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Abstract: A better understanding of factors affecting field losses and milling quality during harvest is needed to improve the 
economic value of rice.  The main objective of this study was to evaluate the impact of harvester header, harvester type, and 
weather conditions on field loss and milling quality of rough rice.  Four popular harvesters equipped with different headers: 
John Deere 9870 with header D60-S, John Deere 9860 with header D972-S, Hardy, and John Deere 9770 with stripper header 
were evaluated in this study.  The header and total field losses of rice were evaluated for each harvester under regular, rainy 
and windy weather conditions.  Tests were conducted in a rice field cultivated with medium grain rice, variety M206, at 
Grimes, CA.  Total rice yield (TRY), head rice yield (HRY) and whiteness index (WI) were examined to evaluate the effect of 
weather conditions on milling quality.  The obtained results revealed that the rice field loss was affected by harvester header 
and type, and weather conditions.  Among the conventional headers, D60-S significantly reduced the rice loss compared to the 
D972-S and the Hardy.  Harvesting with John Deere 9860 resulted in significant header and field loss compared to other tested 
harvesters.  The average loss increased from 236.2 kg/hm2 and 445.2 kg/hm2 under regular condition to 711.1 kg/hm2 and 
907.9 kg/hm2 under windy condition for John Deere 9870 and John Deere 9860, respectively.  The corresponding loss 
percentages increased from 2.6% and 4.9% to 7.9% and 10.1%.  HRY was significantly affected by weather condition at 
harvest time. However, the weather condition had no significant effect on TRY and WI.  To minimize the rice field loss and 
obtain good milling quality, commercial rice harvesting during regular weather conditions is important.  A proper combination 
of harvester type and header could be vital for reducing the rice loss. 
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1  Introduction  

Rice loss in the field during harvesting presents a  
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direct economic loss to growers.  In California, most 
rice growing areas encounter strong wind and rainfall 
events of various magnitudes during harvesting season, 
which cause rice lodging and moisture change and affect 
performance of harvesters, rice loss and milling 
quality[1,2].  Also, in light of improved combine 
harvesters and emergence of new rice varieties, there is a 
need for continuous assessments of rice loss and milling 
quality[3].  Understanding the impact of weather 
conditions, harvester headers, and harvester types on rice 
loss in the field and milling quality is of a great 
importance for mitigating rice loss and milling quality.  
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To maximize profit in the rice harvesting process,  
an acceptable compromise must be sought between loss 
of grain yield, reduction in quality and maximizing 
harvest capacity.  The loss of grain in the field caused 
by harvesters is classified into header loss (losses at  
the front of a harvester) and combining losses (losses at 
threshing, separation and cleaning units) or gathering 
loss and processing loss[4].  Header losses are known  
to vary widely with the type, variety and condition of 
the crop, and the designing features of the header[1].  
The performance of modern rice harvesters, facilitated 
with conventional and stripper headers, is affected by 
the harvester settings and crop conditions[2-5].  Most 
harvester manuals give initial settings for the crop, 
however, operators must be prepared to adjust these 
based on conditions in a given field and the threshing 
characteristics of each rice variety.  Harvesters    
must be adjusted to unique setting for each crop, variety, 
and maturity.  Despite recommended setting, grain  
loss may be significant at the beginning and  
periodically throughout the harvest season[2].  In order 
to minimize such loss, a precise and accurate estimate is 
needed to make a suitable plan for an entire harvesting 
season. 

The weather conditions that prevailed during the 
harvesting season have an impact on the grain loss and 
quality.  These conditions are not controllable but 
should be observed because the harvesting schedule may 
have to be adjusted to minimize the field loss and quality 
degradation.  Heavy rainfall during harvest delays 
harvesting which in effect increases both the yield and 
quality losses[6].  Moreover, the inherent characteristics 
of different varieties of rice, including shattering, lodging, 
and moisture absorption and desorption are affected by 
weather conditions[4].  Therefore, the suitable 
combination of harvesters used, crop conditions and 
weather conditions need to be selected to reduce harvest 
losses and improve produce quality[7]. 

