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1. INTRODUCTION

The hair coat of animals plays a critical role in heat and moisture transfer from the skin surface to the surrounding environment and body temperature control.  Endotherms interact with the thermal environment that affects their growth, production and reproduction potential at the skin hair-coat interface (Gebremedhin 2012). Animal hair coat traps air to provide insulation from cold but becomes an obstruction for evaporative cooling by reducing the velocity and moisture gradients through the fur layer in hot and humid conditions (Gebremedhin 2012). When an animal is exposed to sunlight, a temperature gradient is formed between the hair-coat surface and the skin (Bertipaglia et al. 2005). The hair coat is one of the most significant factors that affects the heat dispersion rate from body to the environment (Berman et al. 1961).

Heat flow occurs through processes dependent on surrounding environments such as humidity and temperature. In hot and humid area, animals must be able to dissipate heat through the skin and from the respiratory tract, and prevent thermal energy coming from the environment at the same time. The protective properties largely depend on the physical characteristics of hair coat and skin, which allow to exchange heat with the environment (Bertipaglia et al. 2007). Various hair-coat characteristics are greatly involved in the heat transfer between skin surface and the surrounding environment. For example, light-colored and shiny hair coat reflects a greater proportion of incident solar radiation than dark-colored and wooly hair coat (Bertipaglia et al. 2007). 

Hair-coat properties are inputs to heat and mass transfer models of animals. It is therefore imperative that physical and optical properties of the hair coat are accurately characterized for modeling heat and mass transfer through the hair coat.  Moreover, hair-coat properties can provide information of the breed of animals that are more likely to adapt to a particular environment. Availability of physical and optical data in literature is sparse at best; what is available is mostly from studies done in the early 1950’s to 1970’s which do not represent present-day high milk volume-producing cows and changes in nutrition of animal feed.




































2. PHYSICAL PROPERTIES OF HAIR COAT


All the symbols in the following contents, tables, and figures have consistent symbols described as:

n = number of measurements
L = length of hair (mm)
l = depth of hair coat (mm)
ρ = density of hair coat (hairs/cm2)
D = diameter of hair (µm)
wt. = weight of hair coat (mg/cm2)


Several investigators (Gebremedhin et al. 1984, Berman et al. 1961, Pan YS 1964) have measured physical properties of hair-coat characteristics from different breeds of cows in various circumferences. They focused on hair length, hair diameter, depth of hair coat, density of hair coat, and weight of hair coat. Although many investigators (Maia et al. 2005, Bertipaglia et al. 2007, da Silva et al. 2003) used similar techniques to collect sample matrices, they set up different conditions of hair-coat samples such as location of hair coat and breed of cows.

Hutchinson et al. (1969) measured physical properties of Friesian cows in different colors and coat characteristics. They divided cow hair into three different colors such as white, brown, and black. More deeply, Hutchinson et al. (1969) subdivided hair colors into several groups by how densely hairs are aligned on skin. The obtained data were shown in table 1. From the table 1, it was reported that hair coat of brown color had longer hair-coat depth and heavier weight of hair coat per square centimeter than white and black hair coat. Brown hair coat had twice to three times thicker hair-coat depth than white hair coat and about seven times thicker hair-coat depth than black hair coat. For the weight of hair coat per square centimeter, a white hair coat and a black hair coat showed similar hair-coat weight results, but the brown hair coat had twice heavier hair-coat weight per square area than other two white and black hair coat.  It was observed that white hair coat and black hair coat had greater hair-coat density than brown hair coat.

Gebremedhin et al. (1983) measured the physical properties of hair and hair coat of Holstein calves. They collected hair-coat samples from the ventral, lateral, dorsal, and head areas of two Holstein calves. The measured average physical properties are given below:
D = 6.4 ± 10 µm 
L = 20 ± 3.6 mm
l = 13 ± 2.2 mm

Further, Gebremedhin et al. (1983) expressed the hair-coat density (number of hairs/cm2) in terms of the depth of hair coat by a hyperbolic tangent function expressed as:



Maia et al. (2005) studied physical hair-coat properties of Holstein cows under various circumstances. The physical property data were obtained from 973 Holstein cows from a commercial dairy herd in Descalvado, State of Sao Paulo, Brazil. They measured the physical properties of Holstein cows in four different categories: month of sampling, cow’s age, origin of cow, and hair-coat color. The depth of hair coat was measured in the thorax region, about 20 cm below the dorsal line. For the length of hair and the diameter, average of the 10 longest hairs of the sample that had about 150 to 400 hairs were measured. The density of hair coat was obtained from direct counting of all hairs in the sample. The sampling of the hair coat was conducted from November 2000 to April 2001. The results of the study were expressed in the table 2. There is no significant variations observed in the depths of hair coat of Holstein cows from different months. However, the length of hair was longer in March and April. The average density of hair coat was high in February and March. The diameter of hair was slightly thicker in December. The physical properties according to cow’s age showed consistent results. However, as shown in the table 2, the hair diameter became thicker as the Holstein cows get older. When the cow’s age was greater than 8 years old, hair diameter was thicker. Physical characteristics of Holstein cows from three different countries, Brazil, Canada, and USA were obtained and compiled in the table 2. There was no significant differences in hair-coat depth and hair length of cows from those three different countries. However, Holstein cows from Brazil expressed lower hair-coat density and thinner hair diameter than those from Canada and USA. For the hair-coat color, Maia et al. (2005) categorized into black and white colors just by visual investigation. The percentage of white hair-coat color was measured from Holstein cows except the tail, legs, and belly regions. From the table 2, large differences were observed in hair length, hair-coat density, and hair diameter between black and white hair-coat colors. Black hair coat showed shorter hair length, less hair-coat density, and greater hair diameter. No significant difference was observed in the depth of hair coat between black and white hair coats.

Gebremedhin et al. (1984) measured physical properties of Holstein cows. The hair-coat samples were obtained from the dorsal, ventral, lateral, and head locations of two slaughtered calves of 2 and 8 weeks old. They measured hair-coat depth, hair-coat density, and hair diameter, and results of physical properties of hair coat were shown in table 3. The gap between low and high range of density of hair coat was significantly large.

Cena et al. (1975) studied physical properties of cows. They measured the physical characteristics for two different hair-coat colors, white and red. The obtained data were shown in the table 4. There were no significant differences observed in physical properties of hair coat of white and red calves.

Gebremedhin et al. (2003) studied physical characteristics of Holstein cows. They measured these physical properties of Holstein cows to further study and develop the heat and mass transfer model. The average values of the physical characteristics of Holstein cows were,
ρ = 20 hairs/mm2
L = 3mm
D = 30 µm

Bertipaglia et al. (2007) measured mean, minimum and maximum values of physical properties of Braford cows in Brazil. They collected the data from 1607 Nelore-Hereford crossbred females born between 1998 and 2002 from commercial Bradford herd in Navirai, State of Mato Grosso do Sul, Brazil. This region has a tropical humid weather hot and wet summer and dry winter. Bertipaglia et al. (2007) measured hair-coat depth, density of hair coat, hair length, and hair diameter. Hair samples were obtained from late October to December in 2003. The depth of hair coat was measured in the center of the thorax about 20 cm below dorsal line, and hair samples were collected from the same place where the hair-coat depth was measured. The density of hair coat was measured from direct counting of all hairs in the sample. The obtained results of hair-coat physical properties of the Braford cows are given in the table 5. Hair-coat depth and hair-coat density showed great gap between minimum and maximum value.
Da Silva et al. (2003) measured hair-coat characteristics of five different breeds of cows, Holstein, Nelore, Canchim, Simmental, and Brangus. They measured physical properties of different cows and compared the results in regards to hair-coat colors. Hair-coat samples were obtained from the central area of the trunk about 20 cm below the spinal column of adult cattle. The obtained data of physical properties are shown in Table 6. From the table 6, Nelore and red Holstein breeds turned out to have the thickest hair-coat depths that were about twice thicker than hair-coat depths of other breeds. Brangus, white Simmental, and Cranchim breeds had longest hair length of 17 to 20 mm among different breeds of cows. For hair-coat density and hair diameter, Nelore had the largest hair-coat density of 2083 hairs/cm2 and thickest hair diameter of 54.0µm. The differences of hair-coat properties for hair-coat depth, hair length, and hair-coat density were large, but differences in hair diameter were not significantly large.

