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CHAPTER I 

Introduction 

Cylindrocladium spp. are soil-borne pathogens of many economical- 

ly important plants, including black walnut (Juglans nigra L.) and 

peanut (Arachis hypogaea L.). Black walnut is an important lumber and 

nut tree in Indiana, Illinois, and the southeastern U.S. Production of 

black walnut seedlings in forest nurseries in these areas is limited 

by Cylindrocladium root rot, incited by C. scoparium Morgan and 

C. floridanum Sobers and Seymour. Further, C. crotalariae (Loos) 

Bell and Sobers, incitant of Cylindrocladium black rot of peanut, 

has been isolated from black walnut seed-bed soils and pathogenicity 

on black walnut seedlings has been demonstrated. Control of Cylindro- 

cladium root rot has been typically inadequate with standard rates of 

currently employed chemical fumigants. Thick-walled, dark pigmented 

microsclerotia are the principal survival and infective propagules of 

Cylindrocladium spp. These propagules are produced in large numbers 
  

in colonized root tissues and released upon root decomposition. Micro- 

sclerotia are capable of long-term survival in non-sterile soils and 

initiating infection at low inoculum densities. The influence of 

soil physical factors on survival of microsclerotium populations is 

of potential importance in disease management. Decreased germinability 

and survival of Cylindrocladium microsclerotium populations due to 
  

soil physical factors may result in decreased disease incidence. 

In addition to microsclerotia, hyaline conidia may be produced. 

Conidia are believed to be of minimal importance in the life cycle



of Cylindrocladium spp. although the ecology of conidium populations 

in non-sterile, non-amended soils is poorly understood. 

The objectives of the present studies were to determine the 

influence of low soil temperature and soil air drying on survival and 

germinability of Cylindrocladium microsclerotium populations, to 
  

elucidate the response of Cylindrocladium conidia to soil fungistasis, 
  

to determine the survival of conidia in artificially infested soils, 

to determine the distribution of inoculum of Cylindrocladium spp. 
  

in a forest nursery and to evaluate the effect of chemical fumigants 

on control of Cylindrocladium root rot of black walnut seedlings. 
 



CHAPTER II 

The Influence of Soil Air-drying and Low Temperature on Survival 

of Cylindrocladium Microsclerotium Populations 
  

LITERATURE REVIEW 

Successful soil-borne plant pathogens must survive periods in the 

absence of susceptible host plants. Many soil~borne pathogens survive 

as dormant, thick-walled propagules such as oospores, chlamydospores, 

sclerotia and microsclerotia (2, 4, 52). Normally these propagules 

remain dormant in naturally infested soils until germination is 

stimulated by appropriate organic carbon substrates, such as root 

exudates (4, 41, 42). Thick walled fungal propagules are capable of 

long term survival (2, 4). Microsclerotia of Verticillium albo-atrum   

Reinke and Berth were recovered after 9 yr in field soils in the 

absence of host plants (51), sclerotia of Sclerotium cepivorum Berk   

(5) and Phymatotrichium omnivorum (Shear) Dug. (48) survived at least 
  

5 yr in soils. 

In soil, fungal propagules are subject to many physical and 

chemical factors which directly influence survival, germinability and 

thus, disease incidence and severity (2, 4, 12, 14, 52). Propagules 

may be affected by seasonal and diurnal fluctuations in soil moisture 

and temperature, as well as by other physical factors (2, 52). Few 

studies have been done on the influence of low temperatures on germina- 

bility of survival propagules. Oospores of Pythium myriotylum Drechs. 
  

and P. aphanidermatum (Edson) Fitzp. in sterile distilled water did not 

germinate following 48 h incubation at -5 C (40). Sclerotia of 

P. omnivorum in moist, artificially infested soil were not germinable



after incubation at -13 C for 3 d (9). Incubation of artificially and 

naturally infested, moist soils at -5 C resulted in decreased germin- 

ability of sclerotia of Macrophomina phaseolina (Maubl.) Ashby) (3, 36). 
  

Griffin (12) found that storage of soil naturally infested with C. 

crotalariae microsclerotia at 6 C for 10 wk resulted in decreased 

microsclerotium recovery. Papavizas (36) recently found that 

incubation of artifically infested soils at 5 C for as little as 2 wk 

resulted in decreased germinability of M. phaseolina sclerotia. 

Soil water potential exerts an important influence on survival of 

soil-borne fungi (2, 11). As the soil dries, decreasing the water 

potential, cells begin to lose water to the surrounding environment. 

The ability of a propagule to resist dehydration determines, in part, 

its survivability (11). Most sclerotia produced by soil-borne fungi 

are resistant to desiccation (11, 52). In fact, soil samples are 

routinely air dried for storage prior to population assays for V. albo- 

atrum microsclerotia (1, 16). Survival of M. phaseolina sclerotia was 

greatest in air-dried soils at 26 C rather than in soils at field 

capacity (37). Sclerotia of Typhula idahoensis Remsberg. survived in 
  

the dry tillage layer at least 1 yr (2). Papavizas and Lewis (38) 

stressed that soil moisture content is the single most important soil 

physical factor affecting germinability of endoconidia and chlamydo- 

spores of Thielaviopsis basicola (Berk. and Br.) Ferr. Chlamydospore 
  

germinability decreased rapidly over time when soils were incubated 

at 45-50% moisture holding capacity (MHC). No decline in germinability 

was found when soils were air dried. In contrast, Linderman and



Toussoun (25) found that chlamydospore germinability decreased after an 

ll-wk incubation in air dried soil. The apparent conflict may be due 

to different water potentials of air dried soils used in the separate 

studies or to variability of isolate response to desiccation (2). 

Sensitivity of survival propagules to soil desiccation has been 

demonstrated (4, 20, 49). No sclerotia of P. ommivorum survived after 

artificially infested soils were air dried for 2 d (20, 48). Sclerotia 

of Sclerotium rolfsii Sacc., S. cepivorum, Sclerotinia sclerotiorum 
  
  

(Lib.) and dBy. and S. minor Jagger, air dried for 4 h were injured 

when added to moist soil (44, 45). Air dried sclerotia in moist soils 

leaked amino acids and carbohydrates (45). Smith (44) indicated that 

S. rolfsii may be controlled in certain areas by allowing the soil 

surface to dry out, followed by irrigation for 2 wk prior to 

planting. Microsclerotia of C. scoparium are believed to be sensitive 

to air-drying (49). 

Desiccation injury may be due, in part, to dehydration of DNA 

molecules. Falk et al. (10) found that the structural integrity of 

DNA molecules at 55-75% relative humidity is disrupted, but that this 

process is reversible above 55% relative humidity. Relative sensitivity 

to desiccation may be dependent upon rate of dehydration and degree of 

DNA protection in cells. 

High water potential may adversely affect propagule survival. 

Populations of M. phaseolina sclerotia in artificially infested soil 

declined 96-99% after 7 wk at 60-100% MHC, but not after 7 wk at 0% 

MHC (8). Keim and Webster (19) found that germinability of Sclerotium



oryzae Catt. sclerotia decreased steadily as percent moisture in soil 

increased; <°1% germinability was shown at 60% soil moisture. When 

wet soil (> 60% MHC) was allowed to dry prior to germinability assays, 

recovery increased more than from samples where moisture was continual-~ 

ly maintained at 60% MHC. High soil moisture may affect survival 

indirectly through effects on gas exchange. 

MATERIALS AND METHODS 

During the 1975 growing season, soil samples (0-15 cm depth) were 

collected from the root zones of symptomatic peanut plants in Virginia 

fields with high microsclerotium populations of C. crotalariae. Samples 

of soil infested with C. parvum Anderson were collected from Virginia 

forest~nursery black-walnut seed beds during October, 1977. Samples 

were placed in plastic bags with pinholes for gas exchange and stored, 

when necessary, in the laboratory at 25-28 C. Soil samples were mixed 

thoroughly by shaking in the bag for 30 min before use. Microsclerotium 

populations of peanut-field soils in all experiments were assayed 

quantitatively by the Krigsvold and Griffin method using wet sieving 

and dilution plating on sucrose-thiabendazole (TBZ) medium (22) or on 

sucrose-QT medium (13). Cylindrocladium colonies on 10 petri plates 
  

for each of two soil samples were counted after 5-7 d incubation at 

room temperature. The recovery of microsclerotium populations from 

soils was used as an indicator of germinable microsclerotia in soils. 

Peanut-field soils near field capacity, -0.33 to -0.1 bars (Table 

1) were sieved (1.9 mm mesh) and air-dried in the laboratory by 

spreading on a table for 24h. Water potentials of air dried soils
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were determined by equilibrating soils to water vapor tensions of 

saturated salt solutions with known relative humidities at 25 C in 

sealed desiccators (Table 2). Percent moisture of soils at the various 

relative humidities was compared to the percent moisture after air 

drying soils for 24 h. Water potential was determined from the 

relative humidity values by the following equation: 

y = RT In RH, where V = volume of 1 mole of water, T = absolute 

temperature, R = ideal gas constant, and yj = water potential (21). 

To determine the effect of low temperature on microsclerotium 

germinability, soil samples were incubated at -10 C, 6 C and 26 C. 

During incubation, soil moisture of samples was maintained at near 

field capacity by placing samples in beakers placed in water baths 

covered with aluminum foil. Four black-walnut-field soils incubated 

at 6 C and 26 C were assayed qualitatively for C. parvum using the 

azalea leaf trap method (24), due to the low populations present. 

Ten azalea leaves were placed in each of two soil samples, incubated 

for 5-8 d at 25-27 C, and the leaves plated on sucrose-TBZ medium (22). 

Experiments on the effect of low temperatures were conducted also 

using axenic, laboratory-grown microsclerotia of C. crotalariae, 

C. scoparium and C. floridanum. Isolates were obtained from Virginia 

peanut~fields and a North Carolina black-walnut nursery seedbed. 

Microsclerotia were grown in a liquid medium (17) for 4-6 mo at 25 C 

in darkness. Microsclerotia were harvested aseptically by blending 

cultures intermittently for at least 20 min in a Waring Blendor, 

followed by successive shaking and decanting with sterile distilled



Table 2. Saturated salt solutions for obtaining 

definite water vapor tensions. 

  

  

  

Salt Relative humidity” 

CaSO, 97.8 

NH HPO, 93.0 

NH, C1 79.3 

Mg(NO,). 52.0 

KC,H,0, 19.9 

  

“gquilibrated at a constant temperature of 25 C.



10 

water. Microsclerotia were then washed thoroughly with an inorganic 

Salt solution of the following composition: 0.01 M sodium phosphate 

buffer, 0.05% KCl, and 0.05% Mgso - 78,0 (pH 5.7). Aliquots (15 ml) of 4 

axenic microsclerotia suspension were placed in acid-cleaned petri 

dishes (9-cm diameter) and incubated at 6 C or 26 C for 1 mo. Follow- 

ing incubation, microsclerotia were reblended for approximately 2 min 

to remove any hyphae from microsclerotia that germinated during 

incubation. This was followed by successive washing and decanting in 

inorganic salt solution. Germinability of microsclerotia exposed to 

6 C and 26 C was determined on potato-dextrose agar (Difco) plates at 

26 C for 24h. One hundred microsclerotia were counted per treatment 

and the experiment was done twice. 

Electrolyte leakage was determined using an Industrial Instruments 

Model RC-18 wheatstone bridge (Industrial Instruments Inc., Cedar Grove, 

New Jersey) and a Fischer dip-type conductivity cell (constant = 0.1 K). 

Microsclerotial density was adjusted to between 4 x 10° and 6 x 10° 

microsclerotia/ml. During conductivity readings the temperatures of 

samples were equilibrated by immersion in a water bath at 25 C. 

Germiniability was determined as described above. 

RESULTS 

Influence of Soil Water Content on Microsclerotium Germinability 
  

in Naturally Infested Soils. 
  

No germinable C. crotalariae microsclerotia were recovered from 

air-dried, naturally infested peanut field soils (Fig. 1). Samples
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Figure 1. Effect of air-drying and rewetting on germinability of 

Cylindrocladium crotalariae microsclerotium populations 

in naturally infested peanut-field soils. Soils were air- 
dried by spreading soil over a laboratory bench for 24 h. 
No recovery of germinable microsclerotia is indicated by 

a Q. For each soil, column means labeled with the same 

letter are not significantly different (P = 0.05) according 
to Duncan's multiple range test. 
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where soil moisture was maintained at field capacity yielded high 

populations. Soil-water contents of air-dried soils ranged from 0.12 

to 0.38% water, while samples kept moist ranged from 6.8 to 15.22 

water. Tests indicated that the water potential for four of these 

air-dried soils was about -2000 bars (Table 1). When separate 

air-dried soil samples were rewetted to the same volumes for continual- 

ly moist soil, and incubated for 7 d, germinability of microsclerotia 

increased (Fig. 1). From 2.2 to 66.7% as many microsclerotia were re- 

covered from these soils as from similar samples kept continually 

moist. 

A second series of assays were performed to determine whether 

longer periods (2 to 4 wk) of rewetting would result in even greater 

recovery from the air-drying effect. For only one soil (No. 217) did 

increasing the length of wetting period possibly increase the recovery 

of microsclerotia from soil (Fig. 2). 

In a separate experiment, the effect of soil saturation on 

germinability of C. crotalariae microsclerotia was determined. Two 

naturally infested peanut-field soils (initial populations = 38 and 69 

microsclerotia/g soil) maintained at near field capacity, were saturated 

with sterile distilled water and incubated at 26 C for 1 wk. No 

germinable microsclerotia were recovered from either soil. No 

germinability decrease was found in either soil maintained near field 

capacity at 26 C.
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Influence of length of rewetting period following air 

drying on germinability of Cylindrocladium crotalariae 
  

microsclerotium populations in naturally infested peanut- 
field soils. For each soil, column means labeled with same 

letter are not significantly different (P = 0.05) 
according to Duncan's multiple range test.
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Influence of Low Temperatures on Microsclerotium Germinability in 

Naturally Infested Soils under Laboratory Conditions. 

Germinability of C. crotalariae microsclerotia in eight naturally 

infested peanut-field soils decreased after 1 mo incubation at 6 C 

(Fig. 3). In soil 188, no germinable microsclerotia were recovered; 

however, in soil 193, 72% of the initial microsclerotium population 

was recovered after one month incubation at 6 C. Microsclerotium 

populations from initial (zero-time) assays for soils incubated at 

both temperatures and microsclerotium populations from assays of 

samples incubated continuously at 26 C for 1 mo, were similar (Fig. 3). 

Numbers of germinable C. crotalariae microsclerotia in naturally 

infested peanut-field soils incubated at 6 C decreased progressively 

from 1 to 4 wk (Fig. 4). Microsclerotium populations in all soils 

did not respond equally to low temperature incubation. Numbers of 

germinable microsclerotia in soils incubated at 26 C did not decrease 

appreciably. In separate tests, three soils (1 sample each) were 

incubated for up to 6 mo at 6 C and 26 C without additional decreases 

in recovery of germinable microsclerotia. Populations for soils 2-11, 

203 and 188 after 1 and 6 mo at 6 C were 41.3 and 38.6, 12.4 and 13.7, 

and 0 and O microsclerotia/g soil, respectively. Populations for soils 

2-11, 203 and 188 after 1 and 6 mo at 26 C were 153.4 and 146.0, 223.2 

and 238.7, and 22.5 and 18.9 microsclerotia/g soil, respectively. 

Determinations of microsclerotium populations in three naturally 

infested soils (initial populations of 64.5, 133.2 and 221.8 micro- 

sclerotia/g soil) indicated that freezing (-10 C) for 3d (the 

minimum period tested) resulted in a total loss of germinability.
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Figure 3. Influence of incubation at 6 C and 26 C for one month on 
germinability of Cylindrocladium crotalariae microsclerotium populations 
in naturally infested peanut-field soils. Initial populations are the 
average of the two sub-samples incubated at the two temperatures. For 
each soil, column means labeled with the same letter are not significant- 
ly different (P = 0.05) according to Duncan's multiple range test.
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Figure 4. Influence of incubation time at 6 C and 26 C on germin- 

ability of Cylindrocladium crotalariae microsclerotium 

populations in naturally infested field soils. For each 

soil, column means labeled with the same letter are not 

significantly different (P = 0.05) according to Duncan's 
multiple range test. 
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In separate tests, C. parvum was isolated from 30% of the azalea 

leaf traps in the initial assays (zero time) of four naturally-infested 

black-walnut seed~bed soils. After 1 mo incubation at 6 C and 26 C, 

9% and 30%, respectively, of the azalea leaves were colonized by C. 

parvum. 