While grain loss is considered an important attribute 
when harvesting rice, the quality of rice is also a major 
concern.  The quality of rice is determined mainly by 
head rice yield (HRY) and the presence of fines and 
foreign materials (dockage)[8].  HRY is the weight 

percentage of rough rice that remains greater than 75% 
of intact length throughout the milling process[3-9,10].  
Improving HRY is a continuously targeted goal for rice 
growers.  Weather conditions affect the moisture 
content of the rough rice at harvest thereby influencing 
HRY.  Thompson and Mutters[11] studied the effect of 
weather and rice moisture at harvest on milling quality 
of California medium-grain rice.  They found that 
harvesting under dry climate conditions produced a wide 
range of head rice quality.  Dry windy conditions 
during harvest caused rapid reductions in rice moisture, 
predisposing rice to significant HRY loss and most of 
the loss occurred after rehydration conditions.  
Dilday[12] also stated that HRY generally decreased 
significantly as grain MC at harvest decreased.  
Moreover, Thompson and Mutters[11] concluded that 
harvesting rice under a combination of dry 
meteorological conditions and conditions of diurnal 
rehydration is considered as a main reason for the 
commercial variation in California medium-grain rice 
quality.  To produce the highest quantity and quality of 
rice possible, the effects of the combine header and type 
over the entire range of rice harvesting conditions need 
to be investigated.  

Our previous study[13] revealed that the loss in weight 
due to the presence of dockage was affected by the 
harvester header and type.  The lowest average dockage 
occurred in the case of harvesters equipped with stripper 
headers compared to conventional headers. �However, 
no significant difference was observed between dockage 
of rice harvested with John Deere with stripper header 
and that harvested with Claas Lexion with conventional 
header.  It was also clear that besides the impact of 
harvester model, dockage was also significantly different 
within different header configurations. �Additionally,�
rice dockage was affected by strong wind and rainfall 
events.  Dockage was higher on windy and rainy days 
compared to during normal weather conditions.  It was 
noted that fluctuations of rice moisture occurred due to 
strong winds and rains.  It was also observed that strong 
wind caused rice lodging.  Thus the harvesting operation 
may be negatively influenced.  Particularly, rice cutting 
and feeding efficiencies�are compromised when rice stalk 
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is fallen down.  Consequently, this phenomenon may 
affect the grain losses from harvester header, threshing, 
separation and cleaning units as well. 

Our elaborate review of previous studies 
demonstrated that there have been extensive combine 
tests performed on other grains, however, no research has 
been conducted in measuring rice harvesting losses 
induced by harvester header and type under various 
weather conditions.  Moreover, little research has been 
conducted on the effect of weather conditions on rice 
milling quality[11,12,14,15].  Therefore, the objectives of 
this study were to: (1) determine the impact of harvester 
header and harvester type on rice losses in the field, (2) 
delineate effect of weather conditions on rice loss and 
rice milling quality, and (3) provide suitable 
recommendation for minimizing rice losses in the field 
and improving milling quality.  

2  Materials and methods 

2.1  Harvesters 
Working with rice growers and the T&P farms in 

California (CA), four popular rice harvesters were 
identified in order to investigate the impact of harvester 
type and header on the field loss.  The tested harvesters 
were John Deere 9870 equipped with conventional header 
D60-S (Figure 1), John Deere 9860 with conventional 
header D972-S (Figure 2), Hardy with conventional 
header (Figure 3), and John Deere 9770 with stripper 
header (Figure 4).  Configurations of harvester types and 
headers are presented in details in Table 1.  Harvester 
tests were conducted in a rice field cultivated with 
medium grain rice, variety M206, at Grimes, CA.  The 
rice loss was evaluated for each harvester under regular, 
rainy and windy weather conditions in the 2012 rice 
harvesting season.  Based on harvester availability, the 
loss for the John Deere 9770 with stripper header was 
evaluated only under windy weather conditions.  The 
regular weather condition means no rain or no strong 
winds.  The operating parameters of the harvesters 
including forward speed, cylinder speed and cylinder 
clearance were maintained constant at conditions for 
optimal rice harvesting as recommended and used by the 
harvester operators.  

