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Abstract

Heat stress from high temperature and humidity is always the bottleneck in
enhancing lactation performance of dairy cows in Taiwan. Improving the barn
environment is the most effective and direct method to alleviate cow heat stress. The
feasibility of heat stress alleviation for Holstein lactating cows by a tunnel-ventilated,
water-padded (TP) barn was assessed in this study. In 2005, a crossover designed
experiment was conducted for 30 days a period. A total of 42 head of cows with milk
yield of 26.2 kg a day were assigned into the TP barn or the conventional barn. The
rectangle TP barn has a raising space for 48 head of lactating cows. Eight exhaustive
fans and an L shape water-pad were set at the two end walls in the TP barn. Heavy
plastic curtains formed both long side walls contributed the tunnel effect. The
exhaustive fans would be turned on following the increasing air temperature and
provided the highest daytime air speed of 1.66 m per second and air exchange rate of
two times per minute. Evaporating water in the pad absorbs heat from the incoming air
and cools the air. Four hung fans operated all day long were set in the conventional barn.
Additional six 30-min sprinkler cooling cycles a day were arranged along the intake

alley. The results indicated that TP barn could effectively cut down 2.4°C more at the

highest daytime temperature, and decreased 2.5 h more for cows suffering the medium
heat stress (78 < THI < 84) than conventional barn did. However, the persistently high
relative humidity (> 93%) and low air speed inside the TP barn increased the heat load
for cows. Cows raised in the TP barn had the higher 4 a.m. respiration rate (62 vs. 50

breaths/min), 4 a.m. rectal temperature (39.58 vs. 39.31°C), and 2 p.m. rectal
temperature (39.75 vs. 39.47°C) than those raised in the convention barn. TP barn

environment decreased the partial pressure of CO, in cow blood (41.4 vs. 43.8 mmHg),
thus increased the blood pH. Meanwhile, TP barn environment significantly decreased
cow intake activity and resulted in the lower dry matter intake and 4% fat corrected
milk yield by 7.6% (17.0 kg vs. 18.4 kg) and 10.1% (23.1 kg vs. 25.7 kg), respectively.
Percentage of milk protein was also decreased. But rumen digestion pattern was kept
the same. Diurnal rumen pH, NHs3-N and volatile fatty acid productions were not
influenced by barn environments. To improve the TP barn environment, fan numbers
were increased and same sprinkling program as that in the conventional barn were
applied in 2006. The highest daytime air speed at cow level and air exchange rate

reached 2.38 m/s and 3.2 times/min after the modification. Both parameters at night in
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the TP barn were estimated to be 1.17 m/s and 1.4 times/min, respectively. In 2006, 36
cows allocated in a 3 x 3 Latin square with 21 days a period were raised in three barn
cooling treatments: the conventional barn like in 2005 trial, a TP barn and a TP barn
with sprinkler cooling (TP+SP). Both TP barns were more efficient in reducing the
daytime temperature and the temperature humidity index. The barn temperature was
less than 26°C for an extra 4.2 h per day, but the relative humidity was above 96% in
both TP barns. Cows in both TP barns had higher 3 a.m. respiration rates and skin
temperatures than cows in the conventional barn. Vaginal temperature was persistently
high in cows in the TP barn; in the two barns with sprinkler cooling, vaginal
temperature could effectively decreased 0.4 to 0.6°C following the sprinkling and
milking. The intake activity, rumen digestion, and milking performance of cows raised
in the three environments were similar. Cows in both TP barns ingested more dry matter.
Cows in the TP+SP barn tended to produce more milk than those in the conventional
barn (25.4 vs. 24.7 kg, P = 0.10). Although cows’ heat stress was not completely
alleviated in these three barns, the TP+SP treatment resolved the negative impact of a
previous TP barn built in 2004 on intake and milk yield by increasing air speed and
using sprinkler cooling. Thus, it is expected that TP+SP barns will be beneficial in areas
of high humidity. Except for the physiological responses and milking performance, the
reproductive efficacy of cows is also influenced by the environmental heat stress. The
serum progesterone levels during synchronization treatment were similar from 12 cows
raised in the conventional barn and TP barn in 2005. In 2007 summer, a total of 40 cows
were assigned into the conventional barn or the TP+SP barn (air exchange rate of 3.2
times/min) for a period of 90 days. A target breeding program with two consecutive
prostaglandin injections at 14-d interval was applied. No matter cows were raised in the
conventional barn or the TP+SP barn, responses to prostaglandin treatment of cows in
hot summer was not ideal. Conception rate per Al of cows in these two barns were
20.7% and 17.4%, and for the whole period pregnancy rate were 30% and 21.1%,
respectively. From 2008 to 2010, reproductive field data of lactating cows were
collected. Data were categorized and statistically analyzed in a 2 x 2 factorial design
including barn cooling treatments, conventional barn or TP+SP barn, and seasons, cool
or hot season. Results showed that conception rate of cows were not affected by the
barn treatment. In hot season (May to Oct.), conception rate of cows in conventional