Verissimo et al. (2002) measured physical properties of hair coat for different genetic groups. The measurement was conducted at Ribeirao Preto, Sao Paulo State, Brazil where the climate was classified as tropical savanna with a rainy summer and a dry winter. The physical properties of hair coat obtained in such a climate was analyzed and compared against those obtained from a different climate. Three different breeds were categorized into Gyr, crossbred Gyr x Holstein with Holstein fraction between 50 to 75%, and crossbred Gyr x Holstein with Holstein fraction above 75%. Hair samples were collected from scapular region of each cow during the summer of 1994. The obtained data were shown in table 7. There was no significant variations in depth of hair coat of different genetic groups of cows. From the table 7, the crossbred Gyr with more than 75% Holstein fraction had deepest hair-coat depth and longest hair length. The crossbred Gyr with 50 to 75% showed the largest hair-coat density among three different genetic groups.

Gilbert et al. (1991) studied physical properties of guard hair and undercoat of Angus and Hereford cows for different birth year and sex. For the experimental measurements, approximately a year old purebred Hereford and Angus bull and heifer calves born in 1964 and 1965 were used. Length and diameter of undercoat and guard hairs were measured by averaging the measurements of several hairs. Gilbert et al. (1991) used least squares means and standard errors to analyze hair-coat characteristics, and results were shown in table 8. From table 8, no significant difference in physical properties of hair coat was observed in different types of breed, date of birth, and sex. However, undercoat had greater hair-coat weight and density and shorter hair length and diameter than guard hair.

Bertipaglia et al. (2005) measured physical properties of hair and hair coat of Holstein cows in a tropical environment. They measured hair-coat characteristics of 939 Holstein cows from a commercial dairy herd located in Descalvado, State of Sao Paulo, Brazil. Hair-coat sampling was carried out from November 2000 to April 2001. For hair-coat color, the percentage of black hair-coat color relative to whole body surface area was measured through visual inspection, except the tail, legs, and belly regions. The average hair length was measured from 10 longest hairs for the sample. Hair-coat density was measured by visual direct counting. The data were listed in table 9, showing the mean and standard error with minimum and maximum range of physical properties of hair coat of Holstein cows from the tropical environment. The density of hair coat showed the wide range from minimum to maximum value.

Peters et al. (1964) measured physical properties of hair coat of different breeds of cows. They studied raw and clean hair weights per square centimeter of different breeds and crossbreeds of cows. The Cattalos were predominantly one fourth Bison with the average 23% of Bison parentage. Hair samples were obtained from the left mid-rib section of 150 cm2 of each cow. The data of raw weight and clean weight of hair coat for different breeds of cows are shown in table 10. From table 10, pure breed cows such as Hereford, Angus, and Shorthorn have less raw and clean hair weight than those of crossbred cows. The hair weight of Hereford x Bison showed the greatest raw and clean hair weight among all other breeds, twice and three times heavier than others. Moreover, Peters et al. (1964) compared the raw and clean hair weight at different body locations and various breeds, and obtained data are shown in table 11. From table 11, the raw and clean hair weights of Bison were about three times heavier than those of Hereford and Cattalo. Hair-coat characteristics for three different body locations of cows are shown in table 12. In table 12, both bulls and heifers had relatively similar hair length and hair diameter, yet Heifers had more hair-coat density than bulls. The measured mean and standard error of hair-coat characteristics of 27 Galloway cows are shown in table 13. Physical properties of hair coat for different breeds of cows are shown in table 14. There is no significant difference observed in hair length and diameter for different breeds of cows. Clean weight and hair-coat density of Domestic X Bison cows are much greater than those of other breeds of cows.

Berman et al. (1961) studied seasonal and regional variations in physical properties of Holstein cows. Hair samples were collected from 100 cm2 area on the thigh monthly, and total 541 hair samples were obtained during one year. Seasonal differences in hair-coat depth for Holstein cows from different regions were shown in table 15 and figure 1. From the table 15, the depth of hair coat was relatively thicker during winter and thinner during summer. Monthly differences in hair diameter for Holstein cows were shown in table 16 and figure 2. No significant difference in seasonal hair diameter was observed. The weight of free hairs as a percentage of the total was obtained to study the hair-coat shedding in Holstein cows, and obtained data are shown in table 17. From the table 17, the maximum weights of free hairs as percentage of total were observed during February and March. The measured data for seasonal differences in weight of hair coat for Holstein cows were shown in table 18. It was observed that weight of hair coat was significantly larger from November to February. The graph of seasonal change in hair-coat characteristics (weight of hair coat, hair-coat depth, and hair diameter) as percentage of maximal values was shown in figure 3. The depth of hair coat becomes thicker from November to February. Then, hair-coat depth gradually decreases during spring and becomes thinnest during summer and early fall. The seasonal change of hair diameter shows the inverse trend to that of hair-coat depth. The hair diameter is lowest from December to March, then gradually increases, and reaches the thickest during June. The weight of hair coat is lightest during late spring season and heaviest during winter.

Pan. (1964) measured physical characteristics of Zebu and Jersey cattle from different body locations. The different body locations for measurement were shown in figure 4 (Sahiwal Zebu) and figure 5 (Jersey). For the physical property analysis, four Zebu and four Jersey mature cows were used. For hair-diameter measurement, average of 100 measurements was used at different locations, and average of 200±50 measurements was used for hair length. The mean hair length at various positions of Sahiwal cattle is shown in figure 6, and that of Jersey cattle is shown in figure 7. From figures 6 and 7, lumber and rump areas tend to have longer hair length, and hair length decreases towards for head. Sahiwal cattle showed shortest hair length at belly area, but Jersey cattle showed shortest hair length at forehead and longest hair length at belly. Pan. (1964) measured and found out that the mean hair length 4.82mm for Sahiwal was shorter than that 8.82mm for Jersey. The mean hair diameter at various positions of Sahiwal cattle is shown in figure 8, and that of Jersey cattle is shown in figure 9. For both Sahiwal cattle and Jersey cattle, leg has thicker hair diameter, and hair diameter tends to get thinner towards body and forehead. Pan. (1964) measured and found out that the average hair diameter 67.1μm of Sahiwal cattle is thicker than that 60.9 μm of Jersey cattle. Hair length/diameter ratios for Jersey and Sahiwal cattles are shown in figure 10. For both Jersey and Sahiwal cattle, hair length/diameter ratio is greatest at lateral region and decreases towards lumbar, rump, and forehead region. The summarized hair-coat characteristics at different positions in Jersey and Sahiwal cattle are shown in table 19. Significant differences in hair length were observed in Jersey and Sahiwal cattle. Hair length for Jersey was longer than Sahiwal. No significant differences were observed in hair diameter for Jersey and Sahiwal. Their hair diameters were similar, but Sahiwal had little thicker hair diameter than Jersey.