To determine if the observed decline in recovery of micro- 

sclerotium populations was reversible, low-temperature-incubated soils 

were subsequently incubated at 26 C for 1 mo. Recovery of micro- 

sclerotium populations increased significantly in six field soils in- 

cubated at 26 C for 1 mo following incubation at 6 C (Fig. 5). 

Microsclerotium populations in all soils did not respond equally. 

The microsclerotium population in soil 2-11B incubated at 26 C, 

Subsequent to the 6 C incubation, was approximately equal to the 

initial population. For soil 203, the reversal was not as dramatic; 

only 7% of the initial germinable microsclerotium population was 

recovered following 26 C incubation. The mean recovery of populations 

from all soils was 54% of the initial populations. Populations of 

all soils incubated continuously at 26 C for 2 mo-. were similar 

to the initial microsclerotium population. Partial reversal of 

inhibition was demonstrated also for soils 1B and 2B (initial 

population = 296.8 and 216.8 microsclerotia/g soil, respectively) 

incubated at -10 C prior to 26 C incubation. From both soils, no 

microsclerotia were recovered after 1 mo incubation at -10 C; however, 

1.5 and 1.2 microsclerotia/g soil were recovered from soil 1B and 2B, 

respectively, after subsequent incubation at 26 C for 1 mo.
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Figure 5. Influence of incubation temperature on germinability of 

Cylindrocladium crotalariae microsclerotium populations 

in naturally infested field soils. For each soil, column 

means labeled with the same letter are not significantly 

different (P = 0.05) according to Duncan's multiple range 
test.
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Influence of Low Temperature on Microsclerotium Germinability in 

Naturally Infested Soils under Field Conditions. 

To determine if this phenomenon occurs under field conditions, 

samples of three naturally infested soils, placed in glass rings (3 cm 

diam., 1.3 cm high) were buried at a depth of 15.2 cm on the 

Agricultural Engineering Farm, VPI & SU, Blacksburg, VA. Each month, 

one sample per soil was assayed by the Krigsvold and Griffin (22) 

method. Recovery of microsclerotium populations decreased progres- 

sively from October 15, 1976 to December 12, 1976. After 1 mo 

incubation, microsclerotium populations in soils 2-13, 2-11 and 87D 

were 29.5%, 21.3% and 28.7%, respectively, of the initial populations. 

During this period, the mean soil temperature at a depth of 7.6 cm 

was 6.1 C (minimum = 0.8 C; maximum = 11.6 C). During the second 

month of incubation in the field, the mean soil temperature decreased 

to 1.9 C (minimum = -1.4 C; maximum = 8.6 C) and the microsclerotium 

populations in soils 2-13, 2-11 and 87D were 14.3%, 10.4% and 4.62, 

respectively, of the initial populations. During the third and 

fourth months, the soil was completely frozen [mean soil temperatures 

= —1.7 C (minimum = -4.7 C3 maximum = 4.4 C) and -3.9 C (minimum = 

-~8.6 C3; maximum = 1.1 C), respectively] and no germinable micro- 

sclerotia were recovered from soil samples. 

Influence of Low Temperature on Microsclerotium Germinability and 
  

on Electrolyte Leakage from Microsclerotia in Axenic Culture. 

The response of axenic microsclerotia of C. crotalariae, C. 

scoparium and C. floridanum exposed to 6 C was similar to that of 

Cylindrocladium microsclerotia in naturally infested soils incubated 
 



�2�0� 

�a�t� �6� �C� �(�T�a�b�l�e� �3�)�.� �G�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �s�i�x� �c�l�o�n�e�s� �o�f� �l�o�w�-�t�e�m�p�e�r�a�t�u�r�e�-� 

�i�n�c�u�b�a�t�e�d� �C�.� �c�r�o�t�a�l�a�r�i�a�e� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �r�a�n�g�e�d� �f�r�o�m� �0�%� �t�o� �9�1�%� �(�m�e�a�n� �=� 

�4�1�%�)� �o�f� �t�h�e� �i�n�i�t�i�a�l� �p�o�p�u�l�a�t�i�o�n� �a�s�s�a�y�e�d�.� �A�x�e�n�i�c� �C�.� �s�c�o�p�a�r�i�u�m� �a�n�d� �C�.� 

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

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

�a�t� �2�6� �C� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �i�n�i�t�i�a�l� �g�e�r�m�i�n�a�b�i�l�i�t�y�.� �S�u�b�s�e�q�u�e�n�t� �i�n�c�u�b�a�t�i�o�n� 

�a�t� �2�6� �C� �f�o�r� �1� �m�o�,� �o�f� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �i�n�c�u�b�a�t�e�d� �a�t� �6� �C�,� �r�e�s�u�l�t�e�d� �i�n� 

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

�(�T�a�b�l�e� �3�)�.� �T�h�e� �m�e�a�n� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �a�l�l� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �i�s�o�l�a�t�e�s� �i�n�-� 
� � 

�c�u�b�a�t�e�d� �a�t� �6� �C�,� �f�o�l�l�o�w�e�d� �b�y� �2�6� �C�,� �w�a�s� �5�5�.�8�%� �o�f� �t�h�e� �i�n�i�t�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� 

�a�s�s�a�y�e�d�.� 

�H�e�a�t� �s�h�o�c�k� �(�3�5� �~� �4�0� �C� �f�o�r� �5� �m�i�n�)� �o�f� �t�h�r�e�e� �n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l�s� 

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

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

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

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

�r�e�v�e�r�s�e�s� �c�o�n�s�t�i�t�u�t�i�v�e� �d�o�r�m�a�n�c�y� �o�f� �f�u�n�g�a�l� �s�p�o�r�e�s� �(�2�7�)�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� 

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

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

�(�2�3�,� �3�0�,� �3�4�)�.� �T�h�e� �e�l�e�c�t�r�i�c�a�l� �c�o�n�d�u�c�t�a�n�c�e� �o�f� �s�o�l�u�t�i�o�n�s� �b�a�t�h�i�n�g� �m�i�c�r�o�-� 

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

�i�n�c�u�b�a�t�i�o�n� �a�t� �6� �C� �f�o�r� �1� �m�o� �(�T�a�b�l�e� �4�)�.� �T�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �s�o�l�u�t�i�o�n�s� 

�o�f� �a�x�e�n�i�c� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �i�n�c�u�b�a�t�e�d� �a�t� �2�6� �C� �i�n�c�r�e�a�s�e�d� �s�l�i�g�h�t�l�y� �o�v�e�r� �t�h�e� 

�1� �m�o� �p�e�r�i�o�d�.



�2�1� 

�T�a�b�l�e� �3�.� �I�n�f�l�u�e�n�c�e� �o�f� �i�n�c�u�b�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� 
�a�x�e�n�i�c� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a�.� 
� � 

� � 

� � 

� � � � 

� � 

�G�e�r�m�i�n�a�b�i�l�i�t�y �� 
�I�n�i�t�i�a�l� �1� �m�o�n�t�h� �2� �m�o�n�t�h�s� 

�I�s�o�l�a�t�e �� �6�C� �2�6�C� �6� �C� �2�6� �C� �6�4�2�6� �c�P� �2�6� �c� 

�C�S�-�1� �9�6�a� �9�8�a� �2�3�c�¢� �9�7�a� �4�6�b� �8�9�a� 

�C�S�-�2� �9�l�a� �8�3�a�b� �3�7�d� �8�9�a�b� �5�2�c� �7�8�b� 

�C�F�-�1� �8�6�a� �8�8�a� �5�0�c� �8�6�a� �6�1�b� �8�0�a� 

�c�c�-�1�1� �7�2�a� �7�3�a� �5�c� �7�0�a� �3�7�b� �7�5�a� 

�C�C�-�8�7� �9�3�a� �9�9�a� �3�6�c� �9�5�a� �4�9�b� �9�1�a� 

�C�C�-�7�5�-�8�2� �8�7�a� �8�7�a� �5�¢� �9�2�a� �1�8�b� �9�0�a� 

�C�C�-�2�0�3� �7�5�a� �8�0�a� �O�c� �8�5�a� �2�1�b� �7�6�a� 

�C�c�-�2� �6�9�c�b� �7�3�a�b� �6�3�c� �7�9�a� �6�1�c� �6�6�c�b� 

�C�C�-�1�9�3� �8�2�a�b� �=�:� �8�8�a� �6�1�c� �8�3�a�b� �7�4�b� �8�8�a� 

� � 

�a� �.� �t�a�s� �.� �.� �P�e�r�c�e�n�t� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �1�0�0� �r�a�n�d�o�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �f�r�o�m� �e�a�c�h� �o�f� 
�t�w�o� �e�x�p�e�r�i�m�e�n�t�s�,� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �o�n� �p�o�t�a�t�o� �d�e�x�t�r�o�s�e� �a�g�a�r� �f�o�r� �2�4� 
�h�r�s� �a�t� �2�6� �C�.� 

�o�n�e� �m�o�n�t�h� �i�n�c�u�b�a�t�i�o�n� �a�t� �6� �C�,� �f�o�l�l�o�w�e�d� �b�y� �1� �m�o�n�t�h� �i�n�c�u�b�a�t�i�o�n� �a�t� 
�2�6� �C�c�.� 

 ��c�s� �=� �C�.� �s�c�o�p�a�r�i�u�m�;� �C�F� �=� �C�.� �f�l�o�r�i�d�a�n�u�m�;� �C�C� �=� �C�.� �c�r�o�t�a�l�a�r�i�a�e�.� 

�F�o�r� �e�a�c�h� �i�s�o�l�a�t�e�,� �n�u�m�b�e�r�s� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �s�a�m�e� �n�u�m�b�e�r� �a�r�e� �n�o�t� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �(�P� �=� �0�.�0�5�)� �a�c�c�o�r�d�i�n�g� �t�o� �D�u�n�c�a�n�'�s� 
�m�u�l�t�i�p�l�e� �r�a�n�g�e� �t�e�s�t�.



�2�2� 

�T�a�b�l�e� �4�.� �I�n�f�l�u�e�n�c�e� �o�f� �i�n�c�u�b�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �a�n�d� 
�e�l�e�c�t�r�o�l�y�t�e� �l�e�a�k�a�g�e� �f�r�o�m� �a�x�e�n�i�c� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �m�i�c�r�o�-� � � 

� � 

� � 

� � 

�s�c�l�e�r�o�t�i�a�.� 

�-� �2�,� �@� �.� �e�y�e�.� �-�£� �C�o�n�d�u�c�t�i�v�i�t�y� �G�e�r�m�i�n�a�b�i�l�i�t�y� 
�I�n�c�u�b�a�t�i�o�n� �b� 

�I�s�o�l�a�t�e� �T�e�m�p�e�r�a�t�u�r�e� �C� �I�n�i�t�i�a�l� �F�i�n�a�l� �I�n�i�t�i�a�l� �F�i�n�a�l� 

�C�c�-�1�1� �2�6� �1�3�8�.�6� �1�4�9�.�9� �7�3� �7�0� 
�6� �1�5�6�.�3� �1�9�4�.�1� �7�2� �5� 

�C�C�~�8�7� �2�6� �1�9�3�.�4� �2�0�1�.�0� �9�4� �9�5� 
�6� �1�8�7�.�0� �2�2�3�.�6� �9�3� �3�6� 

�C�C�-�7�5� �2�6� �1�4�7�.�2� �1�5�9�.�9� �8�7� �9�2� 
�6� �1�7�7�.�3� �2�8�6�.�5� �8�7� �5� 

�C�c�-�2�1�1� �2�6� �8�2�.�3� �1�1�3�.�0� �9�1� �8�2� 
�6� �7�6�.�5� �8�9�.�6� �9�3� �6�1� 

�C�F� �2�6� �8�4�.�0� �9�0�.�6� �9�1� �9�4� 
�6� �7�1�.�7� �8�9�.�2� �8�2� �4�1� 

�C�S� �2�6� �1�2�7�.�3� �1�4�5�.�9� �8�6� �8�0� 
�6� �1�5�7�.�2� �2�4�6�.�5� �9�3� �4�9� 
� � 

�S�p�e�c�i�f�i�c� �c�o�n�d�u�c�t�i�v�i�t�y� �(�m�i�c�r�o�m�h�o�s�/�c�m�)� �o�f� �s�o�l�u�t�i�o�n�s� �b�a�t�h�i�n�g� �m�i�c�r�o�-� 
�s�c�l�e�r�o�t�i�a�;� �m�e�a�s�u�r�e�d� �a�t� �2�5� �C�.� 

�P�p�o�l�l�o�w�i�n�g� �1� �m�o�n�t�h� �i�n�c�u�b�a�t�i�o�n�.� 
�C�c� �e� �2� �a� �*� �>� 

�P�e�r�c�e�n�t� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �1�0�0� �r�a�n�d�o�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �f�r�o�m� �e�a�c�h� �o�f� �t�w�o� 
�e�x�p�e�r�i�m�e�n�t�s� �f�o�l�l�o�w�i�n�g� �i�n�c�u�b�a�t�i�o�n� �f�o�r� �2�4� �h�o�u�r�s� �o�n� �p�o�t�a�t�o� �d�e�x�t�r�o�s�e� �a�g�a�r� 
�a�t� �2�6� �C�.



�2�3� 

�D�I�S�C�U�S�S�I�O�N� 

�T�h�i�e�s� �(�4�9�)� �s�h�o�w�e�d� �t�h�a�t� �a�i�r�-�d�r�y�i�n�g� �s�o�i�l�s� �n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �w�i�t�h� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�%� �o�f� �t�h�e� �i�n�i�t�i�a�l� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� �p�o�p�u�l�a�t�i�o�n� �a�f�t�e�r� �o�n�e� 

�s�o�i�l� �w�a�s� �a�i�r�-�d�r�i�e�d� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �f�o�r� �3� �m�o�.� �N�o� �i�n�f�o�r�m�a�t�i�o�n� 

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

�C�.� �s�c�o�p�a�r�i�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� �p�o�p�u�l�a�t�i�o�n� �w�a�s� �r�e�d�u�c�e�d� �7�0�-�8�0�%� �i�n� �a� �s�o�i�l� 

�a�i�r�-�d�r�i�e�d� �f�o�r� �2� �-� �3� �d� �(�4�9�)�.� �I�n�o�c�u�l�u�m� �d�e�n�s�i�t�i�e�s� �i�n� �t�h�e� �s�o�i�l� 

�i�n�i�t�i�a�l�l�y� �a�n�d� �a�f�t�e�r� �a�i�r�-�d�r�y�i�n�g� �w�e�r�e� �n�o�t� �i�n�d�i�c�a�t�e�d�.� �L�i�n�d�e�r�m�a�n� �(�2�4�)� 

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

�v�e�r�m�i�c�u�l�i�t�e�-�C�z�a�p�e�k�s� �D�o�x� �b�r�o�t�h� �-� �C�.� �s�c�o�p�a�r�i�u�m� �a�m�e�n�d�m�e�n�t� �r�e�s�u�l�t�e�d� �i�n� �n�o� 

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

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

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

�c�o�m�m�u�n�i�c�a�t�i�o�n�)� �f�o�u�n�d� �a�i�r�-�d�r�y�i�n�g� �p�e�a�n�u�t� �f�i�e�l�d� �s�o�i�l� �f�o�r� �3� �d� �(�0�.�2�2�%� 

�w�a�t�e�r� �c�o�n�t�e�n�t�)� �r�e�s�u�l�t�e�d� �i�n� �r�e�c�o�v�e�r�y� �o�f� �1�2�%� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �C�.� �c�r�o�t�a�l�a�r�i�a�e� 

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

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

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

�R�e�v�e�r�s�a�l� �o�f� �d�e�c�r�e�a�s�e�d� �g�e�r�m�i�n�a�b�i�l�i�t�y� �i�n� �s�o�i�l�s� �a�f�t�e�r� �a�i�r�-�d�r�y�i�n�g� �a�n�d� 

