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(ABSTRACT) 

This study examined the affects of desiccation during and after cold storage on 

the physiology, growth, and marketability of bare-root Acer platanoides (Norway 

maple), Crataegus phaenopyrum (Washington hawthorn) and Prunus x yedoensis 

(Yoshino cherry). Histological examination of Acer and Crataegus stems was also 

conducted. Maple and cherry trees were transplanted into pine bark-filled containers 

and subjected to mist or non-mist treatments. Xylem water potential increased 

(became less negative) for misted maple and cherry trees. Water potential increased 

for non-misted maple and decreased for non-misted cherry trees. Maple and hawthorn 

seedlings were subjected to cold storage durations of 2, 4, 6, 8, 10, and 12 weeks and 

storage treatments: whole plant covered, shoots exposed, roots exposed and whole 

plant exposed. Shoot (‘Y¥,) and root (‘¥,) water potentials for all treatments and both 

species decreased during storage. For maple, (‘¥,) and (‘Y,) of the exposed shoot 

treatment were the same as the whole plant covered treatment. In contrast, hawthorn 

(¥,) and (Y,) of the exposed shoot treatment were lower (more negative) than for 

the whole plant covered treatment. Root hydraulic conductivity was the same for 

both species and decreased with increased storage duration and for treatments with



exposed roots. For the root covered treatments, maple root growth potential (RGP) 

increased while hawthorn RGP decreased with increased cold storage duration. RGP 

for both species remained low throughout storage for treatments exposing roots. 

Days to bud break for Acer and Crataegus seedlings decreased with increased storage 

time for the whole plant covered treatments but increased for both species when 

stored with exposed roots. Maple marketability, percent of trees with < 10% shoot 

dieback, for root covered treatments was high for most storage durations. Hawthorn 

marketability was generally low except for the whole plant covered treatment during 

the first six weeks of storage. There was a high positive correlation between RGP 

and marketability for both maple and hawthorn. Histological examination revealed 

that Acer stems had a highly suberized periderm, and a uniform cuticle with few 

disruptions. Periderm suberization of Crataegus stems was variable and extensive 

peridermal cracking was evident. Cuticle wax decreased with increasing distance 

from the stem apex for both species. Collectively, results indicated that hawthorn 

stems had more pathways for water loss than maple shoots. While protection of roots 

of all bare-root stock is important, desiccation sensitive species such as Washington 

hawthorn require both root and shoot protection during storage and at transplanting 

to minimize water loss.
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INTRODUCTION 

Most flowering and shade trees in the nursery industry are produced using 

bare-root trees as liners. Bare-root tree seedlings are commonly dug in late fall, 

placed in cold storage for up to six months, shipped and transplanted in the spring. 

Bare-root plants are particularly prone to desiccation damage due to the loss of roots 

at digging, storage duration and conditions, and transplanting conditions. Storage 

conditions for bare-root stock vary greatly among nurseries but generally consist of 

low temperature (0-5°C), high humidity (90-98%), and root protection such as 

moistened peat moss. Storage duration, conditions, and packaging methods can affect 

the degree of desiccation stress and the subsequent physiological quality of bare-root 

trees (Webb and von Althen, 1980). Studies have shown that tree species differ 

widely in their response to storage temperature (Tabbush, 1987) and duration (Ritchie 

et al., 1985). A complete understanding of the wide variation in species response to 

storage conditions remains unclear. Once bare-root trees are transplanted, desiccation 

stress is considered to be the main cause of death because stem and transpirational 

water loss exceeds water uptake by the transplanted root system (Kozlowski and 

Davies, 1975). Water stress research on bare-root nursery stock has primarily 

focused on lift date, length of storage (Hermann, 1964) and exposure to dry 

conditions during processing (Coutts, 1981). Minimizing postharvest desiccation 

stress by reducing water loss from bare-root seedlings has been shown to improve 

survivability of some species (Insely and Buckley, 1985). Species such as Yoshino 

cherry (Prunus x yedoensis Matsum.) and Washington hawthorn (Crataegus 

phaenopyrum Med.) often have low post-transplant survival rates due to a high 
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degree of desiccation sensitivity. Species that achieve a deeper degree of dormancy in 

the field are more tolerant to desiccation stress after harvesting (Murakami et al., 

1990). The desiccation tolerance of certain tree species has also been linked to 

morphological characteristics. Insley and Buckley (1985) reported that the finer root 

system of Betula pubescens Ehrh. contributed to its desiccation sensitivity as 

compared to the coarser rooted Fraxinus angustifolia Vah|. Sulaiman (1968) found 

differences in the rate of water loss through the defoliated stems of Quercus alba L. 

and Fraxinus pennsylvanica Marsh., and suggested that water loss may be correlated 

to root volume. For most species of bare-root plants, current handling practices are 

acceptable and post-transplant survival rates are high. Desiccation sensitive species, 

however, may require modified cultural practices to ensure acceptable survival rates. 

Survival rates of less than 80% are common for transplanted bare-root desiccation 

sensitive species. Thus, knowledge of how storage and post-storage conditions 

influence tree survival has a direct link to the economic viability of producing such 

species. 

Research objectives. Understanding how dormant bare-root tree seedlings lose 

water during cold storage and re-establishment would be useful in developing 

improved postharvest handling procedures for sensitive species. The desiccation 

tolerant Norway maple (Acer platanoides) and desiccation sensitive Washington 

hawthorn (Crataegus phaenopyrum) and Yoshino cherry (Prunus x yedoensis) were 

used in this investigation to describe the qualities of water loss from bare-root trees. 

With the above discussion in mind we established the following specific objectives: 

1) investigate the effect of mist irrigation to reduce post-transplant water 

stress in Prunus x yedoensis and Acer platanoides (Chapter One);



2) compare stem water loss rates and determine the relative impact of either 

shoot or root exposure during cold storage on water stress development in bare-root 

Acer platanoides and Crataegus phaenopyrum (Chapter Two); 

3) determine the influence of storage duration and root and shoot exposure 

treatments on the post-transplant shoot water potential and root hydraulic 

conductivity of Crataegus phaenopyrum and Acer platanoides, and determine if post- 

storage stem wax coating influenced shoot water potential and bud break (Chapter 

Three); 

4) determine the influence of root and shoot exposure during storage and prior 

to transplanting on root growth potential, timing of bud break and marketability of 

Acer platanoides and Crataegus phaenopyrum (Chapter Four); 

5) examine and compare the morphological features related to water loss in 

Acer platanoides and Crataegus phaenopyrum stems (Chapter Five).
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CHAPTER ONE 

MIST IRRIGATION REDUCES POST-TRANSPLANT 

DESICCATION OF BARE-ROOT TREES 

Abstract 

Desiccation during storage and reestablishment is a major factor contributing to 

poor regrowth of transplanted bare-root trees. The effect of frequent overhead mist 

irrigation on reducing post transplant water stress in Acer platanoides L. Emerald Lustre’ 

and Prunus x yedoensis was examined. Bare-root Norway maple (desiccation tolerant) 

and Yoshino cherry (desiccation sensitive) trees were transplanted into pine bark-filled 

containers and subjected to mist or non-mist treatments. Stem xylem water potential (‘VY 

s), relative water content (RWC), and survivability were determined. Xylem water 

potential increased (became less negative) for misted maple and cherry trees. Water 

potential increased for non-misted maple and decreased for non-misted cherry trees. 

Twenty-seven percent of non-misted cherries were evaluated as nonmarketable due to 

stem dieback. Results of this study indicate that mist irrigation effectively reduces 

desiccation damage for desiccation sensitive species.



Introduction 

Water stress research on bare-root nursery stock has primarily focused on lift date, 

length of storage (Hermann, 1964) and exposure to dry conditions during processing 

(Coutts, 1981). Water loss from stem tissue, however, can continue after transplanting 

(Schoneer and Ziegler, 1980). Stem desiccation after transplanting and prior to new root 

growth during periods of high vapor pressure deficit can contribute to stem dieback and 

poor regrowth in certain species (Insley, 1981). Desiccation sensitivity varies widely 

among tree species. For example, Crataegus phaenopyrum Med. 1s desiccation sensitive 

whereas Acer platanoides L. is desiccation tolerant (Murakami et al., 1990). Several 

species of Prunus have shown poor regrowth following transplanting (personal 

observation). Some nurseries suggest "sweating" (wrapping liners with plastic under 

warm, humid conditions) difficult-to-transplant species as a means of increasing 

survivability. There are, however, no reports on the use of irrigation to reduce post- 

transplant desiccation of bare-root stock. The objective of this study was to investigate 

the effect of mist irrigation to reduce post-transplant stress in a desiccation sensitive 

(Prunus x yedoensis) and desiccation tolerant (Acer platanoides) species. 

Materials and Methods 

Two-year-old branched bare-root liners of 'Emerald Lustre' Norway maple and 

Yoshino cherry (30 per species) were shipped from Oregon to Virginia in Feb. 1992. 

Xylem water potential was measured prior to initiation of treatments (17 Feb.) using a 

portable pressure chamber (Model 3005, SoilMoisture Equipment Corp., Santa Barbara, 
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Calif.) on a 10.2 cm (4 in) stem section excised from each tree. A second piece of 

internodal shoot tissue, 4 cm (1.5 in), was collected from each tree and fresh weight (FW) 

was immediately measured for relative water content (RWC) determinations. Stem 

sections were then placed on water-saturated cotton in airtight beakers for 48 h and 

reweighed to determine turgid weight (TW). Dry weight (DW) was determined after oven 

drying stem sections to a constant weight in a 62°C oven for at least 72 h. Relative water 

content was calculated using the formulas RWC = (FW-DW)/(TW-DW) x 100. Trees 

were transplanted into 100% pine bark-filled 18.9 liter plastic containers and dolomitic 

limestone was surface applied at 2.9 kg/cubic m. Containers were thoroughly irrigated by 

hand. Aluminum foil covers were fitted around tree stems and over container sides to 

prevent water (from mist) entering containers while allowing adequate oxygen exchange. 

The study was conducted in a greenhouse vented at 24°C during the day and heated to a 

night minimum of 18°C. Beginning on 17 Feb., half of the maple and cherry trees received 

overhead mist irrigation, 25 sec every 15 min, and the remaining trees received no mist 

irrigation. Xylem water potential and RWC measurements of stem sections were made 

between 1200 and 1400 HR for each tree 3, 6, and 9 days after initiation of irrigation 

treatments. 

Plants were greenhouse-grown until May, then moved to an outdoor nursery. 

Sixty days after the termination of treatments plants were graded as marketable or 

unmarketable. Marketable plants exhibited less than 10% shoot dieback whereas 

unmarketable plants had > 50% shoot death. There were no intermediate categories of 

shoot dieback. Data were subjected to analysis of variance procedures. Treatments 

(species, irrigation) were in factorial combination with 15 single plant replications using a 

completely randomized design. Individual sample dates were analyzed seperately.



Results and Discussion 

For misted cherry and maple, ’s increased (became less negative) from day 0 to 

day 3 (Fig. 1); after day 3, there were relatively small changes in water potential for either 

species. Water potential for all non-misted cherry trees decreased 1.2 MPa from day 0 

until day 6 (Fig. 1). Thereafter, ‘Ys increased for trees that exhibited bud break but 

continued to decrease for those not breaking bud. Water potential of non-misted maples 

increased 0.6 MPa from day 0 to day 9 (Fig. 1), indicating that transplanting bare-root 

maples into a moist medium relieved a portion of pre-transplant water stress and 

prevented further desiccation. In support of this contention, Johnson et al. (1988) 

showed that one-year-old suberized Pinus roots were capable of absorbing water in the 

absence of young unsuberized roots. In contrast to maple, transplanting bare-root cherry 

trees into a moist medium without mist did not increase ‘Ws. An exception to this 

occurred when eight of the 15 non-irrigated cherry trees broke bud after day 6 and Vs 

increased from -2.5 to -1.1 MPa (Fig. 1). This increase may have been related to new root 

initiation since regenerated roots generally exhibit greater hydraulic conductivity (Johnson 

et al., 1988) which may have been responsible for the change in ‘Ws. Although not 

monitored in this study, new root initiation for some species has been shown to occur 

concurrently with bud break (Wilcox, 1955). 

The increase in RWC from day 0 to day 3 for misted cherry and maple was 12% 

and 7%, respectively (Fig. 2); after day 3, RWC remained relatively constant for both 

species. Relative water content of cherry was not measured beyond day 6 because bud 

break for non-misted cherries occurred about that time. Interestingly, the RWC for misted 

and non-misted maple (100% marketability) was generally less than non-misted cherry 
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(73% marketability) (Table 1) which reflects the desiccation tolerant nature of Acer 

platanoides (Murakami et al., 1990). In general, the magnitude of RWC differences 

between misted and non-misted trees of each species was similar to the magnitude in ‘Ps 

differences for the respective treatments indicating that ‘Ws and RWC are both reliable 

indicators of bare-root transplant water status. 

Sixty days after treatment termination, 100% of misted cherries and maples and 

100% of non-misted maples were evaluated as marketable (<10% stem dieback) (Table 1). 

In contrast, only 73% of non-misted cherries were deemed marketable. The shoot dieback 

and unmarketable status of non-misted cherries is most likely due to desiccation following 

transplanting. These results indicate that pre-bud break ‘Ys and RWC values < -2.2 MPa 

and 70%, respectively, for Prunus x yedoensis signal significant plant water stress 

resulting in possible tissue damage. These values may be used to screen shipped bare-root 

trees of this species to determine post transplant establishment potential. More research is 

needed to determine critical ‘¥s and RWC values for other desiccation intolerant species. 

In summary, maintaining a film of water on transplanted bare-root trees prior to 

bud break increased the survival and plant quality of the desiccation intolerant Prunus x 

yedoensis. Other measures such as planting at a time when less stressful climatic 

conditions prevail, coating trees with film-forming compounds (Englert et al., 1993), and 

forcing plants out of dormancy may also increase survival. 
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Table 1. Marketability assessment of Norway maple and Yoshino cherry 

60 days after treatment termination. 

  

Marketabilityy (% of trees) 

  

Treatment Cherry Maple 

Mist 1002 100 

No mist 73 100 
  

Y Marketable plants = < 10% shoot dieback, unmarketable plants = > 50% shoot 

dieback. 

Zn = 15 trees per treatment. 
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Figure 1. Xylem water potential of Norway maple (A) and Yoshino cherry (B) as influenced by 
mist irrigation after transplanting. Each point is a mean of 15 measurements. Bars represent SE of 

means. 
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Figure 2. Relative water content of Norway maple (A) and Yoshino cherry (B) as influenced by 

mist irrigation after transplanting. Each point is a mean of 15 measurements. Bars represent SE of 

means. 
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CHAPTER TWO 

COLD STORAGE METHOD AND DURATION AFFECTS SHOOT 

WATER POTENTIAL OF BARE-ROOT TREES 

Abstract 

Desiccation of bare-root tree seedlings during storage can result in reduced 

growth and poor quality after transplanting. For 12 weeks, shoot and root water 

potentials of bare-root Norway maple (Acer platanoides L.) and Washington 

hawthorn (Crataegus phaenopyrum Med.) seedlings were measured in response to 

four cold storage treatments: whole plant exposed, roots exposed, shoots exposed, 

whole plant covered. In another experiment, water loss was measured for stem 

sections of both species during four weeks of cold storage. Shoot and root water 

potentials for all treatments and both species decreased during storage. For maple, 

shoot and root water potentials of the exposed shoot treatment were the same as the 

whole plant covered treatment. In contrast, hawthorn shoot and root water potentials 

of the exposed shoot treatment were lower (more negative) than for the whole plant 

covered treatment. Most of the water stress experienced by roots and shoots of both 

species accumulated during the first six weeks of storage. Water loss was greater for 

hawthorn stem sections than for maple only during the first two weeks of storage. 

Results indicated that while protection of roots of all bare-root stock is important, 

sensitive species such as Washington hawthorn require both root and shoot protection 

to minimize water loss. 
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Introduction 

Bare-root tree seedlings are commonly harvested during autumn and early 

winter, placed in cold storage and shipped in the spring. Storage conditions and 

packaging methods in storage can affect desiccation stress and the subsequent 

physiological quality of bare-root trees (Webb and von Althen, 1980). The 

desiccation tolerance of bare-root nursery stock is know to differ dramatically among 

species (Hermann, 1967; Tabbush, 1987). Englert et al. (1993) found differences in 

the dieback and survival of Quercus rubra L. and Crataegus phaenopyrum Med. 

when entire seedlings were subjected to a 48 hr drying period; however, overall water 

loss rates for these species were similar. Insley (1981) attributed the drying rate and 

survival variation between Nothofagus obliqua Mirb. and Acer platanoides L. to 

species root morphology differences. Of the various techniques used to reduce plant 

desiccation in storage, many growers protect only roots (Darby, 1961; Mullin et al., 

1974; Racey et al., 1983) despite the fact that stem water loss is high for some species 

(Insley, 1981). The desiccation sensitive nature of Crataegus phaenopyrum 

(Washington hawthorn) and desiccation resistant nature of Acer platanoides (Norway 

maple) have been well documented (Englert et al., 1993; Murakami et al., 1990). 

There are, however, no reports on the relative contribution of shoots and roots to 

water stress development in storage for desiccation tolerant and resistant species. 

The objective of this study was to determine the relative impact of either shoot or 

root exposure during bare-root storage on water stress development in a sensitive and 

resistant species. 
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Materials and Methods 

On January 14, 1993, 2 yr. old Acer platanoides and Crataegus phaenopyrum 

bare-root seedlings (approx. 24-36") were received in Blacksburg, VA. from Lawyer 

Nurseries, Plains, MT. Seedling bundles were wrapped in plastic sheeting and placed 

in cardboard boxes with the roots of each bundle packed in moistened, shredded 

newsprint. Transit time was approximately five days. Trees were sorted for 

uniformity and one-hundred forty-four of each species were placed on wooden racks 

in a walk-in cooler maintained at 70% + 5% relative humidity and 2°C (35°F). At the 

time seedlings were placed into cold storage one of the following four treatments 

were randomly allocated to each tree: 1) whole plant covered in which the entire 

seedling was enclosed in a sealed 3-layer storage bag (Union Camp Corp., Tifton, 

GA), 2) shoot exposed in which seedling roots were enclosed in a storage bag sealed 

around the stem just above the root collar, 3) roots exposed in which shoots were 

enclosed in a storage bag sealed just below the root collar and 4) entire seedling 

exposed (no storage bag). Storage bags were compressed during plant insertion to 

minimize air space within the bag; all trees were placed horizontally on racks. 

On January 28, February 11, February 28, March 11, March 28 and April 11 

(2, 4, 6, 8, 10, and 12 weeks in storage, respectively) six hawthorn and six maple 

trees from each treatment were removed from cold storage. Shoot water potential ( 

Ys) and root water potential (Yr) were measured on three seedlings from each 

species-treatment combination. The remaining three seedlings from each combination 

were placed on a lab bench and allowed to air-dry at 24°C (75°F) and 35% + 5% 

relative humidity for 12 hr after which Ys and Yr were measured. Shoot and root 

water potential were measured using a portable pressure chamber (Model 3005, 

SoilMoisture Equipment Corp., Santa Barbara, CA) on a 10.2 cm (4 in.) stem section 
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and a 7.6 cm (3 in.) root section excised from each tree. Data for all measured 

variables were subjected to analysis of variance. Species and cold storage treatments 

were replicated three times using a completely randomized design. Desiccation time 

(0 hr vs. 12 hr) and storage duration data were analyzed separately. Mean separation 

of treatment effects was performed by Duncan's multiple range test (P = 0.05). Slope 

of the least squares was determined for storage treatments over storage durations for 

each species. 

A second group of two-year old hawthorn and maple seedlings were used to 

determine stem water loss rates. Twelve randomly selected seedlings of each species 

were removed from cold storage and 13 cm (5 in) stem segments containing four buds 

were removed from each plant. Internodal stem diameter was measured at three 

points with a microcaliper to establish average stem diameter; we assumed the stems 

were approximately cylindrical. The average diameter and stem length (measured to 

the nearest 0.1 cm) were converted to approximate surface area. Cut stem surfaces 

were sealed with melted paraffin wax. Stem segments were then placed in cold 

storage maintained at 2°C (35°F) and 80% + 5% RH. Water loss was determined 

gravimetrically after one, two, three, and four weeks, and expressed on a stem surface 

area basis (mg H»0/cm2). This experiment was repeated using the same experimental 

procedure except that buds were removed from hawthorn and maple stem segments 

and incisions sealed with parafin. 
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Results and Discussion 

Root Water Potential: 

Species, storage duration, and storage treatment affected ‘Vr and Ys (Table 1). 

Root water potential of hawthorn seedlings before placement into storage was -0.8 

MPa which indicated that trees were not excessively stressed upon placement into 

storage (Table 2). Generally, hawthorn Pr decreased with increased time in storage 

for all treatments during the 12 week storage period with most of the decrease 

occurring in the first six weeks in storage (Table 2). At the end of 12 weeks, the rate 

of decrease in water potential values for the whole plant exposed and roots and shoots 

exposed treatments (slopes = -0.26, -0.26, -0.24, respectively) were higher than the 

whole plant covered treatment (slope = -0.12). Relative to the root exposed 

treatments, the shoot exposed (roots covered) treatment was effective in maintaining 

a higher water potential for the first six weeks. But by weeks 8 to 10, water 

potentials for the shoot exposed treatment were the same as for the root exposed 

treatments. 

As with Washington hawthorn, Norway maple Yr decreased with storage time 

(Table 2). Root water potential values for storage treatments were clearly segregated 

into two groups: 1) treatments providing root covering (whole plant covered, shoots 

exposed), and 2) treatments with roots exposed (whole plant exposed, roots exposed) 

(Table 2). Water potentials for trees completely covered and with shoots exposed 

were the same for each storage duration, and with the exception of week four, roots 

exposed and whole plant exposed treatments were the same. At each storage 

duration, ‘Yr for shoots exposed and whole plant covered treatments were less than 

values for roots exposed and whole plant exposed treatments. 
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�v�a�r�i�a�b�l�e�s� �o�f� �t�h�e� �0� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�.� �D�e�s�i�c�c�a�t�i�o�n� �i�n� �s�t�o�r�a�g�e� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� 

�s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �w�a�t�e�r� �s�t�r�e�s�s� �i�n� �t�h�e� �b�a�r�e�-�r�o�o�t� �t�r�e�e�s� �a�n�d� �p�r�o�v�i�d�e�s� �a� 

�p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �t�w�o�-�w�a�y� �a�n�d� �t�h�r�e�e�-�w�a�y� �i�n�t�e�r�a�c�t�i�o�n�s�.� �F�o�r� �h�a�w�t�h�o�r�n�,� �t�h�e�r�e� 

�w�e�r�e� �l�a�r�g�e� �d�e�c�r�e�a�s�e�s� �i�n�  ��Y�s� �a�n�d�  ��Y�r� �f�o�r� �t�h�e� �r�o�o�t� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s� �b�u�t� �a� �s�m�a�l�l� 

�d�e�c�r�e�a�s�e� �f�o�r� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�.� �F�o�r� �m�a�p�l�e�,� �t�h�e�r�e� �w�e�r�e� �l�a�r�g�e� 

�d�e�c�r�e�a�s�e�s� �f�o�r� �t�h�e� �r�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s� �b�u�t� �a� �s�m�a�l�l� �d�e�c�r�e�a�s�e� �f�o�r� �t�h�e� �r�o�o�t�s� �c�o�v�e�r�e�d� 

�t�r�e�a�t�m�e�n�t�s�.� 

�R�e�l�a�t�i�v�e� �t�o� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �a�n�d� �d�u�r�a�t�i�o�n� �h�i�g�h� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n�s� �e�x�i�s�t�e�d� 

�b�e�t�w�e�e�n� �Y�r� �a�n�d� �V�s� �f�o�r� �m�a�p�l�e� �(�r� �=� �0�.�9�3�)� �a�n�d� �h�a�w�t�h�o�r�n� �(�r� �=� �0�.�9�2�)�.� �H�i�g�h� �p�o�s�i�t�i�v�e� 

�c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �r�o�o�t� �a�n�d� �s�h�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� 

�o�t�h�e�r� �s�p�e�c�i�e�s� �i�n�d�i�c�a�t�i�n�g� �b�o�t�h� �r�o�o�t� �a�n�d� �s�h�o�o�t� �t�i�s�s�u�e� �c�a�n� �p�r�o�v�i�d�e� �r�e�l�i�a�b�l�e� �V�Y� 

�m�e�a�s�u�r�e�m�e�n�t�s� �(�S�u�c�o�f�f� �e�t� �a�l�.�,� �1�9�8�5�)�.� �G�e�n�e�r�a�l�l�y�,� �w�a�t�e�r� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �s�t�o�r�a�g�e� 

�d�u�r�a�t�i�o�n� �r�e�g�a�r�d�l�e�s�s� �o�f� �s�p�e�c�i�e�s� �o�r� �s�t�o�r�a�g�e� �m�e�t�h�o�d�.� �M�a�p�l�e� �s�e�e�d�l�i�n�g�s� �t�h�a�t� �w�e�r�e� 

�c�o�m�p�l�e�t�e�l�y� �c�o�v�e�r�e�d� �o�r� �w�i�t�h� �t�h�e�i�r� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �s�h�o�w�e�d� �t�h�e� �l�o�w�e�s�t� �d�e�c�r�e�a�s�e� �i�n� �r�o�o�t� 

�o�r� �s�h�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y� �(�T�a�b�l�e�s� �2� �a�n�d� �3�)�.� �R�o�o�t� �a�n�d� �s�h�o�o�t� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�s� �f�o�r� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �a�n�d� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �t�h�e� �s�a�m�e� 

�w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�a�t�e�r� �l�o�s�s� �f�r�o�m� �m�a�p�l�e� �s�t�e�m�s� �w�a�s� �m�i�n�i�m�a�l� �a�n�d� �m�o�s�t� �l�i�k�e�l�y� �r�e�l�a�t�e�d� 
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�t�o� �s�t�e�m� �m�o�r�p�h�o�l�o�g�y�.� �I�n� �c�o�n�t�r�a�s�t�,� �h�a�w�t�h�o�r�n� �Y�r� �a�n�d� �W�s� �o�f� �t�h�e� �s�h�o�o�t�s� �e�x�p�o�s�e�d� 

�t�r�e�a�t�m�e�n�t� �w�e�r�e� �u�s�u�a�l�l�y� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �t�r�e�e�s� �c�o�m�p�l�e�t�e�l�y� �c�o�v�e�r�e�d� �(�T�a�b�l�e�s� �2�,� �3�)�.� �I�n� 

�m�a�p�l�e�,�  ��Y�r� �o�f� �t�r�e�e�s� �w�i�t�h� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �d�e�c�r�e�a�s�e�d� �1�1�4�%� �t�h�r�o�u�g�h�o�u�t� �s�t�o�r�a�g�e� �w�h�i�l�e� �i�n� 

�h�a�w�t�h�o�r�n� �t�h�e�r�e� �w�a�s� �a� �3�5�0�%� �d�e�c�r�e�a�s�e� �f�o�r� �t�h�e� �s�a�m�e� �t�r�e�a�t�m�e�n�t�.� �T�h�i�s� �f�i�n�d�i�n�g� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �w�e�r�e� �v�e�r�y� �s�u�s�c�e�p�t�i�b�l�e� �t�o� �w�a�t�e�r� �s�t�r�e�s�s� �w�h�i�l�e� �d�o�r�m�a�n�t� 

�w�h�i�c�h� �m�a�y� �b�e� �d�u�e� �t�o� �a� �m�o�r�p�h�o�l�o�g�i�c�a�l� �a�s�p�e�c�t� �t�h�a�t� �a�l�l�o�w�s� �f�o�r� �a� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �d�e�g�r�e�e� �o�f� 

�m�o�i�s�t�u�r�e� �l�o�s�s�.� �E�x�p�o�s�u�r�e� �o�f� �b�a�r�e�-�r�o�o�t� �h�a�w�t�h�o�r�n� �t�r�e�e�s� �t�o� �a� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� 

�r�e�s�u�l�t�e�d� �i�n� �a� �d�e�c�r�e�a�s�e� �i�n�  ��Y�s� �a�n�d�  ��Y�r� �o�f� �a�t� �l�e�a�s�t� �1�.�3� �M�P�a�,� �r�e�g�a�r�d�l�e�s�s� �o�f� �s�t�o�r�a�g�e� 

�t�r�e�a�t�m�e�n�t� �a�n�d� �g�e�n�e�r�a�l�l�y� �c�a�u�s�e�d� �e�x�t�e�n�s�i�v�e� �t�i�s�s�u�e� �d�a�m�a�g�e�.� �T�h�u�s�,� �m�i�n�i�m�i�z�i�n�g� �w�a�t�e�r� 

