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INTROUUCTION 

The development of new tillers in grasses is 

important for several reasons. Growth rates of 

grasses and survival during periods of stress are 

apparently related to the number of tillers and the 

physiological ages or stage of development. The 

aggressiveness of orchardgrass toward other species 

and its persistence is, no doubt, attributable to the 

sum of responses of all tillers and their 

physiclogical conditions. Tillering rate and 

physiological status, as related to lateral spread 

and erect growth, apparently influences plant 

succession, recovery after grazing or cutting, and 

dry matter production. Thus, information on the 

interrelationship of environmental factors and 

tillering would aid in establishing management 

principles. 

The regrowth rate of defoliated perennial grasses 

when other environmental factors are favorable, have 

been associated with high leaf areas with near maximum 

light interception and high carbohydrate reserves in 

the stubble or roots. Stored carbohydrates in the



-ll-+ 

basal part of perennial zrasses have been associated 

with survival and regrowth under periods of stress. 

There is surprisingly little information on the 

relationship between tillering (production of new 

shoots) and carbohydrate content of perennial cool 

season grasses. Thus, morphological and physiological 

studies on the reaction of grass to various 

environmental factors should provide helpful 

information in avaluating species and new varieties 

for local climatic conditions. 

A series of experiments was conducted in the 

field, greenhouse, and controlled environment 

chambers to study the effect of natural and imposed 

environmental factors on growth, tlllering, and 

water soluble carbohydrates of orchardgrass.
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LITERATURE REVIEW 

The Effect of Environmental Factors 

on Tillering and Growth 

Many investigators have found that variation in 

environmental factors, such as light or temperature, 

resulted in differences in composition morphology, 

and yield of forage plants (3,4,8,9,20). 

Light. The response of tillering to either light 

intensity or duration has been demonstrated by several 

workers. Margadant (18) found that tillering of 

perennial ryegrass increased with increasing light 

intensity. Mitchell (21) subjected S23 and short 

rotation ryegrasses to light of 700 and 2000 F.C, 

intensity for ten hours daily. Tillering at equal 

leaf appearance age was increased four fold by raising 

light intensity from 700 to 2000 F.C. He concluded 

that quantity of light energy available appeared to be 

the chief determinant of the number of tillers formed. 

A further analysis of the effeet of light 

intensity on tillering of herbaceous species has been 

reported by Hoshino et al. (14). They noted that 

tiller numbers per plant deelined continuously as
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light intensity was decreased from 100% to 5% of 

natural light. Ryle (28) reported that tillering 

of S48 timothy was reduced by shading. Patel and 

Cooper (26) concluded from studies on the effect of 

seasonal changes on tiller production in ryegraas, 

timothy, and meadow fiscue that tillering is linearly 

related to light energy received per day, although 

differences among species occurred. Mitchell (22) 

examined the effect of shading on tillering of 523 

ryegrass. He found that a reduction in light intensity 

from 65% to 25% daylight decreased the rate of 

tillering and caused a reduction in the development 

of axillary buds. 

Mitehell and Coles (23) compared ryegrass plants 

grown in full light with plants under two shading 

treatments. These treatments were: 1) general 

shading of the whole plant to 30% of daylight with 

muslin sereens, and 2) base shading in which green 

muslin was wrapped on a wire frame around the base of 

the plant to simulate light conditions in a pasture. 

Graduation from slight shade at the top to dense 

shade at ground level was achieved by increasing the 

layers of muslin at the base. The effect of general
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shading and base shading in reducing the rate of 

tillering were similar, and it was concluded that 

tiller formation by shaded plants was dependent on 

the quantity of light energy absorbed by the whole 

plant rather than the intensity of light at the base 

of the plant, Both treatments reduced dry weight 

production and altered tillering and leaf growth. 

When base shaded plants were transferred to full 

daylight, the rate of tillering increased immediately 

to a rate equal to that of plants not previously 

shaded. Mitchell stressed that the rate and pattern 

of tissue formation is dependent on current rather 

than previous light conditions. 

The influence of the length of photoperiod on 

tillering of herbage plants has been investigated. 

Watkins (36) found that reducing natural daylength 

to 8.5 hours in brome grass (Bromus inerimis) 

encouraged tiller production. Reducing the light 

period from 19 to 11 hours increased tiller production 

in Kentucky bluegrass (Poa Pratensis) without causing 

inflorescences to form, Peterson and Loomis (27). 

Templeton et al. (32), working with tall fescue, found 

that tillering was significantly increased in short
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days under natural temperature even though the plants 

received the same, or less, light energy compared with 

those under long day conditions. Only when the light 

intensity was as low as 200 to 400 F.C. did plants in 

long day produce more tillers. By contrast, Mitchell 

(22) reported that ryegrass under 18 hours photoperiod 

tillered faster than ryegrass under sight hours 

photoperiod. He illustrateca that a reduetion in 

quantity of light available to the plant may induce 

lateral bud inhibition irrespective of whether 

intensity is reduced and period of illwaination held 

constant, or intensity is held constant and period of 

illumination reduced. Cooper (11) found that by 

increasing natural daylength with a supplementary 

period of low intensity lllwnaination the rate of 

tillering of ryegrass did not increase. Nittler 

et al. (25), in three varieties of orchardgrass, found 

that there was little difference among varieties in 

tiller production when they were grown with 2200 F.C. 

for 12.5 hours or with 1300 F.C. for 16 hours. Less 

light, 650 F.C. for 16 hours or 1300 F.C. for eight 

hours, produced greater varietal differences. They 

coneluded that differences between varieties were
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caused by low quantity of light received and not by the 

length of photeperiod. 

Temperature. ‘It has been reported that temperature 

plays an important role in tillering and growth of 

perennial grasses. Mitchell (19), working with young 

plants growing at a light intensity of 2700 F.C. noted 

that tillering was most active at 13 and 18°C. in 

perennial ryegrass, and 24, and 29°C. in orchardgrass. >} 

He also found that lowering the temperature from 18 to 

10°C. increased mean tiller number of $23 ryegrass (21). 

Perennial ryegrass grown at 25°C. by day decreased in 

tiller numbers with an increase in night temperature 

from 10 to 15 and 25°C., Alberda (1). This response 

appeared to be correlated with the total soluble 

carbohydrate content of the plant. When grown at 

15°C. by day the plants responded less markedly to 

variations in night temperature. 

(Mitchell and Lueanus (24) showed that tillering 

in orchardgrass and perennial ryegrass grown at a 

16°C. day temperature was increased by lowering the 

night temperature from 7 to 1.7°C. Bommer (5) found 

that plants of false oatgrass (Arrhenatherum elatius) 

tillered more at 5-15°C. than at 15=25°C. in short



days irrespective of the conditions imposed during a 

pretreatment period. It was found by Templeton et al. 

(32) that tillering of young tall fescue plants was 

favored by a period of daily exposure to a temperature 

of 7°C. as compared to growth at 22°C, continuously. 

Tillering was hishest when exposure to low temperature 

occurred during the light period only. 

Defoliation. Evidence on the effect of 

defoliation on tillering has been presented by 

Mitchell (22). He reported that removal of 

approximately 80% of the leaf tissue of perennial 

ryegrass at a temperature of 22°C. checked the rate of 

increase in tiller numbers. Another defoliation seven 

days later further delayed initiation of new tillers.) 

Alberda (1) has shown that immediately after cutting, 

tiller formation of perennial ryegrass was stopped 

whereas uncut plants showed a linear increase with time. 

Repeated cutting of short~-rotation ryegrass checked 

tiller formation only temporarily but greatly reduced 

tiller size, fiitehell and Cole (23). Stapledon et al. 

(30) reported that orchardgrass cut to ground level 

every three weeks produced 152 tillers throughout the
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season as compared with 230 when plants were cut to 

six inches every three weeks, 

Nitreren and Irrigation. The influence of 

nitrogen and soil moisture on tillering of forage 

plants has been studied very little. Langer (17) 

reported that a combination of three levels of NPK 

had a significant effect on tillering of timothy. 

Nitrogen at a concentration of 150 P.P.M. in the 

culture solution produced considerably more tillers 

over the whole range of treatments than either of the 

other two elements at their highest level. A 

considerable increase in tillering of orchardgrass 

due to the application of nitrogen was reported by 

Stapledon et al. (30). Peterson and Loomis (27) 

found that nitrogen fertilization in early fall 

stimulated tillering and increased the number of 

flowers in Kentucky bluegrass. Gardner (12) showed 

that Marquis wheat produced more tillers when the 

soil was at 50% than at 25% of water holding 

capacity.
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on Carbohydrate Contents 

Alberda (1) concluded that factors which tend to 

lower carbohydrate content of perennial ryegrass tend 

to reduce tillering and root growth. He reported a 

decided decline in soluble carbohydrates of perennial 

ryegrass stubbles when light intensity was reduced’ 

from 41,000 ergs/cm”/sec.to 22,000 ergs/cm’/sec. The 

relationship between reserve carbohydrate content of 

orchardgrass and tillering has been shown by Ward and 

Blaser (35). They reported that the rate of tillering 

was much higher for plants containing high carbohydrate 

reserves as compared with plants low in reserves.» 

The effect of defoliation on carbohydrate content 

was reported by Baker and Garwood (2). They found that 

total soluble carbohydrate of orchardgrass was higher 

in swards cut infrequently. Huokuna (15) reported 

that plants cut to 10 ecm. contained more than twice 

the carbohydrate content of those cut to 3 em. Little 

differences appeared between those cut at 6 and 10 em. 

Alberda (1) reported that soluble carbohydrates in the 

stubble of ryegrass increased exponentially in uncut 

plants. After four weeks the amount was ten times
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higher than at the beginning of the experiment. In 

the cut plants, the amount dropped from about 350 to 

32 me. per pot during the first week after cutting. 

There was then a gradual inerease and after three 

weeks the original level was resumed. 

‘Sullivan and Sprague (31) clipped perennial 

ryegrass plants at a height of 1.5 inches above the |, 

surface of the soil and allowed them to recover under 

controlled environmental conditions with four 

temperature variables, namely at 50-50, 60-70, 70-80, 

and 80-90°F., with daytime temperatures 10°F. above 

those of the night. They found that reots and 

stubbles underwent rapid losses in sucrose and 

fructosan during the early part of the experiment 

but the losses were partly replaced later under the 

low temperature conditions. Under the highest 

temperature these losses were not replaced but 

continued, especially in the roots, almost to the 

point of exhaustion and in some cases to the death 

of the roots... 

Alberda (1) reported a considerable drop in the 

soluble carbohydrates of ryegrass stubbles when night 

temperature increased from 3 to 26°C, Hurd-Karrer and



Dickson (16) also reported that wheat plants 

accumulated less carbohydrates as the temperature 

became higher. Sprague and Sullivan (29) reported 

that the total water soluble carbohydrates were higher 

in orchardgrass stubble than in the tops and roots 

and this could be largely attributed to the 

predominance of fructosan in the stubble. After 

each cutting of the tops, fructosan and sucrose of 

the stubble and roots decreased in percentage in 

accordance with their probable role of reserve 

substances. The decrease in each case seemed 

proportional to their concentration, greater 

decreases occurring, particularly in the roots, 

when their percentages were high. Reducing sugars 

decreased after cutting only when, under condition 

of high nitrogen, their percentages were high. After 

initial drops the percentages of all soluble 

carbohydrates were restored before the time of the 

next cutting. 

Under high nitrogen nutrition the percentages 

of fructosan and sucrose were less than under low 

nitrogen. The addition of nitrogen at the higher 

level, while not affecting the reducing sugar content
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immediately, caused striking increases in reducing 

sugars a few weeks later and then these sugars 

apparently acted as reserve substances. 

In a study on the effect of different levels of 

fertilizer treatment on the water-soluble carbohydrates 

of ryegrass, meadow fescue, timothy, and orchardgrass 

by Waite (33), it was found that as the amount of 

fertilizer applied was increased, the number of cuts 

in the season increased, the crude protein content 

of the grass increased, and the soluble carbohydrate 

content, particularly the fructosan fraction, 

decreased, 

The general effect of increasing amounts of 

fertilizer in lowering the percentage of the total 

soluble carbohydrates in all the grasses was brought 

about mainly by a large reduction in the fructosan 

content, Those grasses, such as orchardgrass and 

timothy in which the protein content increased most 

as the result of the fertilizer treatment, contained 

very little soluble carbohydrate. 