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

�(�M�a�r�t�.�)� �A�p�p�e�l� �a�n�d� �W�r�.� �£�.� �s�p�.� �p�h�a�s�e�o�l�i� �(�B�u�r�k�.�)� �S�n�y�d�.� �a�n�d� �H�a�n�s�.� �(�6�)�.� 

�L�i�n�d�e�r�m�a�n� �a�n�d� �T�o�u�s�s�o�u�n� �(�2�5�)� �s�h�o�w�e�d� �p�a�r�t�i�a�l� �r�e�v�e�r�s�a�l� �o�f� �d�e�c�r�e�a�s�e�d� 

�g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �I�T�.� �b�a�s�i�c�o�l�a� �c�h�l�a�m�y�d�o�s�p�o�r�e�s� �a�f�t�e�r� �5�-�9� �d� �o�f� �r�e�w�e�t�t�i�n�g



�2�4� 

�a�n� �a�i�r� �d�r�i�e�d� �s�o�i�l�.� �W�h�e�n� �s�o�i�l�s� �i�n�f�e�s�t�e�d� �w�i�t�h� �F�.�.� �s�o�l�a�n�i� �f�.� �s�p�.� �p�h�a�s�e�o�l�i� 

�w�e�r�e� �a�i�r� �d�r�i�e�d� �(�r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �n�e�a�r� �5�0�%�)� �f�o�r� �m�o�r�e� �t�h�a�n� �6�0� �d�,� 

�g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �c�h�l�a�m�y�d�o�s�p�o�r�e�s� �d�e�c�r�e�a�s�e�d� �(�6�)�.� �G�e�r�m�i�n�a�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�d� 

�f�o�l�l�o�w�i�n�g� �r�e�w�e�t�t�i�n�g� �f�o�r� �2�-�3� �d�.� 

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

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

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

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

�p�o�p�u�l�a�t�i�o�n�s� �f�r�o�m� �s�a�n�d�y� �p�e�a�n�u�t�-�f�i�e�l�d� �s�o�i�l� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �a�t� �0�-�1�3� �c�m� 

�d�e�p�t�h�,� �1� �w�k� �a�f�t�e�r� �a� �s�e�v�e�r�e� �d�r�o�u�g�h�t�,� �w�a�s� �l�o�w�e�r� �(�m�e�a�n� �=� �0�.�8�/�g� �s�o�i�l�)� 

�c�o�m�p�a�r�e�d� �t�o� �s�a�m�p�l�e�s� �c�o�l�l�e�c�t�e�d� �a�t� �a� �1�3�-�2�5� �c�m� �d�e�p�t�h� �(�m�e�a�n� �=� �5�.�4�/�g� �s�o�i�l�)� 

�(�J�.� �T�a�y�l�o�r�,� �p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n�)�.� �I�m�p�a�i�r�m�e�n�t� �o�f� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� 

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

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

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

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

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

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

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

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

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

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

�p�o�p�u�l�a�t�i�o�n�s�,� �a�l�s�o�.� 

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

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



�2�5� 

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

�(�2�6�,� �4�6�)� �a�n�d� �f�u�n�g�a�l� �(�9�,� �2�8�,� �4�0�)� �p�r�o�p�a�g�u�l�e�s�.� �A�l�t�h�o�u�g�h� �a�d�v�e�r�s�e� 

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

�f�u�n�g�i� �(�3�,� �9�,� �3�6�,� �4�0�)�,� �c�h�i�l�l�i�n�g�-�i�n�d�u�c�e�d� �(�a�b�o�u�t� �4�-�6� �C�)� �d�e�c�r�e�a�s�e�d� 

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

�a�r�t�i�f�i�c�i�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l� �(�3�6�)� �a�n�d� �f�o�r� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �o�f� �C�.� �c�r�o�t�a�l�a�r�i�a�e� 

�i�n� �n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l�s� �(�1�2�)�.� �P�a�p�a�v�i�z�a�s� �(�3�6�)� �f�o�u�n�d� �t�h�a�t� �2�0�-�2�4�%� �o�f� 

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

�g�e�r�m�i�n�a�b�l�e� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �f�o�r� �1� �y�r� �a�t� �5� �C�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �6�0�-�6�5�7� 

�o�f� �t�h�e� �s�c�l�e�r�o�t�i�a� �w�e�r�e� �g�e�r�m�i�n�a�b�l�e� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �f�o�r� �1� �y�r� �a�t� �1�5�,� �2�5� 

�a�n�d� �3�5� �C�.� �D�e�c�r�e�a�s�e�d� �r�e�c�o�v�e�r�y� �o�f� �s�c�l�e�r�o�t�i�a�l� �p�o�p�u�l�a�t�i�o�n�s� �i�n� �a�r�t�i�f�i�c�i�a�l�-� 

�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l�s� �i�n�c�u�b�a�t�e�d� �f�o�r� �2� �w�k� �a�t� �5� �C� �w�a�s� �d�e�m�o�n�s�t�r�a�t�e�d�.� �F�r�e�e�z�-� 

�i�n�g� �i�n�j�u�r�y� �t�o� �M�.� �p�h�a�s�e�o�l�i�n�a� �s�c�l�e�r�o�t�i�a� �(�3�,� �3�6�)�,� �o�o�s�p�o�r�e�s� �o�f� �P�y�t�h�i�u�m� 

�a�p�h�a�n�i�d�e�r�m�a�t�u�m� �a�n�d� �P�.� �m�y�r�i�o�t�y�l�u�m� �(�4�0�)� �a�n�d� �s�c�l�e�r�o�t�i�a� �o�f� �P�.� �o�m�n�i�v�o�r�u�m� 

�(�9�)� �h�a�s� �b�e�e�n� �s�h�o�w�n�.� �S�c�l�e�r�o�t�i�a� �o�f� �P�.� �o�m�n�i�v�o�r�u�m� �i�n� �m�o�i�s�t�,� �n�o�n�-�s�t�e�r�i�l�e� 

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

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

�g�e�r�m�i�n�a�t�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�l�l�o�w�i�n�g� �4�8� �h� �i�n�c�u�b�a�t�i�o�n� �a�t� �-�5� �C� �(�4�0�)�.� 

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

�B�r�i�s�t�o�w� �a�n�d� �W�y�l�l�i�e� �(�3�)� �f�o�u�n�d� �t�h�a�t� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �s�c�l�e�r�o�t�i�u�m� 

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

�s�o�i�l�s� �w�a�s� �r�e�d�u�c�e�d� �b�y� �5�0�%� �a�n�d� �9�0�4�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �o�f� 

�s�o�i�l�s� �f�o�r� �4� �d� �a�t� �-�1�0� �C� �a�n�d� �t�h�e�n� �3� �d� �a�t� �2�4� �C�.� �F�u�r�t�h�e�r�,� �i�n�c�u�b�a�t�i�o�n� 

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

�1�9�7�5� �i�n� �M�i�s�s�o�u�r�i�,� �r�e�s�u�l�t�e�d� �i�n� �a� �7�5�%� �d�e�c�r�e�a�s�e� �i�n� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� 

�M�.� �p�h�a�s�e�o�l�i�n�a� �s�c�l�e�r�o�t�i�a�.� �P�a�p�a�v�i�z�a�s� �(�3�6�)� �f�o�u�n�d� �t�h�a�t� �i�n�c�u�b�a�t�i�o�n� �o�f



�2�6� 

�a�r�t�i�f�i�c�i�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l�s� �a�t� �-�5� �C� �f�o�r� �1� �y�r� �r�e�s�u�l�t�e�d� �i�n� �a� �9�8�%� 

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

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

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

�l�i�t�e�r�a�t�u�r�e�.� 

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

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

�C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �2�6� �C� �f�o�r� �1� �m�o�.� �A� �s�i�m�i�l�a�r� � � 

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

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

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

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

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

�I�n�c�r�e�a�s�e�s� �i�n� �e�l�e�c�t�r�o�l�y�t�e� �l�e�a�k�a�g�e�,� �a�s�s�a�y�e�d� �b�y� �c�o�n�d�u�c�t�i�v�i�t�y� �i�n�c�r�e�a�s�e�s�,� 

�a�r�e� �i�n�d�i�c�a�t�i�v�e� �o�f� �i�n�c�r�e�a�s�e�d� �m�e�m�b�r�a�n�e� �p�e�r�m�e�a�b�i�l�i�t�y� �(�2�3�,� �3�4�)�.� �B�a�t�h�i�n�g� 

�s�o�l�u�t�i�o�n�s� �o�f� �a�x�e�n�i�c� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �i�n�c�u�b�a�t�e�d� �a�t� �6� �C� 
� � 

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

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

�o�f� �a�x�e�n�i�c� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �i�n�c�u�b�a�t�e�d� �a�t� �2�6� �C� �m�a�y� �b�e� �d�u�e� �t�o� �i�o�n� �e�f�f�l�u�x� 

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

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

�(�2�3�,� �4�3�)�,� �b�a�c�t�e�r�i�a� �(�2�6�,� �4�6�)� �a�n�d� �f�u�n�g�i� �(�2�8�)�.� �S�p�o�r�a�n�g�i�o�s�p�o�r�e�s� �o�f� 

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

�m�e�m�b�r�a�n�e� �i�n�j�u�r�y� �a�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �2�.�5� �C� �o�r� �b�e�l�o�w� �(�2�9�)�.� 

�M�a�h�e�s�h�w�a�r�i� �a�n�d� �S�u�s�s�m�a�n� �(�2�7�)� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �u�r�e�d�o�s�p�o�r�e�s� �o�f� �P�u�c�c�i�n�i�a



�2�7� 

�g�r�a�m�i�n�i�s� �P�e�r�s�.� �f�.� �s�p�.� �t�r�i�t�i�c�i� �E�r�i�k�s�.� �a�n�d� �E�.� �H�e�n�n�.� �i�n�c�u�b�a�t�e�d� �a�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �-�1�.�1� �t�o� �-�1�9�6� �C� �a�n�d� �t�h�e�n� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �l�i�q�u�i�d� 

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

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

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

�f�o�r� �B�o�t�r�y�o�d�i�p�l�o�d�i�a� �r�i�c�i�n�i�c�o�l�a� �c�o�n�i�d�i�a� �(�3�3�)�.� 

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

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

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

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

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

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

�l�i�p�i�d�s� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �o�b�s�e�r�v�e�d� �p�h�e�n�o�m�e�n�o�n� �(�2�6�,� �3�0�,� �4�6�)�.� �T�h�e� 

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

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

�(�3�5�)�.� �T�h�e� �l�e�a�k�a�g�e� �o�f� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�m�p�o�u�n�d�s�,� �b�u�t� �n�o�t� �o�f� �h�i�g�h� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�m�p�o�u�n�d�s�,� �f�r�o�m� �f�r�o�z�e�n� �y�e�a�s�t� �c�e�l�l�s� �(�3�0�)�,� �a�n�d� �c�h�i�l�l�e�d� 

�b�a�c�t�e�r�i�a�l� �c�e�l�l�s� �(�2�6�)� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �p�l�a�s�m�a� �m�e�m�b�r�a�n�e� �m�a�y� �b�e� �d�a�m�a�g�e�d� 

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

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

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

�m�e�c�h�a�n�i�s�m�s�,� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �p�h�a�s�e� �t�r�a�n�s�a�c�t�i�o�n� �i�n� �m�e�m�b�r�a�n�e� �l�i�p�i�d�s� �(�2�6�)�.� 

�A�l�t�e�r�n�a�t�e�l�y�,� �P�a�l�t�a� �e�t� �a�l�.� �(�3�5�)� �f�e�e�l� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l�l�y� �p�e�r�m�e�a�b�l�e� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �m�e�m�b�r�a�n�e�s� �i�n� �c�o�l�d� �(�-�4� �t�o� �-�1�1� �C�)� �t�r�e�a�t�e�d� �o�n�i�o�n� �b�u�l�b� 

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



�2�8� 

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

�m�a�n� �e�t� �a�l�.� �(�2�3�)� �f�o�u�n�d� �t�h�a�t� �m�i�t�o�c�h�o�n�d�r�i�a�l� �a�c�t�i�v�i�t�y� �o�f� �s�w�e�e�t� �p�o�t�a�t�o� �t�i�s�s�u�e� 

�d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �i�n�c�u�b�a�t�i�o�n� �t�i�m�e� �a�t� �c�h�i�l�l�i�n�g� �(�7�.�5� �C�)� �t�e�m�p�e�r�a�-� 

�t�u�r�e�s�.� �M�a�t�s�u�m�o�t�o� �e�t� �a�l�.� �(�2�9�)� �o�b�s�e�r�v�e�d� �a� �s�i�m�i�l�a�r� �p�h�e�n�o�m�e�n�o�n� �w�h�e�n� 

�s�p�o�r�a�n�g�i�o�s�p�o�r�e�s� �o�f� �R�h�i�z�o�p�u�s� �s�t�o�l�o�n�i�f�e�r� �(�E�h�r�.� �e�x� �F�r�.�)� �V�u�i�l�l�.� �w�e�r�e� 
� � 

�i�n�c�u�b�a�t�e�d� �a�t� �0� �C�.� �T�h�e� �i�n�j�u�r�y� �w�a�s� �r�e�v�e�r�s�i�b�l�e� �u�p� �t�o� �a� �c�r�i�t�i�c�a�l� �p�e�r�i�o�d� 

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

�o�c�c�u�r�r�e�n�c�e�s� �m�a�y� �t�a�k�e� �p�l�a�c�e� �i�n� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �e�x�p�o�s�e�d� 
� � 

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

�R�e�f�r�i�g�e�r�a�t�i�o�n� �(�0�-�7� �C�)� �o�f� �f�i�e�l�d�-�s�o�i�l� �s�a�m�p�l�e�s� �d�u�r�i�n�g� �t�r�a�n�s�p�o�r�t� 

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

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

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

�C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� �(�7�,� �1�5�,� �3�1�,� �3�2�,� �4�9�)� �a�n�d� �m�i�c�r�o�b�e� 
� � 

�p�o�p�u�l�a�t�i�o�n� �(�5�0�)� �a�s�s�a�y�s�.� �P�r�e�v�i�o�u�s�l�y�,� �m�i�n�i�m�a�l� �c�h�a�n�g�e�s� �i�n� �p�o�p�u�l�a�t�i�o�n�s� 

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

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

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

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

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

�n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �p�e�a�n�u�t� �f�i�e�l�d� �s�o�i�l� �(�i�n�i�t�i�a�l� �p�o�p�u�l�a�t�i�o�n� �=� �9�4�1� �m�i�c�r�o�-� 

�s�c�l�e�r�o�t�i�a�/�g� �s�o�i�l�)� �i�n�c�u�b�a�t�e�d� �a�t� �-�3� �C� �a�n�d� �0� �C� �f�o�r� �1� �m�o� �(�3�.�7� �a�n�d� 

�2�.�9�/�g� �s�o�i�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �N�o� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� �r�e�c�o�v�e�r�y� �w�a�s� �f�o�u�n�d� �w�h�e�n� 

�t�h�i�s� �s�o�i�l� �w�a�s� �i�n�c�u�b�a�t�e�d� �a�t� �-�1�0� �C� �(�3�9�)�.� �F�u�r�t�h�e�r�,� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �i�n� 

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

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



�2�9� 

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

�t�e�m�p�e�r�a�t�u�r�e�s�.� �J�.� �D�.� �T�a�y�l�o�r� �(�u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a�)� �r�e�a�d�i�l�y� �r�e�c�o�v�e�r�e�d� 

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

�p�l�o�t� �i�n� �t�h�e� �s�u�m�m�e�r� �o�f� �1�9�7�6�,� �b�u�t� �a�f�t�e�r� �a�n� �u�n�u�s�u�a�l�l�y� �s�e�v�e�r�e� �w�i�n�t�e�r� �f�o�r� 

�t�h�e� �V�i�r�g�i�n�i�a� �p�e�a�n�u�t� �r�e�g�i�o�n� �(�m�o�s�t� �o�f� �t�h�e� �p�l�o�w� �l�a�y�e�r� �w�a�s� �f�r�o�z�e�n�)�,� �t�h�e� 