barn and TP+SP barn were 29.0% and 26.4%, and were 40.2% and 36.3% for the whole
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year, respectively. Results from all three studies suggested that the high humidity
problem in TP barn could be mitigated by the higher air speed. The application of
sprinkler cooling in TP barn is beneficial for cows to dissipate their body heat so that to
promote the milking performance. However, poor reproductive efficacy in the hot
summer is not resolved by the TP+SP barn. Adequate air speed and lower humidity are
likely to be key factors for further TP barn study.

Key words: heat stress, Holstein lactating cow, humidity, a tunnel-ventilated,

water-padded barn
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Table 1.1 Dairy farm number, herd size and milk yield from 2001 to 2010 in Taiwan

_ Total dairy ~ Herd size Total Total annual  Annual milk

Year ]’;1?;1?51 cattle per farm  Milking cows milk yield yield per cow
(head) (head) (head) (Ton) (ke)

2001 767 133,718 174 65,125 345,970 5,312
2002 751 132,957 178 64,517 357,804 5,546
2003 715 132,263 184 59,467 354,421 5,960
2004 674 128,286 190 54,615 322,660 5,908
2005 638 122,457 191 53,151 303,496 5,710
2006 636 123,587 194 52,269 323,165 6,183
2007 619 126,689 205 53,107 322,220 6,067
2008 591 123,115 208 52,566 315,559 6,004
2009 572 121,967 213 53,170 321,781 6,052
2010 571 122,983 215 55,296 336,036 6,097

From Taiwan Agriculture Statistics Yearbook 2010.
(http://www.coa.gov.tw/view.php?catid=23586) -
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Table 1.2 Changes of basic prices for raw milk and its difference between hot and

cool period from 1976 to 2009 in Taiwan

Basic price for raw milk (NT$/kg)"

Year Hot period Warm period Cool period diffeferrilzz (hot
vs. cool)
1976° 9.50 8.20 1.30
1977 11.00 9.00 2.00
1978 12.00 10.00 2.00
1979 14.22 12.22 2.00
1980 16.72 14.72 2.00
1983 18.73 13.24 5.49
1990° 20.73 18.73 13.24 7.49
1997 22.73 20.73 15.24 7.49
2002 22.73 20.73 13.74 8.99
2006 22.73 20.73 15.24 7.49
2007 25.73 23.73 18.24 7.49
2009 (12 #) 27.38 25.38 19.89 7.49




Basic price for raw milk (NT$/kg)'

Price
Year Hot period Warm period Cool period difference (hot

vs. cool)

'Basic price of raw milk is set on 3.4% milk fat content and 1.0300 specific gravity.

*Two-stage pricing: hot period (April to November) and cool period (December to
March).

