools. A 

cement brick was placed on top of each container to ensure stability.  

 

Treatment Implementation. 

Stools were left covered until etiolated shoots reached a minimum or 

maximum height of 10 or 20 cm, respectively. However, shoot elongation of etiolated 

shoots occurred asynchronously. Therefore, height of etiolated shoots was monitored 

twice weekly. Upon reaching the required height, aluminum-wrapped covers were 

removed, and plants were randomly assigned to an auxin treatment: 95% ethanol only 

(control), 4,000 mg/L indole-3-butyric acid (IBA) dissolved in 95% ethanol, or 8,000 

mg/L IBA dissolved in 95% ethanol. For pecan, kingnut hickory, and shagbark 

hickory, a total of 28, 19, and 28 stock plants were utilized, respectively (Table 2.1). 

Treatments were implemented by painting one of the three solutions onto the proximal 
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5 cm of each etiolated shoot using a paintbrush. Painted shoots were allowed to dry for 

a few minutes before the PVC cylinder encircling each stock plant was filled with 

LM-6 soilless substrate (Lambert Peat Moss, Inc., Riviere-Ouelle, Quebec, Canada), 

thus mounding the etiolated portion of the stem that was painted with IBA solution or 

ethanol, only.  

Due to the asynchronous nature of stem elongation of etiolated shoots, plants 

were treated between June 10, 2019 - June 30, 2019. The number of etiolated shoots 

treated varied by combination of taxon and treatment (Table 2.1). To allow for 

acclimation to exposure to solar radiation, a mesh metal trash bin that filtered 

approximately half of the solar radiation was placed over each treated stool. Shading 

occurred for two weeks after treatments were initiated after which plants were left to 

grow for the remainder of the season in full sun.  

Harvest.  

After leaf senescence in the fall of 2019, on October 28, layers were checked 

for rooting. Shoots that initiated roots (at least one root greater than one cm long) were 

considered rooted. Some layers successfully rooted, but stems died back to the site of 

root formation, apparently due to phytotoxicity from exogenous auxin application. 

Therefore, rooted layers with intact stems were noted and considered viable. The total 

number of roots produced on each layer (non-viable and viable) were recorded and 

used to determine the overall mean for each species/treatment combination. The 

original stock plants from which rooted layers were acquired were documented 

because not all stock plants yielded rooted layers. Viable layers were harvested by 

severing their connection to the original stooled stock plant using bypass pruners. 
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Mean (C) temperature (Min.C, Max. C) in Ithaca, NY from May through October 

was 16.9 (-0.7, 32.2) in 2019. From May through October of 2019 the field sites 

received approximately 52.6 cm total precipitation. Weather data were acquired from 

the nearest weather station (CUAES: Cornell Orchards) in the Network for 

Environment and Weather Applications station network (Cornell University [updated 

2021]). 

 

Statistical Analysis 

  

The experimental design was a 3 x 3 factorial of treatment and taxon. Some 

combinations of treatment and taxon resulted in no rooting, causing complete 

separation of our model. Therefore, we performed a logistic regression with firth 

adjusted maximum likelihood. Mean comparisons were performed using contrasts. 

Analysis was conducted using the generalized linear model in JMP Pro 15 software 

(JMP Version 15, SAS Institute, Inc., Cary, NC). 

 

Results and Discussion 

An interaction between treatment and taxon was detected (P < 0.0010) for total 

rooted layers (Table 2.1). Among responses for which an interaction was not detected, 

both rooted stock plants (P < 0.0001) and viable rooted layers (P < 0.0006) were 

affected by the main effect of treatment (Table 2.2). The mean number of roots from 

each rooted layer was not affected by an interaction or either main effect (Table 2.1).  

The modified-stool-bed-layering technique resulted in rooting of each species 

tested (Table 2.1). Auxin (IBA) applied after etiolation was necessary for rooting to 

take place and it affected the occurrence of rooting from individual stock plants as 
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well as viability of rooted layers (Table 2.2). Species appeared to respond differently 

to auxin concentration in overall rooting while the number of roots per layer were 

variable (Table 2.1). Adventitious roots were fibrous, well-branched, and no signs of 

coarse-root regeneration were apparent (S. Fig. 10).  

 

 
 

 

Treatment with exogenous auxin affected rooting of individual stock plants as 

well as the viability of rooted layers (Table 2.2). Because rooting and viability of 

layers was reduced with the 8,000 ppm IBA treatment compared to the 4,000 ppm 

IBA treatment, it is likely that individual plants have differing levels of susceptibility 

to phytotoxicity of exogenous auxin application. While necessary for the development 

of de novo roots (Table 2.1), but toxic at high levels, it is likely that a specific auxin 

concentration could be identified that maximizes rooting but minimizes adverse 

effects with additional trials involving different concentrations of IBA. 
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Grafting of desirable cultivars on seedling rootstock is currently the 

predominant form of asexual propagation employed for the clonal production of 

pecans and hickories. Yet few nurseries offer grafted hickory cultivars. Reliable 

alternative propagation techniques could supply clonal stock for the nursery industry. 

The successful rooting of shagbark hickory demonstrated in these results has 

promising implications for the outlook of developing shagbark hickory as a nursery 

crop. However, the results achieved for pecan and kingnut hickory require refinement 

before this technique can be recommended for those taxa. If the modified-stool-bed-

layering technique were implemented in the nursery, stock plants of superior clones 

could be maintained in a juvenile state and rooted layers could be harvested annually. 

 

 
 

Burns and Honkala (1990) claim multiple species of Carya readily produce 

basal sprouts in response to damage and that these shoots are vigorous, not displaying 

the same restricted, episodic shoot growth exhibited by seed-grown stock. For 

example, water hickory (C. aquatica (F. Michx.) Nutt.) is claimed to exhibit shoots 
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with rates of growth of three-to-four times that of seedlings, achieving heights of 1.5 

meters in their first season of growth (Burns and Honkala, 1990). If shoots of explants 

derived from adventitious shoots, like those used in the modified-stool-bed-layering 

technique, grow more vigorously than seedlings, this method may not only provide a 

reliable means of asexual propagation but may yield nursery stock that can be finished 

in a shorter period. Thereby significantly bolstering production in comparison to the 

current standard for the nursery industry.  

The morphology of adventitious roots that developed on the etiolated shoots in 

our study appeared different than the coarse roots typical of seedling plants. Seedlings 

of Carya species develop strong taproots, a trait often blamed for their poor transplant 

success from the nursery (Miller and Graves, 2019). If root morphologies of plants 

propagated via layers differ from those produced by seed by exhibiting fibrous, well-

branched roots, the possibility exists that plants produced in this manner may be more 

readily transplanted. This unique adventitious root morphology has also been observed 

by Burns and Honkala (1990) on plants derived from root cuttings of bitternut hickory 

(C. cordiformis (Wangenh.) K. Koch), suggesting de novo roots of multiple species 

belonging to the genus Carya exhibit a unique, fibrous morphology.  

New methods for asexual propagation create greater opportunity for selection 

and development of hickories and pecans as nursery crops for ornamental and nut-

production applications. The modified-stool-bed-layering technique in tandem with 

the application of auxin has potential as a new technique for asexual propagation of 

species belonging to the genus Carya but requires refinement. Future studies should 

explore how auxin concentration influences rooting and explant survival as well as 
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broadening the investigation to explore how this technique influences other desirable 

hickory species. Further analyses should also determine if rooted layers exhibit traits 

that could overcome other limitations typically associated with hickories and pecans 

grown from seed, such as slow shoot development and the purported side effects of a 

prominent taproot.  
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CHAPTER 3 

 

GIBBERELLIC ACID 4+7 INFLUENCES SHOOT GROWTH OF SEEDLING 

HICKORIES 

Abstract 

Shoot development of seedling hickories is slow, limiting their success as 

viable crops when using standard growing techniques. Because hickories are 

predominantly propagated by seed, we questioned whether plant growth regulators 

such as gibberellic acid (GA) could be effectively used on seedlings to overcome their 

slow shoot development during juvenility. Treatments of one-year-old seedlings of 

bitternut hickory (C. cordiformis (Wangenh.) K. Koch), pignut hickory (C. glabra 

(Mill.) Sweet), pecan (C. illinoinensis (Wangenh.) K. Koch), kingnut hickory (C. 

laciniosa (F. Michx.) Loud.), shagbark hickory (C. ovata (Mill.) K. Koch), and 

mockernut hickory (C. tomentosa (Lam.) Nutt.) began at bud break by applying a 

solution of 500 ppm GA4+7 dissolved in 95% ethanol directly to apical buds or stem 

tissue at three-day intervals for 27 days. After 160 days of growth in a greenhouse, 

neither treatment affected caliper of any taxon, although species differences were 

observed. Compared to controls, treatment of buds resulted in a 234% and 144% 

increase in shoot height of bitternut hickory and pecan, respectively. In a second 

experiment, the same treatments were implemented on seedlings of bitternut hickory 

shortly after germination. Only shoot height and dry weight were affected by 

application of GA4+7. These results suggest pecan hickories may be more responsive to 

gibberellic acid than true hickories. This study indicates plant growth regulators could 
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be effective at altering growth of some hickories, however, further studies are needed 

to determine best practices for production.  

 

Introduction 

Some underutilized native trees offer superior ornamental features and 

adaptability traits that merit use in managed landscapes. However, these species are 

rarely available in nurseries due to production bottlenecks. Hickories (Carya Nutt.) are 

one such group of trees that are frequently sought after by horticulturists and urban 

foresters but are infrequently available in commerce (Dirr, 2009). Current 

availabilities reflect their adoption by specialty nurseries that market container-grown 

plants and forestry nurseries selling bare-root whips. One limiting factor that restricts 

the acceptance of hickories on a commercial scale is their propensity for slow shoot 

development as seedlings (Miller and Graves, 2019). Carya species are typically 

regarded as exhibiting a lag-phase shoot development period where energy is focused 

on the development of a taproot during their initial formative years and shoot 

development is neglected (Holch, 1931; Sparks, 2005; Toumey, 1929). It is not 

uncommon for growers with experience producing hickories to report twelve-year 

crop cycles to achieve saleable-sized plants for balled and burlapped production (Ben 

French, Johnson’s Nursery, Menomonee Falls, WI, personal communication). 

Subsequently, this lag-phase development is blamed as one of the leading reasons for 

their negligible representation in the green industry. It is unclear, however, if all 

species of Carya are similarly restricted by the same patterns of shoot development 

and if plant growth regulators could be used to hasten their growth to a saleable size. 
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Pecan, a major nut crop in the United States and around the globe, is an 

example of a species of the genus Carya that is produced commercially. Along with its 

congeners, it is typically considered difficult to transplant (Dirr, 2009) another trait of 

hickories that limits their use. This taxon belongs to the section Apocarya, which 

comprises taxa collectively referred to as the “pecan hickories.” It is accompanied in 

this subgrouping by water hickory (C. aquatica (F. Michx.) Nutt.), bitternut hickory, 

and the Mexican hickory (C. palmeri Manning). Morphologically and taxonomically, 

the taxa belonging to this section differ from the ten species comprising section Carya, 

collectively referred to as the “true hickories” (Thompson and Grauke, 1991). 

Overall, an understanding of shoot extension and development of different 

species of hickory has been neglected in horticulture. Little effort has been made to 

explore how hickories respond to plant growth regulators that could alter their growth, 

with some work exploring how plant growth regulators can influence root morphology 

(Miller and Graves, 2019). However, gibberellins, the family of plant growth 

regulators responsible for imparting control over cellular growth and shoot expansion, 

are thought to have potential for modifying shoot growth of Carya species (Brison, 

1974). Of the information that exists, a report of the application of gibberellin (GA3) 

on the stem of seedlings of pecan indicated it yielded increases in size, so much so that 

seedlings were large enough to patch bud in their first year (Taylor, 1973). Due to the 

overall lack of available information and the potential promise of the use of 

gibberellins to modify growth, we questioned if species exhibit analogous growth and 

responses to gibberellins and whether the location and timing of application is a key 

factor in seedling development. Our objectives were to characterize species 
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differences and assess responses of seedlings to location and timing of application of 

GA4+7. 

 

Materials and Methods 

Experiment 1: Effects of GA4+7 on one-year-old seedlings of six species of Carya. 

In fall of 2017 fresh seeds of bitternut hickory, pignut hickory, pecan, kingnut 

hickory, shagbark hickory, and mockernut hickory were obtained. All taxa except 

pecan and mockernut hickory were collected from wild populations growing near 

Ithaca, NY. Pecan and mockernut hickory seeds were acquired from wild populations 

in Springfield, IL and Greensboro, NC, respectively. Seeds were surface sterilized 

with an ethanol solution, and cold-moist stratified in moistened peat at 40C for 120 

days to overcome embryo dormancy (Dirr, 2009). After stratification, seeds were 

sown singly 5cm deep (Wood, 2003) in nursery containers measuring 16.5cm in 

diameter and 17.8cm deep, filled with LM-111 potting substrate (Lambert Peat Moss, 

Inc., Riviere-Ouelle, Quebec, Canada). Plants were grown in a glass-covered 

greenhouse in Ithaca, NY through the 2018 growing season and subsequently stored in 

a cooler at 40C. In spring, plants were removed from the cooler and placed on a 

greenhouse bench in a completely randomized design. Beginning at budbreak, plants 

were either left untreated (control) or treated with a solution of 500 ppm GA4+7 

dissolved in 95% ethanol applied directly to the most proximal five cm of stem tissue 

(stem) or the distal-most position on the apical bud or extending shoot (bud) by 

coating the entire surface via dabbing with a cotton swab. Treatments continued at 

three-day intervals for 27 days for a total of nine applications. The experiment 

comprised 11-single plant replicates/species/treatment (N=198). 
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Supplemental lighting was provided with high pressure sodium lights set to a 

16-hour diurnal pattern which provided a photosynthetic photon flux of ≈206  

µmol·m
–2

·s
–1 at plant height as measured with a quantum sensor (SQ-520 Apogee 

Instruments, Logan, UT). Temperature and relative humidity were logged every 15 

minutes by a HOBO MX2302 data logger (Onset Computer Corporation, Bourne, 

MA). Mean temperature and relative humidity were 24.4C with a range of 17.2C to 

36.5C and 68.1% with a range of 22.7% to 94%, respectively. Plants were irrigated as 

needed with municipal tap water and fertilized twice weekly with a 21N–7P–7K 

water-soluble fertilizer (JR Peters, Allentown, PA) applied via fertigation at a rate of 

150 mg·L−1. After 160 days in the greenhouse, shoot extension and caliper data were 

recorded. Shoot extension was measured as the length of the stem from where the bud 

broke in the spring to the distal-most end of the apical bud. Shoot caliper was 

measured as the diameter of the stem at 2.5cm above the surface of the potting 

substrate using a digital micrometer. Plants were not destructively harvested due to an 

intended evaluation to determine if treatments imposed in 2019 effected growth of 

plants the following season. However, due to an unforeseen nutrient deficiency, plant 

growth and survival was erratic in 2020 across treatments, including controls, and 

further data collection ceased.  

Data were subject to a two-way analysis of variance assessing species and 

treatment. When interaction terms were not significant, data were pooled across 

significant main effects. Post-hoc comparisons were made using Tukey’s honestly 

significant difference test. All data were analyzed using JMP Pro 15 software (JMP 

Version 15; SAS Institute Inc., Cary, NC). 

 

Experiment 2: Effects of GA4+7 on seedlings of bitternut hickory shortly after 

germination.  
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Seeds of bitternut hickory were harvested fresh from wild plants in Ithaca, NY 

in fall of 2020. Seeds were treated identically to those in Experiment 1. After cold-

moist stratification, seeds were removed from the cooler and sown just below the 

surface of the LM-111 potting substrate (Lambert Peat Moss, Inc., Riviere-Ouelle, 

Quebec, Canada) in nursery containers that measured 10cm diameter and 9cm deep. 

Irrigation and fertigation were conducted the same as Experiment 1. Once hypocotyls 

of 21 seedlings each had attained a minimum height of 3.5cm, treatments were 

implemented. Similar to Experiment 1, seedlings were either left untreated (control) or 

treated with 500 ppm GA4+7 dissolved in a solution of 95% ethanol applied directly to 

the most proximal 3cm of stem tissue (stem) or the distal-most position on the 

extending shoot (bud) by dabbing with a cotton swab. Treatment intervals and 

duration were identical to Experiment 1. Plants were grown in the greenhouse for a 

total of 90 days where mean temperature and relative humidity were 19.8C with a 

range of 15.9C to 38.8C and 44.4% with a range of 6.02% to 88.5%, respectively. 