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �9�7�%� �(�4�.�4� �t�o� �0�.�1� �m�i�c�r�o�s�c�l�e�r�o�t�i�a�/�g� �s�o�i�l�)�.� �C�h�i�l�l�i�n�g� 

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

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

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

�a�t� �H�o�l�l�a�n�d�,� �V�A�,� �i�n� �t�h�e� �p�e�a�n�u�t�-�g�r�o�w�i�n�g� �r�e�g�i�o�n�,� �i�n� �1�9�7�4� �f�o�r� �D�e�c�e�m�b�e�r�,� 

�J�a�n�u�a�r�y� �a�n�d� �F�e�b�r�u�a�r�y� �w�e�r�e� �6� �C�,� �8� �C� �a�n�d� �5� �C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�s�e� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�8� �C� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �4�2�-�y�r� �m�e�a�n� �a�i�r� 

�t�e�m�p�e�r�a�t�u�r�e� �a�t� �H�o�l�l�a�n�d�,� �V�a� �(�u�n�p�u�b�l�i�s�h�e�d� �w�e�a�t�h�e�r� �r�e�p�o�r�t�s� �o�f� �t�h�e� �T�i�d�e�-� 

�w�a�t�e�r� �R�e�s�e�a�r�c�h� �a�n�d� �C�o�n�t�i�n�u�i�n�g� �E�d�u�c�a�t�i�o�n� �C�e�n�t�e�r�,� �H�o�l�l�a�n�d� �S�t�a�t�i�o�n�,� 

�S�u�f�f�o�l�k�,� �V�a�.�)�.� 

�C�o�r�d�e�l�l� �(�7�)� �r�e�p�e�a�t�e�d�l�y� �i�s�o�l�a�t�e�d� �t�h�e� �h�i�g�h�e�s�t� �n�u�m�b�e�r� �o�f� �C�.� �f�l�o�r�i�~� 

�d�a�n�u�m� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �3�0� �c�m� �b�e�l�o�w� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e� �o�f� �a� �b�l�a�c�k� �w�a�l�n�u�t� 

�s�e�e�d� �b�e�d� �a�t� �t�h�e� �E�d�w�a�r�d�s� �S�t�a�t�e� �N�u�r�s�e�r�y�,� �M�o�r�g�a�n�t�o�n�,� �N�o�r�t�h� �C�a�r�o�l�i�n�a�.� 

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

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

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

�m�e�a�s�u�r�e�d� �f�r�o�m� �J�a�n�u�a�r�y� �3�0� �t�o� �F�e�b�r�u�a�r�y� �5�,� �1�9�7�4�,� �w�e�r�e� �6� �C� �a�n�d� �1�4� �C�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �a�t� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e�s�,� �a�n�d� �9� �C� �a�n�d� �1�2� �C�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�t� 

�a� �d�e�p�t�h� �o�f� �3�0� �c�m�.� �D�e�c�r�e�a�s�e�d� �e�f�f�i�c�a�c�y� �o�f� �c�h�e�m�i�c�a�l� �f�u�m�i�g�a�n�t�s�,� �u�s�e�d� �i�n



�3�0� 

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

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

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

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

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

�t�h�a�n� �W�e�s�t� �V�i�r�g�i�n�i�a� �(�1�8�)�,� �a�l�t�h�o�u�g�h�,� �C�.� �s�c�o�p�a�r�i�u�m� �a�n�d� �C�.� �f�l�o�r�i�d�a�n�u�m� �h�a�v�e� 

�b�e�e�n� �i�s�o�l�a�t�e�d� �f�r�o�m� �f�o�r�e�s�t� �n�u�r�s�e�r�i�e�s� �i�n� �t�h�e� �G�r�e�a�t� �L�a�k�e�s� �a�r�e�a� �(�1�5�,� �3�1�,� 

�4�9�)� �a�n�d� �a�s� �f�a�r� �n�o�r�t�h� �a�s� �N�o�r�m�a�n�d�i�n�,� �Q�u�e�b�e�c� �(�4�7�)�.� �P�o�s�s�i�b�l�y�,� �n�o�r�t�h�e�r�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�d�i�s�e�a�s�e� �o�f� �p�e�a�n�u�t� �s�u�g�g�e�s�t�s� �t�h�i�s� �o�c�c�u�r�r�e�d� �i�n� �V�i�r�g�i�n�i�a� �i�n� �1�9�7�7�/�7�.
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�3�1� 

�L�I�T�E�R�A�T�U�R�E� �C�I�T�E�D� 

�A�s�h�w�o�r�t�h�,� �L�.� �J�.�,� �J�r�.�,� �0�.� �D�.� �M�c�C�u�t�c�h�e�o�n�,� �a�n�d� �A�.� �G�.� �G�e�o�r�g�e�.� �1�9�7�2�.� 
�V�e�r�t�i�c�i�l�l�i�u�m� �a�l�b�o�-�a�t�r�u�m�:� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 
�i�n�o�c�u�l�u�m� �d�e�n�s�i�t�y� �a�n�d� �i�n�f�e�c�t�i�o�n� �o�f� �c�o�t�t�o�n�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� 
�6�2�:�9�0�1�-�9�0�3�.� 

�B�a�k�e�r�,� �K�.� �F�.� �a�n�d� �R�.� �J�.� �C�o�o�k�.� �1�9�7�4�.� �B�i�o�l�o�g�i�c�a�l� �c�o�n�t�r�o�l� �o�f� �p�l�a�n�t� 
�p�a�t�h�o�g�e�n�s�.� �W�.� �H�.� �F�r�e�e�m�a�n� �a�n�d� �C�o�.� �S�a�n� �F�r�a�n�c�i�s�c�o�.� �4�3�3� �p�.� 

�B�r�i�s�t�o�w�,� �P�.� �R�.� �a�n�d� �T�.� �D�.� �W�y�l�l�i�e�.� �1�9�7�5�.� �F�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� 
�s�u�r�v�i�v�a�l� �o�f� �M�a�c�r�o�p�h�o�m�i�n�a� �p�h�a�s�e�o�l�i�n�a� �s�c�l�e�r�o�t�i�a� �i�n� �s�o�i�l�.� �P�r�o�c�.� �A�m�.� 
�P�h�y�t�o�p�a�t�h�o�l�.� �S�o�c�.� �2�:�4�0� �(�A�b�s�t�r�.�)�.� 

�C�o�l�e�y�-�S�m�i�t�h�,� �J�.� �R�.� �a�n�d� �R�.� �C�.� �C�o�o�k�e�.� �1�9�7�1�.� �S�u�r�v�i�v�a�l� �a�n�d� �g�e�r�m�i�-� 
�n�a�t�i�o�n� �o�f� �f�u�n�g�a�l� �s�c�l�e�r�o�t�i�a�.� �A�n�n�.� �R�e�v�.� �P�h�y�t�o�p�a�t�h�o�l�.� �9�:�5�6�-�9�2�.� 

�C�o�l�e�y�-�S�m�i�t�h�,� �J�.� �R�.� �1�9�5�9�.� �S�t�u�d�i�e�s� �o�f� �t�h�e� �b�i�o�l�o�g�y� �o�f� �s�c�l�e�r�o�t�i�u�m� 
�c�e�p�i�v�o�r�n�m� �B�e�r�k�.� �I�I�I�.� �H�o�s�t� �r�a�n�g�e�,� �p�e�r�s�i�s�t�e�n�c�e� �a�n�d� �v�i�a�b�i�l�i�t�y� �o�f� 
�s�c�l�e�r�o�t�i�a�.� �A�n�n�.� �A�p�p�l�.� �B�i�o�l�.� �4�7�:�5�1�1�-�5�1�8�.� 

�C�o�o�k�,� �R�.� �J�.� �1�9�6�4�.� �I�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �n�u�t�r�i�t�i�o�n�a�l� �a�n�d� �b�i�o�t�i�c� �e�n�v�i�r�o�n�-� 
�m�e�n�t�s� �o�f� �s�o�i�l� �o�n� �t�h�e� �b�e�a�n� �r�o�o�t� �r�o�t� �F�u�s�a�r�i�u�m�.� �P�h�.�D�.� �T�h�e�s�i�s�,� 
�U�n�i�v�.� �C�a�l�i�f�.�,� �B�e�r�k�e�l�e�y� �8�1� �p�.� 

�C�o�r�d�e�l�l�,� �C�.� �E�.� �1�9�7�6�.� �T�h�e� �b�i�o�l�o�g�y� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�p�p�.� �i�n� 
�s�o�u�t�h�e�r�n� �f�o�r�e�s�t� �t�r�e�e� �n�u�r�s�e�r�i�e�s�.� �P�h�.�D�.� �T�h�e�s�i�s�,� �D�u�k�e� �U�n�i�v�e�r�s�i�t�y�.� 
�1�8�9� �p�.� 

�D�h�i�n�g�r�a�,� �0�.� �D�.� �a�n�d� �J�.� �B�.� �S�i�n�c�l�a�i�r�.� �1�9�7�5�.� �S�u�r�v�i�v�a�l� �o�f� �M�a�c�r�o�p�h�o�m�i�n�a� 
�p�h�a�s�e�o�l�i�n�a� �s�c�l�e�r�o�t�i�a� �i�n� �s�o�i�l�:� �e�f�f�e�c�t�s� �o�f� �s�o�i�l� �m�o�i�s�t�u�r�e�,� �c�a�r�b�o�n�:� 
�n�i�t�r�o�g�e�n� �r�a�t�i�o�s�,� �c�a�r�b�o�n� �s�o�u�r�c�e�s�,� �a�n�d� �n�i�t�r�o�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
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�F�a�l�k�,� �M�.�,� �K�.� �A�.� �H�a�r�t�m�a�n� �a�n�d� �R�.� �C�.� �L�o�r�d�.� �1�9�6�3�.� �H�y�d�r�a�t�i�o�n� �o�f� 
�d�e�o�x�y�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d�.� �I�I�I�.� �A� �s�p�e�c�t�r�o�s�c�o�p�i�c� �s�t�u�d�y� �o�f� �t�h�e� 
�e�f�f�e�c�t� �o�f� �h�y�d�r�a�t�i�o�n� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �d�e�o�x�y�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d�.� 
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�G�r�i�f�f�i�n�,� �G�.� �J�.� �1�9�7�5�.� �T�o�t�a�l� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �c�r�o�t�a�l�a�r�i�a�e� �p�o�p�u�l�a�-� 
�t�i�o�n�s� �i�n� �n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �p�e�a�n�u�t� �f�i�e�l�d� �s�o�i�l�s�.� �P�r�o�c�.� �A�m�e�r�.� �P�h�y�t�o�-� 
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�C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �c�r�o�t�a�l�a�r�i�a�e� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �f�r�o�m� �n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� 
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�H�u�n�t�e�r�,� �B�.� �B�.� �a�n�d� �M�.� �A�.� �S�y�l�v�e�s�t�e�r�.� �1�9�/�7�5�.� �G�e�r�a�n�i�u�m� �l�e�a�f� �t�i�s�s�u�e� 
�a�s� �a� �b�a�i�t� �f�o�r� �s�p�e�c�i�e�s� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �i�n� �t�h�e� �s�o�i�l�.� �P�r�o�c�.� �A�m�.� 
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�c�h�l�a�m�y�d�o�s�p�o�r�e�s� �a�n�d� �e�n�d�o�c�o�n�i�d�i�a� �o�f� �T�h�i�e�l�a�v�i�o�p�s�i�s� �b�a�s�i�c�o�l�a� �i�n� �n�o�n�-� 
�s�t�e�r�i�l�i�z�e�d� �s�o�i�l�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �5�/�7�:�7�2�9�-�7�3�1�.� 

�M�a�c�L�o�e�d�,� �R�.� �A�.� �a�n�d� �P�.� �H�.� �C�a�l�c�o�t�t�.� �1�9�7�6�.� �C�o�l�d� �s�h�o�c�k� �a�n�d� �f�r�e�e�z�i�n�g� 
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�M�a�h�e�s�h�w�a�r�i�,� �R�.� �a�n�d� �A�.� �S�.� �S�u�s�s�m�a�n�.� �1�9�7�1�.� �T�h�e� �n�a�t�u�r�e� �o�f� �c�o�l�d�-� 
�i�n�d�u�c�e�d� �d�o�r�m�a�n�c�y� �i�n� �u�r�e�d�o�s�p�o�r�e�s� �o�f� �P�u�c�c�i�n�i�a� �g�r�a�m�i�n�i�s� �f�.� �s�p�.� 
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�M�a�t�s�u�m�o�t�o�,� �T�.� �T�.� �a�n�d� �N�.� �J�.� �S�o�m�m�e�r�.� �1�9�6�7�.� �S�e�n�s�i�t�i�v�i�t�y� �o�f� �R�h�i�z�o�-� 
�p�u�s� �s�t�o�l�o�n�i�f�e�r� �t�o� �c�h�i�l�l�i�n�g�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �5�7�:�8�8�1�-�8�8�4�.� 
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�1�9�6�9�.� �C�h�i�l�l�i�n�g�-�i�n�d�u�c�e�d� �u�l�t�r�a�s�t�r�u�c�t�u�r�a�l� �c�h�a�n�g�e�s� �i�n� �R�h�i�z�o�p�u�s� 
�s�t�o�l�o�n�i�f�e�r� �s�p�o�r�a�n�g�i�o�s�p�o�r�e�s�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �5�9�:�8�6�3�-�8�6�7�.� 
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�c�e�l�l�e�d� �m�i�c�r�o�-�o�r�g�a�n�i�s�m�s� �s�u�b�j�e�c�t�e�d� �t�o� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g�.� �I�n�:� 
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�M�e�n�g�e�,� �J�.� �A�.� �1�9�6�9�.� �T�h�e� �e�c�o�l�o�g�y� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� 
�s�c�o�p�a�r�i�u�m� �i�n� �s�o�i�l�.� �M�.�S�.� �T�h�e�s�i�s�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �M�i�n�n�.� �1�1�/�7� �p�.� 

�M�o�r�r�i�s�o�n�,� �R�.� �H�.� �a�n�d� �D�.� �W�.� �F�r�e�n�c�h�.� �1�9�6�9�.� �D�i�r�e�c�t� �i�s�o�l�a�t�i�o�n� �o�f� 
�C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �f�l�o�r�i�d�a�n�u�m� �f�r�o�m� �s�o�i�l�.� �P�l�a�n�t� �D�i�s�.� �R�e�p�t�r�.� 
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�O�g�u�n�s�a�n�y�a�,� �O�.� �C�.� �a�n�d� �M�.� �F�.� �M�a�d�e�l�i�n�.� �1�9�7�7�.� �S�e�n�s�i�t�i�v�i�t�y� �o�f� 
�B�o�t�r�y�o�d�i�p�l�o�d�i�a� �r�i�c�i�n�i�c�o�l�a� �c�o�n�i�d�i�a� �t�o� �m�i�l�d� �c�h�i�l�l�i�n�g�.� �T�r�a�n�s�.� �B�r�.� 
�M�y�c�o�l�.� �S�o�c�.� �6�9�:�1�9�1�-�1�9�5�.� 

�P�a�l�t�a�,� �J�.� �P�.�,� �J�.� �L�e�v�i�t�t�,� �a�n�d� �E�.� �J�.� �S�t�a�d�e�l�m�a�n�n�.� �1�9�7�7�.� �F�r�e�e�z�i�n�g� 
�i�n�j�u�r�y� �i�n� �o�n�i�o�n� �b�u�l�b� �c�e�l�l�s�.� �I�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� 
�m�e�t�h�o�d� �a�n�d� �a�n�a�l�y�s�i�s� �o�f� �i�o�n� �a�n�d� �s�u�g�a�r� �e�f�f�l�u�x� �f�r�o�m� �i�n�j�u�r�e�d� �c�e�l�l�s�.� 
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�P�a�l�t�a�,� �J�.� �P�.�,� �J�.� �L�e�v�i�t�t� �a�n�d� �E�.� �J�.� �S�t�a�d�e�l�i�m�a�n�n�.� �1�9�7�7�.� �F�r�e�e�z�i�n�g� 
�i�n�j�u�r�y� �i�n� �o�n�i�o�n� �b�u�l�b� �c�e�l�l�s�.� �I�I�.� �P�o�s�t�-�t�h�a�w�i�n�g� �i�n�j�u�r�y� �o�r� �r�e�c�o�v�e�r�y�.� 
�P�l�a�n�t� �P�h�y�s�i�o�l�.� �6�0�:�3�9�8�-�4�0�1�.� 

�P�a�p�a�v�i�z�a�s�,� �G�.� �C�.� �1�9�7�7�.� �S�o�m�e� �f�a�c�t�o�r�s� �a�f�f�e�c�t�i�n�g� �s�u�r�v�i�v�a�l� �o�f� 
�s�c�l�e�r�o�t�i�a� �o�f� �M�a�c�r�o�p�h�o�m�i�n�a� �p�h�a�s�e�o�l�i�n�a� �i�n� �s�o�i�l�.� �S�o�i�l� �B�i�o�l�.� 
�B�i�o�c�h�e�m�.� �9�:�3�3�7�-�3�4�1�.



