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SURVIVAL AND GROWTH OF PINE SEEDLINGS 

ON STRIP-MINED SITES 

by 

(ABSTRACT). 

The effects o£ cultural treatnents includiag 

ectomycorrhizal inoculation, chemical weed control, and 

slow-release fertilization on. survival, growth, 

ectomycorrhizal colonization, and folijar nutrient levels of 

container-grown white (Pinus strobpyus L.), iobiolly (BP. taeda 

Lo), and Virginia pine (BP. virginiana Mill.) seedlings were 

studied on a recontoured and a fiat bench strip-mine site in 

Southwestern Virginia.. One-half of the seedlings was 

inoculated with Pisolithus kEinctgorius (Bers.) Coker and 

  

Couch (Pt). aA 21g Agriform starter tablet was placed in 

the soil at a depth of 10 cm within 10-15 cm of each 

seedling in one-half of the plots at planting. Giyphosate 

Was applied to one-half of each phot prior to planting and 

again later in the growing season. .



First year survival was not different between sites and 

was not sSignificantiy affected by the cultural treatments. 

Abundant precipitation and high soil moisture ileveis 

throughout the initial growing season may have accounted for 

the excellent first year survival... The combination of 

chemical weed control and fertilization significantly 

increased the growth of all three species. Pt inoculatioa 

enhanced seedling growth to some extent but high amounts of 

maturai ectomycorrhizal colonization masked some of the 

effects of Pt. Levels of foliar nitrogen closely reflected 

the effects of each treatment on seedling growth, indicating 

that it was the growth-limiting nutrient for pine seedlings 

on these strip-mined sites.
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INTRODUCTION 

Bituminous coal is an abundant natural resource in 

Southwestera Virginia. fhe people of Buchanan, Dickenson, 

Lee, Russell, Scott, Tazewell, and Hise counties (Figure 1) 

depend on coal mining for their economic base. The history 

of thas rugged, mountainous region is characterized hy 

resource exploitation followed by Shifts to hew resources. 

Agriculture and lambering preceeded mining aS squrces of 

livlihood. | Relative costs and avakiabiiity of various 

energy sources indicate that it is reasonable to expect coal 

Will continue to be mined from this region untii it is 

thoroughly depleted or until econemic conditions ano ionger 

favor its extraction. A future without coal as the economic 

mainstay must be considered now. . 

Over thirty years of surface mining have left a 

patchwork of drastically disturbed sites thoughout this 

region of Virginia. Drastically dasturbed areas are those 

where native vegetation and animal communities have been 

eliminated and most of the topsoil is lost, aitered, or 

buried {Box, 1378)... Host sites are environmentally, 

economically, and socially unproductive even when
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reclamation regulations are followed. Meeting reguiation 

reguirements through the establishment of herbaceous ccver 

usually helps to impede erosion; however, the herbaceous 

cover established on most mining sites is limited in teras 

of realizing the full productive potential of the land. 

There is a challenge to eStablisnh a balance between 

resource utilization and conservation, Returning these 

disturbed coal spoils into productive land for agriculture, 

wildlife, water management, recreation, and peraaps 

industrial and cesidential development will help to acaieve 

this baiance. Revegetation research on these disturbed 

areas should be oriented toward these yoals. Mays and 

Bengtson (1978) suggested that land of all kinds is too 

valuable to allow disturbed areas to remain with no furthec 

use or benefit in mind. 

The Pena-Virginia Resources Corporation is addressiag 

some of the problems and potential solutionS fregarding 

strip-mine reclamation through a cooperative 

interdisciplinary project with Virginia fech on contour 

surface-mined land in Wise County. This particular study 

has been conducted to provide information tor reforestation 

efforts in the region. 

On many disturbed sites reforestation is a justifiable 

alternative for reclamation. MZIrees can be grown and manayed



for pulpwood, sawtimber, Christmas trees, or for wiidlife 

habitat depending on land-use objectives. In additaon, the 

establishment of new forests generalig enhances aesthetic 

and environmental quality. In the past fifty years gost 

research has focused on tree species' adaptability for 

revegetation and stabilization of strip-mines (Piass, 1975: 

Geyer, 1973; Miles et als, 1973;  Czapowskyj, 1979; 

Czapowskyj and McQuilkin, 1966)... in general, pines { Pinus 

Spp. ) have proven to be suitable because of their ability 

to survive and grow in harsh soil environments. However, 

each mine, or at least each Mining region, is a unique case 

depending on local geology, Mining practices, and edaphic 

factors. Research findings fron one area do not necessarily 

hold for other areas because of the complex environsental 

factors involved. Bengtson et ai. (1973a) enphasized that 

a Slight change ina particular envirgnmental parameter can 

change an environment favorahbie for a certain species into 

an inhospitable or toxic one. 

information concerning establishment and growth of tree 

seedlings on strip-mined lands in southwestern Virginia is 

very limited. Three pine species were chosen for this study 

based on their ability to survive and grow in harsh soil 

Mali} and 

  

environments. Virginia pine { PB. vwinginiana 

eastern white pine { P.j strebus L.) are native to this



region. Virginia pine grows well on poor eroded sites and 

is a good source of pulpwood ({Piass and Burtoga, 1967}.. 

White pine thrives on many different sites and, once 

established, grows rapidly. | it as a valuabie source of 

christmas trees and Sawtimber. | Southwestern Virginia is 

West of the natural range cf tLobloily pine { B. taeda L.}.; 

however, lobloliy pine has been planted on same coal spoils 

an this region. It is relatively easy to establish and 

grows rapidly on many types of distuvbed sites producing 

pulpwood and lumber (Piass and Burton, 1967).. 

if the potential productivity of these sites is to be 

realized, intensive cultural treatments must be used to 

pronote seedling establishment and groyth. Treatments such 

as ectomycorrhizal inoculation, chemicai weed control, and 

slow-release fertilization shouid help to achieve acceptable 

survival and growth to meet desired productivity ievelis. . 

Although successful pine seedling establishment on 

strip-mined sites in southwestern Virginia kas been reported 

(Marx and Artman, 1973), these disturbed sites present an 

array of problems for. reforestation. Faiijures in jpige 

Seedling establishment are common on drasticaily disturbed 

Sites uniess the seedlings are colonized by appropriate 

ectomycorrhizal fungi at planting tine. . There ais 

olithus tinctorius (Pers.) - 
Seen ee alae: 

substantiai evidence that Pis 

 



Coker and Couch (Pt) is ecologically adapted to mine-spoil 

conditions. Therefore, Seedlings colonized with this 

ectomycorrhizal fungus should show. improved survival and 

growth. | 

Surface-mine revegetation with dense herbaceous cover 

has generally been successfz2l in. this region. This 

vegetation, however, tends to compete with desirable tree 

seedlings for soil water, nutrients, and light... Certain 

herbaceous plants also aave been Shown to have an 

allielopathic effect on tree seedlings {Fisher, 1980; iarson 

aad Schwarz, 1980; Priester and Pennington, 1978; Giimore, 

1977; Walters and Gilmore, 15976; Reitveld, 1375).  Uwhen 

herbaceous vegetation competes Significantiy with tree 

seedlings, the conpeting vegetation can be controlled to 

release limited site resources. . Little information is 

available on the effects of chemical weed control on 

Surface-mine reforestation. | 

A third problem freguentiy encountered in strip-gine 

reforestation efforts is the lack of adeguate supplies of 

available nutrients, particularly nitrogen {N) and 

phosphorus (P). Plant-available Nand fF in the original 

surface iayers are often buried deeply during mining 

operations. Fertilizer applications are usually desirable 

to promote seedling establishment and gtowth; however, the



effectiveness of these applications depends, in part, on tae 

extent of herbaceous competition. . Heed conpetition can be 

greatly stimulated by applications of soluble fertilizers 

and over-fertilization may result in overtopping of tree 

seedlings by excessive development of herbaceous cever {Mays 

and Bengtson, 1978). . 

Mays and Bengtson (1978). reported that strip-Bine 

Spoiis may be highiy perous, iow an cation exchange 

capacity, and often lacking much of the fertilizer retention 

capacity of natural soiis. Conventional fertilizer saurces 

may leach rapidly through these disturbed soils. Slow 

release fertilizer tablets offer a potential solution to 

this problen. | Tablets placed adjacent to seedling roots 

provide maximum benefit for the seedling while minimizing 

the effect on competing weeds. | 

The effects of these three culturai tieatments on early 

survival and growth of white, Virginia, and le@biglly pine 

are not well documented for coal spoils in southwestern 

Virginia. . Furthermore, the interactions among these 

treatments and the various edaphic factors influencing each 

treatment have not been thoroughly studied. The purpose of 

this research was to investigate the effects of these 

cultural treatments and a variety of edaphic facters on pine 

seedling survival and growth on two strip-mined sites in



southwestern Virginia. The following objectives were 

established: . 

(1) quantify the survival and growth of Pinus 

virginiana Mili., Pinus strobus L.~, and Pinus taeda L. 
eS RE 

on strip-mined lands in southwestern Virginia. 

(2) - evaluate the effects o£ ectomycorrhizal 

inoculation, chenical weed control, and slow-release 

fertilization on the survival and growth of 2. 

virginiana, P.j strobus, and P. taeda. 

  

{3) identify the edaphic factors affecting survival and 

growth on a recontoured site and a flat bench site.



LITERATURE REVIESR 

The principal areas of Llavestigation regarding 

reforestation of surface-mined lands have been the search 

for species tolerant to disturbed-land conditions and the 

development of appropriate cultural practices for tree 

establishment (Paone et ala; 1978}. < | This study was 

established to evaluate three cultural treatments used for 

establishing pine seedlings on strip-mine spoils aiready 

supporting herbaceous growth -- ectomycorrhizal inoculation, 

chenical weed control, and slow-release fertilization. 

Relevant literature concerning these three treatments is 

sSunumarized pelow. 

Ectonycorrhizgal Inoculation 

Mycorrhiza is the term used for. a wide range of 

symbiotic associations between the fine feeder roots of 

plants and highly specialized root-inhbabiting fungi (Marx, 

1980). | Anatomically, mycorrhizal feeder roots can be 

separated into three classes ~~ ectopycorrhizae, 

endonycorrhizae, and ectendonycorrhizae. EctomycorLrhizae 

are the predominant class occurring in forest tree species
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throughout the world. The association is characterized by 

the fungal hyphae growing internally around the primary 

cortical cells of the roots forming the Hartig net which may 

completeiy xceplace the middle lameliae between cortical 

cells. This Hartig net is the major distinguishing feature 

ef ectomycorrchizae (Kormanik et ala, 8977). ~ 

Plants with abundant ectonycorrhizgae kaye an increased, 

physiologicaily active, root-fungus surface area for 

nutrient and water absorption. . fais increase in surface 

area is due to the multi-branching morphology of most 

ectonycorrhizae and from the extensive vegetative growth of 

fungal symbiont hyphae “into the soil (Marz, 197 7a)... 

Extension of hyphae into surrounding soil assures Baximun 

nutrient and water absorption by the host pliant. 

It is well-established that ectomycorrhizal roots 

increase phosphate uptake (Ford, 1982; Hariey, 1978; Smith, 

1974; Bowen and Theodoron, 1967). However, Kormanik et al. 

{1977) pointed out that aithough it is generally accepted 

that. absorption of other nutrients is enhanced by 

ectonycorrhizae, resuits from studies on increased uptake of 

other macro- and picro-nutrients by ectomycorrhizal plants 

have been quite. variable. . These authors hypothesized that 

differentiai. nutrient uptake may xefiect the relative 

concentrations of elements in the soii.~ =f an element is



47 

deficient and limiting piant gromwth, it will probably be 

found in higher concentrations in ectomycorrhizal plants 

than in aonectomycorrhizai plants. . Marx (1977a) xreported 

compiex minerals and organic substances in the soil and 

transport nautrients from these materiais to the pliant. 

Studies by Walker et al.. (1982), Duddridge et al. (1980), 

and Safir et al. {1971 and 1972) showed that improved water 

uptake was positively correlated with. mycorrhizal 

colonization. 

Ectomycorrhizal fungi promote the growta and 

Gevelopment of plants ina number of other ways. Feeder 

roots colonized with ectomycorcrhigal fungi have increased 

longevity (Marx and parnett, 139743 ™EBowen and Theodorou, 

1967). Furthermore, ectonycorrhigae may detex infectica of 

feeder roots by root pathogens, which are common in gany 

tree nurseries and forest soiis, through the production of 

antibiotics (Marx, 1973). Ghe Lungal mantie is also a 

mechanical barrier to cortical celi infection by these root 

pathogens ({Marx, 1973; Marx, 1969). Slankis (1973) 

suggested that ectomycorrhizae are involved in the synthesis 

and stimulation of growth hormones within the host plant. 

Ectonycorrhizai fungi provide host plants with auxins, 

cytokinins, gibberellins, and grouth-regulating B vitamins.
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increased hormonal levels within the host plant could 

Significantly infiuence growth and development. . 

Ectomycorrhizal fungi are abundant in Soils of natural ~ 

forests. Conseguentiy, regenerating seediings usually 

develop ectomycorrhizal associations in fecently harvested 

forests. | In contrast, pine reforestation of adverse, 

drastically disturbed sites usually fails uniess seedlings 

are colonized by ectomycorrhizal fungi at planting tine. 

Some of the first observations an: studies of 

ectonycorrhizae on surface-mine spoils were reported by 

Schrama (1966)... He concluded. that early ectomycorrhizal 

development with Pt was vital for seedling establiishnent of 

several tree species on anthracite spoils in Pennsylvania. 

Since Schramm’s work, numerous obher reports on the 

occurence of Pt on coal spoils and other adverse sites have 

been published (Medve et al., 19773; Manx and Barnett, 1574; 

Hile and Hennen, 1963; Lampky and Peterson, 1563). 