 
Figure 1  John Deer model 9870 with conventional header D60-S 

 
Figure 2  John Deer model 9860 with conventional header 

D972-S 

 
Figure 3  Hardy harvester with conventional header 

 
Figure 4  John Deer model 9770 with stripper header 

 

Table 1  Configurations of tested harvester types and headers 

Header 
Harvester Model Year 

Type Model 
Width/m

John Deere 9870 2009 Conventional D60-S 7.62 

John Deere 9860 1997 Conventional D972-S 7.62 

Hardy Regular 1980 Conventional Hardy 5.48 

John Deere 9770 2001 Stripper 9770 7.62 
 

2.2  Evaluation of rice losses in the field  
Field loss of rice was considered to be the sum of 

header losses and losses after threshing, separating and 
cleaning by the combine.  These two categories of losses 
were observed directly and studied separately.  Field 
losses were determined for different harvesters under 
each tested weather conditions, including regular (John 
Deere 9870, Johon Deere 9860 and Hardy), rainfall (John 
Deere 870, John Deere 9860 and Hardy) and wind (John 
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Deere 9870, John Deere 9860 and John Deere 9770).  
Weather conditions during the rice harvesting season 
were monitored to determine specific days with notable 
magnitudes of rainfall and strong winds.  The conditions 
of tested weather events are described in details in Table 
2.  On each test day, the loss measurement evaluation 
commenced one hour after the beginning of harvesting 
operation.  This allowed the tested harvesters to reach 
steady state operation.  After steady state conditions 
were reached, six samples with three replicates were 
taken for each harvester for each test. Samples were taken 
from an area of one square foot (0.09 m2)[2-4,16,17].  Then 
the loss was calculated in germs per square meter.  
Three samples for header loss (HL) analysis were taken 
randomly from three locations under the harvester header.  
Another three samples for the threshing, separating and 
cleaning related losses (TSCLP) were taken from three 
locations at the rear of the harvester over 15 m of 
harvester travel[18].  The percentage of rice loss at the 
header and that due to threshing, separating and cleaning 
for each tested harvester was determined by Equations (1) 
and (2). 

100HLHLP
HL TSCL

= ×
+

           (1)  

where, HLP is header loss percentage, %; HL is header 
loss, g/m2; TSCL is threshing, separating and cleaning 
loss, g/m2. 

100TSCLTSCLP
TSCL HL

= ×
+

           (2) 

where, TSCLP is threshing, separating and cleaning loss 
percentage.  

 

Table 2  Tested weather conditions 

Conditions Temperature 
/ºC 

Relative humidity 
/% 

Wind speed 
/mph 

Precipitation
/in 

Regular 29 57 2 0 

Rainfall 17.8 83 6 1.3 

Wind 14.5 67 15 0 
 

Rice harvesting under rainfall conditions commenced 
12 h after the rainfall event.  The losses were measured 
in grams per square meters and converted to kilograms 
per hectare.  The total loss percentage was calculated by 
Equation (3):  

(%) 100FLTYL
TY

= ×              (3) 

where, TYL is total yield loss (kg/hm2); FL is field loss, 
and TY is total yield (kg/hm2) based on the weight of the 
crop production per hectare. 
2.3  Milling quality evaluation 

Milling quality evaluation was conducted for the 
rough rice samples collected at each weather condition.  
The initial moisture content (MC) of samples was 
24.1%±0.4%, 24.9%±0.5% and 21.6%±0.5% at regular, 
rainy and windy weather conditions, respectively.  All 
reported MCs are averages of three replicates on wet 
basis and were determined by the air oven methods 
(130°C for 24 h)[19].  To evaluate milling quality, the 
samples were dried from their initial moisture contents to 
moisture content of 13.0%±0.4% using multiple drying 
passes of hot air at temperature of 43°C and velocity of 
0.1 m/s.  The drying conditions were similar to 
commercial drying practice.  During each drying pass, 
the samples were heated for 20 min followed by 
tempering treatment for 4 h at ambient temperature.  
After drying, the rice samples were stored in zip-lock 
bags at room temperature of (23.0±2.0)°C for one week 
before analyzing the milling quality.  To conduct milling 
quality analysis, the rice samples (400 g each) were 
dehulled and milled using a Yamamoto Husker (FC-2K) 
and Yamamto Rice Mill (VP-222N, Yamamoto Co. Ltd., 
Japan).  The samples were milled three times to achieve 
well-milled rice as defined by the Federal Grain 
Inspection Service (FGIS).  The setting of throughput 
and whitening were 1 and 4 during the first two milling 
passes and 1 and 5 during the third milling pass.  Total 
rice yield (TRY), head rice yield (HRY) and whiteness 
index (WI) were used to evaluate the effects of weather 
conditions on milling quality.  The HRY was 
determined with Graincheck (Foss North America, Eden 
Prairie, MN).  The WI was determined by the whiteness 
tester (C-300, Kett Electronic Laboratory, Tokyo, Japan).  
A higher index number indicates whiter milled rice.  All 
reported milling quality indicators are averages of three 
replicates. 
2.4  Statistical analysis 