3Thre-stage pricing: hot period (June to September), warm period (April, May, October,
and November), and cool period (December to March).
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BAAMALZAABESTE B A SRR RN L AEEN R T
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B g kB G sl R (effective temperature) 3
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30kg 22 20kg z. a5t 24 > H MipRh B R A B 5 -16°CE -10C > @ §55 2 gl
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BEE = it Az BRA R AL 25-26C (Bermanetal., 1985) » % 7+ %
AR ROT 260 ot 2 WL B AP U AR B RITR Ak
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‘,% © 2L % % (non-evaporative) ¥tk (convection) ~ @ ¥ (conduction) 7 §§ &
(radiation) i& 7 » AL L GRS #h e “,/TT (sensible heat loss) ; %€ ¥ F 8L iF & 3 4r >
2 e N 2 F A N g F (sweating) 22 ed & (panting) 0 7% T L AL chp
“,/TT (latent heat loss) (Kibler and Brody, 1953) » & S 4t 4 = 5 3 & #2 B i {o
(F11.2, Mount, 1973) -

“«—Death due to cold Death due to heat ~—
LCT UCT
Thermoneutral zone Hot zone
Cold zone <

Heat production rate

Cool Thermal comfort Warm \
zone . | zone

A
A

Hyperthermia

X

Bogly core temperature

Hypothermia

Envirommental temperature
Bl 1.1 & 8E ~ £4 2SR &R 2 B (Kadzere et al., 2002 - 4 p Curtis,
1981) -

Figure 1.1 Schematic relationship of the animal’s body core temperature, heat
production and environmental temperature. LCT, lower critical

temperature; UCT, upper critical temperature (Kadzere et al., 2002,
adapted from Curtis, 1981).
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(relative humidity, RH) #73+ & e8 &R :FP #c (temperature-humidity index, THI, THI
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1976) &_% * ik i é”]i‘«ﬂ dptk o THI 258 &2 34 3 2 5~ #9317 Armstrong
(1994) %2 A# > H 3 &% THI<72pF» 2 LR X405 7 & ?f i (no stress) ~ 72 < THI
<78 % 7 dE R 7 16 (mild stress), 78 < THI <89 # 7 & & &t ¢ B ?f‘ﬂ SR
89 <THI <99 % 77 P& &t % 18 (severe stress), THI > 99 % 3k &k /= (fatal); Hahn
et al. (2009) #- THI & & 73 # % 24p¥c (livestock weather safety index) » #]4
THI<74,75-78,79—-83, 3 >84 w f» » B &1 F » g SRR A ?T%%;%/‘ﬁ °
L Lot R RN RT “,f TERREFTEF R AN AREP T o
BB THI Bt 2542 2 5243 § £ & £ 49 M > Bouraoui et al. (2002) # 7 48 £ 4y
o % THI p 68 3 4c 3] 78 BF > 5L &' 1K 21% > 3 8 € "% X 9.6% ; THI p 69
w’Aﬁﬁ—EWTMJ#QQ 0.41 kg 5+ 8 77 % o

| Deep-body

7| temperature

Temperature

Rate of heat production or loss

A I Latent
B8 :heatlloss C: D:

0 Ambient temperature

W12 BBERDRCZEREFOFEME B2 Y G R R ERR S
R enkf % (Mount, 1973) »

Figure 1.2 Diagram showing the relationships between the deep-body-temperature,

total, sensible and latent heat loss in a homoeothermic animal due to the

environmental temperature. A: zone of hypothermia; B: temperature at
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maximum metabolism and beginning hypothermia; C: lower critical
temperature; D: temperature of marked increase in latent heat loss; E:
temperature of beginning hyperthermia; F: zone of hyperthermia, CD:
thermoneutral zone or comfort zone; CE: zone of minimal metabolism; BE:

thermoregulatory range (Mount, 1973).