Pisolithus tinctorius was the dominant ectomycorrhizal 

  

fungus on pine roots in strip-mined coal spoils in Kentucky, 

Virginia, Alabama, Peansylvania, Tennessee, Tadiana, 

Missouri, and GChio. Marx and Artman 41973) suggested that 

if Pt is frequently associated with pines growing on adverse 

Site such as coal spoils, it can be assumed that Pt 

ectomycorrhizae contribute to the health of seedlings on
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these sites. A worldwide distribution and broad host range 

are additional chraracteristics of Pt {#arx, 1977b). 

Marcx and Artman (1979). noted that the poor performance 

of nursery seedlings after outplanting on many coal spoils 

may be partially due to the fact that the fangai symbiont on 

their roots at planting cannot tolerate adverse spoil 

conditions. . There is evidence that Pt is ecologically 

adapted to extremes in spoil conditions frequently occurring 

on strip-mines. Studies by Marx et al. {1970}, #Harx and 

Bryan (1971), and Schranm {1956) demonstrated that pige 

seedlings with Pt have increased tolerance to extremes in. 

soil acidity, high sulfur {S), aluminum (Al), and manganese 

{fn) levels, and high soil temperatures. This ability of Pt 

to tolerate adverse soil conditions probahiy accounts for 

the Wariable response of pines to Pt on high and iow quality 

reforestation sites. Marx et al. (197797a) reported that 

more growth stimulation due te the presence of Pt occurred 

on low quality sites than on better quality sites where 

nonmycorrhizal control seedlings grew weil. . 

Marx et ail.w (1978) showed that lack cf ectomycorrhizal 

fangi in former treeless areas could be circumvented by 

introducing ectomycorrhizal fungi into nursery soiis in the 

form of duff or the upper layer of mineral soil fron a 

mature forest. This method was reliable, but costly, and
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potentially dangerous because of the possibility o£ 

introducing harmful pathogens. | Efficient experiszental 

procedures have been developed to artificially inoculate 

fumigated nursery soiis with pure cultares of Pt in order to 

form abundant Pt ectomycorrhizae on both bare-rceooted and 

coutainerized pine seedlings ({Ruchle, 19807 Harcx and Atiman, 

1978; Marz et al., 1978: Ruehie and Marx, 1977; Marx et al., 

1976; Marx and Barnett, 1974). Production of either a pure 

culture. of Pt vyegetative mycelia in a migture of 

vermiculite, peat MOSS, and nutrient substrate or 

basidiospores aixed with a carrier such as vermiculite are 

used to inoculate nursery soils. Most methods for culturing 

yegetative inoculum of Pt fellow the basic procedures of 

Macx and Bryan (1975). 

Tae main-factors infiuencing susceptibility of tree 

reots to ectomycorrhizal colonization are photasynthetic 

potential and soil fertility. Higk light intensity and low 

SOll fertility enhance mycorrhizal development {Marx, 

1977a).. Roots growing rapidiy because o©f£ high soil 

fertility were not highly susceptible to colonization (Marx 

et al., 1977b). In addition, factors directiy affecting the 

mycorrhizal fungus, such aS extremes in soil temperature, 

pH, ana moisture, and presence of antagonistic soil 

microorganisms can affect survival of the symbiont {Marx, 

1980)...
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�V�i�r�g�i�n�i�a� �a�n�d� �w�h�i�t�e� �p�i�n�e� �s�e�e�d�l�i�n�g�s�.�.�.� �I�n� �a� �s�i�m�i�l�a�r� �s�t�u�d�y� �o�n� 

�n�u�r�s�e�r�y� �p�l�o�t�s� �i�n� �G�e�o�r�g�i�a� �(�M�a�r�x� �a�n�d� �B�r�y�a�n�,� �.�1�9�7�5�)�,�,� �i�n�o�c�u�l�a� �o�f� 

�P�t� �w�e�r�e� �u�s�e�d� �t�o� �i�n�f�e�s�t� �f�u�m�i�g�a�t�e�d� �s�o�i�l� �a�n�d� �s�y�n�t�h�e�s�i�z�e� 

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

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

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

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

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

�w�i�t�h� �n�a�t�u�r�a�l�l�y� �o�c�c�u�r�r�i�n�g� �f�u�n�g�i� �s�u�c�h� �a�s� �-�3�.� �t�e�r�r�e�s�t�r�i�s�.� �M�o�r�e� 

� � 

�r�e�c�e�n�t�l�y�,� �M�a�r�x� �e�t� �a�l�.� �(�1�9�7�8�)� �t�e�s�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�F�u�m�i�g�a�t�i�o�n� �o�n� �g�r�o�w�t�h� �a�n�d� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�l� �d�e�v�e�l�o�p�m�e�n�t� �<�o�f� 

�d�o�b�l�o�l�l�y� �p�i�n�e� �s�e�e�d�l�i�n�g�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �i�n�o�c�u�l�a� �o�f� �B�t�,� �1�.� 

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

�(�S�o�w�.�)� �F�e�r�d�.� �a�n�d� �W�i�n�g�e�)� �w�e�r�e� �m�o�r�e� �e�f�f�e�c�t�i�v�e� �i�n� �f�o�r�m�i�n�g� 

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



�1�6� 

�Y�o�z�z�o� �a�n�d� �H�a�c�s�k�a�y�l�o� �(�1�9�7�1�)� �a�n�d� �M�a�r�x� �a�n�d� �A�r�t�m�a�n� �{�1�9�7�8�)� �a�i�s�o� 

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

�P�i�k� �i�n� �t�h�e� �n�u�r�s�e�r�y�.� �.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �l�i�m�i�t�e�d� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �a�v�a�i�l�a�b�i�e� 

�c�o�n�c�e�r�n�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �e�c�t�o�n�y�c�o�r�r�h�i�g�a�e� �t�o� �c�o�n�t�a�i�n�e�r�i�z�e�d� 

�s�e�e�d�l�i�n�g�s�.� � �C�o�n�t�a�i�n�e�r�i�z�e�d� �s�e�e�d�l�i�n�g�s� �h�a�v�e� �o�n�l�y� �r�e�c�e�n�t�l�y� �b�e�e�n� 

�v�i�e�w�e�d� �a�s� �a� �v�a�l�u�a�b�l�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �b�a�r�e�-�r�o�o�t� 

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

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

�e�f�f�i�c�i�e�n�t� �u�s�e� �o�f� �q�u�a�l�i�t�y� �s�e�e�d� �a�n�d� �f�l�i�e�x�i�b�i�e� �s�e�e�d�l�i�n�g� 

�p�r�o�d�u�c�t�i�o�n� �d�u�e� �t�o� �e�x�t�e�n�d�e�d� �p�l�a�n�t�i�n�g� �p�e�r�i�o�d�s� �(�B�a�l�n�e�z�,� �»� �1�9�7�4�)�.�.�.� 

�M�a�r�x� �a�n�d� �B�a�r�n�e�t�t� �(�1�9�7�4�)� �w�e�r�e� �t�h�e� �f�i�r�s�t� �t�o� �i�n�o�c�u�l�a�t�e� 

�I�n� �a� �s�t�u�d�y� �p�u�b�l�i�s�h�e�d� �i�n� �1�9�7�7�,� �R�u�e�h�l�e� �a�n�d� �M�a�r�x� �i�n�v�e�s�t�i�g�a�t�e�d� 

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

�i�n�o�c�u�l�a�t�i�o�n� �t�e�c�h�n�i�g�u�e�s� �f�o�r� �S�a�t�i�s�f�a�c�t�o�r�y� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�l� 

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

�T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �P�t� �h�a�s� �p�o�t�e�n�t�i�a�l� �f�o�r� �w�i�d�e�s�p�r�e�a�d� 

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

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

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

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

�{�R�i�f�f�i�e� �a�n�d� �T�i�n�u�s�,� �1�9�8�2�3�;� �N�a�v�r�a�t�i�l� �e�t� �a�i�.�,� �1�9�8�1�;� �H�a�r�o�m�e�k� �a�n�d�.� 

�H�e�n�d�r�i�x�,� �2�1�9�8�0�;� �D�i�x�o�n� �e�t� �a�l�.�,� �1�9�7�9�3� �M�o�l�i�n�a�,� �1�9�7�9�)�.�.�.



�1�7� 

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

�W�i�t�h� �i�n�d�u�s�t�r�i�a�l� �f�e�r�m�e�n�t�a�t�i�o�n� �e�q�u�i�p�m�e�n�t�.� �H�W�a�r�n�x� �e�t� �a�l�.� �(�1�9�8�2�)� 

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

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

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

�T�h�e� �v�a�l�u�e� �o�f� �P�t� �e�c�t�o�m�y�c�o�r�r�h�i�g�a�e�,� �u�s�i�n�g� �b�o�t�h� �b�a�r�e�-�r�o�o�t� 

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

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

�S�i�t�e�s� �i�n� �a� �n�u�m�b�e�r� �o�f� �s�t�u�d�i�e�s�.� �R�e�s�u�l�t�s� �o�f� �a� �s�t�u�d�y� �c�o�n�d�u�c�t�e�d� 

�o�n� �s�e�v�e�r�e�l�y� �e�r�o�d�e�d� �S�i�t�e�s� �i�n� �t�h�e� �C�o�p�p�e�r� �B�a�s�i�n� �i�n� �T�e�n�n�e�s�s�e�e� 

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

�c�o�l�o�n�i�z�e�d� �w�i�t�h� �P�t� �w�e�r�e� �b�e�t�t�e�r� �a�d�a�p�t�e�d� �f�o�r� �r�a�p�i�d� �g�r�o�w�t�h� �o�y� 

�t�h�e�s�e� �s�i�t�e�s� �(�B�e�r�r�y� �a�n�d� �M�a�r�x�,� �1�9�7�8�)�.�.�.� �N�u�r�s�e�r�y�-�g�r�o�y�n� �b�a�r�e�-�r�o�o�t� 

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

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

�S�i�g�n�i�f�i�c�a�n�t�l�y� �b�e�t�t�e�r� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �w�i�t�h� �2�.� �t�e�r�r�e�s�t�r�i�s� �a�f�t�e�r� 

�t�h�r�e�e� �y�e�a�r�s� �o�n� �a�n� �a�c�i�d� �c�o�a�l� �s�p�o�i�l� �i�n� �K�e�n�t�u�c�k�y� �a�n�d� �f�o�u�r� �y�e�a�r�s� 

�o�h� �a�n� �a�c�i�d� �c�o�a�l� �s�p�o�i�l� �i�n� �V�i�c�g�i�n�i�a�.� �S�e�e�d�l�i�n�g�s� �w�i�t�h� �P�t� �g�r�o�w�n� 

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

�{�F�e�)�,� �S�,� �H�n�,� �a�n�d� �A�i�l� �i�n� �n�e�e�d�i�e�s� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �w�i�t�h� �7�.� 

�t�e�r�r�e�s�t�r�i�s� �a�f�t�e�r� �t�h�r�e�e� �y�e�a�r�s� �(�M�a�r�x� �a�n�d� �A�r�t�m�a�n�,� �7�1�9�7�3�)�.� � �M�o�x�r�e� 

�r�e�c�e�n�t�l�y�,� �B�e�r�r�y� �(�1�9�8�2�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�a�n�t�a�i�n�e�r�-�g�r�o�w�a� 

�s�e�e�d�l�i�n�g�s� �o�f� �p�i�t�c�h� �x� �l�o�b�l�o�l�l�y� �h�y�b�r�i�d� �p�i�n�e� �{�P�.�.� �x�X� �E�i�g�i�t�a�e�d�a�)� 

�W�i�t�h� �P�t� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�e� �g�r�e�w� �f�a�s�t�e�r� �t�h�a�n�.� �s�e�e�d�l�i�n�g�s� �w�i�t�h



�1�8� 

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

�A�l�a�b�a�m�a� �a�n�d� �T�e�n�n�e�s�s�e�e�.� �S�e�e�d�l�i�n�g�s� �w�i�t�h� �P�t� �a�i�s�q� �h�a�d� �i�o�w�e�r� 

�f�o�l�i�a�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �p�o�t�e�n�t�i�a�l�l�y� �t�o�x�i�c� �M�n�.� �R�e�s�u�l�t�s� �c�f� �a� 

�S�t�u�d�y� �b�y� �R�u�e�h�i�e� �e�t� �a�i�.� �(�1�9�8�1�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �m�y�c�o�r�r�h�i�z�a�l� 

�t�r�e�a�t�n�e�n�t� �-� �w�i�t�h� �P�t� �p�r�o�v�i�d�e�d� �n�o� �c�o�n�s�i�s�t�e�a�t� �a�d�v�a�n�t�a�g�e� �f�o�r� 

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

�r�e�f�o�r�e�s�t�a�t�i�o�n� �s�i�t�e�s� �i�n� �A�r�k�a�n�s�a�s� �a�n�d� �O�k�l�a�h�o�m�a�.� �i�n� �t�h�e� �s�a�n�e� 

�S�t�u�d�y�,� �b�a�r�e�-�r�o�o�t� �s�e�e�d�l�i�n�g�s� �w�i�t�h� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�e� �f�o�r�m�e�d� �b�y� �P�t� 

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

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

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

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

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

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

�H�o�w�e�v�e�r�,� �p�i�n�e�s� �o�f�t�e�n� �r�e�q�u�i�r�e� �u�p� �t�o� �t�e�n� �y�e�a�r�s� �a�f�t�e�r� �p�l�a�n�t�i�a�g� 

�t�o� �d�r�o�p� �s�u�f�f�i�c�i�e�n�t� �i�i�t�t�e�r� �t�o� �f�u�l�l�y� �p�r�o�t�e�c�t� �a� �s�i�t�e� �j�D�u�i�f�y�,� 