�s�t�r�e�s�s� �b�y� �p�r�o�p�e�r� �s�t�o�r�a�g�e� �m�e�t�h�o�d�s� �c�a�n� �b�e� �n�e�g�a�t�e�d� �b�y� �e�x�p�o�s�u�r�e� �t�o� �d�e�s�i�c�c�a�t�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �d�u�r�i�n�g� �p�l�a�n�t�i�n�g�.� �S�e�n�s�i�t�i�v�i�t�y� �t�o� �e�x�p�o�s�u�r�e� �v�a�r�i�e�s� �a�c�c�o�r�d�i�n�g� �t�o� �g�r�o�w�t�h� �s�t�a�g�e�,� 

�s�p�e�c�i�e�s�,�a�n�d� �p�l�a�n�t� �t�i�s�s�u�e�.� �H�e�r�m�a�n�n� �(�1�9�6�7�)� �r�e�p�o�r�t�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �o�f� 

�D�o�u�g�l�a�s�-�f�i�r� �t�o� �r�o�o�t� �e�x�p�o�s�u�r�e� �f�r�o�m� �N�o�v�e�m�b�e�r� �t�o� �J�a�n�u�a�r�y�.� �T�h�e� �c�r�i�t�i�c�a�l� �e�x�p�o�s�u�r�e� �l�i�m�i�t� 

�f�o�r� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �a�p�p�e�a�r�s� �t�o� �b�e� �w�e�l�l� �b�e�l�o�w� �1�2� �h�r�,� �e�v�e�n� �w�h�e�n� �s�e�e�d�l�i�n�g�s� �a�r�e� 

�d�o�r�m�a�n�t� �a�s� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

�S�t�e�m� �W�a�t�e�r� �L�o�s�s�:� 

�W�a�t�e�r� �l�o�s�s� �f�r�o�m� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �s�t�e�m� �s�e�g�m�e�n�t�s� �w�a�s� �h�i�g�h�e�s�t� �d�u�r�i�n�g� �t�h�e� 

�f�i�r�s�t� �w�e�e�k� �o�f� �s�t�o�r�a�g�e� �(�T�a�b�l�e� �4�)�.� �H�a�w�t�h�o�r�n� �w�a�t�e�r� �l�o�s�s� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �m�a�p�l�e� �d�u�r�i�n�g� 

�t�h�e� �f�i�r�s�t� �t�w�o� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e�;� �h�o�w�e�v�e�r� �v�a�l�u�e�s� �f�o�r� �w�e�e�k� �t�h�r�e�e� �a�n�d� �f�o�u�r� �w�e�r�e� �t�h�e� �s�a�m�e� 

�f�o�r� �b�o�t�h� �s�p�e�c�i�e�s�.� �C�u�m�u�l�a�t�i�v�e� �w�a�t�e�r� �l�o�s�s� �f�o�r� �h�a�w�t�h�o�r�n� �e�x�c�e�e�d�e�d� �m�a�p�l�e�.� �S�i�m�i�l�a�r� 

�r�e�s�u�l�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �w�h�e�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �r�e�p�e�a�t�e�d� �u�s�i�n�g� �i�n�t�e�r�n�o�d�a�l� �s�t�e�m� 

�s�e�g�m�e�n�t�s� �c�o�n�t�a�i�n�i�n�g� �n�o� �b�u�d�s� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �S�t�e�m� �w�a�t�e�r� �l�o�s�s� �w�a�s� �s�t�a�n�d�a�r�d�i�z�e�d� 

�b�e�t�w�e�e�n� �s�p�e�c�i�e�s� �o�n� �a� �s�u�r�f�a�c�e� �a�r�e�a� �b�a�s�i�s�,� �h�o�w�e�v�e�r�,� �s�t�e�m� �d�i�a�m�e�t�e�r� �d�i�f�f�e�r�e�d� �w�h�i�c�h� �m�a�y� 

�h�a�v�e� �a�f�f�e�c�t�e�d� �t�h�e� �v�o�l�u�m�e�:�s�u�r�f�a�c�e� �a�r�e�a� �r�a�t�i�o�.� �A�c�c�o�r�d�i�n�g�l�y�,� �s�t�e�m� �c�a�p�a�c�i�t�a�n�c�e� �m�a�y� �h�a�v�e� 

�d�i�f�f�e�r�e�d� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s�.� �W�a�t�e�r� �l�o�s�s� �t�h�r�o�u�g�h� �l�e�n�t�i�c�e�l�s� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �c�o�n�t�r�i�b�u�t�e� 
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�t�o� �o�v�e�r�a�l�l� �w�a�t�e�r� �l�o�s�s� �o�f� �s�t�e�m� �t�i�s�s�u�e� �(�K�o�z�l�o�w�s�k�i�,� �1�9�4�3�)�.� �A�n�a�l�y�s�i�s� �o�f� �h�a�w�t�h�o�r�n� �a�n�d� 

�m�a�p�l�e� �s�t�e�m� �l�e�n�t�i�c�e�l� �n�u�m�b�e�r� �a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n� �y�i�e�l�d�e�d� �n�o� �p�a�t�t�e�r�n� �o�r� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �T�h�e� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� 

�t�h�i�s� �s�t�u�d�y�,� �h�o�w�e�v�e�r�,� �d�o�e�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�n� �e�a�r�l�y� �s�t�o�r�a�g�e� �h�a�w�t�h�o�r�n� �s�t�e�m� �t�i�s�s�u�e� �l�o�s�e�s� 

�m�o�r�e� �w�a�t�e�r� �t�h�a�n� �m�a�p�l�e� �(�T�a�b�l�e� �4�)�;� �t�h�i�s� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �h�a�w�t�h�o�r�n� �s�t�e�m� �d�i�e�b�a�c�k�.� �I�n� 

�s�u�p�p�o�r�t� �o�f� �t�h�i�s� �c�o�n�t�e�n�t�i�o�n�,� �E�n�g�l�e�r�t� �e�t� �a�l�.� �(�1�9�9�3�)� �f�o�u�n�d� �t�h�a�t� �a�n� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �f�i�l�m�-� 

�f�o�r�m�i�n�g� �a�n�t�i�d�e�s�i�c�c�a�n�t� �c�o�m�p�o�u�n�d�s� �t�o� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �r�e�d�u�c�e�d� �w�a�t�e�r� �l�o�s�s� 

�a�n�d� �i�n�c�r�e�a�s�e�d� �s�u�r�v�i�v�a�l� �r�a�t�e�s�.� 

�R�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�d� �o�t�h�e�r� �w�o�r�k� �(�H�e�r�m�a�n�n�,� �1�9�6�7�)� �i�n�d�i�c�a�t�e� �t�h�a�t� �r�o�o�t�s� �o�f� �s�e�e�d�l�i�n�g� 

�n�u�r�s�e�r�y� �s�t�o�c�k� �a�r�e� �e�x�t�r�e�m�e�l�y� �v�u�l�n�e�r�a�b�l�e� �t�o� �d�e�s�i�c�c�a�t�i�o�n� �s�t�r�e�s�s�.� �A�l�t�h�o�u�g�h� �p�r�o�t�e�c�t�i�o�n� �o�f� 

�r�o�o�t�s� �f�o�r� �a�l�l� �b�a�r�e�-�r�o�o�t� �s�t�o�c�k� �i�s� �i�m�p�e�r�a�t�i�v�e�,� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� 

�h�a�w�t�h�o�r�n� �r�e�q�u�i�r�e� �b�o�t�h� �s�h�o�o�t� �a�n�d� �r�o�o�t� �p�r�o�t�e�c�t�i�o�n� �t�o� �m�i�n�i�m�i�z�e� �w�a�t�e�r� �s�t�r�e�s�s�.� 
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�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�D�a�r�b�y�,� �S�.�P�.�,� �J�r�.� �1�9�6�1�.� �G�e�o�r�g�i�a�'�s� �"�w�r�a�p�a�r�o�u�n�d�"� �s�e�e�d�l�i�n�g� �c�r�a�t�e�.� �T�r�e�e� �P�l�a�n�t�.� �N�o�t�e�s� 

�4�5�:�7�-�9�.� 

�E�n�g�l�e�r�t�,� �J�.�M�.�,� �K�.� �W�a�r�r�e�n�,� �L�.� �F�u�c�h�i�g�a�m�i�,� �a�n�d� �T�.� �C�h�e�n�.� �1�9�9�3�.� �A�n�t�i�d�e�s�i�c�c�a�n�t� 

�c�o�m�p�o�u�n�d�s� �i�m�p�r�o�v�e� �t�h�e� �s�u�r�v�i�v�a�l� �o�f� �b�a�r�e�-�r�o�o�t� �d�e�c�i�d�u�o�u�s� �n�u�r�s�e�r�y� �t�r�e�e�s�.� �J�.� 

�A�m�e�r�.� �S�o�c�.� �H�o�r�t�.� �S�c�i�.�1�1�8�:�2�2�8�-�2�3�5�.� 

�H�e�r�m�a�n�n�,� �R�.�K�.� �1�9�6�7�.� �S�e�a�s�o�n�a�l� �v�a�r�i�a�t�i�o�n� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �D�o�u�g�l�a�s� �F�i�r� �s�e�e�d�l�i�n�g�s� �t�o� 

�e�x�p�o�s�u�r�e� �o�f� �r�o�o�t�s�.� �F�o�r�e�s�t� �S�c�i�.� �1�3�:�1�4�0�-�1�4�9�.� 

�I�n�s�l�e�y�,� �H�.� �1�9�8�1�.� �E�f�f�e�c�t�s� �o�f� �p�l�a�n�t� �h�a�n�d�l�i�n�g� �o�n� �t�h�e� �d�e�h�y�d�r�a�t�i�o�n� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� 

�b�r�o�a�d�l�e�a�v�e�d� �s�e�e�d�l�i�n�g�s�.� �P�r�o�c�.� �C�o�n�f�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �P�l�a�n�t� �M�a�t�e�r�i�a�l�.� �3�1�:�1�8�0�-� 

�1�9�1�.� 

�K�o�z�l�o�w�s�k�i�,� �T�.�T�.� �1�9�4�3�.� �T�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �o�f� �s�o�m�e� �f�o�r�e�s�t� �t�r�e�e� �s�p�e�c�i�e�s� �d�u�r�i�n�g� �t�h�e� 

�d�o�r�m�a�n�t� �s�e�a�s�o�n�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �1�8�:�2�5�2�-�2�5�9�.� 

�M�u�l�l�i�n�,� �R�.�E�.�,� �W�.�R�.� �B�u�n�t�i�n�g�,� �a�n�d� �R�.� �R�o�g�e�r�s�.� �1�9�7�4�.� �C�o�m�p�a�r�i�n�g� �k�r�a�f�t� �p�o�l�y�e�t�h�y�l�e�n�e� 

�b�a�g�s� �a�n�d� �b�u�r�l�a�p� �b�a�l�e�s� �f�o�r� �s�h�i�p�p�i�n�g� �a�n�d� �h�o�l�d�i�n�g� �n�u�r�s�e�r�y� �s�t�o�c�k�.� �N�u�r�s�e�r�y� �N�o�t�e�s� 

�N�o�.� �4�0�:�1�-�6�.� 

�M�u�r�a�k�a�m�i�,� �P�.�,� �T�.�H�.� �C�h�e�n�,� �a�n�d� �L�.�H�.� �F�u�c�h�i�g�a�m�i�.� �1�9�9�0�.� �D�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�c�e� �o�f� 

�d�e�c�i�d�u�o�u�s� �p�l�a�n�t�s� �d�u�r�i�n�g� �p�o�s�t�h�a�r�v�e�s�t� �h�a�n�d�l�i�n�g�.� �J�.� �E�n�v�i�r�o�n�.� �H�o�r�t�.� �8�:�2�2�-�2�5�.� 
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�R�a�c�e�y�,� �G�.�D�.�,� �R�.�E�.� �H�u�t�c�h�i�s�o�n�,� �a�n�d� �C�.� �G�l�e�r�u�m�.� �1�9�8�3�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �k�r�a�f�t� �b�a�g�s� 

�a�n�d� �p�o�l�y�b�i�n�s� �f�o�r� �o�v�e�r�w�i�n�t�e�r� �f�r�o�z�e�n� �s�t�o�r�a�g�e� �o�f� �w�h�i�t�e� �s�p�r�u�c�e�.� �N�u�r�s�e�r�y� �N�o�t�e�s� 

�N�o�.� �9�2�:�1�-�4�.� 

�S�u�c�o�f�f�,� �E�.�,� �C�.� �B�u�s�c�h�e�n�a�,� �a�n�d� �P�.� �T�a�m�t�e�.� �1�9�8�5�.� �D�e�s�i�c�c�a�t�i�o�n� �a�n�d� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �i�n� 

�t�h�e� �r�o�o�t�s�,� �l�e�a�v�e�s�,� �a�n�d� �s�h�o�o�t�s� �o�f� �b�a�r�e�-�r�o�o�t� �r�e�d� �p�i�n�e� �a�n�d� �w�h�i�t�e� �s�p�r�u�c�e�.� �C�a�n�.� �J�.� 

�F�o�r�.� �R�e�s�.� �1�5�:�9�8�9�-�9�9�2�.� 

�T�a�b�b�u�s�h�,� �P�.�M�.� �1�9�8�7�.� �E�f�f�e�c�t� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �o�n� �w�a�t�e�r� �s�t�a�t�u�s� �a�n�d� �f�o�r�e�s�t� �p�e�r�f�o�r�m�a�n�c�e� 

�o�f� �b�a�r�e�-�r�o�o�t�e�d� �S�i�t�k�a� �s�p�r�u�c�e� �a�n�d� �D�o�u�g�l�a�s� �F�i�r� �t�r�a�n�s�p�l�a�n�t�s�.� �F�o�r�e�s�t�r�y� �6�0�:�3�1�-�4�3�.� 

�W�e�b�b�,� �D�.�P�.�,� �a�n�d� �F�.�W�.� �v�o�n� �A�l�t�h�e�n�.� �1�9�8�0�.� �S�t�o�r�a�g�e� �o�f� �h�a�r�d�w�o�o�d� �p�l�a�n�t�i�n�g� �s�t�o�c�k�:� 

�e�f�f�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �s�t�o�r�a�g�e� �r�e�g�i�m�e�s� �a�n�d� �p�a�c�k�a�g�i�n�g� �m�e�t�h�o�d�s� �o�n� �r�o�o�t� �g�r�o�w�t�h� 

�a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �q�u�a�l�i�t�y�.� �N�.�Z�.� �J�.� �F�o�r�.� �S�c�i�.� �1�0�:�8�3�-�8�9�.� 
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�T�a�b�l�e� �1�.� �A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �o�f� �t�h�e� �e�f�f�e�c�t� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�,� �s�t�o�r�a�g�e� �w�r�a�p� �m�e�t�h�o�d� �a�n�d� 
�d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �o�n� �s�h�o�o�t� �a�n�d� �r�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �o�f� �N�o�r�w�a�y� �m�a�p�l�e� �a�n�d� �W�a�s�h�i�n�g�t�o�n� 
�h�a�w�t�h�o�r�n�.� 

� � 

�D�e�s�i�c�c�a�t�i�o�n� �t�i�m�e �� 

� � � � 

� � 

�0� �h�r� �1�2� �h�r� 

�S�o�u�r�c�e� �d�.�f�.� �S�h�o�o�t� �Y�Y� �R�o�o�t� �S�h�o�o�t� �R�o�o�t� 

�S�p�e�c�i�e�s� �(�S�p�e�c�)� �1� �+�*� �+�*� �*�%� �+�+� 

�S�t�o�r�a�g�e� �D�u�r�a�t�i�o�n� �(�S�D�)� �5� �+�+� �#�*� �+�*� �*�*� 

�S�t�o�r�a�g�e� �T�r�t� �(�T�r�t�)� �3� �*�*� �+� �#�4� �+�t� 

�S�p�e�c� �x� �S�D� �5� �+� �+�*�*� �+�*� �#�*� 

�S�p�e�c� �x� �T�r�t� �3� �+�+� �+�*� �N�S� �*� 

�S�D� �x� �T�r�t� �1�5� �*�*� �+� �N�S� �N�S� 

�S�p�e�c� �x� �S�D� �x� �T�r�t� �1�5� �*� �*�*� �N�S� �N�S� 

� � 

�2� �T�r�e�e�s� �w�e�r�e� �a�i�r� �d�r�i�e�d� �a�t� �2�5�C� �(�7�6�F�)� �a�n�d� �3�5�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y�.� 
�Y� �N�S�,� �*�,� �*�*� �n�o�n�s�i�g�n�i�f�i�c�a�n�t�,� �o�r� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �P�=�0�.�0�5�,� �o�r� �0�.�0�1� �l�e�v�e�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�T�a�b�l�e� �2�.� �I�n�f�l�u�e�n�c�e� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �o�n� �r�o�o�t� �w�a�t�e�r� 
�p�o�t�e�n�t�i�a�l� �o�f� �2�-�y�r�.�-�o�l�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �a�n�d� �N�o�r�w�a�y� �m�a�p�l�e�.� 
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� � 

� � 

� � 

�R�o�o�t� �Y� �(�-�M�P�a�)� 
�S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �_�(�w�e�e�k�s�)� 

�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �2� �4� �6� �8� �1�0� �1�2� 
�H�a�w�t�h�o�r�n� 

�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �1�.�9� �a�b�2�V� �2�.�6�b� �3�.�6�a� �3�.�6� �a�b� �4�0�a� �4�0�a� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �2�4�a� �3�.�2�a� �3�.�8�a� �4�0�a� �4�0�a� �4�0�a� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �1�2�c� �1�8�c� �2�.�8�b� �3�.�2�b� �3�.�5�a� �3�.�6�a� 

�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �1�.�4� �b�e� �2�.�0�¢� �2�.�2�¢� �2�.�1�¢� �2�.�0�b� �2�.�6�b� 

�M�a�p�l�e� 
�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �2�.�2� �a�Z�V� �2�.�4�b� �2�8�a� �3�.�6�a� �3�.�8�a� �3�.�8�a� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �1�9�a� �3�.�l�a� �3�.�3�a� �3�.�4�a� �3�.�4�a� �3�.�5�a� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �1�.�0�b� �1�.�3�c� �1�2�b� �1�.�4�b� �1�8�b� �1�.�5�b� 

�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �0�.�8�b� �1�0�c� �1�0�b� �1�.�3�b� �1�.�6�b� �1�.�7�b� 

� � 

�2� �H�a�w�t�h�o�m� �p�r�e�-�s�t�o�r�a�g�e�  ��V�Y� �=� �-�0�.�8� �M�P�a�,� �m�a�p�l�e� �p�r�e�-�s�t�o�r�a�g�e�  ��V�Y� �=� �-�0�.�7� �M�P�a�,� �n�=� �5�.� 
�Y� �M�e�a�n� �s�e�p�a�r�a�t�i�o�n� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�,� �P� �=� �0�.�0�5�.� �M�e�a�n�s� �i�n� �c�o�l�u�m�n�s� �f�o�l�l�o�w�e�d� 

�b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t�.� 

�2�8
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�S�h�o�o�t�s� �e�x�p�o�s�e�d� �0�.�7�b� �1�.�5� �a�b� �1�4�c� �1�.�7�b� �2�.�1�b� �2�.�0�b� 

�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �0�.�8� �b� �1�.�0�b� �l�l�e� �1�.�6�b� �1�.�8�b� �1�.�8�b� 

� � 

�2� �H�a�w�t�h�o�r�n� �p�r�e�-�s�t�o�r�a�g�e� �V� �=� �-�1�.�1� �M�P�a�,� �m�a�p�l�e� �p�r�e�-�s�t�o�r�a�g�e�  ��V�v� �=� �-�0�.�9� �M�P�a�,� �n�=� �5�.� 
�Y� �M�e�a�n� �s�e�p�a�r�a�t�i�o�n� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�,� �P� �=� �0�.�0�5�.� �M�e�a�n�s� �i�n� �c�o�l�u�m�n�s� �f�o�l�l�o�w�e�d� 

�b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t�.� 
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�C�H�A�P�T�E�R� �T�H�R�E�E� 

�E�F�F�E�C�T� �O�F� �T�R�A�N�S�P�L�A�N�T�I�N�G� �O�N� �S�H�O�O�T� �W�A�T�E�R� 
�P�O�T�E�N�T�I�A�L� �O�F� �B�A�R�E�-�R�O�O�T� �W�A�S�H�I�N�G�T�O�N� �H�A�W�T�H�O�R�N� �A�N�D� 

�N�O�R�W�A�Y� �M�A�P�L�E� �T�R�E�E�S� 

�A�b�s�t�r�a�c�t� 

�T�w�o�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e� �(�A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �L�.�)� �a�n�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� 

�(�C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �M�e�d�.�)� �t�r�e�e�s� �w�e�r�e� �c�o�l�d�-�s�t�o�r�e�d� �f�o�r� �2�,�4�,�6�,�8�,�1�0�,� �a�n�d� �1�2� �w�e�e�k�s� 

�a�n�d� �s�t�e�m� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �p�r�i�o�r� �t�o� �a�n�d� �f�i�v�e� �d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �I�n� 

�a� �s�e�c�o�n�d� �e�x�p�e�r�i�m�e�n�t�,� �a� �w�a�x� �c�o�a�t�i�n�g� �w�a�s� �a�p�p�l�i�e�d� �t�o� �h�a�w�t�h�o�r�n� �t�r�e�e�s� �a�t� �t�r�a�n�s�p�l�a�n�t�i�n�g� 

�a�n�d� �s�h�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�w�o�-�d�a�y� �i�n�t�e�r�v�a�l�s� �f�o�r� �t�w�e�l�v�e� �d�a�y�s� �a�f�t�e�r� 

�t�r�a�n�s�p�l�a�n�t�i�n�g�;� �p�e�r�c�e�n�t� �b�u�d� �b�r�e�a�k� �w�a�s� �m�e�a�s�u�r�e�d� �e�i�g�h�t� �w�e�e�k�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �I�n� �a� 

�t�h�i�r�d� �e�x�p�e�r�i�m�e�n�t�,� �m�a�p�l�e� �a�n�d� �h�a�w�t�h�o�r�n� �t�r�e�e�s� �w�e�r�e� �s�t�o�r�e�d� �f�o�r� �2�,� �4�,� �6�,� �8�,� �1�0�,� �a�n�d� �1�2� 

�w�e�e�k�s� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �t�r�e�e� �c�o�v�e�r�i�n�g� �t�r�e�a�t�m�e�n�t�s�:� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d�,� �s�h�o�o�t�s� 

�e�x�p�o�s�e�d�,� �r�o�o�t�s� �e�x�p�o�s�e�d�,� �w�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d�,� �a�n�d� �r�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �w�a�s� 

�m�e�a�s�u�r�e�d� �f�o�r� �e�a�c�h� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�.� �A�t� �e�a�c�h� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�,� �m�a�p�l�e� �s�t�e�m� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �o�r� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� 

�p�o�t�e�n�t�i�a�l� �v�a�l�u�e�;� �h�a�w�t�h�o�r�n� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �w�e�r�e� �g�e�n�e�r�a�l�l�y� �l�o�w�e�r� 

�t�h�a�n� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �v�a�l�u�e�s�.� �S�i�x� �t�o� �e�i�g�h�t� �d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�,� �h�a�w�t�h�o�r�n� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�s� �o�f� �w�a�x� �c�o�v�e�r�e�d� �s�t�e�m�s� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �u�n�w�a�x�e�d� �s�t�e�m�s�.� �B�u�d� �b�r�e�a�k� 

�p�e�r�c�e�n�t�a�g�e�s� �w�e�r�e� �h�i�g�h�e�r� �f�o�r� �t�r�e�e�s� �w�i�t�h� �w�a�x�e�d� �s�t�e�m�s� �t�h�a�n� �f�o�r� �t�r�e�e�s� �w�i�t�h�o�u�t� �w�a�x�.� �R�o�o�t� 

�h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �w�a�s� �t�h�e� �s�a�m�e� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �a�n�d� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� 

�s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �f�o�r� �t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s�.� 
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�I�n�t�r�o�d�u�c�t�i�o�n� 

�D�e�s�i�c�c�a�t�i�o�n� �o�f� �b�a�r�e�-�r�o�o�t� �n�u�r�s�e�r�y� �s�t�o�c�k� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �a�n�d� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� 

�c�a�n� �r�e�s�u�l�t� �i�n� �p�o�o�r� �r�e�g�r�o�w�t�h� �a�n�d� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �m�a�i�n� �c�a�u�s�e� �o�f� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� 

�t�r�e�e� �d�e�a�t�h� �(�C�o�u�t�t�s�,� �1�9�8�1�;� �I�n�s�l�e�y� �a�n�d� �B�u�c�k�l�e�y�,� �1�9�8�5�;� �K�o�z�l�o�w�s�k�i� �a�n�d� �D�a�v�i�e�s�,� �1�9�7�5�)�.� 

�S�e�v�e�r�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�r�e�e� �s�p�e�c�i�e�s� �d�i�f�f�e�r� �w�i�d�e�l�y� �i�n� �t�h�e�i�r� �r�e�s�p�o�n�s�e� �t�o� �s�t�o�r�a�g�e� 

�c�o�n�d�i�t�i�o�n�s� �(�H�e�r�m�a�n�n�,� �1�9�6�7�;� �T�a�b�b�u�s�h�,� �1�9�8�7�)�,� �t�e�m�p�e�r�a�t�u�r�e� �(�W�e�b�b� �a�n�d� �v�o�n� �A�l�t�h�e�n�,� 

�1�9�8�0�)�,� �a�n�d� �d�u�r�a�t�i�o�n� �(�R�i�t�c�h�i�e� �e�t� �a�l�.�,� �1�9�8�5�)�.� �B�a�t�e�s� �a�n�d� �N�i�e�m�i�e�r�a� �(�1�9�9�4�)� �f�o�u�n�d� �t�h�a�t�,� 

�f�o�l�l�o�w�i�n�g� �s�t�o�r�a�g�e� �a�n�d� �t�r�a�n�s�p�l�a�n�t�i�n�g� �i�n�t�o� �a� �m�o�i�s�t� �s�u�b�s�t�r�a�t�e�,� �s�t�e�m� �x�y�l�e�m� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�s� �( ��¥�,�)� �i�n�c�r�e�a�s�e�d� �(�b�e�c�a�m�e� �l�e�s�s� �n�e�g�a�t�i�v�e�)� �f�o�r� �N�o�r�w�a�y� �m�a�p�l�e� �(�A�c�e�r� 

�p�l�a�t�a�n�o�i�d�e�s�)�,� �b�u�t� �d�e�c�r�e�a�s�e�d� �f�o�r� �Y�o�s�h�i�n�o� �c�h�e�r�r�y� �(�P�r�u�n�u�s� �x� �y�e�d�o�e�n�s�i�s�)�,� �w�h�i�c�h� �r�e�s�u�l�t�e�d� 

�i�n� �m�o�r�e� �s�t�e�m� �d�i�e�b�a�c�k� �a�n�d� �r�e�d�u�c�e�d� �s�u�r�v�i�v�a�l� �f�o�r� �c�h�e�r�r�y� �t�h�a�n� �m�a�p�l�e�.� �T�h�e�s�e� �r�e�s�u�l�t�s� 

�s�u�g�g�e�s�t�e�d� �s�p�e�c�i�e�s� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �r�a�t�e�s�,� �r�o�o�t� �w�a�t�e�r� �a�b�s�o�r�p�t�i�o�n� �a�n�d� 

�c�o�n�d�u�c�t�i�v�i�t�y� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e�s�e� �f�a�c�t�o�r�s�.� �S�u�l�a�i�m�a�n� �(�1�9�6�8�)� �f�o�u�n�d� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�t�h�e� �r�a�t�e� �o�f� �w�a�t�e�r� �l�o�s�s� �t�h�r�o�u�g�h� �t�h�e� �d�e�f�o�l�i�a�t�e�d� �s�t�e�m�s� �o�f� �Q�u�e�r�c�u�s� �a�l�b�a� �L�.� �a�n�d� �F�r�a�x�i�n�u�s� 

�p�e�n�n�s�y�l�v�a�n�i�c�a� �M�a�r�s�h�.�,� �h�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �n�o� �r�e�p�o�r�t�s� �o�n� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �s�t�e�m� 

�w�a�t�e�r� �l�o�s�s� �a�n�d� �r�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �(�J�,�)� �t�o� �d�e�c�r�e�a�s�i�n�g�  ��Y� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� 

�O�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �s�t�u�d�y� �u�s�i�n�g� �b�a�r�e�-�r�o�o�t� �t�r�e�e�s� �w�e�r�e� �t�o� �1�)� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �o�n� �t�h�e� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t�  ��¥�,� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �C�r�a�t�a�e�g�u�s� 

�p�h�a�e�n�o�p�y�r�u�m� �a�n�d� �d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�t� �A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s�,� �2�)� �d�e�t�e�r�m�i�n�e� �h�o�w� �J�,� �w�a�s� 