Table 1. Hair-coat characteristics of Friesian cows with different hair-coat color
	Sample
	l (mm)
	wt. (mg/cm2)
	Mass per volume (mg/cm3)

	White 1
(very flat and dense)
	2
	34
	172

	White 2
(less flat and dense than white 1)
	6
	27
	45

	White 3
(belly hair, loose)
	8
	17
	21

	Brown 1
(similar to white 2)
	6
	22
	37

	Brown2 flat
(woolly)
	16
	40
	35

	Brown2 erect (woolly)
	25
	40
	16

	Black 1
(intermediate between white 1 and white 2 in flatness and density)
	3
	33
	109

	Black 2
(intermediate between white 1 and white 2 in flatness and density)
	4
	24
	60


Hutchinson et al. (1969)


















Table 2. Least-square means of physical properties of hair coat of Holstein cows of different month of sampling, cow’s age, origin of cow, and coat color.
	Effects
	n
	l (mm)
	L (mm)
	ρ (hair/cm2)
	D (µm)

	Month of sampling

	Nov
	771
	2.56±0.024
	12.08+0.16
	1062±21
	61.56±0.27

	Dec
	454
	2.50±0.026
	12.90±0.18
	1041±23
	62.41±0.31

	Jan
	122
	2.78±0.046
	13.82±0.32
	975±41
	61.07±0.55

	Feb
	158
	2.63±0.036
	12.35±0.25
	1222±32
	60.50±0.43

	Mar
	332
	2.56±0.032
	15.16±0.22
	1281±28
	59.53±0.38

	Apr
	109
	2.55±0.051
	17.98±0.35
	1070±45
	59.53±0.60

	Cow’s age (years)

	<2
	152
	2.53±0.074
	14.27±0.52
	1316±65
	57.61±0.88

	2-3.5
	684
	2.55±0.049
	13.39±0.34
	1163±43
	59.75±0.58

	2.5-5
	530
	2.66±0.043
	14.14±0.30
	1060±37
	60.38±0.51

	5-6.5
	301
	2.78±0.040
	15.29±0.28
	1073±35
	60.39±0.47

	6.5-8
	184
	2.55±0.052
	13.78±0.36
	987±46
	62.20±0.62

	>8
	95
	2.50±0.075
	13.42±0.52
	1056±66
	64.26±0.89

	Origin of the cow

	Brazil
	209
	2.63±0.052
	14.07±0.36
	1053±46
	58.79±0.61

	Canada
	351
	2.54±0.037
	13.77±0.52
	1144±33
	62.21±0.44

	USA
	1386
	2.61±0.019
	14.30±0.52
	1129±17
	61.30±0.22

	Coat color

	Black
	973
	2.40±0.024
	12.97±0.16
	921±21
	62.40±0.28

	White
	973
	2.79±0.024
	15.13±0.16
	1296±21
	59.13±0.28


Maia et al. (2005)



Table 3. Range of hair-coat characteristics of Holstein cows.
	Physical property
	Range

	
	Low
	High

	l (mm)
	13
	19

	ρ ( hairs/cm2)
	700
	3600

	D (µm)
	26
	51


Gebremedhin et al. (1984)



Table 4. Mean values of hair-coat characteristics by color.
	Color
	wt. (mg/cm2)
	ρ (hairs/cm2)
	D (m)
	l (mm)
	L (mm)

	White (calf)
	34
	1260
	44
	6
	20

	Red (calf)
	34
	1260
	44
	6
	20


Cena et al. (1975)


Table 5. Hair-coat characteristics of Braford cows
	Trait
	n
	Mean
	Minimum
	Maximum

	l (mm)
	1607
	3.73±1.72
	1.00
	13.00

	ρ (hairs/cm2)
	1607
	993.18±503.76
	319.09
	4851.51

	L (mm)
	1607
	10.41±3.91
	4.13
	26.50

	D (µm)
	1607
	30.98±8.13
	11.00
	69.00


Bertipaglia et al. (2007)



Table 6. Hair-coat characteristics of breed of cows
	Coat color
	Breed
	l (mm)
	L (mm)
	ρ (hairs/cm2)
	D (μm)

	Black
	Holstein
	1.3
	10.5
	1028
	40.5

	
	Brangus
	2.4
	20.8
	867
	41.2

	Gray
	Nelore
	3.7
	12.9
	1806
	54.0

	Red
	Holstein
	3.8
	11.9
	1560
	39.0

	
	Simmental
	1.5
	12.1
	940
	39.0

	Grayish
	Nelore
	2.7
	14.3
	2083
	53.0

	White
	Holstein
	1.4
	11.0
	1016
	41.0

	
	Simmental
	1.8
	17.9
	938
	38.9

	
	Cranchim
	1.9
	17.1
	1206
	47.0


da Silva et al. (2003)



Table 7. Means and standard errors of hair-coat characteristics for different genetic groups of cows
	
	n
	l (mm)
	L(mm)
	ρ (hairs/cm2)

	GG1
	15
	2.68±0.34
	4.68±1.22
	1140.62±289.14

	GG2
	28
	2.68±0.47
	6.81±1.81
	971.62±292.48

	GG3
	31
	2.95±0.44
	8.74±2.22
	1071.90±237.48


GG1= Gyr (Zebu breed)
GG2= crossbred with 50 to 75% Holstein breed
GG3= crossbred with more than 75% Holstein
Verissimo et al. (2002)








Table 8. Least square means and standard errors of hair-coat characteristics of different breed, birth, and sex
	
	
	
	Guard hair
	Undercoat

	Effect
	n
	Raw wt.
(mg/cm2)
	wt.
(mg/cm2)
	ρ
(hairs/cm2)
	L
(mm)
	D
(µm)
	wt.
(mg/cm2)
	ρ
(hairs/cm2)
	L
(mm)
	D
(µm)

	Breed

	Angus
	307
	92
	7
	30
	52
	78**
	12
	297
	30
	34**

	Hereford
	270
	103**
	7
	34**
	60**
	73
	12
	305
	37**
	31

	Birth

	1965
	299
	82
	7
	32
	54
	74
	10
	272
	33
	32

	1966
	278
	113**
	8
	31
	58**
	77**
	13**
	330**
	34
	33*

	Sex

	Bull
	294
	100**
	7
	28
	58**
	77**
	12
	301
	34
	34**

	Heifer
	283
	95
	7
	35**
	54
	73
	12
	300
	34
	32


Raw wt. = weight without cleaning process
*=different from alternate class(p<0.05) or, for regression, different from zero (p<0.05)
**=different from alternate class (p<0.01) or, for regression, different from zero (p<0.01)
Gilbert et al. (1991)

Table 9. Means and standard errors, minimum and maximum values of hair-coat characteristics of Holstein cows from Brazil
	Traits
	n
	Mean and standard error
	Range

	
	
	
	Minimum
	Maximum

	C (%)a
	939
	70.22±29.01
	0
	100

	l (mm)b
	939
	2.48±0.48
	1.5
	5.3

	L (mm)b
	939
	12.60±3.45
	3.84
	29.3

	ρ (hairs/cm2)b
	939
	987.00±347.00
	221.00
	3545.0

	D (µm)b
	939
	62.49±5.60
	44.06
	97.7


C=coat color (percentage of black coat color relative to body surface area)
a = percentage of black coat color relative to body surface area
b = values correspond to average, regardless of coat color; (n) is the number of observations
Bertipaglia et al. (2005)