Supplemental lighting was provided with high pressure sodium lights set to a 16-hour 

diurnal pattern which provided a photosynthetic photon flux of ≈247 µmol·m
–2

·s
–1 at 

plant height as measured with a quantum sensor (SQ-520 Apogee Instruments, Logan, 

UT). At the conclusion of the growing period, plants were carefully removed from 

their nursery containers and roots were separated from the potting substrate by careful 

washing. Plants were destructively harvested to record final growth data. Responses 

measured included: shoot height and stem caliper, count of nodes, leaf surface area, as 

well as dry weights of leaves, shoots, and roots. Shoot height was measured from the 

cotyledon scar to the distal-most end of the terminal bud. Caliper was measured using 
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a digital micrometer at 2.5cm above the surface of the potting substrate. Roots and 

shoots were separated at the cotyledon scar by completely severing with a hand 

pruner. A LI-COR 3100 leaf area meter (LI-COR Biosciences Inc., Lincoln, NE) was 

used to measure leaf surface area, after which all tissues were packaged separately in 

paper bags and dried in an oven at 65ºC for three days. Once dried, leaf, shoot, and 

root tissues were weighed separately.  

Data were subject to a one-way analysis of variance. Post-hoc comparisons 

were made using Tukey’s honestly significant difference test. All responses except 

caliper were either log (shoot height and shoot dry weight) or square root (count of 

nodes, leaf surface area, leaf dry weight, and root dry weight) transformed to meet the 

assumptions of the ANOVA model. All data were analyzed using JMP Pro 15 

software (JMP Version 15; SAS Institute Inc., Cary, NC). 

 

Results 

Experiment 1  

There was no interaction between species and treatment for shoot caliper. 

However, there was a main effect of species (P < 0.0001) (Table 3.1). Data for this 

response were pooled across treatments to demonstrate species differences (Fig. 3.1). 

The interaction and main effects were each significant for shoot extension (P < 

0.0001) (Table 3.1). Compared to controls, treatment of buds resulted in a 234% and 

144% increase in shoot extension of bitternut hickory and pecan, respectively (Fig. 

3.2).  
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Fig. 3.1   Mean caliper of six species of Carya. Error bars indicate standard error. Data were 

pooled across treatments to reflect main effect of species. Means with same letter are not 

different according to Tukey’s honestly significant difference test (P ≤ 0.05). 

 

Experiment 2  

No responses except for shoot height (P < 0.0001) and shoot dry weight (P = 

0.0277) were affected by the treatments (Table 3.2). Compared to controls, stem and  
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bud treatments resulted in 43% and 209% increases in shoot height, respectively 

(Table 3.2). In the case of shoot dry weight, the stem treatment was not different from 

the controls, however, the bud treatment resulted in 129% increase over the controls 

(Table 3.2). Caliper, count of nodes, leaf surface area, leaf dry weight, and root dry 

weight were not affected by either treatment involving GA4+7. 

 

Fig. 3.2   Mean shoot extension of six species of Carya in response to treatment with GA4+7 at 

the stem or terminal bud in Experiment 1. Error bars indicate standard error. Means across 

species and treatments with same letter are not different according to Tukey’s honestly 

significant difference test (P ≤ 0.05). 

 

Discussion 

Determinate, preformed, and monopodial growth patterns are characteristic of 

hickories and pecan (Pallardy, 2008). Seedlings and juvenile plants exhibit these traits 

while also diverting energy to the growth of a taproot, instead of shoot development 

(Sparks, 2005). While pecans typically exhibit this lag-phase shoot development 

during the first four years following germination (Sparks, 2005), it is unclear how long 

this period lasts with other hickories. Annual shoot growth primarily originates from 

the terminal buds, which develop in the previous year and expand rapidly. Shoot 
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extension is concluded with the development of the next terminal bud, thereby 

qualifying the growth of hickories as monopodial (Pallardy, 2008). Buds of species 

that exhibit these types of growth patterns typically enter a quiescent state and 

inhibitory control is only released once certain environmental cues take place 

(Pallardy, 2008). Because the shoot is pre-formed within the developing terminal buds 

of the previous season, shoot growth is largely pre-determined by the conditions of the 

previous year. As such, growth potentials and manipulation of growth beyond the 

preformed development for a given season are somewhat limited. In Experiment 1, the 

pre-determined nature of shoot development was unaffected by application of GA4+7 

to the stem but was modified in bitternut hickory and pecan with treatments of GA4+7 

to apical meristem (terminal bud) (Fig. 3.2). In Experiment 2, the pre-determined 

nature of shoot development and how it can be manipulated was made clear by the 

count of nodes and the responses of shoot height and dry weight in seedlings that were 

grown from germinated seeds. The count of nodes was not different across treatments, 

however, application of GA4+7 was capable of prolonging not only shoot extension for 

both stem and bud treatments, but also shoot dry weight for treatments of the apical 

meristem (Table 3.2). The increased dry weight of the apical treatments indicate 

carbon allocation to the shoot was increased and that shoots were not simply extended 

without affecting secondary development. While not significant, there was a trend of 

decreased root dry weight of bitternut hickory in Experiment 2 with the plants treated 

with GA4+7 compared to the controls. We question whether this trend could become a 

significant factor if plants were repeatedly treated over multiple growing seasons. If 

so, it may suggest that the application of GA4+7 to stems skews carbon allocation to 

shoots rather than roots. Further studies may explore this trend to determine if 

gibberellins could effectively reverse the lag-phase shoot development of some 

hickories as seedlings. 
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While gibberellins have been utilized in modifying shoot growth (Amissah and 

Bassuk, 2004; Eshed et al., 1996; Ranwala et al., 2003), flowering (Evans et al., 1992; 

Harkess and Lyons, 1994), fruit development (Knoche et al., 2011; McArtney et al., 

2014; Schmidt et al., 2008), or combinations of these features (Sarmiento and Kuehny, 

2003; Lordan et al., 2017) of many horticultural crops, few attempts have been made 

to manipulate the determinate nature of shoots of hickories. Taylor (1973) imposed 

treatments of sprays of gibberellic acid on seedlings of pecan which resulted in tall, 

spindly growth. The details of the treatments of that study are unclear. However, in a 

separate experiment, Taylor (1973) applied a mixture of one-part GA3 

(0.5% GA3 via Gibrell


) to two-parts anhydrous lanum (lanolin) to the base of the 

shoot of seedlings of pecan 7-10 days after germination. The author reported seedlings 

treated with this mixture exhibited cambial growth resulting in increases of shoot 

caliper (Taylor, 1973). In addition, Taylor (1973) reported that repeating the treatment 

three additional times at 10–14-day intervals resulted in seedlings of 46-61cm tall after 

six months. In Experiment 1, treatment to the apical meristem did increase shoot 

extension for bitternut hickory and pecan (Fig. 3.2) but did not affect growth of the 

other four species. Interestingly, Taylor (1973) treated the stems with GA3 to achieve 

increased caliper of pecan whereas in Experiment 1, neither treatment of the apical 

meristem or the base of the stem resulted in changes to the caliper of any of the six 

species studied, including pecan. However, our experiment was conducted on 

seedlings in their second growing season. More aligned with the phenological stage of 

the study conducted by Taylor (1973), in Experiment 2 we treated bitternut hickory 

seedlings with GA4+7 shortly after germination. Again, these treatments did not 

influence caliper (Table 3.2). We question if the differences in results are due to the 

differing form of gibberellins used in the two studies or if the mode in which the 
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compounds were implemented plays a larger role. Future studies should compare 

different forms of gibberellins and the modes in which they are implemented.  

Some species of Carya are reported to occasionally exhibit flushes of growth 

late in the season (Pallardy, 2008). The reason for this pattern is not well understood 

and has not been explored. However, this pattern inspired a replication of Experiment 

1 using GA3 once terminal buds had set after shoot extension in early summer. The 

goal of this study was to determine if a second flush of growth could be induced by 

application of GA3. The results of that replication indicated those treatments were not 

effective at promoting a second flush of growth for any of those taxa (data not shown). 

Based on the findings of this dissertation and other research (Miller and 

Graves, 2019) generalizing all species of Carya based on observations of the most 

familiar taxon unnecessarily limits the popularity of hickories in the green industry. 

Other studies have shown that each taxon belonging to this genus should likely be 

considered on a case-by-case basis (Miller and Graves, 2019). Our results provide 

further evidence to support this argument. While caliper was not affected by 

treatments with gibberellins, the six species differed in caliper (stem diameter) at the 

same stage in development (Fig. 3.1). To that effect, growers should continue to 

evaluate and grow hickories, and likely other taxa, on a species-by-species basis.  

Interestingly, only species belonging to section Apocarya appeared responsive 

to gibberellic acid compared to those of section Carya (Fig. 3.1). This pattern may 

help illuminate which cues control lag-phase shoot development in the different 

hickories. Dirr (2009) states that bitternut hickory is considered one of the fasted 

growing species of the genus that are represented in North America. The fact that 

some taxa grow more quickly than others likely implies variation in the patterns of 

plant development as well as the cues and controls which determine those patterns. 

Additional studies should explore further which factors control lag-phase shoot 
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development of different species of hickory to find solutions for nursery growers. 

Given the extensive native ranges of some hickories, the role of intra-genetic variation 

within each taxon should be strongly considered (Peterson, 1990). 

This study indicates plant growth regulators could be effective at positively 

altering growth of some hickories for nursery production. Not all hickories should be 

treated identically with the goal of achieving uniform results. Instead, production of 

hickories should be evaluated on a case-by-case basis. The application of GA4+7 to the 

apical meristem is effective at promoting increased shoot development of bitternut 

hickory shortly after germination as well as during the subsequent growing season. 

Pecan seedlings in their second year of growth can also be treated with GA4+7 to 

increase shoot extension. For specialty nurseries that sell small container hickories 

such as standard #1 containers, this technique may reduce production time to saleable-

sized plants by one or more growing seasons.  
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CHAPTER 4 

 

NURSERY PRODUCTION METHOD INFLUENCES GROWTH OF HICKORIES 

Abstract 

Hickories (Carya Nutt.) include multiple stately, native trees, that offer 

superior ornamental and adaptable features with great promise for application in 

managed landscapes, especially urban environments. Immense interest exists in 

effectively producing these trees, however, due to their lag-phase shoot growth and 

strong development of a taproot with minimal fibrous-root branching, these trees 

exhibit resistance to standard growing techniques and purported reduced transplant 

success. New commercial products such as modified nursery containers are touted as 

better alternatives to traditional production techniques. If these new products are 

effective, they provide new opportunities for developing hickory crops for nursery 

production. We questioned whether traditional field production, standard plastic 

containers, or fabric nursery bags could be used to effectively grow bare-root whips of 

hickories and northern pecan. When differences between treatments occurred, 

maximum growth was observed with plants grown in containers, more often with 

fabric bags. Species differences were detected, indicating not all species of Carya 

should be treated identically in the nursery. Additional factors such as unusual 

nutritional deficiencies of container grown stock were encountered, suggesting some 

Carya species may exhibit unique requirements in the nursery.  

 

Introduction 

While sought after for their ornamental appeal and environmental tolerances, 

hickories are seldom encountered in the nursery trade. Hickories have potential to be 

more widely grown nursery crops, their production is currently limited. Among the 
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reasons explaining why hickories are not produced on a large scale are limited asexual 

propagation protocols, slow development, and claims of resistance to successful 

transplanting due to their coarse root morphology and strong taproots (Miller and 

Graves, 2019). It is common in the nursery trade to blame resistance to successful 

establishment on root morphology (Burkhart, 2006). Typically, species thought of as 

resistant to successful transplanting exhibit coarse roots, taproots, and minimal 

development of fibrous lateral roots (Gilman, 1990a; Jacobs et al., 2009). Aside from 

Carya (Dirr, 2009), many taxa are categorized as difficult to transplant as a function of 

their coarse roots, with species belonging to the genera Nyssa L. and Pinus L. serving 

as examples commonly encountered in managed landscapes (Gilman, 1990a; Stephens 

and Sutton, 2015). In the green industry it is typical to pursue container production for 

species classified as difficult to transplant rather than field production methods where 

stock is harvested balled and burlapped (B&B) or bare root (BR) material (Davidson 

et al., 2000). The goal of this strategy is to minimize root disturbance and maximize 

the number of roots on the tree at the time of planting (Gilman, 1990b).  

Due to their reputation for resistance to successful transplanting, cultivation of 

hickories in containers may be an appropriate strategy. However, little to no 

information exists regarding their performance in container production. Dirr (2009) 

describes obtaining stock of Carya ovata (Mill.) K. Koch (shagbark hickory) and 

observing a 60% mortality rate among the seedlings; postulating this experience is 

also indicative of expected results for other species in the genus. Dirr and Warren 

(2019), describing their efforts to trial 30.5 cm tall seedlings of shagbark hickory in 

containers, explain the plants did not grow a discernable amount within the first three 

years, suggesting container production may not be feasible in the nursery. In modern 

cultivation of pecan (C. illinoinensis (Wangenh.) K. Koch), a major nut crop species, 

commercial production in the nursery is largely composed of container-grown stock or 
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field-grown plants intended to be harvested bareroot (McEachern, 2020), however, 

transplant success remains a challenge relative to other woody plant species. Each 

method of production entails advantages and disadvantages for the grower and end-

consumer. For example, in comparison to field-grown plants, container-grown nursery 

stock is easier and cheaper to transport, transplant success is typically increased, and 

growers have more control over crop inputs (Davidson et al., 2000). On the contrary, 

container-grown nursery stock is more likely to develop deformed root architecture as 

a function of the confined rooting area of a nursery pot and growers may need to 

provide greater chemical inputs into container production than with plants in a field 

setting (Davidson et al, 2000). With these potential advantages and/or disadvantages, 

there is a need to trial hickories in container production to determine the value of the 

method and its role in the integration of hickories into commercial horticulture.  

In addition to the comparisons between production methods, there are also 

factors to consider within each production arena. Due to the desirable advantages of 

container production, new strategies and technologies have been introduced into 

commercial horticulture in recent years to combat the negative consequences of root 

deflection (Arnold, 1996; Miller and Bassuk, 2018). Among these are a variety of 

strategies of mechanically removing root deformation (Cregg and Ellison, 2018; 

Gilman and Wiese, 2012; Rouse and Cregg, 2021; Weicherding et al., 2007) or an 

assortment of technologies involving containers of different sizes, forms, and 

compositions purportedly capable of reducing, circumventing, or eliminating root 

deformation (Amoroso et al., 2010; Miller and Bassuk, 2018; McGrath et al., 2021). 

These alternative container types generally aim to direct, sequester, or desiccate roots 

with the goal of modifying their architecture by encouraging branching while also 

reducing deformation due to deflection. 
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With so little empirical evidence available concerning the production of 

hickories in containers and an inundation of claims made regarding the advantages of 

alternative container technologies, we questioned how four species of Carya would 

perform in standard field production, or in container culture using standard plastic 

nursery pots or RootTrapper® II (#10 equiv.) bags (Rootmaker Products Co., 

Huntsville, AL). Our objectives were to assess the effects of production method and 

characterize species differences by evaluating growth and development of bare root 

stock of C. cordiformis (bitternut hickory), C. illinoinensis (pecan) C. laciniosa 

(kingnut hickory), and C. ovata (shagbark hickory) after two and four years of 

production.   

 

Materials and Methods 

In 2017, bare-root liners (seedlings grown in a in-ground seedbed prior to 

lifting and shaking soil from roots, intended to be planted out as nursery stock), 

ranging in height from 30.48 - 86.36 cm, of C. illinoinensis and C. laciniosa were 

purchased from the Iowa State Forestry Nursery (Ames, IA) and the George O. White 

State Forest Nursery (Licking, MO), respectively, whereas whips of C. cordiformis 

and C. ovata were obtained from Forrest Keeling Nursery (Elsberry, MO). Bare-root 

stock was shipped in spring of 2018, kept hydrated, and stored in a cooler maintained 

at 4C until planting. Stock of seed origin were selected due of their availability as 

whips and because they offer a broader genetic base from which to draw species-level 

conclusions. 

Plants were graded and randomly assigned to treatments (field, plastic, or bag). 

Fourteen single-plant replicates (n=14) of C. illinoinensis, C. laciniosa, and C. ovata 

as well as twelve (n=12) C. cordiformis were assigned to the field (n=14). Twelve 

single-plant replicates per species were each assigned to the plastic and bag treatments 
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(n=12). Prior to implementing treatments, plants were marked with an acrylic paint 

spot at 2.5 cm above the root collar for subsequent growth measurements. In June of 

2018, a field with Hudson-clay-loam soil located at the Bluegrass Lane Turf and 

Landscape Research Center, in Ithaca, NY (lat. 42.48° N, long. 76.47° W, elevation 

335 m) was prepared by surface tilling to a depth of 15.24 cm. In mid-June plants 

were either planted in a randomized design in rows with 3.0 m spacing on center 

(field), potted into standard #10 plastic containers (plastic), or into the #10 equivalent 

size (38.1 cm height, 35.56 cm diameter, white soft-sided container with drainage 

strip) RootTrapper® II containers (bag) using LM-6 potting substrate (Lambert Peat 

Moss, Inc., Riviere-Ouelle, Quebec, Canada). After planting, trees in the field were 

irrigated for four hours with a circulating overhead sprinkler every other day for three 

weeks, after which supplemental irrigation ceased. After potting, container treatments 

were irrigated to container capacity, moved to an outdoor nursery also located at the 

Bluegrass Lane Turf and Landscape Research Center, placed randomly, and attached 

to drip irrigation where they were watered twice daily (≈1L) throughout each growing 

season. All containers were top dressed with slow release fertilizer (Osmocote Plus 

15-9-12; ICL Specialty Fertilizers, Dublin, OH) at the time of potting as well as each 

subsequent spring. Plants of either container treatment were overwintered in an 

unheated polyhouse.  