fd £ I G o WEEiE B (respiration rate) £ ® 5 R &R (rectal temperature)

i

LR R 7 Wtk FLHEFIHL F2ERNEFRNY BEIRRT 204
P B A 26 =X F| 35 =t (Reece, 1993) » ®E %R B 52 38.0°C ¥ 39.3C
(Andersson and Jonasson, 1993) - % & § £ % 2 & ch¢ FF (thermoneutral
zone) > % &R B g A4 BEFEAF AL 4pM (Hahnetal, 1997) ¢ ¢
§2.8 (body core temperature) € P|FIE R0 F A B o & EH ~ B BN (ear
tympanic membrane) ~ £ T (sub-dermal) ~ % 5 ~ I£if % *g9% (peritoneal cavity) »
HY B % EEB W2 B RARESENR 06C> 21 %L RF it
(Brown-Brandl et al., 2001) > % # B &> P BF > 2 LA T HRREEE HE R D
Bitm it REFEIL MY B P E LR % (Hahn et al, 1997) » F]P &
BBURRT > I O RFRFERZLEAARR TESRERF F AP

Mo P 4pd @ Py £ 8P2 L% BAERS x4 a2 2 (Collier et al.,

L4 2 HRFLLF
é*%*m%%ﬁﬁiﬁ@%ﬁﬁ’%?i%%%é%"%@’£§%$é
£t B A ARFORG 0 F PHE S 20kg 1t chigs T2 A 25kg i}
gt o 2 BBy FAEE ABNEARA 4 X £ ad (X 4,500 BTU/hr = 13.2 kW/hr »
BTU: british thermal unit) » S§ ¥ 5* € ek B > # 4 =4 LS F W B - Purwanto et al.
(1990) 45 » % & (31.6 kg/d) & @ A& (185 kg/d) x5+ 2 » A4 S arit 2 4
4o u B A 48.5% & 273% 0 Fpt A B L A nE w0 & I WRE R EE S
E"f’ll’%#ﬂ,% 0
B2 L RSTRBEART > T %ﬁ?f* B A AR 0 MO A A B B et
A2 2 D& 1 o Bucklinetal. (1991) dp - iqt 2 & r@é&T T2



E () S S, () Mok B, (3) R A PHE T, (4) Mttt
B, 5) 2R RP pRZFdZE, 2 (6) &P MAOERIE >N KRFIREAES
BUEHBRRESDF R ANTZEY SR FL S AB R B 2 oG k¥
71 e
141%?19%* 752 B8
Faadmgr g ? 2 &2 5 il At & 3 B enh -
ﬁ’%%ﬁﬁﬁﬁﬁE’U%*%%iﬁ%%ﬁ% IS TELNE T
WG AR EFE T R RO T A L ks R R
CRFHELGL G E (Hillmanetal, 2005) > & - A » 2 & v 5 4o ok 2 AL
FOUE G S H AT Bl § 8 K 4r#E (Bucklin et al., 1991; Smith et al., 2006a) > &
PG R ERES F R e EEF PR T S ERA
% 7% % % (Ingraham et al., 1975; Fuquay, 1981; Igono and Johnson, 1990; West et
al., 2003) -

B4 EE19CH 2 e = iR &éiéﬁ dvo F BiE25°CHFRE 4o (Hahnetal.,
1997; Maia et al., 2005a,b) - & & %5 2R G A RETR S E e 5 R
PFEEARE ﬂ‘ﬁﬁ?ﬁ»f‘] 2 @FE g AR 85% & 15% R E TR
(Maia et al., 2005b; Hillman, 2009) - % % # iz “ﬁ% TF R APHEREL EY R
FRUELDPEFZ > 2 LR FEIITPHBRAELEZDEE > FHHER
d 30% %% F| 90% P R FiE S d 500 g HoO/(m’h) B F % M3 60 g
H,0/(m’h) (Maia et al., 2005b) » 5=+ & 484 ok Ed 02 m/s %8 7 0.9 m/s
P pHFE ST 475 g HO/(m’h) + t5#% 8 F] 350 g H,O/(m’h) » ¥k # £ 453 3
22m/s > I A ¢ L Hi4egtiF i 5 (Hillman et al., 2001) -