Data were analyzed statistically with SigmaStat 
(version 2.0, Jandel Corp., San Rafael, California) using 
one-way RM ANOVA and multiple comparisons.  
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Tukey’s adjustment method was used to compare means 
of rice loss and milling quality under different harvester 
headers, harvester types and weather conditions.  
Significance level was reported at p<0.05 level for all 
data. 

3  Results and discussion 

3.1  Impact of harvester header on rice loss  
The average values and standard deviations of rice 

grain loss for different harvester headers under different 
weather conditions are presented in Table 3. 

 

Table 3  Average header loss values and standard deviations 
for different headers 

Header type Header model Weather condition Loss/g·m-2 

Regular 1.51±0.55a 

Rainfall 5.81±1.03b D60-S 

Wind 2.70±0.34a 

Regular 9.47±1.23c 

Rainfall 23.14±3.18e D972-S 

Wind 5.81±0.97b 

Regular 11.84±2.98d 

Conventional 

Hardy 
Rainfall 13.78±2.88d 

Stripper 9770 Wind 18.41±1.51e 

Note: Superscript letters indicated that means with same letters designation in 
each column are not significantly different at p<0.05. 
 

It can be seen that the rice loss was significantly 
(p˂0.05) affected by harvester header.  In general, the 
three conventional headers had rice loss less than that of 
the single stripper header.  Additionally, among the 
conventional headers, D60-S had significantly header loss 
compared to D972-S and Hardy.  For example, the 
averages of rice loss under wind weather conditions were 
(2.70±0.34) g/m2 and (5.81±0.97) g/m2 for conventional 
headers (D60-S and D972-S) and (18.41±1.51) g/m2 for 
the stripper header tested.  The corresponding values of 
header loss percentage (HLP) were 3.8%, 6.4% and 32.3%.  
The obtained results revealed that harvesting with D60-S 
significantly reduced rice header loss compared to the 
other harvesters tested.  The stripper header had higher 
rice loss compared to the conventional headers tested.  
This finding is in agreement with that reported by 
Kalsirisilp and Singh[20].  This may be due to the 
unacceptable shatter losses caused by the stripping 
elements[5-21].  Additionally, strong winds results in rice 
lodging which causes incomplete detachment of plant 

parts for a subsequent threshing operation.  Due to the 
harvesting schedule and the availability of the headers, the 
stripper header was tested only under the wind condition.  
To justify the stripper header loss, a further study is needed 
to evaluate the stripper header under regular and rain 
weather conditions.   
3.2  Impact of harvester type on rice loss  

The harvester type significantly affected the rice field 
loss.  The John Deere 9870, John Deere 9770 and Hardy 
had much lower field loss compared to John Deere 9860.  
The averages of field loss were (23.68±4.41) g/m2, 
(20.02±3.01) g/m2, and (44.56±5.56) g/m2 under regular 
condition and (11.94±2.74) g/m2, (18.73±3.22) g/m2, and 
(43.27±7.66) g/m2 under rainfall condition for John Deere 
9870, Hardy and John Deere 9860, respectively (Table 4).  
The corresponding loss percentages were 2.36%, 2.00% 
and 4.45% under regular condition and 1.19%, 1.87% and 
4.32% under rainfall condition.  For wind condition, the 
averages of field loss were (57.05±7.62) g/m2, 
(71.15±6.89) g/m2 and (90.10±7.86) g/m2 for John Deere 
9770, John Deere 9870 and John Deere 9860, 
respectively (Table 4).  The corresponding loss 
percentages were 5.70%, 7.11% and 9.10%.  It is 
important to notice that the increased rice loss for John 
Deere 9860 may be due to the increased loss at the 
threshing, separating and cleaning units of this harvester 
compared to the other tested harvesters.  The threshing, 
separating and cleaning loss percentage (TSCLP) for 
John Deere 9860 was 78.7%, 47.0% and 93.0% under 
regular, rainfall and wind conditions, respectively.  
While the TSCLP for hardy was 40% and 26% under 
regular and rainfall conditions, respectively. 