�1�9�7�8�)�.� �|� �M�a�y�s� �a�n�d� �B�e�n�g�t�s�o�n� �(�1�9�7�8�)�  ��s�u�g�g�e�s�t�e�d� �t�h�a�t� �i�t� �i�s� 

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

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

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

�a�n�d� �C�u�r�t�a�s� �(�1�9�7�8�)�,� �p�l�a�n�t�i�n�g� �o�f� �h�o�t�h� �t�r�e�e�s� �a�n�d� �h�e�r�b�a�c�e�o�u�s� 

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



�1�3� 

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

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

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

�e�c�o�s�y�s�t�e�a�n�.� �.� 

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

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

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

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

�m�o�i�s�t�u�r�e�,� �a�n�d� �i�n�t�e�n�s�i�t�y� �a�n�d� �q�u�a�l�i�t�y� �o�f� �l�i�g�h�t� �{�(�K�l�i�n�g�s�m�a�n� �a�n�d� 

�A�s�h�t�o�n�,� �1�9�7�5�)�.� �T�h�e�s�e� �a�u�t�h�o�r�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �i�n�c�r�e�a�s�e�d� 

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

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

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

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

�S�p�e�c�i�e�s� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �w�e�e�d�s�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �S�0�i�l� �m�o�i�s�t�u�r�e� �i�s� �u�s�u�a�l�i�y� �t�h�e� 

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

�v�e�g�e�t�a�t�i�v�e� �c�o�m�p�e�t�i�t�i�o�n�.� �G�r�a�s�s�e�s� �i�n� �p�a�r�t�i�c�u�l�a�r� �d�e�p�l�e�t�e� �r�o�o�t� 

�z�o�n�e� �m�o�i�s�t�u�r�e� �n�e�a�r� �y�o�u�n�g� �p�i�n�e�s�.� �G�r�e�a�v�e�s� �e�t� �a�l�e� �{�1�9�7�3�b�)� 

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

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

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

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

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



�2�0� 

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

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

�S�e�r�i�c�e�a� �l�e�s�p�e�d�e�z�a� �(�L�e�s�p�e�d�e�z�a� �c�u�n�e�a�t�a� �{�D�u�m�o�n�t�)� �G�.� �B�o�n�)� �o�a�n� 

�k�a�o�l�i�n� �c�l�a�y� �s�t�r�i�p�-�m�i�n�e� �s�p�o�i�l�s� �i�n� �G�e�o�r�g�i�a� �a�n�d� �S�o�u�t�h� �C�a�r�o�l�i�n�a� 

�_� �{�M�a�y� �e�t� �a�l�.�,� �1�9�7�3�)�.� �F�i�r�s�t� �y�e�a�r� �s�u�r�v�i�v�a�l� �o�f� �a�l�l� �s�p�e�c�i�e�s� �w�a�s� 

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

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

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

�B�e�n�g�t�s�o�n� �a�n�d� �M�a�y�s� �(�1�9�7�8�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �g�r�a�s�s� �c�o�m�p�e�t�i�t�i�o�n� 

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

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

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

�g�r�a�s�s�-�s�e�e�d�e�d� �p�l�o�t�s�.� 

�i�n� �a� �f�i�e�l�d� �s�t�u�d�y� �o�n� �c�o�a�l� �n�i�n�e� �s�p�o�i�l�s� �i�n� �K�e�n�t�u�c�k�y�,� �V�o�g�e�l� 

�(�1�9�7�3�)� �m�e�a�s�u�r�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �h�e�r�b�a�c�e�o�u�s� �c�o�v�e�r� �o�n� �t�r�e�e� 

�S�u�r�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h�.� �§�o�I�n� �s�o�m�e� �p�l�o�t�s� �g�r�a�s�s�e�s� �-�-� �K�-�3�1� �f�e�s�c�u�e� 

�{�F�e�s�t�u�c�a� �a�r�u�n�d�i�n�a�c�e�a� �S�c�h�r�e�b�.�)� �a�n�d� �w�e�e�p�i�a�g� �i�o�v�e�g�r�a�s�s� 
�n�a�e� �a�n�e�e�e�n� �S�O�S�E� 

�{�E�x�r�a�g�o�s�t�i�s� �c�u�r�v�u�l�a� �S�c�h�r�a�d�.�)�  ��~� �a�l�o�n�e� �o�r� �g�r�a�s�s� �w�i�t�h� �i�e�g�u�m�e�s� 

� � 

 ��-� �s�e�r�i�c�e�a� �j�e�s�p�e�d�e�z�a� �a�n�d� �K�o�r�e�a�n� �l�e�s�p�e�d�e�z�a� 

�S�t�i�p�u�l�a�c�e�a� �M�a�x�i�n�.�)� �- ��~� �w�e�r�e� �p�l�a�n�t�e�d� �w�i�t�h� �f�o�u�r� �t�r�e�e� �s�p�e�c�i�e�s� �-�-� 

�d�e�l�t�o�i�d�e�s� 

�B�a�r�t�r�.�)� �a�n�d� �s�y�c�a�n�o�r�e� �(�P�l�a�t�a�n�u�s� �o�c�c�i�d�e�n�t�a�l�i�s� �1�.�)� �I�n� �o�t�h�e�r� 

�V�i�r�g�i�n�i�a� �p�i�n�e�,� �l�o�b�l�o�l�l�y� �p�i�n�e�,� �c�o�t�t�o�n�w�o�o�d� �{�P�o�p�u�l�u�s� � � � 

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



�2�1� 

�t�h�r�e�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s�,� �t�h�e� �h�e�r�b�a�c�e�o�u�s� �w�e�g�e�t�a�t�i�o�n� �(�9�5� �p�e�r�c�e�n�t� 

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

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

�g�r�a�s�s� �a�l�o�n�e� �s�u�p�p�r�e�s�s�e�d� �t�r�e�e� �g�r�a�w�t�h� �t�h�e� �m�o�s�t�.� �E�t� �1�s� 

�i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �d�u�r�i�n�g� �t�i�e� �f�o�u�r�t�h� �a�n�d� �f�i�f�t�h� �y�e�a�r�s�,� 

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

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

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

�t�r�e�a�t�n�e�n�t� �p�l�o�t�s�.� �.� �|� 

�B�e�n�g�t�s�o�n� �e�t� �a�i�.� �.� �{�1�9�7�3�b�)� �f�o�u�n�d� �t�h�a�t� �a�f�t�e�r� �t�h�r�e�e� �y�e�a�r�s� 

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

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

�d�a�c�t�y�l�o�n� �{�L�.�)� �P�e�r�s�.�)� �a�n�d� �k�-�3�1� �f�e�s�c�u�e�.� �j�§� �A�i�t�h�o�u�g�h� �s�e�e�d�l�i�n�g� 

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

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

�R�u�e�h�l�e� �(�1�9�8�0�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �d�e�n�s�e� �g�r�a�s�s� �c�o�v�e�r� �c�a�u�s�e�d� 

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

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

�r�e�c�e�n�t� �s�t�u�d�y� �(�R�u�e�h�l�e� �e�t� �a�i�l�.�,� �1�9�8�1�)� �s�h�o�w�e�d� �t�h�a�t� �d�e�n�s�e� �w�e�e�d� 

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

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

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

�m�a�y� �r�e�q�u�i�r�e� �i�n�t�e�n�s�i�v�e� �s�i�t�e� �p�r�e�p�a�r�a�t�i�o�n� �t�o� �r�e�d�u�c�e� �£�i�r�s�t� �y�e�a�r� 

�w�e�e�d� �c�o�n�p�e�t�i�t�i�o�n�.



�2�2� 

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

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

�V�i�m�m�e�r�s�t�e�d�t� �(�1�9�6�5�)� �r�e�p�o�r�t�e�d� �t�h�a�t� �p�l�a�n�t�i�n�g� �b�o�t�h� �t�r�e�e�s� �a�a�d� 

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

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

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

�@�a�s�t�e�r�n� �K�e�n�t�u�c�k�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�u�x�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h� �o�f� �w�h�i�t�e� 

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

�p�i�a�n�t�e�d� �i�n�t�o� �a� �s�t�a�n�d� �o�f� �e�s�t�a�b�l�i�s�h�e�d� �K�-�3�1� �f�e�s�c�u�e� �(�P�l�a�s�s�,� 

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

�b�e� �h�i�g�h�e�r� �b�e�n�e�a�t�h� �h�e�r�b�a�c�e�o�u�s� �v�e�g�e�t�a�t�i�o�n� �t�h�r�o�u�g�h� �l�i�t�t�e�r�.� 

�p�r�o�d�u�c�t�i�o�n� �a�n�d� �i�n�c�r�e�a�s�e�d� �n�u�t�r�i�e�n�t� �c�y�c�l�i�n�g� �(�G�r�e�a�v�e�s� �e�t� �a�l�.�,� 

�1�9�7�8�b�;� �V�o�g�e�l�,� �1�9�7�3�)�.� �T�h�e�s�e� �a�u�t�h�o�r�s� �a�l�s�o� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

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

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

�l�i�t�t�e�r� �i�n� �n�e�w�l�y� �f�o�r�m�e�d� �o�r�g�a�n�i�c� �l�a�y�e�r�s�.�.� �I�n� �a�d�d�i�t�i�o�n�,� 

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

�s�p�o�i�l�s� �(�S�c�h�r�a�m�m�,� �1�3�6�8�)�,� �a�r�e� �m�o�d�e�r�a�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�h�e�r�b�a�c�e�o�u�s� �c�o�v�e�r� �(�R�i�c�h�a�r�d�s�o�n�,� �1�9�5�8�)�.� �.� 

�W�h�e�n� �t�h�e� �n�e�t� �e�f�f�e�c�t� �o�f� �h�e�r�b�a�c�e�o�u�s� �v�e�g�e�t�a�t�i�o�n� �i�n� �a� �t�r�e�e�-� 

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

�m�u�s�t� �b�e� �c�o�n�t�r�o�l�l�e�d� �t�o�.� �r�e�l�e�a�s�e� �l�i�m�i�t�e�d� �r�e�s�o�u�r�c�e�s�,� 

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

�s�p�e�c�i�e�s�.� �G�r�e�a�v�e�s� �e�t� �a�l�.� �(�1�9�7�8�b�)� �p�o�i�n�t�e�d� �o�w�t� �t�h�a�t� �t�h�e



�2�3� 

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

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

�s�e�e�d�l�i�n�g�.� �C�a�r�p�e�n�t�e�r� �a�n�d� �A�l�p�e�r�s� �(�1�9�8�1�)� �w�x�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� 

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

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

�t�h�e� �g�r�o�u�n�d� �c�o�v�e�r�.� �T�h�e�y� �C�o�u�n�d� �t�h�a�t� �w�a�t�e�r� �s�t�r�e�s�s� �o�f� �E�u�r�o�p�e�a�n� 

�a�l�d�e�r� �{�A�l�n�u�s� �g�q�l�u�t�i�n�o�s�a� �1�.�)� �s�e�e�d�l�i�n�g�s� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� 

�h�e�r�b�a�c�e�o�u�s� �v�e�g�e�t�a�t�i�o�n�.� 

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

�s�o�i�l�s�,� �a�n�d� �a�r�e� �o�f� �l�i�m�i�t�e�d� �d�u�r�a�t�i�o�n� �{�N�e�w�t�o�n� �a�n�d� �K�n�i�g�h�t�,� 

�1�9�8�1�)�.� �S�e�l�e�c�t�i�v�e� �w�e�e�d� �c�o�n�t�r�o�l� �w�h�i�c�h� �d�o�e�s� �n�o�t� �p�h�y�s�i�c�a�l�l�y� 

�d�a�m�a�g�e� �t�h�e� �s�i�t�e� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �h�e�r�b�i�c�i�d�e�s�.� �G�r�e�a�v�e�s� 

�e�t� �a�l�.�.�.� �(�1�9�7�8�a�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �i�n� �r�e�l�e�a�s�i�n�g� 

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

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

�n�u�t�r�i�e�n�t�s�.� �T�h�e�s�e� �o�b�j�e�c�t�i�v�e�s� �c�a�n� �o�f�t�e�n� �b�e� �a�c�h�i�e�v�e�d� �w�i�t�h�o�u�t� 

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

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

�S�e�v�e�r�a�l� �r�e�p�o�r�t�s� �k�A�a�v�e� �d�e�s�c�r�i�b�e�d� �s�i�g�n�i�f�i�c�a�n�t� �r�e�s�p�o�n�s�e�s� �i�n� 

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

 ��y�e�a�r�s� �o�f� �p�i�a�n�t�a�t�i�o�n� �e�s�t�a�b�l�i�s�h�m�e�n�t�.� �H�a�i�n�e�s� �(�1�9�7�8�)� �e�v�a�l�u�a�t�e�d� 

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

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

�p�a�r�a�g�u�a�t�,� �2�,�4�-�D�,� �a�n�d� �2�,�4�,�5�-�T�.� �H�e�r�b�i�c�i�d�e� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e
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�m�u�c�h� �m�o�r�e� �b�e�n�e�f�i�c�i�a�l� �t�o� �s�e�e�d�l�i�n�g� �g�r�o�w�t�h� �t�h�a�n� �d�i�s�c�i�n�g� �o�f� 

�m�o�w�i�n�g� �t�r�e�a�t�m�e�n�t�s�.� �A�t�r�a�z�i�n�e� �a�p�p�i�i�e�d� �a�s� �a� �p�r�e�p�i�a�n�t�i�n�g� 

�a�n�d� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �j�e�f�f�r�e�y� �p�i�n�e� �(�®�.� �j�e�f�f�r�e�y�i� �G�r�e�y�.� �a�n�d� 