From the average weight of soluble carbohydrates 

produced at each cut by the three fertilizer treatments 

it appeared that ryegrass differed from the other three



species in being able to maintain a high yield of 

soluble carbohydrate at the medium rate of fertilizer, 

whereas in fescue, timothy, and particularly 

orehardgrass application of even this amount of 

fertilizer lowered the yield of soluble carbohydrates, 

/ Waite and Boyd (34) studied the changes in the 

amounts of the water soluble carbohydrates in four 

perennial grasses during their normal growth cycle 

from May to October and subjected them to several 

cuttings during the growing season. The soluble 

carbohydrates of the earlier cuts of all species 

ranged from 16 to 26% to about mid-June. The values 

in July, August, and September fell to about one-half 

or one-quarter of the amount present in May and 

early June. It was noted that, of the fractions 

contributing to the total soluble carbohydrates 

(free hexoses, sucrose, and fructosan), the low 

values of the fructosan caused the drop in total 

Sugars. It was also noted that in the last cut of 

the grasses the total soluble carbohydrate content 

had risen to a higher value. This may have been the 

result of the slower growth in autumn than that for 

the summer.
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�f�r�o�m� �a� �s�i�n�g�l�e� �c�l�o�n�e� �t�o� �c�o�n�t�r�o�l� �g�e�n�e�t�i�c� �v�a�r�i�a�b�i�l�i�t�y�.� 

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

�o�u�t�s�i�d�e� �t�h�e� �g�r�e�e�n�h�o�u�s�e� �u�n�t�i�l� �S�e�p�t�e�m�b�e�r� �1�8�,� �1�9�6�2�.� �T�h�e� 

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

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

�(�3� �n�i�t�r�o�g�e�n� �r�a�t�e�s�,� �3� �d�e�f�o�l�i�a�t�i�o�n�s�,� �a�n�d� �3� �l�i�g�h�t



�~�L�o�@� 

�i�n�t�e�n�s�i�t�i�e�s�)�.� �T�h�e� �t�h�r�e�e� �l�e�v�e�l�s� �o�f� �n�i�t�r�o�g�e�n�,� �N�-�O�,� �N�«�2�0�0�,� 

�a�n�d� �N�-�4�0�0� �p�o�u�n�d�s� �p�e�r� �a�c�r�e�,� �w�e�r�e� �e�s�t�a�b�l�i�s�h�e�d� �b�y� �u�s�i�n�g� �a� 

�s�o�l�u�t�i�o�n� �o�f� �a�m�m�o�n�i�u�m� �n�i�t�r�a�t�e�.� �D�e�f�o�l�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s� 

�w�e�r�e�:� �D�-�1�.�5�,� �c�u�t� �t�o� �1�.�5� �i�n�c�h�e�s� �w�h�e�n� �3�-�4� �i�n�c�h�e�s� �h�i�g�h�;� 

�D�e�3�,� �c�u�t� �t�o� �3� �i�n�c�h�e�s� �w�h�e�n� �6�-�8� �i�n�c�h�e�s� �h�i�g�h�;� �a�n�d� �0�-�6�,� �c�u�t� 

�t�o� �6� �i�n�c�h�e�s� �w�h�e�n� �8�-�1�0� �i�n�c�h�e�s� �h�i�g�h�.� �T�h�e� �l�i�g�h�t� 

�i�n�t�e�n�s�i�t�i�e�s� �w�e�r�e�:� �(�L�-�1�)� �n�o�r�m�a�l� �s�u�n�l�i�g�h�t�,� �(�L�-�.�5�)� 

�5�0�%� �s�u�n�l�i�g�h�t�,� �a�n�d� �(�L�-�.�2�5�)� �2�5�%� �s�u�n�l�i�g�h�t�.� �L�i�g�h�t� 

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

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

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

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

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

�t�h�e�r�e�a�f�t�e�r� �a�t� �w�e�e�k�l�y� �i�n�t�e�r�v�a�l�s�.� �O�n�l�y� �t�w�o� �o�f� �t�h�e� 

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

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

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

�a�l�s�o� �a�t� �l�a�t�e�r� �i�n�t�e�r�v�a�l�s�.� 

�A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�,� �o�n� �N�o�v�e�m�b�e�r� �1�7�,� �1�9�6�2�,� 

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

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

�a�n�d� �l�e�a�v�e�s�.� �R�o�o�t�s� �a�n�d� �l�e�a�v�e�s� �w�e�r�e� �d�r�i�e�d� �a�n�d� �d�a�t�a� �o�n� 

�t�h�e� �d�r�y� �w�e�i�g�h�t� �w�e�r�e� �r�e�c�o�r�d�e�d�.� �T�h�e� �s�t�u�b�b�l�e� �m�a�t�e�r�i�a�l�s
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�w�e�r�e� �o�v�e�n�-�d�r�i�e�d� �a�n�d� �g�r�o�u�n�d�;� �1�2�5� �m�g�.� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� 

�p�l�a�c�e�d� �i�n� �a�n� �o�p�e�n� �t�e�s�t� �t�u�b�e�,� �C�o�l�d� �w�a�t�e�r� �(�3�0� �m�l�.�)� �w�a�s� 

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

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

�w�e�r�e� �i�n�s�e�r�t�e�d� �o�v�e�r� �t�h�e� �t�e�s�t� �t�u�b�e�s� �t�o� �p�r�e�v�e�n�t� 

�e�v�a�p�o�r�a�t�i�o�n�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �b�o�i�l�e�d� �f�o�r� �4�5� �m�i�n�u�t�e�s�,� 

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

�f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �W�h�a�t�m�a�n�t�s� �N�o�.� �4�2� �f�i�l�t�e�r� �p�a�p�e�r�.� �T�h�e� 

�s�a�m�p�l�e�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �i�n�t�o� �1�0�0� �m�l�.� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k�s�;� 

�2�.�5� �m�l�.� �o�f� �2�5�%� �H�C�l� �a�n�d� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�e�r�e� �a�d�d�e�d� �t�o� 

�b�r�i�n�g� �t�h�e� �f�i�l�t�r�a�t�e� �t�o� �5�0� �m�i�l�.� �T�h�e� �f�i�l�t�r�a�t�e� �w�a�s� �t�h�e�n� 

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

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

�w�i�t�h� �2�5�%� �N�a�O�H� �s�o�l�u�t�i�o�n� �(�u�s�i�n�g� �m�e�t�h�y�l� �r�e�d� �a�s� �i�n�d�i�c�a�t�o�r�)� 

�a�n�d� �m�a�d�e� �u�p� �t�o� �1�0�0� �m�l�.� �v�o�l�u�m�e�.� �A�l�i�q�u�o�t�s� �o�f� �0�.�2� �m�l�.� 

�w�e�r�e� �u�s�e�d� �f�o�r� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�a�l�y�s�i�s�,� �u�s�i�n�g� �N�e�l�s�o�n�'�s� 

�e�h�r�o�m�o�g�e�n� �r�e�a�g�e�n�t� �w�i�t�h� �S�o�m�o�g�y�i� �o�x�i�d�i�z�i�n�g� �a�g�e�n�t� �f�o�r� 

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

�m�a�d�e� �o�n� �a� �c�o�l�o�r�i�m�e�t�e�r�.



�w�w� �2� �S�o�e� 

�R�e�s�u�l�t�s� 

�T�i�l�l�e�r�i�n�g�.� �L�i�g�h�t� �i�n�t�e�n�s�i�t�y�,� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n�,� 

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

�o�f� �o�r�c�h�a�r�d�g�r�a�s�s�,� �T�a�b�l�e� �1�.� �A�t� �t�h�e� �e�n�d� �o�f� �5�0� �d�a�y�s� �t�h�e�r�e� 

�w�e�r�e� �1�0�,� �2�.�7�,� �a�n�d� �0�.�7� �n�e�w� �t�i�l�l�e�r�s� �p�e�r� �t�r�e�a�t�m�e�n�t� �f�o�r� 

�L�»�1�,� �L�-�.�5�,� �a�n�d� �L�~�.�2�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�e�a�v�y� �d�e�f�o�l�i�a�t�i�o�n� 

�r�e�t�a�r�d�e�d� �t�i�l�l�e�r�i�n�g� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s�;� �t�h�e�r�e� �w�e�r�e� �1�.�9�,� �3�.�7�,� 

�a�n�d� �7�.�7� �t�i�l�l�e�r�s� �f�o�r� �D�-�1�.�5�,� �D�e�3�,� �a�n�d� �D�-�6�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

�t�i�l�l�e�r�i�n�g� �w�a�s� �n�o� �b�e�t�t�e�r� �f�o�r� �N�-�4�0�0� �t�h�a�n� �f�o�r� �N�e�2�0�0�.� 

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

�a�v�e�r�a�g�e� �o�f� �1�.�7� �t�i�l�l�e�r�s� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �9�.�4� �t�i�l�l�e�r�s� 

�f�o�r� �N�-�2�0�0�.� 

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

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

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

�a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e�s� �1�,� �2�,� �a�n�d� �3�.� �U�n�d�e�r� �L�-�l�1�,� �t�h�e�r�e� �w�a�s� 

�&� �d�e�c�i�d�e�d� �i�n�c�r�e�a�s�e� �i�n� �t�i�l�l�e�r�i�n�g� �a�s� �d�e�f�o�l�i�a�t�i�o�n� �i�n�t�e�n�s�i�t�y� 

�w�a�s� �r�e�l�a�x�e�d�,� �F�i�g�u�r�e� �1�.� �T�i�l�l�e�r�i�n�g� �i�n�c�r�e�a�s�e�d� �l�i�t�t�l�e� �w�i�t�h� 

�r�e�d�u�c�t�i�o�n� �i�n� �d�e�f�o�l�i�a�t�i�o�n� �f�o�r� �L�-�.�2�5�,� �a�n�d� �e�f�f�e�c�t�s� �w�e�r�e� 

�i�n�t�e�r�m�e�d�i�a�t�e� �w�i�t�h� �L�-�.�5�.� 

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

�n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.� �W�i�t�h
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�D�I�5�.� �D�3� �D�6� 
�D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�F�i�g�u�r�e� �1�.� �T�h�e� �e�f�f�e�c�.� �o�r� �d�e�f�o�l�i�a�t�i�o�n� �a�n�d� �i�i�e�h�t� �i�n�t�e�n�s�i�t�i�e�s� �o�n� 

� � 

� � 

�i�b�a�e�r�i�n�g� �o�f� �o�r� �n�a�r�d�g�r�a�s�s� �d�u�r�i�n�g� �4� �T�-�w�e�e�r�k� �p�e�r�i�o�d�.
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�F�i�g�u�r�e� �2�.� 

�N�-�2�0�0� �N�-�4�0�0� 
�N�I�T�R�O�G�E�N� �L�B�-�/�A� 
�T�h�e� �e�f�f�e�c�t�s� �c�i� �l�i�g�h�t� �i�n�t�e�n�s�i�t�i�e�s� �a�n�d� �n�i�t�r�o�g�e�n� 
�r�a�t�e�s� �o�n� �L�i�l�l�e�r�i�n�g� �o�f� �o�r�c�h�a�r�d�y�r�a�s�s� �d�u�r�i�n�g� �a� 
�7�-�w�e�e�k� �p�e�r�i�o�d�.
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�D�-�I�5�.� �D�-�3� �D�-�6� 
 ��D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�i�r�e� �3�.� �T�i�l�i�e�r�i�n�y� �o�f� �u�r�c�h�a�r�d�g�r�a�s�s� �a�s� �e�f�f�e�c�t�e�d� �b�y� �n�i�t�r�o�g�e�n� 
�a�n�d� �d�e�f�c�l�i�a�t�i�o�n� �d�u�r�i�n�g� �a� �7�-�w�e�e�k� �p�e�r�i�o�d�.