Plant growth was monitored on all surviving plants at the conclusion of each of 

the first three growing seasons (2018, 2019, and 2020) or on all remaining plants in 

June after growth expanded and hardened off mid-way through the fourth growing 

season (2021; year four). Data are reported for years two (2019) and four (2021). Data 

for C. illinoinensis is only reported for year two, because of a reduced number of 

healthy plants in containers available for assessment at the end of the study. During 

data collection, caliper growth was measured at the acrylic paint spot (2.5 cm above 



 

58 

the root collar) using a digital micrometer and determined based off the difference 

from the previous growing season. Shoot extension was measured as the distance 

between the proximal-most and distal-most point of the shoot extension that occurred 

in that year.  

Shortly after growth initiated in year three (2020) leaf and shoot expansion 

slowed or ceased on the plants in containers which previously exhibited the most 

vigorous growth. Foliage began displaying necrotic margins, curling of the lamina, 

and finally stem dieback. None of the plants of any species growing in the field 

exhibited these symptoms at any time. Carya illinoinensis and C. cordiformis were the 

worst afflicted whereas symptoms rarely occurred with C. laciniosa and C. ovata. 

Symptoms appeared consistent with mouse ear disorder, a function of nickel 

deficiency (Wood et al., 2004a), and all plants in all treatments were supplied a foliar 

spray of Nickel Plus® at a rate of (9.46ml Nickel Plus®/ 3.79L H2O). Shortly after 

application, symptoms ceased, and normal expansion resumed for most plants. 

However, some plants did not exhibit a resumption of normal growth, likely due to 

their episodic nature. Because symptoms appeared to be resolved after treatment with 

Nickel Plus®, a subsequent treatment was implemented two weeks after bud break on 

all plants in 2021.   

 

Statistical Analysis 

 

Data were subject to a two-way ANOVA. To meet the assumptions of the 

model, all responses but shoot extension for year two (log) were square root 

transformed. Post-hoc analysis was performed using Tukey’s Honestly Significant 

Difference Test (P ≤ 0.05). All data were analyzed using JMP Pro 15 software (JMP 

Version 15; SAS Institute Inc., Cary, NC). 
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Results and Discussion 

An interaction between taxon and treatment was observed for caliper growth 

(P = 0.0029) and shoot extension (P = 0.0226) in year two. An interaction was not 

detected for shoot extension (year four); however, it was affected by the main effect of 

treatment (P = 0.0314). Caliper growth (year four) was unaffected by an interaction or 

main effect. 

Caliper Growth 

In year two, caliper growth of field-grown plants was not different across 

species. No differences were observed across C. cordiformis, C. illinoinensis, and C. 

laciniosa in plastic pots or in bags (Fig. 4.1). Cultivated in plastic containers, C. 

cordiformis exhibited a 162.7% increase over C. ovata (Fig. 4.1). Grown in bags, a 

526%, 518%, and 560% increase over C. ovata was observed for C. cordiformis, C. 

illinoinensis, and C. laciniosa, respectively (Fig. 4.1). Within species, no differences 

were observed across treatments except for a 357.1% increase for C. laciniosa in bags 

over field-grown plants.  

 

 
Fig. 4.1   Caliper growth (measured 2.5 cm above the soil line) of four species of Carya grown 

using different production methods (field-grown, plastic container, or bag) at the conclusion of 

the second year of cultivation. 
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In year four, no differences in caliper were observed across species or 

treatments. However, a numerical trend towards increases in the field-grown plants 

manifested in C. cordiformis and C. laciniosa, possibly a side effect of the initial 

occurrence of nickel deficiency of container-grown plants in year three (Fig. 4.2). 

 

 
Fig. 4.2   Caliper growth (measured at 2.5 cm above the soil line) of three species of Carya 

grown using different production methods (field-grown, plastic container, or bag) at the 

conclusion of the fourth growing season. 

Shoot Extension 

Within species in year two, no differences were observed for shoot extension 

across treatments for C. illinoinensis and C. ovata (Fig. 4.3). Container treatments 

resulted in similar shoot extension within C. cordiformis and within C. laciniosa (Fig. 

4.3). Compared to plants grown in the field, both container treatments resulted in 

increased shoot extension for C. cordiformis while only bag-grown plants exhibited an 

increase for C. laciniosa (Fig. 4.3). Within treatments, species differences occurred. 

For example, among bag-grown plants C. cordiformis increased by 414.3% over C. 

ovata (Fig. 4.3). However, no differences were detected between species within plants 

cultivated in the field in year two (Fig. 4.3). In year four, no species differences were 

detected (Fig. 4.4). Shoot extension between the container treatments were not 
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different and no discernable variance was detected between plants in plastic containers 

or those growing in the field (Fig. 4.4). However, there was a 64.4% increase in shoot 

extension for plants grown in bags over field-grown plants (Fig. 4.4).  

 

 
Fig. 4.3   Shoot extension (cm) of four species of Carya grown using different production 

methods (field-grown, plastic container, or bag) at the conclusion of the second year of 

cultivation. Means across species and treatments with same letter are not different according 

to Tukey’s honestly significant difference test (P ≤ 0.05). 

 

 
Figure 4.4   Shoot extension growth at the end of the fourth growing season in response to 

treatment by cultivating in the field (field), in a standard (#10) plastic container (plastic), or in 

a RootTrapper® II container (bag). 
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Based on the results of this study, no single production method evoked 

superior growth responses from all species of hickories. The variability in growth 

within each species was high. While this was useful in obtaining better data for 

making species-level conclusions, it indicates that one limiting component of 

producing hickories is their non-uniform response to cultivation. Throughout the 

study, individual plants were noted for their vigorous growth. These observations may 

support the case for making clonal selections, not only for desired characteristics in 

the landscape, but for amenability to cultivation.  

Mixed results were obtained by comparing growth responses of plants in 

plastic containers to those in the field. Yet in multiple cases plants grown in 

RootTrapper® II bags exhibited better growth than those in the field. One reason that 

potentially explains this difference is the control over resource inputs between the two 

production methods. Container-grown stock require supplemental water and 

fertilization whereas it is not common practice to irrigate and provide additional 

nutrition for field stock, aside from watering at establishment. This component 

elucidates a clear advantage that container stock has over field-grown material, 

however it does not entirely explain the differences observed in our study. If that were 

the case, we would expect plants grown in plastic pots, which received the same 

amount of water as those in fabric bags, to have been more competitive than the field-

grown stock. In support of this trend, Gilman et al. (2002) found that irrigation did not 

affect caliper growth of nursery-grown Quercus virginiana (Mill.). While clearly 

important, luxury irrigation may not elicit superior growth responses in all woody 

plants. 

The major differences between the two container types are their composition 

(plastic versus fabric) and their color. The exterior of the RootTrapper® II bags is 

white whereas the standard plastic pots were black. Assuming the color of the 
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containers affected the root zone temperature, this may have been a factor that affected 

growth. Graves et al., (1991) demonstrated that Ailanthus altissima (Mill.) Swingle. 

grown with a root zone temperature of 34C displayed decreased vegetative growth 

responses compared to plants grown with a root zone of 24C. While root temperature 

may have varied between the containers, there were no discernable growth differences 

between plastic pots or fabric bags, indicating that root temperature was likely not a 

deciding factor.  

Amoroso et al. (2010) trialed nursery pots of different shapes on Tilia cordata 

(Mill.) and Ulmus minor (Mill.) and found reductions in root deformation in T. 

cordata with a container shape employing open, air-pruning sides compared to a 

standard, smooth-walled pot. However, their results also indicated that the air-pruning 

pot yielded reductions in biomass of U. minor (Amoroso et al., 2010). Our study did 

not assess root morphological variation between treatments, rather responses in 

vegetative growth. We did not find evidence to indicate one container type was 

superior over another in this regard.  

One difference observed between field-grown stock and container treatments 

was the occurrence of symptoms akin to mouse ear disorder on the container-grown 

hickories, only. The issue did not affect growth in year two, however, we suspect the 

disorder played a role in the change in responses observed in year four. The 

susceptibility of pecan to mouse ear disorder, in the field and in containers has been 

previously documented (Wood et al., 2004b; 2004c). However, this phenomenon has 

not been explored in other Carya species. The occurrence of this disorder in our study, 

mainly with bitternut hickory, supports the need for future research to explore unique 

nutritional requirements of Carya species in production.  

Further research is needed to refine and propose protocols for the effective 

production of hickories. However, claims of difficulty posed in literature and 
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throughout the industry may be uninformed generalizations based on the most familiar 

species, C. illinoinensis and C. ovata. Our data support the claim that C. ovata is a 

slower growing taxon and that its congeners display unique growth patterns, some of 

which may be more amenable to production and use in the landscape. Therefore, we 

recommend nursery growers consider adopting C. cordiformis and C. laciniosa into 

production. If producers can choose between field production or growing hickories in 

RootTrapper® II bags, our data indicate the latter method maximizes growth of the two 

recommended taxa.  
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CHAPTER 5 

 

SUPPLEMENTAL NICKEL CORRECTS MOUSE EAR DISORDER ON 

BITTERNUT HICKORY 

Abstract 

While sought after for use in managed landscapes, bitternut hickory (Carya 

cordiformis (Wang.) K. Koch) remains underutilized in horticulture due its reputation 

for difficulty with production in the nursery and transplanting. After learning of 

specific issues experienced by growers and observing deformed leaf development of 

container grown stock, we examined effects of supplemental nickel applications on 

seedlings of bitternut hickory. We hypothesized that, like the closely related species 

pecan (Carya illinoinensis (Wang.) K. Koch), bitternut hickory would be similarly 

limited in production by a susceptibility to mouse ear disorder as a function of nickel 

deficiency. Seedlings entering their third growing season cultivated with a soilless 

substrate in 3.8L nursery pots were treated with either a substrate drench or foliar 

spray of Nickel Plus® two weeks after budbreak. After 30 days, plants treated with a 

drench or foliar spray exhibited increased leaf area as well as decreased number of 

leaves per unit shoot extension and leaf greenness compared to untreated controls. 

Foliar treatments resulted in an 83.5% increase in shoot extension over controls. 

Whereas seedlings of either treatment displayed healthy foliage after treatment, 

untreated seedlings exhibited traditional symptoms of mouse ear disorder. These data 

indicate that bitternut hickory is susceptible to mouse ear disorder and the issue may 

be remedied by supplementing nickel.  
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Introduction 

Superior ornamental traits and broad adaptive capabilities are among the 

reasons why bitternut hickory is sought after for use in managed landscapes. Endemic 

to much of the eastern United States and useful in USDA hardiness zones 4-9 (Dirr, 

2009), bitternut hickory could be used to diversify landscapes and should be 

considered as one option for replacing ash (Fraxinus L.) species decimated by the 

emerald ash borer (Agrilus planipennis Fairmaire) (Poland and McCullough, 2006). 

While desirable, bitternut hickory and many of its congeners have remained 

underutilized due to limitations with production in the nursery and transplanting to the 

landscape (Miller, 2017). As species diversity and abiotic stress resilience become 

forefront issues for urban forests and green spaces, horticulturists have begun to assess 

the potential of underutilized taxa (Hirons et al., 2021) and the needs for their 

successful production in the nursery (Miller and Graves, 2019). Yet much is left 

unknown and needs to be studied before hickories will become commonplace in the 

green industry. 

Nursery production of pecan, a closely related taxon, has already been 

streamlined for use in nut orchards. Among the issues that afflict pecan is mouse ear 

disorder, a function of nickel deficiency (Wood et al., 2004). Previously documented 

and thoroughly studied on pecan (Wood et al., 2004a; Wood et al., 2004b, Wood et al., 

2004c, Wood et al., 2006), mouse ear disorder is infrequently encountered with most 

nursery crops except river birch (Betula nigra L.) (Ruter, 2005) as well as yellow 

birch (B. alleghaniensis Britt.) and sweet birch (B. lenta L.) (Miller et al., In Prep). 

Aside from these studies, mouse ear disorder has not been reported in other major 

nursery crops. The condition occurs rarely on field sites, except for locales with sandy 

soils, sites with a high pH (Ruter, 2005), and in the case of pecan, in orchards at the 

time of replanting, especially those with soils comprising high levels of copper and 
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zinc (Wood et al., 2004b). Most commonly, mouse ear disorder is observed on plants 

grown in soilless substrates (Ruter, 2005).  

Of the woody perennials documented as highly susceptible to mouse ear 

disorder, one common theme among them is their characterization as ureide-

transporters (Bai et al., 2006). Mouse ear disorder has since been associated with 

disrupted metabolism of ureides, amino acids, and organic acids (Bai et al., 2006). 

Further, the demonstration using xylem sap of pecan by Bai et al. (2007) indicates that 

nickel deficiency reduces urease activity, and through disruption of ureide 

metabolism, interrupts normal nitrogen cycling. Given the common theme of 

vulnerability of ureide-transporters to mouse ear disorder, Wood et al. (2006) 

predicted other species with similar physiological and metabolic pathways are likely 

candidate taxa to monitor for susceptibility to mouse ear disorder.  

In 2019, the authors observed symptoms consistent with mouse ear disorder on 

seedlings of bitternut hickory grown in a peat-based substrate. Communication with 

industry partners that produce bitternut hickory in containers corroborated the 

occurrence of these symptoms (Ben French, Johnson’s Nursery, Menomonee Falls, 

WI, personal communication). An experiment was designed with the intention of 

determining the cause of the symptoms. The objectives of the study were to 1) provide 

evidence that bitternut hickory is susceptible to mouse ear disorder, and 2) 

characterize growth responses of symptomatic plants after treatment with the 

commercial product Nickel Plus® (Nipan LLC., Valdosta, GA) as either a substrate 

drench or foliar spray to assess if supplemental nickel ameliorated symptoms. 

 

Materials and Methods 

Seeds of bitternut hickory were wild collected in the fall of 2018 from multiple 

individual trees in Ithaca, NY. Exocarps were excised and seeds were surface 
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sterilized with 95% ethanol. Seeds were cold-moist stratified at 4C for 90 days then 

shallowly sown (≈3cm deep) in trays filled with a peat-based substrate. Trays were 

maintained on a greenhouse bench until germination. Seedlings were potted singly 

into 0.5L containers filled with Lamberts LM-6 soilless substrate (Lambert Peat Moss, 

Inc., Riviere-Ouelle, Quebec, Canada) and grown in a greenhouse in Ithaca, NY. After 

overwintering in a cooler maintained at 4C, plants were up-potted in 2020 into 3.8L 

nursery pots filled with the same soilless substrate. All containers were top dressed 

with slow release fertilizer (Osmocote Plus 15-9-12; ICL Specialty Fertilizers, Dublin, 

OH) at each stage of potting on. Shortly after budbreak in 2020, authors began 

observing consistent symptoms of mouse ear disorder, including curling of the lamina 

as well as a necrotic margin. 

Uniform plants between 4-6mm caliper (diameter measured 2.5cm above 

cotyledon scar) were randomly selected and assigned to treatments prior to 

overwintering. On April 24, 2021, plants were moved to an unheated polyhouse 

located at the Bluegrass Lane Turf and Landscape Research Center, in Ithaca, NY (lat. 

42.48° N, long. 76.47° W, elevation 335 m). Plants were randomly placed and 

attached to drip irrigation, where they were watered twice daily (≈1L). Bud break 

occurred on all plants on May 3, 2021 (defined as exhibiting at least one expanding 

leaf). On May 17, two weeks after bud break, twelve single-plant replicates each were 

treated with either a substrate drench (37.85ml Nickel Plus®/ 3.79L H2O) or a foliar 

spray of all leaf surfaces until beading (9.46ml Nickel Plus®/ 3.79L H2O). Included 

also were twelve untreated controls. Rates and application times were based on label 

recommendations for treating mouse-ear disorder of pecan.  

Plants were evaluated 30 days after treatment on June 16, 2021. Leaf greenness 

was measured using a SPAD 502 handheld spectrophotometer (Konica-Minolta, 

Osaka, Japan) determined for each plant by averaging measurements of three fully 
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expanded leaves selected at random. The dominant shoot of each plant was excised at 

the site where growth initiated in 2021 and used to record and calculate remaining 

growth metrics. Shoot extension was determined by the length of the excised shoot 

from the base to the distal end of the terminal bud. Leaf area was calculated as the 

total surface area of leaves removed using a LI-COR 3100 leaf area meter (LI-COR 

Biosciences Inc., Lincoln, NE). The number of leaves per shoot was divided by the 

mean shoot extension to calculate the number of leaves per unit shoot extension. 