The obtained results clearly indicated that harvesting 
using John Deere 9860 resulted in significant header and 
field losses compared to other tested harvesters.  
Additionally, the performance of the tested harvesters 
was affected by weather conditions during harvesting 
operation.  For all tested harvesters, the losses from 
threshing, separating and cleaning units were 
significantly higher under wind condition compared to 
those under regular and rain conditions (Table 4).  The 
impact of weather conditions on rice loss is discussed in 
details in the next section. 
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Table 4  Average values and standard deviations of rice loss of tested harvesters under different weather conditions 
Loss 

Threshing, separating and cleaning Field Harvester type Weather condition 

g·m-2 % g·m-2 % 

John Deere (9870) with D60-S 22.06±3.86b 2.20 23.68±4.41b 2.36 

John Deere (9860) with D972-S 35.09±5.72c 3.50 44.56±5.56c 4.45 

Hardy 

Regular 

8.18±2.89a 0.81 20.02±3.01b 2.00 

John Deere (9870) with D60-S 6.13±1.23a 0.61 11.94±2.74a 1.19 

John Deere (9860) with D972-S 20.12±2.82b 2.01 43.27±7.66c 4.32 

Hardy 

Rainfall 

4.95±0.65a 0.49 18.73±3.22b 1.87 

John Deere (9870) with D60-S 68.48±9.87d 6.84 71.15±6.89e 7.11 

John Deere (9860) with D972-S 85.03±6.78e 8.50 90.10±7.86f 9.10 

John Deere (9770) with Stripper 

Wind 

38.64±4.22c 3.86 57.05±7.62d 5.70 

Note: Superscript letters indicated that means with same letters designation in each column are not significantly different at p<0.05. 
 

3.3  Impacts of weather conditions on rice loss 
Average rice grain losses for the tested harvesters 

under regular, rainfall and wind conditions are shown in 
Figure 5.  The results revealed that the weather 
condition significantly affected the performance of tested 
harvesters.  Particularly, the rice loss significantly 
increased during wind condition.  The average loss 
increased from 236.2 kg/hm2 and 445.2 kg/hm2 under 
regular condition to 711.1 kg/hm2 and 907.9 kg/hm2 under 
wind condition for John Deere 9870 and John Deere 9860, 
respectively (Figure 5).  The corresponding loss 
percentages increased from 2.6% and 4.9% to 7.9% and 
10.1% when the rice yield was assumed as 8000 
pound/acre (8990 kg/hm2) (Figure 6).  Additionally, the 
rice loss at rainfall condition was slightly less than that at 
regular condition.   Increase in rice loss at wind condition 
may be due to the decreased moisture content and rice 
lodging compared to regular and rain conditions.  The 
moisture content of harvested rice was 24.1%±0.4%, 
24.9%±0.5%, and 21.6%±0.5% at regular, rainfall and 
wind conditions, respectively.  It is clearly seen that 
John Deere 9860 had the highest loss under all tested 
weather conditions (Figure 6).  The increased rice loss for 
John Deere 9860 is related to increasingly integrated loss 
for both header and threshing, separating and cleaning 
units especially under the wind condition.  Most losses 
were related to threshing, separating and cleaning rather 
than conventional headers on John Deere 9870 and Hardy. 

The obtained results under tested conditions revealed 
that harvester headers and types affect rice field loss.  At 
the same time, weather conditions affected the 
performance of all tested harvesters.  Losses from 

threshing, separation and cleaning of rice from the 
combine were significantly higher under windy 
conditions, up to 10% compared to those under regular or 
rainy conditions.  The use of conventional harvester 
header could cause less field loss compared to the single 
stripper header observed under wind weather conditions.  
Use of appropriate harvesters and header type with 
optimal settings and at the regular weather condition 
could improve the economic value of rice.  