Table 10. Raw weight and clean weight of hair coat for different breeds of cows
	Breed
	n
	Raw wt. (mg/cm2)
	Clean wt. (mg/cm2)

	
	
	Mean and standard error
	Mean and standard error

	Hereford
	12
	36.74±2.29
	30.85±2.02

	Angus
	9
	34.88±4.62
	30.38±3.91

	Shorthorn
	12
	32.86±1.98
	28.21±1.77

	Hereford X Bison
	10
	100.75±6.98
	82.62±5.97

	Angus X Bison
	9
	46.97±3.49
	39.84±2.96

	Cattalo
	12
	57.97±4.96
	47.12±4.06


*samples collected in 1952
Peters et al. (1964)
Table 11. Raw weight and clean weight from different body locations of various breeds of cows
	
	Raw wt. (mg/cm2)
	Clean wt. (mg/cm2)

	Breed and body location
	n
	Mean and standard error
	Mean and standard error

	H, rib
	22
	22.94±1.52
	20.46±1.26

	C(H), rib
	18
	28.52±2.91
	25.27±2.88

	C(BI), rib
	11
	22.48±3.50
	20.15±3.16

	B, rib
	18
	64.79±3.16
	53.94±2.71

	B, shoulder
	18
	55.34±2.60
	43.56±2.39

	B, thigh
	18
	64.79±3.35
	48.83±2.71


H = Hereford
C(H) = Cattalo out of hybrid cows
C(BI) = Cattalo out of backcross and interbred cows
B = Bison
*samples collected in 1953
Peters et al. (1964)



Table 12. Hair-coat characteristics at three different body locations of cows.
	
	n
	Location
	ρ (hairs/cm2)
	L (mm)
	D (µm)

	Bulls
	8
	Shoulder
	1569±127
	43.0±1.36
	18.8±0.51

	
	
	Rib
	2192±125
	41.3±1.14
	18.6±0.65

	
	
	Thigh
	2061±58
	32.1±0.62
	21.7±0.30

	Heifers
	10
	Shoulder
	2790±193
	38.0±1.39
	19.9±0.51

	
	
	Rib
	2991±322
	41.9±1.57
	19.9±0.36

	
	
	Thigh
	2591±221
	31.9±1.67
	21.3±0.51


*samples collected in 1953
Peters et al. (1964)





Table 13. Hair-coat characteristics of 27 Galloway cows
	
	Mean and standard error

	Raw wt. (mg/cm2)
	42.94±1.27

	Clean wt. (mg/cm2)
	39.22±1.19

	ρ (hairs/cm2)
	636.74±25.89

	L (mm)
	35.2±0.98

	D (µm)
	43.5±0.66


* samples collected in 1953.
Peters et al. (1964)



Table 14. Hair-coat characteristics of different breeds of cows
	Breed
	n
	Clean wt. (mg/cm2)
	ρ (hairs/cm2)
	L (mm)
	D (µm)

	Domestic X Bison cows
	6
	70.53±2.70
	2126±174
	27.3±1.2
	39.2±1.1

	Hereford cows
	14
	43.4±2.60
	703±34
	29.1±0.9
	45.3±1.3

	Cattalo yearling heifers
	20
	51.93±1.94
	1154±48
	29.6±0.7
	38.8±0.6

	Hereford yearling heifers
	11
	54.25±2.15
	903±62
	32.9±1.0
	42.5±0.7

	Hereford steer calves
	15
	40.77±2.42
	965±59
	33.7±1.1
	34.3±0.3

	Hereford heifer calves
	11
	34.26±2.26
	822±48
	33.1±0.7
	34.3±0.8


*samples collected in 1959
Peters et al. (1964)




Table 15. Seasonal differences in depth of hair coat (mm) from Holstein cows of different regions
	Herd
	Jan
	Feb
	Mar
	Apr
	May
	June
	Aug
	Oct
	Nov
	Dec
	Average

	A
	4.6
	3.4
	2.7
	2.3
	3.0
	2.2
	1.8
	2.3
	2.6
	3.7
	2.87

	B
	4.1
	2.1
	2.3
	2.2
	2.0
	2.3
	2.1
	2.2
	2.7
	4.5
	2.60

	C
	4.0
	4.9
	4.2
	3.8
	3.1
	2.1
	2.4
	2.0
	4.1
	6.3
	3.69

	D
	4.0
	3.7
	3.6
	2.6
	2.7
	2.9
	2.9
	2.9
	3.0
	2.8
	3.11

	Average
	4.20
	3.55
	3.20
	2.72
	2.70
	2.37
	2.30
	2.35
	3.10
	4.30
	3.08


A & B: observation made in the Jordan Valley (extremely hot climate), Holstein
C: observation made in Coastal Plain (moderately warm), imported Holstein or Jerusalem Holstein
D: Jerusalem area (cooler mountain area), imported Holstein or Jerusalem Holstein
Berman et al. (1961)










Table 16. Seasonal differences in hair diameter (µm) from Holstein cows of different regions.
	Herd
	Jan
	Feb
	Mar
	Apr
	May
	June
	Aug
	Oct
	Nov
	Dec
	Average

	A
	92
	102
	105
	104
	106
	108
	110
	105
	100
	97
	103

	B
	94
	94
	101
	103
	110
	108
	99
	97
	95
	101
	100

	C
	106
	101
	97
	110
	107
	123
	104
	110
	109
	96
	106

	D
	103
	82
	96
	99
	103
	116
	105
	103
	104
	102
	102

	Average
	99
	95
	100
	103
	107
	114
	105
	106
	102
	99
	103


Berman et al. (1961)




Table 17. Seasonal differences in weight of free hairs as percentage of total from Holstein cows of different regions.
	Herd
	Jan
	Feb
	Mar
	Apr
	Average

	A
	0.56
	3.50
	0.97
	1.07
	1.53

	B
	0.43
	5.50
	3.72
	1.19
	2.71

	C
	2.67
	3.47
	1.82
	2.26
	2.55

	D
	2.29
	3.44
	8.00
	1.03
	3.69

	Average
	1.49
	3.98
	3.63
	1.39
	2.62


Berman et al. (1961)




Table 18. Seasonal differences in weight of hair coat (mg/cm2) from Holstein cows of different regions.
	Herd
	Jan
	Feb
	Mar
	Apr
	May
	June
	Aug
	Oct
	Nov
	Dec
	Average

	A
	10.88
	7.49
	6.90
	6.52
	6.34
	7.74
	7.00
	6.09
	9.40
	9.76
	7.81

	B
	10.73
	8.00
	7.16
	5.55
	7.77
	8.46
	8.52
	6.89
	9.80
	9.40
	8.23

	C
	16.19
	11.00
	9.98
	9.16
	8.11
	11.19
	11.07
	10.38
	12.59
	13.26
	11.29

	D
	15.43
	10.96
	9.81
	8.53
	6.92
	11.98
	13.03
	12.89
	13.96
	11.28
	11.48

	Average
	13.30
	9.36
	8.46
	7.44
	7.28
	9.84
	9.90
	9.06
	11.44
	10.92
	9.70


Berman et al. (1961)
	











Table 19. Hair-coat characteristics at different positions in Jersey and Sahiwal cattle.
	