Leaves and shoots were then dried in an oven at 65ºC for three days. Subsequently, 

leaf and shoot dry weights were measured independently. Specific leaf area was 

measured by dividing leaf area by leaf dry weights. An MX2303 data logger 

(Onset HOBO, Bourne, MA) recorded air temperature and relative humidity every 

fifteen minutes for the duration of the experiment. Mean (Min., Max) temperature (C) 

and relative humidity (%) within the polyhouse were 20.4 (5.7, 41.5) and 74.2% 

(29.1%, 99.3%), respectively. Mean ±SE photosynthetic photon flux of ≈272±6.5 

µmol·m
–2

·s
–1 at plant height was measured with a quantum sensor (SQ-520 Apogee 

Instruments, Logan, UT). Substrate pH was determined using pour-thru methodology 

on three randomly selected single-plant replicates from each treatment at the time of 

data collection, ranging from 6.9-7.6. 

 

Statistical Analysis 

All data were analyzed using a one-way ANOVA. To meet the assumptions of 

the model some data were square root (shoot extension, leaf area) or log (number of 

leaves per unit shoot extension) transformed. Post-hoc mean comparisons were made 

using Tukey’s Honestly Significant Difference Test. Statistical analysis was conducted 

using JMP Pro 15 software (JMP Version 15, SAS Institute, Inc., Cary, NC). 
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Results and Discussion 

Compared to controls, leaf greenness (P = 0.0046) and number of leaves per 

unit shoot extension (P = 0.0015), decreased respectively by 21.1% and 40.4% for 

plants treated with a substrate drench or 20.1% and 49.7% for those treated with a 

foliar spray. As opposed to untreated controls, leaf area (P = 0.0010) increased by 

143.2% and 126.9% in response to treatment with a drench or foliar spray, 

respectively. Specific leaf area (P = 0.0010) of plants treated with a substrate drench 

improved by 47.9% whereas the foliar treatment resulted in a 32.6% increase. Shoot 

extension (P = 0.0093) was not different between controls and the substrate drench 

treatment, however, those treated with the foliar spray exhibited an 83.5% increase 

over untreated plants (Table 5.1).  

 

 

 

As an essential element for plant growth (Mengel et al., 2001) the occurrence 

of nickel deficiency can theoretically manifest in any plant species. However, because 

nickel is a co-factor for the urease enzyme and is essential for its activity (Ruter, 

2005), the occurrence of nickel deficiency is more likely to occur with species with 

ureide-transporting nitrogen metabolism (Wood et al., 2006). The classic symptoms of 

mouse ear disorder, wherein the lamina becomes curled and exhibits a necrotic 
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margin, eventually leading to rosetting of the stems (S. Fig. 11), is thought to be the 

result of toxic levels of urea accumulating in the tissue (Eskew et al., 1983; Krogmeier 

et al., 1989). When nickel deficient, urease activity decreases, resulting in the toxic 

build-up of urea in the foliar tissue and subsequent mouse ear symptoms.  

The correction of mouse ear disorder by supplementing nickel has previously 

been demonstrated with field-grown pecan (Wood et al., 2004a), container-grown 

river birch (Ruter, 2005), yellow birch, and sweet birch (Miller et al., In Prep), and 

now with bitternut hickory (S. Fig. 12). Of these examples, pecan has been 

successfully treated with a foliar spray application, whereas mouse ear disorder for the 

remaining taxa has been corrected with either a foliar spray or substrate drench. Like 

the findings of Ruter’s (2005) study of correcting mouse ear on river birch, we found 

supplementing nickel with a foliar spray or substrate drench increased leaf area and 

specific leaf area while also decreasing the number of leaves per unit shoot elongation 

compared with untreated controls (Table 5.1).  

Of the nursery issues shared among the species that belong to the genus Carya, 

susceptibility to mouse ear disorder appears to be consistent for both pecan and 

bitternut hickory, thus providing some empirical evidence for the prediction set forth 

by Wood et al., 2006. Both species belong to the section Apocarya (Wood and 

Grauke, 2011) and are closely related. Susceptibility of bitternut hickory to mouse ear 

disorder may partially explain the reputation held by members of the genus for their 

difficulty in production in the nursery. Currently no other studies have assessed the 

susceptibility of any other species of Carya to mouse ear disorder, however, it may be 

required for integrating the genus into the green industry. Furthermore, this issue 

should be assessed in other candidate genera with ureide-transporting nitrogen 

metabolism to determine if this issue is more commonplace than previously thought.  
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Once production is streamlined, bitternut hickory will be a useful addition to the plant 

palette as an ornamental tree for a variety of managed landscapes.  
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CHAPTER 6 

 

TRANSPLANT METHOD AND SPECIES DIFFERENCES INLUENCE POST-

TRANSPLANT RECOVERY OF HICKORIES 

Abstract 

Although hickories have potential as more widely planted landscape trees, their 

use in horticulture is limited by claims of resistance to standard production techniques 

and successful transplanting. Experiments were conducted to examine recovery of 

large-caliper shagbark hickory (C. ovata (Mill.) K. Koch) harvested balled and 

burlapped (B&B) or bare root (BR) as well as assess how small caliper bitternut 

hickory (Carya cordiformis (Wangenh.) K. Koch), kingnut hickory (C. laciniosa (F. 

Michx.) Loud.), and shagbark hickory grown in either plastic nursery pots or 

RootTrapper® II fabric bags differed in their transplant ability. Specific root hydraulic 

conductance and vegetative growth responses were evaluated and compared to non-

transplanted controls. Compared to shagbark hickory transplanted BR, B&B plants 

exhibited an 86.8% and 106.5% increase in shoot extension and fine root hydraulic 

conductance, respectively. Among small-caliper hickories, species differences were 

detected. In each instance, growth responses of kingnut hickory surpassed its 

congeners. Compared with shagbark hickory shortly after transplanting, fine root 

hydraulic conductance of kingnut hickory planted from RootTrapper® II fabric bags 

and plastic containers increased 183.9% and 267.6%, respectively. These data indicate 

large-caliper shagbark hickory transplanted balled and burlapped will recover more 

quickly than those transplanted bareroot and that small-caliper kingnut hickory in 

containers may be more readily transplanted than shagbark hickory counterparts.    
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Introduction 

Abiotic and biotic stresses increasingly challenge the resiliency of landscapes 

(Tubby and Weber, 2010), elucidating a need to bolster biodiversity in managed green 

spaces (Sjöman et al., 2015). Repetitive use of easily grown taxa in the nursery trade 

has become a major concern and horticulturists have begun seeking underutilized taxa 

with landscape merit to diversify production and managed landscapes (Hirons et al., 

2021). A multitude of underappreciated taxa with unique ornamental qualities could 

be pursued, however most are limited by production bottlenecks (Miller, 2017). 

Species such as those that belong to the genus Carya (Nutt.) are excellent examples of 

taxa that could supplement the plant palette for use in horticulture but have restricted 

availability due to claims of resistance to standard production and landscape practices 

(Miller, 2017).  

Among the purported difficulties experienced by growers and landscape 

practitioners is the resistance of hickories to successful transplanting (Dirr and 

Warren, 2019). While no formal attempts have been made to assess the plausibility of 

this claim, the stigma alone limits the occurrence of hickories in the nursery and 

subsequently in the managed landscape (Miller and Graves, 2019). Often blamed for 

their purported difficulty transplanting is the characteristic development of strong, 

prominent taproots and minimal fine and lateral root branching, of which all hickories 

are known to exhibit in some capacity (Thompson and Grauke, 1991). Some taxa 

within the genus are suspected to transplant better than others. For example, Dirr 

(2009) states aside from C. aquatica (F. Michx.) Nutt., most species of the genus resist 

successful transplanting when harvested B&B. Other species, such as pecan (C. 

illinoinensis (Wangenh.) K. Koch), a major nut crop species, are commercially 

produced in nurseries, typically as field-grown plants which are harvested and planted 
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BR or container-grown stock (McEachern, 2020). However, rates of transplant success 

remain reduced relative to other woody plant species.  

As is the case for species considered difficult to transplant which exhibit 

coarse root architecture, research on hickories has been conducted that aims to modify 

roots with the goal of achieving a morphology considered better suited for production 

(Miller and Graves, 2019). While root modification was successful, follow-up research 

has yet to be conducted that supports its applicability in production. Furthermore, 

some taxa, such as pecan respond differently to root pruning performed at various 

stages in development (Zhang et al., 2015). An assortment of other factors have been 

assessed to determine their role on transplant establishment, including: different levels 

of root pruning at the time of transplanting (Ouedraogo et al., 2018), effects of 

production strategy (Wood, 1996), tree size (Wood et al., 1990), and reduction pruning 

(Wood, 1996; Worley, 1991), all indicating these factors do not strongly effect 

transplant success of pecan. 

Outside of Carya species, and alternative to field stock, species with 

reputations with resistance to transplanting are typically recommended to be planted as 

container-grown or containerized material (Dirr, 2009; Gilman, 1990). Container 

nursery crops also offer the advantage of ease and reduced cost for transport and 

handling (Davidson et al., 2000). One major disadvantage though, is that container-

grown nursery stock is more likely to deflect off smooth-walled nursery containers, 

causing roots to grow in a circular pattern (O’Connor et al., 2018). This phenomenon 

can cause constriction of roots with the potential to diminish transplant success by 

causing a congested root mass not capable of rooting-in (Gilman et al., 2010), leading 

to stunted development (Burkhart, 2006). In response to the consequences of growing 

plants in smooth-walled nursery pots has been the introduction of alternative container 

types comprising unique sizes, materials, and shapes, claimed to reduce or eliminate 
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root deformation and bolster plant growth (Amoroso et al., 2010; Miller and Bassuk, 

2018; McGrath et al., 2021). While some recent research has begun exploring these 

products, few formal trials have been conducted.  

Due to their potential as more widely grown nursery crops and landscape trees 

as well as their plagued reputation for resistance to successful transplanting with little 

to no evidence, we questioned if large-caliper shagbark hickories could be 

successfully transplanted as B&B or BR material and whether standard plastic 

containers or an alternative, fabric nursery pot effects transplant success of small-

caliper hickories of different species. Our objectives were to characterize vegetative 

growth responses and root hydraulic recovery to determine if the reputations held by 

the green industry of species belonging to the genus Carya are accurate.  

 

Materials and Methods 

Large-caliper shagbark hickories 

In early spring (2020) before budbreak, eight large-caliper (30-50 mm caliper) 

C. ovata (shagbark hickory) each were harvested as balled and burlapped (B&B) or 

bare root (BR) stock from Schichtel’s Nursery in Springville, NY, leaving an 

additional eight trees remaining in the production field (Control). B&B trees were dug 

with a 61cm hydraulic tree-spade and packaged with burlap, twine, and a wire basket 

whereas BR trees were dug with a “U” blade (66 cm diam.) and placed in a plastic bag 

packed with moistened straw. Between May 15 and May 20, harvested trees were 

transplanted by hand in rows (2.1m spacing) using a randomized design in a field plot 

comprising Arkport fine sandy loam soil at the Bluegrass Lane Turf and Landscape 

Research Center, in Ithaca, NY (lat. 42.48° N, long. 76.47° W, elevation 335 m). After 

setting B&B trees in their planting holes, all lateral regions of wire basket and burlap 

were removed with wire cutters and a box cutter, respectively. BR trees were retrieved 
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from their plastic bags and all packing straw was removed from roots. Prior to 

backfilling, three fine lateral roots (1-2mm diameter) were selected from each tree. 

The apical meristem of each root was placed inside a soil in-ground core and gently 

filled with native soil before marking with a flag and burying in a horizontal position. 

Each tree was irrigated twice weekly with ≈20L after planting, through August.  

Soil in-ground cores, constructed as cylinders (5cm diameter, 13cm length) 

using a 2mm plastic mesh canvas with an open proximal end for the placement of 

roots and an impermeable lid on the distal end, were installed for collection of in-tact 

fine roots for root hydraulic conductance measurements. One core from each tree was 

carefully dug using a hand trowel in mid-summer, fall, and spring of 2021 and the root 

was removed with a hand pruner by cutting ≈15cm from the core. One in-tact fine root 

(1-2 mm diameter, ≈15cm long) was carefully excavated from each of the non-

transplanted controls at Schichtel’s Nursery at each collection period. After carefully 

removing soil from roots, each was wrapped in moist paper towel, then taken to the 

laboratory to measure root hydraulic conductance. Samples obtained from Schichtel’s 

from mid-summer in 2020 were collected and packaged identically to other time 

periods but were shipped overnight to Ithaca due to travel restrictions, then 

immediately assessed upon receipt. 

Root hydraulic conductivity was measured utilizing the transient analysis 

procedure of a hydraulic conductivity flow meter (HCFM Gen 3; Dynamax, Houston, 

TX). Prior to taking measurements, approximately one cm of root tissue was re-cut at 

the proximal end of each root while submerged under water. Instantaneous pressure 

and flow were measured at two-second intervals with the HCFM. The slope of the 

plotted values of pressure and flow was used to calculate hydraulic conductance 

(Tyree et al. 1995). Specific root hydraulic conductance (Ks) was then determined by 
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dividing hydraulic conductance by the unique cross-sectional area of each root (Yin et 

al. 2014).  

On June 7, 2021, vegetative growth responses were recorded for transplanted 

trees. Three representative stems and fully expanded leaves each were selected from 

every tree and used to determine shoot extension (cm) and leaf surface area (cm2). 

Shoot extension was measured as the length of new growth that initiated and 

terminated in the 2021 growing season. Leaves were removed from each stem at the 

base of the petiole and placed on a LI-COR 3100 leaf area meter (LI-COR, Inc.). Each 

measurement was used to determine the mean leaf surface area for each tree. Caliper 

growth was determined as the difference in diameter at 15.2cm above the root collar 

from the time of planting to the time of data collection. Identical measurements were 

performed on non-transplanted controls on June 16. The percentage of stem dieback 

occurring in the canopy was determined for each tree; calculated as the number of 

stems which initiated growth in the 2020 growing season exhibiting at least one-

internode of dieback in 2021 divided by the total number of stems that initiated growth 

in 2020. 

Fine root hydraulic conductance data were subject to a two-way ANOVA to 

assess treatment and season effects whereas only treatment was assessed for shoot 

extension, leaf surface area, caliper growth using a one-way ANOVA. Some data were 

square root (root hydraulic conductance and leaf surface area) or log (shoot extension) 

transformed to meet the assumptions of the model. Post-hoc mean comparisons were 

made with Tukey’s Honestly Significant Difference Test (P ≤ 0.05). All data were 

analyzed with JMP Pro 15 software (JMP Version 14; SAS Institute, Inc., Cary, NC).  
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Container-grown hickories 

In 2017, bare-root liners (whips), ranging in height from 30.48 - 86.36 cm, of 

C. cordiformis and C. ovata were obtained from Forrest Keeling Nursery (Elsberry, 

MO) and whips of C. laciniosa were purchased from the Iowa State Forestry Nursery 

(Ames, IA). Plants were potted in either standard #10 plastic containers (plastic), or in 

the #10 equivalent size (38.1 cm height, 35.56 cm diameter) RootTrapper® II 

(Rootmaker Products Co., Huntsville, AL) containers (bag) using LM-6 potting 

substrate (Lambert Peat Moss, Inc., Riviere-Ouelle, Quebec, Canada). Plants were 

cultivated during growing seasons through in an outdoor nursery located at the 

Bluegrass Lane Turf and Landscape Research Center. Containers were watered twice 

daily (≈1L) throughout each growing season with drip irrigation and top dressed with 

slow release fertilizer (Osmocote Plus 15-9-12; ICL Specialty Fertilizers, Dublin, OH) 

each spring. Plants were overwintered in an unheated polyhouse. In spring of 2020, 

between May 25-29, five single-plant replicates of each species and container type 

were transplanted into rows with 2.1m spacing in a trial plot using a completely 

randomized design while five non-transplanted controls of both container types and all 

species were left in the nursery. Stem diameter across plants ranged from six to 15 

mm. Trees in plastic pots were removed from their containers by placing them on their 

sides and pulling the containers away from the tree. RootTrapper® II bags were cut 

off the roots using a retractable Kobalt utility knife (Model 10032, Mooresville, NC, 

U.S.). Before backfilling, in-ground soil cores were installed on each tree using the 

same methodology for large-caliper shagbark hickories. Establishment and data 

collection was performed the same way as with the large-caliper shagbark hickories, 

except roots were only harvested in mid-summer of 2020 and spring of 2021.  