�L�~�l� �t�h�e�r�e� �w�a�s� �a� �d�e�c�i�d�e�d� �i�n�c�r�e�a�s�e� �i�n� �t�i�l�l�e�r�i�n�g� �w�i�t�h� 

�N�-�2�0�0�,� �b�u�t� �n�o� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e� �w�i�t�h� �N�-�4�0�0�.� �C�o�n�v�e�r�s�e�l�y�,� 

�t�i�l�l�e�r�i�n�g� �w�a�s� �n�o�t� �a�u�g�m�e�n�t�e�d� �w�i�t�h� �N� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �L�-�.�2�5�;� 

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

�w�i�t�h� �L�-�.�5� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �L�e�l�.� 

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

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

�r�e�s�p�o�n�s�e� �w�a�s� �s�l�i�g�h�t� �a�t� �t�h�e� �N�-�Q� �l�e�v�e�l�,� �F�i�g�u�r�e� �3�.� 

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

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

�v�a�r�i�a�b�l�e�s� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�.� �T�h�e�s�e� �r�e�s�p�o�n�s�e�s� �a�r�e� 

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

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

�w�e�i�g�h�t�s� �b�e�i�n�g� �1�.�3�9�,� �2�.�8�9�,� �a�n�d� �6�.�9�0� �g�m�.�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

�f�o�r� �L�-�.�2�5�,� �L�-�.�5�0�,� �a�n�d� �L�-�l�.� �Y�i�e�l�d�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �a�s� 

�n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �2�0�0� �l�b�.� �r�a�t�e� 

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

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

�a�l�l� �l�i�g�h�t� �a�n�d� �n�i�t�r�o�g�e�n� �v�a�r�i�a�b�l�e�s�)� �w�e�r�e� �0�.�8�9�,� �2�.�6�4�,� 

�a�n�d� �7�.�6�4� �g�m�.� �p�e�r� �t�r�e�a�t�m�e�n�t� �f�o�r� �d�e�f�o�l�i�a�t�i�o�n� �t�a� �1�.�5�,� 

�3�,� �a�n�d� �6� �i�n�c�h�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

�a�s� �s�h�o�w�n� �b�y� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�s� �g�i�v�e�n� �i�n
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�F�i�g�u�r�e�s� �4�,� �5�,� �a�n�d� �6�.� �D�r�y� �w�e�i�g�h�t�s� �i�n�c�r�e�a�s�e�d� �a�s� 

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

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

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

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

�d�e�f�o�l�i�a�t�i�o�n� �w�a�s� �h�i�g�h�e�r� �f�o�r� �L�-�.�5� �t�h�a�n� �f�o�r� �L�-�.�2�5�.� 

�T�h�e� �c�l�i�p�p�i�n�g� �w�e�i�g�h�t�s� �i�n�c�r�e�a�s�e�d� �a�s� �2�0�0� �l�b�.� �N� �w�a�s� 

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

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

�o�t�h�e�r� �t�w�o� �l�i�g�h�t� �i�n�t�e�n�s�i�t�i�e�s�,� �F�i�g�u�r�e� �5�.� �I�n�c�r�e�a�s�i�n�g� �N� 

�t�o� �4�0�0� �l�b�.� �c�a�u�s�e�d� �s�l�i�g�h�t� �r�e�d�u�c�t�i�o�n�s� �i�n� �d�r�y� �m�a�t�t�e�r� 

�y�i�e�l�d�s� �w�i�t�h� �L�e�l� �a�n�d� �L�-�.�2�5� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �a� �s�l�i�g�h�t� 

�i�n�c�r�e�a�s�e� �w�i�t�h� �L�-�.�5�.� �T�h�e� �c�l�i�p�p�i�n�g� �w�e�i�g�h�t�s� �a�s� 

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

�F�i�g�u�r�e� �6�.� �T�h�e�r�e� �w�a�s� �a� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �i�n� �y�i�e�l�d�s� �w�i�t�h� 

�N�-�2�0�0� �a�n�d� �t�h�e�n� �a� �d�e�c�r�e�a�s�e� �a�t� �N�-�4�0�0� �f�o�r� �L�e�l�.� 

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

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

�d�e�f�o�l�i�a�t�i�o�n�,� 

�C�a�r�b�o�h�y�d�r�a�t�e�s�.� �T�h�e� �w�a�t�e�r� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� 

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

�a�s� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �i�n�c�r�e�a�s�e�d�,� �T�a�b�l�e� �3�.� �T�h�e� �s�o�l�u�b�l�e� 

�c�a�r�b�o�h�y�d�r�a�t�e�s� �a�v�e�r�a�g�e�d� �f�o�r� �D�-�3� �a�n�d� �D�-�6� �a�n�d� �a�l�l
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�D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�F�i�g�u�r�e� �4�.� �T�h�e� �e�f�f�e�c�t� �o�f� �d�e�f�l�i�a�t�i�o�n� �a�n�d� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� 
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�N
� 

�O
�N

� 
�O

� 
�O

� 

�C
�L

�I�
P

�P
�I�

N
�G

� 
�D

�R
�Y

� �W
�T

�.�
,�G

�M
�S

�.�
 

�O
� 

� � 

�-�3�7�-� 

�O�E� 
�N�_�O� �N�.�2�0�0� �N�-�4�0�0� 

�N�I�T�R�O�G�E�N�.� �L�B�.�/�A� 
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�n�i�t�r�o�g�e�n� �t�r�e�a�t�m�e�n�t�s� �m�a�d�e� �u�p� �$�.�8�,� �1�3�.�5�,� �a�n�d� �1�7�.�4�%� �o�f� 

�t�h�e� �d�r�y� �m�a�t�t�e�r� �f�o�r� �L�-�.�2�5�,� �L�-�.�5�,� �a�n�d� �L�-�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

�t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e�s� �f�o�r� �a�l�l� �l�i�g�h�t� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �D�-�3� 

�a�n�d� �D�-�6� �w�e�r�e� �2�0�.�1�,� �1�0�.�7�,� �a�n�d� �9�.�1�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� 

�N�-�O�,� �N�-�2�0�0�,� �a�n�d� �N�-�4�0�0�.� �C�a�r�b�o�h�y�d�r�a�t�e�s� �d�e�c�r�e�a�s�e�d� �w�i�t�h� 

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

�6�.�4�,� �1�2�.�8�,� �a�n�d� �1�8�.�1�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �D�-�1�.�5�,� �D�-�3�,� 

�a�n�d� �D�-�6�,� �T�h�e�s�e� �l�a�t�t�e�r� �v�a�l�u�e�s� �a�r�e� �a�v�e�r�a�g�e�s� �f�o�r� �t�h�e� �t�w�o� 

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

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

�n�i�t�r�o�g�e�n� �t�r�e�a�t�m�e�n�t�s�,� �T�a�b�l�e� �3�.� �R�e�d�u�c�i�n�g� �t�h�e� �l�e�a�f� �a�r�e�a� 

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

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

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

�i�n�t�e�n�s�i�t�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e�r�e� �w�a�s� �a� �2�0�%� �d�e�c�r�e�a�s�e� 

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

�f�r�o�m� �D�-�6� �t�o� �D�-�3� �u�n�d�e�r� �L�-�l� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �4�6�%� �w�i�t�h� 

�L�+�.�2�5� �f�o�r� �s�i�m�i�l�a�r� �d�e�f�o�l�i�a�t�i�o�n�.� �W�h�e�n� �N�-�2�0�0� �w�a�s� �a�p�p�l�i�e�d�,� 

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

�c�a�r�b�o�h�y�d�r�a�t�e�s� �w�i�t�h� �L�«�l� �t�h�a�n� �f�o�r� �L�-�.�5�.� �C�a�r�b�o�h�y�d�r�a�t�e�s� 

�d�i�d� �n�o�t� �d�r�o�p� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �n�i�t�r�o�g�e�n� �f�o�r� �L�e�.�2�5�.� 

�T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �c�o�n�t�e�n�t�s� �w�e�r�e� �s�i�m�i�l�a�r� �f�o�r� �N�-�2�0�0� �a�n�d



�P�o� 

�N�-�L�0�0� �f�o�r� �a�l�l� �l�i�g�h�t� �t�r�e�a�t�m�e�n�t�s�.� �C�a�r�b�o�h�y�d�r�a�t�e� �c�o�n�t�e�n�t� 

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

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

�s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �w�i�t�h� �N�O� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �N�-�2�0�0� 

�o�r� �N�-�4�0�0�.� �W�i�t�h� �N�-�4�0�0�,� �t�h�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �d�i�d� �n�o�t� �d�i�f�f�e�r� 

�b�e�t�w�e�e�n� �D�-�3� �a�n�d� �D�-�6�;� �t�h�e� �v�a�l�u�e�s� �w�e�r�e� �o�n�l�y� �s�l�i�g�h�t�l�y� 

�h�i�g�h�e�r� �f�o�r� �D�-�3� �t�h�a�n� �f�o�r� �D�-�1�.�5�.� �|� 

�R�o�o�t� �W�e�i�g�h�t�.� �D�e�f�o�l�i�a�t�i�o�n� �a�n�d� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� 

�a�f�f�e�c�t�e�d� �r�o�o�t� �w�e�i�g�h�t�s� �m�o�r�e� �t�h�a�n� �n�i�t�r�o�g�e�n�,� �T�a�b�l�e� �4�.� 

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

�f�o�r� �L�-�1�,� �L�~�.�5�,� �a�n�d� �L�-�.�2�5� �w�e�r�e� �4�.�7�9�,� �1�.�9�3�,� �a�n�d� 

�1�.�0�2� �g�m�.�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �H�e�a�v�y� �d�e�f�o�l�i�a�t�i�o�n� 

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

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

�a�l�l� �f�a�c�t�o�r�i�a�l� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �0�.�8�3�,� �2�.�2�5�,� �a�n�d� �4�.�3�2� �g�m�.� 

�f�o�r� �D�e�l�.�5�,� �D�3�,� �a�n�d� �D�-�6�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�r�e� �w�a�s� �a� 

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

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

�d�e�f�o�l�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �2�.�9�4�,� �2�.�7�1�,� �a�n�d� �2�.�0�5� �g�m�.� 

�f�o�r� �N�-�0�,� �N�-�2�0�0�,� �a�n�d� �N�-�4�0�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

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

�t�r�e�a�t�m�e�n�t�s�.
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�W�h�3�<� 

�E�X�P�E�R�I�M�E�N�T� �I�L�.� �T�H�E� �E�F�F�E�C�T� �O�F� �T�E�M�P�E�R�A�T�U�R�E�,� 

�N�I�T�R�O�G�E�N�,� �A�N� �D�E�F�O�L�I�A�T�I�O�N� �O�N� �T�I�L�L�E�R�I�N�G� �A�N�D� 

�S�U�L�U�B�L�,� �C�A�R�B�O�H�Y�O�R�A�T�E�S� �O�F� �O�R�C�H�A�R�D�G�R�A�S�S� 

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

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

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

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

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

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

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

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

�s�a�n�d� �a�n�d� �s�o�i�l� �a�s� �f�o�r� �E�x�p�e�r�i�m�e�n�t� �I�.� �A�l�l� �p�o�t�s� �w�e�r�e� 

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

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

�F�e�b�r�u�a�r�y� �1�4�,� �1�9�6�3�,� �t�h�e� �p�o�t�s� �w�e�r�e� �a�s�s�i�g�n�e�d� �a�t� �r�a�n�d�o�m� 

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

�e�n�v�i�r�o�n�m�e�n�t� �c�h�a�m�b�e�r�s� �w�i�t�h� �5�0�-�6�0�°�F�,� �(�T�-�1�)� �a�n�d� �7�0�-�8�0�°�F�.� 

�(�T�-�2�)� �n�i�g�h�t�-�d�a�y� �t�e�m�p�e�r�a�t�u�r�e�s�.� �A� �1�0�-�h�r�.� �p�h�o�t�o�p�e�r�i�o�d� 

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

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

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



�T�n�e� �d�e�f�o�l�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e�:� �D�-�1�.�5�,� �c�u�t� �t�o� �1�,�5� 

�i�n�c�h�e�s� �w�h�e�n� �3�.�5� �i�n�c�h�e�s� �h�i�g�h�;� �D�-�3�,� �c�u�t� �t�o� �3� �i�n�c�h�e�s� �w�h�e�n� 

�7� �i�n�c�h�e�s� �h�i�g�h�,� �a�n�d� �D�-�6�,� �c�u�t� �t�o� �6� �i�n�c�h�e�s� �w�h�e�n� �9� �i�n�c�h�e�s� 

�h�i�g�h�.� �N�i�t�r�o�g�e�n� �w�a�s� �a�p�p�l�i�e�d� �a�t� �O� �a�n�d� �2�0�0� �l�b�.� �p�e�r� �a�c�r�e�.� 

�T�i�l�l�e�r�s� �w�e�r�e� �c�o�u�n�t�e�d� �e�v�e�r�y� �w�e�e�k�.� �A�t� �t�h�e� �e�n�d� �o�f� 

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

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

�b�a�s�a�l� �1�-�1�/�2� �i�n�c�h� �s�e�c�t�i�o�n� �o�f� �t�i�l�l�e�r�s� �w�e�r�e� �o�v�e�n�-�d�r�i�e�d�,� 

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

�a�s� �f�o�r� �E�x�p�e�r�i�m�e�n�t� �I�.� 

�R�e�s�u�l�t�s� 

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

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

�i�n�i�t�i�a�t�i�o�n� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s�,� �T�a�b�l�e� �5�.� �T�h�e� �a�v�e�r�a�g�e� 

�n�u�m�b�e�r� �o�f� �t�i�l�l�e�r�s� �w�e�r�e� �1�4� �a�n�d� �4�4� �f�o�r� �T�-�1� �a�n�d� �T�#�2�,� 

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

�t�h�e�r�e� �w�e�r�e� �1�5�,� �2�4�,� �a�n�d� �4�8� �t�i�l�l�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� 

�D�-�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6�.� �N�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n� �i�n�c�r�e�a�s�e�d� 

�t�i�l�l�e�r�i�n�g�;� �t�h�e� �m�e�a�n�s� �f�o�r� �N�-�O� �a�n�d� �N�-�2�0�0� �f�o�r� �a�l�l� 

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

�c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e� �8�.�3� �a�n�d� �4�9�.�7� �t�i�l�l�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.