	Jersey
	Sahiwal

	Character
	P9
	P19
	PC
	Overall
	P9
	P19
	PC
	Overall

	L (mm)
	11.13
(26)
	9.41
(7)
	9.14(P4) (4)
	8.82
	5.56 (15)
	5.76 (20)
	4.82(P10)
(0)
	4.82

	c.v. of hair length(%)
	39.2
(19)
	54.3
(13)
	49.0(P14) (2)
	48.1
	45.4 (0)
	42.1 (7)
	45.0(P13)
(0)
	45.3

	D (µm)
	51.4
(16)
	59.0
(3)
	62.3(P4) (2)
	60.9
	57.4 (15)
	58.2 (14)
	70.5(P16)
(4)
	67.9

	c.v. of hair diameter(%)
	33.1
(35)
	36.0
(46)
	24.4(P13) (1)
	24.6
	33.6 (25)
	29.8 (10)
	26.2(P23)
(3)
	26.9

	Ratio L/D
	217.24
(45)
	156.9
(5)
	146.5(P15) (2)
	149.5
	100.5 (27)
	109.2 (38)
	81.4(P16)
(3)
	79.2


c.v. = coefficient of variation
Comparison between the overall mean and the means of positions 9,19, and the position (PC) whose positional mean was nearest to the overall mean in the various hair characters.
* Values in parenthesis below values for positional means are their percentage deviations from the overall mean for the character; those in parenthesis beside means in PC columns indicate the position taken as PC for that character
Pan YS (1964)
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Figure 1. Changes in hair coat depth for monthly and regional changes
Berman et al. (1961)
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Figure 2. Changes in hair diameter for monthly and regional changes
Berman et al. (1961)
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Figure 3. Seasonal changes in coat characteristics as percentage of maximal values (mean of all herds)
Berman et al. (1961)
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Figure 4. Measurement position of Sahiwal Zebu
Pan YS (1964)
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Figure 5. Measurement position of Jersey
Pan YS (1964)
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Figure 6. Mean-hair length (mm) at various positions of Sahiwal cattle.
Pan YS (1964)
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Figure 7. Mean-hair length (mm) at various positions of Jersey cattle
Pan YS (1964)
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Figure 8. Hair diameter (µm) at various positions of Sahiwal cattle
Pan YS (1964)
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Figure 9. Hair diameter (µm) at various positions of Jersey cattle
Pan YS (1964)
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Figure 10. Hair length/diameter ratios in Jersey (upper figures) and Sahiwal (lower figures)
Pan YS (1964)






















2.1. summary of physical properties

1. There are many factors such as body location of hairs, climates, and breeds that affect physical properties of hair coat of cows.
2. Hair length ranges from 3.46 mm to 60 mm and is longest at rib, lumbar, and lateral regions.
3. Hair diameter ranges from 11 µm to 123µm, and is thickest at leg.
4. Weight of hair coat ranges from 7mg/cm2 to 107.73mg/cm2, is greatest at rib and thigh regions, and is greatest at January.
5. Density of hair coat ranges from 221hairs/cm2 to 4851.51hairs/cm2 and is greatest at rib region.
6. Depth of hair coat ranges from 1mm to 25mm and is greatest at December.

Table 20. Summary table of physical parameters of hair coat of cows
	
	L (mm)
	D (µm)
	ρ (hairs/cm2)
	l (mm)

	Jersey
	5.22 – 12.52
	38.52 – 98.28
	
	

	Sahiwal
	2.90 – 7.89
	46.92 – 103.10
	
	

	Braford
	4.13 – 26.50
	11.00 – 69.00
	319.09 – 4851.51
	1.00 – 13.00

	Holstein
	10.5 – 18.33
	26 – 65.15
	700 – 7300
	1.3 – 19











3. OPTICAL PROPERTIES OF HAIR COAT

All the symbols in the following contents, tables, and figures have consistent symbols described as:

n = number of measurements
α = absorptivity
α* = effective absorptivity
τ = transmissivity
τ* = effective transmissivity
ρ = reflectivity
ρ* = effective reflectivity
ρs = reflectivity of the skin surface
ρc = reflectivity of the hair coat surface
αc = absorptivity of the hair coat surface
P = fraction of radiant energy intercepted by unit depth of coat
N = number of hairs (hairs/m2)
D = hair diameter (m)
l = depth of hair coat (m)
L = hair length (m)
C = coat color grade (red or grayish) in percentage by comparison of the coat surface color to a printed color scale (0-100%)
p = proportion of color spots (red, black, white, grayish, or gray) on the total body surface via direct visual observation

	

Many investigators (Gebremedhin et al. 2011, Maia et al. 2005, Cena et al. 1975) have been measured and studied optical properties of hair coat from different breeds of cows. There are transmissivity, reflectivity, and absorptivity in the optical properties of hair coat. The transmissivity is the fraction transmitted by the surface, the reflectivity is the fraction reflected by the surface, and the absorptivity is the fraction of irradiation absorbed by a surface. The sum of these optical properties should be 1.






In this study, transmissivity, reflectivity, and absorptivity are denoted as τ, ρ, and α respectively. Monteith et al. (1974), Cena et al. (1975), and Maia et al. (2005) derived the equations for the optical properties of cow hair coats. They defined the equation for the effective transmissivity, reflectivity, and absorptivity. The effective transmissivity is the energy transmitted through the hair coat to the skin surface. The effective absorptivity is the amount of incident energy absorbed by the hair coat. The effective reflectivity is defined as the fraction of the incident energy reflected by the hair coat and skin surface together. Each optical property is denoted as τ*, α*, and ρ* respectively.














From the study of Maia et al. (2005), the optical properties ρs, ρc, and αc are determined by Li-Cor LI-1800 SpectroRadiometer with wavelengths of 300-850nm. 








Bertipaglia et al. (2007) studied the reflectivity of Braford cows and determined the reflectivity of hair coat by the formula shown below.



ρred = 0.513
ρblack = 0.121
ρwhite = 0.621
ρgray = 0.512
ρgrayish = 0.340

For the measurement experiments, the reflectivity of each hair-coat color was measured for wavelengths from 300 to 850nm. The grayish color was defined by the color of hair coat by white hairs mixed to black ones. The obtained mean and standard error with minimum and maximum range of the reflectivity of Braford cow hair coat is in table 21.
 
Hutchinson et al. (1969) measured the optical properties of Friesian cows. They measured the optical properties in hair-coat colors with radiation from xenon lamp and solar radiation, using the spectrophotometric facilities of the National Standards Laboratory (CSIRO). A spectral reflectance curve was obtained, and the transmissivity was obtained. Because the transmissivity was negligibly low and summation of three different optical properties is equal to one, the absorptivity was calculated just by subtracting reflectivity results from one. The calculated values for the absorptivity is shown in the table 22. The darker colored hair coats (black and brown) had higher absorptivity than white hair coats, and no significant difference in absorptivity for darker hair coats was observed between radiation from xenon lamp and solar radiation. White hair coats showed higher absorptivity for solar radiation than radiation from lamp.

Gebremedhin et al. (1983) measured the optical properties of Holstein cows. Gebremedhin et al. (1983) measured the reflectivity and transmissivity and calculated absorptivity in terms of hair and hair coat surface. The values of the optical properties of hair coat of Holstein cows are listed in table 23. From table 23, absorptivity is much greater than reflectivity and transmissivity. The reflectivity of Holstein cow is slightly larger than the transmissivity. The reflectivity and the transmissivity of hair coat surface are larger than those of hair. However, the absorptivity of hair is larger than that of hair coat surface. 