Fine root hydraulic conductance data were subject to a three-way ANOVA to 

assess species, treatment, and season effects whereas only species and treatment was 
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assessed for shoot extension, leaf surface area, and caliper growth using a two-way 

ANOVA. Data were square root (root hydraulic conductance, leaf surface area, and 

caliper growth) or log (shoot extension) transformed to meet the assumptions of the 

ANOVA model. Post-hoc mean comparisons were made with Tukey’s Honestly 

Significant Difference Test (P ≤ 0.05). All data were analyzed with JMP Pro 15 

software (JMP Version 14; SAS Institute, Inc., Cary, NC).  

 

Results 

Interactions were not detected for any response evaluated with large-caliper 

shagbark hickories. However, the main effect of treatment affected fine root hydraulic 

conductance (P = 0.0030), caliper growth (P < 0.0001), leaf surface area (P < 0.0001), 

and shoot extension (P < 0.0001) (Fig. 6.1). In addition, fine root hydraulic 

conductance was also influenced by the main effect of season (P = 0.0061) (Fig. 6.2). 

No shoot dieback was observed on non-transplanted controls whereas B&B and BR 

hickories exhibited dieback on 10% and 55% of the canopy, respectively. Two trees 

transplanted B&B did not survive initial transplanting and one BR tree did not flush 

growth in 2020 but pushed a minor amount of stunted leaves in 2021.  

A three-way interaction between season, taxon, and treatment was observed for 

fine root hydraulic conductance of container grown hickories (P < 0.0001) (Table 6.1). 

Shoot extension and leaf surface area were each affected by the main effect of 

treatment (P < 0.0001, P < 0.0001) and taxon (P < 0.0077, P < 0.0001), respectively 

(Fig. 6.3; Fig. 6.4). Caliper growth was not different across any treatment combination 

(data not shown).  
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Fig. 6.1   Fine root hydraulic conductance, caliper growth, leaf surface area, and shoot 

extension of large-caliper shagbark hickory pooled across season. Means sharing a letter 

within a response are not different according to Tukey’s HSD test (P ≤ 0.05). Error bars 

indicate the standard error of the mean.   
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Fig. 6.2   Fine root hydraulic conductance of large-caliper shagbark hickory pooled across 

treatment. Means sharing a letter are not different according to Tukey’s HSD test (P ≤ 0.05). 

Error bars indicate the standard error of the mean.   

 

 

 
Table 6.1   Fine root hydraulic conductance (10-3 kg s-1 m-2 kPa-2) of small-caliper 

bitternut hickory (C. cordiformis), kingnut hickory (C. laciniosa), and shagbark 

hickory (C. ovata). Means across treatment, season, and taxon sharing a letter are not 

different according to Tukey’s HSD test (P ≤ 0.05). 

 

 

 

    Taxon   

Treatment Season C. cordiformis C. laciniosa   C. ovata 

Control Bag Summer 4.02x10-3 a-c 2.79x10-3 a-c 1.85x10-3 a-c 

Spring 1.05x10-3 c 2.80x10-3 a-c 1.53x10-3 c 

Control Plastic Summer 2.61x10-3 a-c 2.58x10-3 a-c 2.81x10-3 a-c 

Spring 1.84x10-3 a-c 2.67x10-3 a-c 1.53x10-3 bc 

Planted Bag Summer 2.02x10-3 a-c 4.57x10-3 ab 1.61x10-3 c 

Spring 2.59x10-3 a-c 2.81x10-3 a-c 4.02x10-3 a-c 

Planted Plastic Summer 1.77x10-3 bc 5.22x10-3 a 1.42x10-3 c 

Spring 2.56x10-3 a-c 2.39x10-3 a-c 3.59x10-3 a-c 
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Fig. 6.3   Shoot extension and leaf surface area of small-caliper bitternut hickory (C. 

cordiformis), kingnut hickory (C. laciniosa), and shagbark hickory (C. ovata) pooled across 

taxon and season. Means within a response sharing a letter are not different according to 

Tukey’s HSD test (P ≤ 0.05). Error bars indicate standard error of the mean. 
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Fig. 6.4   Shoot extension and leaf surface area of small-caliper bitternut hickory (C. 

cordiformis), kingnut hickory (C. laciniosa), and shagbark hickory (C. ovata) pooled across 

treatment and season. Means within a response sharing a letter are not different according to 

Tukey’s HSD test (P ≤ 0.05). Error bars indicate standard error of the mean. 

 

Discussion 

For large-caliper shagbark hickories, caliper growth and leaf surface area was 

not different between B&B and BR transplanted trees but each were significantly 

reduced compared to controls (Fig. 6.1). While both treatments resulted in decreased 

shoot extension compared to non-transplanted trees, B&B plants exhibited increased 

shoot extension relative the response of BR trees (Fig. 6.1). Interestingly, fine root 

hydraulic conductance was not different from the untreated controls for either B&B or 
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BR trees, yet B&B plants exhibited a 106.5% increase in fine root hydraulic 

conductance over BR trees (Fig. 6.1). This trend is different from the findings of Yin 

et al. (2017), observing no difference in root hydraulic conductance of Quercus rubra 

L. after transplanting as B&B, in-ground fabric, or BR. These results indicate 

transplanting severely affects vegetative growth responses of large-caliper shagbark 

hickory, but also imply hydraulic conductance of fine roots is related to post-transplant 

recovery of large-caliper shagbark hickory. Although roots were lost due to severance 

at the time of digging, B&B plants yielded increased rates of root hydraulic 

conductance relative the BR trees. A similar trend was observed by Yin et al. (2014) 

where Q. bicolor Willd. maintained root hydraulic conductance and growth responses 

after root pruning as opposed to Q. macrocarpa Michx., which displayed inferior 

growth responses as well as decreased rates of root hydraulic conductance. Because 

B&B plants also surpassed BR trees in shoot extension, a metric considered when 

evaluating transplant recovery (Struve and Jolly, 1992), these data may suggest trees 

transplanted B&B begin to recover more quickly than BR.  

Seasonal variation was observed in fine root hydraulic conductance across 

treatments of large-caliper shagbark hickory (Fig. 6.2). Because these data were 

pooled across trees recovering from transplanting as well as non-transplanted controls, 

this increasing trend from mid-summer, fall, and late spring suggests a periodicity 

trend for shagbark hickories of this size rather than a production or recovery effect. 

Similarly, Miller et al. (In Prep) recorded seasonal periodicity in fine root hydraulic 

conductance of large Q. bicolor; a response not associated with a production effect, 

suggesting this phenomenon occurs in other taxa.  

The two B&B trees that did not survive transplanting did not flush growth in 

2020. Each tree was high in the ball when received in 2020; root crowns were each 

approximately 10cm higher than the top of the burlap covering the root ball. After 
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determining that these trees had not survived, they were removed and the roots were 

inspected. The roots of each tree were dominated by a coarse morphology, growing in 

a vertical orientation with almost no lateral roots growing perpendicular to the trunk. 

We question if these trees heaved upwards and out of the harvested ball at the time of 

digging as a function of the absence of lateral roots.  

Comparable to the responses of large-caliper shagbark hickory to 

transplanting, leaf surface area and shoot extension were reduced for small-caliper, 

container grown trees that were transplanted when compared to their non-transplanted 

counterparts (Fig. 6.3). Fine root hydraulic conductance was not different across 

treatments or time within taxa of small-caliper, container grown hickories (Table 6.1). 

However, in comparison with shagbark hickory, fine root hydraulic conductance 

increased for kingnut hickory in summer by 183.9% for trees planted from 

RootTrapper® II fabric bags and was 267.6% higher for trees from standard plastic 

containers (Table 6.1). An increase of 194.9% was also observed for kingnut hickory 

over bitternut hickory of plants transplanted from plastic containers, but not between 

the two taxa after transplanting from fabric bags (Table 6.1). The difference between 

shagbark hickory and kingnut hickory for both container types may be more aligned 

with species differences, however, the single occurrence of a difference between 

kingnut hickory and bitternut hickory for plants transplanted only from standard 

plastic containers may indicate a slight effect of container type in relation to the 

establishment of a different species (Table 6.1). While a direct difference was not 

observed between plants of bitternut hickory transplanted from the two container 

types, this trend could be evidence of a slight benefit to the use of alternative container 

products. Future studies should evaluate this trend further, similar to how other studies 

have determined that production method and container type can, without doubt, effect 

tree establishment in other species (Gilman, 2001; O’Connor et al., 2018). 
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Pooled across treatments and time, shoot extension and leaf surface area was 

higher for kingnut hickory than its two congeners (Fig. 6.4). Overall, these increased 

rates of hydraulic conductance and vegetative growth indicate kingnut hickory 

recovers more quickly than bitternut hickory and shagbark hickory. These data 

indicate not all hickories recover from transplanting in the same way. A trend of 

differences between species belonging to the genus Carya was supported also by 

Miller and Graves (2019) exploring the response of different hickories to root pruning 

shortly after germination.  

These data suggest that large-caliper shagbark hickory can be successfully 

transplanted, but B&B material may recover more quickly than BR. Small-caliper 

trees of bitternut hickory, kingnut hickory, and shagbark hickory can each be 

successfully transplanted, however, kingnut hickory appears to recover more quickly 

and should be considered for broader application in horticulture. Because no obvious 

benefit to establishment of hickories after transplanting stock grown in alternate 

container types was observed, future studies should explore root morphological 

responses of plants grown using new container products to clearly characterize their 

effect on growth and development. 
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CHAPTER 7 

 

ENHANCING TREE TRANSPLANT SUCCESS THROUGH THE 

MANIPULATION OF ROOT HYDRAULIC CONDUCTANCE 

Abstract 

Root pruning during the year prior to transplanting, with the aim of promoting 

new root growth, increased root branching, and to elicit a denser root ball, is one 

technique that has traditionally been used to increase transplant success with taxa that 

are considered difficult to transplant. For some species, this technique is effective; 

however, the physiological mechanism explaining this phenomenon is poorly 

understood. This study investigates the post-transplant vegetative growth and 

efficiency of root hydraulic conductance in pruning-induced root branches of 

underutilized tree species known to be difficult to transplant, as well as taxa that 

transplant more readily. Root pruning resulted in a significant increase in the mean 

leaf surface area of Carpinus caroliniana, Gymnocladus dioicus, Quercus bicolor, and 

Quercus macrocarpa. Caliper was unaffected by root pruning. Specific root hydraulic 

conductance was not significantly different from controls; however, a clear trend of 

increased hydraulic conductivity in newly emerged roots as a result of root pruning 

was observed. 

 

Introduction 

Many factors contribute to the successful establishment of trees after 

installation in managed landscapes. Size (Gilman et al., 1998), species (Struve and 

Moser, 1984), root morphology (Comas et al., 2002), season (Harris et al., 2002; 

Richardson-Calfee and Harris, 2005), cultural techniques employed in the nursery 
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(Watson, 1985), and post-transplant-management practices (Koeser et al., 2014) are 

the overarching factors that play a role in transplant success. The limitations of 

successful transplanting of trees dictate the availability of certain species and 

subsequently influence the overall quality and health of urban forests. Many urban 

forests suffer from reduced species diversity and are at increased risk of susceptibility 

to both abiotic and biotic stresses (Bassuk, 1990). Ornamentally superior species that 

could be incorporated exist; however, they are largely unavailable due to claims of 

difficulty of transplanting (Miller, 2017).  

Transplant failure is often a result of transplant shock (Watson and Himelick, 

1983), which in turn is a function of water stress. During the process of transplanting 

balled-and-burlapped trees (B&B), roots are severed at digging, reducing overall water 

uptake (Struve, 2009). The resultant increase in water-associated tension in the xylem 

increases the risk of the formation of embolisms (Sperry and Tyree, 1990), with the 

potential to kill the plant. 

One solution employed by the nursery industry is to compensate for this 

phenomenon by increasing the number of roots within the root ball (Gilman, 1990). In 

theory, increasing the number of roots that can take up water within the root ball will 

help maintain increased water status thus reducing the effects of transplant shock 

(Harris et al., 2001). In order to increase the number of roots, plants are often root 

pruned in the nursery. Pruning of the roots results in root branching and, in theory, 

increased opportunities for water uptake. It is unclear, however, if increased transplant 

success is a result of the increased number of fine roots or if it is due to greater 

efficiency of hydraulic conductance in new roots that develop in response to root 
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pruning. Therefore, we questioned whether newly emerged roots induced by root 

pruning are capable of increased hydraulic conductivity compared with older roots that 

were not pruned. 

In this study, we compared the specific root hydraulic conductivity of roots 

arising from pruning wounds to unpruned roots. In addition, we measured vegetative 

growth responses often associated with the success of transplanting of trees that were 

root pruned the year prior to transplanting and of those that were left unpruned. The 

species studied comprise taxa that are known to transplant more easily (Carpinus 

caroliniana, Gymnocladus dioicus, and Quercus bicolor) as well as those that are 

traditionally more difficult (Nyssa sylvatica, Quercus coccinea, and Quercus 

macrocarpa). The objectives of this study were to determine if lateral roots arising 

from pruning wounds exhibit increased hydraulic conductivity compared to unpruned 

lateral roots and to examine how root pruning using a tree spade influences vegetative 

growth.  

Materials and Methods 

Beginning in 2015, ten plants each of Carpinus caroliniana, Gymnocladus 

dioicus, Nyssa sylvatica, Quercus bicolor, Quercus coccinea, and Quercus 

macrocarpa were field grown in a completely randomized design at the Bluegrass 

Lane Turf and Landscape Research Center, located in Ithaca, New York. At the 

conclusion of a two-year growing period, two groups of five plants of each taxon were 

randomly selected and designated for root pruning or as controls. In the spring of 

2017, prior to bud break, treatments were initiated by root pruning the designated 

plants using a 61-centimeter hydraulic tree spade. Root pruning was implemented by 
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completely lifting the trees from the ground with the tree spade to ensure all roots 

were completely severed, followed by placing the trees back in their original position. 

All plants were then left to grow for the remainder of that year. In the spring of 2018, 

the caliper of the trunk of each tree was recorded. Caliper ranged from 5.08 to 7.62 cm 

across species. Prior to bud break, all of the unpruned controls and the root pruned 

plants were transplanted using a 61-centimeter hydraulic tree spade (S. Fig. 13). Plants 

were transplanted from their original positions to a new research plot with planting 

holes of identical size. All trees were planted in a completely randomized design. 

Trees were not provided supplemental irrigation. According to data collected at the 

weather station in Tompkins County, 4.2 and 6.7 centimeters of precipitation were 

recorded in the months of April and May, respectively (Weather Underground 

[updated 2019]).  

Three sequential rounds of root sampling (spring, early summer, and late 

summer) were conducted during the growing season of 2018 to determine if new roots 

that regenerated from the pruning wound exhibited a different rate of hydraulic 

conductivity compared to roots that were not pruned. Sampling was performed by 

carefully excavating roots at a distance of 30.5 cm from the trunk, where the 61cm tree 

spade made pruning cuts on the root pruned trees. The distal portion of a single root 

arising from a pruning wound of the root-pruned trees was removed for analysis. 

Similarly, the distal portion of a single, intact root of comparable diameter was 

removed from trees of the control group for analysis. One root each was collected 

from three different individual trees in the spring and early summer (n = 3) and from 

five different individual trees (n = 5) in the late summer. Root diameters ranged from 

one to four millimeters across all roots harvested.  
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After roots were removed from the tree, they were immediately placed in damp 

paper towel within a sealed plastic bag. Bags were stored in a cooler until all samples 

were collected. Within 24 hours of collecting samples, the root hydraulic conductivity 

was measured using the transient analysis procedure of a hydraulic conductance flow 

meter (HCFM Gen 3; Dynamax, Houston, TX). To account for any natural responses 

of the root tissue to removal, the severed ends of the roots were cut again, under water, 

just prior to taking measurements. Instantaneous pressure and flow were measured at 

two-second intervals with the HCFM. The slope of the plotted values of pressure and 

flow was used to calculate hydraulic conductance (Tyree et al., 1995). Specific root 

hydraulic conductance (Ks) was then calculated by dividing the hydraulic conductance 

values by the cross-sectional area of the corresponding root (Yin et al., 2014). 

At the conclusion of the 2018 growing season, final caliper and leaf surface 

area data were collected. Caliper was measured before transplanting on April 27, 

2018, and again at the conclusion of the study on October 5, 2018. The differences in 

the values recorded on these dates were used to determine the effects root pruning 

during the year prior to transplanting had on caliper growth. Seven of the most fully 

expanded leaves exposed to full sun were collected randomly from each tree. Leaf 

surface area (cm2) of each leaf was measured using a LI-COR 3100 leaf area meter 

(LI-COR, Inc.). Mean leaf surface area was calculated for each tree by averaging these 

values.  
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Statistical Analysis 

All data were analyzed using JMP Pro14 software (JMPVersion 14. SAS 

Institute, Inc., Cary, NC). Caliper growth was analyzed using a two-way ANOVA 

followed by a post hoc comparison. The interaction term was not significant and was 

removed. The model was run using main effects post hoc comparisons with a Tukey 

adjustment for multiple comparisons. Leaf surface area (cm2) was analyzed using a 

two-way ANOVA followed by a post hoc comparison with a Bonferroni correction. 