� � 

�B�a�l�f�.�)� �a�n�d� �p�o�n�d�e�r�o�s�a� �p�i�n�e� �(�P�.� �p�o�n�d�e�r�o�s�a� �L�a�w�s�.�)� �t�r�a�n�s�p�l�a�n�t�s� 

�i�n� �N�e�v�a�d�a� �{�E�c�k�e�r�t�,� �1�9�7�9�)�.�.� �T�h�e� �a�t�r�a�z�i�n�e� �t�r�e�a�t�m�e�n�t� �r�e�d�u�c�e�d� 

�g�r�a�s�s� �b�i�o�m�a�s�s� �b�y� �a�n� �a�v�e�r�a�g�e� �o�f� �7�2� �p�e�r�c�e�n�t� �o�v�e�r� �a� �t�h�r�e�e� �y�e�a�r� 

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

�f�r�o�m� �o�n�e� �p�e�r�c�e�n�t� �o�n� �t�h�e� �c�o�n�t�r�o�l� �p�l�o�t�s� �t�o� �6�6� �p�e�r�c�e�n�t� �o�n� �t�h�e� 

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

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

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

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

�s�t�u�d�i�e�s� �b�y� �N�e�l�s�o�n� �a�n�d� �c�o�w�o�r�k�e�r�s� �{�1�9�8�i�a� �a�n�d� �1�9�8�1�b�)� 

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

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

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

�y�e�a�r�s� �u�s�i�n�g� �h�e�x�a�z�i�n�o�n�e� �w�e�r�e� �1�0�0� �p�e�r�c�e�n�t� �t�a�i�l�e�n�,� �n�e�a�r�i�y� �3�0�0� 

�p�e�r�c�e�n�t� �g�r�e�a�t�e�r� �i�n� �g�r�o�u�n�d� �l�i�n�e� �d�i�a�m�e�t�e�r�,� �a�n�d� �1�2�0�0� �p�e�r�c�e�n�t� 

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

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

�o�n�e� �y�e�a�r�.� �I�n� �t�h�e� �1�9�8�1�b� �s�t�u�d�y�,� �p�r�e�c�i�p�i�t�a�t�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� 

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

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



�2�5� 

�d�e�v�e�l�o�p�r�e�n�t�.� �W�e�e�d� �c�o�n�t�r�o�l� �w�i�t�h� �h�e�x�a�z�i�n�o�n�e� �i�n�c�r�e�a�s�e�d� �p�i�n�e� 

�b�i�o�m�a�s�s� �b�y� �u�p� �t�o� �1�2� �t�i�m�e�s� �t�h�a�t� �o�n� �u�n�s�p�r�a�y�e�d� �p�i�o�c�t�s�.�.� 

�H�o�l�t� �e�t� �a�l�.� �(�1�9�7�5�)� �r�e�p�o�r�t�e�d� �c�o�n�f�l�i�c�t�i�n�g� �r�e�s�u�l�t�s� �f�r�o�m� 

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

�a�t�r�a�z�i�n�e�.� �O�n�e� �t�e�s�t� �s�i�t�e� �d�e�m�o�n�s�t�r�a�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �r�e�s�p�o�n�s�e� 

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

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

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �r�e�l�e�a�s�e�d� �s�e�e�d�l�i�n�g�s� �m�a�i�n�t�a�i�n�e�d� �a�n� �i�n�c�r�e�a�s�e� 

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

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

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

�B�e�s�e�a�r�c�h� �o�n� �t�h�e� �e�f�f�e�c�t�s� �o�f� �g�l�y�p�h�o�s�a�t�e� �{�t�r�a�d�e� �n�a�m�e�,� 

�R�o�u�n�d�u�p�)� �o�n� �t�r�e�e�-�s�e�e�d�i�i�n�g� �e�s�t�a�b�l�i�s�h�m�e�n�t� �i�s� �l�a�c�k�i�n�g�.� 

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

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

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

�p�e�r�e�n�n�i�a�l� �g�r�a�s�s�e�s� �a�n�d� �b�r�o�a�d�i�e�a�f� �w�e�e�d�s�.� �K�i�l�i�n�g�s�m�a�n� �a�n�d� �A�s�h�t�o�n� 

�(�1�9�7�5�)� �a�n�d� �N�e�w�t�o�n� �a�n�d� �K�n�i�g�h�t� �(�1�9�8�1�)� �h�a�v�e� �p�r�e�s�e�n�t�e�d� �r�e�l�e�v�a�n�t� 

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

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

�h�e�r�b�i�c�i�d�e�s� �o�n� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�l� �f�u�n�g�i�.� �j�j� �M�a�r�x� �a�n�d� �B�a�r�n�e�t�t� 

�{�1�9�7�4�)� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �h�e�r�b�i�c�i�d�e�s� �a�r�e� �g�e�n�e�r�a�l�i�y� �s�e�l�e�c�t�i�v�e� 

�e�n�o�u�g�h� �t�o� �b�e� �o�f� �H�i�n�i�m�u�m� �h�a�r�e� �t�o� �m�y�c�o�r�z�h�i�z�a�i�l� �f�u�n�g�i�.� �S�m�i�t�h� 

�a�n�d� �F�e�r�r�y� �(�1�9�7�9�)�.� �p�r�e�s�e�n�t�e�d� �r�e�s�u�i�t�s� �w�h�i�c�h� �i�n�d�i�c�a�t�e�d� �t�h�a�t



�2�6� 

�S�i�m�a�z�i�n�e� �d�i�d� �n�o�t� �i�n�h�i�b�i�t� �e�c�t�o�m�y�c�o�r�r�h�i�z�a�l� �d�e�v�e�l�o�p�m�e�n�t� �i�n� 

�S�c�o�t�c�h� �p�i�n�e� �(�R�P�.� �s�y�i�v�e�s�t�r�i�s� �1�.�)�,� �a�n�d� �A�u�s�t�r�i�a�n� �p�i�n�e� �{�2�.� �n�i�g�n�a� 

�A�r�n�o�l�d�)�,� �a�n�d� �i�t� �M�a�y�,� �u�n�d�e�r� �s�o�m�e� �c�o�n�d�i�t�i�o�n�s�,� �a�c�t�u�a�l�i�y� �e�n�h�a�n�c�e� 

�m�y�c�o�r�r�h�i�z�a�l� �f�o�r�m�a�t�i�o�n�.� �I�L�I�l�o�b�a� �(�1�9�7�6�)� �f�o�u�n�d� �t�h�a�t� �a�m�i�t�r�o�l�e� �a�n�d� 

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

�e�c�t�o�m�y�c�o�r�r�h�i�z�a�l� �c�o�l�o�n�i�z�a�t�i�o�n� �o�f� �S�c�o�t�c�h� �p�i�n�e�.� �K�e�l�l�e�y� �a�n�d� 

�S�o�u�t�h� �(�1�9�8�0�)� �e�v�a�l�u�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�i�o�u�s� �h�e�r�b�i�c�i�d�e�s� �a�n�d� 

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

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

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

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

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

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

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

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

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

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

�s�e�e�d�l�i�n�g� �e�s�t�a�b�l�i�s�h�m�e�n�t� �a�n�d� �g�r�o�w�t�h� �o�n� �s�t�r�i�p�-�n�i�n�e�d� �s�i�t�e�s�.� �A� 

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

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

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

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

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

�i�n�v�e�s�t�i�g�a�t�i�o�n�.� �.



�2�7� 

�S�l�o�w�-�R�e�l�e�a�s�e� �F�e�r�t�i�l�i�z�a�t�i�o�n� 

�T�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �f�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n� 

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

�p�a�r�t�,� �o�n� �t�h�e� �e�x�t�e�n�t� �o�f�.� �h�e�r�b�a�c�e�o�u�s� �c�o�m�p�e�t�i�t�i�o�n� �o�n� �t�h�e� �s�i�t�e�.� 

�B�e�m�g�t�s�o�n� �{�1�9�7�7�)� �s�t�a�t�e�d� �t�h�a�t� �t�h�e�r�e� �a�r�e� �m�a�n�y� �s�i�t�u�a�t�i�o�n�s� �w�h�e�r�e� 

�N�a�n�d� �P� �a�p�p�l�i�e�d� �a�t� �p�l�a�n�t�i�n�g� �o�r� �S�o�o�n� �t�h�e�r�e�a�f�t�e�r� �h�a�v�e� �p�r�o�v�e�n� 

�t�o� �b�e� �e�f�f�e�c�t�i�v�e�.� �B�u�t� �t�h�e�s�e� �s�u�c�c�e�s�s�f�u�l� �f�e�r�t�i�l�i�z�a�t�i�o�n� 

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

�w�e�e�d� �c�o�n�t�r�o�l�.�.�.� �B�e�n�g�t�s�o�n� �{�4�1�9�7�7�)� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �w�e�e�d� 

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

�f�e�r�t�i�l�i�z�e�r�s�.� �O�v�e�r�f�e�r�t�i�l�i�z�a�t�i�o�n�,� �e�s�p�e�c�i�a�l�l�y� �w�i�t�h� �N�,� �m�a�y� 

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

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �h�e�r�b�a�c�e�o�u�s� �c�o�v�e�n� �{�M�a�y�s� �a�n�d� �B�e�n�g�t�s�o�n�,� �1�9�7�8�)�,�.� 

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

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

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

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

�S�o�i�l� �m�o�i�s�t�u�r�e� �i�s� �l�i�m�i�t�e�d�.� 

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

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

�(�1�9�7�9�)�,� �B�e�n�n�e�t� �e�t� �a�l�e� �(�1�9�7�8�)�,� �M�a�y�s� �a�n�d� �B�e�n�g�t�s�s�o�n� �(�1�9�7�8�)�.�,� 

�Y�o�g�e�l� �(�1�9�7�5�)�,� �B�e�n�g�t�s�o�n� �e�t� �a�l�.� �(�1�9�7�3�a�)�:�,� �C�z�a�p�o�w�s�k�y�j� �(�1�9�7�3�)�,�,� 

�P�l�a�s�s� �a�n�d� �Y�o�g�e�i� �(�1�9�7�3�)�,�a�n�d� �V�o�g�e�l� �a�n�d� �B�e�r�g� �(�1�9�7�3�)�.� �D�u�r�i�a�g� 

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



�2�g� 

�a�v�a�i�l�a�b�i�e� �N� �a�r�e� �u�s�u�a�l�l�y� �b�u�r�i�e�d� �t�o�o� �d�e�e�p�l�y� �t�o� �b�e� �a�v�a�i�l�a�b�l�e� �t�o� 

�p�l�a�n�t�s�.� �.� 

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

�d�e�f�i�c�i�e�n�t� �o�n� �s�t�r�i�p�-�m�i�n�e�d� �s�i�t�e�s� �(�N�c�f�e�e� �e�t� �a�l�.�,� �1�9�8�1�;� �g�i�t�t�w�e�r� 

�e�t� �a�l�.�,� �1�9�7�9�3�;� �M�a�y�s� �a�n�d� �B�e�n�g�t�s�o�n�,�.� �1�9�3�7�8�;� �B�e�n�g�t�s�o�n� �e�t� �a�l�.�,�;� 

�9�1�9�7�3�;� �C�z�a�p�o�w�s�k�j�,� �1�9�7�3�;� �P�l�a�s�s� �a�n�d� �V�o�g�e�l�,� �1�9�7�3�;� �V�e�g�e�l� �a�n�d� 

�B�e�r�g�,� �1�9�7�3�;� �B�e�r�g� �a�n�d� �M�a�y�,� �1�9�6�9�)�.� � �#�$�P�l�a�s�s� �a�n�d� �Y�o�g�e�l� �(�1�9�7�3�)�,� 

�a�n�a�l�y�z�e�d� �t�e�n� �s�a�m�p�i�e�s� �f�r�o�m� �e�a�c�h� �o�f� �3�9� �s�p�o�i�i�s� �i�n� �s�o�u�t�h�e�r�n� �e�s�t� 

�V�i�r�g�i�n�i�a�.� �T�h�e�y� �f�o�u�n�d� �P� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �v�e�r�y� �l�o�w� �i�n� �5�2� 

�p�e�r�c�e�n�t�,� �l�o�w� �i�n� �3�5� �p�e�r�c�e�n�t�,� �a�n�d� �m�e�d�i�u�m� �i�n� �1�3� �p�e�r�c�e�n�t� �o�f� �t�h�e� 

�S�a�m�p�l�e�s� �t�e�s�t�e�d�.� �|� 

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

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

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

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

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

�s�p�o�i�i�s�.� �|� �S�p�o�i�l�s� �o�f� �h�i�g�h� �a�c�i�d�i�t�y� �m�a�y� �h�a�v�e� �c�o�n�t�e�n�t�s� �o�f� 

�a�v�a�i�l�a�b�l�e� �F�e�,� �M�n�,� �A�l�,� �a�n�d� �Z�n� �w�h�i�c�h� �a�p�p�r�o�a�c�h� �p�h�y�t�o�t�o�x�i�c� 

�d�e�v�e�l�s� �(�N�c�F�e�e� �e�t� �a�l�.�,� �1�9�3�1�;� �B�a�r�n�h�i�s�e�l� �a�n�d� �M�a�s�s�e�y�,� �1�9�6�9�;� �B�e�r�g� 

�a�n�d� �V�o�g�e�l�,� �1�9�6�8�)�.�.�.� �|� 

�F�e�r�t�i�l�i�z�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �c�o�a�l�-�m�i�n�e� �s�p�o�i�l�s� �a�n�d� �o�t�h�e�r� 