Maia et al. (2005) measured the optical properties of Holstein cows from a tropical environment. Maia et al. (2005) used Li-Cor LI-1800 SpectroRadiometer with wavelengths 300-850nm to obtain the optical properties of the Holstein cows. Maia et al. (2005) obtained reflectivity of the skin surface and the hair-coat surface and the absorptivity of the coat surface according to the hair colors. The optical properties of different hair-coat colors are shown in table 24. From the results, white hair coat has the greater reflectivity than black hair coat, and black hair coat has greater absorptivity than white hair coat. The difference between absorptivity and reflectivity of black hair coat is significantly large, yet there is no significant difference observed between absorptivity and reflectivity of white hair coat. Moreover, Maia et al. (2005) measured transmissivity and absorptivity of Holstein cow under various circumstances such as month of sampling, cow’s age, origin of the cow, and coat color. The obtained optical properties of hair coats are shown in the table 25. There was no difference found in the effective absorptivity of month of sampling, ranging between 0.84 and 0.85. However, the large difference was observed in the transmissivity in month of sampling. The transmissivity of hair coat from November to February was significantly larger than that from March to April. The transmissivity of hair coat in cold weather is about twice to three times larger than that in hot weather. For the optical properties in Holstein cow’s age, the effective absorptivity was consistent. The transmissivity of Holstein hair coat was high in the age below 2 and age between 6.5 and 8. The transmissivity was very low in the age between 2 and 3.5. For the optical properties in the origin of cow, Holstein cows from USA has the highest transmissivity and those from Brazil has the lowest transmissivity. Black hair coat has greater absorptivity and transimissivity than white hair coat. Maia et al. (2005) measured the effective absorptivity, transmissivity, and reflectivity of Holstein cows for the fraction of radiant energy intercepted by unit depth of coat. The results of the data are shown in figures 11, 12, and 13. In figure 11, the effective absorptivities of black and white hair coat are proportional to a fraction of radiant energy intercepted by unit depth of coat. Black hair coat shows greater effective absorptivity than white hair coat. In figure 12, it is observed that the effective transmissivities of black and white coat are inversely proportional to fraction of radiant energy intercepted by unit depth of coat. From figure 13, the effective reflectivities of black coat and white coat are inversely proportional to fraction of radiant energy intercepted by unit depth of coat. The significant differences are observed between the effective reflectivity of black coat and white coat. From figures 11, 12, and 13, it is observed that the effective absorptivity and transmissivity are highly dependent on the physical characteristics of hair coat such as hair diameter, hair length, hair-coat depth, and density of hair coat. However, the effective reflectivity of hair coat is independent of the physical characteristics of hair coat.

Gebremedhin et al. (2011) studied the absorptivity of hair coat of four different breeds of heifers with different hair-coat colors. For the experiment, four different breeds of heifers were used and each breed had different colors: Angus (black), MARC III (dark red), MARC I (tan), Charolais (white). MARC III is crossbreed of ¼ Pinzgauer, ¼ Red Poll, ¼ Hereford, and ¼ Angus, and MARC I is crossbreed of ¼ Charolais, ¼ Braunvieh, ¼ Limousin, 1/8 Angus, and 1/8 Hereford. They used USB2000 Fiber Optic Spectrometer to measure the reflectivity. The absorption of different colors from four different breeds of heifers is shown in the figure 14. The black hair coat has the highest solar absorption, and white hair coat has the lowest one. It is observed from the study that the darker hair-coat color has greater solar absorption. 

Da Silva et al. (2003) measured the optical properties of hair coat of different breeds of cow breeds and hair-coat colors. The optical properties (reflectivity, transmissivity, absorptivity) were measured using LI-1800 spectro-radiometer with a wavelength range from 300 to 850nm. The obtained reflectivity is shown in the table 26. Darker hair coat shows lower reflectivity than brighter hair coat. There is a little difference among different breeds of cows in the same hair-coat colors, but the differences are negligible. The reflectivity of different color of hair coat is shown in the figure 15. The reflectivity of white hair coat increased exponentially, but that of black hair coat rarely increased and stayed steady. The optical properties of different breeds of cows with different colors are shown in the table 27. From the table 27, darker hair coat color has greater absorptivity, lower reflectivity, and lower transmissivity. Figure 16 and 17 show the reflectivity and absorptivity of hair coat with skin pigmentation. Comparing figure 16 and 17, it is observed that the reflectivity and absorptivity of different skin pigmentations show the opposite characteristics. Brighter hair coat shows exponential increase in reflectivity with increasing wavelength but exponential decrease in absorptivity with increasing wavelength. Black hair coat is the lowest in the reflectivity yet highest in the absorptivity. Figure 18 shows the reflectivity of Simmental cattle hair coat. The figure 18 shows the linear increase of reflectivity of Simmental cattle hair coat with increase in wavelength. Da Silva et al. (2003) also analyzed reflectivity, transmissivity, absorptivity of Simmental cattle skin surface in Figure 19, 20, and 21. In figure 19, the reflectivity of Simmental cattle skin surface increased exponentially at the wavelength of 600nm. In figure 20, the transmissivity of Simmental cattle skin surface increased exponentially at the wavelength of 600nm. In figure 21, the absorptivity of Simental cattle skin surface decreased exponentially at the wavelength of 600nm.

Hillman et al. (2001) measured the optical properties of hair coat of lactating Holstein cows. Hilman et al. (2001) used three black and three white Holstein cows of approximately equal body weights. In order to measure the absorptivity of Holstein cow hair coat, a pyranometer was used by measuring the incident and reflected short-wave radiation. The obtained values of absorptivity is show in the table 28. Black hair coat of Holstein cows have greater absorptivity that white hair coat of Holstein cows.

Maia et al. (2003) measured the optical properties of hair coat of Holstein cows in tropical environment. Maia et al. (2003) used 973 female Holstein cows from commercial herd in Descalvado, state of Sao Paulo, Brazil. A spectroradiometer Li-Cor LI-1800 was used to determine the reflectivity and transmissivity with wavelengths from 300 to 850 nm. The absorptivity of skin surface was determined by subtracting reflectivity and transmissivity from one. The optical properties of pigmented and non-pigmented skin surface of Holstein cows are in figure 22. The pigmented skin surface showed twice larger absorptivity than non-pigmented skin surface. However, non-pigmented skin surface is larger in reflectivity and transmissivity. Especially, non-pigmented skin surface was greater in reflectivity by large factor.

Gebremedhin et al. (1984) measured the optical properties of hair coat of Holstein cows. They compared the absorptivity of Holstein cow hair coat and skin surface in table 29. From the table 29, it is observed that the absorptivity of hair coat is higher than the absorptivity of skin surface. 





































Table 21. General means, standard deviations, minimum and maximum values of reflectivity of hair coat of Braford cows
	
	n
	Mean and standard error
	minimum
	maximum

	ρ
	1607
	0.18±0.13
	0.01
	0.63


Bertipaglia et al. (2007)



Table22. The absorptivity of hair coat of Friesian cows with different hair coat colors
	Hair coat color
	α

	
	Radiation from xenon lamp
	Solar radiation
(direct and diffuse component)

	White1
	0.36
	0.45

	White2
	0.46
	0.54

	White3
	0.52
	0.58

	Brown1
	0.74
	0.81

	Brown2 flat
	0.82
	0.84

	Black1
	0.91
	0.91

	Black2
	0.93
	0.92

	White2 with skin stained
	0.39
	

	White3 with skin stained
	0.53
	

	Blackened caneite
	0.96
	


Hutchinson et al. (1969)




Table 23. The optical properties of hair coat of Holstein cows in hair and hair coat surface
	
	ρ
	τ
	α

	Hair
	0.114
	0.079
	0.807

	Hair coat surface
	0.241
	0.119
	0.640


Gebremedhin et al. (1983)