�3�7�.� 

�3�8�.� 

�3�9�.� 
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�4�8�.� 

�3�4� 

�P�a�p�a�v�i�z�a�s�,� �G�.� �C�.� �1�9�7�7�.� �S�u�r�v�i�v�a�l� �o�f� �s�c�l�e�r�o�t�i�a� �o�f� �M�a�c�r�o�p�h�o�m�i�n�a� 
�p�h�a�s�e�o�l�i�n�a� �a�n�d� �S�c�l�e�r�o�t�i�u�m� �c�e�p�i�v�o�r�u�m� �a�f�t�e�r� �d�r�y�i�n�g� �a�n�d� �w�e�t�t�i�n�g� 
�t�r�e�a�t�m�e�n�t�s�.� �S�o�i�l� �B�i�o�l�.� �B�i�o�c�h�e�m�.� �9�:�3�4�3�-�3�4�8�.� 

�P�a�p�a�v�i�z�a�s�,� �G�.� �C�.� �a�n�d� �J�.� �A�.� �L�e�w�i�s�.� �1�9�7�1�.� �S�u�r�v�i�v�a�l� �o�f� �e�n�d�o�c�o�n�d�i�a� 
�a�n�d� �c�h�l�a�m�y�d�o�s�p�o�r�e�s� �o�f� �T�h�i�e�l�a�v�i�o�p�i�s� �b�a�s�i�c�o�l�a� �a�s� �a�f�f�e�c�t�e�d� �b�y� �s�o�i�l� 
�e�n�v�i�r�o�n�m�e�n�t�a�l� �f�a�c�t�o�r�s�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �6�1�:�1�0�8�-�1�1�3�.� 

�R�o�t�h�,� �D�.� �A�.�,� �G�.� �J�.� �G�r�i�f�f�i�n� �a�n�d� �P�.� �J�.� �G�r�a�h�a�m�.� �1�9�7�8�.� �L�o�w� 
�t�e�m�p�e�r�a�t�u�r�e� �i�n�d�u�c�e�s� �d�e�c�r�e�a�s�e�d� �g�e�r�m�i�n�a�b�i�l�i�t�y� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� 
�m�i�c�r�o�s�c�l�e�r�o�t�i�a�.� �C�a�n�.� �J�.� �M�i�c�r�o�b�i�o�l�.� �2�4�;� �i�n� �p�r�e�s�s�.� 

�S�a�u�v�e�,� �R�.� �J�.� �a�n�d� �D�.� �J�.� �M�i�t�c�h�e�l�l�.� �1�9�7�7�.� �A�n� �e�v�a�l�u�a�t�i�o�n� �o�f� �m�e�t�h�o�d�s� 
�f�o�r� �o�b�t�a�i�n�i�n�g� �m�y�c�e�l�i�u�m�-�f�r�e�e� �o�o�s�p�o�r�e�s� �o�f� �P�y�t�h�i�u�m� �a�p�h�a�n�i�d�e�r�m�a�t�u�m� 
�a�n�d� �P�.� �m�y�r�i�o�t�y�l�u�m�.� �C�a�n�.� �J�.� �M�i�c�r�o�b�i�o�l�.� �2�3�:�6�4�3�-�6�4�8�.� 

�S�c�h�r�e�i�b�e�r�,� �L�.� �R�.� �a�n�d� �R�.� �J�.� �G�r�e�e�n�.� �1�9�6�3�.� �E�f�f�e�c�t� �o�f� �r�o�o�t� �e�x�u�d�a�t�e�s� 
�o�n� �g�e�r�m�i�n�a�t�i�o�n� �o�f� �c�o�n�i�d�i�a� �a�n�d� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �o�f� �V�e�r�t�i�c�i�l�l�i�u�m� �a�l�b�o�-� 
�a�t�r�u�m� �i�n�h�i�b�i�t�e�d� �b�y� �t�h�e� �s�o�i�l� �f�u�n�g�i�s�t�a�t�i�c� �p�r�i�n�c�i�p�l�e�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� 
�5�3�:�2�6�0�-�2�6�4�.� 

�S�c�h�r�o�t�h�,� �M�.� �N�.� �a�n�d� �O�.� �C�.� �H�i�l�d�e�b�r�a�n�d�.� �1�9�6�5�.� �I�n�f�l�u�e�n�c�e� �o�f� �p�l�a�n�t� 
�e�x�u�d�a�t�e�s� �o�n� �r�o�o�t� �i�n�f�e�c�t�i�n�g� �f�u�n�g�i�.� �A�n�n�.� �R�e�v�.� �P�h�y�t�o�p�a�t�h�o�l�.� 
�2�:�1�0�1�-�1�3�2�.� 

�S�e�l�l�s�c�h�o�p�,� �J�.� �P�.� �F�.� �a�n�d� �S�.� �C�.� �S�a�l�m�o�n�.� �1�9�2�8�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 
�c�h�i�l�l�i�n�g� �a�b�o�v�e� �t�h�e� �f�r�e�e�z�i�n�g� �p�o�i�n�t�,� �o�n� �c�e�r�t�a�i�n� �c�r�o�p� �p�l�a�n�t�s�.� �J�.� 
�A�g�r�.� �R�e�s�.� �3�7�:�3�1�5�-�3�3�8�.� 

�S�m�i�t�h�,� �A�.� �S�.� �1�9�7�2�.� �D�r�y�i�n�g� �a�n�d� �w�e�t�t�i�n�g� �s�c�l�e�r�o�t�i�a� �p�r�o�m�o�t�e�s� 
�b�i�o�l�o�g�i�c�a�l� �c�o�n�t�r�o�l� �o�f� �S�c�l�e�r�o�t�i�u�m� �r�o�l�f�s�i�i� �S�a�c�c�.� �S�o�i�l� �B�i�o�l�.� 
�B�i�o�c�h�e�m�.� �4�:�1�1�9�-�1�2�3�.� 

�S�m�i�t�h�,� �A�.� �S�.� �1�9�7�2�.� �B�i�o�l�o�g�i�c�a�l� �c�o�n�t�r�o�l� �o�f� �f�u�n�g�a�l� �s�c�l�e�r�o�t�i�a� �i�n� 
�s�o�i�l�.� �S�o�i�l� �B�i�o�l�.� �B�i�o�c�h�e�m�,� �4�:�1�3�1�-�1�3�4�.� 

�S�t�r�a�n�g�e�,� �R�.� �E�.� �a�n�d� �F�.� �E�.� �D�a�r�k�.� �1�9�6�2�.� �E�f�f�e�c�t� �o�n� �c�h�i�l�l�i�n�g� �o�n� 
�A�e�r�o�b�a�c�t�e�r� �a�e�r�o�g�e�n�e�s�:� �i�n� �a�q�u�e�o�u�s� �s�u�s�p�e�n�s�i�o�n�.� �J�.� �G�e�n�.� �M�i�c�r�o�b�i�o�l�.� 
�2�9�:�7�1�9�-�7�3�0�.� 

�S�u�t�h�e�r�l�a�n�d�,� �J�.� �R�.� �1�9�6�7�.� �O�c�c�u�r�r�e�n�c�e� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�c�o�p�a�r�i�u�m� 
�M�o�r�g�.� �i�n� �Q�u�e�b�e�c� �f�o�r�e�s�t� �n�u�r�s�e�r�i�e�s�.� �C�a�n�.� �D�e�p�t�.� �F�o�r�e�s�t�r�y� �B�i�-�M�o�n�t�h�l�y� 
�R�e�s�.� �N�o�t�e�s� �2�3�:�4�-�5�.� 

�T�a�u�b�e�n�h�a�u�s�,� �J�.� �J�.� �a�n�d� �W�.� �N�.� �E�z�e�k�i�e�l�.� �1�9�3�6�.� �L�o�n�g�e�v�i�t�y� �o�f� 
�s�c�l�e�r�o�t�i�a� �o�f� �P�h�y�m�a�t�o�t�r�i�c�h�u�m� �o�m�n�i�v�o�r�u�m� �i�n� �m�o�i�s�t� �s�o�i�l� �i�n� �t�h�e� 
�l�a�b�o�r�a�t�o�r�y�.� �A�m�.� �J�.� �B�o�t�.� �2�3�:�1�0�-�1�2�,



�4�9�.� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�3�5� 

�T�h�i�e�s�,� �W�.� �1�9�6�9�.� �T�h�e� �b�i�o�l�o�g�y� �a�n�d� �c�o�n�t�r�o�l� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� 
�s�c�o�p�a�r�i�u�m� �i�n� �W�i�s�c�o�n�s�i�n� �s�t�a�t�e� �f�o�r�e�s�t�r�y� �n�u�r�s�e�r�i�e�s�.� �P�h�.�D�.� �T�h�e�s�i�s�,� 
�U�n�i�v�e�r�s�i�t�y� �o�f� �W�i�s�c�o�n�s�i�n�.� �9�3� �p�.� 

�T�u�i�t�e�,� �J�.� �1�9�6�9�.� �P�l�a�n�t� �p�a�t�h�o�l�o�g�i�c�a�l� �m�e�t�h�o�d�s�:� �f�u�n�g�i� �a�n�d� �b�a�c�t�e�r�i�a�.� 
�B�u�r�g�e�s�s� �P�u�b�.� �C�o�.�,� �M�i�n�n�e�a�p�o�l�i�s�,� �M�N�.� �2�3�9� �p�.� 

�W�i�l�h�e�l�m�,� �S�.� �1�9�5�5�.� �L�o�n�g�e�v�i�t�y� �o�f� �t�h�e� �V�e�r�t�i�c�i�l�l�i�u�m� �w�i�i�t� �f�u�n�g�u�s� �i�n� 
�t�h�e� �l�a�b�o�r�a�t�o�r�y� �a�n�d� �f�i�e�l�d�.� �P�h�y�t�o�p�a�t�h�o�l�o�g�y� �4�5�:�1�8�0�-�1�8�1�.� 

�W�i�l�l�e�t�t�s�,� �H�.� �J�.� �1�9�7�1�.� �T�h�e� �s�u�r�v�i�v�a�l� �o�f� �f�u�n�g�a�l� �s�c�l�e�r�o�t�i�a� �u�n�d�e�r� 
�a�d�v�e�r�s�e� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s�.� �B�i�o�l�.� �R�e�v�.� �4�6�:�3�8�7�-�4�0�7�.



�C�H�A�P�T�E�R� �I�I�I� 

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

�S�o�i�l� �F�u�n�g�i�s�t�a�s�i�s� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� 

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

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

�r�e�c�o�g�n�i�z�e�d� �s�i�n�c�e� �t�h�e� �e�a�r�l�y� �1�9�5�0�'�s� �(�1�1�,� �2�2�,� �8�3�)�.� �G�e�n�e�r�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

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

�n�a�t�i�o�n� �(�2�2�,� �5�5�,� �6�3�,� �6�5�)�,� �w�i�d�e�s�p�r�e�a�d� �o�c�c�u�r�r�e�n�c�e� �(�1�2�,� �2�1�,� �2�2�,� �5�1�,� �5�2�,� 

�5�3�,� �6�3�,� �6�5�,� �9�5�)�,� �a�n�d� �a�n�n�u�l�l�m�e�n�t� �b�y� �a�d�d�i�t�i�o�n� �o�f� �s�u�i�t�a�b�l�e� �n�u�t�r�i�e�n�t�s� 

�(�1�1�,� �1�3�,� �2�2�,� �3�3�,� �5�1�)�.� �S�o�i�l� �f�u�n�g�i�s�t�a�s�i�s� �i�s� �p�r�i�m�a�r�i�l�y� �o�f� �m�i�c�r�o�b�i�a�l� 

�o�r�i�g�i�n� �(�2�2�,� �2�8�,� �5�2�,� �6�0�,� �6�5�,� �6�6�)�;� �h�o�w�e�v�e�r�,� �r�e�c�e�n�t�l�y� �f�u�n�g�i�s�t�a�s�i�s� �o�f� �n�o�n�-� 

�m�i�c�r�o�b�i�a�l� �o�r�i�g�i�n� �h�a�s� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �(�2�1�,� �4�4�,� �5�6�)�.� �A�l�t�h�o�u�g�h� �s�o�i�l� 

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

�i�n� �s�o�i�l�,� �v�a�r�i�a�t�i�o�n� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �e�x�i�s�t�s� �(�2�,� �1�4�,� �4�8�,� �4�9�,� �5�5�,� �6�8�,� �8�8�)�.� 

�H�y�p�o�t�h�e�s�e�s� �e�x�p�l�a�i�n�i�n�g� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �s�o�i�l� �f�u�n�g�i�s�t�a�s�i�s� �h�a�v�e� �n�o�t� 

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

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

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

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

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

�a�n�d� �r�e�w�e�t�t�i�n�g� �(�7�,� �2�7�,� �3�8�,� �7�5�,� �9�0�)�,� �f�r�e�e�z�i�n�g� �a�n�d� �t�h�a�w�i�n�g� �(�2�7�,� �8�2�,� �8�6�)�,� 

�w�a�t�e�r� �s�a�t�u�r�a�t�i�o�n� �(�2�7�)�,� �a�n�d� �p�h�y�s�i�c�a�l� �d�i�s�r�u�p�t�i�o�n� �(�2�7�,� �7�8�)� �o�f� �s�o�i�l� �h�a�v�e� 

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

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

�3�6



�3�7� 

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

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

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

�m�i�c�r�o�b�i�a�l� �m�e�t�a�b�o�l�i�s�m� �(�2�7�)�.� �I�n�c�r�e�a�s�e�d� �a�c�t�i�v�i�t�y� �i�s� �d�u�e� �t�o� �t�h�e� 

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

�s�a�c�c�h�a�r�i�d�e�s� �f�r�o�m� �p�r�e�v�i�o�u�s�l�y� �i�n�a�c�c�e�s�s�i�b�l�e� �m�i�c�r�o�s�i�t�e�s� �(�4�)�.� �A� �h�i�g�h� 

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

�c�l�a�y�-�o�r�g�a�n�i�c� �c�o�m�p�l�e�x�e�s� �(�2�6�)�.� �E�m�e�r�s�o�n� �(�2�4�)� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �c�l�a�y� 

�p�a�r�t�i�c�l�e�s� �(�d�o�m�a�i�n�s�)� �a�r�e� �c�e�m�e�n�t�e�d� �t�o� �q�u�a�r�t�z� �p�a�r�t�i�c�l�e�s� �b�y� �o�r�g�a�n�i�c� 

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

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

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

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

�(�2�6�,� �8�7�,� �8�6�)�.� 

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

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

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

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

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

�p�r�o�m�o�t�e� �s�p�o�r�e� �g�e�r�m�i�n�a�t�i�o�n�.� �G�r�i�f�f�i�n� �(�3�3�)� �s�h�o�w�e�d� �t�h�a�t� �e�x�o�g�e�n�o�u�s� 

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

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

�c�u�l�t�u�r�e�.� �L�o�w� �g�e�r�m�i�n�a�t�i�o�n� �i�n� �a�x�e�n�i�c� �c�u�l�t�u�r�e� �r�e�q�u�i�r�e�d� �o�n�l�y� �0�.�0�4� �n�g� 