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

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

�c�o�n�d�u�c�t�e�d� �b�y� �B�e�n�g�t�s�o�n� �e�t� �a�l�w�j�~� �(�1�9�7�%�3�a�)�,� �i�o�b�l�i�o�l�i�y� �p�i�n�e� �s�e�e�d�e�d



�2�9� 

�o�n� �c�o�a�l�-�m�i�n�e� �s�p�o�i�l� �r�e�s�p�o�n�d�e�d� �d�r�a�m�a�t�i�c�a�l�l�y� �t�o� �a� �W�N�-�P� 

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

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

�s�p�o�i�l� �a�t� �t�h�e� �t�i�m�e� �o�f� �s�e�e�d�i�n�g�.� �z�Z�a�r�g�e�r�c� �e�t� �a�l�.� �(�1�9�7�3�)� 

�e�v�a�l�u�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�y�i�n�g� �r�a�t�e�s� �o�f� �N� �a�n�d� �2� �a�l�o�n�e� �a�n�d� 

�i�n� �c�o�m�b�i�n�a�t�i�o�n�,� �o�n� �e�a�r�l�y� �g�r�o�w�t�h� �o�f� �1�-�0� �d�i�o�b�i�o�i�l�y� �p�i�n�e�s� 

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

�n�o�r�t�h�e�a�s�t�e�r�n� �A�l�a�b�a�m�a�.� �$�$� �G�r�o�w�t�h� �i�n�c�r�e�a�s�e�s� �o�f� �a�s� �m�u�c�h� �a�s� �1�2�5� 

�p�e�r�c�e�n�t� �w�e�r�e� �o�b�s�e�r�v�e�d� �w�h�e�n� �N� �a�n�d� �B�P� �v�e�r�e� �b�r�o�a�d�c�a�s�t� �A�i�n� 

�c�o�m�b�i�n�a�t�i�o�n�.� �|� 

�I�n� �a� �s�u�b�s�e�q�u�e�n�t� �s�t�u�d�y�,� �B�e�n�g�t�s�e�n� �a�n�d� �M�a�y�s� �{�1�9�7�8�)� 

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

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

�i�n�c�r�e�a�s�e�d� �b�y� �b�r�o�a�d�c�a�s�t� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �N�-�P� �f�e�r�t�i�l�i�z�e�r�.� �i�n� 

�c�o�n�t�r�a�s�t�,� �F�u�n�k� �a�n�d� �K�r�a�m�e�r� �{�1�9�3�6�5�)� �s�w�r�e�p�o�r�t�e�d� �t�h�a�t� �a�f�t�e�r� �t�w�o� 

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

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

�O�h�i�o�.� �.� 

�M�o�r�e� �r�e�c�e�n�t�l�y�,� �B�e�r�r�y� �a�n�d� �M�a�r�x� �{�1�9�8�0�)� �f�o�u�n�d� �t�h�a�t� �a� �5�6�0� 

�k�g�/�h�a� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �c�o�m�m�e�r�c�i�a�l� �1�0�-�1�0�-�1�0� �f�e�r�t�i�l�i�z�e�r� �d�i�d� �n�o�t� 

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

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

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

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

�p�l�o�t�s� �w�i�t�h�o�u�t� �t�h�e� �s�l�u�d�g�e�.
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�M�a�y�s� �a�n�d� �B�e�n�g�t�s�o�n� �(�1�9�7�8�)�.� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �s�t�r�i�p�-�p�i�n�e� 

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

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

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

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

�t�h�e�s�e� �d�i�s�t�u�r�b�e�d� �s�o�i�l�s�.� �S�l�o�w�-�r�e�l�e�a�s�e� �f�e�r�t�i�l�i�z�e�r�s� �o�f�f�e�r� �a� 

�p�o�t�e�n�t�i�a�l� �s�o�l�u�t�i�o�n� �t�o� �t�h�i�s� �p�r�o�b�l�e�m�s�.� 

�S�l�i�o�w�-�r�e�l�e�a�s�e� �f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s� �w�e�r�e� �f�i�r�s�t� �d�e�v�e�l�o�p�e�d� �i�n� 

�t�h�e� �l�a�t�e� �1�9�5�0�'�s� �b�y� �A�u�s�t�i�n� �a�n�d� �S�t�r�a�n�d� �(�1�9�6�0�)�.�.�.� �S�h�a�r�m�a� �(�1�9�7�5�)� 

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

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

�a�n�d� �c�u�n�o�f�f�,� �r�e�d�u�c�e�d� �c�h�e�m�i�c�a�l� �a�n�d� �b�i�o�l�e�g�i�c�a�l� �i�n�g�o�b�i�l�i�z�a�t�i�o�n� 

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

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

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

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

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

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

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

�f�o�r�m� �.�o�f� �s�l�o�w�-�r�e�l�e�a�s�e� �f�e�r�t�i�l�i�z�e�r�.� �.� �A�g�r�i�f�o�r�n� �s�l�o�w�-�r�e�l�e�a�s�e� 

�t�a�b�l�e�t�s� �{�S�i�e�r�r�a� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �M�i�l�p�i�t�a�s�,� �C�A�)� �a�r�e� �i�a� �t�h�i�s� 

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

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

�a�i�n� �w�a�t�e�r� �(�S�h�a�r�m�a�,� �1�9�7�9�)�.�.�.



�3�1� 

�B�e�r�r�y� �(�1�9�7�9�)� �u�s�e�d� �t�w�o� �S�i�z�e�s� �o�f� �A�g�r�i�f�o�r�n� �s�l�o�w�-�r�e�l�e�a�s�e� 

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

�d�o�b�l�o�l�l�y� �p�i�n�e� �s�e�e�d�l�i�n�g�s� �o�n� �a� �s�e�v�e�r�l�y� �e�r�o�d�e�d�,�  ��a�n�f�e�r�t�i�l�e� �S�i�t�e� 

�i�n� �t�h�e� �T�e�n�n�e�s�s�e�e� �C�o�p�p�e�r� �B�a�s�i�n�.� �W�h�e�n� �t�h�e� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

�P�l�a�n�t�e�d�,� �f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s� �o�r� �s�i�u�d�g�e� �w�e�r�e� �p�l�a�c�e�d� �8� �c�m� �d�e�e�p� 

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

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

�H�o�y�e�v�e�r�,� �t�h�e� �r�e�l�a�t�i�v�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �o�n� 

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

�S�e�a�s�o�n�s�.� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�r�e�e� �s�e�a�s�o�n�s�,� �t�h�e� �2�1� �g� �a�n�d� �9� �g� 

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

�9�0�,�6�0�,� �a�n�d� �3�0� �g� �s�i�u�d�g�e� �t�r�e�a�t�m�e�n�t�s� �i�n�c�r�e�a�s�e�d� �v�o�l�u�m�e� �b�y� �e�i�g�h�t�,� 

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

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

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

�M�i�n�i�m�a�l� �s�t�i�m�u�l�a�t�i�o�n� �o�f� �c�o�m�p�e�t�i�n�g� �v�e�g�e�t�a�t�i�o�n�.� �.� �|� �/� 

�W�i�t�t�w�e�r� �e�t� �a�l�.� �(�1�9�7�8�)� �t�e�s�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �9� �g� 

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

�o�f� �t�h�r�e�e� �s�p�e�c�i�e�s� �o�f� �o�a�k�s� �(�Q�u�e�r�c�u�s� �s�p�p�.�)� �a�n�d� �V�i�r�g�i�n�i�a� �p�i�n�e� 

�S�e�e�d�e�d� �o�n� �s�t�r�i�p�-�m�i�n�e� �s�p�o�i�l�s� �i�n� �s�o�u�t�h�e�a�s�t�e�r�n� �K�e�n�t�u�c�k�y�.� �T�h�e� 

�f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s� �w�e�r�e� �p�i�a�c�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �c�m� �a�w�a�y� �f�r�o�n� 

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

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



�3�2� 

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

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

�f�e�r�t�i�l�i�z�e�r� �t�r�e�a�t�m�e�n�t�s�;� �a�n�d� �t�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�r�e�a�t�m�e�n�t�s� 

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

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

�C�o�n�s�i�d�e�r�a�b�l�e� �w�o�r�k� �h�a�s� �b�e�e�n� �d�o�n�e� �o�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

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

�S�c�h�r�a�m�m� �(�1�9�6�6�)� �a�p�p�l�i�e�d� �d�i�f�f�e�r�e�n�t� �n�u�t�r�i�e�n�t�s� �t�o� �c�h�i�o�r�o�t�i�c� 

�V�i�r�g�i�n�i�a� �p�i�n�e� �s�e�e�d�l�i�n�g�s� �o�n� �a�n�t�h�r�a�c�i�t�e� �|� �s�p�o�i�i�s� �i�n� 

�P�e�n�n�s�y�l�v�a�n�i�a�.� �A�f�t�e�r� �n�i�t�r�a�t�e� �f�e�r�t�i�l�i�z�a�t�i�o�n�,� �t�h�e� �s�e�e�d�l�i�n�g�s� 

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

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

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

�K�o�r�m�a�n�i�k�.� �e�t� �a�l�.� �(�1�9�9�7�)� �|� �S�u�M�m�a�r�i�z�e�d� �t�h�e� �c�u�r�r�e�n�t� 

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

�d�e�v�e�l�o�p�n�e�n�t�.� �H�i�g�h� �l�e�v�e�i�s� �o�f� �s�o�l�u�b�l�e� �p�h�o�s�p�h�a�t�e�s� �i�n� �t�h�e� �s�o�i�l� 

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

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

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

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

�L�i�t�t�l�e� �o�r� �n�o� �g�r�o�w�t�h� �d�i�f�f�e�r�e�n�c�e�s� �v�e�r�e� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� 

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

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

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

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

�B�e�r�r�y� �a�n�d� �M�a�r�x� �(�1�9�7�6�)� �e�v�a�l�u�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �P�t� 

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

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

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

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

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

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

�m�y�c�o�r�r�h�i�z�a�l� �t�r�e�a�t�m�e�n�t�s�.� �M�a�r�x� �e�t� �a�l�.� �4�1�9�7�7�a�)� �o�b�s�e�r�v�e�d� �t�h�a�t� 

�i�n� �n�o�n�f�e�r�t�i�l�i�z�e�d� �p�l�o�t�s� �o�n� �a� �c�e�f�o�r�e�s�t�a�t�i�o�n� �s�i�t�e� �i�n� �F�i�o�r�i�d�a�,� 

�S�l�a�s�h� �p�i�n�e� �(�2�.� �e�l�l�i�o�t�t�i�i� �E�n�g�l�e�m�.�)� �s�e�e�d�i�i�n�g�s� �w�i�t�h� �P�t� �s�u�r�v�i�v�e�d� 

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

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

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

�*� 

�F�e�r�t�i�l�i�z�e�r� �a�l�o�n�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �i�n�c�r�e�a�s�e� �g�c�o�w�t�h� �o�f� �s�l�a�s�h� 

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

�I�n� �a� �s�t�u�d�y� �b�y� �M�a�r�x� �a�n�d� �A�r�t�m�a�n� �(�1�9�7�9�)� �b�a�r�e�-�r�o�c�t�e�d� 

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

�S�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �p�l�o�t� �v�o�l�u�m�e� �i�n�d�i�c�e�s� �(�P�V�I�)�4� �t�h�a�n� 

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

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

�1� �P�V�I�,�c�m�3�=� �(�r�o�o�t� �c�o�l�l�a�r� �d�i�a�m�e�t�e�r�,�c�n�}�*� �x� �h�e�i�g�h�t�,�c�m� �x� �n�u�m�b�e�r� �o�f� 
�s�e�e�d�l�i�n�g�s� �s�u�r�v�i�v�i�n�g� �p�e�r� �p�l�o�t�.



�3�4� 

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

�g�r�e�a�t�e�r� �P�V�I�'�s� �t�h�a�n� �s�e�e�d�l�i�n�g�s� �w�i�t�h� �a�n�y� �o�t�h�e�r� �t�r�e�a�t�m�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �a�d�d�i�t�i�v�e� �e�f�f�e�c�t� �o�£� �t�h�e� 

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

�s�e�e�d�l�i�n�g�s� �a�f�t�e�r� �t�h�e� �t�h�i�r�d� �y�e�a�r�n� �_� �T�h�e� �f�e�r�t�i�l�i�z�g�e�r ��P�t� 

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

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

�W�a�i�k�e�r� �e�t� �a�l�.�.� �(�1�9�8�2�)� �u�s�e�d� �f�e�r�t�i�l�i�z�a�t�i�o�n� �a�n�d� �P�t� 

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

�p�i�n�e� �s�e�e�d�l�i�n�g�s� �o�n�a� �c�o�a�l�-�m�i�n�e� �s�p�o�i�l� �i�n� �T�e�n�n�e�s�s�e�e�.� �A�f�t�e�r� 

�t�h�r�e�e� �y�e�a�r�s�,� �P�t� �c�o�l�o�n�i�z�a�t�i�o�n� �h�a�d� �S�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� �t�h�e� 

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

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

�n�o�t� �s�i�g�n�i�f�i�c�a�n�t�i�y� �a�f�f�e�c�t�e�d� �b�y� �P�t� �c�o�l�o�n�i�z�a�t�i�o�n�.� �B�r�o�a�d�c�a�s�t� 

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

�f�o�r� �b�o�t�h� �s�p�e�c�i�e�s� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �P�t� �i�n�o�c�u�l�a�t�i�o�n�.� �T�h�e� �p�o�o�r� 

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

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

�r�a�t�i�o�s�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� �M�a�r�x� �a�n�d� �<�A�r�t�m�a�n� 

�(�1�9�7�9�)�,� �M�a�l�i�k�e�r� �e�t� �a�l�.� �(�1�9�8�2�)� �r�e�p�o�r�t�e�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�a�d�d�i�t�i�v�e� �e�f�f�e�c�t� �o�f� �t�h�e� �t�w�o� �t�r�e�a�t�m�e�n�t�s� �o�n� �P�Y�L�.�-� �T�h�i�s� �w�a�s� 

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

�s�e�e�d�l�i�n�g�s�.� �.