Data were ln(log) transformed to fit the assumptions of the model. Specific hydraulic 

conductance (𝐾s) of roots was analyzed using a three-way ANOVA followed by a 

post hoc comparison with a Bonferroni correction. Data were log transformed to fit the 

assumptions of the model. 

 

Results and Discussion 

Caliper growth between April 27, 2018, and October 5, 2018, of root pruned 

plants was not significantly different from controls across all species in this study (Fig. 

7.1). Mean leaf surface area of root pruned plants of Carpinus caroliniana, 

Gymnocladus dioicus, Quercus bicolor, and Quercus macrocarpa were significantly 

larger when compared to controls (Fig. 7.2). This response suggests that the root 

pruned plants did not experience the same degree of transplant shock as did the plants 

that were not root pruned the year prior to transplanting. While the increased leaf 

surface area of root pruned plants suggests these trees handled transplanting better 

than controls, it is not necessarily a function of increased hydraulic conductivity in the 

newly emerged roots. 
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Fig. 7.1   Comparisons of mean caliper growth (diameter of trunk in cm). Data were 

analyzed by means of a two-way ANOVA followed by a post hoc comparison. 

Interaction term was not significant and was removed. Model was run using main 

effects post hoc comparison with a Tukey adjustment for multiple comparisons. 

Means and standard errors of observed values are presented (n = 5). 

 

Root pruning did not significantly influence the specific hydraulic conductance 

of roots when compared to controls (Fig. 7.3). The results of our study align with the 

findings of Yin et al. (2014), who observed similar rates of fine-root hydraulic 

conductance before and after root pruning of plants of Quercus bicolor. Conversely, 

their study identified a decrease in hydraulic conductance of fine roots of Quercus 

macrocarpa six months after root pruning. Our data, although confined to responses 

within a four-month period, did not suggest a decrease in root hydraulic conductivity 

between unpruned and pruned roots of Quercus macrocarpa. Numerically, a trend 

toward increases in root hydraulic conductivity was observed in all taxa in round(s) 

one and/or two of sampling. It is possible that with a larger sample size, a significant 

difference may be observed.  
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Fig. 7.2   Comparisons of mean leaf surface area (cm
2
) between treatments at conclusion of 

study. Significant differences among means within a species are indicated by lowercase letters 

(P ≤ 0.05) according to a two-way ANOVA followed by a post hoc comparison with a 

Bonferroni correction. Data were ln(log) transformed to fit the assumptions of the model. 

Means and standard errors of observed values are presented (n = 5). 

 

Although specific hydraulic conductivity was not significantly different in 

roots arising from pruning wounds, there were obvious trends toward greater hydraulic 

conductivity in the observed means, which merit further investigation. Future studies 

should utilize larger sample sizes and may consider investigating root pruning in 

container-grown plants for greater experimental control and ease of data collection. 

Further research should also explore how root pruning in the year prior to 

transplanting influences trees of different calipers more specifically. The information 

derived from this study provides a basis for further investigation into developing 

modifications to current transplanting practices in order to increase transplant success. 

The results of this study do not provide evidence to confirm if, as a result of root 

pruning, either the increased number of roots in the root ball or the hydraulic efficacy 

of newly emerged roots influence the reduction of transplant shock in root pruned 
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trees of species known to be difficult to transplant. However, the results of this study 

suggest that for some taxa, root pruning of field-grown trees the year prior to 

transplanting may result in increases in leaf surface area, signifying that the practice 

may benefit nursery stock and reduce the effects of transplant shock when planted in 

the landscape. 

 

Fig. 7.3   Comparisons of mean specific hydraulic conductance (Ks) in fine (< 2 mm diameter) 

and coarse roots (2 to 4 mm diameter) between sampling intervals. Non-shaded bars represent 

Ks of roots derived from unpruned controls. Shaded bars represent Ks of roots arising from 

pruning wounds. Data were analyzed using a three-way ANOVA followed by a post hoc 

comparison with a Bonferroni correction. Data were log transformed to fit the assumptions of 

the model. Means and standard errors of observed values are presented. Rounds 1 and 2 (n = 

3), round 3 (n = 5). 
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CHAPTER 8 

 

ROOT PRUNING IMPROVES ROOT HYDRAULIC CONDUCTANCE AND 

VEGETATIVE GROWTH OF ROOTBOUND OAKS IN CONTAINERS 

Abstract 

Container growing of trees in the nursery is becoming increasingly popular 

over traditional field production in the United States. Container production offers 

advantages over in-ground production methods but can also reduce tree health and 

quality when plants become rootbound. Roots of trees grown in containers are known 

to deflect off smooth-walled nursery pots, resulting in kinks and circling-growth 

patterns. Congested and circling roots are problematic for nursery producers and 

landscape practitioners because they can stunt plant growth and hinder tree 

establishment after transplanting. Many techniques have been proposed for remedying 

root-bound trees at the time of transplanting, however, recent evidence suggests root 

pruning or rootball shaving is most effective. We questioned whether root pruning 

implemented during container production influences root hydraulic conductance of 

roots developed in response to severance as well as vegetative growth responses. In 

July of 2018, roots of rootbound trees of bur oak (Quercus macrocarpa Michx.) 

growing in standard 11.3 L pots as well as swamp white oak (Quercus bicolor Willd.) 

growing in 11.3 L and 36.7 L containers were either lifted from their container and 

returned (control) or root pruned and repotted (pruned) using the original container 

size. Fine root hydraulic conductance was measured throughout 2019 and vegetative 

growth was documented at the end of the growing season. Root pruning treatment 

increased all vegetative growth responses except caliper growth of large Q. bicolor. 

Size, season, and species each affected root hydraulic conductance. This experiment 

demonstrates that root pruning can enhance root hydraulic conductance as well as 
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vegetative growth responses of pot-bound trees, however, plant size and species 

should be considered prior to implementing in the nursery.   

 

Introduction 

Potted and container-grown nursery crops offer many advantages over field-

grown stock. Container production tends to have a shorter time to finish a crop, 

growers have more control over cultural production factors, stock is easier to transport 

and handle, and all roots are retained within the container (Davidson et al., 2000). The 

retention of roots of container-produced plants, as opposed to those lost during field 

digging, is thought to reduce stress on trees at planting and has been promoted as 

better suited to taxa traditionally considered difficult to transplant (Davidson et al., 

2000; Dirr, 2009). However, smooth-walled nursery containers provide a barrier, 

causing roots to deflect and grow in a circular pattern (O’Connor et al., 2018). This 

phenomenon can result in root binding and constriction; with the potential to girdle the 

tree, reduce stability, and diminish transplant success by creating a boundary for new 

root growth to surpass (Gilman et al., 2010a). Prolonged retention of plants in nursery 

pots exacerbates this issue and can result in stunted development, a phenomenon 

referred to as “checking” (Burkhart, 2006).  

Many techniques and technologies have been proposed and implemented to 

discourage root binding in nursery containers (Appleton, 1993). These range from 

chemical avoidance techniques (Arnold, 1996) to a variety of container sizes, 

materials, shapes, and perforations that funnel, trap, or desiccate root tips with the aim 

of altering root architecture, promoting interior root branching, and reducing root 

deflection (Amoroso et al., 2010; Miller and Bassuk, 2018; McGrath et al., 2021). In 

addition to container technologies, mechanical alteration via root pruning has been 

explored at each step in the production pipeline from early development (Miller and 
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Graves, 2019) to installation (Weicherding et al., 2007; Gilman and Wiese, 2012). 

While mixed results have been demonstrated with these tools and techniques, more 

recent attention has been geared towards simple root pruning or root shaving that 

removes the periphery of the root mass (Cregg and Ellison, 2018). These 

methodologies have been proposed for correcting root deformation at the time of 

installing trees in the landscape (Rouse and Cregg, 2021), to remove root deformation 

(Gilman et al., 2010c), and improve post-transplant vegetative growth responses 

(Gilman et al., 1996). While some research has explored how species (Yin et al., 

2014), season (Harris and Bassuk, 1994; Harris et al., 2002), and size (Gilman et al., 

2010b) influence transplant success, questions remain regarding how these factors 

influence water relations and development when root pruning is used as a tool during 

container production in the nursery.   

Finding a balance between correcting detrimental root architecture of root-

bound container stock without reducing tree performance by disrupting water uptake is 

key to developing production and installation protocols for growers and landscape 

practitioners. While most research on this topic has been aimed at root pruning trees at 

the time of installation in the landscape, we questioned how root pruning affects fine 

root hydraulic conductance and vegetative growth responses of trees of different sizes 

and species during production in the nursery. Our objectives were to characterize fine 

root hydraulic conductance and vegetative growth responses of pot-bound trees as well 

as those previously root pruned.  

 

Materials and Methods 

In 2014 and 2016 bare-root (8mm caliper) liners were purchased from Lawyer 

Nursery (Plains, MT). Plants were containerized using Pro Mix soilless media (70% 

peatmoss and 25% perlite soilless media; Premier Tech, Mississauga, Ontario, 
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Canada) and grown on to smooth walled plastic 36.7 L (Q. bicolor only) and 11.3 L 

(Q. bicolor and Q. macrocarpa) nursery pots. Plants were grown and overwintered in 

an unheated polyhouse at Cornell University in Ithaca, NY (lat. 42.48° N, long. 76.47° 

W, elevation 335 m). During the growing season plants were irrigated twice daily (≈1 

L) using a drip-irrigation system and were top dressed with slow release fertilizer 

(Osmocote Plus 15-9-12; ICL Specialty Fertilizers). Once plants were sufficiently 

rootbound in their containers, treatments were implemented.  

On July 17, 2018, 14 Q. bicolor (5.1-6.5 cm caliper) in 36.7 L containers 

(large) as well as 12 Q. bicolor (2.1-2.9 cm caliper) and 6 Q. macrocarpa (1.9-3.0 cm 

caliper) in 11.3 L containers (small) were selected and randomly assigned to 

treatments. Half of each size and species combination (n=7, n=6, and n=3, 

respectively) were assigned as controls, lifted from their respective containers, and 

then returned without any disturbance to the root system. The remaining plants were 

each removed from their containers and the periphery of their root masses were 

removed (root pruned) by cutting with a RS 7120 pruning saw (Corona Tools, Corona, 

CA, U.S.). Root pruning was implemented so that Q. bicolor in 36.7 L containers were 

pruned to a 17cm x 17cm x 25cm (Length*Width*Height) root mass while Q. bicolor 

and Q. macrocarpa in 11.3 L containers were pruned to a 12.7cm x 12.7cm x 

17.145cm root mass, each centered around the trunk (S. Fig. 14). After pruning, trees 

were repotted into their original container size (36.7 or 11.3 L) with the same soilless 

substrate used throughout the study. Trees were then returned to the polyhouse where 

they were randomly arranged and reconnected to drip irrigation. All trees were grown 

throughout the 2018 growing season and overwintered in place.  

Beginning in May and ending in November of 2019, monthly root sampling 

took place using single roots from each tree. Roots were acquired by gently removing 

each tree from its container and setting the tree on a plastic tarp. Healthy individual 
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roots growing along the periphery of the root mass were carefully teased out of the 

substrate without breaking until a 15 cm long root with a proximal diameter of 1.5-2.5 

mm and an intact meristem were identified. Roots were removed using hand pruners 

with a single horizontal cut approximately 15-20 cm proximal of the root tip. Excised 

roots were immediately wrapped in damp paper towel and sealed within a plastic bag. 

Bags were stored in a cooler until all samples were collected. Once roots were 

harvested, trees were refitted to their container without disturbing the remaining 

peripheral roots, returned to their position in the polyhouse, and re-connected to drip 

irrigation. An MX2303 data logger (Onset HOBO, Bourne, MA) recorded air 

temperature and relative humidity every fifteen minutes. Mean (Min., Max) 

temperature (C) and relative humidity (%) within the polyhouse from May through 

November of 2019 were 15.3 (-5.6, 34.9) and 84% (23.4%, 99.9%), respectively.  

Within 24 hours of collecting samples, root hydraulic conductivity was 

measured utilizing the transient analysis procedure of a hydraulic conductivity flow 

meter (HCFM Gen 3; Dynamax, Houston, TX). Prior to taking measurements, 

approximately one cm of root tissue was cut again from the proximal, severed end of 

each root while it was held under water. Instantaneous pressure and flow were 

measured at two-second intervals with the HCFM. The slope of the plotted values of 

pressure and flow was utilized for calculating hydraulic conductance (Tyree et al. 

1995). Specific root hydraulic conductance (Ks) was then calculated by dividing 

hydraulic conductance values by the cross-sectional area of the corresponding root 

(Yin et al. 2014).  

At the conclusion of the 2019 growing season, vegetative growth responses 

were recorded for each tree by selecting and removing five stems at random. Stems 

were cut using hand pruners with a single horizontal cut where growth had initiated 

that season. Leaves were removed from each severed stem separately. Total leaf 
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surface area (cm2) for each branch was measured using a LI-COR 3100 leaf area meter 

(LI-COR, Inc.). Leaves and shoots were dried for three days in a 60°C oven and 

weighed to determine leaf and shoot dry weight (g) for each branch. Dry weight 

measurements were averaged across leaves and stems to provide one mean value from 

each tree for analysis. Final caliper was recorded and used to determine the difference 

(caliper growth) between when treatments were implemented and November of 2019.  

 

Statistical Analysis 

Monthly root hydraulic conductance values were pooled to represent three 

seasons: spring (May and June), summer (July, August, and September), and autumn 

(October and November). Fine root hydraulic conductance data were subject to a 

three-way ANOVA with a random effect to account for repeat use of individual trees. 

Data were square root transformed to meet the assumptions of the model. One analysis 

assessed how treatment, season, and size affected small (11.3 L) and large (36.7 L) Q. 

bicolor (size assessment) and another was used to determine how treatment, season, 

and species affected small (11.3 L) Q. bicolor and Q. macrocarpa (species 

assessment). Two-way ANOVA were used to analyze the effects of size and treatment 

for small and large Q. bicolor and species and treatment for small Q. bicolor and Q. 

macrocarpa on leaf surface area, caliper growth, shoot dry weight, and leaf dry 

weight. A random effect was included in the analysis of leaf surface area to account 

for multiple measurements from individual trees. Leaf surface area data were square 

root transformed for both assessments, shoot dry weight was log transformed for small 

trees, while leaf and shoot dry weight were square root transformed for the size 

analysis. Post-hoc mean comparisons were made with Tukey’s Honestly Significant 



 

113 

Difference Test when more than two levels were assessed or a Student’s T-Test for 

those with only two levels. All data were analyzed with JMP Pro 15 software (JMP 

Version 14; SAS Institute, Inc., Cary, NC).  

 

Results 

Size Assessment 

 Interaction effects between treatment and size as well as season and size were 

found for fine root hydraulic conductance (Table 8.1). An interaction effect was 

detected between treatment and size for leaf surface area (Table 8.2) as well as caliper 

growth (Table 8.3). Among the responses for which an interaction effect was not 

evident, each (leaf dry weight and shoot dry weight) were affected by the main effect 

of treatment.  

Fine root hydraulic conductance of small trees treated with root pruning 

increased by 66.7% compared to the control whereas no differences occurred with 

trees of the large size (Fig 8.1). Across seasons, no differences in fine root hydraulic 

conductance were observed for small trees, however, an 25.3% increase over both 

spring and autumn was detected in large trees in summer. When compared to controls, 

leaf surface area of both small and large trees treated with root pruning increased by 

64% and 98.8%, respectively (Fig. 8.2). Caliper growth of small trees treated with root 

pruning increased by 100% compared to unpruned controls (Fig. 8.3). No difference in 

caliper growth was detected between untreated controls and root pruned trees of the  

large size. Compared with unpruned controls, root pruning elicited a 79.6% and 173% 

increase in leaf dry weight and shoot dry weight, respectively (Table 8.4).  
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Species Assessment 

 For fine root hydraulic conductance, no interaction effects were detected, 

however, there was a main effect of treatment (Table 8.1). An interaction effect 

between species and treatment was observed for leaf surface area (Table 8.2). Among 

the responses for which an interaction effect was not evident, each (caliper growth, 

leaf dry weight, and shoot dry weight) were affected by treatment, whereas only 

caliper growth was also affected by the main effect of species (Table 8.5).  

Root pruned bur oak exhibited a 142.6% increase in caliper growth over the 

unpruned controls, an approximate two-fold increase over the percent increase 

observed with root pruned swamp white oak over respective controls (Fig. 8.2).  