�{�a�}� 
�7

�S
�q

�u
�Z

�T
�o

�m
� 

�S
�u

�t�d
�d

�t�r�T
�o

� 
�«�2�0�7� �p�u�e� �f�n�y�y� �p�u�e� �n�y�a�  ��(�N�)� 

�u
�e

�g
�o

�a
�g

�t�u
� 

 ��(�q�)� 
�u

�o
�t�a

�e
�t�t�T

�o
�y�e

�p
� 

�$�(�L�)� �e�r�n�g�e�r�z�e�d�u�e�y� 
�S

�u
�T

�r�e
�T

�{�T
�9

� 
�O

�F
� 

�:� �T
�O

�A
�S

�T
� 

�Y�T� �o
�g

� �9�e� �q�u�e�d�T
�y�T

�u�s�y�s�S
� 

�o�r�e�m
� 

�S�u�T�M
�O

�T�T�O
�J� 

�a�u�l�,� 

�
 
�
 

�T�7�°� �I�T� 
�e�o�°�e�t� �L�4�6�°�S�T� �e�L�°�2�T� 

�4�T�°�6� 
�Z�t�°�6� 

�T�o�°�%
�t� �0�6�°�2�3� 

 ¬�o�°�4� 
�u�e�e�Y

� 

 ¬�e�°�s�S�t� 
�Z�E

�°�6�T� �2�2�°�4�2� 
�9�6�"� �L�T� 

�6�L�°�2�T� 
�Y�T�°�T�E�)� �«�6�f�7�e�°�S�t�)� �|� 

�S
�H

�O
�T�)� 

�|�=� �6�5�°�4�7� 
�0�0�2� 

�B
�o�°�L� 

 ¬�6�°�L� 
�«�=�e�d�"�o�t�)� 

�6
�H

� 
�L� 

�B�S� �°�S� 
�z�z�°�k� 

�6�9�°�6� 
�Z�e�r�d� 

�S
�o�°�4� 

�0� 

�
 
�
 

�
 
�
 

�
 
�
 
�
 
�
 

� � 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 
�
 
�
 

�A� 
�o�6�z� 

�t�v ��?� 
�s�s�t�e�k� �=� �S�*�L�E� 

�G
�t�z�z�i�t�T

�:�S
�*�H

�Z
�C

�O
�T

�O
�T

�i�s�i�S
�*�L�C

�C
� 

�s�O
� 

�L�°�6�4� 
�L�e�h� 

�T�e�l� 
�4�9� 

�c�¢ ¬� 
�L�°�t�z� 

�T�H� 
�S�T� 

�6� 
�0�0�2� 

 ¬�°�s�3� 
 ¬�°�O

�T
� 

�e�T� 
�2� 

�O
�T� 

 ¬�°�9� 
�g� 

�¢� 
�9� 

�0� 

�S
�2

�I�S
�T

�T
� 

�U
�L� �g

�O
� �J

�e
�q

�u
�n

�y
� 

�u�e�e�z� 
 ��U�S�K� 

�9�-�0� 
�e�a� �=

� �§� �*�T�-�0� 
�u�v�e� �=� �9�-�0� 

�f�q� 
�§�°�*�I�-�0� 

�v�/�a�t� 
�p�u�e�s�y� 

�W
�O

�T�I�V
� 

�F�T�O
� �e�q� 

�u�o�T
�V

�e�T
�T

�O
�F

�E
�G

� 
�U

�s
�Z

�0
�2

�4
� 

�F�N� 

�*�"�T
�o�O

�B
�"�O

�L� 
�*� �1

�0
�0

�9
�7

�0
�5

� 
�o�e� 

�T
�-�2� 

�
 
�
 

�*�s�s�e�a�s�p�r�e�y�o�r�0�e� 
�f�o� �s�q

�u
�d

�t�e
�m

� 
�A

�r�p� 
�p�u�e� �B

�u�p�r�e�T
�{�I�t�a� 

�u�o� �u�o�r�m
�e�}�p�r�t�o�j�e�p� 

�p�u�e�  ��u�s�e�Z
�o�a�q�y�u� 

 ��a�u�n�g�e�r�z�e�d�m
�e�q�y� 

�j�o� 
�q�y�o�e�T�y�e� 

�e
�u

� 
�°�S� �a�T�q�Q

�e�l�,



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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� 

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

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

�t�i�l�l�e�r�i�n�g� �r�e�s�p�o�n�s�e�s�,� �T�a�b�l�e� �5�.� �N�i�t�r�o�g�e�n� �i�n�c�r�e�a�s�e�d� �t�h�e� 

�d�r�y� �w�e�i�g�h�t�s� �f�r�o�m� �7�.�5�8� �t�o� �1�5�.�2�3� �g�m�.� �f�o�r� �N�-�O� �a�n�d� �N�~�2�0�0�,� 

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

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

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

�a�n�d� �n�i�t�r�o�g�e�n� �f�a�c�t�o�r�i�a�l� �t�r�e�a�t�m�e�n�t�s�)� �w�e�r�e� �6�.�8�3�,� �1�0�.�8�6�,� 

�a�n�d� �1�6�.�4�9� �g�m�.� �f�o�r� �D�-�1�.�5�,� �D�e�3�,� �a�n�d� �D�-�6�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�F�i�g�u�r�e� �7� �s�h�o�w�s� �t�h�e� �s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�s� 

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

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

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

�d�e�f�o�l�i�a�t�i�o�n� �i�n�t�e�n�s�i�t�y� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �N�-�2�0�0�;� �b�u�t� 

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

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

�c�a�r�b�o�h�y�d�r�a�t�e�s� �o�f� �t�h�e� �b�a�s�a�l� �i�n�c�h� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s
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�F�i�g�u�r�e� �7�.� �T�h�e� �c�f�t�e�c�t� �o�f� �d�e�f�o�l�i�a�t�i�o�n� �a�n�d� �n�i�t�r�o�g�e�n� �o�n� �t�i�l�l�e�r�i�n�g� 
�a�n�d� �y�i�e�l�d� �o�f� �o�r�c�n�a�r�d�g�r�a�s�s� �c�l�i�p�p�i�n�y�s� �d�u�r�i�n�g� �a� �5�-� 
�w�e�e�k� �p�e�r�i�o�d�.� 
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�s�t�u�b�b�l�e� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s�,� �d�e�f�o�l�i�a�t�i�o�n�s�,� �a�n�d� 

�n�i�t�r�o�g�e�n� �r�a�t�e�s� �w�e�r�e� �h�i�g�h�l�y� �s�i�g�n�i�f�i�c�a�n�t�,� �T�a�b�l�e� �6�.� 

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

�i�n�c�r�e�a�s�e�d�;� �t�h�e� �a�v�e�r�a�g�e� �c�o�n�t�e�n�t� �f�o�r� �T�+�l�1� �w�a�s� �3�9�.�8�%� �a�s� 

�c�o�m�p�a�r�e�d� �t�o� �2�5�.�5�%� �f�o�r� �T�-�2�.� �S�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �w�e�r�e� 

�r�e�d�u�c�e�d� �b�y� �h�e�a�v�y� �d�e�f�o�l�i�a�t�i�o�n�;� �t�h�e� �c�o�n�t�e�n�t�s� �f�o�r� �D�-�1�,� 

�D�-�3�,� �a�n�d� �D�-�6� �(�a�v�e�r�a�g�e�d� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �n�i�t�r�o�g�e�n� 

�t�r�e�a�t�m�e�n�t�s�)� �w�e�r�e� �2�7�.�7�,� �3�1�.�6�,� �a�n�d� �3�3�.�6�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

�w�e�r�e� �4�0�.�3� �a�n�d� �2�5�%� �f�o�r� �N�-�O� �a�n�d� �N�~�2�0�0�.� 

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

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

�n�i�t�r�o�g�e�n� �t�r�e�a�t�m�e�n�t�s�,� �T�a�b�l�e� �6�.� �I�n�c�r�e�a�s�i�n�g� �d�e�f�o�l�i�a�t�i�o�n� 

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

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

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

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

�s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s� �w�i�t�h� �T�+�2� �a�s� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �T�-�l�1�.� �T�h�e�r�e� �w�a�s� �a� �6�7�.�7�%� �d�e�c�r�e�a�s�e� �i�n� 

�s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �w�h�e�n� �N�-�2�0�0� �w�a�s� �a�p�p�l�i�e�d� �u�n�d�e�r� �T�«�2� 

�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �2�1�.�0�%� �w�i�t�h� �T�-�1�,�.
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�S�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s� �f�o�r� 

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

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

�m�o�r�e� �t�h�a�n� �w�i�t�h� �N�-�2�0�0�.� �T�h�e�r�e� �w�a�s� �a� �1�5�%� �d�i�f�f�e�r�e�n�c�e� �i�n� 

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

�D�~�6� �t�o� �D�-�1�.�5� �u�n�d�e�r� �N�-�O� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �a� �7�%� �d�r�o�p� 

�w�i�t�h� �N�-�2�0�0�,



�E�X�P�E�R�I�M�E�N�T� �I�I�I�.� �T�H�E� �E�F�F�E�C�T� �O�F� �P�H�O�T�O�P�E�R�I�O�D�,� �L�I�G�H�T� 

�I�N�T�E�N�S�I�T�Y�,� �N�I�T�R�O�G�E�N�,� �A�N�D� �D�E�F�O�L�I�A�T�I�O�N� �O�N� �S�O�L�U�B�L�E� 

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

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

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

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

�o�n� �t�i�l�l�e�r�i�n�g�;� �2�)� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p� 

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

�a�n�d� �y�l�e�l�d�.� 

�M�a�t�e�r�i� �a�n�d� �M�e�t�h�o�d� 

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

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

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

�w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d�.� �F�o�u�r� �w�e�e�k�s� �l�a�t�e�r� �t�h�e� �p�o�t�s� �w�e�r�e� 

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

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

�T�h�e� �f�a�c�t�o�r�i�a�l� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �w�e�r�e�:� �1�)� 

�p�h�o�t�e�p�e�r�i�o�d� �t�r�e�a�t�m�e�n�t�s�:� �P�-�1�,� �1�8� �h�o�u�r�s� �h�i�g�h� �l�i�g�h�t� 

�i�n�t�e�n�s�i�t�y� �a�n�d� �6� �h�o�u�r�s� �d�a�r�k�;� �P�e�-�2�,� �9� �h�o�u�r�s� �h�i�g�h� �l�i�g�h�t� 