�3�5� 

�T�h�e� �v�a�r�i�a�b�l�e� �r�e�s�u�l�t�s� �o�f� �f�e�r�t�i�i�i�z�g�a�t�i�o�n�-�e�c�t�o�n�y�c�o�r�c�r�h�i�z�a�e� 

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

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

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

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

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

�w�h�i�t�e� �p�i�n�e�s�,� �i�n� �p�a�r�t�i�c�u�l�a�r�,� �i�s� �l�a�c�k�i�n�g�.�.�.



�H�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�S�t�u�d�y� �S�i�t�e�s� 

�T�h�e� �t�w�o� �s�t�u�d�y� �s�i�t�e�s� �c�h�o�s�e�n� �f�o�r� �t�h�i�s� �p�r�o�j�e�c�t� �w�e�r�e� 

�l�o�c�a�t�e�d� �i�n� �W�i�s�e� �C�o�u�n�t�y�,� �V�i�r�g�i�n�i�a� �o�n� �s�t�r�i�p�-�m�n�i�n�e�d� �p�r�o�p�e�r�t�i�e�s� 

�o�w�n�e�d� �|� �a�n�d� �n�a�n�a�g�e�d� �b�y� �t�h�e� �P�e�n�n�-�V�i�r�g�i�n�i�a� �R�e�s�o�u�r�c�e�s� 

�C�o�r�p�o�r�a�t�i�o�n�.� �.� �S�e�e�d�l�i�n�g� �s�u�r�v�i�v�a�l� �a�n�d� �g�r�o�w�t�h� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �o�n� 

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

�T�h�e� �r�e�c�o�n�t�o�u�r�e�d� �s�i�t�e� �w�a�s� �l�o�c�a�t�e�d� �a�t� �8�2�°� �4�3�"�#� �l�o�n�g�i�t�u�d�e� 

�a�n�d� �3�6�°�5�5�'�N� �l�a�t�i�t�u�d�e� �n�e�a�r� �t�h�e� �j�u�n�c�t�i�o�n� �o�f� �R�o�u�t�e�s� �6�0�3� �a�n�d� �2�3�,� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8� �k�m� �W�e�s�t� �o�f� �N�o�r�t�o�n�.� �T�h�i�s� �s�i�t�e�,� �w�h�i�c�h� �h�a�d� �a� 

�w�e�s�t�e�r�n� �a�S�p�e�c�t�,� �w�a�s� �m�i�n�e�d� �a�n�d� �r�e�c�o�n�t�o�u�r�e�d� �i�n� �1�9�7�9�.� �I�t� �w�a�s� 

�h�y�d�r�o�s�e�e�d�e�d� �i�n� �N�a�r�c�h�,� �1�9�3�0� �w�i�t�h� �a� �c�o�m�b�i�n�a�t�i�o�n� �a�f� �K�&�k�-�3�1� 

�a�l�b�a� �L�e�)�,� 

�l�a�d�i�n�o� �c�l�o�v�e�r� �{�%�.� �r�e�p�e�n�s� �j�a�d�i�n�o� �L�.�)�.�,� �a�n�d� �a�n�n�u�a�l� �r�y�e� �(�L�o�l�i�u�n� 

�f�e�s�c�u�e�,� �s�e�r�i�c�e�a� �l�e�s�p�e�d�e�z�a�,� �r�e�d� �t�o�p� �j�A�g�r�o�s�t�i�:� � � � 

�m�u�i�t�i�f�l�o�r�u�m� �L�a�n�.�)� �i�n� �m�i�x�t�u�r�e� �w�i�t�h� �5�6�0� �k�g�/�h�a� �o�f� �1�0�-�2�0�-�2�0� 

�f�e�r�t�i�l�i�z�e�r� �a�n�d� �1�6�8�1� �k�g�/�h�a� �o�f� �w�o�o�d� �f�i�b�e�r� �m�u�l�c�h�.� �E�i�g�h�t�e�e�n� 

�p�l�o�t�s� �w�e�r�e� �s�e�l�e�c�t�e�d� �a�t� �t�h�i�s� �s�i�t�e� �i�n� �M�a�y�,� �1�9�8�1�.� �E�l�e�v�a�t�i�o�n� 

�r�a�n�g�e�d� �f�r�o�m� �5�8�0� �t�o� �6�1�0� �m� �a�n�d� �t�h�e� �a�v�e�r�a�g�e� �s�l�o�p�e� �o�f� �t�h�e� �p�l�o�t�s� 

�w�a�s� �3�8� �p�e�r�c�e�n�t�.� �.� 

�T�h�e� �f�l�a�t� �b�e�n�c�h� �s�i�t�e� �w�a�s� �l�o�c�a�t�e�d� �a�t� �8�2�°� �4�2�3�7�8� �l�o�n�g�i�t�u�d�e� 

�a�n�d� �3�7�°� �0�1�°�N� �l�a�t�i�t�u�d�e� �n�e�a�r� �B�o�u�t�e� �6�2�0�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3� �k�a� 

�3�6



�3�7� 

�E�a�s�t� �o�f� �t�h�e� �t�o�w�n� �o�f� �N�o�r�t�o�n�.� �B�l�e�v�a�t�i�o�n� �r�a�n�g�e�d� �.� �f�r�o�m� �7�9�0� �t�o� 

�8�2�5� �m�g�.� �T�h�e� �a�v�e�r�a�g�e� �s�l�o�p�e� �o�f� �p�l�e�t�s� �o�n� �t�h�i�s� �s�i�t�e� �w�a�s� �i�e�s�s� 

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

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

�c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �l�o�w�e�r� �b�e�n�c�h� �w�a�s� �m�i�n�e�d� �i�n� �1�9�7�7� �a�n�d� 

�h�y�d�r�o�s�e�e�d�e�d� �i�n� �1�9�7�8� �w�i�t�h� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �k�-�3�1� �f�e�s�c�u�e�,� 

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

�(�i�r�i�f�o�l�i�u�m� �p�r�a�t�e�n�s�e� �L�.�)� �i�n� �m�i�x�t�u�r�e� �w�i�t�h� �4�0�9� �k�g�/�h�a� �o�f� 

�1�6�-�2�7�-�1�4� �f�e�r�t�i�l�i�z�e�r� �a�n�d� �9�3�5�4� �l�i�t�e�r�s�/�h�a� �o�f� �C�o�n�v�e�b� �m�u�l�c�h�.� �T�h�e� 

�u�p�p�e�r� �b�e�n�c�h� �w�a�s� �m�i�n�e�d� �i�n� �1�9�7�8� �a�n�d� �h�y�d�r�o�s�e�e�d�e�d� �i�n� �1�9�7�9� �i�n� �t�h� 

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

�w�e�r�e� �s�e�l�e�c�t�e�d� �i�n� �S�e�p�t�e�m�b�e�r�,� �1�9�8�0�.� �.� 

�T�h�e� �c�l�i�m�a�t�e� �o�f� �W�i�s�e� �C�o�u�n�t�y� �a�i�s� �G�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� 

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

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

�m�e�a�n� �a�n�n�u�a�l� �p�r�e�c�i�p�i�t�a�t�i�o�n� �f�o�r� �W�i�s�e� �C�o�u�n�t�y� �i�s� �1�2�1� �c�m� �(�f�a�b�l�e� 

�A�i�}�.�.�.� �T�h�e� �g�r�o�w�i�n�g� �s�e�a�s�o�n�,� �d�e�f�i�n�e�d� �a�s� �t�h�e� �p�e�r�i�o�d� �b�e�t�w�e�e�n� �t�h�e� 

�a�v�e�r�a�g�e� �d�a�t�e� �o�f� �t�h�e� �l�a�s�t� �f�r�o�s�t� �i�n� �S�p�r�i�n�g� �{�M�a�y� �5�)� �a�n�d� �t�h�e� 

�a�v�e�r�a�g�e� �d�a�t�e� �o�f� �t�h�e� �f�i�r�s�t� �f�r�o�s�t� �i�n� �F�a�l�l� �(�Q�c�t�o�b�e�r� �9�)� �i�s� �1�5�7� 

�d�a�y�s�.� �.� �T�h�i�s� �i�s� �o�n�e� �o�f� �t�h�e� �s�h�o�r�t�e�s�t� �g�r�o�w�i�n�g� �s�e�a�s�o�n�s� �i�n� 

�V�i�r�g�i�n�i�a�.�®� 

� � 

�2� �C�l�i�m�a�t�o�l�o�g�i�c�a�l� �S�u�m�m�a�r�y� �N�o�.� �2�0�-�4�4�,� �W�i�s�e�,� �V�A�.



�3�8� 

�P�l�o�t� �D�e�s�i�g�n� 

�O�n� �e�a�c�h� �o�f� �t�h�e� �t�w�o� �s�t�u�d�y� �s�i�t�e�s� �t�h�r�e�e� �t�r�e�e� �s�p�e�c�i�e�s� �(�?�P�.� 

�u�s�)�,� �a�n�d� �t�w�o� �f�e�r�t�i�l�i�z�e�r� �t�a�e�d�a�,� �P�.�~� �v�i�r�g�i�n�i�a�n�a�,� �a�n�d� �P�p�.� �s�t�r�a� � � � � 

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

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

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

�(�T�a�b�l�e� �A�2�)�.�.� 

�E�a�c�h� �o�f� �t�h�e� �t�h�i�r�t�y�-�s�i�x� �3�5�0� �m�@� �(�1�7�.�5� �K�X� �2�0�.�0� �a�)� �p�i�l�o�t�s� 

�l�o�c�a�t�e�d� �a�t� �t�h�e� �t�w�o� �s�t�u�d�y� �s�i�t�e�s� �w�a�s� �p�l�a�n�t�e�d� �w�i�t�h� �1�3�4� �t�r�e�e�s� �o�f� 

�o�n�e� �o�f� �t�h�e� �t�h�r�e�e� �s�p�e�c�i�e�s� �u�s�i�n�g� �a� �1�.�2�5� �K�X� �2�.�5� �m� �S�p�a�c�i�n�g�.� �i�n� 

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

�i�e�a�s�t� �3� �m� �o�n� �a�l�l� �s�i�d�e�s�.� �O�f� �t�h�e� �1�3�6� �t�r�e�e�s� �p�l�a�n�t�e�d�,� �6�4� �v�e�r�e� 

�b�u�f�f�e�r� �t�r�e�e�s� �a�n�d� �7�2� �w�e�r�e� �t�e�s�t� �t�r�e�e�s�.� �H�a�c�h� �p�l�o�t� �w�a�s� �d�i�v�i�d�e�d� 

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

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

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

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

�h�a�l�v�e�s� �o�f� �e�a�c�h� �p�l�o�t� �{�F�i�g�u�r�e� �2�)�.� 

� � 

� � 

�L�o�b�l�o�l�l�y�,� �V�a�r�g�i�n�i�a�,� �a�n�d� �e�a�s�t�e�r�n� �w�h�i�t�e� �p�i�n�e� �s�e�e�d�s� �v�e�r�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �V�i�r�g�i�n�i�a� �D�i�v�i�s�i�o�n� �o�f� �F�o�r�e�s�t�r�y�.� �S�e�e�d�s� �o�f� 

�a�l�l� �t�h�r�e�e� �s�p�e�c�i�e�s� �w�e�r�e� �s�o�a�k�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �f�o�r� �3�6� 

�h�o�u�r�s�,� �t�h�e�n� �b�u�b�b�l�e�d� �i�n� �o�n�e� �p�e�r�c�e�n�t� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �f�o�r� �3�0
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�X�*� �0� �X�x� �6�)� �X� 

�X�*� �0� �X� �0� �X� 

�X�*� �0� �X� �0� �X� 

�x�*� �0� �X�x� �0� �X� 
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�X�x�*� �0� �x�X� �0� �x� 

�X�*� �0�)� �X� �0� �X� 

�X�*� �0� �X� �0� �x� 

�X�*� �0� �X� �0� �x� 

�x�*� �0� �x� �0� �x�X� 

�X�*� �Q�*� �X�*� �Q�*� �X�*� 

�X�x�*� �O�*� �X�*� �O�*� �X�*� 

�1�7�.�5� �M� 

�X� �=� �I�N�O�C�U�L�A�T�E�D� �S�E�E�D�L�I�N�G� 
�O� �=� �U�N�I�N�O�C�U�L�A�T�E�D� �S�E�E�D�L�I�N�G� 
�#� �=� �B�U�F�F�E�R� �S�E�E�D�L�I�N�G� 

�F�i�g�u�r�e� �2�.� �P�l�o�t� �d�e�s�i�g�n�.