Compared to controls, root pruning resulted in 76.5%, 71.5%, 39.7%, and 130.9% 

increases in caliper growth, leaf dry weight, fine root hydraulic conductance, and 

shoot dry weight, respectively (Table 8.6). Overall, swamp white oaks exhibited a 

45.5% increase in caliper growth over bur oaks (Fig. 8.3).  
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Fig 8.1   Specific root hydraulic conductance of fine roots (< 2.5 mm diameter) of small (11.3 L) and large (36.7 L) Quercus bicolor 

by treatment (A) and season (B). Means (across treatments or seasons) with same letter are not different according to Tukey’s 

honestly significant difference test (P ≤ 0.05). Error bars indicate standard error of the mean. Although data were transformed to 

square roots for analysis, non-transformed values are presented. 
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Fig. 8.2   Leaf surface area (cm2) of small (11.3 L) Quercus bicolor and Q. macrocarpa (A) as well as small (11.3 L) and large (36.7 

L) Q. bicolor (B) by treatment. Means (across treatments) with same letter are not different according to Tukey’s honestly significant 

difference test (P ≤ 0.05). Error bars indicate standard error of the mean. Although data were transformed to square roots for analysis, 

non-transformed values are presented. 
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Fig. 8.3   Caliper growth measured as the difference in stem diameter (cm) from treatment implementation to end of growing season 

of 2019 for small (11.3 L) Quercus bicolor and Q. macrocarpa (A) as well as small (11.3 L) and large (36.7 L) Q. bicolor (B) by 

species and treatment, respectively. Means (across species or treatment) with same letter are not different according to Student’s T-

Test (A) or Tukey’s honestly significant difference test (B) at P ≤ 0.05. Error bars indicate standard error of the mean.
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Discussion 

While correction of constricted, pot bound roots can be performed reactively 

once nursery stock has been purchased and is ready for installation in the landscape, 

proactive remediation may be an alternative for nursery producers. An extensive body 

of work has explored how production methods impact transplant success of nursery 

stock (Gilman, 2001; Gilman et al., 1996; Harris and Gilman, 1991; Harris and 

Gilman; 1993; Hewitt and Watson, 2009). However, few studies have examined how 

these nursery techniques influence root hydraulic conductance, a key variable to 

understanding transplant shock because water uptake is critical to all stages of tree 

development (Kozlowski and Davies, 1975). In their study of simulated transplanting 

by root removal of seedlings of Q. bicolor and Q. macrocarpa, Yin et al. (2014) 

demonstrated that six months after treatment Ks values of Q. bicolor remained 

comparable to pre-treatment values whereas Ks of Q. macrocarpa decreased. In our 

study, values compared between species and over time were not different, however, 

treatment with root pruning resulted in increased values over un-pruned controls 

(Table 8.6). Whereas Yin et al., (2014) explored recovery of Ks immediately following 

root removal, our study characterized Ks throughout the growing season the year after 

root pruning was implemented, demonstrating how this variable may change over 

time. Unlike their findings on large Q. bicolor six months after transplanting (Yin et 

al., 2014) our results indicated that Ks does not change between root pruned and 

unpruned controls of large plants; however, this value did increase for small root 

pruned Q. bicolor (Fig. 8.1). The season that root removal occurs and the time in the 

recovery process that Ks is assessed clearly affects results. Our plants were treated in 

spring one year prior to data collection and the results indicate overall Ks of large Q. 

bicolor was higher during the summer than it was in spring or fall. These data 
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ultimately suggest that species differences, time, and plant size all play critical roles in 

how Ks may vary in response to root pruning.  

In addition to Ks, our results indicate that root pruning increases leaf surface 

area. For small trees of both species, as well as for large Q. bicolor, leaf surface area 

increased in response to root pruning (Fig. 8.2). Leaf surface area of small Q. bicolor 

and Q. macrocarpa that were root pruned were not different from one another, 

whereas leaf surface area of large Q. bicolor treated with root pruning was greater than 

small Q. bicolor plants (Fig. 8.2). These data support the hypothesis that plant size 

influences vegetative growth responses, however, the responses are different than 

those modified at the time of planting. In their assessment of root modification 

techniques just prior to transplanting, Rouse and Cregg (2021) determined that 

rootball shaving and removal of substrate media by airspade or washing of Acer 

rubrum L., Liriodendron tulipifera L., and Platanus xacerifolia (Ait.) Willd., did not 

increase leaf surface area the year of transplanting or the year after. In this case, 

rootball shaving successfully reduced root circling in L. tulipifera and P. xacerifolia, 

without affecting vegetative growth responses like leaf surface area, which commonly 

are reduced as a function of transplant shock. The difference in leaf surface area 

between the two studies may highlight the value of implementing root pruning as a 

stage of production, rather than as an afterthought at installation. The increase in leaf 

surface area we observed, and lack thereof for plants recently installed in the 

landscape (Rouse and Cregg, 2021), suggests that the controlled conditions of the 

nursery are better suited to conducting stressful root modification.  

Further supporting the proposal of implementing root modification techniques 

in the nursery, root pruning treatment in our study bolstered the leaf dry weight and 

shoot dry weight of both sizes of Q. bicolor (Table 8.4) and the similarly sized plants 

of Q. bicolor and Q. macrocarpa (Table 8.6) over their respective controls. Our results 
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also indicate that caliper growth is influenced by root pruning, however, the response 

is affected by treatment (Table 8.6) and species (Fig. 8.3) independently for small Q. 

bicolor and Q. macrocarpa, whereas the two factors interact when considering large 

and small sizes of Q. bicolor (Fig. 8.3). 

Many questions remain regarding the effect root pruning has on inducing 

symptoms of drought stress and shock as a function of hydraulic imbalance either at 

the time of transplanting or while in the nursery. However, this study provides 

examples of how factors such as plant size, season of sampling, and overall species 

differences play a role in the responses of trees to root pruning. While added steps, 

like repotting, cost money for growers (Davidson et al., 2000), this study provides 

evidence that root pruning can be used as a reclamation tool for stock that would 

otherwise be unsalable. Further, these results indicate that root pruning can remedy 

stunted plant growth as a function of constricting roots.  
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CHAPTER 9 

 

CORRECTION OF MOUSE EAR DISORDER OF YELLOW AND SWEET 

BIRCHES 

Abstract 

Yellow birch (Betula alleghaniensis Britt.) and sweet birch (B. lenta L.) are 

taxa endemic to the eastern United States that merit attention for use in managed 

landscapes. Both species offer unique ornamental traits and are purportedly resistant to 

the bronze birch borer. Similar to river birch (B. nigra L.), container production of 

yellow and sweet birches may be limited by mouse ear disorder, a result of nickel 

deficiency. In October 2019, an experiment was initiated to determine if symptoms 

consistent with mouse ear disorder were the result of nickel deficiency by assessing 

whether a delivery method or concentration of applications of the supplement Nickel 

Plus ameliorated symptoms. Two-year-old seedlings of yellow and sweet birch 

growing in a soilless substrate were treated with a low or high concentration of Nickel 

Plus using a foliar spray or substrate drench in fall before leaf senescence or in spring 

two weeks after budbreak. Untreated controls continued to display symptoms of 

mouse ear disorder throughout the growing season, whereas all treated plants 

exhibited asymptomatic growth. Data were collected 30 days after budbreak (fall 

treated) or treatment (spring treated). All supplemental nickel treatments corrected 

mouse ear disorder for yellow birch and sweet birch. When treated with supplemental 

nickel, leaf surface area increased between 317 to 796% and 397 to 694% for yellow 

birch and sweet birch, respectively. This research indicates that both yellow birch and 

sweet birch are susceptible to mouse ear disorder as a function of nickel deficiency 

during container production, which can be corrected by foliar spray or substrate 

drench applications of Nickel Plus in spring or fall. 
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Significance to Nursery Industry 

Between the 1970s and early 2000s, mouse-ear disorder limited the production 

of river birch (Ruter 2005). The discovery that nickel deficiency causes the disorder 

identified the core issue and prompted the development of a commercial product to 

correct the problem. Nickel has since been recognized as an essential element for plant 

growth and the understanding of nickel requirements of different taxa continues to 

grow. As species diversity of managed landscapes becomes a principal issue in the 

green industry, growers are looking for new crops to produce. Yellow birch and sweet 

birch are two species gaining the attention of growers, horticulturists, and urban 

foresters. The introduction of these taxa as nursery crops requires new techniques to 

enhance their production and availability to consumers. Because nickel is a heavy 

metal, careful recommendations of its application in the nursery are substantiated to 

maintain safe, sustainable, and efficient nursery production.    

 

Introduction 

Yellow birch (Betula alleghaniensis) and sweet birch (Betula lenta) are two 

species that merit attention for use in managed landscapes. Yellow birch can be found 

growing wild from Quebec and Labrador south to regions of high elevation in the 

northern counties of Georgia, and as far west as Minnesota (Ashburner and 

McAllister, 2016). Sweet birch, also referred to as cherry birch or black birch (Peattie, 

1966), has a native range generally following the northern regions of the Appalachian 

Mountain range, extending north to Maine, south to Alabama, and as far west as Ohio 

(Ashburner and McAllister, 2016). Both are considered cold hardy to USDA hardiness 
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zone 3 (Dirr, 2009). While they do not exhibit white bark like congeners such as 

Betula papyrifera (Marsh.) or Betula pendula (Roth), they do display unique bark 

traits and superior golden-yellow fall colors that merit consideration for ornamental 

applications. Young sweet birch trees exhibit smooth gray bark with prominent, 

horizontally arranged lenticels (S. Fig. 15), reminiscent of species belonging to the 

genus Prunus (L.). As sweet birch mature, the bark develops into attractive, well-

defined, scalloped, dark-gray plates (S. Fig. 16). Yellow birch exhibits prominent 

horizontal lenticels on a smooth bark that ranges the spectrum of yellow, gold, and 

bronze. As yellow birch age, the bark develops curling strips that exfoliate from the 

trunk, forming an attractive display with winter interest in the landscape (S. Fig. 17). 

Both species are purportedly resistant to the bronze birch borer (Dirr and Warren, 

2019), a trait that separates them from each of their congeners, with the exception of 

river birch. Because of their grand ornamental features and pest resistances these taxa 

merit development as nursery crops. However, little attention has been given to their 

cultural requirements in the nursery. 

 

In the past, nursery production of the related species river birch was limited by 

mouse ear disorder, also referred to as little leaf, squirrel ear, or leaf curl, which is 

now known to be a function of nickel deficiency (Ruter, 2005). The authors observed 

symptoms like those described by Ruter (2005) on seedlings of yellow and sweet birch 

in 2019. Symptoms commonly exhibited by river birch include overall plant stunting, 

shortened internodes, leaf cupping accompanied by a necrotic margin, as well as 

reduced leaf size, and darker color (Ruter, 2005). Characteristics of plants afflicted by 

nickel deficiency appear to vary by species. An array of symptoms have been recorded 

with other taxa, including leaf chlorosis, arrested development of the lamina, 
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pronounced expansion of petiole wings, and rosetting (Wood et al., 2006). Other taxa 

claimed to have exhibited mouse ear disorder include species belonging to the genera 

Carya, Prunus, Pyracantha (M. Roem.), and Citrus (L.) (Wood et al., 2006). Nickel 

nutrition of plants has historically been ignored, but it can play an important role in 

agricultural productivity. Nickel nutrition management has since been studied with a 

variety of important crop species, including pomegranate (Dichala et al., 2018), wheat 

(Gajewska and Sklodowska, 2008), tomato (Kumar et al., 2015), soybean (Eskew et 

al., 1983), peach (Nyczepir and Wood, 2012), and pecan (Wood et al., 2004a; Wood et 

al., 2004b; Wood et al., 2004c; Wood et al., 2006). 

Mouse ear disorder primarily occurs in ureide-transporting woody-perennial 

species (Bai et al., 2006) and has been linked to disrupted metabolism of ureides, 

amino acids, and organic acids (Bai et al., 2006). Using xylem sap of pecan, Bai et al., 

2007 demonstrated that nickel deficiency reduces the activity of urease, interrupting 

normal nitrogen cycling via disruption of ureide metabolism.  

Mouse ear disorder rarely occurs on river birch trees grown in native soil; 

however, it has been observed on plants cultivated on sandy soils (Ron Amos, 

Evergreen Nursery, Sturgeon Bay, WI, Personal Communication) and soils with high 

pH (Ruter, 2005). In the case of pecan, it frequently occurs when replanting orchards 

(Wood et al., 2004b). The disorder is most frequently observed in container-grown 

crops with artificial potting substrates (Ruter, 2005). River birch crops cultivated with 

peat-based (McNamara et al., 2003) or pine-bark based substrates (Ruter, 2005) have 

each produced trees afflicted by mouse ear disorder. When observed on river birch, it 

appears more frequently on pot-bound plants (Ruter, 2005), suggesting symptoms 
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occur when plants have depleted the potting medium of available nickel. McNamara et 

al. (2003) suggested that container-grown river birch plants capable of rooting into the 

native soil do not display symptoms of mouse-ear disorder. 

While solutions for correcting mouse-ear disorder of river birch and other 

select woody-perennial species have been previously studied, thorough examination of 

production considerations for yellow birch and sweet birch are lacking. If these 

underutilized species are to be promoted and developed for use in horticulture, their 

cultural requirements should be well understood. The objectives of this research were 

to 1) provide evidence that yellow birch and sweet birch are particularly susceptible to 

mouse ear disorder during container culture; 2) evaluate the effects of delivery method 

(drench or foliar spray) and the timing of application (fall or spring) of Nickel Plus® 

(Nipan LLC., Valdosta, GA) on ameliorating the symptoms of mouse ear disorder; and 

3) assess whether species differences influence treatment of mouse ear disorder.  

 

Materials and Methods 

Seeds were wild collected in the fall of 2017 from one individual of Betula 

alleghaniensis in Caroline, NY (42.321187, -76.332417) and multiple individuals of 

Betula lenta in Ithaca, NY (42.458580, -76.460745). Seeds were cold-moist stratified 

at 4C for three months then surface sown in shallow trays filled with a peat-based 

substrate. Trays were maintained under intermittent mist until seedlings exhibited two 

leaves each. Seedlings were potted singly into 4” standard pots filled with LM-6 

soilless substrate (Lambert Peat Moss, Inc., Riviere-Ouelle, Quebec, Canada) and 

grown in a poly-covered high tunnel in Ithaca, NY. In August 2018, seedlings were 

potted into standard #1 containers using LM-6 soilless substrate. All containers were 
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top dressed with a slow-release fertilizer (Osmocote Plus 15-9-12; ICL Specialty 

Fertilizers, Dublin, OH) at each stage of potting on. Seedlings were overwintered in 

place in the unheated, poly-covered high tunnel. Substrate pH was 6.94.  

Shortly after their initial flush of growth in spring of 2019, the seedlings began 

showing symptoms of nickel deficiency (S. Fig. 18). Internodal length appeared to 

shorten, and leaves became cupped while exhibiting a necrotic margin. Leaf size and 

internode length continually decreased throughout the 2019 growing season until the 

apices of the stems appeared to rosette. Symptoms were observed consistently 

throughout all seedlings (S. Fig. 19) of yellow birch (N=183) and sweet birch 

(N=116). 

In Fall of 2019 seedlings of both species were randomly assigned for treatment 

with Nickel Plus (N=100). Treatments were based on the timing of treatment in fall 

or spring (n=50) as well as the method and rate of application. On Oct. 8, 2019, five 

single-plant replicates each were treated with either a low (18.93ml Nickel Plus®/ 

3.79L H2O) or high (37.85ml Nickel Plus®/ 3.79L H2O) rate substrate drench or a low 

(4.73ml Nickel Plus®/ 3.79L H2O) or high (9.46ml Nickel Plus®/ 3.79L H2O) rate 

foliar spray. Included also were five untreated plants designated as controls. Rates 

were based on label recommendations for treating mouse-ear disorder of Betula nigra. 

Replicates designated for spring treatment after budbreak were left untreated going 

into dormancy. Leaf senescence occurred approximately two weeks after treatments 

were implemented. After overwintering in the unheated, poly-covered high tunnel, all 

plants were moved on Feb. 26, 2020, to a greenhouse located at the Kenneth Post 

Laboratory on the Cornell University campus in Ithaca, NY. Containers were arranged 

in a completely randomized design on greenhouse benches. Plants were supplemented 

with HPS lamps set to long-day diurnal intervals. Buds began to swell soon after 

moving the plants to the heated greenhouse. Budbreak, defined here based on the 
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observance of at least one expanding leaf, occurred on March 17, 2020. On April 3, 

2020, two weeks after budbreak had occurred on all plants, the same foliar spray and 

substrate drench treatments implemented for fall-treated plants were applied to the 

untreated replicates designated for spring treatment. Plants were irrigated as needed 

with municipal tap water and fertilized twice weekly with a 21N–7P–7K water-soluble 

fertilizer (JR Peters, Allentown, PA) applied via fertigation at a rate of 150 mg·L−1. 