�i�n�t�e�n�s�i�t�y� �a�n�d� �1�5� �h�o�u�r�s� �d�a�r�k�;� �a�n�d� �P�-�3�,� �9� �h�o�u�r�s� �h�i�g�h� 

�l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �f�o�l�l�o�w�e�d� �b�y� �9� �h�o�u�r�s� �l�o�w� �l�i�g�h�t



�i�n�t�e�n�s�i�t�y� �a�n�d� �t�h�e�n� �6� �h�o�u�r�s� �d�a�r�k�,� �T�h�e� �h�i�g�h� �l�i�g�h�t� 

�i�n�t�e�n�s�i�t�y� �w�a�s� �3�1�0�0� �F�.�C�.� �i�n� �e�a�c�h� �c�o�n�t�r�o�l�l�e�d� �e�n�v�i�r�o�n�m�e�n�t� 

�c�h�a�m�b�e�r� �a�n�d� �t�h�e� �l�o�w� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �w�a�s� �a�b�o�u�t� �3�0�0� �F�.�C�.� 

�2�)� �T�h�e� �d�e�f�o�l�i�a�t�i�o�n� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e�:� �D�-�1�.�5�,� �p�l�a�n�t�s� 

�3�-�4� �i�n�c�h�e�s� �h�i�g�h� �c�u�t� �t�o� �1�.�5� �i�n�c�h�e�s�;� �D�-�1�5�,� �p�l�a�n�t�s� �6�-�8� 

�i�n�c�h�e�s� �h�i�g�h� �c�u�t� �t�o� �1�.�5� �i�n�c�h�e�s�;� �D�e�3�,� �p�l�a�n�t�s� �6�-�8� �i�n�c�h�e�s� 

�h�i�g�h� �c�u�t� �t�o� �3� �i�n�c�h�e�s�,� �a�n�d� �D�-�6�,� �p�l�a�n�t�s� �c�u�t� �t�o� �6�-�8� �i�n�c�h�e�s� 

�d�a�i�l�y�.� �3�)� �T�h�r�e�e� �l�e�v�e�l�s� �o�f� �n�i�t�r�o�g�e�n� �w�e�r�e� �a�p�p�l�i�e�d�,� 

�0�,� �7�5�,� �a�n�d� �2�2�5� �1�b�.� �N� �p�e�r� �a�c�r�e�.� 

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

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

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

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

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

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

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

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

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

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �7�5�°�F�.� �i�n� �a�l�l� 

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



�R�e�s�u�l�t�s� 

�T�i�l�l�e�r�i�n�g�.� �T�a�b�l�e� �7� �g�i�v�e�s� �t�h�e� �a�v�e�r�a�g�e� �i�n�c�r�e�a�s�e�s� �i�n� 

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

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

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

�f�o�r� �P�-�2� �a�n�d� �P�-�3�,� �T�h�e�r�e� �w�e�r�e� �7�.�2�,� �4�.�7�,� �a�n�d� �2�.�1� �t�i�l�l�e�r�s� 

�p�e�r� �p�l�a�n�t� �f�o�r� �P�-�1�,� �P�#�2�,� �a�n�d� �P�<�3�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�e�v�e�r�e� 

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

�f�o�r� �D�=�l�.�5�,� �D�-�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6� �w�e�r�e� �3�.�6�,� �3�.�0�,� �5�.�0�,� �a�n�d� 
�7�.�9� �t�i�l�l�e�r�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�i�t�r�o�g�e�n� �h�a�d� �a� �s�i�g�n�i�f�i�c�a�n�t� 

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

�2�.�0� �t�i�l�l�e�r�s� �f�o�r� �N�-�O�0� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �5�.�1� �a�n�d� �6�.�3� �t�i�l�l�e�r�s�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �N�#�7�5� �a�n�d� �N�#�2�2�5�,� 

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �8�,� �W�i�t�h� �a�n� �1�8�-�h�o�u�r� �p�h�o�t�o�p�e�r�i�o�d� �(�P�-�1�)�,� 

�t�h�e�r�e� �w�e�r�e� �l�a�r�g�e� �i�n�c�r�e�a�s�e�s� �i�n� �t�i�l�l�e�r�i�n�g� �a�s� �N� �i�n�c�r�e�a�s�e�d�.� 

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

�f�r�o�m� �N�~�7�5� �t�o� �N�-�2�2�5� �w�i�t�h� �P�e�2� �a�n�d� �P�~�3�.� �W�h�e�n� �n�i�t�r�o�g�e�n� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �f�r�o�m� �N�~�-�0� �t�o� �N�-�7�5� �t�h�e�r�e� �w�a�s� �m�o�r�e� �t�i�l�l�e�r�i�n�g� �f�o�r� 

�P�e�2� �t�h�a�n� �f�o�r� �P�w�3�.� �T�h�e� �s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n� �o�f� 

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

�o�r�c�h�a�r�d�g�r�a�s�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �9�.� �T�h�e�r�e� �w�a�s� �a� �s�h�a�r�p� 

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



�S�d�n� 

�T�a�b�l�e� �7�.� �A�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �n�e�w� �t�i�l�l�e�r�s� �p�e�r� �p�l�a�n�t� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s� �p�r�o�d�u�c�e�d� �d�u�r�i�n�g� �s�i�x� �w�e�e�k�s� �b�y� �p�h�o�t�o�p�e�r�i�o�d�,� 
�n�i�t�r�o�g�e�n�,� �a�n�d� �d�e�f�o�l�i�a�t�i�o�n�.� 
� � 

� � � � � � 

� � 

�P�-�1� �P�-�2� �P�.�3� 
�N�i�t�r�o�g�e�n� �D�e�f�o�l�i�a�t�i�o�n� �D�e�f�o�l�i�a�t�i�o�n� �D�e�f�o�l�i�a�t�i�o�n� 

�1�b�/�A� �D�-�1�.�5� �D�e�l�.�5� �D�e�=�3� � �D�-�6� �M�e�a�n� �D�e�l�.�5� �B�e�a�l�.�5� �D�e�3� � �D�-�6� �M�e�a�n� �D�-�1�.�5� �D�-�1�.�5� �D�-�3� � �D�-�6� �M�e�a�n� 

�0� �2�.�8� �1�5� �2�.�3� �3�:�3� �2�5� �3�.�2� �2�7� �2�.�7� �2�6�3� �2�.�2� �1�.�5� �0�.�7� �1�.�3� �2�.�3� �1�.�5� 
�7�5� �7�.�0� �6�.�0� �7�.�3� �8�.�2� �7�.�1� �3�.�5� �2�.�0� �8�.�2� �1�2�.�2� �5�.�6� �0�.�7� �0�.�7� �1�.�8� �7�.�2� �2�.�5� 

�2�2�5� �1�0�.�2� �1�2�.�2� �1�0�.�7� �1�7�.�6�0�1�2�,� �3�.�0�5� �9�0�3� �1�2�2�6�5� �7�0�8�2�3�5� 
� � 

�M�e�a�n� �6�.�7� �6�.�6� �6�.�8� �9�.�7� �7�.�2� �3�.�2� �1�.�7� �6�.�4� �8�.�9� �4�.�7� �1�.�0� �0�.�7� �1�.�8� �5�.�1� �2�.�1� 
� � 

�T�h�e� �f�o�l�l�o�w�i�n�g� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �1�%� �l�e�v�e�l�:� �p�h�o�t�o�p�e�r�i�o�d� �(�P�)�,� �n�i�t�r�o�g�e�n� �(�N�)�,� �d�e�f�o�l�i�a�t�i�o�n� �(�D�)�,� �N�X�D�,� �D�A�P�,� �a�n�d� �N�X�P�.
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�N�-�0�N�.�7�5� �N�.�2� �2�5� 
�N�I� �T�R�O�G�E�N�_�L�B�.�/�A� 

�F�i�g�u�r�e� �8� �T�a�e� �e�t�i�e�c�t� �o�f� �p�h�o�t�o�p�e�r�i� �i�d� �i�n�d� �n�i�c�r�e�g�e�n� �a�p�p�l�i�c�a�t�i�o�n� 
�o�n� �t�a�i�l�l�e� �r�i�n�g� �o�f� �C�r�c�h�a�r�d�y�r�a�s�s� �d�u�r�s�n�g� �a� �c�-�v�e�e�k� 

�D�C� �Y�L�.
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�D�_� �5� �D�o�.� �5� �D�L� �3� �D� �"�6� 
�D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�F�i�g�u�r�e� �9�.� �T�h�e� �c�t�f�e�c�t� �o�f� �d�e�f�o�l�i�a�t�i�o�n� �a�n�d� �d�a�y� �l�e�n�g�t�h� �o�n� �t�i�l�l�e�r�i�n�g� 
�o�f� �o�r�c�h�a�r�d�y�r�a�s�s� �d�u�r�i�n�g� �a� �6�-�w�e�c�e�k� �p�e�r�i�o�d�.



�f�r�o�m� �D�-�3� �t�o� �D�-�6� �w�i�t�h� �a�l�l� �p�h�o�t�o�p�e�r�i�o�d�s�.� �A� �s�l�i�g�h�t� 

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

�d�e�f�o�l�i�a�t�e�d� �t�o� �D�-�1�.�5�;� �t�h�i�s� �d�r�o�p� �w�a�s� �s�h�a�r�p�e�r� �w�i�t�h� �P�-�2� 

�t�h�a�n� �f�o�r� �P�#�3�.� 

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

�d�e�f�o�l�i�a�t�i�o�n�,� �F�i�g�u�r�e� �1�0�.� �P�l�a�n�t�s� �w�i�t�h� �d�e�f�o�l�i�a�t�i�o�n� 

�t�r�e�a�t�m�e�n�t�s� �D�-�3� �a�n�d� �D�-�6� �p�r�o�d�u�c�e�d� �m�a�n�y� �t�i�l�l�e�r�s� �a�s� 

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

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

�p�r�a�c�t�i�c�e�s�,� �C�u�t�t�i�n�g� �t�o� �1�.�5� �i�n�c�h�e�s� �(�D�-�1�.�5� �a�n�d� �b�-�1�.�5�)� 

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

�b�e�t�t�e�r� �f�o�r� �D�-�1�.�5� �t�h�a�n� �f�o�r� �b�-�1�.�5� �w�i�t�h� �N�-�O� �a�n�d� �N�-�7�5�,� �b�u�t� 
�t�h�e� �r�e�v�e�r�s�e� �o�c�c�u�r�r�e�d� �w�i�t�h� �N�-�2�2�5�.� 

�D�r�y� �W�e�i�g�h�t�.� �T�h�e� �c�l�i�p�p�i�n�g� �y�i�e�l�d�s� �w�e�r�e� �i�n�f�l�u�e�n�c�e�d� �b�y� 

�p�h�o�t�o�p�e�r�i�o�d�,� �n�i�t�r�o�g�e�n�,� �a�n�d� �d�e�f�o�l�i�a�t�i�o�n�,� �T�a�b�l�e� �8�.� �T�h�e� 

�a�v�e�r�a�g�e� �y�l�e�l�d� �w�a�s� �2�.�7�9� �g�m�.� �f�o�r� �P�-�l�]� �a�s� �c�o�m�p�a�r�e�d� �t�o� 

�1�.�4�7� �g�m�.� �f�o�r� �P�#�3�.� �Y�i�e�l�d�s� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� 

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

�t�h�e� �c�l�i�p�p�i�n�g� �w�e�i�g�h�t�s� �w�e�r�e� �0�.�5�3�,� �0�.�8�8�,� �1�.�9�8�,� �a�n�d� �4�.�2�9� �g�m�.�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �D�-�1�,�.�5�,� �D�-�1�.�5�,� �D�e�3�,� �a�n�d� �D�-�6�,� 

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

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

�s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�s�,� �T�a�b�l�e� �8� �a�n�d� �F�i�g�u�r�e� �l�l�.
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�D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�i�g�u�r�e� �1�0�,� �T�i�l�l�e�r�i�n�g� �o�f� �«� �r�c� �h�a�r�d�g�r�a�s�s� �1�s� �.�i�f�r�e�c�v�e�d� �b�y� �r�o�v�r�o�g�e�n� 