�8�6� 

�m�i�n�u�t�e�s�,� �d�r�a�i�n�e�d�,� �a�n�d� �s�t�o�r�e�d� �i�n� �p�l�a�s�t�i�c� �b�a�g�s� �a�t� �2�  ¬�.� �A�f�t�e�r� 

�S�t�r�a�t�i�f�i�c�a�t�i�o�n�,� �g�e�r�m�i�n�a�t�i�o�n� �w�a�s� �a�t� �l�e�a�s�t� �7�5� �p�e�r�c�e�n�t� �£�o�e�r� �a�i�l� 

�t�h�r�e�e� �s�p�e�c�i�e�s�.� 

�S�p�e�n�c�e�r�-�L�e�m�a�i�r�e� �H�i�l�l�s�o�n� �r�o�o�t� �t�r�a�i�n�e�r�s� �w�e�r�e� �f�i�l�l�e�d� �w�i�t�h� 

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

�c�a�v�i�t�y� �w�a�s� �s�e�e�d�e�d� �w�i�t�h� �2�-�3� �s�e�e�d�s� �b�e�t�w�e�e�n� �J�a�n�u�a�r�y� �6�t�h� �a�n�d� 

�J�a�n�v�a�r�y� �8�t�h�,� �1�9�8�1�.� �A�f�t�e�r� �g�e�r�m�i�n�a�t�i�o�n�;� �s�e�e�d�l�i�n�g�s� �w�e�r�e� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5� �m�l� �o�f� �t�a�p� �w�a�t�e�r� �p�e�r� �c�a�v�i�t�y� �a�s� �n�e�e�d�e�d� �t�o� 

�m�a�i�n�t�a�i�n� �a�d�e�q�u�a�t�e� �m�o�i�s�t�u�r�e� �f�o�r� �v�i�g�o�r�o�u�s� �g�r�o�w�t�h�.�)� �W�e�e�k�i�y� 

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

�A�3� �a�n�d� �A�4�&�.� 

�I�n�o�c�u�l�u�m� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �2�5�0� �p�e�t�r�i� �d�i�s�h�e�s�,� �e�a�c�h� 

�c�o�n�t�a�i�n�i�n�g� �a� �m�i�x�t�u�r�e� �o�f� �9�0� �c�c� �v�e�r�m�i�c�u�l�i�t�e�,� �&�8� �c�c� �p�e�a�t�,� �a�n�d� �6�9�0� 

�m�l� �H�a�g�e�m� �n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �(�T�a�b�l�e� �4�5�)�.� �A�f�t�e�r� �a�u�t�o�c�l�a�v�i�n�g� 

�t�h�e� �p�l�a�t�e�s� �a�n�d� �t�h�e�i�r� �c�o�n�t�e�n�t�s� �f�o�r� �1�5� �m�i�n�u�t�e�s� �a�t� �1�2�0� �C� �a�n�d� �2�0� 

�p�s�i�,� �t�h�r�e�e� �P�t� �(�s�t�r�a�i�n� �V�E� �7�1�6�)� �m�y�c�e�l�i�a�l� �p�i�u�g�s� �{�3�-�5� �a�n� 

�d�i�a�n�e�t�e�r�)� �w�e�r�e� �a�s�c�e�p�t�i�c�a�l�i�y� �t�r�a�n�s�f�e�r�r�e�d� �t�e� �e�a�c�h� �p�l�a�t�e�.� �P�t� 

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

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �f�i�v�e� �w�e�e�k�s�.� 

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

�r�o�o�t�s�,� �a�n� �i�n�o�c�u�l�u�m� �s�l�u�r�r�y� �o�f� �P�t� �m�y�c�e�l�i�a� �a�n�d� �3�0� �l�i�t�e�r�s� �o�f� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�a�s� �h�o�m�o�g�e�n�i�z�e�d� �f�o�r� �1�5� �s�e�c�o�n�d�s� �i�n� �a� �W�a�r�i�n�g



�4�7� 

�b�l�e�n�d�e�r�.� �T�h�i�r�t�y� �l�i�t�e�r�s� �o�f� �w�a�t�e�r� �w�e�r�e� �r�e�g�u�i�r�e�d� �t�o� �p�r�o�v�i�d�e� �1�0� 

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

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

�p�i�l�a�t�e�s�,� �p�l�a�c�e�d� �i�n� �a�n� �8�0� �m�e�s�h� �s�o�i�l� �s�i�e�v�e�,� �a�n�d� �r�i�n�s�e�d� �w�i�t�h� �t�a�p� 

� � 

�w�a�t�e�r� �f�o�l�i�o�w�e�d� �b�y� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�M�a�r�x�,� �1�9�6�9�)�.� �T�h�e� �s�i�u�r�r�y� 

�w�a�s� �p�r�e�p�a�r�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �s�t�o�r�e�d� �i�n� �s�t�e�r�i�l�i�z�e�d� 

�N�a�l�g�e�n�e� �c�o�n�t�a�i�n�e�r�s� �a�t� �2� �C�.� 

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

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�-�6� �C�R�s�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �i�g�c�r�e�a�s�e� �t�h�e� 

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

�c�o�m�e� �i�n� �d�i�r�e�c�t� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �r�o�o�t� �s�y�s�t�e�a�.�.� �A� �1�0� �a�l� 

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

�o�f� �t�h�e� �c�a�v�i�t�y� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �h�o�l�e�.� �T�h�e� �s�o�l�e� �w�a�s� 

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

�t�h�e� �g�l�a�s�s� �r�o�d�.� �C�o�n�t�r�o�l� �s�e�e�d�i�i�n�g�s� �w�e�r�e� �t�r�e�a�t�e�d� �i�n� �a� �s�i�m�i�l�a�r� 

�m�a�n�n�e�r� �w�i�t�h� �1�0� �n�l� �o�f� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� 

�I�n� �j�a�t�e� �M�a�y� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �r�e�n�o�y�v�e�d� �f�r�a�m� �t�h�e� �g�r�e�e�n�h�o�u�s�e� 

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

�T�h�i�r�t�y�-�o�n�e� �u�n�i�n�o�c�u�l�a�t�e�d� �s�e�e�d�l�i�n�g�s� �a�n�d� �3�1� �i�n�o�c�u�l�a�t�e�d� 

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

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

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



�4�2� 

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

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

�e�x�p�o�s�e�d� �a�l�o�n�g� �t�h�e� �i�n�s�i�d�e� �w�a�l�l�s� �o�f� �7�0�7� �c�a�v�i�t�i�e�s� �w�e�r�e� 

�i�n�s�p�e�c�t�e�d� �f�o�r� �P�t�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �a�n� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� 

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

�c�o�l�o�n�i�z�e�d� �w�i�t�h� �P�t� �o�r� �w�i�t�h� �o�t�h�e�r� �e�c�t�o�n�y�c�o�r�c�r�h�i�z�g�a�l� �f�u�n�g�i� �a�t� �t�h�e� 

�t�i�m�e� �o�f� �o�u�t�p�l�a�n�t�i�n�g�.�.� 

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

�8�,�9�,� �a�n�d� �1�0�,� �1�9�8�1�.� �T�h�r�e�e� �p�l�a�n�t�i�n�g� �c�r�e�w�s� �w�e�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� 

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

�i�n� �p�l�a�n�t�i�n�g� �t�e�c�h�n�i�q�u�e�s� �a�m�o�n�g� �t�h�e� �C�L�e�w�s�~� �.� 

�u�L�r�e�a�t�m�e�n�t�s� 

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

�i�n�c�l�u�d�e�d� �p�t� �e�c�t�o�n�y�c�o�r�r�h�i�z�a�i� �i�n�o�c�u�l�a�t�i�o�n�,� �S�i�o�w�-�r�e�l�e�a�s�e� 

�f�e�r�t�i�l�i�z�a�t�i�o�n� �u�s�i�n�g� �2�0�-�1�0�-�5� �A�g�r�i�f�o�r�m� �f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s�,� �a�n�d� 

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

�(�T�a�b�i�e� �A�2�)�.� 

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

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

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

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

�u�n�i�n�o�c�u�l�a�t�e�d� �s�e�e�d�l�i�n�g�s� �o�f� �a� �g�i�v�e�n� �s�p�e�c�i�e�s� �(�F�i�g�u�r�e� �2�)�.



�4�3� 

�T�h�e� �s�e�c�o�n�d� �t�r�e�a�t�m�e�n�t� �e�n�t�a�i�l�e�d� �p�l�a�c�i�n�g� �a� �2�1� �4�g� �A�g�x�i�f�o�r�n� 

�t�a�b�l�e�t� �i�n�t�o� �t�h�e� �s�o�i�l� �a�t� �a� �d�e�p�t�h� �o�f� �1�0� �c�m� �w�i�t�h�i�n� �1�0�-�1�5� �c�H� �o�f� 

�e�a�c�h� �s�e�e�d�l�i�n�g� �(�B�e�r�r�y�,� �1�9�7�9�)� �a�n� �1�8� �o�f� �t�h�e� �3�6� �p�i�o�t�s� �a�t� �t�h�e� 

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

�f�e�r�t�i�l�i�z�a�t�i�o�n� �f�o�r� �o�n�e� �h�a�l�f� �o�f� �t�h�e� �s�e�e�d�l�i�n�g�s� �o�f� �e�a�c�h� �t�r�e�e� 

�s�p�e�c�i�e�s� �a�t� �b�o�t�a� �s�i�t�e�s�.�.� �T�h�e� �f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s� �a�r�e� 

�s�e�e�d�l�i�n�g� �g�r�o�w�t�h� �w�h�i�i�e� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �r�i�s�k� �o�f�  ��h�u�r�n�i�n�g�!� �d�u�e� 

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

�t�a�b�l�e�t�s�,� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r� �{�S�i�e�r�r�a� �C�h�e�m�i�c�a�l� 

�C�o�m�p�a�n�y�)�,� �i�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �a�6�.� �f�h�e� �t�a�b�l�e�t�s� �a�r�e� �d�e�s�i�g�n�e�d� 

�O�l� �t�h�r�o�u�g�h� �t�h�e� 

�a�c�t�i�v�i�t�y� �o�f� �s�o�i�l� �b�a�c�t�e�r�i�a�.� �A�S� �a� �c�o�n�t�r�o�l� �f�o�r� �f�e�r�t�i�l�i�z�a�t�i�o�n� 

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

�w�i�t�h�o�u�t� �f�e�r�t�i�l�i�z�e�r� �t�a�b�l�e�t�s�.� 

�R�o�u�n�d�u�p�,� �w�i�t�h� �4�1�.�0�%� �i�s�o�p�r�o�p�y�l�a�m�i�n�e� �s�a�l�t� �o�f� �g�i�y�p�h�o�s�a�t�e� 

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

�r�e�l�a�t�i�v�e�l�y� �n�o�n�s�e�l�e�c�t�i�v�e� �a�n�d� �i�s� �e�f�f�e�c�t�i�v�e� �o�n� �p�e�r�e�n�n�i�a�l�,� 

�a�n�n�u�a�l�,� �a�n�d� �b�i�e�n�n�i�a�i� �s�p�e�c�i�e�s� �o�f� �g�r�a�s�s�e�s� �a�n�d� �b�r�o�a�d�-�i�e�a�v�e�d� 

�w�e�e�d�s� �{�K�l�i�n�g�s�m�a�n� �a�n�d� �A�s�h�t�o�n�,� �1�9�7�5�)�.� �h�e�s�e� �a�r�e� �t�h�e� �t�y�p�e�s� �o�f� 

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

�t�h�i�s� �s�t�u�d�y�.� �D�u�e� �t�o� �t�h�e� �d�e�n�s�e� �s�t�a�n�d�s� �o�f� �h�e�r�b�a�c�e�o�u�s� 

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

�F�e�b�r�u�a�r�y� �2�7�,� �1�9�8�1�,� �a�n�d� �o�n� �A�p�r�i�i� �3�1�,� �1�9�8�1�.



�4�a� 

�S�i�x�t�e�e�n� �d�a�y�s� �p�r�i�o�r� �t�o� �p�l�a�n�t�i�n�g�,� �B�8�o�u�n�d�u�p� �w�a�s� �s�p�r�a�y�e�d� �a�t� 

�a� �r�a�t�e� �o�f� �1�.�5� �l�i�t�e�r�s�/�h�a� �o�n� �o�n�e� �r�a�n�d�o�m�l�y� �s�e�l�e�c�t�e�d� �h�a�l�f� �o�f� 

�e�a�c�h� �o�f� �t�h�e� �1�8� �p�i�l�o�t�s� �a�t� �t�h�e� �r�e�c�o�n�t�o�u�r�e�d� �s�i�t�e� �{�F�i�g�.� �2�)�.� 

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

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

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

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

�i�n�.� �A�u�g�u�s�t� �t�o� �m�a�i�n�t�a�i�n� �t�o�t�a�l� �c�o�n�t�r�o�l� �o�f� �v�e�g�e�t�a�t�i�v�e� �T�a�b�s� 

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

�S�i�t�e� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

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

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

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

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

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

�t�h�e� �p�e�r�c�e�n�t� �s�l�o�p�e� �f�o�r� �e�a�c�h� �p�l�o�t�.� 

�P�r�e�l�i�m�i�n�a�r�y� �s�o�i�l� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �w�i�t�h�i�n� �t�h�r�e�e� �4�0�0� �a�»�?� 

�a�r�e�a�s� �a�t� �t�h�e� �r�e�c�o�n�t�o�u�r�e�d� �s�i�t�e� �w�e�r�e� �a�i�r� �d�r�i�e�d� �a�t� �r�o�o�n� 

�t�e�n�p�e�r�a�t�u�r�e�,� �g�r�o�u�n�d�,� �a�n�d� �s�i�e�v�e�d� �t�h�r�o�u�g�h� �a� �2� �@�m� �s�c�r�e�e�n�.� �.� 

�T�h�e�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �a�v�a�i�l�a�b�i�e� �P� �a�n�d� �s�o�i�l� �p�H�.�.� 

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

�d�e�u�b�l�i�e� �a�c�i�d� �(�0�.�0�5� �N� �H�C�l� �a�n�d� �0�.�0�2�5� �N� �H�2�S�0�4�)� �e�x�t�r�a�c�t�i�o�n�.� �.� �S�o�i�l� 

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

�a� �1�:�1� �s�o�i�i� �t�o� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �m�i�x�t�u�r�e�.