28RO RERET AR RBHFLEBF AR EEER A2 LA PE
g o R TRIFRER A LY o RRRRS Lich TR E A0k
BB RE RSO BRI ARI BN ARG EE R TN

\Eﬂ

LEREAFa T LA KR AT ERMEL MRS g LA P RAR
GESFLEMELEA TR KB e RY ELEMESLBA 2 (e
CREL SRS SIERE S RS L R LS R

25 2 H o pE 3 ZAE D B i (Beatty et al., 2006) o
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0
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£ [ T
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Bl 13 mwdt@erptbdip Tofpe s g 40k E e B2 P
i@ F enjp B 12 (Beatty et al., 2006) -
Figure 1.3 Daily average feed intake, water intake, respiratory rate, and heart rate

plotted against daily averages of core body temperature for Bos Taurus and
Bos indicus heifers (Beatty et al., 2006).

142%%ﬁ%i%ﬁﬁi%§

28R AP TR ?f BARR G TR o B & fF (lactate dehydrogenase,
LDH) ¥ - 5§ 5~ shEmy apgs - 2 8 p? s ¥ @3 E 5 < 1,500 UL
(Schmid and von Forstner, 1986) o % [® % #icfii §& "<cfis (aspartate aminotransferase,
AST, AST = GOT, glutamic oxaloacetic transaminase) ¥ 3 '=<f& #& "<f+ (alanine
aminotransferase, ALT, ALT = GPT, glutamic pyruvic transaminase) %-£? #-v B
WA R e o 2 DAL o ¢ AST & ALT /8 € 2 % > et - &
Mefig s it T 2L N HFRE - & & (not liver-specific) © Abeni et al. (2007) £
FREW A R FEARRRDEN 2 R FEARERE - P Y A3 THI £
MESL M (P <0001): #F R %7 EAMER L &AM (alkaline

Calamari et al. (2007) 2% m ;& 2 i EF @i P ¥ 7 Fandt %f Wtk BF g
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phosphatase, ALP) # {8 ¥ " 11 > = & THI &+ # spbenj ta bl 5 o 57 ok
fi* (creatinine) = v B ABA 2 - >4 * Ty § g 1k BE g ¢ kR
Bk p R v e A K 40 (Fekry etal., 1989) 5 supipFer £ £ B R 2 4k
% o Ap ki (P <0.001) -
FALPRB LR ERET > ¢ B THMPN PRI 7 (West et al., 1991) -
PR CE g T et A Fn P M TRAS IS (H) S ARy
+ (HCO; ) eyt % = fa4s 4] k'add o ¥ chphdk T = (Houpt, 1993) 4 #4 f /7
Baepk o & D R F R B L R E R AR o e f R COp
x4 A COp et i3 4o i H'¥r HCO; & S ptft (HoCOs) 0 Flotvdh f 824 2
A ey id et e Mgk 3 g (respiratory alkalosis) % 0w ¥ CO, & B "E 4
HCO; kA" <% & ;% pH f#@ + 2 (Collier et al., 1982; Calamari et al., 2007) -

LA3# T 82 Laef 2 B3
7‘;“3‘ IQ,L’&ﬁimg“ ) Ak§%T19miﬁ§1gﬂg&Fm“ ,R—Eﬁt%i ’ .*l}bl'i*