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

�s�p�o�r�e�s� �i�n� �c�o�n�t�a�c�t� �w�i�t�h� �s�o�i�l� �r�e�q�u�i�r�e�d� �2�.�0� �n�g� �C�/�c�h�l�a�m�y�d�o�s�p�o�r�e� �a�s� �g�l�u�c�o�s�e�.� 

�F�u�r�t�h�e�r�,� �G�r�i�f�f�i�n� �(�2�9�)� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �n�u�t�r�i�t�i�o�n�a�l� �r�e�q�u�i�r�e�m�e�n�t�s



�3�8� 

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

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

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

�r�e�q�u�i�r�e�d� �e�x�o�g�e�n�o�u�s� �c�a�r�b�o�n� �a�n�d� �n�i�t�r�o�g�e�n� �t�o� �g�e�r�m�i�n�a�t�e� �i�n� �v�i�t�r�o�.� �F�i�l�t�e�r�e�d� 

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

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

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

�g�e�r�m�i�n�a�t�e�d� �i�n� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l� �e�x�t�r�a�c�t�s�.� �C�o�n�i�d�i�a� �o�f� �f�u�s�a�r�i�a� �g�e�r�m�i�n�a�t�e� 

�a�t� �l�o�w� �d�e�n�s�i�t�i�e�s� �i�n� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l� �(�3�0�,� �3�6�,� �7�2�)�.� �T�h�e�s�e� �s�t�u�d�i�e�s� 

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

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

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

�e�x�t�r�a�c�t�s�.� �D�i�x� �(�2�0�)� �a�l�s�o� �s�h�o�w�e�d� �t�h�a�t� �s�t�e�r�i�l�e� �a�q�u�e�o�u�s� �e�x�t�r�a�c�t�s� �o�f� �n�o�n�-� 

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

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

�r�e�s�e�a�r�c�h�e�r�s� �(�2�2�,� �4�7�,� �9�1�)� �h�a�v�e� �u�s�e�d� �t�h�e� �s�t�e�r�i�l�e� �s�o�i�l� �e�x�t�r�a�c�t� �m�e�t�h�o�d� 

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

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

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

�s�u�b�s�t�r�a�t�e�s� �i�n� �d�i�s�c�o�n�t�i�n�u�o�u�s� �m�i�c�r�o�s�i�t�e�s� �c�a�n�n�o�t� �b�e� �r�u�l�e�d� �o�u�t� �(�6�5�)�.� 

�V�a�a�r�t�a�j�a� �(�9�3�,� �9�4�)� �p�r�e�p�a�r�e�d� �s�o�i�l� �e�x�t�r�a�c�t�s� �u�s�i�n�g� �a� �l�e�s�s� �p�h�y�s�i�c�a�l�l�y� 

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

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

�s�i�m�u�l�a�t�e�s� �1�.�2�5� �c�m� �o�f� �r�a�i�n� �p�e�r� �d�a�y� �o�n� �t�h�e� �s�o�i�l�.� �F�u�r�t�h�e�r�,� �t�h�e� �s�o�i�l� 

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

�c�o�m�p�o�n�e�n�t�s� �b�a�s�e�d� �o�n� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �s�i�z�e�.� �B�i�o�a�s�s�a�y�s� �w�i�t�h
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�P�y�t�h�i�u�m� �u�l�t�i�m�u�m� �T�r�o�w� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �5�7�%� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�s� �i�n�h�i�b�i�t�e�d� 

�P�.� �u�l�t�i�m�u�m� �a�n�d� �1�4�%� �w�e�r�e� �s�t�i�m�u�l�a�t�o�r�y� �(�9�3�)�.� �R�e�c�e�n�t�l�y�,� �V�a�a�r�t�a�j�a� �(�9�4�)� 

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

�r�a�n�g�e� �o�f� �s�o�i�l� �b�o�r�n�e� �f�u�n�g�i�.� 

�H�o�r�a� �e�t� �a�l�.� �(�4�7�)� �p�r�e�s�e�n�t�e�d� �e�v�i�d�e�n�c�e� �b�a�s�e�d� �o�n� �t�h�e� �s�t�e�r�i�l�e� 

�N�u�c�l�e�o�p�o�r�e� �a�g�a�r� �d�i�f�f�u�s�i�o�n� �m�e�t�h�o�d� �(�S�N�A�D�)� �f�o�r� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� 

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

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

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

�S�N�A�D� �m�e�t�h�o�d�,� �s�o�i�l�s�,� �a�i�r�-�d�r�i�e�d� �a�n�d� �r�e�w�e�t�t�e�d� �f�o�r� �v�a�r�i�o�u�s� �l�e�n�g�t�h�s� �o�f� 

�t�i�m�e�,� �a�r�e� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �s�t�e�r�i�l�e� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� �W�a�s�h�e�d� �a�g�a�r� �d�i�s�k�s� 

�a�r�e� �p�l�a�c�e�d� �o�n� �s�t�e�r�i�l�e� �N�u�c�l�e�o�p�o�r�e� �f�i�l�t�e�r�s� �o�n� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e�.� �A�f�t�e�r� 

�i�n�c�u�b�a�t�i�o�n� �f�o�r� �2�4� �h�,� �w�h�i�c�h� �a�l�l�o�w�s� �d�i�f�f�u�s�i�o�n� �o�f� �n�u�t�r�i�e�n�t�s� �a�n�d� 

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

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

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

�f�o�r� �1�6� �o�f� �1�7� �s�o�i�l�s� �(�p�H� �5�.�0� �-� �7�.�8�)�.� �F�u�r�t�h�e�r�,� �p�e�r�c�e�n�t�a�g�e� �c�o�n�i�d�i�u�m� 

�g�e�r�m�i�n�a�t�i�o�n� �w�a�s� �a�p�p�r�e�c�i�a�b�l�y� �i�n�c�r�e�a�s�e�d� �i�n� �d�i�l�u�t�i�o�n�s� �(�1�:�1� �a�n�d� �1�:�5�)� �o�f� 

�m�e�m�b�r�a�n�e�-�f�i�l�t�e�r�e� �s�t�e�r�i�l�i�z�e�d� �e�x�t�r�a�c�t�s� �o�f� �t�w�o� �s�o�i�l�s�.� �E�v�e�n� �a�t� �a� �1�:�5�0� 

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

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

�d�u�e� �t�o� �a� �d�i�r�e�c�t� �p�H� �e�f�f�e�c�t� �(�p�H� �8�.�6�)�.� �G�e�r�m�i�n�a�t�i�o�n� �o�f� �P�e�n�i�c�i�l�l�i�u�m� 

�c�h�r�y�s�o�g�e�n�u�m� �T�h�o�m�,� �G�o�n�a�t�o�b�o�t�r�y�s� �s�i�m�p�l�e�x� �C�o�r�d�a� �a�n�d� �F�.� �s�o�l�a�n�i� �(�M�a�r�t�.�)� 
� � 

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

�s�t�i�m�u�l�a�t�e�d� �i�n� �t�h�e� �S�N�A�D� �t�e�s�t� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �s�o�i�l� �a�n�d� �a�s�s�a�y� �t�i�m�e



�4�0� 

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

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

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

�B�a�l�i�s� �a�n�d� �K�o�u�y�e�a�s� �(�6�)� �p�r�o�v�i�d�e�d� �t�h�e� �f�i�r�s�t� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �i�n�h�i�b�i�t�o�r�s� �i�n� �s�o�i�l�s�.� �N�o�n�-�v�o�l�a�t�i�l�e� �(�4�5�,� �9�3�)� �a�n�d� �v�o�l�a�t�i�l�e� 

�i�n�h�i�b�i�t�o�r�s� �h�a�v�e� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d�.� �B�a�k�e�r� �a�n�d� �a�s�s�o�c�i�a�t�e�s� �(�4�1�,� �4�3�,� �4�4�,� 

�7�6�,� �7�7�)� �e�l�u�c�i�d�a�t�e�d� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �v�o�l�a�t�i�l�e� �i�n�h�i�b�i�t�o�r�y� 

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

�o�n�l�y� �(�4�1�)�.� �H�o�w�e�v�e�r�,� �d�u�e� �t�o� �e�n�h�a�n�c�e�d� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �a�s�s�a�y� �p�r�o�c�e�d�u�r�e�s�,� 

�v�o�l�a�t�i�l�e�s� �i�n� �s�o�i�l�s� �o�f� �p�H� �3�.�8� �-� �8�.�8� �h�a�v�e� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �(�7�7�)�.� 

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

�f�u�n�g�i�s�t�a�s�i�s�.� �V�o�l�a�t�i�l�e�s� �a�r�e� �o�f� �m�i�c�r�o�b�i�a�l� �a�n�d� �n�o�n�-�m�i�c�r�o�b�i�a�l� �(�4�2�,� �4�8�)� 

�o�r�i�g�i�n�,� �w�i�d�e�s�p�r�e�a�d� �i�n� �s�o�i�l�s� �(�6�,� �9�,� �3�7�,� �5�7�)�,� �n�o�n�-�s�p�e�c�i�f�i�c� �i�n� �i�n�h�i�b�i�t�i�o�n� 

�(�6�,� �9�,� �4�1�)� �a�n�d� �a�n�n�u�l�l�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �e�x�o�g�e�n�o�u�s� �n�u�t�r�i�e�n�t�s� �(�3�7�)�.� 

�G�r�i�f�f�i�n� �e�t� �a�l�.� �(�3�7�)� �s�h�o�w�e�d� �t�h�a�t� �s�o�i�l� �v�o�l�a�t�i�l�e� �c�o�m�p�o�u�n�d�s� �i�n�c�r�e�a�s�e� �t�h�e� 

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

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

�w�i�t�h� �s�o�i�l� �o�v�e�r� �t�h�a�t� �i�n� �a�x�e�n�i�c� �c�u�l�t�u�r�e� �(�3�3�)�.� 

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

�f�u�l�.� �E�t�h�y�l�e�n�e� �(�7�6�,� �8�4�)�,� �a�m�m�o�n�i�a� �(�4�6�,� �5�6�,� �7�6�,� �8�0�)�,� �a�l�l�y�l� �a�l�c�o�h�o�l� �(�6�,� �7�6�)�,� 

�a�n�d� �C�O�,� �(�3�7�,� �7�6�)� �h�a�v�e� �b�e�e�n� �i�m�p�l�i�c�a�t�e�d� �a�s� �p�o�s�s�i�b�l�e� �v�o�l�a�t�i�l�e� �i�n�h�i�b�i�t�o�r�s�.� 

�S�m�i�t�h� �(�8�4�)� �c�o�n�t�e�n�d�s� �t�h�a�t� �e�t�h�y�l�e�n�e� �i�s� �a� �m�a�j�o�r� �f�a�c�t�o�r� �i�n� �s�o�i�l� �f�u�n�g�i�s�t�a�s�i�s�.� 

�H�e� �f�o�u�n�d� �t�h�a�t� �e�t�h�y�l�e�n�e� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�s� �l�o�w� �a�s� �1� �y�1�/�1� �w�a�s� 

�f�u�n�g�i�s�t�a�t�i�c�.� �I�n� �c�o�n�t�r�a�s�t�,� �C�o�n�f�o�r�t�h� �(�1�8�)� �o�b�s�e�r�v�e�d� �g�r�o�w�t�h� �o�f� �B�o�t�r�y�t�i�s� 

�c�i�n�e�r�e�a� �P�e�r�s�.�,� �P�e�n�i�c�i�l�l�i�u�m�,� �T�r�i�c�h�o�d�e�r�m�a� �a�n�d� �M�u�c�o�r� �s�p�p�,� �o�n� �t�h�e� �s�o�i�l� 
� � 

�s�u�r�f�a�c�e� �i�n� �a�n� �e�t�h�y�l�e�n�e� �a�t�m�o�s�p�h�e�r�e� �(�3�0� �y�1�/�1�)�.� �P�a�v�l�i�c�a� �e�t� �a�l�.� �(�7�6�)



�4�l� 

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

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

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

�a�l�k�e�n�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �i�n� �s�e�l�e�c�t� �s�o�i�l�s�.� �D�o�s�a�g�e�-�r�e�s�p�o�n�s�e� �c�u�r�v�e�s� �s�u�g�g�e�s�t�e�d� 

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

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

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

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

�s�o�l�u�b�l�e� �i�n� �K�O�H� �f�r�o�m� �a�i�r� �a�r�o�u�n�d� �F�.� �s�o�l�a�n�i� �m�a�c�r�o�c�o�n�i�d�i�a� �i�n�c�r�e�a�s�e�d� 

�c�o�n�i�d�i�u�m� �g�e�r�m�i�n�a�t�i�o�n�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �C�O�,� �a�n�d� �o�t�h�e�r� �a�c�i�d�i�c� �v�o�l�a�t�i�l�e�s� 
�2� 

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

�(�3�7�)�.� 

�A�l�t�e�r�n�a�t�e�l�y�,� �K�o� �a�n�d� �L�o�c�k�w�o�o�d� �(�5�5�)� �c�o�n�t�e�n�d� �t�h�a�t� �t�h�e� �i�n�h�i�b�i�t�i�o�n� �o�f� 

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

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

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

�(�n�u�t�r�i�e�n�t�)� �d�e�p�e�n�d�e�n�t� �s�p�o�r�e�s� �m�a�y� �l�a�c�k� �a�d�e�q�u�a�t�e� �e�n�d�o�g�e�n�o�u�s� �c�a�r�b�o�n� �r�e�-� 

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

�d�e�p�e�n�d�e�n�t� �o�n� �a�n� �e�x�o�g�e�n�o�u�s� �c�a�r�b�o�n� �s�o�u�r�c�e�.� �C�a�r�b�o�n� �(�n�u�t�r�i�e�n�t�)� �i�n�d�e�p�e�n�d�e�n�t� 

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

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

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

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

�t�e�r�m�e�d� �c�a�r�b�o�n� �d�e�p�e�n�d�e�n�t� �(�2�,� �8�,� �6�7�)� �a�n�d� �i�n�d�e�p�e�n�d�e�n�t� �(�4�8�,� �5�5�)�.� �S�i�m�i�l�a�r� 

�d�i�s�c�r�e�p�a�n�c�i�e�s� �e�x�i�s�t� �f�o�r� �C�o�c�h�l�i�o�b�o�l�u�s� �s�a�t�i�v�u�s� �(�5�5�,� �6�4�,� �8�9�)�,� �B�.� �c�i�n�e�r�e�a� 
� 
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�(�5�5�,� �9�2�)�,� �a�n�d� �F�u�s�a�r�i�u�m� �s�p�p� �(�1�6�,� �2�9�,� �3�0�,� �4�8�,� �5�5�)�.� �T�h�e�s�e� �a�p�p�a�r�e�n�t� 

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

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

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

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

�d�e�n�s�i�t�i�e�s� �(�1�0�?� �-� �1�0�°� �p�r�o�p�a�g�u�l�e�s�/�g� �s�o�i�l�)�,� �t�o� �f�a�c�i�l�i�t�a�t�e� �m�i�c�r�o�s�c�o�p�i�c� 

�o�b�s�e�r�v�a�t�i�o�n� �o�f� �s�p�o�r�e�s� �i�n� �s�o�i�l� �(�3�5�,� �6�1�)�.� �I�n�h�i�b�i�t�i�o�n� �o�f� �s�p�o�r�e� 

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

�n�a�t�u�r�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l�s� �a�t� �l�o�w�e�r� �d�e�n�s�i�t�i�e�s� �(�3�5�)�.� �G�e�r�m�i�n�a�t�i�o�n� �o�f� 

�F�.� �s�o�l�a�n�i� �m�a�c�r�o�c�o�n�i�d�i�a� �a�t� �5� �x� �1�0 �� �c�o�n�i�d�i�a�/�g� �s�o�i�l� �w�a�s� �l�o�w� �(�>� �1�%�)�.� 

�G�e�r�m�i�n�a�t�i�o�n� �o�f� �F�.� �s�o�l�a�n�i� �m�a�c�r�o�c�o�n�i�d�i�a� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�t� �3� �x� �1�0�°� 