Supplemental lighting provided a photosynthetic photon flux of ≈264±3.6 µmol·m
–2

·s
–

1 at plant height as measured with a quantum sensor (SQ-520 Apogee Instruments, 

Logan, UT). Temperature and relative humidity were logged every 15 minutes by a 

HOBO MX2302 data logger (Onset Computer Corporation, Bourne, MA). Mean 

temperature and relative humidity were 20.3C with a range of 15.7C to 28.03C and 

46.4% with a range of 13.9% to 82.5%, respectively. 

After 30 days from budbreak for fall-treated plants (April 15, 2020) or after 

treatment for spring-treated plants (May 3, 2020) data were collected. Evaluation 

metrics included stem elongation (cm), leaf count (#), leaf surface area (cm2), leaf and 

stem dry weight (g), specific leaf area (surface area/dry weight), caliper growth (mm), 

leaf greenness (SPAD value), and number of leaves per unit stem elongation. Five-

single plant replicates per treatment were assessed. Five stems were evaluated per 

plant (n=25) for all metrics except caliper growth and leaf greenness (represented by 

one overall measurement per plant, n=5). Stems were selected at random from each 

plant and removed by cutting with a hand pruner below where buds broke. 

Leaf greenness was determined by averaging measurements of three mature 

leaves selected at random using a SPAD 502 handheld spectrophotometer (Konica-

Minolta, Osaka, Japan). Stem elongation was measured as the length of the five stems 

from severance to the distal end of the apical meristem. Leaves were removed from 

each stem and counted then placed on a LI-COR 3100 leaf area meter (LI-COR 
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Biosciences Inc., Lincoln, NE) to measure leaf surface area, after which all tissues 

were packaged separately in paper bags and dried in an oven at 65ºC for three days. 

Once dried, leaf and stem tissues were weighed separately. Specific leaf area was 

calculated by dividing leaf area by leaf dry weight. Number of leaves per unit stem 

elongation was calculated for each plant as the sum of the number of leaves divided by 

mean stem elongation. Caliper growth was calculated as the difference (between 

dormancy and harvest) in diameter of the stem measured with a digital micrometer 

2.5cm above the surface of the potting substrate. Dried and ground leaves of three 

single-plant replicates from each treatment combination were submitted for ICP-AES 

analysis to determine foliar nickel concentration. 

 

 

Statistical Analysis 

Each of the growth variables was analyzed using a mixed-model ANOVA with 

a full factorial with fixed effects of species, treatment, treatment time, and their 

interactions as well as a random effect of individual plant for all responses except 

caliper growth, leaf greenness, and number of leaves per unit stem elongation. All data 

were either square root (leaf area and caliper growth) or log (leaf count, leaf 

greenness, leaf dry weight, specific leaf area, stem elongation, number of leaves per 

unit stem elongation, and stem dry weight) transformed to meet the assumptions of the 

model. Post-hoc mean comparisons were made with Tukey’s Honestly Significant 

Difference Test (P ≤ 0.05) when more than two levels were assessed or a Student’s T-

Test (P ≤ 0.05) for those with only two levels. Statistical analysis was conducted using 

JMP Pro 15 software (JMP Version 15, SAS Institute, Inc., Cary, NC). 
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Results 

A three-way interaction between species, treatment, and time was detected for 

leaf area, only (Table 9.1). Number of leaves per unit stem elongation was affected by 

all combinations of two-way interactions (Table 9.2). Two-way interactions between 

treatment and time influenced leaf count and stem dry weight (Table 9.1). Interaction 

effects between species and treatment were found for specific leaf area (Table 9.1) and 

leaf greenness (Table 9.2). The interaction of species and time effected stem 

elongation (Table 9.1). An interaction effect was not evident for leaf dry weight (Table 

9.1) and caliper growth (Table 9.2), however, each was affected by the main effects of 

species and time, whereas only leaf dry weight was influenced by treatment.  

For some responses, a main effect was important, but not a factor involved in 

an interaction. Those include the main effects of species (leaf count and stem dry 

weight), treatment (stem elongation), and time (specific leaf area) (Table 9.1).  
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Compared to untreated controls, leaf area increased for all treatment regimens 

with both sweet birch and yellow birch in fall and spring (Fig. 9.1). Leaf area did not 

differ across treated plants in fall or spring for sweet birch, however, differences were 

observed between the high-rate drench versus either foliar application of fall-treated 

yellow birch and only the high-rate foliar application was different from low-rate 

foliar application for spring-treated yellow birch (Fig. 9.1). Variable results were 

observed for leaf count, stem dry weight, and number of leaves per unit shoot 

extension when pooled across species (Fig. 9.2). When pooled across treatment time, 

responses (leaf greenness, specific leaf area, and number of leaves per unit stem 

elongation) were unchanged across treatment regimens involving supplemental nickel 

for both sweet birch and yellow birch (Fig. 9.3). With these responses, all treatment 

regimens involving supplemental nickel were different from their untreated controls, 

except for the number of leaves per unit stem elongation of untreated yellow birch 

(Fig. 9.3). Pooled across treatments, mean stem elongation was lower in fall than it 

was in spring for sweet birch, whereas number of leaves per unit stem elongation was 

lower in fall than it was in spring for yellow birch (Fig. 9.4). 

Pooled across species and treatment time, mean stem elongation and leaf dry 

weights increased when treated with supplemental nickel compared to untreated 

controls (Fig. 9.5). Stem elongation was not different between treatment methods or 

rates (Fig. 9.5). Leaf dry weights were not different between foliar treatments (Fig. 

9.5). However, leaf dry weights increased for plants treated with the high-rate drench 

as opposed to those treated with the low-rate drench (Fig. 9.5). Means (±SE) of all 

factors with a main effect of species (pooled across treatments and treatment time) 
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were lower for sweet birch than for yellow birch, respectively: leaf count 5.6 (±0.13) - 

8.2 (±0.28), leaf dry weight 0.3 (±0.02) - 0.5 (±0.02) g, stem dry weight 0.08 (±0.01) - 

0.16 (±0.01) g, and caliper 1.1 (±0.1) - 2.3 (±0.1) mm. Mean ±SE specific leaf area 

(cm2/g), pooled across treatment and species, was higher in fall (230.4 ±3.5) than it 

was in spring (218.1 ±4.3). 

 

 

Fig. 9.1   Mean leaf area of Betula alleghaniensis and B. lenta by 

treatment (low and high-rate foliar spray or substrate drench) and 

treatment time (Fall or Spring). Means (across species, treatment, and 

treatment times) with same letter are not different according to Tukey’s 

honestly significant difference test (P ≤ 0.05). Although data were 

transformed to square roots for analysis, non-transformed values are 

presented. Error bars indicate standard error of the mean. 

 

Nickel content of foliar samples of untreated controls ranged from 1.21-2.38 

mg/kg for yellow birch and 1.27-1.78 mg/kg for sweet birch (Table 9.3). Across 

species, spring foliar treatments of either the low or high rate resulted in foliar nickel 
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contents of 27.97-47.09 mg/kg (Table 9.3). All other treatments of supplemental 

nickel resulted in foliar nickel contents of 1.95-9.46 mg/kg (Table 9.3).  
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Fig. 9.2   Mean number of leaves per unit stem elongation, stem dry weight, and leaf 

count of fall and spring treated plants by treatment (pooled across species). Means 

(across treatment times and treatment per response) with same letter are not different 

according to Tukey’s honestly significant difference test (P ≤ 0.05). Although data 

were transformed to logs for analysis, non-transformed values are presented. Error 

bars indicate standard error of the mean. 
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Fig. 9.3   Mean number of leaves per unit stem elongation, specific leaf area, and leaf 

greenness of Betula alleghaniensis and B. lenta by treatment (pooled across treatment 

time). Means (across species and treatment per response) with same letter are not 

different according to Tukey’s honestly significant difference test (P ≤ 0.05). Although 

data were transformed to logs for analysis, non-transformed values are presented. 

Error bars indicate standard error of the mean. 
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Fig. 9.4   Mean number of leaves per unit stem elongation and stem elongation by 

treatment time (pooled across treatments). Means (across treatment times per 

response) with same letter are not different according to Tukey’s honestly significant 

difference test (P ≤ 0.05). Although data were transformed to logs for analysis, non-

transformed values are presented. Error bars indicate standard error of the mean. 
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Fig. 9.5   Mean leaf dry weight and stem elongation (pooled 

across species and treatment time). Means (across treatments 

per response) with same letter are not different according to 

Tukey’s honestly significant difference test (P ≤ 0.05). 

Although data were transformed to logs for analysis, non-

transformed values are presented. Error bars indicate 

standard error of the mean. 

 

 

 

 

 

 

 



 

145 

 

Discussion 

 

The correction of mouse ear disorder on nursery crops by supplementing nickel 

has been previously demonstrated with pecan (Wood et al., 2004a), bitternut hickory 

(Miller and Bassuk, In Prep), river birch (Ruter, 2005), and now with yellow birch, 

and sweet birch. In all cases, the disorder is most apparent on container-grown trees 

with artificial substrates. However, in the case of pecan, it also frequently occurs when 

replanting orchards due to high rates of copper and zinc in soil, a result of excessive 

pesticide and fertilizer application, which outcompete nickel in uptake pathways 

(Wood et al., 2004b). Ruter (2005) reported that trees of river birch exhibiting 

symptoms of mouse ear disorder grew out of the condition after rooting through their 

container and into native soil, providing evidence that some soils have sufficient 

available nickel to support healthy plant growth whereas artificial potting media may 
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be lacking. Further demonstrating this point, exploring the relationship between nickel 

availability and plant uptake on nickel contaminated sites, Dudka et al. (1996) found a 

positive relationship between bioactive nickel in the soil and the concentrations in 

branches of Betula pumila var. glandulifera (Regel) as well as Betula papyrifera 

(Marsh.). These observations and studies indicate that the main causes of mouse ear 

disorder are a lack of available nickel due to competition for uptake pathways or 

insufficient pools of nickel in rooting substrates to meet plant demand. As such, these 

factors should be considered by nursery growers and landscape practitioners to avoid 

some instances of mouse ear disorder in production and in the landscape. For example, 

if soils can supply adequate nickel to prevent the development of mouse ear disorder, 

field production of yellow and sweet birch could be an appropriate alternative to 

container production. If field production is also limited, for example due to poor 

transplant success, then container production settings wherein stock is heeled into 

native soil or plants are allowed to root into the ground could provide an additional 

alternative.   

In cases where supplementing nickel is required, studies have assessed the 

delivery method and rate of nickel applied. Ruter (2005) found treatments of nickel 

(II) sulfate hexahydrate applied as a foliar spray (394 or 789 ppm Ni), as well as a 

drench (150 mg Ni/pot) were all effective at correcting mouse ear disorder in crops of 

river birch. Similarly, in our study, compared to untreated controls, all treatments with 

Nickel Plus® corrected mouse ear in both species. Treatment rates implemented in our 

study were based on the label recommendations for correcting mouse ear disorder of 

river birch, suggesting that these rates are also sufficient for correcting the disorder on 
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yellow birch and sweet birch. However, responses were variable across growth metrics 

and no single application and timing treatment combination elicited superior growth 

for all responses. For example, mean stem elongation was not different across delivery 

methods or rates of supplemental nickel, yet leaf dry weight varied between low and 

high rates with the substrate drench treatments (Fig. 9.2).  

In all cases, supplemental nickel via one of the four supplement treatments 

elicited asymptomatic growth whereas all controls exhibited symptomatic growth (S. 

Fig. 20 and S. Fig. 21). For most responses, supplemental nickel treatments resulted in 

significant differences compared to untreated controls. Maximum foliar nickel content 

was observed with plants treated with a foliar spray in spring (Table 9.3). Spring 

treatments resulted in increased growth with most responses in which time treatments 

were different, indicating that spring treatment could be desirable in the nursery. 

However, because fall treatments also corrected mouse ear disorder, application in 

either fall or spring should be considered effective, leaving flexibility for growers to 

treat mouse ear when convenient for their respective production schedule.  

Examples of species differences associated with timing, treatment, and 

timing*treatment were all observed. Overall, these differences did not appear to have 

production implications, rather they were simply artifacts of the variation in responses 

between the two distinct taxa. Biologically, these species differences may be of 

interest and could be further explored to better understand the specific factors that 

result in differences in response to mouse ear and supplemental nickel between taxa. 

The presence of variability in these species, now known to be susceptible to mouse ear 

disorder in cultivation, may be indicative that responses across other taxa varies by 
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species. To explain this point, the authors point out that only the congener river birch 

has previously been documented for its susceptibility to mouse ear disorder. 

Meanwhile, other species of birch are commonly cultivated in containers using soilless 

substrates without issue. While both yellow birch and sweet birch belong to subgenus 

Asperae section Lentae, river birch belongs to subgenus Betula section Dahuricae 

(Ashburner and McAllister, 2016). This is to say, these species are taxonomically 

quite different yet are all very susceptible to mouse ear disorder in cultivation. 

Conversely, Betula pendula a taxon belonging to subgenus Betula section Betula 

(Ashburner and McAllister, 2016) is an example of a species that has long been 

cultivated in commercial production without reports of symptoms of mouse ear 

disorder.  

Given that all factors assessed in this study corrected mouse ear disorder, 

recommendations for resolving the issue when afflicting sweet and yellow birch 

should be considered on a case-by-case basis, with the delivery method, rate, and 

timing combination (in accordance with Nickel Plus® label) that best suits the 

individual production setting as the most appropriate protocol. Alternative production 

scenarios such as field production or heeling-in of container-grown nursery stock 

should be evaluated to determine viable alternatives for producers unable to 

supplement nickel with a substrate drench or foliar spray. Susceptibility to mouse ear 

disorder may be an unknown limitation for other desirable species and future research 

should screen other candidate taxa for susceptibility.  
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APPENDIX 

 

 
 S. Fig. 1.  Exfoliating bark of Carya ovata (shagbark hickory). 
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S. Fig. 2. Scaley bark of Carya illinoinensis (pecan). 
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S. Fig. 3. Fissured bark of Carya xlaneyi Sarg. (Laney’s hickory) 
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S. Fig. 4. Autumnal color of Carya glabra (pignut hickory). 
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S. Fig. 5. Three nuts of Carya cordiformis (bitternut hickory) each from three separate 

provenances. Size variation of fruit depicts potential for selection of cultivars better suited to 

high-traffic urban environments. Photo originally occurring in Miller, 2017. 
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S. Fig. 6. Carya laciniosa (kingnut hickory) growing on the banks of the Owasco Lake inlet in 

Moravia, NY. Image depicts the ability of the taxon to grow in wet, inundated soils and sites. 
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S. Fig. 7. Fall color of Carya cordiformis (bitternut hickory) growing on a well-

drained urban site in Des Moines, IA. 
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S. Fig. 8. An individual of a Carya spp. growing well in a parking-lot island in Ft. 

Collins, Colorado. 
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S. Fig. 9. Carya laciniosa (kingnut hickory) growing without issue as a street tree 

in the city of Ithaca, NY. 
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S. Fig. 10.   Fibrous roots of a freshly harvested layer of Carya ovata (shagbark hickory) 

treated with 4,000 ppm IBA. 
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S. Fig. 11. An untreated seedling of bitternut hickory exhibiting severe, classic symptoms of 

mouse ear disorder, including leaf curl, a necrotic margin of the lamina, shortened internode 

length, and resetting of the stem. 
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S. Fig. 12. Top to bottom: an untreated bitternut hickory exhibiting mouse ear 

disorder and an asymptomatic seedling of bitternut hickory 30 days after 

treatment with a foliar spray of Nickel Plus®. 



 

164 

 

 

 
S. Fig. 13. Transplanting dormant stock in the spring of 2018 at the Bluegrass Lane Turf and 

Landscape Research Center, located in Ithaca, NY.  
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S. Fig. 14. Root mass of a Quercus bicolor one year after root pruning. A square on the 

surface of the potting substrate demonstrates how much of the original root mass was 

removed. New, healthy fine roots (red with white root tips) can be seen along the periphery of 

the root mass. 
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S. Fig. 15.  Prominent horizontal lenticels of a young Betula lenta (sweet birch). 
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S. Fig. 16. Bark of a mature Betula lenta exhibiting scalloped texture. 
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S. Fig. 17. Exfoliating bark of a superb individual of Betula alleghaniensis. 
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S. Fig. 18. Left to right: symptoms of mouse ear disorder on untreated Betula alleghaniensis and Betula lenta. 
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S. Fig. 19.  Uniform symptoms of mouse ear disorder on seedlings of Betula alleghaniensis. 
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S. Fig. 20. Row 1: Betula alleghaniensis. Row 2: B. lenta. Left to right: control, drench low, drench high, foliar low, foliar high. 
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S. Fig. 21. Left to right: Betula alleghaniensis: control, drench low, drench high, foliar low, foliar high; B. lenta: control, drench low, 

drench high, foliar low, foliar high. 
 