�i�n�f�l�u�e�n�c�e�d� �b�y� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �t�r�e�a�t�m�e�n�t�s�,� �a�n�d� �3�)� �d�e�t�e�r�m�i�n�e� �i�f� �p�o�s�t�-�s�t�o�r�a�g�e� 

�s�t�e�m� �w�a�x� �c�o�a�t�i�n�g� �i�n�f�l�u�e�n�c�e�d�  ��¥�,� �a�n�d� �b�u�d� �b�r�e�a�k�.� 

�3�2



�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �¥�.� �O�n� �J�a�n�u�a�r�y� �1�4�,� �1�9�9�3�,� �2�-�y�r�.�-�o�l�d� �b�a�r�e�-�r�o�o�t� �A�c�e�r� 

�p�l�a�t�a�n�o�i�d�e�s� �a�n�d� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �s�e�e�d�l�i�n�g�s� �6�0�-�9�0� �c�m� �(�2�4�-�3�6�"�)� �t�a�l�l� �w�e�r�e� 

�r�e�c�e�i�v�e�d� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�A�.� �f�r�o�m� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�,� �P�l�a�i�n�s�,� �M�T�.� �D�u�r�i�n�g� �t�h�e� �f�i�v�e� �d�a�y� 

�s�h�i�p�p�i�n�g� �p�e�r�i�o�d� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �w�r�a�p�p�e�d� �i�n� �p�l�a�s�t�i�c� �s�h�e�e�t�i�n�g� �a�n�d� �p�l�a�c�e�d� �i�n� �c�a�r�d�b�o�a�r�d� 

�b�o�x�e�s� �w�i�t�h� �t�h�e� �r�o�o�t�s� �o�f� �e�a�c�h� �b�u�n�d�l�e� �p�a�c�k�e�d� �i�n� �m�o�i�s�t�e�n�e�d�,� �s�h�r�e�d�d�e�d� �n�e�w�s�p�r�i�n�t�.� �U�p�o�n� 

�a�r�r�i�v�a�l�,� �t�r�e�e�s� �w�e�r�e� �s�o�r�t�e�d� �f�o�r� �u�n�i�f�o�r�m�i�t�y�,� �e�n�c�l�o�s�e�d� �i�n� �s�t�o�r�a�g�e� �b�a�g�s� �(�U�n�i�o�n� �C�a�m�p� 

�C�o�r�p�.�,� �T�i�f�t�o�n�,� �G�A�.�)� �t�o� �r�e�d�u�c�e� �w�a�t�e�r� �l�o�s�s� �a�n�d� �p�l�a�c�e�d� �o�n� �w�o�o�d�e�n� �r�a�c�k�s� �i�n� �a� �w�a�l�k�-�i�n� 

�c�o�o�l�e�r� �m�a�i�n�t�a�i�n�e�d� �a�t� �7�0�%� �+� �5�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�n�d� �2�°�C� �(�3�5�°�F�)�.� �O�n� �J�a�n�u�a�r�y� �2�8�,� 

�F�e�b�r�u�a�r�y� �1�1�,� �F�e�b�r�u�a�r�y� �2�8�,� �M�a�r�c�h� �1�1�,� �M�a�r�c�h� �2�8�,� �a�n�d� �A�p�r�i�l� �1�1�,� �(�2�,� �4�,� �6�,� �8�,� �1�0� �a�n�d� �1�2� 

�w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �1�6� �h�a�w�t�h�o�r�n� �a�n�d� �1�6� �m�a�p�l�e� �t�r�e�e�s� �w�e�r�e� �r�a�n�d�o�m�l�y� 

�s�e�l�e�c�t�e�d� �a�n�d� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e�.� �S�t�e�m� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �w�a�s� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� 

�1�2�0�0� �a�n�d� �1�4�0�0� �H�R� �t�h�e� �s�a�m�e� �d�a�y� �u�s�i�n�g� �a� �p�o�r�t�a�b�l�e� �p�r�e�s�s�u�r�e� �c�h�a�m�b�e�r� �(�M�o�d�e�l� �3�0�0�5�,� 

�S�o�i�l�M�o�i�s�t�u�r�e� �E�q�u�i�p�m�e�n�t� �C�o�r�p�.�,� �S�a�n�t�a� �B�a�r�b�a�r�a�,� �C�A�)� �o�n� �a� �1�0�.�2� �c�m� �(�4� �i�n�)� �s�t�e�m� �s�e�c�t�i�o�n� 

�e�x�c�i�s�e�d� �f�r�o�m� �8� �t�r�e�e�s� �o�f� �e�a�c�h� �s�p�e�c�i�e�s�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �t�r�e�e�s� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� 

�g�r�e�e�n�h�o�u�s�e� �v�e�n�t�i�l�a�t�e�d� �a�t� �2�4�°�C� �(�7�5�°�F�)� �a�n�d� �h�e�a�t�e�d� �a�t� �1�8�°�C� �(�6�4�°�F�)�,� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� 

�1�0�0�%� �p�i�n�e� �b�a�r�k�-�f�i�l�l�e�d� �3�.�8� �|� �(�1� �g�a�l�)� �p�l�a�s�t�i�c� �c�o�n�t�a�i�n�e�r�s� �a�n�d� �t�h�o�r�o�u�g�h�l�y� �i�r�r�i�g�a�t�e�d�.� �S�t�e�m� 

�w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �w�a�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� �1�2�0�0� �a�n�d� �1�4�0�0� �H�R� �f�o�r� �t�h�e�s�e� �t�r�e�e�s� �f�i�v�e� 

�d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �t�i�m�e� �o�f� �m�e�a�s�u�r�e�m�e�n�t� �f�a�c�t�o�r�s� �w�e�r�e� 

�a�p�p�l�i�e�d� �i�n� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n� �w�i�t�h� �e�i�g�h�t� �s�i�n�g�l�e� �p�l�a�n�t� �r�e�p�l�i�c�a�t�i�o�n�s�.� �D�a�t�a� 

�w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �a�n�d� �m�e�a�n� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� 

�u�s�i�n�g� �a�7� �t�e�s�t�.� �S�p�e�c�i�e�s� �(�m�a�p�l�e� �a�n�d� �h�a�w�t�h�o�r�n�)� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�.� �P�l�a�n�t� �m�a�t�e�r�i�a�l� �w�a�s� 

�i�d�e�n�t�i�c�a�l� �t�o� �t�h�a�t� �u�s�e�d� �i�n� �t�h�e� �a�b�o�v�e� �e�x�p�e�r�i�m�e�n�t� �e�x�c�e�p�t� �t�h�a�t� �t�h�e� �t�i�m�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 
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�p�l�a�c�e�d� �i�n�t�o� �c�o�l�d� �s�t�o�r�a�g�e�,� �o�n�e� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �r�a�n�d�o�m�l�y� �a�l�l�o�c�a�t�e�d� �t�o� 

�e�a�c�h� �t�r�e�e�:� �1�)� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �i�n� �w�h�i�c�h� �t�h�e� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �w�a�s� �e�n�c�l�o�s�e�d� �i�n� �a� �s�e�a�l�e�d� 

�3�-�l�a�y�e�r� �s�t�o�r�a�g�e� �b�a�g� �(�U�n�i�o�n� �C�a�m�p� �C�o�r�p�.�,� �T�i�f�t�o�n�,� �G�A�.�)�,� �2�)� �s�h�o�o�t� �e�x�p�o�s�e�d� �i�n� �w�h�i�c�h� 

�s�e�e�d�l�i�n�g� �r�o�o�t�s� �w�e�r�e� �e�n�c�l�o�s�e�d� �i�n� �a� �s�t�o�r�a�g�e� �b�a�g� �s�e�a�l�e�d� �a�r�o�u�n�d� �t�h�e� �s�t�e�m� �j�u�s�t� �a�b�o�v�e� �t�h�e� 

�r�o�o�t� �c�o�l�l�a�r�,� �3�)� �r�o�o�t�s� �e�x�p�o�s�e�d� �i�n� �w�h�i�c�h� �s�h�o�o�t�s� �w�e�r�e� �e�n�c�l�o�s�e�d� �i�n� �a� �s�t�o�r�a�g�e� �b�a�g� �s�e�a�l�e�d� 

�j�u�s�t� �b�e�l�o�w� �r�o�o�t� �c�o�l�l�a�r� �a�n�d� �4�)� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �e�x�p�o�s�e�d� �(�n�o� �s�t�o�r�a�g�e� �b�a�g�)�.� �S�t�o�r�a�g�e� �b�a�g�s� 

�w�e�r�e� �c�o�m�p�r�e�s�s�e�d� �d�u�r�i�n�g� �p�l�a�n�t� �i�n�s�e�r�t�i�o�n� �t�o� �m�i�n�i�m�i�z�e� �a�i�r� �s�p�a�c�e� �w�i�t�h�i�n� �t�h�e� �b�a�g�;� �a�l�l� �t�r�e�e�s� 

�w�e�r�e� �p�l�a�c�e�d� �h�o�r�i�z�o�n�t�a�l�l�y� �o�n� �r�a�c�k�s�.� �O�n� �J�a�n�u�a�r�y� �2�8�,� �F�e�b�r�u�a�r�y� �1�1�,� �F�e�b�r�u�a�r�y� �2�8�,� �M�a�r�c�h� 

�1�1�,� �M�a�r�c�h� �2�8� �a�n�d� �A�p�r�i�l� �1�1�,� �s�i�x� �h�a�w�t�h�o�r�n� �a�n�d� �s�i�x� �m�a�p�l�e� �t�r�e�e�s� �f�r�o�m� �e�a�c�h� �t�r�e�a�t�m�e�n�t� 

�w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e� �a�n�d� �J�,� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �t�h�r�e�e� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �e�a�c�h� 

�s�p�e�c�i�e�s� �x� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �t�h�r�e�e� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �e�a�c�h� 

�c�o�m�b�i�n�a�t�i�o�n� �w�e�r�e� �p�l�a�c�e�d� �o�n� �a� �l�a�b� �b�e�n�c�h� �a�n�d� �a�i�r�-�d�r�i�e�d� �a�t� �2�4�°�C� �(�7�5�°�F�)� �a�n�d� �3�5�%� �+� �5�%� 

�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �f�o�r� �1�2� �h�r�.� �F�o�r� �J�,� �d�e�t�e�r�m�i�n�a�t�i�o�n�s�,� �1�5�.�3� �c�m� �(�6� �i�n�.�)� �e�x�c�i�s�e�d� �p�r�i�m�a�r�y� 

�l�a�t�e�r�a�l� �r�o�o�t�s� �f�r�o�m� �e�a�c�h� �p�l�a�n�t� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�;� �c�o�r�t�i�c�a�l� �t�i�s�s�u�e� �a�t� �t�h�e� 

�p�r�o�x�i�m�a�l� �e�n�d� �o�f� �t�h�e� �r�o�o�t� �w�a�s� �t�r�i�m�m�e�d� �e�x�p�o�s�i�n�g� �t�h�e� �s�t�e�l�e� �w�h�i�c�h� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �a� 

�s�e�c�t�i�o�n� �o�f� �T�y�g�o�n� �t�u�b�i�n�g� �a�n�d� �f�a�s�t�e�n�e�d� �w�i�t�h� �a� �s�i�l�i�c�o�n� �w�a�s�h�e�r�.� �R�o�o�t� �a�n�d� �t�u�b�i�n�g� �w�e�r�e� 

�m�o�u�n�t�e�d� �i�n�t�o� �t�h�e� �l�i�d� �o�r�i�f�i�c�e� �o�f� �a� �p�r�e�s�s�u�r�e� �c�h�a�m�b�e�r� �w�i�t�h� �t�h�e� �p�r�o�x�i�m�a�l� �r�o�o�t� �e�n�d� 

�p�r�o�t�r�u�d�i�n�g� �t�h�r�o�u�g�h� �a� �g�a�s�k�e�t�.� �T�h�e� �d�i�s�t�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �r�o�o�t� �s�y�s�t�e�m� �w�a�s� �i�m�m�e�r�s�e�d� �i�n� �a� 

�w�a�t�e�r�-�f�i�l�l�e�d� �p�l�a�s�t�i�c� �c�o�n�t�a�i�n�e�r� �l�o�c�a�t�e�d� �i�n� �t�h�e� �p�r�e�s�s�u�r�e� �v�e�s�s�e�l�.� �W�a�t�e�r� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �2�0�°�C� �(�6�8�°�F�)�.� �H�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e� �w�a�s� �s�l�o�w�l�y� �i�n�c�r�e�a�s�e�d� �t�o� �0�.�5� �M�P�a� 

�u�s�i�n�g� �c�o�m�p�r�e�s�s�e�d� �a�i�r�.� �T�h�e� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �t�h�a�t� �e�x�i�t�e�d� �t�h�e� �c�u�t� �r�o�o�t� �s�u�r�f�a�c�e� �w�a�s� 

�m�e�a�s�u�r�e�d� �w�i�t�h� �a� �p�i�p�e�t�t�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �t�u�b�i�n�g�.� �W�a�t�e�r� �f�l�o�w� �r�a�t�e�s� �t�h�r�o�u�g�h� �t�u�b�i�n�g� �w�e�r�e� 

�r�e�c�o�r�d�e�d� �a�t� �5�-�m�i�n� �i�n�t�e�r�v�a�l�s� �u�n�t�i�l� �t�h�e� �c�h�a�n�g�e� �i�n� �f�l�o�w� �r�a�t�e� �o�v�e�r� �t�i�m�e� �w�a�s� �t�h�e� �s�a�m�e� �f�o�r� �a� 

�m�i�n�i�m�u�m� �o�f� �t�h�r�e�e� �r�e�a�d�i�n�g�s� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �t�h�e� �s�y�s�t�e�m� �h�a�d� �r�e�a�c�h�e�d� �e�q�u�i�l�i�b�r�i�u�m�.� �T�h�e� 

�v�o�l�u�m�e� �o�f� �w�a�t�e�r� �f�l�o�w� �(�f�l�u�x�)� �a�t� �e�q�u�i�l�i�b�r�i�u�m� �w�a�s� �e�x�p�r�e�s�s�e�d� �o�n� �a� �r�o�o�t� �d�r�y� �w�e�i�g�h�t� �b�a�s�i�s�.� 
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�D�a�t�a� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)�.� �S�p�e�c�i�e�s� �a�n�d� �c�o�l�d� �s�t�o�r�a�g�e� 

�t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�e�p�l�i�c�a�t�e�d� �t�h�r�e�e� �t�i�m�e�s� �u�s�i�n�g� �a� �c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n�.� 

�D�e�s�i�c�c�a�t�i�o�n� �t�i�m�e� �(�0� �h�r� �v�s�.� �1�2� �h�r�)� �a�n�d�s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

�S�l�o�p�e� �o�f� �t�h�e� �l�e�a�s�t� �s�q�u�a�r�e�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s� �o�v�e�r� �s�t�o�r�a�g�e� 

�d�u�r�a�t�i�o�n�.� 

�S�t�e�m� �w�a�x� �t�r�e�a�t�m�e�n�t�.� �D�o�r�m�a�n�t� �2�-�y�r�.�-�o�l�d� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �b�a�r�e�-�r�o�o�t� 

�s�e�e�d�l�i�n�g�s� �w�e�r�e� �r�e�c�e�i�v�e�d� �f�r�o�m� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�,� �P�l�a�i�n�s�,� �M�T� �o�n� �F�e�b�r�u�a�r�y� �1�6�,� �1�9�9�4� �a�n�d� 

�p�l�a�c�e�d� �i�n� �c�o�l�d� �s�t�o�r�a�g�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �9�0�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�n�d� �2�°�C� �(�3�5�°�F�)�.� �W�i�t�h�i�n� 

�s�t�o�r�a�g�e�,� �7�8� �t�r�e�e�s� �w�e�r�e� �e�n�c�l�o�s�e�d� �i�n� �s�t�o�r�a�g�e� �b�a�g�s� �(�a�p�p�r�o�x�.� �1�0� �t�r�e�e�s�/�b�a�g�)� �a�n�d� �7�8� �t�r�e�e�s� 

�w�e�r�e� �u�n�b�a�g�g�e�d�.� �O�n� �F�e�b�r�u�a�r�y� �2�4�,� �7�8� �s�e�e�d�l�i�n�g�s� �f�r�o�m� �e�a�c�h� �g�r�o�u�p� �(�b�a�g�g�e�d� �a�n�d� 

�u�n�b�a�g�g�e�d�)� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �s�t�o�r�a�g�e� �a�n�d�  ��¥�,� �w�a�s� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� �1�2�0�0� �a�n�d� �1�4�0�0� 

�H�R� �o�n� �s�i�x� �t�r�e�e�s� �o�f� �e�a�c�h� �g�r�o�u�p�.� �T�h�e� �e�n�t�i�r�e� �s�h�o�o�t� �s�y�s�t�e�m� �o�f� �3�6� �t�r�e�e�s� �p�e�r� �s�t�o�r�a�g�e� 

�t�r�e�a�t�m�e�n�t� �g�r�o�u�p� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n� �m�e�l�t�e�d� �T�i�s�s�u�e�P�r�e�p� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c� �C�o�.�,� �F�a�i�r� 

�L�a�w�n�,� �N�J�)� �p�a�r�a�f�f�i�n� �a�n�d� �t�h�e�n� �d�i�p�p�e�d� �i�n�t�o� �c�o�l�d� �w�a�t�e�r� �t�o� �s�o�l�i�d�i�f�y� �t�h�e� �w�a�x�.� �T�h�e� 

�r�e�m�a�i�n�i�n�g� �3�6� �u�n�c�o�a�t�e�d� �t�r�e�e�s� �f�r�o�m� �e�a�c�h� �g�r�o�u�p� �s�e�r�v�e�d� �a�s� �t�h�e� �c�o�n�t�r�o�l�.� �A�l�l� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �t�h�e�n� �i�m�m�e�d�i�a�t�e�l�y� �t�r�a�n�s�p�l�a�n�t�e�d� �i�n�t�o� �1�0�0�%� �p�i�n�e� �b�a�r�k�-�f�i�l�l�e�d� �3�.�8� �1� �(�1� �g�a�l�)� �c�o�n�t�a�i�n�e�r�s� 

�a�n�d� �p�l�a�c�e�d� �o�n� �r�a�i�s�e�d� �b�e�n�c�h�e�s� �i�n� �a� �g�r�e�e�n�h�o�u�s�e� �w�h�i�c�h� �w�a�s� �v�e�n�t�i�l�a�t�e�d� �a�t� �2�4�°�C� �(�7�5�°�F�)� 

�a�n�d� �h�e�a�t�e�d� �a�t� �1�8�°�C� �(�6�4�°�F�)�.� �S�h�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� �1�2�0�0� �a�n�d� 

�1�4�0�0� �H�R� �o�n� �s�i�x� �t�r�e�e�s� �f�r�o�m� �t�h�e� �w�a�x� �t�r�e�a�t�e�d� �a�n�d� �u�n�t�r�e�a�t�e�d� �c�o�n�t�r�o�l�s� �2�,� �4�,� �6�,� �8�,� �1�0�,� �a�n�d� 

�1�2� �d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �P�e�r�c�e�n�t� �b�u�d� �b�r�e�a�k� �(�n�u�m�b�e�r� �o�f� �g�r�o�w�i�n�g� �b�u�d�s�/�t�o�t�a�l� �b�u�d� 

�n�u�m�b�e�r�)� �w�a�s� �m�e�a�s�u�r�e�d� �f�o�r� �e�a�c�h� �t�r�e�e� �8� �w�e�e�k�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �P�l�a�n�t�s� �i�n� �t�h�e� �s�t�e�m� 

�w�a�x� �t�r�e�a�t�m�e�n�t� �a�n�d� �t�i�m�e� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �a�r�r�a�n�g�e�d� �u�s�i�n�g� �a� 

�c�o�m�p�l�e�t�e�l�y� �r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n� �r�e�p�l�i�c�a�t�e�d� �s�i�x� �t�i�m�e�s�.� �D�a�t�a� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n�a�l�y�s�i�s� �o�f� 

�v�a�r�i�a�n�c�e� �(�A�N�O�V�A�)� �a�n�d� �m�e�a�n� �c�o�m�p�a�r�i�s�o�n�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �t�h�e� �¢� �t�e�s�t�.� �S�t�o�r�a�g�e� 

�t�r�e�a�t�m�e�n�t� �(�b�a�g�g�e�d� �a�n�d� �u�n�b�a�g�g�e�d�)� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

�3�5



�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �¥�.� �P�r�e�-�t�r�a�n�s�p�l�a�n�t� �m�a�p�l�e�  ��¥�,� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �(�T�a�b�l�e� �1�)�.� �T�h�i�s� �a�f�f�e�c�t� �o�f� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �o�n�  ��¥�,� �w�a�s� �t�h�e� �s�a�m�e� 

�a�s� �f�o�u�n�d� �b�y� �B�a�t�e�s� �(�1�9�9�4�)� �i�n� �a� �p�r�e�v�i�o�u�s� �s�t�u�d�y�.� �F�o�r� �t�h�e� �f�i�r�s�t� �s�i�x� �w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�,� �p�r�e�-� 

�t�r�a�n�s�p�l�a�n�t� �m�a�p�l�e�  ��¥�,� �w�e�r�e� �=� �-�1�.�2� �M�P�a�.� �P�o�s�t�-�t�r�a�n�s�p�l�a�n�t�  ��¥�,� �v�a�l�u�e�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� 

�t�h�e� �r�e�s�p�e�c�t�i�v�e� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �v�a�l�u�e�s� �f�o�r� �t�h�e� �f�i�r�s�t� �s�i�x� �w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�.� �A�f�t�e�r� �e�i�g�h�t� 

�w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�,� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �v�a�l�u�e�s� �w�e�r�e� �<� �-�1�.�5� �a�n�d� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t�  ��Y�,� �w�e�r�e� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �v�a�l�u�e�s�.� �F�o�r� �h�a�w�t�h�o�r�n�,�  ��¥�,� �d�e�c�r�e�a�s�e�d� �m�o�r�e� 

�r�a�p�i�d�l�y� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �t�h�a�n� �m�a�p�l�e�,� �r�e�a�c�h�i�n�g� �a� �l�o�w� �o�f� �-�2�.�2�5� �M�P�a� �a�f�t�e�r� �t�w�e�l�v�e� �w�e�e�k�s� 

�(�T�a�b�l�e� �1�)�.� �A�l�s�o� �i�n� �c�o�n�t�r�a�s�t� �t�o� �m�a�p�l�e�,� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t�  ��¥�,� �w�e�r�e� �l�o�w�e�r� �t�h�a�n� �r�e�s�p�e�c�t�i�v�e� 

�p�r�e�-�t�r�a�n�s�p�l�a�n�t� �v�a�l�u�e�s� �f�o�r� �f�o�u�r� �o�f� �t�h�e� �s�i�x� �d�u�r�a�t�i�o�n�s�.� �I�n� �a� �s�i�m�i�l�a�r� �s�t�u�d�y�,� �B�a�t�e�s� �a�n�d� 

�N�i�e�m�i�e�r�a� �(�1�9�9�4�)� �r�e�p�o�r�t�e�d� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� �r�e�c�o�v�e�r�y� �f�r�o�m� �w�a�t�e�r� �s�t�r�e�s�s� �f�o�r� �N�o�r�w�a�y� 

�m�a�p�l�e� �a�n�d� �l�a�c�k� �o�f� �r�e�c�o�v�e�r�y� �f�o�r� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �Y�o�s�h�i�n�o� �c�h�e�r�r�y�.� �P�o�s�t�-� 

�t�r�a�n�s�p�l�a�n�t� �r�e�c�o�v�e�r�y� �o�r� �t�h�e� �l�a�c�k� �o�f� �r�e�c�o�v�e�r�y� �f�r�o�m� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �i�n�d�u�c�e�d� �w�a�t�e�r� �s�t�r�e�s�s� 

�m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �w�a�t�e�r� �a�b�s�o�r�p�t�i�o�n� �b�y� �r�o�o�t�s�,� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�r�e�-�b�u�d� �b�r�e�a�k� �r�o�o�t� 

�s�y�s�t�e�m�,� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e�s�e� �f�a�c�t�o�r�s�.� 

�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �a�n�d� �r�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y�.� �R�o�o�t� �h�y�d�r�a�u�l�i�c� 

�c�o�n�d�u�c�t�i�v�i�t�y� �v�a�l�u�e�s� �w�e�r�e� �t�h�e� �s�a�m�e� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �w�i�t�h�i�n� �e�a�c�h� �p�o�s�t�-�s�t�o�r�a�g�e� 

�d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �(�P� �=� �0�.�0�5�,� �d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �R�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� 

�(�a�v�e�r�a�g�e�d� �o�v�e�r� �s�p�e�c�i�e�s�)� �f�o�r� �t�r�e�e�s� �(�0� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�)� �d�e�c�r�e�a�s�e�d� �r�a�p�i�d�l�y� �w�i�t�h� 

�i�n�c�r�e�a�s�e�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �f�o�r� �r�o�o�t�s� �e�x�p�o�s�e�d� �(�s�l�o�p�e� �=� �-�5�.�0�3�)� �a�n�d� �w�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� 

�t�r�e�a�t�m�e�n�t�s� �(�s�l�o�p�e� �=� �-�4�.�0�6�)� �(�F�i�g�.� �1�)�.� �C�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�o�o�t�s� �e�x�p�o�s�e�d� �a�n�d� �w�h�o�l�e� �p�l�a�n�t� 

�e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s�,� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �J�,�,� �w�a�s� �l�o�w� �f�o�r� �t�h�e� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �(�s�l�o�p�e� �=� �-�1�.�3�2�)� 

�a�n�d� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �c�o�v�e�r�e�d� �(�s�l�o�p�e� �=� �-�1�.�4�3�)� �t�r�e�a�t�m�e�n�t�s�.� �A�t� �e�a�c�h� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�,� �r�o�o�t� 
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�h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �f�o�r� �r�o�o�t�s� �e�x�p�o�s�e�d� �a�n�d� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�l�e�s�s� �t�h�a�n� �f�o�r� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �a�n�d� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s�.� �R�e�l�a�t�i�v�e� �t�o� �t�h�e� �0� 

�h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�,� �a�i�r� �d�r�y�i�n�g� �t�r�e�e�s� �f�o�r� �1�2� �h�r� �g�r�e�a�t�l�y� �r�e�d�u�c�e�d� �w�a�t�e�r� �c�o�n�d�u�c�t�i�v�i�t�y� 

�r�a�t�e�s� �r�e�s�u�l�t�i�n�g� �i�n� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s� �(�F�i�g�.� �1�)�.� 

�R�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �d�a�t�a� �s�h�o�w�e�d� �t�h�a�t� �w�a�t�e�r� �f�l�o�w� �i�n� �r�o�o�t�s� �o�f� �b�o�t�h� 

�s�p�e�c�i�e�s� �w�a�s� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �s�t�o�r�a�g�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �t�h�i�s� �s�t�u�d�y� �a�n�d� �a� �1�2� �h�r� �e�x�p�o�s�u�r�e� 

�t�o� �a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s� �(�F�i�g�.� �1�)�.� �W�a�t�e�r� �s�t�r�e�s�s� �i�n� �l�o�b�l�o�l�l�y� �p�i�n�e� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �r�e�d�u�c�e� 

�w�a�t�e�r� �a�b�s�o�r�p�t�i�o�n� �b�e�c�a�u�s�e� �o�f� �a�n� �a�p�p�a�r�e�n�t� �r�e�d�u�c�t�i�o�n� �i�n� �r�o�o�t� �c�e�l�l� �p�e�r�m�e�a�b�i�l�i�t�y� �(�B�r�i�x�,� 

�1�9�6�0�)�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �d�e�c�r�e�a�s�e� �i�n� �J�,� �a�f�t�e�r� �a� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �p�e�r�i�o�d� �i�n�d�i�c�a�t�e�d� 

�t�h�e� �n�e�c�e�s�s�i�t�y� �f�o�r� �g�r�o�w�e�r�s� �t�o� �p�r�o�t�e�c�t� �r�o�o�t� �s�y�s�t�e�m�s� �o�f� �b�a�r�e�-�r�o�o�t� �p�l�a�n�t�s� �d�u�r�i�n�g� �p�l�a�n�t�i�n�g�.� 

�R�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�d� �o�t�h�e�r� �w�o�r�k� �(�I�n�s�l�e�y� �a�n�d� �B�u�c�k�l�e�y�,� �1�9�8�5�)� �s�u�p�p�o�r�t� �t�h�e� �c�o�n�t�e�n�t�i�o�n� �t�h�a�t� 

�r�o�o�t�s� �o�f� �s�e�e�d�l�i�n�g� �n�u�r�s�e�r�y� �s�t�o�c�k� �a�r�e� �e�x�t�r�e�m�e�l�y� �v�u�l�n�e�r�a�b�l�e� �t�o� �d�e�s�i�c�c�a�t�i�o�n� �s�t�r�e�s�s�.� �T�h�e� 