�s�p�o�r�e�s�/�m�l� �w�a�s� �l�e�s�s� �t�h�a�n� �1�%� �(�0�.�2�%�)� �(�3�0�)�.� �D�e�c�r�e�a�s�i�n�g� �t�h�e� �m�a�c�r�o�c�o�n�i�d�i�u�m� 

�d�e�n�s�i�t�y� �t�o� �5� �x� �1�0�°� �c�o�n�i�d�i�a�/�g� �s�o�i�l� �i�n�c�r�e�a�s�e�d� �g�e�r�m�i�n�a�t�i�o�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�(�7�3�.�8�%�)�.� �G�e�r�m�i�n�a�t�i�o�n� �o�f� �m�a�c�r�o�c�o�n�i�d�i�a� �a�t� �l�o�w� �d�e�n�s�i�t�i�e�s� �(�1�0�7� �-� �1�0�°�)� �i�n� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �i�s� �c�o�m�p�l�e�t�e� �(�3�0�)�.� �U�s�i�n�g� �a�n� �a�u�t�o�r�a�d�i�o�g�r�a�p�h�i�c� �s�p�o�r�e� 

�l�o�c�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �a�l�l�o�w�e�d� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �s�p�o�r�e� �g�e�r�m�i�n�a�t�i�o�n� �a�t� �3� �x� �1�0�°� 

�s�p�o�r�e�/�g� �s�o�i�l�.� �N�o� �e�x�o�g�e�n�o�u�s� �c�a�r�b�o�n� �s�u�b�s�t�r�a�t�e�s� �w�e�r�e� �r�e�q�u�i�r�e�d� �f�o�r� 

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

�P�e�r�c�e�n�t�a�g�e� �g�e�r�m�i�n�a�t�i�o�n� �a�t� �d�e�n�s�i�t�i�e�s� �o�f� �1�0�°� �s�p�o�r�e�s�/�g� �s�o�i�l� �o�r� �l�e�s�s� 

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

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

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

�(�3�4�)�.� 

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

�d�e�n�s�i�t�i�e�s� �h�a�s� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �(�7�9�)� �a�n�d� �a�p�p�e�a�r�s� �t�o� �b�e�,� �i�n� �p�a�r�t�,� �d�u�e� 

�t�o� �a� �d�i�f�f�u�s�i�b�l�e� �a�u�t�o�-�i�n�h�i�b�i�t�o�r� �(�5�,� �3�0�,� �3�1�)� �t�h�a�t� �m�a�y� �i�n�c�r�e�a�s�e� �t�h�e
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�c�a�r�b�o�n� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �g�e�r�m�i�n�a�t�i�o�n� �(�3�0�,� �3�1�)�.� �T�h�e� �u�s�e� �o�f� �h�i�g�h� �s�p�o�r�e� 

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

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

�a�s�s�a�y�s�.� 

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

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

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

�i�s� �e�x�p�l�a�i�n�e�d� �b�y� �a� �m�i�c�r�o�b�i�a�l� �n�u�t�r�i�e�n�t� �s�i�n�k� �(�9�,� �4�8�,� �5�5�,� �8�5�)�.� �T�h�i�s� 

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

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

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

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

�s�t�e�r�i�l�e� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�8�,� �5�5�,� �8�5�)� �o�r� �b�u�f�f�e�r� �s�o�l�u�t�i�o�n� �(�8�,� �4�8�,� �9�2�)� 

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

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

�f�u�n�g�i�s�t�a�s�i�s� �(�8�5�)�.� �B�r�i�s�t�o�w� �a�n�d� �L�o�c�k�w�o�o�d� �(�8�)� �f�o�u�n�d� �t�h�a�t� �e�x�u�d�a�t�i�o�n� 

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

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

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

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

�s�p�o�r�e�s� �b�e�c�o�m�i�n�g� �c�a�r�b�o�n� �d�e�p�e�n�d�e�n�t� �(�8�,� �9�2�)�.� �W�h�e�t�h�e�r� �t�h�e� �f�l�o�w� �r�a�t�e�s� 

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

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

�u�n�r�e�s�o�l�v�e�d�.� 

�R�e�c�e�n�t�l�y�,� �S�n�e�h� �a�n�d� �L�o�c�k�w�o�o�d� �(�8�5�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �g�e�r�m�i�n�a�t�i�o�n� �o�f� 

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

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

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

�f�u�n�g�i�s�t�a�s�i�s�.� 

�I�n� �c�o�n�t�r�a�s�t�,� �J�a�c�k�s�o�n� �a�n�d� �K�n�i�g�h�t� �(�5�4�)� �f�o�u�n�d� �t�h�a�t� �p�e�r�c�e�n�t�a�g�e� 

�g�e�r�m�i�n�a�t�i�o�n� �o�f� �C�.� �s�a�t�i�v�u�s� �c�o�n�i�d�i�a� �a�f�t�e�r� �1�9�2� �h� �o�n� �a� �l�e�a�c�h�i�n�g� �s�y�s�t�e�m� 

�e�q�u�a�l�l�e�d� �t�h�a�t� �o�f� �n�o�n�-�l�e�a�c�h�e�d� �c�o�n�t�r�o�l� �c�o�n�i�d�i�a� �a�f�t�e�r� �2�4� �h�.� �G�e�r�m�i�n�a�t�i�o�n� 

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

�g�e�r�m�i�n�a�t�i�o�n� �o�f� �1�4� �-�1�a�b�e�l�l�e�d� �c�o�n�i�d�i�a� �w�a�s� �g�r�e�a�t�e�s�t� �o�n� �d�i�a�l�y�s�i�s� �t�u�b�i�n�g� 

�o�v�e�r� �s�t�a�t�i�c� �w�a�t�e�r� �b�u�t� �1�4� �l�a�b�e�l� �l�o�s�t� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �f�r�o�m� �s�p�o�r�e�s� 

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

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

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

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

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

�f�u�n�g�i�s�t�a�s�i�s�.� 

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

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

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

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

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

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

�c�h�l�a�m�y�d�o�s�p�o�r�e�s� �a�r�e� �f�o�r�m�e�d� �o�n� �t�h�e� �e�n�d�s� �o�f� �g�e�r�m� �t�u�b�e�s� �(�3�1�,� �3�5�)�.� �M�a�c�r�o�-� 

�c�o�n�i�d�i�a� �w�h�i�c�h� �d�o� �n�o�t� �c�o�n�v�e�r�t� �t�o� �c�h�l�a�m�y�d�o�s�p�o�r�e�s� �l�y�s�e� �(�3�3�,� �7�1�)�.� �I�t� 

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

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



�4�5� 

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

�(�3�0�,� �3�4�,� �7�1�)� �a�n�d� �r�e�q�u�i�r�e� �e�x�o�g�e�n�o�u�s� �c�a�r�b�o�n� �a�n�d� �n�i�t�r�o�g�e�n� �s�u�b�s�t�r�a�t�e�s� �t�o� 

�g�e�r�m�i�n�a�t�e� �i�n� �s�o�i�l� �(�3�2�,� �3�3�)�.� �H�a�m�m�e�r�s�c�h�l�a�g� �a�n�d� �L�i�n�d�e�r�m�a�n� �(�4�0�)� �s�h�o�w�e�d� 

�s�t�i�m�u�l�a�t�i�o�n� �o�f� �F�.� �o�x�y�s�p�o�r�u�m� �f�.� �s�p�.� �l�i�l�i�i� �c�h�l�a�m�y�d�o�s�p�o�r�e�s� �b�y� �5� �o�r�g�a�n�i�c� 

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

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

�e�x�p�l�a�i�n� �w�h�y� �f�u�s�a�r�i�a� �a�r�e� �g�e�n�e�r�a�l�l�y� �a�b�s�e�n�t� �f�r�o�m� �f�o�r�e�s�t� �s�o�i�l�s� �(�7�4�)�.� 

�C�h�i�n�n� �a�n�d� �T�i�n�l�i�n�e� �(�1�4�)� �f�o�u�n�d� �t�h�a�t� �g�e�r�m�i�n�a�t�i�o�n� �o�f� �C�.� �s�a�t�i�v�u�s� 

�c�o�n�i�d�i�a� �r�a�n�g�e�d� �f�r�o�m� �0�-�8�7�%� �i�n� �n�o�n�-�s�t�e�r�i�l�e� �s�o�i�l�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

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

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

�c�a�p�a�b�l�e� �o�f� �h�i�g�h� �p�e�r�c�e�n�t�a�g�e� �g�e�r�m�i�n�a�t�i�o�n� �i�n� �s�o�i�l� �(�1�5�)�.� �G�e�r�m�i�n�a�t�e�d� 

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

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

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

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

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

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

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

�A�n�d�e�r�s�o�n� �(�1�0�)� �s�h�o�w�e�d� �t�h�a�t� �C�.� �s�c�o�p�a�r�i�u�m� �c�o�n�i�d�i�a� �i�n� �a�x�e�n�i�c� �c�u�l�t�u�r�e� 

�f�a�i�l�e�d� �t�o� �g�e�r�m�i�n�a�t�e� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�f�t�e�r� �4�5� �s�e�c� �-� �a�i�r�-�d�r�y�i�n�g�.� 

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

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

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

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



�4�6� 

�p�r�o�d�u�c�e�d� �b�y� �o�t�h�e�r� �s�o�i�l� �m�i�c�r�o�b�e�s� �(�h�e�t�e�r�o�l�y�s�i�s�)� �(�1�9�)�,� �o�r� �t�h�e� �r�e�s�u�l�t� �o�f� 

�s�e�l�f�-�d�i�g�e�s�t�i�o�n� �(�a�u�t�o�l�y�s�i�s�)� �b�y� �i�n�t�r�a�c�e�l�l�u�l�a�r� �e�n�z�y�m�e�s� �(�6�2�)�.� �L�y�s�i�s� �m�a�y� 

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

�a�n�d� �m�i�c�r�o�f�a�u�n�a� �(�7�3�)�.� 

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

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

�s�p�o�r�e� �g�e�r�m�i�n�a�b�i�l�i�t�y� �a�n�d� �s�u�r�v�i�v�a�l�.� �C�o�n�i�d�i�a� �o�f� �V�.� �a�l�b�o�-�a�t�r�u�m� �s�u�r�v�i�v�e� 

�o�n�l�y� �a� �f�e�w� �w�e�e�k�s� �i�n� �s�o�i�l� �(�2�5�,� �6�9�,� �8�1�)� �a�n�d� �s�u�r�v�i�v�a�l� �o�f� �t�h�e� �f�u�n�g�u�s� �i�s� 

�d�e�p�e�n�d�e�n�t� �o�n� �m�i�c�r�o�s�c�l�e�r�o�t�i�a� �(�2�5�,� �6�9�,� �8�1�)�.� �E�l�l�e�r�b�r�o�c�k� �a�n�d� �L�o�r�b�e�e�r� �(�2�3�)� 

�f�o�u�n�d� �t�h�a�t� �c�o�n�i�d�i�a� �o�f� �B�o�t�r�y�t�i�s� �s�q�u�a�m�o�s�a� �W�a�l�k�e�r� �s�u�r�v�i�v�e�d� �l�e�s�s� �t�h�a�n� �2� �m�o� 
� � 

�i�n� �a�r�t�i�f�i�c�i�a�l�l�y� �i�n�f�e�s�t�e�d� �s�o�i�l� �a�n�d� �l�e�s�s� �t�h�a�n� �2� �w�k� �i�n� �n�a�t�u�r�a�l�l�y� 

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

�s�u�r�v�i�v�e�d� �a�t� �l�e�a�s�t� �2�1� �m�o�.� �T�h�e� �p�r�i�m�a�r�y� �s�u�r�v�i�v�a�l� �p�r�o�p�a�g�u�l�e� �o�f� 

�C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�p�p�.� �i�s� �t�h�e� �m�i�c�r�o�s�c�l�e�r�o�t�i�u�m� �(�5�9�,� �6�8�)�.� �C�o�n�i�d�i�a� �a�r�e� 
� � 

�g�e�n�e�r�a�l�l�y� �t�h�o�u�g�h�t� �t�o� �b�e� �s�h�o�r�t�-�l�i�v�e�d� �(�5�0�,� �7�0�)�,� �h�o�w�e�v�e�r�,� �l�i�t�t�l�e� �i�s� 

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

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

�P�r�e�p�a�r�a�t�i�o�n� �o�f� �c�o�n�i�d�i�a�.� 
� � 

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

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

�m�a�i�n�t�a�i�n�e�d� �b�y� �m�u�l�t�i�p�o�i�n�t� �t�r�a�n�s�f�e�r�s� �o�n� �C�z�a�p�e�k�-�D�o�x� �a�g�a�r� �(�D�i�f�c�o�)�.� 

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

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

�t�r�a�n�s�f�e�r�s� �o�n� �a�c�i�d�i�f�i�e�d� �p�o�t�a�t�o�-�d�e�x�t�r�o�s�e� �a�g�a�r� �(�D�i�f�c�o�)�.� �A�l�l� �c�u�l�t�u�r�e�s� 

�w�e�r�e� �k�e�p�t� �a�t� �2�6�-�2�8� �C� �i�n� �r�o�o�m� �l�i�g�h�t�.� �C�o�n�i�d�i�a�,� �6�-�8� �d� �o�l�d�,� �w�e�r�e



�4�7� 

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

�s�o�l�u�t�i�o�n�)� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�s�i�t�i�o�n�:� �0�.�0�1� �M� �s�o�d�i�u�m� �p�h�o�s�p�h�a�t�e�,� 

�0�.�0�5�%� �K�C�1� �a�n�d� �0�.�0�5�%� �M�g�S�O�,� �.�7�H�,�0� �(�p�H� �5�.�7�)�.� �C�o�n�i�d�i�a�l� �s�u�s�p�e�n�s�i�o�n�s� �w�e�r�e� 

�f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �d�o�u�b�l�e� �l�a�y�e�r�e�d� �c�h�e�e�s�e�c�l�o�t�h� �(�g�r�a�d�e� �6�0�)� �a�n�d� �w�a�s�h�e�d� 

�t�h�r�e�e� �t�o� �f�o�u�r� �t�i�m�e�s� �w�i�t�h� �1�5�0� �m�l� �p�o�r�t�i�o�n�s� �o�f� �B� �s�o�l�u�t�i�o�n� �b�y� �f�i�l�t�r�a�t�i�o�n� 

�i�n� �t�h�e� �t�o�p� �p�o�r�t�i�o�n� �o�f� �a� �M�i�l�l�i�p�o�r�e� �f�i�l�t�e�r� �a�p�p�a�r�a�t�u�s� �(�p�o�r�e� �s�i�z�e�,� �0�.�4�5� 

�u�m�,� �B�e�d�f�o�r�d�,� �M�A�.�)�.� �C�o�n�i�d�i�a� �w�e�r�e� �c�o�u�n�t�e�d� �i�n� �a� �h�e�m�a�c�y�t�o�m�e�t�e�r� �a�n�d� 

�s�u�s�p�e�n�s�i�o�n�s� �w�e�r�e� �a�d�j�u�s�t�e�d� �w�i�t�h� �s�t�e�r�i�l�e� �B� �s�o�l�u�t�i�o�n� �t�o� �5� �x� �1�0�°� �c�o�n�i�d�i�a�/� 

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

�S�o�i�l�s� 
�S�o�i�l�s� �u�s�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �a� �c�l�a�y� �l�o�a�m� �(�p�H� �6�.�1�)�,� 

�s�a�n�d�y� �l�o�a�m� �(�p�H� �5�.�8�)� �a�n�d� �t�w�o� �l�o�a�m�y� �s�a�n�d�s� �(�p�H� �5�.�1� �a�n�d� �5�.�5�)�.� �S�o�i�l�s� �o�f� 

�p�H� �5�.�8� �a�n�d� �p�H� �5�.�5� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �b�l�a�c�k� �w�a�l�n�u�t� �f�o�r�e�s�t� �n�u�r�s�e�r�y� 

�s�e�e�d�b�e�d�s�.� �S�o�i�l�s� �w�e�r�e� �s�t�o�r�e�d� �a�i�r�-�d�r�i�e�d� �a�t� �2�6� �C�,� �a�n�d� �r�e�w�e�t�t�e�d� �w�i�t�h� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0�-�1�0�0�%� �o�f� �t�h�e� �1�/�3� �a�t�m�-�p�e�r�c�e�n�t�a�g�e� 