Table 24. The optical properties of hair coat of Holstein cows
	
	ρs
	ρc
	αc

	White
	0.3920
	0.4536
	0.5180

	Black
	0.0713
	0.0893
	0.9020


Maia et al. (2005)




Table 25. Least-square means of effective transmissivity and absorptivity of hair coat of Holstein cows in the month of sampling, cow’s age, origin of cow, and coat color.
	Effects
	n
	τ*
	α*

	Month of sampling

	Nov
	771
	0.018±0.002
	0.84±0.001

	Dec
	454
	0.011±0.002
	0.85±0.002

	Jan
	122
	0.014±0.004
	0.84±0.004

	Feb
	158
	0.013±0.003
	0.84±0.003

	Mar
	332
	0.005±0.003
	0.85±0.002

	Apr
	109
	0.006±0.005
	0.85±0.004

	
	
	
	

	Cow’s age (years)

	<2
	152
	0.015±0.006
	0.84±0.005

	2-3.5
	684
	0.004±0.004
	0.85±0.004

	3.5-5
	530
	0.011±0.004
	0.84±0.003

	5-6.5
	301
	0.010±0.004
	0.84±0.003

	6.5-8
	184
	0.015±0.005
	0.85±0.004

	>8
	95
	0.010±0.007
	0.85±0.006

	
	
	
	

	Origin of the cow

	Brazil
	209
	0.009±0.005
	0.84±0.004

	Canada
	351
	0.011±0.003
	0.84±0.003

	USA
	1386
	0.013±0.002
	0.84±0.002

	
	
	
	

	Coat color

	Black
	973
	0.017±0.002
	0.94±0.002

	White
	973
	0.005±0.002
	0.75±0.002


Maia et al. (2005)



Table 26. Reflectivity of hair coat for different breeds of cows with different hair-coat color. 
	Hair coat color
	Breed
	ρ

	Black
	Holstein
	0.04

	
	Brangus
	0.05

	Gray
	Nelore
	0.28

	Red
	Holstein
	0.44

	
	Simmental
	0.58

	Grayish
	Nelore
	0.56

	White
	Holstein
	0.60

	
	Simmental
	0.67

	
	Canchim
	0.60


The value is obtained from the integration over the entire wavelength range.
da Silva et al. (2003)

Table 27. The optical properties of hair coat for different breeds of cows with different hair coat colors in wavelength range from 300 to 850nm
	Hair coat color
	Breed
	ρ
	α
	τ

	Black
	Holstein
	0.06
	0.93
	0.01

	
	Brangus
	0.07
	0.92
	0.01

	
	Water buffalo
	0.23
	0
	0.77

	Red
	Holstein
	0.44
	0.37
	0.19

	
	Simmental
	0.29
	0.54
	0.17

	Dark gray
	Nelore
	0.04
	0.91
	0.05

	Light gray
	Canchim
	0.66
	0.27
	0.07

	Non-pigmented
	Holstein
	0.53
	0.43
	0.04


da Silva et al. (2003)



Table 28. Absorptivity of hair coat of lactating Holstein cows in white and black hair coat colors
	Hair coat color
	n
	α

	White
	3
	65.7±4.5 %

	Black
	3
	89.0±1.0 %


Hillman et al. (2001)



Table 29. Range of optical properties of hair coat of Holstein cows.
	Optical property
	Range

	
	Low
	High

	α (hair coat)
	0.670
	0.804

	ρ (hair coat)
	0.114
	0.196

	α (skin surface)
	0.439
	0.640


Gebremedhin et al. (1984)
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Figure 11. Effective absorptivity of black (●points) and white (○points) coats for the fraction of radiant energy intercepted by unit depth of coat
Maia et al. (2005)
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Figure 12. Effective transmissivity of black (●points) and white (○points) coats for the fraction of radiant energy intercepted by unit depth of coat
Maia et al. (2005)
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Figure 13. Effective reflectivity of black (●points) and white (○points) coats for the fraction of radiant energy intercepted by unit depth of coat
Maia et al. (2005)
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Figure 14. Solar absorptivity from four different hair-coat colors of four different breeds of heifers
Gebremedhin et al. (2011)
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Figure 15. Reflectivity of hair coat with different colors and wavelength.
da Silva et al. (2003)
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Figure 16. Reflectivity of hair coat with skin pigmentation and wavelength.
da Silva et al. (2003)
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Figure 17. Absorptivity of hair coat with skin pigmentation and wavelength
da Silva et al. (2003)
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Figure 18. Reflectivity of Simmental cattle hair coat
da Silva et al. (2003)
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Figure 19. Reflectivity of Simmental cattle skin surface
da Silva et al. (2003)
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Figure 20. Transmissivity of Simmental cattle skin surface
da Silva et al. (2003)
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Figure 21. Absorptivity of Simmental cattle skin surface
da Silva et al. (2003)
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Figure 22. Optical properties of non-pigmentated and pigmeneted skin surface of Holstein cows
Maia et al. (2003)




























3.1. summary of optical properties

1. The optical properties of hair coat of cows are significantly affected by hair-coat color and breeds of cows.
2. Solar absorptivity of black hair coat is 98%, that of dark red is 92%, that of tan is 75%, and that of white is 37%.
Table. Summary table of optical properties of hair coat
	Hair-coat color
	α
	ρ
	τ

	White
	0.36 – 0.72
	0.45 – 0.53
	0.003 – 0.043

	Black
	0.88 – 0.98
	0.046 – 0.089
	0.01 – 0.019






























4. APPENDICES
Appendix A

Procedures for Measuring Physical Properties

Symbol

n : number of measurements
 : Mean
sd : Standard error


Hair Density measurements at skin level:
Gebremedhin, K. unpublished Report.

1. Prepare samples from several localities of the animal
2. Cut hairs at  from the skin layer. Blow the (shaved part) on a stream of air jet to remove stray pieces of hairs. Clip all hairs from an area large enough to permit total counts of more than 20 squares on ocular grid (e.g. 100 hairs/cm2)

3. Adjust lighting to permit counting of individual hairs in stubble. Very intense light at nearly parallel to skin helps if skin and hairs are both black.
4. Calibrate the ocular grid at each time using a good ruler.

A hair of random number’s from random number chart was used. Unit located as in x,y coordinate system. Random number’s 5 set of 10 number’:
	(1)
	11
	05
	40
	81
	01

	
	24
	26
	35
	67
	83

	(2)
	24
	48
	13
	36
	00

	
	49
	23
	10
	69
	73

	(3)
	33
	79
	59
	77
	05

	
	70
	76
	99
	20
	17

	(4)
	09
	46
	84
	32
	93

	
	62
	86
	04
	83
	62

	(5)
	22
	56
	64
	62
	92

	
	23
	70
	91
	53
	84


Note: 0 =10

Calibration of Ocular grid:
Power 500x (50*10x)
Total area of grid = 1mm2
Total number of units (cells) = 100
area of 1 unit = 0.01mm2
Hair depth measurements:
Gebremedhin, K. unpublished Report.

1. Do line transects of 6 measurements in ventral, lateral of dorsal areas.
2. Clean fur (no oil, blood, etc)
3. measure fur depth with a varnier caliper (0.001” accuracy)
4. have pelts frozen solid softest skin will not depress 
5. take repeated measurements

	Location
	n
	 (cm)
	sd (cm)

	Lumbar
	15
	1.416
	±0.108

	Rump
	13
	1.235
	±0.129

	Belly (ventral)
	15
	1.528
	±0.197

	Thoracic (lateral)
	15
	1.055
	±0.141

	Fore head
	15
	1.256
	±0.176



Grand total
=6.49/5=1.298cm±0.223
sd=±0.223
n=73 (number of measurements)

Hair diameter measurements:
Gebremedhin, K. unpublished Report.