�l�a�c�k� �o�f� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �J�,� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s�,� �i�m�p�l�i�e�d� �t�h�a�t� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �w�a�t�e�r� �t�h�r�o�u�g�h� 

�r�o�o�t�s� �w�a�s� �t�h�e� �s�a�m�e� �f�o�r� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �a�n�d� �d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�t� �s�p�e�c�i�e�s�.� �H�e�n�c�e�,� 

�t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t�  ��¥�,� �r�e�s�p�o�n�s�e�s� �b�e�t�w�e�e�n� �m�a�p�l�e� �a�n�d� �h�a�w�t�h�o�r�n� �(�T�a�b�l�e� �1�)� 

�w�a�s� �a�p�p�a�r�e�n�t�l�y� �r�e�l�a�t�e�d� �t�o� �s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �I�n� �s�u�p�p�o�r�t� 

�o�f� �t�h�i�s� �c�o�n�t�e�n�t�i�o�n�,� �B�a�t�e�s� �(�1�9�9�4�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �h�a�w�t�h�o�r�n�  ��¥�,� �d�e�c�r�e�a�s�e�d� �m�o�r�e� �r�a�p�i�d�l�y� 

�a�n�d� �t�o� �a� �g�r�e�a�t�e�r� �e�x�t�e�n�t� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �t�h�a�n� �N�o�r�w�a�y� �m�a�p�l�e�  ��Y�,� 

�S�t�e�m� �w�a�x� �t�r�e�a�t�m�e�n�t�.� �S�t�e�m� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �f�o�r� �u�n�w�a�x�e�d� �h�a�w�t�h�o�r�n� �s�e�e�d�l�i�n�g�s� 

�t�h�a�t� �w�e�r�e� �u�n�s�t�r�e�s�s�e�d� �(�c�o�v�e�r�e�d�)� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �d�e�c�r�e�a�s�e�d� �6�9�%� �d�u�r�i�n�g� �t�h�e� �t�w�e�l�v�e� �d�a�y�s� 

�a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �c�o�m�p�a�r�e�d� �t�o� �o�n�l�y� �2�8�%� �f�o�r� �t�h�e� �w�a�x� �c�o�v�e�r�e�d� �s�e�e�d�l�i�n�g�s� �(�T�a�b�l�e� �2�)�.� 

�T�h�u�s�,� �t�h�e� �w�a�x� �c�o�v�e�r�i�n�g� �g�r�e�a�t�l�y� �a�m�e�l�i�o�r�a�t�e�d� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� �w�a�t�e�r� �s�t�r�e�s�s�.� �B�u�d� �b�r�e�a�k� 

�(�p�e�r�c�e�n�t� �o�f� �t�o�t�a�l� �b�u�d�s� �e�m�e�r�g�i�n�g�)� �f�o�r� �u�n�s�t�r�e�s�s�e�d� �t�r�e�e�s� �w�i�t�h� �w�a�x�-�c�o�a�t�e�d� �s�t�e�m�s� �w�a�s� �2�6�%� 

�h�i�g�h�e�r� �t�h�a�n� �f�o�r� �t�r�e�e�s� �w�i�t�h�o�u�t� �t�h�e� �w�a�x� �c�o�a�t�i�n�g� �(�T�a�b�l�e� �2�)�.� �S�t�r�e�s�s�e�d� �h�a�w�t�h�o�r�n� �s�e�e�d�l�i�n�g�s� 

�(�u�n�c�o�v�e�r�e�d� �i�n� �s�t�o�r�a�g�e�)� �e�x�h�i�b�i�t�e�d� �t�h�e� �s�a�m�e�  ��V�Y�,� �t�r�e�n�d�s� �a�s� �u�n�s�t�r�e�s�s�e�d� �s�e�e�d�l�i�n�g�s� �(�T�a�b�l�e� �2�)� 
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�a�l�t�h�o�u�g�h� �v�a�l�u�e�s� �w�e�r�e� �l�o�w�e�r� �a�n�d� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �w�a�x� �a�n�d� �n�o� �w�a�x� �t�r�e�a�t�m�e�n�t�s� 

�o�c�c�u�r�r�e�d� �f�o�u�r� �d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �c�o�m�p�a�r�e�d� �t�o� �e�i�g�h�t� �d�a�y�s� �f�o�r� �u�n�s�t�r�e�s�s�e�d� �t�r�e�e�s�.� 

�T�h�i�s� �f�i�n�d�i�n�g� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �M�u�r�a�k�a�m�i� �e�t� �a�l�.� �(�1�9�9�0�)� �w�h�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �h�a�w�t�h�o�r�n� 

�b�u�d� �b�r�e�a�k� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �7�8�%� �t�o� �2�7�%� �w�h�e�n� �'�P�,� �d�e�c�r�e�a�s�e�d� �f�r�o�m� �-�0�.�8� �t�o� �-�2�.�5� �M�P�a�.� 

�T�h�e� �w�a�x� �c�o�a�t�i�n�g� �d�a�t�a� �o�f� �t�h�e� �c�u�r�r�e�n�t� �w�o�r�k� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�a�t�e�r� �e�x�i�t�i�n�g� �t�h�r�o�u�g�h� 

�h�a�w�t�h�o�r�n� �s�t�e�m� �t�i�s�s�u�e� �w�a�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �i�n�c�r�e�a�s�i�n�g� �w�a�t�e�r� �s�t�r�e�s�s�.� �T�h�e� �l�o�w� �b�u�d� �b�r�e�a�k� 

�p�e�r�c�e�n�t�a�g�e�s� �f�o�r� �t�h�e� �u�n�w�a�x�e�d� �t�r�e�e�s� �o�f� �b�o�t�h� �s�t�r�e�s�s�e�d� �a�n�d� �u�n�s�t�r�e�s�s�e�d� �e�x�p�e�r�i�m�e�n�t�s� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �l�a�c�k� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�c�e� �o�f� �h�a�w�t�h�o�r�n�.� �F�r�o�m� �a� �c�o�m�m�e�r�c�i�a�l� 

�s�t�a�n�d�p�o�i�n�t�,� �b�u�d� �b�r�e�a�k� �p�e�r�c�e�n�t�a�g�e�s� �f�o�r� �t�h�e� �u�n�w�a�x�e�d� �t�r�e�a�t�m�e�n�t�s� �a�r�e� �u�n�a�c�c�e�p�t�a�b�l�e�.� 

�I�n� �s�u�m�m�a�r�y�,� �w�e� �f�o�u�n�d� �t�h�a�t� �b�a�r�e� �r�o�o�t� �m�a�p�l�e� �a�n�d� �h�a�w�t�h�o�r�n� �w�a�t�e�r� �s�t�r�e�s�s� 

�i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�.� �M�a�p�l�e�  ��Y�,� �d�e�c�r�e�a�s�e�d� �t�o� �-�1�.�3� �M�P�a� 

�a�f�t�e�r� �s�i�x� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e�,� �w�h�e�r�e�a�s� �h�a�w�t�h�o�r�n� �,� �d�e�c�r�e�a�s�e�d� �t�o� �-�1�.�4� �M�P�a� �a�f�t�e�r� �o�n�l�y� 

�t�w�o� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e�.� �(�T�a�b�l�e� �1�)�.� �C�o�m�p�a�r�e�d� �t�o�  ��Y�,� �d�u�r�i�n�g� �s�t�o�r�a�g�e�,�  ��V�Y�,� �o�f� �t�r�a�n�s�p�l�a�n�t�e�d� 

�m�a�p�l�e�s� �e�i�t�h�e�r� �i�n�c�r�e�a�s�e�d� �o�r� �r�e�m�a�i�n�e�d� �t�h�e� �s�a�m�e�.� �I�n� �c�o�n�t�r�a�s�t�,�  ��Y�,� �o�f� �t�r�a�n�s�p�l�a�n�t�e�d� 

�h�a�w�t�h�o�r�n� �g�e�n�e�r�a�l�l�y� �d�e�c�r�e�a�s�e�d�.� �T�h�e� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �n�a�t�u�r�e� �o�f� �h�a�w�t�h�o�r�n� �i�s� �m�o�s�t� 

�l�i�k�e�l�y� �r�e�l�a�t�e�d� �t�o� �w�a�t�e�r� �l�o�s�s� �f�r�o�m� �s�t�e�m�s� �s�i�n�c�e� �c�o�a�t�i�n�g� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �w�i�t�h� �w�a�x� �a�t� 

�t�r�a�n�s�p�l�a�n�t�i�n�g� �m�i�n�i�m�i�z�e�d� �w�a�t�e�r� �s�t�r�e�s�s� �a�n�d� �m�a�x�i�m�i�z�e�d� �b�u�d� �b�r�e�a�k� �(�T�a�b�l�e� �2�)�.� �W�e� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �w�a�t�e�r� �f�l�o�w� �i�n� �r�o�o�t�s� �w�a�s� �n�o�t� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �b�e�c�a�u�s�e� 

�t�h�e�r�e� �w�a�s� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �J�,�,� �b�e�t�w�e�e�n� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �(�F�i�g�.� �1�)�.� �S�u�r�v�i�v�a�l� �r�a�t�e�s� �f�o�r� 

�t�r�a�n�s�p�l�a�n�t�e�d� �b�a�r�e�-�r�o�o�t� �h�a�w�t�h�o�r�n� �t�r�e�e�s� �a�r�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �i�n� �t�h�e� �n�u�r�s�e�r�y� �i�n�d�u�s�t�r�y�.� �T�h�u�s�,� 

�u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �n�a�t�u�r�e� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�i�t�y� �c�a�n� �b�e� �u�s�e�d� �t�o� �i�m�p�r�o�v�e� �w�a�t�e�r� 

�r�e�l�a�t�i�o�n�s� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �a�n�d� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� 

�s�u�r�v�i�v�a�b�i�l�i�t�y�.� �F�r�o�m� �t�h�i�s� �a�n�d� �o�t�h�e�r� �w�o�r�k� �(�B�a�t�e�s�,� �1�9�9�4�;� �E�n�g�l�e�r�t� �e�t� �a�l�,� �1�9�9�3�)�,� �w�e� 

�r�e�c�o�m�m�e�n�d� �t�h�a�t� �t�h�e� �s�h�o�o�t� �a�n�d� �r�o�o�t�s� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �s�p�e�c�i�e�s� �b�e� �e�n�c�l�o�s�e�d� �i�n� �a� 
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�b�a�g� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �a�n�d� �t�h�a�t� �s�t�e�m�s� �b�e� �t�r�e�a�t�e�d� �w�i�t�h� �a�n� �a�n�t�i�d�e�s�i�c�c�a�n�t� �a�t� 

�t�r�a�n�s�p�l�a�n�t�i�n�g�.� 
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�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 
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�C�H�A�P�T�E�R� �F�O�U�R� 

�E�F�F�E�C�T� �O�F� �C�O�L�D� �S�T�O�R�A�G�E� �A�N�D� �P�R�E�-�T�R�A�N�S�P�L�A�N�T� 
�D�E�S�I�C�C�A�T�I�O�N� �O�N� �R�O�O�T� �G�R�O�W�T�H� �P�O�T�E�N�T�I�A�L� �A�N�D� �B�U�D� 
�B�R�E�A�K� �O�F� �B�A�R�E�-�R�O�O�T� �W�A�S�H�I�N�G�T�O�N� �H�A�W�T�H�O�R�N� �A�N�D� 

�N�O�R�W�A�Y� �M�A�P�L�E� 

�A�b�s�t�r�a�c�t� 

�T�w�o�-�y�e�a�r�-�o�l�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �M�e�d�.�)� �a�n�d� 

�N�o�r�w�a�y� �m�a�p�l�e� �(�A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �L�.�)� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �v�a�r�y�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� 

�d�u�r�a�t�i�o�n�s� �a�n�d� �t�h�e� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�:� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d�,� �s�h�o�o�t�s� �e�x�p�o�s�e�d�,� �r�o�o�t�s� 

�e�x�p�o�s�e�d� �a�n�d� �w�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d�.� �A�f�t�e�r� �s�t�o�r�a�g�e�,� �h�a�l�f� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �i�m�m�e�d�i�a�t�e�l�y� 

�p�l�a�n�t�e�d� �a�n�d� �h�a�l�f� �r�e�c�e�i�v�e�d� �a� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �p�r�i�o�r� �t�o� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �R�o�o�t� 

�g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �(�R�G�P�)�,� �t�i�m�e� �t�o� �b�u�d� �b�r�e�a�k�,� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y� �w�e�r�e� �m�e�a�s�u�r�e�d�.� �F�o�r� �t�h�e� 

�r�o�o�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s�,� �N�o�r�w�a�y� �m�a�p�l�e� �R�G�P� �i�n�c�r�e�a�s�e�d� �w�h�i�l�e� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� 

�R�G�P� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�.� �R�G�P� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �r�e�m�a�i�n�e�d� 

�l�o�w� �t�h�r�o�u�g�h�o�u�t� �s�t�o�r�a�g�e� �f�o�r� �t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s�.� �T�h�e� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� 

�t�r�e�a�t�m�e�n�t� �r�e�d�u�c�e�d� �R�G�P� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �w�i�t�h� �h�a�w�t�h�o�r�n� �b�e�i�n�g� �m�o�r�e� �a�f�f�e�c�t�e�d� �t�h�a�n� 

�m�a�p�l�e�.� �D�a�y�s� �t�o� �b�u�d� �b�r�e�a�k� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�o�r�a�g�e� �t�i�m�e� �f�o�r� 

�w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s�,� �b�u�t� �i�n�c�r�e�a�s�e�d� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �w�h�e�n� �s�t�o�r�e�d� �w�i�t�h� 

�e�x�p�o�s�e�d� �r�o�o�t�s�.� �M�a�p�l�e� �m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �r�o�o�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s� �w�a�s� �h�i�g�h� �f�o�r� �m�o�s�t� 

�s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�s�.� �H�a�w�t�h�o�r�n� �m�a�r�k�e�t�a�b�i�l�i�t�y� �w�a�s� �g�e�n�e�r�a�l�l�y� �l�o�w� �e�x�c�e�p�t� �f�o�r� �t�h�e� �w�h�o�l�e� 

�p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �s�i�x� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e�.� �F�o�r� �t�h�e� �r�e�s�p�e�c�t�i�v�e� 

�s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�s�,� �h�a�w�t�h�o�r�n� �R�G�P�,� �t�i�m�e� �t�o� �b�u�d� �b�r�e�a�k� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y� �v�a�l�u�e�s� �f�o�r� �t�h�e� 
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�s�h�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �h�a�w�t�h�o�r�n�.� 

�I�n� �c�o�n�t�r�a�s�t�,� �v�a�l�u�e�s� �f�o�r� �t�h�e� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� 

�c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� �f�o�r� �m�a�p�l�e�.� �T�h�e�r�e� �w�a�s� �a� �h�i�g�h� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �R�G�P� �a�n�d� 

�m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�R�a�p�i�d� �r�o�o�t� �r�e�g�e�n�e�r�a�t�i�o�n� �i�s� �a� �c�r�i�t�i�c�a�l� �f�a�c�t�o�r� �i�n� �t�h�e� �s�u�c�c�e�s�s�f�u�l� �e�s�t�a�b�l�i�s�h�m�e�n�t� �a�n�d� 

�s�u�r�v�i�v�a�l� �o�f� �t�r�a�n�s�p�l�a�n�t�e�d� �t�r�e�e� �s�e�e�d�l�i�n�g�s� �(�S�t�o�n�e� �e�t� �a�l�.�,� �1�9�6�2�;� �S�m�i�t�h�,� �1�9�8�6�;� �W�a�t�s�o�n�,� 

�1�9�8�6�)�.� �R�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �(�R�G�P�)�,� �d�e�f�i�n�e�d� �a�s� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a� �b�a�r�e�-�r�o�o�t� �s�e�e�d�l�i�n�g� �t�o� 

�g�r�o�w� �r�o�o�t�s� �w�h�e�n� �p�l�a�c�e�d� �i�n� �a� �f�a�v�o�r�a�b�l�e� �e�n�v�i�r�o�n�m�e�n�t� �(�R�i�t�c�h�i�e�,� �1�9�8�5�)�,� �h�a�s� �b�e�e�n� 

�p�o�s�i�t�i�v�e�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �f�i�e�l�d� �p�e�r�f�o�r�m�a�n�c�e� �f�o�r� �n�u�m�e�r�o�u�s� �c�o�n�i�f�e�r�s� �(�F�e�r�e�t� �a�n�d� �K�r�e�h�,� 

�1�9�8�5�;� �R�i�t�c�h�i�e� �a�n�d� �D�u�n�l�a�p�,� �1�9�8�0�;� �S�u�t�t�o�n�,� �1�9�8�7�)� �a�n�d� �d�e�c�i�d�u�o�u�s� �t�r�e�e�s� �(�v�o�n� �A�l�t�h�e�n� �a�n�d� 

�W�e�b�b�,� �1�9�7�8�;� �W�e�b�b�,� �1�9�7�7�)�.� �S�u�c�h� �t�r�e�e�s� �w�i�t�h� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �R�G�P�'�s� �a�r�e� �a�b�l�e� �t�o� �q�u�i�c�k�l�y� 

�e�x�p�l�o�i�t� �w�a�t�e�r� �a�n�d� �n�u�t�r�i�e�n�t�s� �b�e�y�o�n�d� �t�h�e� �o�r�i�g�i�n�a�l� �p�l�a�n�t�i�n�g� �h�o�l�e�,� �t�h�u�s� �h�a�s�t�e�n�i�n�g� 

�e�s�t�a�b�l�i�s�h�m�e�n�t�.� 

�B�a�r�e�-�r�o�o�t� �t�r�e�e�s� �a�r�e� �c�o�m�m�o�n�l�y� �d�u�g� �i�n� �l�a�t�e� �f�a�l�l�,� �p�l�a�c�e�d� �i�n� �c�o�l�d� �s�t�o�r�a�g�e�,� �a�n�d� 

�s�h�i�p�p�e�d� �a�n�d� �r�e�p�l�a�n�t�e�d� �i�n� �t�h�e� �s�p�r�i�n�g�.� �S�e�e�d�l�i�n�g�s� �h�a�n�d�l�e�d� �i�n� �t�h�i�s� �m�a�n�n�e�r� �a�r�e� �s�u�b�j�e�c�t� �t�o� 

�d�e�s�i�c�c�a�t�i�o�n� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �a�n�d� �h�a�n�d�l�i�n�g� �p�r�i�o�r� �t�o� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �D�e�s�i�c�c�a�t�i�o�n� �d�u�r�i�n�g� 

�t�h�e�s�e� �p�e�r�i�o�d�s� �c�a�n� �l�e�a�d� �t�o� �x�y�l�e�m� �c�a�v�i�t�a�t�i�o�n� �a�n�d� �l�o�s�s� �o�f� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �(�S�p�e�r�r�y� 

�e�t� �a�l�.�,� �1�9�8�8�)�,� �s�t�e�m� �d�i�e�b�a�c�k� �(�E�n�g�l�e�r�t� �e�t� �a�l�.�,� �1�9�9�3�)� �a�n�d� �r�e�d�u�c�e�d� �R�G�P� �(�W�e�b�b� �a�n�d� �v�o�n� 

�A�l�t�h�e�n�,� �1�9�8�0�)�.� �D�e�s�i�c�c�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �a�f�f�e�c�t� �s�p�e�c�i�e�s� �d�i�f�f�e�r�e�n�t�l�y� �w�i�t�h� �r�e�g�a�r�d� �t�o� �t�i�s�s�u�e� 

�(�C�o�u�t�t�s�,� �1�9�8�1�)� �a�n�d� �g�r�o�w�t�h� �s�t�a�g�e� �v�u�l�n�e�r�a�b�i�l�i�t�y� �(�M�u�l�l�i�n�,� �1�9�6�3�)�;� �s�u�r�v�i�v�a�l�,� �t�h�e�r�e�f�o�r�e� �i�s� 

�o�f�t�e�n� �s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c� �(�I�n�s�l�e�y� �a�n�d� �B�u�c�k�l�e�y�,� �1�9�8�5�)�,�.� �B�a�t�e�s� �(�1�9�9�4�)� �f�o�u�n�d� �t�h�a�t� �s�h�o�o�t�s� �o�f� 
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�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �l�o�s�t� �w�a�t�e�r� �m�o�r�e� �r�a�p�i�d�l�y� �i�n� �c�o�l�d� �s�t�o�r�a�g�e� �t�h�a�n� �s�h�o�o�t�s� �o�f� �N�o�r�w�a�y� 

�m�a�p�l�e� �a�n�d� �t�h�a�t� �w�a�t�e�r� �l�o�s�s� �t�h�r�o�u�g�h� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �n�e�g�a�t�i�v�e�l�y� �i�m�p�a�c�t�e�d� �r�o�o�t� �w�a�t�e�r� 

�p�o�t�e�n�t�i�a�l�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�h�i�l�e� �r�o�o�t� �p�r�o�t�e�c�t�i�o�n� �f�o�r� �a�l�l� �b�a�r�e�-�r�o�o�t� �s�t�o�c�k� �i�s� 

�i�m�p�e�r�a�t�i�v�e�,� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� �h�a�w�t�h�o�r�n� �r�e�q�u�i�r�e� �b�o�t�h� �s�h�o�o�t� �a�n�d� �r�o�o�t� 

�p�r�o�t�e�c�t�i�o�n� �t�o� �m�i�n�i�m�i�z�e� �w�a�t�e�r� �s�t�r�e�s�s� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e�.� �T�h�e�r�e� �i�s� �l�i�t�t�l�e� �i�n�f�o�r�m�a�t�i�o�n� 

�a�v�a�i�l�a�b�l�e� �c�o�m�p�a�r�i�n�g� �t�h�e� �i�m�p�a�c�t� �o�f� �w�a�t�e�r� �l�o�s�s� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �o�n� �t�h�e� �R�G�P� �a�n�d� �b�u�d� 

�b�r�e�a�k� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �a�n�d� �t�o�l�e�r�a�n�t� �s�p�e�c�i�e�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� 

�s�t�u�d�y� �w�a�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �r�o�o�t� �a�n�d� �s�h�o�o�t� �e�x�p�o�s�u�r�e� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �a�n�d� 

�h�a�n�d�l�i�n�g� �p�r�i�o�r� �t�o� �t�r�a�n�s�p�l�a�n�t�i�n�g�,� �o�n� �R�G�P�,� �t�i�m�i�n�g� �o�f� �b�u�d� �b�r�e�a�k� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y� �o�f� �a� 

�d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�t� �(�N�o�r�w�a�y� �m�a�p�l�e�)� �a�n�d� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �(�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n�)� 

�s�p�e�c�i�e�s�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�O�n� �J�a�n�u�a�r�y� �1�4�,� �1�9�9�3�,� �2�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e� �(�A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �L�.�)� �a�n�d� 

�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �M�e�d�.�)� �b�a�r�e�-�r�o�o�t� �s�e�e�d�l�i�n�g�s� �(�a�p�p�r�o�x�.� 

�2�4�-�3�6�"�)� �w�e�r�e� �r�e�c�e�i�v�e�d� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�A�.� �f�r�o�m� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�,� �P�l�a�i�n�s�,� �M�T�.� �P�r�i�o�r� 

�t�o� �s�h�i�p�p�i�n�g�,� �t�r�e�e�s� �w�e�r�e� �h�e�l�d� �i�n� �2�°�C� �(�3�5�°�F�)� �a�n�d� �9�8�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �c�o�l�d� �s�t�o�r�a�g�e� �f�o�r� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0� �d�a�y�s� �a�t� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�.� �S�e�e�d�l�i�n�g� �b�u�n�d�l�e�s� �w�e�r�e� �w�r�a�p�p�e�d� �i�n� 

�p�l�a�s�t�i�c� �s�h�e�e�t�i�n�g� �a�n�d� �p�l�a�c�e�d� �i�n� �c�a�r�d�b�o�a�r�d� �b�o�x�e�s� �w�i�t�h� �t�h�e� �r�o�o�t�s� �o�f� �e�a�c�h� �b�u�n�d�l�e� �p�a�c�k�e�d� �i�n� 

�m�o�i�s�t�e�n�e�d�,� �s�h�r�e�d�d�e�d� �n�e�w�s�p�r�i�n�t�.� �T�r�a�n�s�i�t� �t�i�m�e� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �f�i�v�e� �d�a�y�s�.� �T�r�e�e�s� 

�w�e�r�e� �s�o�r�t�e�d� �f�o�r� �u�n�i�f�o�r�m�i�t�y� �a�n�d� �t�w�o�-�h�u�n�d�r�e�d� �f�o�r�t�y� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �w�e�r�e� �p�l�a�c�e�d� �o�n� 

�w�o�o�d�e�n� �r�a�c�k�s� �i�n� �a� �w�a�l�k�-�i�n� �c�o�o�l�e�r� �m�a�i�n�t�a�i�n�e�d� �a�t� �7�0�%� �+� �5�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�n�d� �2�°�C� 

�(�3�5�°�F�)�.� �A�t� �t�h�e� �t�i�m�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �p�l�a�c�e�d� �i�n�t�o� �c�o�l�d� �s�t�o�r�a�g�e� �o�n�e� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�u�r� 
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�t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �r�a�n�d�o�m�l�y� �a�l�l�o�c�a�t�e�d� �t�o� �e�a�c�h� �t�r�e�e�:� �1�)� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �i�n� �w�h�i�c�h� �t�h�e� 

�e�n�t�i�r�e� �s�e�e�d�l�i�n�g� �w�a�s� �e�n�c�l�o�s�e�d� �i�n� �a� �s�e�a�l�e�d� �3�-�l�a�y�e�r� �s�t�o�r�a�g�e� �b�a�g� �(�U�n�i�o�n� �C�a�m�p� �C�o�r�p�.�,� 

�T�i�f�t�o�n�,� �G�A�)�,� �2�)� �s�h�o�o�t� �e�x�p�o�s�e�d� �i�n� �w�h�i�c�h� �s�e�e�d�l�i�n�g� �r�o�o�t�s� �w�e�r�e� �e�n�c�l�o�s�e�d� �i�n� �a� �s�t�o�r�a�g�e� �b�a�g� 

�s�e�a�l�e�d� �a�r�o�u�n�d� �t�h�e� �s�t�e�m� �j�u�s�t� �a�b�o�v�e� �t�h�e� �r�o�o�t� �c�o�l�l�a�r�,� �3�)� �r�o�o�t�s� �e�x�p�o�s�e�d� �i�n� �w�h�i�c�h� �s�h�o�o�t�s� 

�w�e�r�e� �e�n�c�l�o�s�e�d� �i�n� �a� �s�t�o�r�a�g�e� �b�a�g� �s�e�a�l�e�d� �j�u�s�t� �b�e�l�o�w� �t�h�e� �r�o�o�t� �c�o�l�l�a�r� �a�n�d� �4�)� �e�n�t�i�r�e� �s�e�e�d�l�i�n�g� 

�e�x�p�o�s�e�d� �(�n�o� �s�t�o�r�a�g�e� �b�a�g�)�.� �S�t�o�r�a�g�e� �b�a�g�s� �w�e�r�e� �c�o�m�p�r�e�s�s�e�d� �d�u�r�i�n�g� �p�l�a�n�t� �i�n�s�e�r�t�i�o�n� �t�o� 

�m�i�n�i�m�i�z�e� �a�i�r� �s�p�a�c�e� �w�i�t�h�i�n� �t�h�e� �b�a�g�;� �a�l�l� �t�r�e�e�s� �w�e�r�e� �p�l�a�c�e�d� �h�o�r�i�z�o�n�t�a�l�l�y� �o�n� �r�a�c�k�s�.� �T�w�o�-� 

�y�r�.�-�o�l�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �a�n�d� �N�o�r�w�a�y� �m�a�p�l�e� �w�e�r�e� �a�l�s�o� �g�r�o�w�n� �o�u�t�d�o�o�r�s� �i�n� �r�a�i�s�e�d� 

�b�e�d�s� �a�t� �t�h�e� �V�A� �T�E�C�H� �n�u�r�s�e�r�y�,� �B�l�a�c�k�s�b�u�r�g�,� �V�A�.� 

�O�n� �J�a�n�u�a�r�y� �2�8�,� �F�e�b�r�u�a�r�y� �1�1�,� �F�e�b�r�u�a�r�y� �2�8�,� �M�a�r�c�h� �1�1�,� �M�a�r�c�h� �2�8� �a�n�d� �A�p�r�i�l� �1�1� 

�(�2�,� �4�,� �6�,� �8�,� �1�0�,� �a�n�d� �1�2� �w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �1�0� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �a�n�d� �1�0� 

�N�o�r�w�a�y� �m�a�p�l�e� �t�r�e�e�s� �f�r�o�m� �e�a�c�h� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �a�n�d� �r�e�m�o�v�e�d� �f�r�o�m� 