�a�n�d� �d�o�t� �c�i�s� �t�i�e�n� �d�u�r�i�n�g� �@� �(�-�W�e�e�e� �o�e� �r�i�n�,
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�T�a�b�l�e� �8�.� �T�h�e� �e�f�f�e�c�t� �o�f� �p�h�o�t�o�p�e�r�i�o�d�,� �n�i�t�r�o�g�e�n�,� �a�n�d� �d�e�f�o�l�i�a�t�i�o�n� �o�n� �y�i�e�l�d� �o�f� �c�l�i�p�p�i�n�g�s� �(�g�r�a�m�s� �p�e�r� �p�o�t�)� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s�.� 

�P�-�1� �P�=�2� �P�-�3� 

�N�i�t�r�o�g�e�n� �,� � �D�e�f�o�l�i�a�t�i�o�n� �,� �D�e�f�o�l�i�a�t�i�o�n� �,� � �D�e�f�o�l�i�a�t�i�o�n� �G�r�a�n�d� 

�I�b�/�A� �D�-�1�.�5� � �D�-�1�.�5� �D�-�3� �D�-�6� �M�e�a�n� �D�-�1�.�5� �D�-�1�.�5� �D�-�3� � �D�-�6� �M�e�a�n� � �D�e�-�1�.�5� �D�-�1�.�5� �D�-�3� � �D�-�6� �M�e�a�n�  ��M�e�a�n� 

�0� �0�.�5�2� �0�.�5�3� �1�.�0�1� �2�.�3�3� �1�.�1�0� �0�.�4�0� �0�.�3�5� �0�.�7�2� �1�.�3�8� �0�.�7�1� �0�.�2�7� �0�.�5�0� �1�.�1�5� �1�.�7�5� �0�.�9�2� �0�.�9�1� 

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

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

�M�e�a�n� �0�.�8�6� �1�.�5�3� �2�.�8�6� �5�.�8�4� �2�.�7�9� �0�.�4�2� �0�.�5�6� �1�.�5�4� �3�.�4�7� �1�.�4�7� �0�.�3�1� �0�.�5�4� �1�.�5�4� �3�.�5�6� �1�.�4�7� �1�.�9�1� 
� � 

�T�h�e� �f�o�l�l�o�w�i�n�g� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �1�%� �l�e�v�e�l�:� �n�i�t�r�o�g�e�n� �(�N�)�,� �d�e�f�o�l�i�a�t�i�o�n� �(�D�)�,� �p�h�o�t�o�p�e�r�i�o�d� �(�P�)�,� �N�X�D�,� �N�X�P�,� �a�n�d� �D�X�P�.
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�C�l�i�p�p�i�n�g� �w�e�i�g�h�t�s� �w�e�r�e� �l�o�w� �w�i�t�h� �a�l�l� �l�i�g�h�t� �t�r�e�a�t�m�e�n�t�s� �i�n� 

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

�i�n�c�r�e�a�s�e�s� �i�n� �y�i�e�l�d� �w�i�t�h� �N�-�7�5� �a�n�d� �a�d�d�i�t�i�o�n�a�l� �s�m�a�l�l�e�r� 

�i�n�e�r�e�a�s�e�s� �w�i�t�h� �N�-�2�2�5� �u�n�d�e�r� �P�e�l�.� �W�i�t�h� �P�-�2� �a�n�d� �P�-�3�,� �t�h�e� 

�y�i�e�l�d� �i�n�e�r�e�a�s�e�s� �w�e�r�e� �s�m�a�l�l� �w�i�t�h� �N�~�7�5�,� �a�n�d� �N�e�2�2�5� �d�i�d� 

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

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

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

�d�e�f�o�l�i�a�t�i�o�n� �w�a�s� �r�e�l�a�x�e�d� �w�i�t�h� �N�-�2�2�5� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� 

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

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

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

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

�w�i�t�h� �P�-�2� �a�n�d� �P�-�3� �t�h�a�n� �f�o�r� �P�e�l�.� 

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

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

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

�S�i�g�n�i�f�i�c�a�n�t�,� �T�a�b�l�e� �9�.� �T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �a�v�e�r�a�g�e�d� �f�o�r� 

�a�l�l� �f�a�c�t�o�r�i�a�l� �t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �f�o�r� �P�e�l�,� �P�e�2�,� �a�n�d� 

�P�-�3� �w�e�r�e� �2�7�.�8�,� �1�2�.�5�,� �a�n�d� �1�4�.�5�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n�t�e�n�s�e� 

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

�T�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e�s� �f�o�r� �D�-�1�.�5�,� �D�+�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� �1�1�.�0�,� �1�4�.�6�,� �2�1�.�2�,� �a�n�d� �2�6�.�3�4�.
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�T�a�b�l�e� �9�.� �T�h�e� �e�f�f�e�c�t� �o�f� �p�h�o�t�o�p�e�r�i�o�d�,� �n�i�t�r�o�g�e�n�,� �a�n�d� �d�e�f�o�l�i�a�t�i�o�n� �o�n� �w�a�t�e�r� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� 
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� � � � 

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

�P�=�1� �P�2� �P�-�3� 

�N�i�t�r�o�g�e�n� �'� �D�e�f�o�l�i�a�t�i�o�n� �'� �D�e�f�o�l�i�a�t�i�o�n� �'� �D�e�f�o�l�i�a�t�i�o�n� �G�r�a�n�d� 

�D�-�1�.�5� � �D�-�1�.�5� �D�-�3� �D�-�6� �M�e�a�n� �D�-�1�.�5� �D�-�1�.�5� �D�-�3� � �D�-�6� �M�e�a�n� �D�e�l�.�5� �D�-�1�.�5� �D�-�3� � �D�-�6� �M�e�a�n�  ��M�e�a�n� 
�L�b�/�A� �b�e� �%� �%� �*� �%�  ��*� �&� �*� �h� �o� �h�e� �b� �%� �%� �-� �*� 

�0� �2�4�.�9� �2�6�.�8� �2�9�.�8� �3�6�.�2� �2�9�.�4� �7�.�6� �1�2�.�6� �2�1�.�7� �2�8�.�3� �1�7�.�6� �4�.�7� �1�1�.�7� �2�4�.�2� �2�8�.�2� �1�7�.�2� �2�1�.�4� 

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

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

�M�e�a�n� �2�0�.�3� �2�5�.�2� �3�1�.�4� �3�4�.�4� �2�7�.�8� �5�.�3� �8�.�2� �1�5�.�1�.� �2�1�.�4� �1�2�.�5� �7�.�3� �1�0�.�5� �1�7�.�1� �2�3�.�0� �1�4�.�5� �1�8�.�2� 
� � 

�T�h�e� �f�o�l�l�o�w�i�n�g� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �1�%� �l�e�v�e�l�:� �n�i�t�r�o�g�e�n� �(�N�)�,� �d�e�f�o�l�i�a�t�i�o�n� �(�D�)�,� �p�h�o�t�o�p�e�r�i�o�d� �(�P�)�,� �N�X�D�,� �P�X�D�,� �a�n�d� �N�X�P�.



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

�i�n�e�r�e�a�s�e�d�;� �t�h�e� �a�v�e�r�a�g�e� �c�o�n�t�e�n�t� �f�o�r� �N�-�O� �w�a�s� �2�1�.�4�%� �a�s� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �1�7�.�8� �a�n�d� �1�5�.�6�%�,� �r�e�s�p�e�c�t�i�v�e�l�y� �f�o�r� �N�-�7�5� 

�a�n�d� �N�#�2�2�5�,� 

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

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

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

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

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

�P�Z� �a�n�d� �P�-�3� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�a�r�b�o�h�y�d�r�a�t�e�s� �w�e�r�e� �n�o�t� 

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

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

�b�e�t�w�e�e�n� �P�-�]� �a�n�d� �t�h�e� �t�w�o� �o�t�h�e�r� �p�h�o�t�o�p�e�r�i�o�d�s�.� 

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

�a�n�d� �n�i�t�r�o�g�e�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�3�.� �W�h�e�n� �n�i�t�r�o�g�e�n� �w�a�s� 

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

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

�t�h�i�s� �d�e�c�l�i�n�e� �w�a�s� �s�h�a�r�p�e�s�t� �w�i�t�h� �P�-�2�,� �T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� 

�c�o�n�t�e�n�t�s� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s� �w�e�r�e� �s�i�m�i�l�a�r� �f�o�r� �N�-�O� �a�n�d� �N�#�-�7�5� 

�w�i�t�h� �P�-�1�,� �b�u�t� �t�h�e�r�e� �w�e�r�e� �s�h�a�r�p� �d�e�c�l�i�n�e�s� �w�i�t�h� �P�<�2� 

�a�n�d� �P�e�3�,� �T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �r�e�d�u�c�t�i�o�n�s� �b�e�t�w�e�e�n� �N�«�7�5� 

�a�n�d� �N�-�2�2�5� �w�e�r�e� �s�t�e�e�p�e�r� �f�o�r� �P�e�l� �a�n�d� �P�e�2� �t�h�a�n� �f�o�r� �P�-�#�«�3�,
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�N�_�O� �N�7�5� �N�=�-�2�2�5� 
�N�I�T�R�O�G�E�N�_�L�B�.�/�A� 

�F�i�g�u�r�e� �1�3�.� �T�h�e� �o�t�f�e�s�t� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� �d�o�y� �t�e�n�e�t�s� �o�n� �w�e�t�e�r� 
�t�k�e� �n�a� �p�r�b�o�a�y�d�r�:� �i�t�e�s� �S� �(�p�e�r�s� �c�e�n�t� �o�f� �d�r�y� �m�e� �a�a�n� 

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



�-�6�6�~� 

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

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

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

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

�r�e�l�a�x�e�d� �d�e�f�o�l�i�a�t�i�o�n�,� �F�i�g�u�r�e� �1�4�.
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�D�_�I�5� �D�i�I�.�5� �D�_�3� � �D�_�6� 
�D�E�F�O�L�I�A�T�I�O�N� �T�R�E�A�T�M�E�N�T�S� 

�F�i�g�u�r�e� �1�4�,� �S�w�l�u�b�l�e� �c�a�r�b�e�o�i� �y�d�r�a�t�e�s� �(�p�e�r�c�e�n�t� �o�f� �d�r�y� �m�a�t�t�e�r�)� 
�e�f� �c�r�e�n�a�r�d�g�r�i�s�s� �s�t�u�b�b�.�e� �«�8�s� �i�e�l�i�c�e�n�.� �c�d� �b�y� 

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



�a�m� 

�E�X�P�E�R�I�M�E�N�T� �I�V�.� �T�H�E� �B�F�F�E�C�T� �O�F� �L�I�G�H�T� �I�N�T�E�N�S�I�T�Y�,� 

�I�R�R�I�G�A�T�I�O�N�,� �N�I�T�R�O�G�E�N�,� �A�N�D� �D�E�F�O�L�I�A�T�I�O�N� �O�N� 

�T�I�L�L�E�R�I�N�G� �A�N�D� �C�A�R�B�O�H�Y�D�R�A�T�E� �C�O�N�T�E�N�T� 

�O�F� �O�R�C�H�A�R�D�G�R�A�S�S� 

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

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

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

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

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

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

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

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

�t�r�a�n�s�p�l�a�n�t�e�d� �t�o� �t�h�e� �f�i�e�l�d� �i�n� �S�e�p�t�e�m�b�e�r�,� �1�9�6�2�.� �T�h�e� 

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

�s�q�u�a�r�e� �p�l�o�t�s� �9� �f�e�e�t� �b�y� �9� �f�e�e�t�.� �T�e�n�-�f�o�o�t� �a�l�l�e�y�s� �w�e�r�e� 

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

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

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

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

�T�h�e� �1�2� �p�l�o�t�s� �w�e�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �r�a�n�d�o�m�i�z�e�d� 

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



�~�6�9�=� 

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

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

�(�L�-�1�)� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�%� �o�f� �n�o�r�m�a�l� �l�i�g�h�t� �(�L�-�~�.�5�)� 

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

�e�a�g�e�s� �w�e�r�e� �2�.�5� �f�e�e�t� �h�i�g�h� �a�n�d� �1�0� �f�e�e�t� �s�q�u�a�r�e�.� �W�a�t�e�r� 