1. Clip off hairs at  from the skin layers with special scissor and put hair in microscope slide with dissecting forceps. Drop drops of H2O on the slide to pressure the hairs.
2. Separate individual hairs in rows.
3. measure diameters under calibrated ocular micrometer.

Calibration of Ocular-micrometer:
100 units = 1mm
1unit = 0.01mm

Measurements as read from the ocular micrometer:
	Location
	Colar
	n
	 (μm)
	sd (μm)

	Lumbar
	Black
	17
	54.71
	±8.74

	
	White
	21
	55.24
	±9.81

	Rump
	Black
	26
	48.85
	±9.09

	
	White
	16
	48.75
	±1.586

	Thoracic (Lateral)
	Black
	28
	41.07
	±7.37

	
	White
	25
	44.40
	±8.70

	Belly
(Ventral)
	Black
	30
	40.00
	±7.88

	
	White
	27
	43.33
	±13.63

	Head
	Black
	27
	47.04
	±8.23

	
	White
	28
	40.36
	±6.37


Grand total
=463.75mμ/10=46.375±10.720 μm
sd=±10.720 μm
n=245 (number of hairs measured for diameter)



Hair length measurements of Holstein calf hairs:
Gebremedhin, K. unpublished Report.

1. At about 15 power under a dissecting microscope, clip the hairs at less than 1mm from the skin, with an iris scissor or equivalent.
2. The hair will stick to the scissor. Put the scissor tip with hair on it in a drop of soap and water which is on a microscope slide. The soap may be any liquid type that will act as a wetting agent. “Tame” cream rinse was used here. Do not put more than 20 hairs on a slide. Separate the hairs by spreading them around and put them in rows so that they will be traceable individually.
3. Cover the hairs with cover slip and seal layers with permount to keep the water from evaporating (water is to preserve the hairs).
4. Measure length with a camera lucida and a map measuring device. The map measuring device should be calibrated under the camera lucida using a ruler. Hair length is measured by tracing the image with the map measuring device. A total sample size of about 200 hair is needed for a given locality. The technique followed in this study was with the use of a Hewlett-Packard calculator plotter system. 
5. The output includes: average of hairs lengths, standard deviation, number of hair measured, and histogram of the length.



Summary of hair length:

	Rump
	=2.162 cm
	range =>1.190-2.654 cm

	
	sd=±0.293 cm
	

	
	n=85 (number of hairs)
	



	Lumbar
	=2.205 cm
	range =>1.381-3.010 cm

	
	sd=±0.369 cm
	

	
	n=86 (number of hairs)
	



	Rump+Lumbar
	=2.184 cm
	range =>1.190-3.010 cm

	
	sd=±0.333 cm
	

	
	n=171 (number of hairs)
	



	Ventral (Belly)
	=2.104 cm
	range =>1.362-3.305 cm

	
	sd=±0.502 cm
	

	
	n=67 (number of hairs)
	



	Thoracic (Lateral)
	=1.713 cm
	range =>1.252-2.410 cm

	
	sd=±0.268 cm
	

	
	n=62 (number of hairs)
	



	Head
	=1.840 cm
	range =>1.084-2.329 cm

	
	sd=±0.312 cm
	

	
	n=79 (number of hairs)
	




Grand total
=10.024/5=2.005±0.349 cm
n=399 hairs


































Appendix B

Measurement of Hair-coat Properties
Kowalski G.J. (1978)

Hair-coat depth
a. Do line transects of ≈ 10 measurements each in several areas. (ventral, lateral, dorsal)
b. Measure hair coat depth with a micrometer caliper or Mark’s device. Hair coat depth less than 1-2 mm is too short for Mark’s device.
c. Prepare carcass frozen solid so that skin will not depress under caliper’s pressure, providing easier process.

Hair-coat density at Skin-level
a. Do stratified sample from several areas on body (dorsal vs ventral difference is important). Calculate a weighted average for whole body from these. This can be a good overall description of the hair coat of this type animal.
b. Clip all hairs from an area large enough to permit total counts of 10-12 squares on ocular grid (e.g. =100 hairs/cm2).
c. Adjust lighting to permit counting of individual hairs in stubble. Very intense light at nearly parallel to skin helps if skin and hairs are both dark.
d. Blow stubble “against the grain” with air to make it stand up.

Hair-coat density as function(distance from skin)
a. Do stratified sample from several areas. These are the same areas as were conducted for hair coat density determination. Collect 10-20 hairs from each area. Make a separate slide for each area.
b. Blow area off with air jet to remove stray pieces of hairs and keep scissors clean. Cut a small bunch of hairs from downstream edge of patches as close to skin as possible
c. Put hairs in a puddle of tame crème rinse on microscope slide. Use needles to separate individual hairs.
d. Cover with large coverslip and seal edges with permount.
e. Measure length and diameter of each hair.
f. Length — trace hair with a calibrated amp measurer using a camera lucida.
g. Diameter — done best with a calibrated ocular micrometer. Otherwise, try to do it with slide placed over a stage micrometer. (This is more difficult and less accurate).

h. Make a cumulative frequency distribution of lengths:
e.g.
	length
	f
	f
	Density (z)
	Z

	2.6 – 3.0
	6
	6
	54
	3.0

	3.1 – 3.5
	1
	7
	46
	3.5

	3.6 – 4.0
	6
	13
	0
	4.0


 = 13 = K = total number hairs measured for length


Comment : Try to have as small a size class grouping as reasonable to try to achieve a smooth curve for figure.


This gives the density profile as function (distance from skin):

[image: ]


4. Calibrations
a. Need ocular grid, stage micrometer, ocular micrometer.
b. Calibrate for each magnification.
1. Hair length.	            Use map measurer and camera lucida setup to measure the image of stage micrometer.
2. Hair diameter. 	Use stage micrometer to calibrate the ocular micrometer
3. Hair density.	Use stage micrometer to calibrate ocular grid.



Hemocytometer

[image: ]


Ocular Grid: [AO   10X  W.F.   Cat.   146 Eyepiece]
[image: ]

Ocular Micrometer: [AO   10X  W.F.   Cat.   146 Eyepiece]

[image: ]









Figures 1B, 2B, and 3B show hair-coat density from skin surface at three different areas: dorsal, ventral, and head (Gebremedhin, K. unpublished Report). More specifically, Gebremedhin compared hair-coat densities at dorsal, ventral, and head areas. In figure 1B, the hair-coat density of lumbar area is about 7000hairs/cm2 and beyond 1.3 cm away from the skin surface, the hair-coat density decreases exponentially. The hair-coat density at the rump is about 5000 hairs/cm2, less dense than that at the lumbar. The density of hair coat at the rump, similar to that at the lumbar, starts to decrease exponentially beyond 1.3 cm distance away from the skin surface. In figure 2B, hair-coat density of the lateral and belly area are similar, approximately 6000hairs/cm2. Hair-coat density of the lateral and belly areas starts to decrease exponentially beyond 1.5cm distance away from the skin surface. In figure 3B, hair-coat density of head turns out to be less dense than that of the other areas. It is about 4000hairs/cm2 and starts to decrease beyond 1.0cm distance away from the skin surface.



[image: ]
Figure 1B. Change in hair-coat density in response to distance from the skin surface at dorsal area


[image: ]
Figure 2B. Change in hair-coat density in response to distance from the skin surface at ventral area


[image: ]
Figure 3B. Change in hair-coat density in response to distance from the skin surface at head area
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