�c�o�l�d� �s�t�o�r�a�g�e�.� �L�o�c�a�l�l�y� �g�r�o�w�n� �s�e�e�d�l�i�n�g�s� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �w�e�r�e� �a�l�s�o� �d�u�g� �f�r�o�m� �n�u�r�s�e�r�y� 

�b�e�d�s� �o�n� �t�h�e� �a�b�o�v�e� �d�a�t�e�s�.� �A�l�l� �t�r�e�e�s� �f�r�o�m� �e�a�c�h� �s�p�e�c�i�e�s� �x� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n� �(�a�n�d� 

�l�o�c�a�l�l�y� �g�r�o�w�n� �t�r�e�e�s�)� �w�e�r�e� �p�l�a�n�t�e�d� �i�n�t�o� �4�6� �x� �1�0� �x� �4�1� �c�m� �(�l�e�n�g�t�h� �x� �w�i�d�t�h� �x� �h�e�i�g�h�t�)� �t�r�a�y�s� 

�c�o�n�t�a�i�n�i�n�g� �1�0�0�%� �p�i�n�e� �b�a�r�k� �(�D�e�W�a�l�d� �a�n�d� �F�e�r�e�t�,� �1�9�8�8�)�.� �T�h�e� �R�G�P� �t�e�s�t� �w�a�s� �c�o�n�d�u�c�t�e�d� 

�i�n� �a� �g�r�e�e�n�h�o�u�s�e� �w�h�e�r�e� �a�i�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �2�4�°�C� �(�7�5�°�F�)� �d�a�y�,� �1�6�°�C� 

�(�6�0�°�F�)� �n�i�g�h�t� �a�n�d� �d�a�y� �l�e�n�g�t�h� �w�a�s� �e�x�t�e�n�d�e�d� �t�o� �1�6� �h�o�u�r�s� �w�i�t�h� �s�o�d�i�u�m� �v�a�p�o�r� �l�a�m�p�s�.� 

�A�f�t�e�r� �2�8� �d�a�y�s�,� �h�a�l�f� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �c�a�r�e�f�u�l�l�y� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �t�r�a�y�s�,� �t�h�e� �p�i�n�e� �b�a�r�k� 

�w�a�s�h�e�d� �f�r�o�m� �t�h�e� �r�o�o�t�s� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �n�e�w� �w�h�i�t�e� �r�o�o�t�s� �c�o�u�n�t�e�d� �f�o�r� �e�a�c�h� �s�e�e�d�l�i�n�g�.� 

�D�a�y�s� �t�o� �f�i�r�s�t� �b�u�d� �b�r�e�a�k� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �r�e�m�a�i�n�i�n�g� �f�i�v�e� �t�r�e�e�s� 

�f�r�o�m� �e�a�c�h� �c�o�m�b�i�n�a�t�i�o�n�.� �M�a�r�k�e�t�a�b�l�e� �p�l�a�n�t�s� �e�x�h�i�b�i�t�e�d� �l�e�s�s� �t�h�a�n� �1�0�%� �s�h�o�o�t� �d�i�e�b�a�c�k�.� 

�T�r�e�e�s� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �a�n�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e� �a�t� �e�a�c�h� 

�c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �e�x�p�o�s�e�d� �t�o� �d�e�s�i�c�c�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s� �p�r�i�o�r� �t�o� �t�h�e� �R�G�P� �t�e�s�t�.� 

�A�l�l� �s�e�e�d�l�i�n�g�s� �r�e�c�e�i�v�i�n�g� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �p�l�a�c�e�d� �o�n� �a� �l�a�b� �b�e�n�c�h� �a�n�d� 
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�a�l�l�o�w�e�d� �t�o� �a�i�r�-�d�r�y� �a�t� �2�4�°�C� �(�7�5�°�F�)� �a�n�d� �3�5�%� �+� �5�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �f�o�r� �1�2� �h�o�u�r�s�.� �D�a�t�a� 

�w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e�.� �A� �f�a�c�t�o�r�i�a�l� �s�e�t� �o�f� �t�r�e�a�t�m�e�n�t�s�:� �2� �s�p�e�c�i�e�s�,� �4� �c�o�l�d� 

�s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�,� �6� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�s� �w�a�s� �r�e�p�l�i�c�a�t�e�d� �f�i�v�e� �t�i�m�e�s� �u�s�i�n�g� �a� �c�o�m�p�l�e�t�e�l�y� 

�r�a�n�d�o�m�i�z�e�d� �d�e�s�i�g�n�.� �D�e�s�i�c�c�a�t�i�o�n� �t�i�m�e� �(�0� �h�r� �v�s�.� �1�2� �h�r�)� �d�a�t�a� �w�e�r�e� �a�n�a�l�y�z�e�d� �s�e�p�a�r�a�t�e�l�y�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�N�o�r�w�a�y� �m�a�p�l�e� �R�G�P� �(�n�u�m�b�e�r� �o�f� �n�e�w� �r�o�o�t�s� �p�e�r� �t�r�a�n�s�p�l�a�n�t�e�d� �s�e�e�d�l�i�n�g�)� �g�e�n�e�r�a�l�l�y� 

�i�n�c�r�e�a�s�e�d� �o�v�e�r� �t�i�m�e� �a�n�d� �w�a�s� �h�i�g�h�e�s�t� �f�o�r� �t�r�e�a�t�m�e�n�t�s� �c�o�v�e�r�i�n�g� �r�o�o�t�s� �(�w�h�o�l�e� �p�l�a�n�t� 

�c�o�v�e�r�e�d�,� �s�h�o�o�t�s� �e�x�p�o�s�e�d�)� �c�o�m�p�a�r�e�d� �t�o� �t�r�e�a�t�m�e�n�t�s� �w�i�t�h�o�u�t� �r�o�o�t� �c�o�v�e�r�i�n�g� �(�0� �h�r� 

�d�e�s�i�c�c�a�t�i�o�n�;� �F�i�g�.� �1�)�.� �R�G�P� �f�o�r� �p�l�a�n�t�s� �t�h�a�t� �h�a�d� �r�o�o�t�s� �c�o�v�e�r�e�d� �a�n�d� �r�e�c�e�i�v�e�d� �a� �1�2� �h�r� 

�d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �i�n�c�r�e�a�s�e�d� �u�n�t�i�l� �w�e�e�k� �e�i�g�h�t� �a�n�d� �d�e�c�r�e�a�s�e�d� �t�h�e�r�e�a�f�t�e�r�.� �R�G�P� �w�a�s� 

�n�e�a�r� �z�e�r�o� �a�t� �e�a�c�h� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �f�o�r� �t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s� �(�w�h�o�l�e� �p�l�a�n�t� 

�e�x�p�o�s�e�d�,� �r�o�o�t�s� �e�x�p�o�s�e�d�)�.� �H�a�w�t�h�o�r�n� �R�G�P� �(�0� �h�r� �d�e�s�i�c�c�a�t�i�o�n�)� �w�a�s� �g�r�e�a�t�e�s�t� �f�o�r� �t�h�e� 

�w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� �a�n�d� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �w�e�e�k� �t�w�o� �t�o� �w�e�e�k� �f�o�u�r� �a�n�d� 

�d�e�c�r�e�a�s�e�d� �t�h�e�r�e�a�f�t�e�r�.� �R�G�P� �f�o�r� �t�h�e� �s�h�o�o�t� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� �w�a�s� �i�n�t�e�r�m�e�d�i�a�t�e� �b�e�t�w�e�e�n� 

�t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� �a�n�d� �t�h�e� �t�w�o� �t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s� �f�o�r� �w�e�e�k�s� 

�f�o�u�r� �t�h�r�o�u�g�h� �t�e�n�.� �A�s� �w�i�t�h� �N�o�r�w�a�y� �m�a�p�l�e�,� �t�h�e� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �r�e�d�u�c�e�d� 

�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �R�G�P� �f�o�r� �a�l�l� �t�r�e�a�t�m�e�n�t�s�,� �w�i�t�h� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� 

�b�e�i�n�g� �h�i�g�h�e�r� �f�o�r� �w�e�e�k� �f�o�u�r� �t�h�r�o�u�g�h� �e�i�g�h�t� �t�h�a�n� �t�h�e� �o�t�h�e�r� �c�o�v�e�r�i�n�g� �t�r�e�a�t�m�e�n�t�s�.� �T�h�e�r�e� 

�w�a�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �R�G�P� �o�n� �w�e�e�k� �f�o�u�r� �f�o�r� �t�h�e� �r�o�o�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�s�,� �w�i�t�h� �R�G�P� 

�d�e�c�r�e�a�s�i�n�g� �t�h�e�r�e�a�f�t�e�r�.� 

�T�h�e� �i�n�c�r�e�a�s�e� �i�n� �R�G�P� �o�v�e�r� �t�i�m�e� �f�o�r� �m�a�p�l�e� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �W�e�b�b� �(�1�9�7�6�)� 

�w�h�o� �r�e�p�o�r�t�e�d� �i�n�c�r�e�a�s�i�n�g� �R�G�P� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �f�o�r� �F�r�a�x�i�n�u�s� �a�m�e�r�i�c�a�n�a� 
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�L�.� �s�e�e�d�l�i�n�g�s�.� �A�l�s�o�,� �e�n�t�i�r�e�l�y� �c�o�v�e�r�e�d� �h�a�w�t�h�o�r�n� �p�l�a�n�t�s� �h�a�d� �h�i�g�h�e�r� �R�G�P� �t�h�a�n� �p�l�a�n�t�s� �t�h�a�t� 

�o�n�l�y� �h�a�d� �r�o�o�t�s� �c�o�v�e�r�e�d� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �i�n�f�l�u�e�n�c�e�d� �r�o�o�t� 

�r�e�g�e�n�e�r�a�t�i�o�n�.� �T�h�i�s� �f�i�n�d�i�n�g� �c�o�i�n�c�i�d�e�s� �w�i�t�h� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �d�a�t�a� �o�f� �C�h�a�p�t�e�r� �2� �w�h�e�r�e�,� �a�t� 

�e�a�c�h� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�,� �h�a�w�t�h�o�r�n� �p�l�a�n�t�s� �w�h�i�c�h� �w�e�r�e� �c�o�m�p�l�e�t�e�l�y� �c�o�v�e�r�e�d� �h�a�d� �h�i�g�h�e�r� 

�r�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l�s� �t�h�a�n� �p�l�a�n�t�s� �w�i�t�h� �o�n�l�y� �r�o�o�t�s� �c�o�v�e�r�e�d�.� �T�h�i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �w�a�t�e�r� 

�l�o�s�t� �t�h�r�o�u�g�h� �t�h�e� �s�t�e�m�s� �n�e�g�a�t�i�v�e�l�y� �i�m�p�a�c�t�e�d� �r�o�o�t� �w�a�t�e�r� �r�e�l�a�t�i�o�n�s�.� �A�p�p�a�r�e�n�t�l�y�,� �t�h�e� 

�n�e�g�a�t�i�v�e� �e�f�f�e�c�t� �o�f� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �o�n� �h�a�w�t�h�o�r�n� �r�o�o�t� �e�m�e�r�g�e�n�c�e� �i�s� �a�t� �l�e�a�s�t� �i�n� �p�a�r�t� �d�u�e� 

�t�o� �w�a�t�e�r� �s�t�r�e�s�s� �a�c�q�u�i�r�e�d� �i�n� �s�t�o�r�a�g�e�.� �C�o�m�m�e�r�c�i�a�l� �n�u�r�s�e�r�i�e�s� �t�y�p�i�c�a�l�l�y� �c�o�v�e�r� �o�n�l�y� �t�h�e� 

�r�o�o�t�s� �o�f� �b�a�r�e�-�r�o�o�t� �t�r�e�e�s� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �(�L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�)�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�o�m�p�l�e�t�e�l�y� �c�o�v�e�r�i�n�g� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� 

�s�p�e�c�i�e�s� �s�u�c�h� �a�s� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �w�i�l�l� �i�m�p�r�o�v�e� �n�e�w� �r�o�o�t� �i�n�i�t�i�a�t�i�o�n� 

�a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� �R�e�d�u�c�e�d� �R�G�P� �o�f� �b�o�t�h� �s�p�e�c�i�e�s� �a�f�t�e�r� �a� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� 

�(�c�u�r�r�e�n�t� �w�o�r�k�)� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �p�r�o�t�e�c�t�i�n�g� �r�o�o�t�s� �d�u�r�i�n�g� �t�h�e� 

�t�r�a�n�s�p�l�a�n�t�i�n�g� �p�r�o�c�e�s�s�.� 

�R�G�P� �o�f� �m�a�n�y� �d�e�c�i�d�u�o�u�s� �h�a�r�d�w�o�o�d� �s�p�e�c�i�e�s� �f�o�l�l�o�w�s� �a� �p�r�e�d�i�c�t�a�b�l�e� �h�o�r�m�o�n�e�-� 

�m�e�d�i�a�t�e�d� �p�a�t�t�e�r�n�,� �w�h�e�r�e�b�y� �n�e�w� �r�o�o�t� �i�n�i�t�i�a�t�i�o�n� �i�s� �l�o�w� �i�n� �a�u�t�u�m�n� �a�n�d� �w�i�n�t�e�r�,� �i�n�c�r�e�a�s�e�s� 

�r�a�p�i�d�l�y� �t�h�r�o�u�g�h� �s�p�r�i�n�g�,� �a�n�d� �r�e�t�u�r�n�s� �t�o� �l�o�w� �l�e�v�e�l�s� �b�y� �s�u�m�m�e�r� �(�P�.� �F�e�r�e�t�,� �p�e�r�s�o�n�a�l� 

�c�o�m�m�u�n�i�c�a�t�i�o�n�)�.� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �a�n�d� �N�o�r�w�a�y� �m�a�p�l�e� �s�e�e�d�l�i�n�g�s� �g�r�o�w�n� �o�u�t�d�o�o�r�s� 

�a�n�d� �h�a�r�v�e�s�t�e�d� �f�r�o�m� �V�A� �T�E�C�H� �n�u�r�s�e�r�y� �b�e�d�s� �e�x�h�i�b�i�t�e�d� �s�u�c�h� �a� �p�a�t�t�e�r�n� �o�f� �R�G�P� 

�d�e�v�e�l�o�p�m�e�n�t� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� �R�G�P� �f�o�r� �l�o�c�a�l�l�y� �g�r�o�w�n� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �a�l�s�o� �w�a�s� 

�v�e�r�y� �s�i�m�i�l�a�r� �t�o� �R�G�P� �t�r�e�n�d�s� �f�o�r� �c�o�l�d�-�s�t�o�r�e�d� �h�a�w�t�h�o�r�n� �(�w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t�)� 

�a�n�d� �m�a�p�l�e� �(�w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �a�n�d� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s�)�,� �(�F�i�g�.� �1� �a�n�d� �2�)�.� 

�I�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �r�o�o�t� �h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �(�R�h�c�)� �d�e�c�r�e�a�s�e�d� �f�o�r� 

�b�o�t�h� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �(�C�h�a�p�t�e�r� �3�,� �F�i�g�.� �1�)�,� �w�h�i�l�e� 

�m�a�p�l�e� �R�G�P� �g�e�n�e�r�a�l�l�y� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �(�F�i�g�.� �1� �a�n�d� �2�)�.� �T�h�e�s�e� 

�5�0



�d�i�f�f�e�r�e�n�c�e�s� �i�n� �r�e�s�p�o�n�s�e� �t�o� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �m�a�y� �b�e� �r�e�l�a�t�e�d�,� �i�n� �p�a�r�t�,� �t�o� �s�e�e�d�l�i�n�g� �r�o�o�t� 

�t�y�p�e� �a�n�d� �r�o�o�t� �w�a�t�e�r� �r�e�l�a�t�i�o�n�s�.� �D�o�r�m�a�n�t� �c�o�l�d�-�s�t�o�r�e�d� �s�e�e�d�l�i�n�g�s� �h�a�v�e� �h�i�g�h�l�y� �s�u�b�e�r�i�z�e�d� 

�o�l�d�e�r� �r�o�o�t�s� �w�h�i�c�h� �u�s�u�a�l�l�y� �e�x�h�i�b�i�t� �l�o�w� �w�a�t�e�r� �c�o�n�d�u�c�t�i�v�i�t�y�.� �T�h�e� �R�G�P� �t�e�s�t�s� �o�f� �t�h�i�s� �s�t�u�d�y� 

�m�e�a�s�u�r�e�d� �i�n�i�t�i�a�t�i�o�n� �o�f� �n�e�w� �r�o�o�t�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�,� �w�h�i�c�h� �t�y�p�i�c�a�l�l�y� �p�o�s�s�e�s�s� �h�i�g�h� 

�c�o�n�d�u�c�t�i�v�i�t�y�.� �A�l�s�o�,� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �r�o�o�t� �w�a�t�e�r� �p�o�t�e�n�t�i�a�l� �(�Y�r�)� �m�a�y� �d�e�c�l�i�n�e� �d�u�e� �t�o� 

�i�n�c�r�e�a�s�e�d� �m�o�i�s�t�u�r�e� �s�t�r�e�s�s� �(�C�h�a�p�t�e�r� �2�,� �T�a�b�l�e� �2�)�.� �W�i�t�h� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �n�e�w� �r�o�o�t�s� �a�f�t�e�r� 

�t�r�a�n�s�p�l�a�n�t�i�n�g�,� �h�o�w�e�v�e�r�,� �Y�r� �i�n�c�r�e�a�s�e�s� �(�u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a�)�.� 

�D�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �s�t�o�r�a�g�e� �c�o�v�e�r�i�n�g� �t�r�e�a�t�m�e�n�t�s� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�y�s� �r�e�q�u�i�r�e�d� 

�f�o�r� �m�a�p�l�e� �s�e�e�d�l�i�n�g�s� �t�o� �b�r�e�a�k� �b�u�d� �w�e�r�e� �n�o�t� �e�v�i�d�e�n�t� �u�n�t�i�l� �s�i�x� �w�e�e�k�s� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� 

�(�T�a�b�l�e� �1�)�.� �A�t� �e�i�g�h�t� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e� �a�n�d� �t�h�e�r�e�a�f�t�e�r�,� �t�h�e� �t�i�m�e� �t�o� �b�u�d� �b�r�e�a�k� �f�o�r� 

�t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �b�o�t�h� �t�r�e�a�t�m�e�n�t�s� �c�o�v�e�r�i�n�g� �r�o�o�t�s�.� �A�f�t�e�r� 

�f�o�u�r� �w�e�e�k�s� �s�t�o�r�a�g�e�,� �t�h�e� �t�i�m�e� �t�o� �h�a�w�t�h�o�r�n� �b�u�d� �b�r�e�a�k� �w�a�s� �l�e�s�s� �w�h�e�n� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� 

�w�a�s� �c�o�v�e�r�e�d� �c�o�m�p�a�r�e�d� �t�o� �o�t�h�e�r� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �t�h�e� �d�a�y�s� �t�o� �b�u�d� �b�r�e�a�k� �d�e�c�r�e�a�s�e�d� �w�i�t�h� 

�s�t�o�r�a�g�e� �t�i�m�e� �(�T�a�b�l�e� �1�)�.� �A�l�s�o�,� �s�t�o�r�e�d� �f�o�r� �t�w�e�l�v�e� �w�e�e�k�s�,� �p�l�a�n�t�s� �t�h�a�t� �w�e�r�e� �n�o�t� �t�o�t�a�l�l�y� 

�c�o�v�e�r�e�d� �d�i�d� �n�o�t� �s�h�o�w� �s�i�g�n�s� �o�f� �b�u�d� �b�r�e�a�k� �a�f�t�e�r� �9�0� �d�a�y�s�.� �T�h�e� �s�t�e�m�s� �o�f� �t�h�e�s�e� �p�l�a�n�t�s� 

�w�e�r�e� �v�i�s�i�b�l�y� �d�e�s�i�c�c�a�t�e�d�.� �I�n� �a� �s�t�u�d�y� �u�s�i�n�g� �g�r�e�e�n� �a�s�h� �(�F�r�a�x�i�n�u�s� �p�e�n�n�s�y�l�v�a�n�i�c�a� �M�a�r�s�h�.�)� 

�a�n�d� �p�a�p�e�r� �b�i�r�c�h� �(�B�e�t�u�l�a� �p�a�p�y�r�i�f�e�r�a� �M�a�r�s�h�.�)�,� �H�a�r�r�i�s� �e�t� �a�l�.� �(�1�9�9�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �d�a�y�s� �t�o� 

�b�u�d� �b�r�e�a�k� �d�e�c�r�e�a�s�e�d� �a�s� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �i�n�c�r�e�a�s�e�d�.� �T�h�e� �t�r�e�e�s� �o�f� �t�h�a�t� �s�t�u�d�y� �w�e�r�e� 

�h�e�e�l�e�d� �i�n� �w�i�t�h� �m�o�i�s�t� �v�e�r�m�i�c�u�l�i�t�e� �a�n�d� �e�x�p�e�r�i�e�n�c�e�d� �n�o� �s�t�e�m� �d�i�e�b�a�c�k�.� �T�h�e� �b�u�d� �b�r�e�a�k� 

�d�a�t�a� �f�o�r� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �(�b�o�t�h� �s�p�e�c�i�e�s�)� �o�f� �t�h�i�s� �s�t�u�d�y� �a�r�e� �i�n� 

�a�g�r�e�e�m�e�n�t� �w�i�t�h� �H�a�r�r�i�s� �e�t� �a�l�.� �h�o�w�e�v�e�r�,� �a�s� �s�t�o�r�a�g�e� �d�e�s�i�c�c�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� �(�r�o�o�t�s� 

�e�x�p�o�s�e�d�,� �w�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�)� �d�a�y�s� �t�o� �f�i�r�s�t� �b�u�d� �b�r�e�a�k� �a�n�d� �s�t�e�m� 

�d�i�e�b�a�c�k� �a�l�s�o� �i�n�c�r�e�a�s�e�d�.� 

�M�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �m�a�p�l�e�s� �w�i�t�h� �r�o�o�t�s� �c�o�v�e�r�e�d� �(�w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �a�n�d� �s�h�o�o�t�s� 

�e�x�p�o�s�e�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�)� �w�a�s� �1�0�0�%� �b�e�y�o�n�d� �s�i�x� �w�e�e�k�s� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �(�T�a�b�l�e� �2�)�.� 
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�F�o�r� �t�r�e�a�t�m�e�n�t�s� �e�x�p�o�s�i�n�g� �r�o�o�t�s� �o�n�l�y�,� �m�a�r�k�e�t�a�b�i�l�i�t�y� �w�a�s� �4�0�%� �o�r� �l�e�s�s� �a�t� �a�l�l� �s�t�o�r�a�g�e� 

�d�u�r�a�t�i�o�n�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �h�a�w�t�h�o�r�n� �m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� 

�w�a�s� �1�0�0�%� �a�f�t�e�r� �f�o�u�r� �w�e�e�k�s� �o�f� �s�t�o�r�a�g�e� �b�u�t� �d�e�c�l�i�n�e�d� �t�o� �2�0�%� �b�y� �w�e�e�k� �t�e�n� �a�n�d� �w�a�s� �0�%� 

�f�o�r� �t�h�e� �r�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s� �f�o�r� �a�l�l� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n�s� �(�T�a�b�l�e� �4�)�.� �C�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�r�o�o�t� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t�s�,� �o�n�l�y� �c�o�v�e�r�i�n�g� �t�h�e� �r�o�o�t�s� �(�s�h�o�o�t�s� �e�x�p�o�s�e�d�)� �i�n�c�r�e�a�s�e�d� 

�m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �t�h�e� �f�i�r�s�t� �s�i�x� �w�e�e�k�s� �i�n� �s�t�o�r�a�g�e�.� �E�x�p�o�s�i�n�g� �N�o�r�w�a�y� �m�a�p�l�e� �s�e�e�d�l�i�n�g�s� �t�o� 

�a� �1�2� �h�r� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �p�r�i�o�r� �t�o� �t�r�a�n�s�p�l�a�n�t�i�n�g� �r�e�s�u�l�t�e�d� �i�n� �0�%� �m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �a�l�l� 

�s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �x� �d�u�r�a�t�i�o�n� �c�o�m�b�i�n�a�t�i�o�n�s� �e�x�c�e�p�t� �t�h�e� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �t�r�e�a�t�m�e�n�t� 

�a�t� �w�e�e�k�s� �e�i�g�h�t� �a�n�d� �t�e�n� �(�8�0�%� �a�n�d� �8�0�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �a�n�d� �t�h�e� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �t�r�e�a�t�m�e�n�t� 

�a�t� �w�e�e�k�s� �s�i�x�,� �e�i�g�h�t� �a�n�d� �t�w�e�l�v�e� �(�6�0�%�,� �4�0�%� �a�n�d� �2�0�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �A� �1�2� �h�r� 

�d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� �r�e�n�d�e�r�e�d� �h�a�w�t�h�o�r�n� �s�e�e�d�l�i�n�g�s� �u�n�m�a�r�k�e�t�a�b�l�e� �f�o�r� �a�l�l� �s�t�o�r�a�g�e� 

�t�r�e�a�t�m�e�n�t�s� �a�n�d� �d�u�r�a�t�i�o�n�s� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� 

�A� �m�a�j�o�r� �o�b�j�e�c�t�i�v�e� �i�n� �a�s�s�e�s�s�i�n�g� �f�o�r�e�s�t� �s�e�e�d�l�i�n�g� �R�G�P� �i�s� �t�o� �p�r�e�d�i�c�t� �f�i�e�l�d� �s�u�r�v�i�v�a�l� 

�a�n�d� �p�e�r�f�o�r�m�a�n�c�e�.� �S�i�m�i�l�a�r�l�y�,� �n�u�r�s�e�r�y�m�e�n� �a�r�e� �i�n�t�e�r�e�s�t�e�d� �i�n� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� �s�u�r�v�i�v�a�l� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �m�a�r�k�e�t�a�b�i�l�i�t�y�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �a� �h�i�g�h� �p�o�s�i�t�i�v�e� �c�o�r�r�e�l�a�t�i�o�n� �e�x�i�s�t�e�d� �b�e�t�w�e�e�n� 

�R�G�P� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �N�o�r�w�a�y� �m�a�p�l�e� �(�r� �=� �0�.�8�6�)� �a�n�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�r� �=� 

�0�.�9�1�)�.� �W�e�b�b� �(�1�9�7�7�)� �r�e�p�o�r�t�e�d� �a� �s�t�r�o�n�g� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �R�G�P� �a�n�d� �f�i�e�l�d� �s�u�r�v�i�v�a�l� �f�o�r� 

�A�c�e�r� �s�a�c�c�h�a�r�u�m� �M�a�r�s�h�.�,� �A�c�e�r� �s�a�c�c�h�a�r�i�n�u�m� �L�.�,� �a�n�d� �F�r�a�x�i�n�u�s� �a�m�e�r�i�c�a�n�a� �L�.� �T�h�i�s� �w�o�r�k� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� �i�m�p�a�c�t� �o�f� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �p�l�a�n�t� �p�a�r�t� �e�x�p�o�s�u�r�e� �d�u�r�i�n�g� 

�s�t�o�r�a�g�e� �o�n� �s�e�e�d�l�i�n�g� �p�h�y�s�i�o�l�o�g�y� �w�a�s� �s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c�.� �M�a�p�l�e� �r�o�o�t� �e�x�p�o�s�u�r�e� �a�n�d� 

�h�a�w�t�h�o�r�n� �r�o�o�t� �a�n�d� �s�h�o�o�t� �e�x�p�o�s�u�r�e� �d�u�r�i�n�g� �s�t�o�r�a�g�e� �h�a�d� �a� �n�e�g�a�t�i�v�e� �e�f�f�e�c�t� �o�n� �R�G�P�,� �t�i�m�e� 

�t�o� �b�u�d� �b�r�e�a�k� �a�n�d� �m�a�r�k�e�t�a�b�i�l�i�t�y�.� 
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�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�B�a�t�e�s�,� �R�.�M�.� �1�9�9�4�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �a�n�d� 

�e�s�t�a�b�l�i�s�h�m�e�n�t� �f�o�r� �A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �a�n�d� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m�.� �P�h�.�D�.� 

�d�i�s�s�e�r�t�a�t�i�o�n�.� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� �B�l�a�c�k�s�b�u�r�g�,� 

�V�i�r�g�i�n�i�a�,� �U�S�A�.� 

�C�o�u�t�t�s�,� �M�.�P�.� �1�9�8�1�.� �E�f�f�e�c�t�s� �o�f� �r�o�o�t� �o�r� �s�h�o�o�t� �e�x�p�o�s�u�r�e� �o�n� �t�h�e� �w�a�t�e�r� �r�e�l�a�t�i�o�n�s�,� 

�g�r�o�w�t�h�,� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �S�i�t�k�a� �s�p�r�u�c�e�.� �C�a�n�.� �J�.� �F�o�r�.� �R�e�s�.� �1�1�:�7�0�3�-�7�0�9�.� 