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

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

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

�n�i�t�r�o�g�e�n� �a�t� �t�h�e� �r�a�t�e� �o�f� �2�5� �l�b�.� �(�N�-�2�5�)� �a�n�d� �3�7�5� �l�b�.� 

�(�N�~�3�7�5�)� �p�e�r� �a�c�r�e�.� �E�a�c�h� �o�f� �t�h�e� �n�i�t�r�o�g�e�n� �s�u�b�p�l�o�t�s� 

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

�t�h�r�e�e� �d�e�f�o�l�i�a�t�i�o�n� �i�n�t�e�n�s�i�t�i�e�s�,� �T�h�e� �d�e�f�o�l�i�a�t�i�o�n� 

�t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �D�-�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6�;� �t�h�e� �o�r�c�h�a�r�d�g�r�a�s�s� 

�p�l�a�n�t�s� �w�e�r�e� �g�u�t� �b�a�c�k� �t�o� �a� �h�e�i�g�h�t� �o�f� �1�.�5�,� �3�,� �a�n�d� �6� 

�i�n�c�h�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �e�v�e�r�y� �t�w�o� �w�e�e�k�s�.� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �i�n�i�t�i�a�t�e�d� �o�n� �A�p�r�i�l� �2�0�,� �1�9�6�3�.� 

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

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

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

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

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

�w�a�s� �u�s�e�d�,



�~�J�0�-� 

�R�e�s�u�l�t�s� 

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

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

�n�i�t�r�o�g�e�n� �t�r�e�a�t�m�e�n�t�s� �a�t� �v�a�r�i�o�u�s� �d�a�t�e�s� �d�u�r�i�n�g� �t�h�e� �1�9�6�3� 

�s�e�a�s�o�n� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�0�.� �T�h�e� �r�a�t�e� �o�f� �t�i�l�l�e�r�i�n�g� 

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

�i�r�r�i�g�a�t�i�o�n�.� �T�h�e�r�e� �w�e�r�e� �8�9�.�2� �t�i�l�l�e�r�s� �p�e�r� �p�l�a�n�t� �w�h�e�n� 

�i�r�r�i�g�a�t�e�d� �a�s� �c�o�m�p�a�r�e�d� �t�o� �a� �s�e�a�s�o�n�a�l� �a�v�e�r�a�g�e� �o�f� �6�3�.�9� 

�w�i�t�h�o�u�t� �i�r�r�i�g�a�t�i�o�n�.� �N�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n� 

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

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

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

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

�N�-�2�5� �a�n�d� �N�-�3�7�5� �w�i�t�h� �i�r�r�i�g�a�t�i�o�n� �w�a�s� �6�7�.�1� �a�n�d� �1�1�3�.�3�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �6�0�.�3� �a�n�d� �6�7�.�4� �t�i�l�l�e�r�s� 

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

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

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

�A�u�g�u�s�t�,� �a�n�d� �S�e�p�t�e�m�b�e�r� �w�a�s� �2�.�7�,� �1�.�7�,� �3�.�0�,� �2�.�2�,� �a�n�d� 

�3�.�8� �i�n�c�h�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�e�r� �i�n� 

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

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

�S�e�a�s�o�n�.



�~�7�1�l�-� 

�T�a�b�l�e� �1�0�.� �T�h�e� �e�f�f�e�c�t� �o�f� �i�r�r�i�g�a�t�i�o�n�,� �s�e�a�s�o�n�a�l� �c�h�a�n�g�e�s�,� �n�i�t�r�o�g�e�n�,� �l�i�g�h�t� �i�n�t�e�n�s�i�t�i�e�s�,� �a�n�d� �d�e�f�o�l�i�a�t�i�o�n� 
�o�n� �t�i�l�l�e�r�i�n�g� �o�f� �o�r�c�h�a�r�d�g�r�a�s�s�.� 
� � 

� � � � 

� � 

�L�-�1� �L�-�.�5� 

�S�e�a�s�o�n� �N�2�5� �N�3�7�5� �N�2�5� �N�3�7�5� 
�D�e�f�o�l�i�a�t�i�o�n� �D�e�f�o�l�i�a�t�i�o�n� �D�e�f�o�l�i�a�t�i�o�n� �|� �D�e�f�o�l�i�a�t�i�o�n� 

�C�m�1�.�5� �C�3� �C�-�6� �M�e�a�n� �C�-�1�.�5� �C�-�3� �C�-�6� �M�e�a�n� �C�-�1�.�5� �C�-�3� �C�~�6� �M�e�a�n� �C�-�1�.�5� �C ¬�-�3� �C�-�6� �M�e�a�n� 

�I�r�r�i�g�a�t�e�d� 
�M�a�y� �1�8� �1�3� �2�1� �1�7�.�3� �4�0� �5�2� �5�3� �4�8�.�3� �6� �1�4� �1�1� �1�0�.�3� �9� �4�0� �3�5� �2�8�.�0� 

�J�u�n�e� �4�4� �7�0� �8�0� �6�4�.�6� �8�9� �1�4�1� �1�2�6� �1�1�8�.�6� �5�2� �6�6� �9�7� �7�1�.�7� �5�1� �~ �� �8�0� �1�3�2� �8�7�.�7� 

�J�u�l�y� �7�1� �1�0�9� �1�3�2� �1�0�4�.�0� �1�8�1� �2�3�6� �2�7�4� �2�3�1�.�3� �6�6� �8�7� �1�5�4� �1�0�2�.�3� �5�9� �1�1�4� �1�8�9� �1�2�0�.�7� 

�A�u�g�u�s�t� �5�4� �1�0�7� �1�2�4� �9�5�.�0� �1�4�5� �1�9�6� �2�5�9� �2�0�0�.�0� �3�5� �7�2� �1�3�3� �8�0�.�0� �2�9� �1�0�3� �1�8�4� �1�0�5�.�3� 

�S�e�p�t�e�m�b�e�r� �3�0� �_�7�8� �9�3� �_� �6�7�.�0� �_�8�5� �1�5�7� �1�8�1� �1�4�1�.�0� �_�4� �6�2� �1�0�8� �5�8�.�0� �4� �7�0� �1�6�4� �7�9�.�3� 

�M�e�a�n�  ��4�3�.�4� �7�5�.�4� �9�0�.�0� �6�9�.�6� �8�0�.�0� �1�5�6�.�4� �1�7�8�.�6� �1�3�8�.�3� �3�2�.�6� �"�6�0�.�2� �1�0�0�.�6� �6�4�.�5�  ��3�0�.�4�  ��8�1�.�4� �1�4�0�.�8�  ��B�4�2� 
� � 

�.� �N�o�n�i�r�r�i�g�a�t�e�d� 

�M�a�y� �1�0� �1�3� �2�1� �1�4�.�6� �&� �1�3� �2�3� �1�4�.�7� �1�3� �3� �4�.� �6�.�7� �3� �3� �3� �3�.�0� 

�J�u�n�e� �6�8� �5�9� �1�0�1� �7�6�.�0� �5�0� �6�6� �1�2�4� �8�0�.�0� �2�3� �7�0� �8�3� �5�8�.�7� �3�2� �8�6� �1�0�1� �7�3�.�0� 

�J�u�l�y� �8�3� �1�0�3� �1�2�4� �1�0�3�.�3� �7�9� �1�0�1� �1�7�3� �1�1�7�.�6� �3�9� �9�9� �1�1�6� �8�4�.�7� �3�9� �1�0�7� �1�3�7� �9�4�.�3� 

�A�u�g�u�s�t� �3�1� �9�6� �1�0�3� �7�6�.�7� �4�8� �9�1� �1�3�6� �9�1�.�7� �1�6� �7�1� �1�0�4� �6�3�.�7� �2�1� �7�2� �1�2�1� �7�1�.�3� 

�S�e�p�t�e�m�b�e�r� �1�5� �7�7�1�1�5� �6�9�.�0� �3�6�8�5�0�8�7�6�4�3� �|� �0�2�9�7� �5�3�k� �5� 
�M�e�a�n� �4�1�.�4� �6�9�.�6� �9�2�.�8� �6�7�.�9� �4�4�.�2� �7�1�.�2� �1�1�2�.�8� �7�6�.�1� �1�8�.�8� �5�7�.�4� �8�1�.�8� �5�2�.�7� �2�1�.�0� �6�4�.�2� �9�1�.�0� �5�8�.�7� 
� � 

�T�h�e� �f�o�l�l�o�w�i�n�g� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �a�t� �t�h�e� �1�%� �l�e�v�e�l�:� �i�r�r�i�g�a�t�i�o�n� �(�1�)�,� �n�i�t�r�o�g�e�n� �(�N�)�,� �d�e�f�o�l�i�a�t�i�o�n� �(�D�)�,� �s�e�a�s�o�n� �(�S�)�,� �N�X�I�,� �S�X�N�,� �a�n�d� �S�X�D�;� �a�n�d� �a�t� 
�t�h�e� �5�%� �l�e�v�e�l�:� �l�i�g�h�t� �(�L�)�,� �N�X�L�,� �a�n�d� �D�X�N�.



�a�y� 

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

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

�D�e�6� �a�n�d� �t�h�e� �l�o�w�e�s�t� �w�i�t�h� �D�-�1�.�5�.� �T�h�e�r�e� �w�a�s� �a�n� �a�v�e�r�a�g�e� 

�o�f� �3�9�.�0�,� �7�9�.�4�,� �a�n�d� �1�1�0�.�9� �t�i�l�l�e�r�s� �p�e�r� �p�l�a�n�t�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�,� �f�o�r� �D�-�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6�.� 

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

�t�h�e�r�e� �w�e�r�e� �8�7�.�9� �t�i�l�l�e�r�s� �p�e�r� �p�l�a�n�t� �w�h�e�n� �a�v�e�r�a�g�i�n�g� �a�l�l� 

�L�-�=�1� �t�r�e�a�t�m�e�n�t�s� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �6�5�.�0� �t�i�l�l�e�r�s� �f�o�r� �L�-�.�5�.� 

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

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

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

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

�B�r�o�w�n� �a�n�d� �B�l�a�s�e�r� �(�1�0�)�,� �i�n� �u�n�p�u�b�l�i�s�h�e�d� �w�o�r�k�,� �r�e�p�o�r�t�e�d� 

�t�h�a�t� �s�h�a�d�i�n�g� �t�o� �5�0�%� �s�u�n�l�i�g�h�t� �r�e�d�u�c�e�d� �n�o�o�n� �a�n�d� �&� �P�.�i�i�.� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �s�o�i�l� �s�u�r�f�a�c�e� �b�y� �1�0� �t�o� �1�5�°�F�.� �o�n� 

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

�r�e�d�u�c�t�i�o�n� �o�n� �d�a�y�s� �o�f� �l�o�w� �r�a�d�i�a�t�i�o�n� �w�a�s� �o�n�l�y� �2� �o�r� �3�°�F�.� 

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

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

�L�e�s�s�e�r� �e�x�t�e�n�t�.� 

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

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

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



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

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

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

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

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

�p�e�r�i�o�d� �t�h�a�n� �f�o�r� �t�h�e� �J�u�l�y�-�S�e�p�t�e�m�b�e�r� �p�e�r�i�o�d�,� 

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

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

�s�i�g�n�i�f�i�c�a�n�t� �i�n�t�e�r�a�c�t�i�o�n�s�,� �T�a�b�l�e� �1�0�.� �R�e�l�a�x�e�d� 

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

�w�i�t�h� �N�-�3�7�5� �t�h�a�n� �w�i�t�h� �N�-�2�5�;� �t�i�l�l�e�r�i�n�g� �w�a�s� �s�i�m�i�l�a�r� �f�o�r� 
�t�h�e� �t�w�o� �n�i�t�r�o�g�e�n� �t�r�e�a�t�m�e�n�t�s� �a�t� �D�-�1�.�5�.� �W�h�e�n� �n�i�t�r�o�g�e�n� 

�w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �N�-�2�5� �t�o� �N�-�3�7�5� �t�h�e�r�e� �w�a�s� �a� �l�a�r�g�e� 

�i�n�c�r�e�a�s�e� �i�n� �t�i�l�l�e�r�i�n�g� �f�o�r� �L�-�]�1� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �L�-�.�5�.� 

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

�T�i�l�l�e�r�i�n�g� �w�a�s� �s�i�m�i�l�a�r� �f�o�r� �N�-�2�5� �a�n�d� �N�-�3�7�5� �f�o�r� 