 
Figure 5  Rice field loss for different harvesters and weather 

conditions (JD: John Deere) 

 
Figure 6  Percentage of rice loss for different harvesters and 

weather conditions. (JD: John Deere, RC: Regular condition, RF: 
Rainfall condition, WC: Wind condition) 
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3.4  Impacts of weather condition on rice milling 
quality 

The milling quality indicators, including TRY, HRY 
and WI for rough rice harvested under regular, rainfall 
and wind conditions are presented in Figures 7 and 8.  
The results indicated that the weather condition had no 
significant effect on TRY and WI.  However, the 
weather condition had a significant effect on HRY 
(Figure 7).  For example, the averages of TRY were 
68.2%, 68% and 69.2% for regular, rainfall and wind 
conditions, respectively (Figure 7).  The corresponding 
values of HRY were 60.8 %, 51.4 % and 60.3% (Figure 
7).  It can be seen that the rainfall condition significantly 
decreased HRY compared to regular and wind conditions.  
This indicated that fissured kernels increased and were 
primarily caused by rapid moisture adsorption due to 
rainfall and changes in humidity.  These results are in 
agreement with those reported by Jodari and 
Lindscombe[22].  Where both long and medium grain 
rice kernels experienced a significant reduction in HRY 
under rain events.  Finassi et al.[15] found that dry 
conditions allowed MC to decrease and subsequent rain 
caused a significant drop in HRY for medium grain rice 
grown in Italy.  Thompson and Mutters[11] reported that 
dry windy conditions during harvest caused a significant 
HRY loss due to rapid reductions in rice moisture and 
subsequent rehydration conditions.  Dilday[12] stated that 
HRY generally decreased significantly as grain MC at 
harvest decreased.  Some previous researches[14,23-25] 
also indicated that cycles of drying and moisture 
absorption due to rain and humid weather conditions 
cause paddy rice kernels to fissure and negatively 
influences the milling quality.  

When the results of WI were examined, there was no 
significant difference among the tested conditions (Figure 
8).  For instance, values of WI were 39.7, 40.4 and 39.2 
units for regular, rainfall and wind conditions, 
respectively (Figure 8).  The WI under rainfall condition 
was slightly higher than that of regular and wind 
conditions, but they were not significantly different.  
The obtained results revealed that weather condition has 
some impact on HRY.  Accordingly, to minimize the 
rice field loss and obtain good milling quality, it is 

important to conduct commercial rice harvesting during 
regular weather conditions with selected combines.  

 
Figure 7  Total rice yield (TRY) and head rice yield (HRY) of 
rough rice (M206) harvested under different weather conditions 

 
Figure 8  Whiteness index (WI) of rough rice (M206) harvested 

under different weather conditions 

4  Conclusions 

The research showed that the rice field loss and 
milling quality were affected by harvester headers, 
harvester types and weather conditions.  Among the 
conventional headers, D60-S significantly reduced rice 
loss compared to the D972-S and the Hardy.  Harvesting 
with the John Deere 9860 harvester resulted in significant 
header and field loss compared to the other harvesters 
tested.  Additionally, weather conditions affected the 
performance of all tested harvesters.  Losses for threshing, 
separating and cleaning of rice from the tested combines 
were significantly higher under windy condition which 
was up to 10% compared to those under regular and rainy 
conditions.  The weather condition also affected milling 
quality, especially head rice yield (HRY).  Rainy 
conditions significantly decreased HRY compared to 
regular and windy conditions.  Weather condition had 
no significant effect on total rice yield (TRY) and 
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whiteness index (WI).  Thus, harvesting under regular 
weather conditions is recommended to minimize field 
loss and to maintain good milling quality.  Use of a 
conventional header could cause less field loss than a 
stripper header under wind weather conditions.  
However, to determine the best combination of harvester 
type and header, it is vital to understand harvester- 
dependent losses from threshing, separation and cleaning 
within the combine.  
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