�E�n�g�l�e�r�t�,� �J�.�M�.�,� �K�.� �W�a�r�r�e�n�,� �L�.�H�.� �F�u�c�h�i�g�a�m�i�,� �a�n�d� �T�.�H�.� �C�h�e�n�.� �1�9�9�3�.� �A�n�t�i�d�e�s�i�c�c�a�n�t� 

�c�o�m�p�o�u�n�d�s� �i�m�p�r�o�v�e� �t�h�e� �s�u�r�v�i�v�a�l� �o�f� �b�a�r�e�-�r�o�o�t� �d�e�c�i�d�u�o�u�s� �n�u�r�s�e�r�y� �t�r�e�e�s�.� �J�.� 

�A�m�e�r�.� �S�o�c�.� �H�o�r�t�.� �S�c�i�.� �1�1�8�:�2�2�8�-�2�3�5�.� 

�D�e�W�a�l�d�,� �L�.�E�.� �a�n�d� �P�.�P�.� �F�e�r�e�t�.� �1�9�8�8�.� �C�h�a�n�g�e�s� �i�n� �l�o�b�l�o�l�l�y� �p�i�n�e� �s�e�e�d�l�i�n�g� �r�o�o�t� �g�r�o�w�t�h� 

�p�o�t�e�n�t�i�a�l�,� �d�r�y� �w�e�i�g�h�t�,� �a�n�d� �d�o�r�m�a�n�c�y� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e�.� �F�o�r�.� �S�c�i�.� �3�4�:�4�1�-�5�4�.� 

�F�e�r�e�t�,� �P�.�P�.� �a�n�d� �R�-�E�.� �K�r�e�h�.� �1�9�8�5�.� �S�e�e�d�l�i�n�g� �r�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �a�s� �a�n� �i�n�d�i�c�a�t�o�r� �o�f� 

�l�o�b�l�o�l�l�y� �p�i�n�e� �f�i�e�l�d� �p�e�r�f�o�r�m�a�n�c�e�.� �F�o�r�.� �S�c�i�.� �3�1�:�1�0�0�5�-�1�0�1�1�.� 

�H�a�r�r�i�s�,� �J�.�R�.�,� �N�.�L�.� �B�a�s�s�u�k�,� �a�n�d� �T�.�H�.� �W�h�i�t�l�o�w�.� �1�9�9�3�.� �E�f�f�e�c�t� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �o�n� �b�u�d� 

�b�r�e�a�k�,� �r�o�o�t� �r�e�g�e�n�e�r�a�t�i�o�n� �a�n�d� �s�h�o�o�t� �e�x�t�e�n�s�i�o�n� �o�f� �D�o�u�g�l�a�s� �f�i�r�,� �p�a�p�e�r� �b�i�r�c�h� �a�n�d� 

�g�r�e�e�n� �a�s�h�.� �J�.� �E�n�v�i�r�o�n�.� �H�o�r�t�.� �1�1�:�1�1�9�-�1�2�3�.� 
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�H�e�r�m�a�n�n�,� �R�.�K�.� �1�9�6�7�.� �S�e�a�s�o�n�a�l� �v�a�r�i�a�t�i�o�n� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �D�o�u�g�l�a�s�-�f�i�r� �s�e�e�d�l�i�n�g�s� �t�o� 

�e�x�p�o�s�u�r�e� �t�o� �r�o�o�t�s�.� �F�o�r�.� �S�c�i�.� �1�3�:�1�4�0�-�1�4�9�.� 

�I�n�s�l�e�y�,� �H�.� �a�n�d� �G�.�P�.� �B�u�c�k�l�e�y�.� �1�9�8�5�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �d�e�s�i�c�c�a�t�i�o�n� �a�n�d� �r�o�o�t� �p�r�u�n�i�n�g� 

�o�n� �t�h�e� �s�u�r�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h� �o�f� �b�r�o�a�d�l�e�a�v�e�d� �s�e�e�d�l�i�n�g�s�.� �J�.� �H�o�r�t�.� �S�c�i�.� �6�0�:�3�7�7�-� 

�3�8�7�.� 

�M�u�l�l�i�n�,� �R�.�E�.� �1�9�6�3�.� �P�l�a�n�t�i�n�g� �c�h�e�c�k� �i�n� �s�p�r�u�c�e�.� �F�o�r�.� �C�h�r�o�n�.� �3�9�:�2�5�2�-�2�5�9�.� 

�M�u�l�l�i�n�,� �R�.�E�.� �1�9�7�8�.� �R�o�o�t� �e�x�p�o�s�u�r�e�,� �r�o�o�t� �d�i�p�p�i�n�g�,� �a�n�d� �e�x�t�e�n�d�e�d� �s�p�r�i�n�g� �p�l�a�n�t�i�n�g� �o�f� 

�w�h�i�t�e� �p�i�n�e� �s�e�e�d�l�i�n�g�s�.� �F�o�r�.� �C�h�r�o�n�.� �5�4�:�8�4�-�8�7�.� 

�R�i�t�c�h�i�e�,� �G�.�A�.� �a�n�d� �J�.�R�.� �D�u�n�l�a�p�.� �1�9�8�0�.� �R�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l�:� �i�t�s� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� 

�e�x�p�r�e�s�s�i�o�n� �i�n� �f�o�r�e�s�t� �t�r�e�e� �s�e�e�d�l�i�n�g�s�.� �N�.�Z�.� �J�.� �F�o�r�.� �S�c�i�.� �1�0�:�2�1�8�-�2�4�8�.� 

�R�i�t�c�h�i�e�,� �G�.�A�.� �1�9�8�5�.� �R�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l�:� �p�r�i�n�c�i�p�l�e�s�,� �p�r�o�c�e�d�u�r�e�s� �a�n�d� �p�r�e�d�i�c�t�i�v�e� 

�a�b�i�l�i�t�y�,� �p�.�9�3�-�1�0�4�.� �I�n�:� �M�.�L�.� �D�u�r�y�e�a� �(�e�d�.�)�.� �P�r�o�c�:� �E�v�a�l�u�a�t�i�n�g� �s�e�e�d�l�i�n�g� �q�u�a�l�i�t�y�:� 

�p�r�i�n�c�i�p�l�e�s�,� �p�r�o�c�e�d�u�r�e�s� �a�n�d� �p�r�e�d�i�c�t�i�v�e� �a�b�i�l�i�t�i�e�s� �o�f� �m�a�j�o�r� �t�e�s�t�s�.� �F�o�r�.� �R�e�s�.� �L�a�b�.�,� 

�O�r�e�g�o�n� �S�t�a�t�e� �U�n�i�v�.� �C�o�r�v�a�l�l�i�s�.� 

�S�m�i�t�h�,� �D�.�M�.� �1�9�8�6�.� �"�T�h�e� �P�r�a�c�t�i�c�e� �o�f� �S�i�l�v�i�c�u�l�t�u�r�e�,�"� �9�t�h� �E�d�n�.� �J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� 

�N�.�Y�.� �5�7�8� �p�p�.� 
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�S�p�e�r�r�y�,� �J�.�S�.�,� �J�.�R�.� �D�o�n�n�e�l�l�y�,� �a�n�d� �M�.�T�.� �T�y�r�e�e�.� �1�9�8�8�.� �A� �m�e�t�h�o�d� �f�o�r� �m�e�a�s�u�r�i�n�g� 

�h�y�d�r�a�u�l�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �a�n�d� �e�m�b�o�l�i�s�m� �i�n� �x�y�l�e�m�.� �P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�.� 

�1�1�:�3�5�-�4�0�.� 

�S�t�o�n�e�,� �E�.�C�.�,� �J�.�L�.� �J�e�n�k�i�n�s�o�n�,� �a�n�d� �$�.�L�.� �K�r�u�g�m�a�n�.� �1�9�6�2�.� �R�o�o�t� �r�e�g�e�n�e�r�a�t�i�n�g� �p�o�t�e�n�t�i�a�l� 

�o�f� �D�o�u�g�l�a�s�-�f�i�r� �s�e�e�d�l�i�n�g�s� �l�i�f�t�e�d� �a�t� �d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �o�f� �t�h�e� �y�e�a�r�.� �F�o�r�.� �S�c�i�.� �8�:�2�8�8�-� 

�2�9�7�.� 

�S�u�t�t�o�n�,� �R�.�F�.� �1�9�8�7�.� �R�o�o�t� �g�r�o�w�t�h� �c�a�p�a�c�i�t�y� �a�n�d� �f�i�e�l�d� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �J�a�c�k� �p�i�n�e� �a�n�d� 

�b�l�a�c�k� �s�p�r�u�c�e� �i�n� �b�o�r�e�a�l� �s�t�a�n�d� �e�s�t�a�b�l�i�s�h�m�e�n�t� �i�n� �O�n�t�a�r�i�o�.� �C�a�n�.� �J�.� �F�o�r�.� �R�e�s�.� 

�1�7�:�7�9�4�-�8�0�4�.� 

�v�o�n� �A�l�t�h�e�n�,� �F�.�W�.� �a�n�d� �D�.�P�.� �W�e�b�b�.� �1�9�7�8�.� �E�f�f�e�c�t�s� �o�f� �r�o�o�t� �r�e�g�e�n�e�r�a�t�i�o�n� �a�n�d� �t�i�m�e� �o�f� 

�p�l�a�n�t�i�n�g� �o�n� �s�u�g�a�r� �m�a�p�l�e� �p�l�a�n�t�a�t�i�o�n� �e�s�t�a�b�l�i�s�h�m�e�n�t�,� �p�.�4�0�1�-�4�1�1�.� �I�n�:� �P�.�E�.� �P�o�p�e� 

�(�e�d�.�)�.� �P�r�o�c�.� �C�e�n�t�r�a�l� �H�a�r�d�w�o�o�d� �C�o�n�f�.� �I�I�,� �P�u�r�d�u�e� �U�n�i�v�.�,� �W�e�s�t� �L�a�f�a�y�e�t�t�e�,� �I�n�d�.� 

�W�a�t�s�o�n�,� �G�.�W�.� �1�9�8�6�.� �C�u�l�t�u�r�a�l� �p�r�a�c�t�i�c�e�s� �i�n�f�l�u�e�n�c�e� �r�o�o�t� �d�e�v�e�l�o�p�m�e�n�t� �f�o�r� �b�e�t�t�e�r� 

�t�r�a�n�s�p�l�a�n�t� �s�u�c�c�e�s�s�.� �J�.� �E�n�v�i�r�o�n�.� �H�o�r�t�.� �4�:�3�2�-�3�4�.� 

�W�e�b�b�,� �D�.�P�.� �1�9�7�7�.� �R�o�o�t� �r�e�g�e�n�e�r�a�t�i�o�n� �a�n�d� �b�u�d� �d�o�r�m�a�n�c�y� �o�f� �s�u�g�a�r� �m�a�p�l�e�,� �s�i�l�v�e�r� 

�m�a�p�l�e� �a�n�d� �w�h�i�t�e� �a�s�h� �s�e�e�d�l�i�n�g�s�:� �e�f�f�e�c�t� �o�f� �c�h�i�l�l�i�n�g�.� �F�o�r�.� �S�c�i�.� �2�3�:�4�7�4�-�4�8�3�.� 

�W�e�b�b�,� �D�.�P�.� �a�n�d� �F�.�W�.� �v�o�n� �A�l�t�h�e�n�.� �1�9�8�0�.� �S�t�o�r�a�g�e� �o�f� �h�a�r�d�w�o�o�d� �p�l�a�n�t�i�n�g� �s�t�o�c�k�:� 

�e�f�f�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �s�t�o�r�a�g�e� �r�e�g�i�m�e�s� �a�n�d� �p�a�c�k�a�g�i�n�g� �m�e�t�h�o�d�s� �o�n� �r�o�o�t� �g�r�o�w�t�h� 

�a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �q�u�a�l�i�t�y�.� �N�.�Z�.� �J�.� �F�o�r�.� �S�c�i�.� �1�0�:�8�3�-�8�9�.� 

�5�5



� � 

�0� �b�r� �D�e�s�i�c�c�a�t�i�o�n� 

�5�
 

�«�6�s
� 

�R
�G

�P
� 

�(�
n�

u�
m

�b
�e

�r�
 

�o�
f� �

n�
e�

w
� �r�
o�o

�t�s
�)�

 
�A

� 
�©

� 

�}� 

� � 

�2�0� �-� 

�0� �-� �L� �l� �l� �l� �|� 

�4�0� �-� �1�2� �h�r� �D�e�s�i�c�c�a�t�i�o�n� 

�3�0� �-� 

�R
�G

�P
� 

�(�
n�

u�
m

�b
�e

�r�
 

�o�
f� �

n�
e�

w
� �r�
o�o

�t�s
�)�

 

� � 

� � 
� � 
� � 

�|� �|� �|� �|� 

�2� �4� �6� �8� �1�0� �1�2� 

�S�t�o�r�a�g�e� �D�u�r�a�t�i�o�n� �(�W�e�e�k�s�)� 

�F�i�g�.� �1�.� �R�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �(�n�u�m�b�e�r� �o�f� �n�e�w� �r�o�o�t�s� �p�e�r� �s�e�e�d�l�i�n�g� �2� �0�.�5� �c�m�)� �o�f� �c�o�l�d�-�s�t�o�r�e�d� 

�N�o�r�w�a�y� �m�a�p�l�e� �s�e�e�d�l�i�n�g�s� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �0� �h�r� �a�n�d� �1�2� �h�r� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �d�e�s�i�c�c�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s�.� 

�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�:� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �(�V�W�)�,� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �(�A�)�,� �r�o�o�t�s� �e�x�p�o�s�e�d� �(�M�f�)�,� �w�h�o�l�e� 

�p�l�a�n�t� �e�x�p�o�s�e�d� �(�@�)�.� �V�e�r�t�i�c�a�l� �b�a�r�s� �r�e�p�r�e�s�e�n�t� �+� �S�.�E�.� �o�f� �m�e�a�n�s�,� �n�=� �5�.� �5�6
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�2� �4� �6� �8� �1�0� �1�2� 

�S�t�o�r�a�g�e� �D�u�r�a�t�i�o�n� �(�W�e�e�k�s�)� 

�F�i�g�.� �2�.� �R�o�o�t� �g�r�o�w�t�h� �p�o�t�e�n�t�i�a�l� �(�n�u�m�b�e�r� �o�f� �n�e�w� �r�o�o�t�s� �p�e�r� �s�e�e�d�l�i�n�g� �2� �0�.�5� �c�m�)� �o�f� �c�o�l�d�-�s�t�o�r�e�d� 

�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �s�e�e�d�l�i�n�g�s� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �0� �h�r� �a�n�d� �1�2� �h�r� �p�r�e�-�t�r�a�n�s�p�l�a�n�t� �d�e�s�i�c�c�a�t�i�o�n� 

�t�r�e�a�t�m�e�n�t�s�.� �S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t�s�:� �w�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �(�V�)�,� �s�h�o�o�t�s� �e�x�p�o�s�e�d� �(�A�)�,� �r�o�o�t�s� �e�x�p�o�s�e�d� 

�(�@�)�,� �w�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �(�@�)�.� �V�e�r�t�i�c�a�l� �b�a�r�s� �r�e�p�r�e�s�e�n�t� �+� �S�.�E�.� �o�f� �m�e�a�n�s�,� �n�=� �5�.� �5�7



�T�a�b�l�e� �1�.� �I�n�f�l�u�e�n�c�e� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �d�a�y�s� 
�b�e�t�w�e�e�n� �t�r�a�n�s�p�l�a�n�t�i�n�g� �a�n�d� �f�i�r�s�t� �b�u�d� �b�r�e�a�k� �f�o�r� �2�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e�.�a�n�d� �W�a�s�h�i�n�g�t�o�n� 
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� � 

� � 

�h�a�w�t�h�o�r�n�.� 

�S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �(�w�e�e�k�s�)� 
�2� �4� �6� �8� �1�0� �1�2� 

�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �D�a�y�s� �t�o� �f�i�r�s�t� �b�u�d� �b�r�e�a�k� 

�M�a�p�l�e� 

�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �3�7� �a�2� �3�5�a� �3�2�a� �3�l�a� �2�4�a� �2�0�a� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �3�9�a� �3�6�a� �3�0�a� �2�7�a� �2�5�a� �2�7�a� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �3�6�a� �3�3�a� �3�6�a� �4�8� �b� �4�5�b� �4�9�b� 

�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �3�2�a� �3�6�a� �5�0� �b� �4�9� �b� �5�4�b� �5�7� �b� 

�H�a�w�t�h�o�r�n� 
�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �2�9� �a�2�Y� �2�3�a� �2�0�a� �2�l�a� �l�7�a� �1�3� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �3�l�a� �3�0� �a�b� �4�2�b� �5�4�b� �6�2� �b� �*� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �3�3�a� �4�1�b� �3�9� �b� �4�4�b� �*� �*� 

�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �3�8�a� �3�7�b� �4�9�b� �*� �5�8� �b� �*� 

� � 

�2� �M�e�a�n� �s�e�p�a�r�a�t�i�o�n� �b�y� �D�u�n�c�a�n�'�s� �m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�,� �P� �=� �0�.�0�5�.� 
�Y� �M�e�a�n�s� �i�n� �c�o�l�u�m�n�s� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �l�e�t�t�e�r� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t�.� 
�A�s�t�e�r�i�s�k� �(�*�)� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �p�l�a�n�t�s� �h�a�d� �n�o�t� �b�r�o�k�e�n� �b�u�d� �9�0� �d�a�y�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� 
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�T�a�b�l�e� �2�.� �I�n�f�l�u�e�n�c�e� �o�f� �c�o�l�d� �s�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �a�n�d� �s�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �o�n� �t�h�e� �m�a�r�k�e�t�a�b�i�l�i�t�y� �o�f� 
�2�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e� �a�n�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n�.� 

� � 

�S�t�o�r�a�g�e� �d�u�r�a�t�i�o�n� �(�w�e�e�k�s�)� 
� � 

� � 

� � 

� � 

�2� �4� �6� �8� �1�0� �1�2� 
�S�t�o�r�a�g�e� �t�r�e�a�t�m�e�n�t� �M�a�r�k�e�t�a�b�i�l�i�t�y� �(�%�)�?� 

�M�a�p�l�e� 
�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �4�0� �4�0� �1�0�0� �1�0�0� �1�0�0� �1�0�0� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �2�0� �1�0�0� �1�0�0� �1�0�0� �1�0�0� �1�0�0� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �2�0� �0� �2�0� �4�0� �2�0� �0� 

�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �0� �2�0� �0� �4�0� �0� �0� 

�H�a�w�t�h�o�r�n� 
�W�h�o�l�e� �p�l�a�n�t� �c�o�v�e�r�e�d� �6�0� �1�0�0� �8�0� �4�0� �2�0� �2�0� 

�S�h�o�o�t�s� �e�x�p�o�s�e�d� �4�0� �6�0� �6�0� �0� �0� �0� 

�R�o�o�t�s� �e�x�p�o�s�e�d� �0� �0� �0� �0� �0� �0� 

�W�h�o�l�e� �p�l�a�n�t� �e�x�p�o�s�e�d� �0� �0� �0� �0� �0� �0� 

� � 

�Z� �P�e�r�c�e�n�t� �m�a�r�k�e�t�a�b�i�l�i�t�y�:� �n�u�m�b�e�r� �o�f� �p�l�a�n�t�s� �w�i�t�h� �<� �1�0�%� �s�h�o�o�t� �d�i�e�b�a�c�k� �+� �t�o�t�a�l� �n�u�m�b�e�r� �o�f� 
�p�l�a�n�t�s� �(�n� �=� �5�)�,� �e�v�a�l�u�a�t�e�d� �a�f�t�e�r� �9�0� �d�a�y�s�.� 
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�C�H�A�P�T�E�R� �F�I�V�E� 

�A� �C�O�M�P�A�R�I�S�O�N� �O�F� �M�O�R�P�H�O�L�O�G�I�C�A�L� �F�E�A�T�U�R�E�S� 
�A�F�F�E�C�T�I�N�G� �W�A�T�E�R� �L�O�S�S� �I�N� �N�O�R�W�A�Y� �M�A�P�L�E� �A�N�D� 

�W�A�S�H�I�N�G�T�O�N� �H�A�W�T�H�O�R�N� �S�T�E�M�S� 

�A�b�s�t�r�a�c�t� 

�C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �(�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n�)� �s�t�e�m�s� �a�r�e� �k�n�o�w�n� �t�o� �b�e�c�o�m�e� �w�a�t�e�r� 

�s�t�r�e�s�s�e�d� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �a�t� �a� �f�a�s�t�e�r� �r�a�t�e� �t�h�a�n� �t�h�o�s�e� �o�f� �A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �(�N�o�r�w�a�y� 

�m�a�p�l�e�)�.� �H�i�s�t�o�l�o�g�i�c�a�l� �e�x�a�m�i�n�a�t�i�o�n� �r�e�v�e�a�l�e�d� �t�h�a�t� �m�a�p�l�e� �s�t�e�m�s� �h�a�d� �a� �h�i�g�h�l�y� �s�u�b�e�r�i�z�e�d� 

�p�e�r�i�d�e�r�m�,� �a�n�d� �a� �u�n�i�f�o�r�m� �c�u�t�i�c�l�e� �w�i�t�h� �f�e�w� �d�i�s�r�u�p�t�i�o�n�s�.� �P�e�r�i�d�e�r�m� �s�u�b�e�r�i�z�a�t�i�o�n� �o�f� 

�h�a�w�t�h�o�r�n� �s�t�e�m�s� �w�a�s� �v�a�r�i�a�b�l�e� �a�n�d� �e�x�t�e�n�s�i�v�e� �p�e�r�i�d�e�r�m�a�l� �c�r�a�c�k�i�n�g� �w�a�s� �e�v�i�d�e�n�t�.� �C�u�t�i�c�l�e� 

�w�a�x� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �f�o�r� �b�o�t�h� �s�p�e�c�i�e�s�.� �N�o� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �l�e�n�t�i�c�e�l�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�e�r�e� �f�o�u�n�d� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s�.� �C�o�l�l�e�c�t�i�v�e�l�y�,� 

�r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �h�a�d� �m�o�r�e� �p�a�t�h�w�a�y�s� �f�o�r� �w�a�t�e�r� �l�o�s�s� �t�h�a�n� �m�a�p�l�e� 

�s�t�e�m�s�,� �w�h�i�c�h� �m�a�y� �p�r�o�v�i�d�e� �a� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �m�a�p�l�e� �a�n�d� 

�h�a�w�t�h�o�r�n� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �r�a�t�e�s�.� 
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�I�n�t�r�o�d�u�c�t�i�o�n� 

�S�h�o�o�t� �s�u�r�f�a�c�e�s� �o�f� �w�o�o�d�y� �p�l�a�n�t�s� �h�a�v�e� �s�p�e�c�i�a�l�i�z�e�d� �p�r�o�t�e�c�t�i�v�e� �l�a�y�e�r�s� �t�h�a�t� 

�m�i�n�i�m�i�z�e� �w�a�t�e�r� �l�o�s�s� �t�o� �t�h�e� �a�t�m�o�s�p�h�e�r�e�.� �P�r�i�m�a�r�y� �o�r�g�a�n�s� �s�u�c�h� �a�s� �l�e�a�v�e�s� �a�n�d� �y�o�u�n�g� 

�s�t�e�m�s� �a�r�e� �c�o�v�e�r�e�d� �b�y� �a� �c�u�t�i�c�l�e� �w�h�e�r�e�a�s� �o�l�d�e�r� �s�e�c�o�n�d�a�r�y� �o�r�g�a�n�s� �d�e�v�e�l�o�p� �a� �p�e�r�i�d�e�r�m� 

�(�F�a�h�n�,� �1�9�9�0�)� �w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �l�a�y�e�r�e�d� �p�h�e�l�l�o�g�e�n�,� �p�h�e�l�l�e�m� �a�n�d� �p�h�e�l�l�o�d�e�r�m�.� �C�e�l�l�s� 

�w�i�t�h�i�n� �t�h�e�s�e� �l�a�y�e�r�s� �v�a�r�y� �i�n� �t�h�e� �d�e�g�r�e�e� �o�f� �s�u�b�e�r�i�z�a�t�i�o�n� �(�S�c�h�o�n�h�e�r�r� �a�n�d� �Z�i�e�g�l�e�r�,� �1�9�8�0�)�.� 

�S�u�b�e�r�i�n� �i�s� �a� �l�i�p�i�d� �p�o�l�y�m�e�r� �a�n�d� �w�a�t�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �s�u�b�e�r�i�z�e�d� �c�e�l�l�s� �i�s� �l�o�w� �(�H�o�l�l�o�w�a�y� 

�e�t� �a�l�.�,� �1�9�7�2�)�.� �C�u�t�i�c�l�e�s� �p�r�o�v�i�d�e� �a�n� �e�f�f�e�c�t�i�v�e� �b�a�r�r�i�e�r� �t�o� �w�a�t�e�r� �m�o�v�e�m�e�n�t� �a�n�d� �e�n�a�b�l�e� 

�p�l�a�n�t�s� �t�o� �w�i�t�h�s�t�a�n�d� �c�o�n�d�i�t�i�o�n�s� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �(�S�c�h�o�n�e�r�r� �a�n�d� �S�c�h�m�i�d�t�,� �1�9�7�9�)�.� �C�u�t�i�c�l�e�s� 

�a�r�e� �l�a�y�e�r�e�d� �l�i�p�i�d� �m�e�m�b�r�a�n�e�s� �c�o�m�p�o�s�e�d� �o�f� �s�o�l�u�b�l�e� �w�a�x�e�s� �a�n�d� �a�n� �i�n�s�o�l�u�b�l�e� �p�o�l�y�m�e�r� 

�m�a�t�r�i�x�,� �p�r�i�m�a�r�i�l�y� �c�o�n�t�a�i�n�i�n�g� �p�e�c�t�i�n�,� �c�e�l�l�u�l�o�s�e� �a�n�d� �l�i�p�i�d�s� �(�J�u�n�i�p�e�r� �a�n�d� �J�e�f�f�r�e�e�,� �1�9�8�3�)�.� 

�S�c�h�o�n�e�r�r� �(�1�9�7�6�a�)� �f�o�u�n�d� �t�h�a�t� �t�h�e� �c�u�t�i�c�u�l�a�r� �r�e�s�i�s�t�a�n�c�e� �t�o� �w�a�t�e�r� �t�r�a�n�s�p�o�r�t� �w�a�s� 

�a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �t�h�e� �s�o�l�u�b�l�e� �l�i�p�i�d�s� �e�m�b�e�d�d�e�d� �i�n� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x�.� �C�u�t�i�c�l�e� �t�h�i�c�k�n�e�s�s� 

�a�n�d� �c�o�m�p�o�s�i�t�i�o�n� �v�a�r�y� �b�e�t�w�e�e�n� �p�l�a�n�t� �s�p�e�c�i�e�s� �a�n�d� �a�r�e� �i�n�f�l�u�e�n�c�e�d� �b�y� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�c�o�n�d�i�t�i�o�n�s� �(�B�a�k�e�r�,� �1�9�7�4�)�.� �S�e�i�l�e�r� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� �i�n�c�r�e�a�s�e�d� �e�p�i�c�u�t�i�c�u�l�a�r� �w�a�x� �c�o�n�t�e�n�t� 

�o�n� �A�l�n�u�s� �g�l�u�t�i�n�o�s�a� �l�e�a�v�e�s� �e�x�p�o�s�e�d� �t�o� �t�w�e�l�v�e� �w�e�e�k�s� �o�f� �s�u�b�l�e�t�h�a�l� �w�a�t�e�r� �s�t�r�e�s�s�.� 

�P�l�a�n�t� �l�e�n�t�i�c�e�l�s�,� �l�o�o�s�e� �a�r�r�a�n�g�e�m�e�n�t�s� �o�f� �c�e�l�l�s� �i�n� �t�h�e� �p�e�r�i�d�e�r�m�,� �a�r�e� �a�s�s�u�m�e�d� �t�o� 

�f�u�n�c�t�i�o�n� �i�n� �g�a�s� �e�x�c�h�a�n�g�e� �(�F�a�h�n�,� �1�9�9�0�)�.� �T�h�e� �s�t�e�m�s� �o�f� �d�e�c�i�d�u�o�u�s� �t�r�e�e�s� �c�a�n� �l�o�s�e� 

�s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �w�a�t�e�r� �t�h�r�o�u�g�h� �l�e�n�t�i�c�e�l�s� �a�n�d� �o�t�h�e�r� �d�i�s�r�u�p�t�i�o�n�s� �i�n� �t�h�e� �p�e�r�i�d�e�r�m�.� 

�K�o�z�l�o�w�s�k�i� �(�1�9�4�3�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �L�i�r�i�o�d�e�n�d�r�o�n� �t�u�l�i�p�i�f�e�r�a� �L�.� �l�o�s�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �g� 