�v�a�l�u�e�s� �a�t� �l�e�a�s�t� �5� �d� �b�e�f�o�r�e� �b�e�g�i�n�n�i�n�g� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�,� �u�n�l�e�s�s� 

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

�A�s�s�a�y�~�p�r�o�c�e�d�u�r�e�s� 
� � 

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

�w�a�s� �a�s�s�a�y�e�d� �b�y� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �L�i�n�g�a�p�p�a� �a�n�d� �L�o�c�k�w�o�o�d� �m�e�t�h�o�d� 

�(�6�1�)�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �2�0� �g� �o�f� �s�o�i�l� �w�a�s� �p�l�a�c�e�d� �i�n� �s�m�a�l�l� �p�e�t�r�i� �d�i�s�h�e�s� 

�(�1�5� �x� �5�0� �m�m�)�,� �t�h�e� �s�u�r�f�a�c�e� �s�m�o�o�t�h�e�d� �w�i�t�h� �a� �s�p�a�t�u�l�a� �a�n�d� �0�.�2� �m�l� �o�f� 

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

�f�o�r� �1�2�,� �2�4�,� �4�8�,� �7�2� �a�n�d� �1�6�8� �h� �a�t� �6� �C� �a�n�d� �2�6� �C�,� �t�h�e� �s�o�i�l� �w�a�s� �s�t�a�i�n�e�d� 

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

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

�a�l�s�o� �b�y� �t�h�e� �b�u�r�i�e�d�-�m�e�m�b�r�a�n�e�-�f�i�l�t�e�r� �m�e�t�h�o�d� �(�1�)�.� �C�o�n�i�d�i�a�l� �s�u�s�p�e�n�s�i�o�n�s� 

�(�1� �m�l�)� �w�e�r�e� �p�i�p�e�t�t�e�d� �o�n�t�o� �N�u�c�l�e�o�p�o�r�e� �f�i�l�t�e�r�s� �(�p�o�r�e� �s�i�z�e�,� �0�.�4� �u�m�,� 

�N�u�c�l�e�o�p�o�r�e� �C�o�r�p�.�,� �P�l�e�a�s�a�n�t�o�,� �C�A�.�)� �i�n� �a� �M�i�l�l�i�p�o�r�e� �f�i�l�t�e�r� �a�p�p�a�r�a�t�u�s� 

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

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

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

�w�e�r�e� �o�b�s�e�r�v�e�d�.� 

�I�n� �a�l�l� �g�e�r�m�i�n�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s�,� �c�l�u�m�p�s� �o�f� �m�o�r�e� �t�h�a�n� �3� �c�o�n�i�d�i�a� 

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

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

�T�h�e� �m�o�d�i�f�i�e�d�-�s�o�i�l�-�e�m�a�n�a�t�i�o�n�-�a�g�a�r� �m�e�t�h�o�d� �(�3�7�)� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�-� 

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

�(�2�%� �p�u�r�i�f�i�e�d� �a�g�a�r� �(�D�i�f�c�o�)�,� �1�0� �m�m� �d�i�a�m�.�,� �5� �m�m� �t�h�i�c�k�)� �w�e�r�e� �p�l�a�c�e�d� �i�n� 

�2�5�0� �m�l� �s�c�r�e�w�-�c�a�p� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�s� �a�n�d� �w�a�s�h�e�d� �i�n� �s�t�e�r�i�l�e� �d�o�u�b�l�y� 

�g�l�a�s�s�-�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �f�o�r� �1�5� �m�i�n� �b�y� �s�h�a�k�i�n�g� �o�n� �a� �B�u�r�r�i�l�l� �w�r�i�s�t�-�a�c�t�i�o�n� 

�s�h�a�k�e�r�.� �T�h�i�s� �p�r�o�c�e�s�s� �w�a�s� �r�e�p�e�a�t�e�d� �s�i�x� �t�i�m�e�s�.� �T�h�r�e�e� �w�a�s�h�e�d� �a�g�a�r� �d�i�s�k�s�,� 

�o�n� �a� �c�h�r�o�m�i�c�-�a�c�i�d�-�c�l�e�a�n�e�d� �s�l�i�d�e�,� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �a�t� �2�6�-�2�8� �C� �o�n� �5�0� �g� �o�f� 

�p�r�e�v�i�o�u�s�l�y� �r�e�w�e�t�t�e�d� �s�o�i�l� �i�n� �9�-�c�m� �d�i�a�m�.� �p�e�t�r�i� �p�l�a�t�e�s�.� �A�g�a�r� �d�i�s�k�s� �o�n� 

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

�a�c�i�d�-�c�l�e�a�n�e�d� �p�e�t�r�i� �p�l�a�t�e�s� �(�9� �c�m�)� �s�e�r�v�e�d� �a�s� �c�o�n�t�r�o�l�s�.� �A�f�t�e�r� �2�4�h� 

�p�r�e�a�c�t�i�v�a�t�i�o�n�,� �t�h�e� �d�i�s�k�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �0�.�0�2� �m�l� �o�f� �a� �3� �x� �1�0�°� �/�m�1� 

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

�N�H�,�C�l� �w�a�s� �p�i�p�e�t�t�e�d� �o�n�t�o� �e�a�c�h� �d�i�s�k�.� �P�e�r�c�e�n�t�a�g�e� �g�e�r�m�i�n�a�t�i�o�n� �w�a�s� �4� 

�a�s�s�a�y�e�d� �a�f�t�e�r� �1�6� �h� �i�n�c�u�b�a�t�i�o�n�.



�4�9� 

�I�n� �s�e�p�a�r�a�t�e� �t�e�s�t�s�,� �0�.�3� �m�l� �o�f� �5�0�%� �K�O�H� �i�n� �s�m�a�l�l� �w�a�t�c�h�-�g�l�a�s�s� 

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

�p�r�e�a�c�t�i�v�a�t�i�o�n� �p�e�r�i�o�d�.� 

�T�h�e� �s�t�e�r�i�l�e�-�N�u�c�l�e�o�p�o�r�e�-�a�g�a�r�-�d�i�f�f�u�s�i�o�n� �m�e�t�h�o�d� �(�4�7�)� �i�s� �a� �b�i�o�a�s�s�a�y� 

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

�g�e�r�m�i�n�a�t�i�o�n�.� �A�i�r�-�d�r�i�e�d� �s�o�i�l�s� �(�5�0� �g�)� �i�n� �9�-�c�m� �d�i�a�m� �g�l�a�s�s� �p�e�t�r�i� �p�l�a�t�e�s� 

�w�e�r�e� �r�e�m�o�i�s�t�e�n�e�d� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�-�7�0�%� �o�f� �f�i�e�l�d� �c�a�p�a�c�i�t�y� �w�i�t�h� 

�s�t�e�r�i�l�e� �d�o�u�b�l�y�-�g�l�a�s�s�-�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�n�d� �i�n�c�u�b�a�t�e�d� �a�t� �2�6� �C� �i�n� �m�o�i�s�t� 

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

�s�u�r�f�a�c�e� �1�,� �5�,� �1�5�,� �a�n�d� �3�5� �d� �a�f�t�e�r� �r�e�w�e�t�t�i�n�g�.� �T�h�r�e�e� �a�g�a�r� �d�i�s�k�s�,� 

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

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

�F�o�l�l�o�w�i�n�g� �2�4� �h� �p�r�e�a�c�t�i�v�a�t�i�o�n� �i�n�c�u�b�a�t�i�o�n�,� �t�h�e� �d�i�s�k�s� �w�e�r�e� �a�s�e�p�t�i�c�a�l�l�y� 

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

�(�9� �c�m�)� �a�n�d� �0�.�0�2� �m�l� �o�f� �a� �4�x� �1�0�°� �c�o�n�i�d�i�a�l�/�m�l� �s�u�s�p�e�n�s�i�o�n� �w�a�s� �p�i�p�e�t�t�e�d� 

�o�n�t�o� �e�a�c�h� �d�i�s�k�.� �C�o�n�t�r�o�l�s� �c�o�n�s�i�s�t�e�d� �o�f� �w�a�s�h�e�d� �d�i�s�k�s� �o�n� �N�u�c�l�e�o�p�o�r�e� 

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

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

�1�0�%� �R�o�c�c�a�l� �(�5�0�%� �a�l�k�y�l� �d�i�m�e�t�h�y�l�b�e�n�z�y�l�a�m�m�o�n�i�u�m� �c�h�l�o�r�i�d�e�s�)� �o�n�t�o� �e�a�c�h� 

�d�i�s�k�.� �P�e�r�c�e�n�t�a�g�e� �g�e�r�m�i�n�a�t�i�o�n� �w�a�s� �b�a�s�e�d� �o�n� �c�o�u�n�t�s� �o�f� �6�0�0� �c�o�n�i�d�i�a� �(�2�0�0� 

�p�e�r� �d�i�s�k�)� �i�n� �e�a�c�h� �o�f� �t�w�o� �r�e�p�l�i�c�a�t�i�o�n�s�.� �G�e�r�m�i�n�a�t�i�o�n� �o�n� �n�o�n�-�w�a�s�h�e�d� 

�a�g�a�r� �d�i�s�k�s� �w�a�s� �a�s�s�a�y�e�d� �a�l�s�o�.� 

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

�s�o�i�l�s� �i�n�c�u�b�a�t�e�d� �a�t� �6� �C� �a�n�d� �2�6� �C� �w�a�s� �s�t�u�d�i�e�d�.� �W�a�s�h�e�d� �c�o�n�i�d�i�a� �(�1� �x� 

�1�0�°� �c�o�n�i�d�i�a�/�g� �s�o�i�l�,� �o�v�e�n�-�d�r�y� �b�a�s�i�s�)� �w�e�r�e� �t�h�o�r�o�u�g�h�l�y� �m�i�x�e�d� �f�o�r� �3�0� �m�i�n� 

�i�n�t�o� �m�o�i�s�t� �s�o�i�l� �(�p�H� �5�.�5� �a�n�d� �5�.�8�)�,� �i�n�c�u�b�a�t�e�d� �i�n� �b�e�a�k�e�r�s�,� �c�o�v�e�r�e�d� �w�i�t�h



�5�0� 

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

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

�s�o�i�l� �s�a�m�p�l�e� �u�s�e�d� �t�o� �m�a�k�e� �a� �1�0�°� �d�i�l�u�t�i�o�n�)�.� �O�n�e� �m�l� �o�f� �t�h�e� �s�o�i�l� 

�d�i�l�u�t�i�o�n� �w�a�s� �p�i�p�e�t�t�e�d� �o�n�t�o� �e�a�c�h� �o�f� �1�0� �p�l�a�t�e�s� �o�f� �s�u�c�r�o�s�e�-�t�h�i�a�b�e�n�d�a�z�o�l�e� 

�m�e�d�i�u�m�,� �s�e�l�e�c�t�i�v�e� �f�o�r� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�p�p�.� �(�5�9�)�.� �P�o�p�u�l�a�t�i�o�n� �c�o�u�n�t�s� 
� � 

�w�e�r�e� �b�a�s�e�d� �o�n� �n�u�m�b�e�r�s� �o�f� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �c�o�l�o�n�i�e�s� �d�e�v�e�l�o�p�i�n�g� �o�n� �1�0� 
� � 

�p�l�a�t�e�s� �p�e�r� �s�a�m�p�l�e�.� 

�R�E�S�U�L�T�S� 

�D�i�r�e�c�t� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �w�a�s�h�e�d� �c�o�n�i�d�i�a� �o�f� �C�.� �s�c�o�p�a�r�i�u�m� �a�t� �2�6� �C� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �p�e�a�k� �g�e�r�m�i�n�a�t�i�o�n� �(�3�3�-�5�8�%�)� �o�c�c�u�r�r�e�d� �a�f�t�e�r� �2�4� �h� �o�n� �a�i�r�-� 

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

�(�F�i�g�.� �6�,� �7�)�.� �A�f�t�e�r� �7�2� �h� �i�n�c�u�b�a�t�i�o�n�,� �n�o� �c�o�n�i�d�i�a� �w�i�t�h� �g�e�r�m� �t�u�b�e�s� �w�e�r�e� 

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

�b�e�g�a�n� �t�o� �o�c�c�u�r� �b�e�t�w�e�e�n� �2�4� �a�n�d� �4�8� �h�.� �L�y�s�i�s� �o�f� �n�o�n�-�g�e�r�m�i�n�a�t�e�d� �c�o�n�i�d�i�a� 

�w�a�s� �o�b�s�e�r�v�e�d� �a�f�t�e�r� �7�2� �h�,� �a�l�t�h�o�u�g�h� �s�o�m�e� �n�o�n�-�g�e�r�m�i�n�a�t�e�d� �c�o�n�i�d�i�a� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �a�t� �1�6�8� �h�.� �P�e�a�k� �g�e�r�m�i�n�a�t�i�o�n� �o�f� �C�.� �s�c�o�p�a�r�i�u�m� �c�o�n�i�d�i�a� �o�n� 

�c�o�n�t�i�n�u�o�u�s�l�y� �m�o�i�s�t� �s�o�i�l�s� �w�a�s� �s�o�m�e�w�h�a�t� �l�o�w�e�r� �(�1�8�-�2�6�Z�)� �t�h�a�n� �o�n� �r�e�w�e�t�t�e�d� 

�s�o�i�l�s� �(�F�i�g�.� �6�)�.� �L�y�s�i�s� �o�f� �g�e�r�m�i�n�a�t�e�d� �a�n�d� �n�o�n�-�g�e�r�m�i�n�a�t�e�d� �c�o�n�i�d�i�a� �w�a�s� 

�o�b�s�e�r�v�e�d� �a�t� �4�8� �h� �a�n�d� �7�2� �h�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �C�o�n�i�d�i�u�m� �g�e�r�m�i�n�a�t�i�o�n� �o�n� 

�p�o�t�a�t�o�-�d�e�x�t�r�o�s�e� �a�g�a�r� �a�n�d� �i�n� �c�a�r�b�o�n�-�f�r�e�e� �i�n�o�r�g�a�n�i�c� �s�a�l�t� �s�o�l�u�t�i�o�n� �(�B� 

�s�o�l�u�t�i�o�n�)� �a�t� �d�e�n�s�i�t�i�e�s� �o�f� �1�x� �1�0�°� �a�n�d� �5� �x� �1�0�°� �c�o�n�i�d�i�a�/�m�l� �w�a�s� �9�8�-�1�0�0�%� 

�a�n�d� �9�3�-�9�9�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�f�t�e�r� �1�2� �h� �i�n� �a�l�l� �t�e�s�t�s�.� 

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

�4� 
�c�o�n�i�d�i�a� �a�f�t�e�r� �2�4� �h� �o�n� �a� �c�o�n�t�i�n�u�o�u�s�l�y� �m�o�i�s�t� �s�o�i�l� �(�p�H� �5�.�5�)�,� �w�i�t�h� �5� �x� �1�0� 

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

� � 
�F�i�g�u�r�e� �7�.� �(�A�)� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�c�o�p�a�r�i�u�m� �c�o�n�i�d�i�u�m� �w�i�t�h� �g�e�r�m� �t�u�b�e� 

�(�a�r�r�o�w�)� �o�n� �a�i�r�-�d�r�i�e�d� �a�n�d� �r�e�w�e�t�t�e�d� �s�o�i�l� �a�f�t�e�r� �2�4� �h�o�u�r�s� 
�(�x� �2�5�0�)�.� �(�B�)� �C�y�l�i�n�d�r�o�c�l�a�d�i�u�m� �s�c�o�p�a�r�i�u�m� �c�o�n�i�d�i�a�,� �n�o�n�-� 
�g�e�r�m�i�n�a�t�e�d� �a�n�d� �g�e�r�m�i�n�a�t�e�d� �(�a�r�r�o�w�)� �o�n� �a� �m�e�m�b�r�a�n�e� �f�i�l�t�e�r� 
�b�u�r�i�e�d� �i�n� �c�o�n�t�i�n�u�o�u�s�l�y� �m�o�i�s�t� �s�o�i�l� �f�o�r� �2�4� �h�o�u�r�s� �(�x� �2�5�0�)�.