�4�5� 

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

�a�r�e�a�S� �s�u�g�g�e�s�t�e�d� �a�s� �m�a�n�y� �a�s� �2�0�0� �s�u�b�s�a�n�p�i�e�s� �p�e�r� �c�o�m�p�o�s�i�t�e� 

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

�a�t� �1�0� �p�e�r�c�e�n�t� �(�f�a�b�l�e�s� �A�J� �a�n�d� �A�8�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �h�i�g�h� 

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

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

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

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

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

�t�h�e� �s�a�m�p�l�i�n�g�.� �e�r�r�o�r� �a�t� �1�0� �p�e�r�c�e�n�t� �{�f�a�b�l�e�s� �A�J� �a�n�d� �A�1�0�}�.�.� 

�C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �t�i�m�e� �c�o�n�s�t�r�a�i�n�t�s�,� �f�i�n�a�n�c�i�a�l� �c�o�n�s�t�r�a�i�n�t�s�,� �a�n�d� 

�t�h�e� �i�n�t�e�n�d�e�d� �u�s�e� �o�f� �t�h�e� �s�o�i�l� �c�h�r�a�c�t�e�r�i�z�a�t�i�o�n� �d�a�t�a� �i�n� �t�h�i�s� 

�s�t�u�d�y�,� �1�5� �s�u�b�s�a�m�p�l�e�s� �p�e�r� �c�o�m�p�o�s�i�t�e� �s�a�m�p�l�e� �f�o�r� �e�a�c�h� �p�l�o�t� �w�e�r�e� 

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

�t�h�e� �s�o�i�l�.� 

�O�n�e� �w�e�e�k� �p�r�i�o�g� �t�o� �p�l�a�n�t�i�n�g�,� �4�5� �s�o�i�l� �s�u�b�s�a�m�p�l�e�s� �w�e�r�e� 

�t�a�k�e�n� �a�t� �r�a�n�d�o�m� �l�o�c�a�t�i�o�n�s� �w�i�t�h�i�n� �e�a�c�h� �p�i�o�t� �t�o� �a� �d�e�p�t�h� �o�f� �2�0� 

�C�h�e�.� �B�a�c�h� �s�e�t� �o�f� �1�5� �s�u�b�s�a�m�p�l�e�s� �w�a�s� �c�o�m�b�i�n�e�d� �i�n�t�o� �o�n�e� 

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

�t�e�m�p�e�r�a�t�u�r�e�,� �g�r�o�u�n�d�,� �a�n�d� �s�i�e�v�e�d� �t�h�r�o�u�g�h� �a� �2� �a�m� �S�c�r�e�e�n�.� 

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

�N�u�t�r�i�t�i�o�n� �R�e�s�e�a�r�c�h� �L�a�b�o�r�a�t�o�r�y� �a�t� �V�a�r�g�i�g�i�a� �T�e�c�h� �w�e�r�e� �u�s�e�d� �t�o� 

�m�e�a�s�u�r�e� �t�o�t�a�l� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �(�B�r�o�a�d�b�e�n�t�,� �1�9�6�5�)�,� � �p�a�r�t�i�c�i�e� 

�S�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �{�D�a�y�,�1�9�0�5�)�,� �t�o�t�a�l� �N� �{�B�r�e�n�m�n�e�r�,� �1�9�6�5�)�,� �a�n�d



�4�6� 

�S�o�i�l� �p�H� �(�{�P�e�e�c�h�,� �1�9�6�5�)�.�.�.� �A�v�a�l�l�a�b�i�e� �-� �w�a�s� �d�e�t�e�r�m�i�n�e�d� 

�c�o�l�o�r�i�m�e�t�r�i�c�a�l�l�y� �u�s�i�n�g� �t�h�e� �a�s�c�o�r�b�i�c� �a�c�i�d� �m�e�t�h�o�d� �(�S�a�t�a�n�b�e� �a�n�d� 

�O�l�s�e�n�,� �1�9�6�5�)� �f�o�l�l�o�w�i�n�g� �e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� 

�(�O�l�s�e�n� �e�t� �a�l�.�,� �1�9�5�4�)�.� �T�o�t�a�l� �m�a�g�n�e�s�i�u�m� �{�4�g�)�,� �c�a�l�c�i�u�m� �(�C�a�)�,� 

�a�n�d� �K� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �1�°� �N� �a�m�m�o�n�i�u�s� 

�s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�y� �(�J�a�c�k�s�o�n�,� �1�9�5�8�)�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �h�i�g�h� �p�e�r�c�e�n�t�a�g�e� �o�f� �c�o�a�r�s�e� �f�t ¬�a�g�m�e�n�t�s� �i�n� 

�t�h�e� �s�o�i�i� �t�h�e� �r�o�u�t�i�n�e� �b�u�l�k� �d�e�n�s�i�t�y� �p�r�e�c�e�d�@�u�r�e� �u�s�e�d� �a�t� �V�i�r�g�i�n�i�a� 

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

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

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

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

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

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

�e�a�c�h� �h�o�l�e�.� �T�h�e� �y�o�l�u�m�e� �o�f� �r�o�c�k�.� �i�n� �e�a�c�h� �S�o�i�l� �s�a�m�p�l�e� �w�a�s� 

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

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

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

�w�e�i�g�h�t� �b�y� �s�o�i�l� �v�o�l�u�n�e�.� 

�P�o�t�e�n�t�i�a�l� �v�e�g�e�t�a�t�i�v�e� �c�o�m�p�e�t�i�t�i�o�n� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� 

�b�i�o�m�a�s�s� �p�e�r� �a�r�e�a� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �S�e�p�t�e�m�b�e�r�,� �1�9�8�1�.� �I�n� �t�h�r�e�e� 

�0�.�2�5� �m�@� �p�l�o�t�s� �r�a�n�d�o�m�l�y� �l�o�c�a�t�e�d� �i�n� �t�h�e� �u�n�s�p�r�a�y�e�d� �h�a�i�f� �o�f� �e�a�c�h� 

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



�a�7� 

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

�b�i�o�m�a�s�s� �d�e�t�e�r�n�i�n�a�t�i�o�n�.� 

�C�l�i�m�a�t�i�c� �a�n�d� �E�d�a�p�h�i�c� �F�a�c�t�o�r�s� 
�S�o�i�l� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �a� �w�e�e�k�i�y� �b�a�s�i�s� �u�s�i�n�g� 

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

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

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

�w�a�s� �p�l�a�c�e�d� �i�n� �e�a�c�h� �p�l�o�t� �a�t� �a� �s�o�i�l� �d�e�p�t�h� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5� 

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

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

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

�S�o�i�l� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �( ¬�o�r� �g�r�a�v�i�n�e�t�r�i�c� �a�n�a�l�y�s�i�s� 

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

�i�n�t�e�r�v�a�l�s� �b�e�g�i�n�n�i�n�g� �i�n� �m�i�d� �J�u�n�e� �a�n�d� �e�n�d�i�n�g� �i�n� �l�a�t�e� �O�c�t�o�b�e�r�.� 

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

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

�s�a�m�p�l�i�n�g� �p�e�r�i�o�d�.� 

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

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

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

�a�n�d� �A�2�)�.� �T�h�e� �w�a�t�e�r� �r�e�t�e�n�s�i�o�n� �c�u�r�v�e�s� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �b�y� 

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

�p�o�t�e�n�t�i�a�i�s�:� �-�0�.�0�1�,� �-�0�.�0�3�,� �-�0�.�1�0�,� �-�0�.�2�3�0�,�  ��-�0�.�5�0�,� �a�n�d�  ��-�1�.�.�3�0� 

�M�P�a�)�.�.�.



�4�8� 

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

�m�i�d� �N�o�v�e�m�b�e�r� �u�s�i�n�g� �o�n�e� �r�a�i�n� �g�a�u�g�e� �a�t� �e�a�c�h� �s�i�t�e�.� �A� �m�e�a�s�u�r�e�d� 

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

�m�i�n�i�m�i�z�e� �e�v�a�p�o�r�a�t�i�o�n� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�m�e�n�t� �d�a�t�e�s�.�.�.� 

�T�r�e�e� �S�u�r�v�i�v�a�l�,� �G�r�o�w�t�h�,� �a�n�d� �N�u�t�r�i�e�n�t� �S�t�a�t�u�s� 

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

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

�1�9�8�1�,� �t�h�e� �f�i�n�a�l� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �s�u�p�v�i�v�a�l�,� �r�o�o�t� �c�o�l�l�a�r� 

�d�i�a�m�e�t�e�r�,� �a�n�d� �h�e�i�g�h�t� �w�e�r�e� �c�o�n�d�u�c�t�e�d�.� �|� 

�i�n� �l�a�t�e� �N�o�v�e�m�b�e�r�,� �1�9�3�8�1�,� �n�e�e�d�i�e� �s�a�m�p�l�e�s� �f�r�o�m� �e�a�c�h� �l�i�v�i�a�g� 

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

�c�o�m�b�i�n�a�t�i�o�n�.� �T�h�e� �f�o�l�i�a�g�e� �s�a�n�p�l�e�s� �w�e�r�e� �d�r�i�e�d� �a�t� �6�5� �C� �a�n�d� 

�g�r�o�u�n�d� �i�n� �a� �W�i�l�e�y� �m�i�d�l� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �a� �2�0� �m�e�s�h� �S�t�e�v�e�.� �T�e�n� 

�m�i�l�l�i�t�e�r�s� �o�f� �6� �N� �H�C�l� �f�o�l�i�o�w�e�d� �b�y� �i�g�n�i�t�i�o�n� �i�n�a� �s�u�f�f�i�e� 

�f�u�r�n�a�c�e� �w�e�r�e� �u�s�e�d� �t�o� �e�x�t�r�a�c�t� �P�B�,� �k�K�,� �C�a�,� �a�n�d� �M�g� �f�r�o�m� �e�a�c�h� 

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

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

�m�e�a�s�u�r�e�d� �u�s�i�n�g� �t�h�e� �M�u�r�p�h�y�-�R�i�l�e�y� �a�s�c�e�r�b�i�c� �a�c�i�d� �t�e�c�h�n�i�g�u�e� 

�(�W�a�t�a�n�b�e� �a�n�d� �C�i�s�e�n�,� �1�9�6�5�)�.� �f�o�t�a�l� �f�e�l�i�a�r� �N� �w�a�s� �d�e�t�e�r�m�i�n�e�d� 

�g�a�S�i�n�g� �s�t�a�n�d�a�r�d� �m�i�c�r�o�-�K�j�e�l�d�a�h�l� �p�r�o�c�e�d�u�r�e�s� �{�B�r�e�m�n�e�r�,� �1�9�6�5�)�.�.�.� 

�i�n� �a�d�d�i�t�i�o�n�,� �1�2� �s�e�e�d�l�i�n�g�s� �i�n� �e�a�c�h� �p�l�o�t� �{�t�h�r�e�e� �f�r�o�m� �e�a�c�h� 

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

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



�a�g� 

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

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

�T�h�e� �n�e�e�d�i�e�s� �f�r�o�m� �e�a�c�h� �s�e�e�d�l�i�n�g� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�e�r� �P�,� �K�y� �C�a�,� 

�a�n�d� �M�g� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d�s� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e�.� 

�S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� 
�E�a�c�h� �s�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �#�a�s� �c�o�n�d�u�c�t�e�d� �u�s�i�n�g� 

 ��S�t�a�t�i�s�t�i�c�a�l� �A�n�a�l�y�s�i�s� �S�y�s�t�e�m� �{�5�4�5�}� �p�r�o�g�r�a�m�s� �{�H�e�l�w�i�g� �a�n�d� 

�C�o�u�n�c�i�l�,� �1�9�7�9�)�.� 

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

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �d�a�t�a�.� �P�e�r�c�e�n�t� �s�l�o�p�e� �v�a�l�u�e�s� �w�e�r�e� �a�o�t� 

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

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

�t�h�i�s� �p�a�r�a�m�e�t�e�r� �o�n� �t�h�e� �b�e�n�c�h� �s�i�t�e�.� 

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

�S�t�a�t�i�s�t�i�c�a�l� �m�o�d�e�l� �o�u�t�l�i�n�e�d� �i�n� �T�a�b�l�e� �A�2� �t�o� �t�e�s�t� �f�o�r� 

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

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

�s�p�e�c�i�e�s�.� �T�h�e� �s�i�t�e�s� �a�n�d� �c�u�l�t�u�r�a�l� �t�r�e�a�t�n�e�n�t�s� �a�r�e� �a�l�i� �f�i�x�e�d� 

�e�f�f�e�c�t�s�.� �A�r�c�s�i�n� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �o�f� �S�u�r�v�i�v�a�l� �a�n�d� 

�c�o�l�o�n�i�z�a�t�i�o�n� �w�e�r�e� �u�s�e�d� �i�a� �t�h�e� �a�n�a�l�y�s�e�s� �o�£� �v�a�r�i�a�n�c�e�.� �.� 

�D�u�n�c�a�n�'�s� �M�u�l�t�i�p�l�e� �R�a�n�g�e� �t�e�s�t� �w�a�s� �u�s�e�d� �.�t�a� �c�o�m�p�a�r�e� �a�i�f�f�e�r�e�n�c�e�s� 

�a�m�o�n�g� �m�e�a�n�s�.� �.



�5�0� 

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

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

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

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

�N�C�a�A�n�s�S�.� �.� 

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

�s�y�s�t�e�m�s� �c�o�l�o�n�i�z�e�d� �a�n�d� �g�r�o�w�t�h� �x�e�s�p�o�e�a�g�s�e� �V�a�r�i�a�b�l�e�s� �w�e�r�e� 

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �P�e�a�r�s�o�n� �p�r�o�d�u�c�t�-�m�o�m�e�n�t� �c�o�r�r�e�l�a�t�i�o�n�s� �(�H�e�l�w�i�g� 

�a�n�d� �C�o�u�n�c�i�l�,� �1�9�7�9�)�.�.