�w�a�t�e�r�/�1�0�0� �c�m�?� �s�t�e�m� �s�u�r�f�a�c�e� �a�r�e�a� �p�e�r� �w�e�e�k� �d�u�r�i�n�g� �t�h�e� �w�i�n�t�e�r�.� �I�n� �t�e�m�p�e�r�a�t�e� �z�o�n�e�s�,� 

�l�e�n�t�i�c�e�l�s� �t�y�p�i�c�a�l�l�y� �b�e�c�o�m�e� �o�c�c�l�u�d�e�d� �b�y� �a� �l�a�y�e�r� �o�f� �s�u�b�e�r�i�z�e�d� �c�e�l�l�s� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� 

�g�r�o�w�i�n�g� �s�e�a�s�o�n�.� �T�h�i�s� �c�l�o�s�i�n�g� �l�a�y�e�r� �m�i�n�i�m�i�z�e�s� �w�a�t�e�r� �l�o�s�s� �d�u�r�i�n�g� �d�o�r�m�a�n�c�y� �a�n�d� �i�s� 

�r�u�p�t�u�r�e�d� �w�i�t�h� �t�h�e� �r�e�n�e�w�a�l� �o�f� �g�r�o�w�t�h� �i�n� �t�h�e� �s�p�r�i�n�g� �(�F�a�h�n�,� �1�9�9�0�)�.� �T�h�e� �l�a�c�k� �o�f�,� �o�r� 
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�i�n�c�o�m�p�l�e�t�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �c�l�o�s�i�n�g� �l�a�y�e�r� �m�a�y� �p�l�a�y� �a� �r�o�l�e� �i�n� �t�h�e� �l�o�s�s� �o�f� �w�a�t�e�r� �v�a�p�o�r� 

�w�h�i�l�e� �s�e�e�d�l�i�n�g�s� �a�r�e� �i�n� �c�o�l�d� �s�t�o�r�a�g�e� �(�S�.�E�.� �S�h�e�c�k�l�e�r�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�)�.� 

�W�e� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �w�a�t�e�r� �r�e�l�a�t�i�o�n�s� �d�i�f�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�t� 

�A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �a�n�d� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �d�u�r�i�n�g� �a�n�d� 

�a�f�t�e�r� �c�o�l�d� �s�t�o�r�a�g�e� �(�C�h�.�2�,� �C�h�.�3�)�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �n�o� �r�e�p�o�r�t�s� �o�n� �t�h�e� �c�u�t�i�c�u�l�a�r�,� 

�p�e�r�i�d�e�r�m�a�l� �a�n�d� �l�e�n�t�i�c�e�l�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e�s�e� �s�p�e�c�i�e�s� �a�n�d� �o�n� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� 

�t�h�e�s�e� �a�n�a�t�o�m�i�c�a�l� �a�s�p�e�c�t�s� �a�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �s�p�e�c�i�e�s� �s�p�e�c�i�f�i�c� �w�a�t�e�r� �l�o�s�s� �t�r�a�i�t�s�.� �T�h�e� 

�o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �c�o�m�p�a�r�e� �t�h�e� �d�e�g�r�e�e� �o�f� �s�t�e�m� �s�u�b�e�r�i�z�a�t�i�o�n�,� �l�e�n�t�i�c�e�l�l�a�r� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �c�u�t�i�c�u�l�a�r� �w�a�x� �c�o�n�t�e�n�t� �o�f� �N�o�r�w�a�y� �m�a�p�l�e� �(�d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�t�)� �a�n�d� 

�W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e�)� �s�t�e�m�s�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�P�l�a�n�t� �m�a�t�e�r�i�a�l�s�.� �O�n� �J�a�n�u�a�r�y� �2�5�,� �1�9�9�4�,� �t�w�o�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e� �(�A�c�e�r� 

�p�l�a�t�a�n�o�i�d�e�s� �L�.�)� �a�n�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �M�e�d�.�)� �b�a�r�e�-�r�o�o�t� 

�s�e�e�d�l�i�n�g�s� �(�a�p�p�r�o�x�.� �2�4�-�3�6�"�)� �w�e�r�e� �r�e�c�e�i�v�e�d� �i�n� �B�l�a�c�k�s�b�u�r�g�,� �V�A� �f�r�o�m� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�,� 

�P�l�a�i�n�s�,� �M�T�.� �P�r�i�o�r� �t�o� �s�h�i�p�p�i�n�g�,� �t�r�e�e�s� �w�e�r�e� �h�e�l�d� �i�n� �2�°�C� �(�3�5�°�F�)� �a�n�d� �9�8�%� �r�e�l�a�t�i�v�e� 

�h�u�m�i�d�i�t�y� �c�o�l�d� �s�t�o�r�a�g�e� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6�0� �d�a�y�s� �a�t� �L�a�w�y�e�r� �N�u�r�s�e�r�i�e�s�.� �D�u�r�i�n�g� �t�r�a�n�s�i�t�,� 

�s�e�e�d�l�i�n�g� �b�u�n�d�l�e�s� �w�e�r�e� �w�r�a�p�p�e�d� �i�n� �p�l�a�s�t�i�c� �s�h�e�e�t�i�n�g� �a�n�d� �p�l�a�c�e�d� �i�n� �c�a�r�d�b�o�a�r�d� �b�o�x�e�s� �w�i�t�h� 

�t�h�e� �r�o�o�t�s� �o�f� �e�a�c�h� �b�u�n�d�l�e� �p�a�c�k�e�d� �i�n� �m�o�i�s�t�e�n�e�d�,� �s�h�r�e�d�d�e�d� �n�e�w�s�p�r�i�n�t�.� �T�r�e�e�s� �w�e�r�e� �s�o�r�t�e�d� 

�f�o�r� �u�n�i�f�o�r�m�i�t�y� �u�p�o�n� �a�r�r�i�v�a�l� �a�n�d� �o�n�e�-�h�u�n�d�r�e�d� �f�i�f�t�y� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �3�-� 

�l�a�y�e�r� �s�t�o�r�a�g�e� �b�a�g� �(�U�n�i�o�n� �C�a�m�p� �C�o�r�p�.�,� �T�i�f�t�o�n�,� �G�A�)� �o�n� �w�o�o�d�e�n� �r�a�c�k�s� �i�n� �a� �w�a�l�k�-�i�n� 

�c�o�o�l�e�r� �m�a�i�n�t�a�i�n�e�d� �a�t� �9�0�%� �+� �5�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �a�n�d� �2�°�C� �(�3�5�°�F�)�.� �B�e�f�o�r�e� �s�e�e�d�l�i�n�g�s� 

�w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e� �f�o�r� �m�o�r�p�h�o�l�o�g�i�c�a�l� �s�t�u�d�i�e�s�,� �t�h�e� �t�e�r�m�i�n�a�l� �3�0� �c�m� �(�1�2� �i�n�)� 
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�o�f� �a� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �b�r�a�n�c�h� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �w�a�s� �e�x�c�i�s�e�d�.� �E�a�c�h� �3�0� �c�m� �b�r�a�n�c�h� �w�a�s� 

�t�h�e�n� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �1�0� �c�m� �(�4� �i�n�)� �s�e�g�m�e�n�t�s� �(�d�i�s�t�a�l�,� �0�-�1�0� �c�m�;� �m�i�d�d�l�e�,� �1�1�-�2�0� �c�m�;� 

�p�r�o�x�i�m�a�l�,� �2�1�-�3�0� �c�m�)�.� �C�u�t� �e�n�d�s� �o�f� �s�e�g�m�e�n�t�s� �w�e�r�e� �s�e�a�l�e�d� �w�i�t�h� �m�e�l�t�e�d� �p�a�r�a�f�f�i�n� �w�a�x� �a�n�d� 

�s�e�g�m�e�n�t�s� �p�l�a�c�e�d� �i�n� �p�l�a�s�t�i�c� �t�r�a�y�s� �c�o�n�t�a�i�n�i�n�g� �m�o�i�s�t�e�n�e�d� �p�a�p�e�r� �t�o�w�e�l�s�.� 

�L�e�n�t�i�c�e�l� �s�t�u�d�i�e�s�.� �T�w�e�l�v�e� �d�i�s�t�a�l�,� �m�i�d�d�l�e� �a�n�d� �p�r�o�x�i�m�a�l� �s�t�e�m� �s�e�g�m�e�n�t�s� �o�f� �e�a�c�h� 

�s�p�e�c�i�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e�.� �I�n�t�e�r�n�o�d�a�l� �s�t�e�m� �d�i�a�m�e�t�e�r� �o�f� �e�a�c�h� �s�e�g�m�e�n�t� 

�w�a�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�r�e�e� �p�o�i�n�t�s� �w�i�t�h� �a� �m�i�c�r�o�c�a�l�i�p�e�r� �t�o� �e�s�t�a�b�l�i�s�h� �a�v�e�r�a�g�e� �s�t�e�m� �d�i�a�m�e�t�e�r�.� 

�S�t�e�m�s� �w�e�r�e� �a�s�s�u�m�e�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �c�y�l�i�n�d�r�i�c�a�l� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �d�i�a�m�e�t�e�r� �a�n�d� 

�s�t�e�m� �l�e�n�g�t�h� �(�m�e�a�s�u�r�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�1� �c�m�)� �w�e�r�e� �c�o�n�v�e�r�t�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e� �s�u�r�f�a�c�e� 

�a�r�e�a�.� �-�L�e�n�t�i�c�e�l�s� �f�r�o�m� �e�a�c�h� �s�e�g�m�e�n�t� �w�e�r�e� �c�o�u�n�t�e�d� �u�s�i�n�g� �a� �s�t�e�r�e�o�m�i�c�r�o�s�c�o�p�e� �a�n�d� 

�c�o�l�o�r�e�d� �m�a�r�k�e�r� �t�o� �i�d�e�n�t�i�f�y� �l�e�n�t�i�c�e�l�s� �a�p�p�e�a�r�i�n�g� �o�n� �t�h�e� �s�e�g�m�e�n�t� �s�u�r�f�a�c�e� �a�s� �t�h�e� �s�e�g�m�e�n�t� 

�w�a�s� �m�o�v�e�d� �a�c�r�o�s�s� �t�h�e� �f�i�e�l�d�.� �F�i�v�e� �d�i�s�t�a�l�,� �m�i�d�d�l�e� �a�n�d� �p�r�o�x�i�m�a�l� �s�t�e�m� �s�e�g�m�e�n�t�s� �w�e�r�e� 

�s�e�l�e�c�t�e�d� �f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �t�w�e�l�v�e� �s�e�g�m�e�n�t�s� �p�e�r� �s�p�e�c�i�e�s� �a�n�d� �a� �s�i�n�g�l�e� �l�e�n�t�i�c�e�l� �w�a�s� 

�e�x�c�i�s�e�d� �f�r�o�m� �e�a�c�h� �s�t�e�m� �s�e�g�m�e�n�t� �a�n�d� �f�i�x�e�d� �i�n� �f�o�r�m�a�l�i�n�:�a�c�e�t�i�c� �a�c�i�d�:�a�l�c�o�h�o�l� �(�F�A�A�)�.� 

�F�i�x�e�d� �l�e�n�t�i�c�e�l�s� �w�e�r�e� �d�e�h�y�d�r�a�t�e�d� �i�n� �a�n� �e�t�h�a�n�o�l� �s�e�r�i�e�s� �(�2�5�,� �4�0�,� �5�0�,� �7�0�,� �8�0�,� �9�5�,� �1�0�0�%� �a�n�d� 

�a�b�s�o�l�u�t�e�)�,� �e�m�b�e�d�d�e�d� �i�n� �p�a�r�a�f�f�i�n�,� �a�n�d� �s�e�c�t�i�o�n�e�d� �a�t� �1�0� �u�m� �(�B�e�r�l�y�n� �a�n�d� �M�i�k�s�c�h�e�,� �1�9�7�6�)�.� 

�S�e�c�t�i�o�n�s� �w�e�r�e� �m�o�u�n�t�e�d� �a�n�d� �s�t�a�i�n�e�d� �u�s�i�n�g� �s�a�f�f�r�a�n�i�n� �w�h�i�c�h� �s�t�a�i�n�s� �l�i�g�n�i�n� �a�n�d� �s�u�b�e�r�i�n� �r�e�d� 

�(�P�e�a�r�s�e�,� �1�9�8�5�)�.� �S�e�c�t�i�o�n�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �w�i�t�h� �a� �Z�e�i�s�s� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�e� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�l�o�s�i�n�g� �c�e�l�l� �l�a�y�e�r�s�.� �L�e�n�t�i�c�e�l� �c�o�u�n�t�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �A�N�O�V�A�.� 

�C�u�t�i�c�l�e� �s�t�u�d�i�e�s�.� �F�i�v�e� �d�i�s�t�a�l�,� �m�i�d�d�l�e� �a�n�d� �p�r�o�x�i�m�a�l� �s�t�e�m� �s�e�g�m�e�n�t�s� �o�f� �e�a�c�h� 

�s�p�e�c�i�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e�.� �A� �0�.�7�5� �c�m� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �p�o�r�t�i�o�n� �o�f� �e�a�c�h� 

�s�t�e�m� �s�e�g�m�e�n�t� �w�a�s� �e�x�c�i�s�e�d� �a�t� �a� �p�o�i�n�t� �n�e�a�r� �t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �s�t�e�m� �s�e�g�m�e�n�t�.� �T�i�s�s�u�e� �w�a�s� 

�f�i�x�e�d�,� �s�e�c�t�i�o�n�e�d� �a�n�d� �s�t�a�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�.� �W�a�x� �c�o�n�t�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �o�n� 

�f�i�v�e� �2�7� �c�m� �(�9� �i�n�)� �s�t�e�m� �s�e�g�m�e�n�t�s� �p�e�r� �s�p�e�c�i�e�s�.� �W�a�x� �w�a�s� �r�e�m�o�v�e�d� �b�y� �d�i�p�p�i�n�g� �s�t�e�m� 

�s�e�c�t�i�o�n�s� �f�o�r� �3�0� �s�e�c�o�n�d�s� �i�n� �7� �m�l� �o�f� �c�h�l�o�r�o�f�o�r�m� �c�o�n�t�a�i�n�e�d� �i�n� �a� �p�r�e�w�e�i�g�h�e�d� �g�l�a�s�s� �t�e�s�t� 
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�t�u�b�e�.� �T�h�e� �w�a�x� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �W�h�a�t�m�a�n� �N�o�.� �1� �f�i�l�t�e�r� �p�a�p�e�r�,� �e�v�a�p�o�r�a�t�e�d� �t�o� 

�d�r�y�n�e�s�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �a�n�d� �t�h�e� �t�e�s�t� �t�u�b�e� �r�e�w�e�i�g�h�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �n�e�t� �w�a�x� �c�o�n�t�e�n�t� 

�(�J�e�f�f�r�e�e� �e�t� �a�l�.�.� �1�9�7�1�)�.� �E�a�c�h� �2�7� �c�m� �s�t�e�m� �s�e�g�m�e�n�t� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� �n�i�n�e� �3� �c�m� �(�1�.�2� �i�n�)� 

�l�o�n�g� �s�e�c�t�i�o�n�s� �t�o� �c�a�l�c�u�l�a�t�e� �w�a�x� �c�o�n�t�e�n�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x�.� 

�P�e�r�i�d�e�r�m� �s�u�b�e�r�i�z�a�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� �h�a�w�t�h�o�r�n� �s�t�e�m� �c�r�a�c�k�i�n�g�.� �T�h�r�e�e� �d�i�s�t�a�l�,� 

�m�i�d�d�l�e� �a�n�d� �p�r�o�x�i�m�a�l� �s�t�e�m� �s�e�g�m�e�n�t�s� �o�f� �e�a�c�h� �s�p�e�c�i�e�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �c�o�l�d� �s�t�o�r�a�g�e�.� 

�A� �0�.�7�5� �c�m� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �p�o�r�t�i�o�n� �o�f� �e�a�c�h� �s�t�e�m� �s�e�g�m�e�n�t� �w�a�s� �e�x�c�i�s�e�d� �a�t� �a� �p�o�i�n�t� �n�e�a�r� 

�t�h�e� �m�i�d�d�l�e� �o�f� �t�h�e� �s�t�e�m� �s�e�g�m�e�n�t�.� �T�i�s�s�u�e� �w�a�s� �f�i�x�e�d� �a�n�d� �s�e�c�t�i�o�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� 

�p�r�e�v�i�o�u�s�l�y�.� �S�e�c�t�i�o�n�s� �w�e�r�e� �s�t�a�i�n�e�d� �u�s�i�n�g� �S�u�d�a�n� �I�V� �i�n� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�J�e�n�s�e�n�,� �1�9�6�2�)� �t�o� 

�d�e�t�e�c�t� �r�e�l�a�t�i�v�e� �a�m�o�u�n�t�s� �o�f� �s�u�b�e�r�i�n� �i�n� �p�e�r�i�d�e�r�m� �l�a�y�e�r�s�.� �A�d�d�i�t�i�o�n�a�l� �m�i�d�d�l�e� �a�n�d� �p�r�o�x�i�m�a�l� 

�h�a�w�t�h�o�r�n� �s�t�e�m� �s�e�g�m�e�n�t�s� �c�o�n�t�a�i�n�i�n�g� �l�o�n�g�i�t�u�d�i�n�a�l� �c�r�a�c�k�s� �w�e�r�e� �f�i�x�e�d�,� �s�t�a�i�n�e�d� �w�i�t�h� 

�S�u�d�a�n� �I�V� �a�n�d� �s�e�c�t�i�o�n�e�d�.� �S�e�c�t�i�o�n�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �w�i�t�h� �a� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�e� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �d�e�p�t�h� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �s�t�e�m� �c�r�a�c�k�s�.� �A�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �(�E�S�E�M�)� �w�a�s� �u�s�e�d� �f�o�r� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �s�t�e�m� �s�u�r�f�a�c�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �U�s�e� �o�f� �t�h�i�s� �i�n�s�t�r�u�m�e�n�t� �e�l�i�m�i�n�a�t�e�d� �t�h�e� �n�e�e�d� �f�o�r� �t�i�s�s�u�e� �f�i�x�a�t�i�o�n�,� 

�d�e�h�y�d�r�a�t�i�o�n� �a�n�d� �c�o�a�t�i�n�g�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�L�e�n�t�i�c�e�l�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�:� �A�t� �e�a�c�h� �s�t�e�m� �l�o�c�a�t�i�o�n�,� �m�a�p�l�e� �l�e�n�t�i�c�e�l� �n�u�m�b�e�r� �w�a�s� 

�t�h�e� �s�a�m�e� �f�o�r� �h�a�w�t�h�o�r�n� �(�T�a�b�l�e� �1�)�.� �H�o�w�e�v�e�r� �l�e�n�t�i�c�e�l� �n�u�m�b�e�r� �(�f�o�r� �b�o�t�h� �s�p�e�c�i�e�s�)� �w�a�s� 

�h�i�g�h�e�r� �(�P� �=� �0�.�0�5�)� �a�t� �t�h�e� �d�i�s�t�a�l� �l�o�c�a�t�i�o�n� �t�h�a�n� �a�t� �t�h�e� �p�r�o�x�i�m�a�l� �l�o�c�a�t�i�o�n�.� �D�e�c�r�e�a�s�i�n�g� 

�l�e�n�t�i�c�e�l� �n�u�m�b�e�r�s� �(�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x�)� �m�a�y� �b�e� �d�u�e� �t�o� �n�o�r�m�a�l� 

�d�e�v�e�l�o�p�m�e�n�t�a�l� �p�a�t�t�e�r�n�s� �c�o�m�m�o�n� �i�n� �t�r�e�e� �s�e�e�d�l�i�n�g�s�.� �L�e�n�t�i�c�e�l� �n�u�m�b�e�r� �(�p�e�r� �u�n�i�t� �s�t�e�m� 
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�s�u�r�f�a�c�e� �a�r�e�a�)� �w�o�u�l�d� �t�e�n�d� �t�o� �d�e�c�r�e�a�s�e� �a�s� �s�t�e�m� �d�i�a�m�e�t�e�r� �i�n�c�r�e�a�s�e�s�,� �g�i�v�e�n� �a� �r�e�l�a�t�i�v�e�l�y� 

�c�o�n�s�t�a�n�t� �r�a�t�e� �o�f� �l�e�n�t�i�c�e�l� �p�r�o�d�u�c�t�i�o�n�.� �M�i�c�r�o�s�c�o�p�i�c� �a�n�a�l�y�s�i�s� �o�f� �l�e�n�t�i�c�e�l� �a�n�a�t�o�m�y� �s�h�o�w�e�d� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�u�b�e�r�i�z�e�d� �c�o�m�p�l�e�m�e�n�t�a�r�y� �c�e�l�l�s� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �l�e�n�t�i�c�e�l�l�a�r� �o�p�e�n�i�n�g� 

�(�F�i�g�.� �1�)�.� �C�e�l�l�u�l�a�r� �d�i�s�r�u�p�t�i�o�n�s� �w�i�t�h�i�n� �a�l�l� �o�b�s�e�r�v�e�d� �l�e�n�t�i�c�e�l�s� �d�i�d� �n�o�t� �e�x�t�e�n�d� �t�h�r�o�u�g�h� �t�h�e� 

�p�e�r�i�d�e�r�m� �o�r� �i�n�t�o� �c�o�r�t�i�c�a�l� �t�i�s�s�u�e�.� �L�a�c�k� �o�f� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �s�p�e�c�i�e�s� �a�p�p�e�a�r�s� �t�o� 

�d�i�s�c�o�u�n�t� �l�e�n�t�i�c�e�l�s� �a�s� �a� �f�a�c�t�o�r� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �r�a�t�e�s� 

�o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �m�a�p�l�e� �a�n�d� �h�a�w�t�h�o�r�n� �a�s� �s�h�o�w�n� �b�y� �B�a�t�e�s� �(�1�9�9�4�)�.� 

�C�u�t�i�c�u�l�a�r� �w�a�x�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �h�a�w�t�h�o�r�n� �s�t�e�m� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� �u�s�i�n�g� �l�i�g�h�t� 

�m�i�c�r�o�s�c�o�p�y� �r�e�v�e�a�l�e�d� �t�h�a�t� �a� �r�e�l�a�t�i�v�e�l�y� �t�h�i�c�k� �(�1�0�-�2�0� �)�,� �u�n�i�f�o�r�m� �c�u�t�i�c�l�e� �w�a�s� �p�r�e�s�e�n�t� �o�n� 

�t�h�e� �d�i�s�t�a�l� �p�o�r�t�i�o�n� �(�0�-�1�0� �c�m�)� �(�F�i�g�.�2�)�.� �M�a�p�l�e� �c�u�t�i�c�l�e� �a�t� �t�h�i�s� �s�t�e�m� �l�o�c�a�t�i�o�n� �a�p�p�e�a�r�e�d� �a�s� 

�t�h�i�c�k� �a�s� �h�a�w�t�h�o�r�n� �(�p�h�o�t�o� �n�o�t� �s�h�o�w�n�)�.� �C�u�t�i�c�l�e� �w�a�x� �c�o�n�t�e�n�t� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �f�o�r� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �(�F�i�g�.� �3�)�.� �H�o�w�e�v�e�r�,� �h�a�w�t�h�o�r�n� 

�w�a�x� �c�o�n�t�e�n�t� �a�t� �2�7� �c�m� �f�r�o�m� �t�h�e� �a�p�e�x� �w�a�s� �0�.�1�0� �m�g�/�c�m�2� �w�h�e�r�e�a�s� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� 

�v�a�l�u�e� �f�o�r� �m�a�p�l�e� �w�a�s� �>� �0�.�2� �m�g�/�c�m�2�.� �C�u�t�i�c�l�e� �w�a�x� �c�o�n�t�e�n�t� �c�a�n� �b�e� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� 

�a�f�f�e�c�t�i�n�g� �c�u�t�i�c�u�l�a�r� �t�r�a�n�s�p�i�r�a�t�i�o�n� �(�D�e�L�u�c�i�a� �a�n�d� �B�e�r�l�y�n�,� �1�9�8�4�)�.� �L�o�w� �w�a�x� �c�o�n�t�e�n�t� �m�a�y� 

�c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �d�i�e�b�a�c�k� �o�f� �s�e�e�d�l�i�n�g� �t�i�p�s� �w�h�i�c�h� �o�f�t�e�n� �o�c�c�u�r�s� �a�f�t�e�r� �t�r�a�n�s�p�l�a�n�t�i�n�g�.� 

�R�e�m�o�v�a�l� �o�f� �w�a�x� �f�r�o�m� �t�h�e� �c�u�t�i�c�l�e�s� �o�f� �C�i�t�r�u�s� �l�e�a�v�e�s� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� �p�e�r�m�e�a�b�i�l�i�t�y� �t�o� 

�w�a�t�e�r� �b�y� �a� �f�a�c�t�o�r� �o�f� �3�0�0�-�5�0�0� �(�S�c�h�o�n�e�r�r�,� �1�9�7�6�b�)�.� �T�h�e� �s�p�e�c�i�e�s� �w�a�x� �c�o�n�t�e�n�t� �d�i�f�f�e�r�e�n�c�e�s� 

�d�o� �n�o�t� �a�p�p�e�a�r� �t�o� �b�e� �l�a�r�g�e� �e�n�o�u�g�h� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �d�i�f�f�e�r�i�n�g� �s�t�e�m� �w�a�t�e�r� �l�o�s�s� �r�a�t�e�s� 

�o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �h�a�w�t�h�o�r�n� �a�n�d� �m�a�p�l�e� �i�n� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �(�B�a�t�e�s�,� �1�9�9�4�)�.� �D�e�c�r�e�a�s�i�n�g� 

�w�a�x� �c�o�n�t�e�n�t� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �m�a�y� �b�e� �d�u�e� �t�o� �d�e�c�r�e�a�s�i�n�g� 

�p�r�o�d�u�c�t�i�o�n� �i�n� �t�h�e� �o�l�d�e�r� �p�o�r�t�i�o�n�s� �o�f� �t�h�e� �s�t�e�m� �a�s� �w�e�l�l� �a�s� �w�a�x� �e�r�o�s�i�o�n� �b�y� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�f�a�c�t�o�r�s�.� 

�T�i�s�s�u�e� �s�u�b�e�r�i�z�a�t�i�o�n�:� �M�i�c�r�o�s�c�o�p�i�c� �a�n�a�l�y�s�i�s� �o�f� �d�i�s�t�a�l� �s�e�g�m�e�n�t� �c�r�o�s�s�-�s�e�c�t�i�o�n�s� 

�s�h�o�w�e�d� �a� �h�i�g�h�e�r� �d�e�g�r�e�e� �o�f� �s�u�b�e�r�i�z�a�t�i�o�n� �i�n� �m�a�p�l�e� �p�e�r�i�d�e�r�m� �c�e�l�l�s� �(�F�i�g�.� �4�A�)� �t�h�a�n� �i�n� 
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�h�a�w�t�h�o�r�n� �p�e�r�i�d�e�r�m� �(�F�i�g�.� �4�B�)�.� �T�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �d�e�g�r�e�e� �o�f� �m�a�p�l�e� �p�e�r�i�d�e�r�m� 

�s�u�b�e�r�i�z�a�t�i�o�n� �f�o�u�n�d� �1�0� �c�m� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �c�o�n�t�i�n�u�e�s� �i�n�t�o� �t�h�e� �m�i�d�d�l�e� �(�1�0�-�2�0� �c�m�)� 

�a�n�d� �p�r�o�x�i�m�a�l� �(�2�0�-�3�0� �c�m�)� �s�t�e�m� �l�o�c�a�t�i�o�n�s� �(�p�i�c�t�u�r�e�s� �n�o�t� �s�h�o�w�n�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �t�h�e� 

�r�e�l�a�t�i�v�e�l�y� �l�o�w� �a�m�o�u�n�t� �o�f� �h�a�w�t�h�o�r�n� �p�e�r�i�d�e�r�m� �s�u�b�e�r�i�z�a�t�i�o�n� �a�t� �t�h�e� �d�i�s�t�a�l� �l�o�c�a�t�i�o�n� �i�s� �a�l�s�o� 

�e�v�i�d�e�n�t� �a�t� �t�h�e� �m�i�d�d�l�e� �s�t�e�m� �l�o�c�a�t�i�o�n� �(�F�i�g�.� �5�A�)�.� �O�n�l�y� �a�t� �t�h�e� �p�r�o�x�i�m�a�l� �s�t�e�m� �l�o�c�a�t�i�o�n� �(�2�0�-� 

�3�0� �c�m�)� �i�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �r�e�l�a�t�i�v�e� �a�m�o�u�n�t�s� �o�f� �s�u�b�e�r�i�z�a�t�i�o�n� �a�p�p�a�r�e�n�t� �(�F�i�g�.� �5�B�)�.� �T�h�u�s�,� �a�s� 