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

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

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

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

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

�d�e�f�o�l�i�a�t�e�d� �(�D�+�1�.�5�)� �a�n�d� �l�e�f�t� �w�i�t�h� �l�o�w� �l�e�a�f� �a�r�e�a� 

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



�t�h�a�n� �p�l�a�n�t�s� �w�i�t�h� �h�i�g�h� �l�e�a�f� �a�r�e�a�,� �D�-�6�.� �T�h�e� �i�n�c�r�e�a�s�e� 

�i�n� �t�i�l�l�e�r�i�n�g� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �l�e�a�f� �a�r�e�a� �u�p� �t�o� �D�-�3� 

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

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

�f�a�s�t�e�r� �d�r�o�p� �i�n� �t�i�l�l�e�r�i�n�g� �w�i�t�h� �D�-�1�.�5� �t�h�a�n� �w�i�t�h� �D�-�3� 

�a�n�d� �D�-�6�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� �n�i�t�r�o�g�e�n� �r�a�t�e� �c�a�u�s�e�d� �a� �s�h�a�r�p� 

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

�a� �s�h�a�r�p�e�r� �r�e�d�u�c�t�i�o�n� �o�c�c�u�r�r�e�d� �w�i�t�h� �N�-�3�7�5� �t�h�a�n� �w�i�t�h� �N�-�2�5�,� 

�C�a�r�b�o�h�y�d�r�a�t�e�s�.� �S�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �w�e�r�e� 

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

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

�S�e�p�t�e�m�b�e�r�;� �t�h�e�r�e� �w�a�s� �a� �1�5�%� �d�r�o�p� �i�n� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� 

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

�M�a�y� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �a� �5�7�.�5�%� �d�r�o�p� �b�y� �S�e�p�t�e�m�b�e�r�,� �U�n�d�e�r� 

�n�o�r�m�a�l� �l�i�g�h�t� �(�L�-�1�}�,� �t�h�e� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e� �c�o�n�t�e�n�t�s� 

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

�t�h�e� �i�n�i�t�i�a�l� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �i�n� �A�p�r�i�l� �w�e�r�e� �2�7�.�2�%� 

�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �1�2�.�9�%� �a�n�d� �9�.�0�%� �f�o�r� �M�a�y� �a�n�d� �S�e�p�t�e�m�b�e�r�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

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



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

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

�f�o�r� �N�-�2�5� �w�e�r�e� �1�2�.�8�%� �v�e�r�s�u�s� �9�.�1�%� �f�o�r� �N�-�3�7�5�.� �S�o�l�u�b�l�e� 

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

�T�h�e� �c�a�r�b�o�h�y�d�r�a�t�e� �a�v�e�r�a�g�e�s� �f�o�r� �D�-�1�.�5�,� �D�-�3�,� �a�n�d� �D�-�6� 

�w�e�r�e� �6�.�0�,� �1�1�.�0�,� �a�n�d� �1�5�.�5�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� 

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

�d�e�f�o�l�i�a�t�i�o�n� �v�a�r�i�e�d� �w�i�t�h� �n�i�t�r�o�g�e�n�,� �T�a�b�l�e� �l�l�.� �S�e�v�e�r�e� 

�d�e�f�o�l�i�a�t�i�o�n� �(�D�-�1�.�5�)� �c�a�u�s�e�d� �a� �d�r�a�s�t�i�c� �d�r�o�p� �i�n� �s�o�l�u�b�l�e� 

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

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

�w�i�t�h� �N�-�2�5� �t�h�a�n� �f�o�r� �N�-�3�7�5� �w�i�t�h� �r�e�l�a�x�e�d� �d�e�f�o�l�i�a�t�i�o�n� �(�D�-�3�)�.� 

�A�s� �d�e�f�o�l�i�a�t�i�o�n� �w�a�s� �f�u�r�t�h�e�r� �r�e�l�a�x�e�d� �(�D�-�6�)� �t�h�e� �i�n�c�r�e�a�s�e�s� 

�i�n� �s�o�l�u�b�l�e� �c�a�r�b�o�h�y�d�r�a�t�e�s� �f�o�r� �N�2�5� �a�n�d� �N�-�3�7�5� �w�e�r�e� 

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

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

�i�n�c�r�e�a�s�e�d� �l�e�a�f� �a�r�e�a�.
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�D�I�S�C�U�S�S�I�O�N� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�g�r�e�e�n�h�o�u�s�e� �(�E�x�p�e�r�i�m�e�n�t� �I�)� �a�n�d� �f�i�e�l�d� �e�x�p�e�r�i�m�e�n�t� �(�I�v�)� 

�r�e�d�u�c�e�d� �t�i�l�l�e�r�i�n�g� �b�y� �7�3� �a�n�d� �2�6�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

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

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

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

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



�~�T�h�e� 

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

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

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

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

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

�W�a�r�d� �a�n�d� �B�l�a�s�e�r� �(�3�5�)�.� �0�0�0�0�0� �|� 

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

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

�w�i�t�h� �a�n� �1�8�-�h�o�u�r� �t�h�a�n� �f�o�r� �a� �9�<�h�o�u�r� �d�a�y� �(�3�1�0�0� �F�.�C�.� �i�n� 

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

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

�Q�-�h�o�u�r� �d�a�y� �a�t� �3�1�0�0� �F�.�C�.� �(�P�-�2�)� �p�r�o�d�u�c�e�d� �m�o�r�e� �t�i�l�l�e�r�i�n�g� 

�o�f� �o�r�c�h�a�r�d�g�r�a�s�s� �t�h�a�n� �t�h�e� �s�a�m�e� �t�r�e�a�t�m�e�n�t� �p�l�u�s� �9�~�h�o�u�r� 

�i�n�c�a�n�d�e�s�c�e�n�t� �l�i�g�h�t� �(�P�-�3�)�.� �T�h�i�s� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� 

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

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

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

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

�s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �f�o�r� �P�e�3� �t�h�a�n� �f�o�r� �P�-�2�,� 

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

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

�S�p�r�i�n�g� �s�e�a�s�o�n�.� �D�r�y� �w�e�i�g�h�t�s� �o�f� �c�l�i�p�p�i�n�g�s�,� �w�i�t�h� �l�i�g�h�t� 

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

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

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

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

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

�f�o�l�i�a�g�e� �g�r�o�w�t�h� �w�a�s� �v�e�r�y� �s�l�o�w� �a�t� �5�0�~�6�0�°�F�.� �a�s� �c�o�m�p�a�r�e�d� 

�w�i�t�h� �7�0�-�8�0�°�F�.� �n�i�g�h�t�-�d�a�y� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e�r�e� �w�a�s� �a� 

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

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

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

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

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

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

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

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

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

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

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

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

�S�u�l�l�i�v�a�n� �a�n�d� �S�p�r�a�g�u�e� �(�3�1�)� �f�o�u�n�d� �t�h�a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� 

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

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

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

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

�U�n�d�e�r� �f�i�e�l�d� �c�o�n�d�i�t�i�o�n�s� �(�E�x�p�e�r�i�m�e�n�t� �I�V�)� �t�h�e�r�e� �w�a�s� 

�a� �d�e�c�i�d�e�d� �i�n�c�r�e�a�s�e� �i�n� �t�i�l�l�e�r�i�n�g� �b�e�t�w�e�e�n� �A�p�r�i�l� �a�n�d� �J�u�n�e�.� 

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

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

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

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

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

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

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

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

�I�r�r�i�g�a�t�i�o�n�.� �I�r�r�i�g�a�t�i�o�n� �(�E�x�p�e�r�i�m�e�n�t� �I�V�)� �i�n�c�r�e�a�s�e�d� 

�t�i�l�l�e�r�i�n�g� �b�y� �3�0�%� �o�v�e�r� �n�o� �i�r�r�i�g�a�t�i�o�n� �w�h�e�n� �a�l�l� �f�a�c�t�o�r�i�a�l� 

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

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

�n�o�r�m�a�l�l�y� �b�e� �e�x�p�e�c�t�e�d� �a�s� �r�a�i�n�f�a�l�l� �i�n� �1�9�6�3� �w�a�s� �u�n�u�s�u�a�l�l�y� 

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

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

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

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

� � 

�N�e�w� �Z�e�a�l�a�n�d� �s�h�o�w�s� �a� �n�e�a�r� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

�d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �l�e�a�f� �a�r�e�a�,� �B�r�o�u�g�h�a�m� �(�7�)�.
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�M�a�x�i�m�u�m� �r�a�t�e�s� �o�f� �d�r�y� �m�a�t�t�e�r� �p�r�o�d�u�c�t�i�o�n� �o�c�c�u�r�r�e�d� �w�h�e�n� 

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

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

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

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

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

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

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

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

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

�a�s� �l�e�a�f� �a�r�e�a�s� �w�e�r�e� �i�n�c�r�e�a�s�e�d� �(�l�a�x� �d�e�f�o�l�i�a�t�i�o�n�)� �m�a�y� �b�e� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �h�i�g�h� �l�i�g�h�t� �i�n�t�e�r�c�e�p�t�i�o�n�,� �B�r�o�u�g�h�a�m� �(�7�)�.� 

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

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

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

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

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

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

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

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

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

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

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



�~�f�2�0� 

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

�o�r�c�h�a�r�d�g�r�a�s�s�.� �I�t� �i�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �r�o�o�t� �g�r�o�w�t�h� �t�a�k�e�s� 

�p�l�a�c�e� �o�n�l�y� �w�h�e�n� �c�a�r�b�o�h�y�d�r�a�t�e�s� �t�e�n�d� �t�o� �a�c�e�u�m�u�l�a�t�e� �(�1�3�)�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



�e�x�p�e�c�t�e�d�.� �S�p�r�a�g�u�e� �a�n�d� �S�u�l�l�i�v�a�n� �(�2�9�)� �r�e�p�o�r�t�e�d� �t�h�a�t� 

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

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

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

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

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

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

�o�c�c�u�r�r�e�d� �u�n�d�e�r� �l�o�w� �n�i�t�r�o�g�e�n�.� 

�R�o�o�t� �g�r�o�w�t�h� �w�a�s� �b�e�t�t�e�r� �w�i�t�h� �l�o�w� �n�i�t�r�o�g�e�n� �t�h�a�n� 

�w�i�t�h� �h�i�g�h� �n�i�t�r�o�g�e�n� �f�e�r�t�i�l�i�z�a�t�i�o�n�.� �T�h�e� �l�o�w� �r�o�o�t� 

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

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

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

�m�a�y� �r�e�d�u�c�e� �r�o�o�t� �w�e�i�g�h�t�s� �(�1�)�.� 

� � 

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

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

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

�A�.� �L�i�g�h�t�-�d�e�f�o�l�i�a�t�i�o�n�.� �I�t� �w�a�s� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� 

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

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

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

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



�d�e�f�o�l�i�a�t�i�o�n� �a�n�d� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �(�E�x�p�e�r�i�m�e�n�t�s� �I�,� �I�I�I�,� 

�a�n�d� �I�V�)�,� �t�h�e� �c�o�m�b�i�n�e�d� �e�f�f�e�c�t� �o�f� �h�i�c�h� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� 

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

�f�i�x�a�t�i�o�n� �b�y� �p�h�o�t�o�s�y�n�t�h�e�s�i�s�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �F�i�g�u�r�e�s� �1� 

�a�n�d� �4� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �g�r�o�w�t�h� �h�a�d� �f�i�r�s�t� �a�c�c�e�s�s� �t�o� 

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

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

�i�n�c�r�e�a�s�e�d� �(�r�e�l�a�x�e�d� �d�e�f�o�l�i�a�t�i�o�n�)�.� �T�i�l�l�e�r�i�n�g� �r�a�t�e�s� 
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� 

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

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

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

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

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

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

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

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

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

�t�r�e�a�t�m�e�n�t�s� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o�:� �1�)� �h�i�g�h� �g�r�o�w�t�h� �r�a�t�e� 

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

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

�p�l�a�n�t�.� 

�B�.� �L�i�g�h�t�-�n�i�t�r�o�g�e�n�.� �T�h�e�r�e� �w�e�r�e� �s�h�a�r�p�e�r� �i�n�c�r�e�a�s�e�s� 

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