�w�i�t�h� �t�h�e� �c�u�t�i�c�u�l�a�r� �w�a�x� �d�i�s�t�r�i�b�u�t�i�o�n� �(�l�o�w� �w�a�x� �c�o�n�t�e�n�t� �a�t� �p�r�o�x�i�m�a�l� �l�o�c�a�t�i�o�n�)�,� �t�h�e� �l�o�w� 

�d�e�g�r�e�e� �o�f� �s�u�b�e�r�i�z�a�t�i�o�n� �i�n� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�e� �h�a�w�t�h�o�r�n� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� 

�i�n�c�r�e�a�s�e�d� �w�a�t�e�r� �l�o�s�s� �a�n�d� �t�y�p�i�c�a�l�l�y� �l�o�w� �p�o�s�t�-�t�r�a�n�s�p�l�a�n�t� �s�u�r�v�i�v�a�l� �r�a�t�e�s�.� �B�e�t�u�l�a� �p�a�p�y�i�f�e�r�a� 

�M�a�r�s�h�.� �a�n�d� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m� �M�e�d�.� �h�a�v�e� �b�e�e�n� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �d�e�s�i�c�c�a�t�i�o�n� 

�s�e�n�s�i�t�i�v�e� �s�p�e�c�i�e�s� �(�E�n�g�l�e�r�t�,� �e�t� �a�l�.�,� �1�9�9�3�a�)�.� �T�h�e� �p�e�r�i�d�e�r�m� �o�f� �B�e�t�u�l�a� �p�e�n�d�u�l�a� �R�o�t�h�.� �w�a�s� 

�s�h�o�w�n� �t�o� �b�e� �v�e�r�y� �p�e�r�m�e�a�b�l�e� �t�o� �w�a�t�e�r� �t�r�a�n�s�p�o�r�t� �a�s� �a� �r�e�s�u�l�t� �o�f� �l�i�t�t�l�e� �o�r� �n�o� �s�u�b�e�r�i�z�a�t�i�o�n� 

�o�f� �c�e�l�l� �l�a�y�e�r�s� �w�i�t�h�i�n� �t�h�e� �p�e�r�i�d�e�r�m� �(�S�c�h�o�n�e�r�r� �a�n�d� �Z�i�e�g�l�e�r�,� �1�9�8�0�)�.� 

�S�t�e�m� �c�r�a�c�k�i�n�g�:� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �h�a�w�t�h�o�r�n� �s�t�e�m� �s�u�r�f�a�c�e�s� �u�s�i�n�g� �s�c�a�n�n�i�n�g� 

�e�l�e�c�t�r�o�n� �a�n�d� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�y� �r�e�v�e�a�l�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�m�a�l�l� �l�o�n�g�i�t�u�d�i�n�a�l� �c�r�a�c�k�s� �o�r� 

�f�i�s�s�u�r�e�s� �(�F�i�g�.� �6�A� �a�n�d� �6�B�)�.� �T�h�e� �c�r�a�c�k�s� �w�e�r�e� �n�o�t�i�c�e�a�b�l�e� �t�o� �a�p�p�e�a�r� �b�e�t�w�e�e�n� �1�0�-�2�0� �c�m� 

�f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �a�n�d� �c�o�n�t�i�n�u�e�d� �t�o�w�a�r�d� �t�h�e� �p�r�o�x�i�m�a�l� �e�n�d� �o�f� �t�h�e� �s�t�e�m�.� �F�e�w� �c�r�a�c�k�s� 

�w�e�r�e� �o�b�s�e�r�v�e�d� �w�i�t�h�i�n� �7� �c�m� �o�f� �t�h�e� �s�t�e�m� �t�i�p�.� �D�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �c�r�a�c�k�s� �w�e�r�e� �h�i�g�h�l�y� 

�v�a�r�i�a�b�l�e�,� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �d�i�s�t�a�n�c�e� �f�r�o�m� �s�t�e�m� �a�p�e�x�.� �N�e�a�r� �t�h�e� �a�p�e�x� �c�r�a�c�k�s� �g�e�n�e�r�a�l�l�y� 

�w�e�r�e� �l�e�s�s� �t�h�a�n� �7�5� �m�i�c�r�o�n�s� �w�i�d�e� �a�n�d� �l�e�s�s� �t�h�a�n� �4�0�0� �m�i�c�r�o�n�s� �l�o�n�g� �(�F�i�g�.� �6�A�)�,� �w�h�i�l�e� �2�0�-�3�0� 

�c�m� �f�r�o�m� �t�h�e� �s�t�e�m� �a�p�e�x� �c�r�a�c�k�s� �w�e�r�e� �u�s�u�a�l�l�y� �0�.�5�-�1�.�0� �m�m� �w�i�d�e� �b�y� �4�-�1�0� �m�m� �l�o�n�g� �(�F�i�g�.� 

�6�B�)�.� �C�r�o�s�s� �s�e�c�t�i�o�n�i�n�g� �s�t�e�m�s� �t�h�r�o�u�g�h� �t�h�e�s�e� �c�r�a�c�k�e�d� �r�e�g�i�o�n�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �d�e�p�t�h� �o�f� 

�t�h�e� �o�p�e�n�i�n�g�s� �u�s�u�a�l�l�y� �e�x�t�e�n�d�e�d� �a�t� �l�e�a�s�t� �t�h�r�o�u�g�h� �t�h�e� �c�u�t�i�c�l�e� �a�n�d� �e�p�i�d�e�r�m�i�s� �i�f� �p�r�e�s�e�n�t�,� 

�a�n�d� �o�f�t�e�n� �e�x�t�e�n�d�e�d� �t�h�r�o�u�g�h� �t�h�e� �p�e�r�i�d�e�r�m� �i�n�t�o� �c�o�r�t�i�c�a�l� �t�i�s�s�u�e� �(�F�i�g�.� �S�A� �a�n�d� �5�B�)�.� �C�r�o�s�s� 

�s�e�c�t�i�o�n�s� �m�a�d�e� �a�b�o�v�e� �o�r� �b�e�l�o�w� �t�h�e� �s�t�e�m� �c�r�a�c�k�s� �d�i�s�c�l�o�s�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�p�e�n� �c�a�v�i�t�i�e�s� 
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�e�n�c�l�o�s�e�d� �b�y� �a� �l�a�y�e�r� �o�f� �p�e�r�i�d�e�r�m� �s�e�v�e�r�a�l� �c�e�l�l�s� �t�h�i�c�k� �(�F�i�g�.� �5�B�)�.� �T�h�i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� 

�a�m�o�u�n�t� �o�f� �c�o�r�t�i�c�a�l� �t�i�s�s�u�e� �e�x�p�o�s�e�d� �b�y� �t�h�e� �c�r�a�c�k� �e�x�c�e�e�d�s� �t�h�e� �a�c�t�u�a�l� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� 

�c�r�a�c�k�.� �C�r�a�c�k�i�n�g� �i�n� �t�h�e� �m�i�d�d�l�e� �(�1�0�-�2�0� �c�m�)� �s�e�c�t�i�o�n� �o�f� �t�h�e� �s�t�e�m� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� 

�a�c�c�o�u�n�t� �f�o�r� �3� �t�o� �7�%� �o�f� �t�h�e� �s�t�e�m� �s�u�r�f�a�c�e� �a�r�e�a� �a�n�d� �c�r�a�c�k�s� �i�n� �t�h�e� �p�r�o�x�i�m�a�l� �(�2�0�-�3�0� �c�m�)� 

�p�o�r�t�i�o�n� �o�f� �t�h�e� �s�t�e�m� �a�c�c�o�u�n�t�e�d� �f�o�r� �5� �t�o� �1�2�%� �o�f� �t�h�e� �s�t�e�m� �s�u�r�f�a�c�e� �a�r�e�a� �(�d�a�t�a� �n�o�t� �s�h�o�w�n�)�.� 

�T�h�e� �l�o�c�a�t�i�o�n� �a�t� �w�h�i�c�h� �s�t�e�m� �c�r�a�c�k�s� �u�s�u�a�l�l�y� �a�p�p�e�a�r� �o�n� �h�a�w�t�h�o�r�n� �s�t�e�m�s� �c�o�r�r�e�s�p�o�n�d�s� �w�i�t�h� 

�s�t�e�m� �l�o�c�a�t�i�o�n�s� �w�i�t�h� �l�o�w� �e�p�i�c�u�t�i�c�u�l�a�r� �w�a�x� �c�o�n�t�e�n�t� �(�F�i�g�.� �2�)�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �h�a�w�t�h�o�r�n�,� 

�e�x�a�m�i�n�a�t�i�o�n� �o�f� �m�a�p�l�e� �s�t�e�m�s� �u�s�i�n�g� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �a�n�d� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�y� �r�e�v�e�a�l�e�d� �a� 

�g�e�n�e�r�a�l�l�y� �u�n�i�f�o�r�m� �s�t�e�m� �s�u�r�f�a�c�e� �w�i�t�h� �f�e�w� �d�i�s�r�u�p�t�i�o�n�s� �i�n� �t�h�e� �c�u�t�i�c�l�e� �o�r� �e�p�i�d�e�r�m�i�s� �(�F�i�g�.� 

�7�)�.� 

�I�n� �s�u�m�m�a�r�y�,� �p�e�r�i�d�e�r�m� �s�u�b�e�r�i�z�a�t�i�o�n� �a�n�d� �c�u�t�i�c�u�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n� �t�h�e� �t�e�r�m�i�n�a�l� 

�3�0� �c�m� �o�f� �m�a�p�l�e� �s�t�e�m�s� �a�r�e� �r�a�t�h�e�r� �u�n�i�f�o�r�m� �a�n�d� �w�o�u�l�d� �t�e�n�d� �t�o� �m�i�t�i�g�a�t�e� �s�t�e�m� �w�a�t�e�r� �l�o�s�s�.� 

�I�n� �c�o�n�t�r�a�s�t�,� �h�a�w�t�h�o�r�n� �h�a�d� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �w�a�x� �c�o�n�t�e�n�t� �a�t� �t�h�e� �p�r�o�x�i�m�a�l� �s�t�e�m� �s�e�c�t�i�o�n�s�,� 

�l�o�w�e�r� �l�e�v�e�l�s� �o�f� �s�u�b�e�r�i�z�a�t�i�o�n�,� �a�n�d� �m�o�r�e� �c�r�a�c�k�s� �i�n� �t�h�e� �s�t�e�m� �s�u�r�f�a�c�e� �t�h�a�n� �m�a�p�l�e� �w�h�i�c�h� 

�c�o�u�l�d� �c�o�l�l�e�c�t�i�v�e�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �s�t�e�m� �w�a�t�e�r� �l�o�s�s�.� �T�h�e�s�e� �f�i�n�d�i�n�g�s�,� �a�t� �l�e�a�s�t� �i�n� �p�a�r�t�,� 

�e�x�p�l�a�i�n� �t�h�e� �r�e�l�a�t�i�v�e� �d�e�s�i�c�c�a�t�i�o�n� �t�o�l�e�r�a�n�c�e� �a�n�d� �h�i�g�h� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �o�f� �N�o�r�w�a�y� �m�a�p�l�e� �a�n�d� 

�t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �s�e�n�s�i�t�i�v�i�t�y� �a�n�d� �l�o�w� �s�u�r�v�i�v�a�l� �r�a�t�e�s� �o�f� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �(�B�a�t�e�s�,� 

�1�9�9�4�;� �E�n�g�l�e�r�t� �e�t� �a�l�.�,� �1�9�9�3�b�)�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �f�a�c�t�o�r� �n�o�t� �a�n�a�l�y�z�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �b�u�t� �m�a�y� 

�i�m�p�a�c�t� �t�h�e� �d�e�s�i�c�c�a�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e�s�e� �s�p�e�c�i�e�s� �i�s� �s�t�e�m� �d�i�a�m�e�t�e�r�.� �N�o�r�w�a�y� �m�a�p�l�e� 

�t�y�p�i�c�a�l�l�y� �t�e�n�d�s� �t�o� �p�r�o�d�u�c�e� �a� �s�i�n�g�l�e� �r�a�t�h�e�r� �s�t�o�u�t� �c�e�n�t�r�a�l� �l�e�a�d�e�r� �w�h�i�l�e� �W�a�s�h�i�n�g�t�o�n� 

�h�a�w�t�h�o�r�n� �p�r�o�d�u�c�e�s� �s�e�v�e�r�a�l� �r�e�l�a�t�i�v�e�l�y� �t�h�i�n� �b�r�a�n�c�h�e�s�.� �I�f� �h�a�w�t�h�o�r�n� �d�o�e�s� �l�o�s�s� �w�a�t�e�r� 

�r�a�p�i�d�l�y� �t�h�r�o�u�g�h� �p�e�r�i�d�e�r�m� �c�r�a�c�k�i�n�g�,� �i�t�s� �c�a�p�a�c�i�t�a�n�c�e� �w�o�u�l�d� �b�e� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�f� �m�a�p�l�e� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �l�a�r�g�e�r� �s�u�r�f�a�c�e� �a�r�e�a�:�v�o�l�u�m�e� �r�a�t�i�o�.� �I�n�s�l�e�y� �a�n�d� �B�u�c�k�l�e�y� �(�1�9�8�5�)� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �t�h�e� �f�i�n�e�r� �r�o�o�t� �s�y�s�t�e�m� �o�f� �B�e�t�u�l�a� �p�u�b�e�s�c�e�n�s� �E�h�r�h�.� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �i�t�s� �d�e�s�i�c�c�a�t�i�o�n� 

�s�e�n�s�i�t�i�v�i�t�y� �i�n� � �b�a�r�e�-�r�o�o�t� �s�t�o�r�a�g�e� �a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�a�r�s�e�r� �r�o�o�t�e�d� �F�r�a�x�i�n�u�s� 
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�a�n�g�u�s�t�i�f�o�l�i�a� �V�a�h�l�.� �T�h�e� �c�a�p�a�c�i�t�a�n�c�e� �o�f� �s�t�e�m� �t�i�s�s�u�e� �c�o�u�l�d� �b�e�c�o�m�e� �i�m�p�o�r�t�a�n�t� �i�n� �b�a�r�e�-� 

�r�o�o�t� �s�t�o�r�a�g�e� �b�e�c�a�u�s�e� �t�h�e� �s�e�e�d�l�i�n�g� �h�a�s� �n�o� �m�e�a�n�s� �t�o� �r�e�p�l�a�c�e� �w�a�t�e�r� �l�o�s�t� �t�h�r�o�u�g�h� �r�o�o�t�s� �o�r� 

�s�h�o�o�t�s�.� 
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�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�B�a�t�e�s�,� �R�.�M�.� �1�9�9�4�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �w�a�t�e�r� �s�t�r�e�s�s� �d�u�r�i�n�g� �c�o�l�d� �s�t�o�r�a�g�e� �a�n�d� 

�e�s�t�a�b�l�i�s�h�m�e�n�t� �f�o�r� �A�c�e�r� �p�l�a�t�a�n�o�i�d�e�s� �a�n�d� �C�r�a�t�a�e�g�u�s� �p�h�a�e�n�o�p�y�r�u�m�.� �P�h�.�D�.� 

�d�i�s�s�e�r�t�a�t�i�o�n�.� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�,� �B�l�a�c�k�s�b�u�r�g�,� 

�V�i�r�g�i�n�i�a�,� �U�S�A�.� 

�B�a�k�e�r�,� �E�.�A�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �e�n�v�i�r�o�n�m�e�n�t� �o�n� �l�e�a�f� �w�a�x� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �B�r�a�s�s�i�c�a� 

�o�l�e�r�a�c�e�a� �v�a�r�.� �g�e�m�m�i�f�e�r�a�.� �N�e�w� �P�h�y�t�o�l�.� �7�3�:�9�5�5�-�9�6�6�.� 

�B�e�r�l�y�n�,� �G�.�P�.� �a�n�d� �J�.�P�.� �M�i�k�s�c�h�e�.� �1�9�7�6�.� �B�o�t�a�n�i�c�a�l� �M�i�c�r�o�t�e�c�h�n�i�q�u�e� �a�n�d� �C�y�t�o�c�h�e�m�i�s�t�r�y�.� 

�I�o�w�a� �S�t�a�t�e� �U�n�i�v�.� �P�r�e�s�s�,� �A�m�e�s�,� �I�o�w�a�.� 

�D�e�L�u�c�i�a�,� �E�.�H�.� �a�n�d� �G�.�P�.� �B�e�r�l�y�n�.� �1�9�8�4�.� �T�h�e� �e�f�f�e�c�t� �o�f� �i�n�c�r�e�a�s�i�n�g� �e�l�e�v�a�t�i�o�n� �o�n� �l�e�a�f� 

�c�u�t�i�c�l�e� �t�h�i�c�k�n�e�s�s� �a�n�d� �c�u�t�i�c�u�l�a�r� �t�r�a�n�s�p�i�r�a�t�i�o�n� �i�n� �b�a�l�s�a�m� �f�i�r�.� �C�a�n�.� �J�.� �B�o�t�.� 

�6�2�:�2�4�2�3�-�2�4�3�1�.� 

�E�n�g�l�e�r�t�,� �J�.�H�.�,� �L�.�H�.� �F�u�c�h�i�g�a�m�i�,� �a�n�d� �T�.�H�.� �C�h�e�n�.� �1�9�9�3�a�.� �E�f�f�e�c�t�s� �o�f� �s�t�o�r�a�g�e� 
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�o�n� �t�h�e� �s�u�r�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h� �o�f� �b�r�o�a�d�l�e�a�v�e�d� �s�e�e�d�l�i�n�g�s�.� �J�.� �H�o�r�t�.� �S�c�i�.� �6�0�:�3�7�7�-� 

�3�8�7�.� 

�J�e�f�f�r�e�e�,� �C�.�E�.�,� �R�.�C�.� �J�o�h�n�s�o�n�,� �a�n�d� �P�.�G�.� �J�a�r�v�i�s�.� �1�9�7�1�.� �E�p�i�c�u�t�i�c�u�l�a�r� �w�a�x� �i�n� �t�h�e� �s�t�o�m�a�t�a�l� 

�a�n�t�e�c�h�a�m�b�e�r� �o�f� �s�i�t�k�a� �s�p�r�u�c�e� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �w�a�t�e�r� �v�a�p�o�r� 

�a�n�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �P�l�a�n�t�a� �9�8�:�1�-�1�0�.� 

�J�e�n�s�e�n�,� �W�.�A�.� �1�9�6�2�.� �B�o�t�a�n�i�c�a�l� �h�i�s�t�o�c�h�e�m�i�s�t�r�y�:� �p�r�i�n�c�i�p�l�e�s� �a�n�d� �p�r�a�c�t�i�c�e�.� �W�.�H�.� 

�F�r�e�e�m�a�n�,� �S�a�n� �F�r�a�n�c�i�s�c�o�.� 

�J�u�n�i�p�e�r�,� �B�.�E�.� �a�n�d� �C�.�E�.� �J�e�f�r�e�e�.� �1�9�8�3�.� �P�l�a�n�t� �S�u�r�f�a�c�e�s�.� �E�d�w�a�r�d� �A�r�n�o�l�d�,� �L�o�n�d�o�n�.� �p�p�.� 

�9�3�.� 

�K�o�z�l�o�w�s�k�i�,� �T�.�T�.� �1�9�4�3�.� �T�r�a�n�s�p�i�r�a�t�i�o�n� �r�a�t�e�s� �o�f� �s�o�m�e� �f�o�r�e�s�t� �t�r�e�e� �s�p�e�c�i�e�s� �d�u�r�i�n�g� �t�h�e� 

�d�o�r�m�a�n�t� �s�e�a�s�o�n�.� �P�l�a�n�t� �P�h�y�s�i�o�l�.� �1�8�:�2�5�2�-�2�5�9�.� 

�P�e�a�r�s�e�,� �A�.�E�.� �1�9�8�5�.� �H�i�s�t�o�c�h�e�m�i�s�t�r�y�:� �T�h�e�o�r�e�t�i�c�a�l� �a�n�d� �a�p�p�l�i�e�d�.� �V�o�l�.� �2� �A�n�a�l�y�t�i�c�a�l� 

�t�e�c�h�n�o�l�o�g�y�.� �4�t�h� �e�d�.� �C�h�u�r�c�h�i�l�l� �L�i�v�i�n�g�s�t�o�n�e�,� �N�e�w� �Y�o�r�k�.� 

�7�0



�S�c�h�o�n�e�r�r�,� �J�.� �1�9�7�6�a�.� �W�a�t�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �i�s�o�l�a�t�e�d� �c�u�t�i�c�u�l�a�r� �m�e�m�b�r�a�n�e�s�:� �e�f�f�e�c�t� �o�f� 

�p�H� �a�n�d� �c�a�t�i�o�n�s� �o�n� �d�i�f�f�u�s�i�o�n�,� �h�y�d�r�o�d�y�n�a�m�i�c� �p�e�r�m�e�a�b�i�l�i�t�y� �a�n�d� �s�i�z�e� �o�f� �p�o�l�a�r� 

�p�o�r�e�s� �i�n� �t�h�e� �c�u�t�i�n� �m�a�t�r�i�x�.� �P�l�a�n�t�a� �1�2�8�:�1�1�3�-�1�2�6�.� 

�S�c�h�o�n�e�r�r�,� �J�.� �1�9�7�6�b�.� �W�a�t�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �i�s�o�l�a�t�e�d� �c�u�t�i�c�u�l�a�r� �m�e�m�b�r�a�n�e�s�:� �t�h�e� �e�f�f�e�c�t� 

�o�f� �c�u�t�i�c�u�l�a�r� �w�a�x�e�s� �o�n� �d�i�f�f�u�s�i�o�n� �o�f� �w�a�t�e�r�.� �P�l�a�n�t�a� �1�3�1�:�1�5�9�-�1�6�4�.� 

�S�c�h�o�n�e�r�r�,� �J�.� �a�n�d� �H�.�W�.� �S�c�h�m�i�d�t�.� �1�9�7�9�.� �W�a�t�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �p�l�a�n�t� �c�u�t�i�c�l�e�s�:� 

�d�e�p�e�n�d�e�n�c�e� �o�f� �p�e�r�m�e�a�b�i�l�i�t�y� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �c�u�t�i�c�u�l�a�r� �t�r�a�n�s�p�i�r�a�t�i�o�n�o�n� �v�a�p�o�r� 

�p�r�e�s�s�u�r�e� �s�a�t�u�r�a�t�i�o�n� �d�e�f�i�c�i�t�.� �P�l�a�n�t�a� �1�4�4�:�3�9�1�-�4�0�0�.� 

�S�c�h�o�n�e�r�r�,� �J�.� �a�n�d� �H�.� �Z�i�e�g�l�e�r�.� �1�9�8�0�.� �W�a�t�e�r� �p�e�r�m�e�a�b�i�l�i�t�y� �o�f� �B�e�t�u�l�a� �p�e�r�i�d�e�r�m�.� �P�l�a�n�t�a� 

�1�4�7�:�3�4�5�-�3�5�4�.� 

�S�e�i�l�e�r�,� �J�.�R�.� �1�9�8�5�.� �M�o�r�p�h�o�l�o�g�i�c�a�l� �a�n�d� �p�h�y�s�i�o�l�o�g�i�c�a�l� �c�h�a�n�g�e�s� �i�n� �b�l�a�c�k� �a�l�d�e�r� �i�n�d�u�c�e�d� 

�b�y� �w�a�t�e�r� �s�t�r�e�s�s�.� �P�l�a�n�t�,� �C�e�l�l� �a�n�d� �E�n�v�i�r�o�n�m�e�n�t� �8�:�2�1�9�-�2�2�2�.� 

�7�1



�T�a�b�l�e� �1�.� �A�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �l�e�n�t�i�c�e�l�s� �(�p�e�r� �s�q�u�a�r�e� �c�e�n�t�i�m�e�t�e�r� �o�f� �s�t�e�m� �s�u�r�f�a�c�e� �a�r�e�a�)� �a�t� 

�t�h�r�e�e� �s�t�e�m� �l�o�c�a�t�i�o�n�s� �f�o�r� �2�-�y�r�.�-�o�l�d� �N�o�r�w�a�y� �m�a�p�l�e� �a�n�d� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n�.� 

� � 

�N�u�m�b�e�r� �o�f� �l�e�n�t�i�c�e�l�s� �(�n�o�.�/�c�m�2�)� 

� � 

� � 

�S�p�e�c�i�e�s� �S�t�e�m� �l�o�c�a�t�i�o�n� �(�c�m�)� �_� 

�D�i�s�t�a�l� �(�0�-�1�0�)� �M�i�d�d�l�e� �(�1�0�-�2�0�)� �|� �P�r�o�x�i�m�a�l� �(�2�0�-�3�0�)� �m�e�a�n� 

�M�a�p�l�e� �1�3�2� �1�0� �5� �9� 

�H�a�w�t�h�o�r�n� �9� �8� �2� �6� 

�S�i�g�n�i�f�i�c�a�n�c�e�y� �n�s� �n�s� �n�s� 
� � 

�Z� �M�e�a�n� �o�f� �1�2� �r�e�p�l�i�c�a�t�e�s�.� 

�¥� �n�s� �=� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �p� �=� �0�.�0�5�.� 

�7�2



�F�i�g�u�r�e� �1�.� �C�r�o�s�s�-�s�e�c�t�i�o�n�s� �o�f� �l�e�n�t�i�c�e�l�s� �7�-�1�0� �c�m� �f�r�o�m� �s�t�e�m� �a�p�e�x� �o�f� �(�A�)� �W�a�s�h�i�n�g�t�o�n� 
�h�a�w�t�h�o�r�n�,� �a�n�d� �(�B�)� �N�o�r�w�a�y� �m�a�p�l�e� �s�t�a�i�n�e�d� �w�i�t�h� �s�a�f�f�r�a�n�i�n�.� �A�r�r�o�w�s� �i�n�d�i�c�a�t�e� �d�a�r�k� �r�e�d� 
�r�e�g�i�o�n�s� �o�f� �s�u�b�e�r�i�z�e�d� �c�o�m�p�l�e�m�e�n�t�a�r�y� �c�e�l�l�s�.� �B�a�r� �=� �5�0� �u�m�.� 

�7�3



� � � � 
�7�4



� � 

� � � � � 
� � 

� � 

� � 

� � � � � � 

�H�a�w�t�h�o�r�n� 

�_� �0�.�5� �-� 

�5� �e�S� �0�4�-� 
�E� 
�5� �0�.�3� �-� 

�8� �o�2�-� 
�3� 
�=� �0�.�1� �-� �y� �=� �0�.�5�3� �-� �.�0�1�8�(�x�)� �@� 

�1�2� �=� �0�.�8�7� 

�L� �L� �L� �L� �L� 

�M�a�p�l�e� 

�0�.�5� �-� 

�§� �0�.�4� �-� 
�=� 

�.� �e� �0�.�3� �-� 

�5� 
�4� �0�.�2� �-� 

�=� 
�0�.�1� �-� �y� �=� �0�.�4�3� �-� �.�0�1�0�(�x�)� 

�r�>�=� �0�.�8�0� 

�T� �l� �T� �T�T� �T� 

�0� �5� �1�0� �1�5� �2�0� �2�5� �3�0� 

�D�i�s�t�a�n�c�e� �f�r�o�m� �s�t�e�m� �a�p�e�x� �(�c�m�)� 

�F�i�g�u�r�e� �3�.� �R�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �c�u�t�i�c�u�l�a�r� �s�t�e�m� �w�a�x� �c�o�n�t�e�n�t� �a�n�d� �d�i�s�t�a�n�c�e� �f�r�o�m� �s�t�e�m� 
�a�p�e�x� �f�o�r� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �N�o�r�w�a�y� �m�a�p�l�e�.� �D�a�t�a� �p�o�i�n�t�s� �a�r�e� �m�e�a�n�s� �o�f� �e�i�g�h�t� 
�m�e�a�s�u�r�e�m�e�n�t�s�.� 

�7�6



�F�i�g�u�r�e� �4�.� �C�r�o�s�s�-�s�e�c�t�i�o�n�s� �o�f� �(�A�)� �N�o�r�w�a�y� �m�a�p�l�e� �a�n�d� �(�B�)� �W�a�s�h�i�n�g�t�o�n� �h�a�w�t�h�o�r�n� �s�t�e�m�s�,� �7�-�8� 
�c�m� �f�r�o�m� �s�t�e�m� �a�p�e�x�,� �i�l�l�u�s�t�r�a�t�i�n�g� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �d�e�g�r�e�e� �o�f� �p�e�r�i�d�e�r�m� �s�u�b�e�r�i�z�a�t�i�o�n�,� �(�a�r�r�o�w�s� 
�i�n�d�i�c�a�t�e� �s�t�e�m� �p�e�r�i�d�e�r�m�)�.� �B�a�r� �=� �5�0� �u�m�.� 

�7�7



�
 
�
 

�
 
�
 

�7�8