FoRA PR TE L o BSR4 BTG

BT RRBLAPEIRR 55 - T0%FF 0§ §
#F 100% &> e - F RA2E 24CPF o 5

1
%fx:z" » Yeck and Stewart (1959) & 1 e g 2 24 £ 7L B L BB IE R P BN
F R g

g B AP L 0 F FRFEN SCE FHEFREIFH 50% i 25
B4 RHTH 62% (R4 285 p E B iRAE 39CE 16 | pt > B

SR T REN R L TSR 10% T 20% SR a P HE AL

i
o

B (Igono and Johnson, 1990) - Rodriquez et al. (1985) 4 47 # & Florida ' B %

Ik

Pk e 22,972 :i?%f’fb v B arE p SF BEFEAEBCE 290C€’F@F& -
3 ERBIER PP E s & > 200 0 SR TRAE T S A 5 AR bh kR A

35—1;’; ésl’ﬁ/g.ﬁ 8 i‘?ﬁj"\i 'J 37OCFT1TK§ °
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Figure 1.4 Effect of ambient air temperature on milk production in Holstein and

Jersey cattle (Yeck and Stewart, 1959).

West et al. (2003) 37 ff 2 245 4p 2 2 5 2 BB E oS B RRE T 0 F
BREEIAHLEHGE RFEI SRR BHEER D FUEY TR

f’%?fﬂmip*%ﬂr"ﬁ BEEF R H A d R B > BT ESUR AN B R D AEF P

TF R oA SRR E TP ERMFETBRM T ARFFE A ERL 2
fHe Lot LT £ 7 Werdibedm pr b o FPEEFAHEIELS P ind
BFEREER:  FRFEIB LRSS e Er 2L 085 kg & 0.88 kg
FaEOTE (RIS A $p 285 EXa poenTis THI 58K+ > 5 H =

THI 34~ Wlig S fmfg 2 243 2+ 088kg &2 0.60kg *&£«1 T (B1.5B) i&

WAL ARLERREL EhL a3 p L PP o
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DMI, kg/d

Milk yield, kg/d

®l 1.5

22

A
20 - ® Holstein Y = 19.56 - 0.85 (X - X)
18
16
Jersey Y =29.15 - 0.88 (X - x) L
14 - 5
n
12 )/ "
2
o1 /
[ | 1 I | 1 | l ] |
24 25 26 27 28 29 30 31 32 33
2-day lag of mean air temperature, C
34
32 . B
30 - Holstein Y = 29.16 - 0.88 (X - x)
L J
28 - ®e
[ ]
26 -
241 Jaite.,
22 - &% a
20 - R
* ® -
18 4 Jersey Y=23.10-0.60 (X-x) =
16 // //
2 e
0 | 1 |} | I I
72 74 76 78 80 82 84
2-day lag of mean THI

FRFS (o) B (w) fep FHEEE 20 P TIBFE (A) 2

2 2 p % T35 THI #p B & (B) (West et al., 2003)

EEh

Figure 1.5 Regressions of DMI on 2-d lag of mean air temperature (A) and milk yield

on 2-d lag of mean temperature humidity index (B) for Holstein (®) and

Jersey (m) cows (West et al., 2003).
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5 ¢
B R :’ﬂjl % 5u (hypothalamo-pituitary system) #74 i e7GnRH £2 LH; & & £ % ¢
E Feadrd| T AR B R 1»9:]1 « %u4 ;5 GnRH 22 LH ¥ 7 5 Bﬁf‘sﬂ vV e £
RS PR AR A B d T

*Poor estrus expression
1 *Poor quality oocytes

Low estradiol

Decreased \\ |
GnRH & LH Loss of embryo == Tnfertility

-.-;\.\’

Negative
energy
balance

Compromised LN
uterine |, ., !
environment -/

TLTTELE 2

Reduced dry
matter intake ss==ssssssns Heat stress

B 1.6 # ”f WA BB i 2 ¥ i #84)  (De Rensis and Scaramuzzi, 2003)

Figure 1.6 A schematic description of the possible mechanisms for the effect of heat
stress on reproduction in the lactating dairy cow. (De Rensis and
Scaramuzzi, 2003)

# R g2 &g (silent heat) ~ Z - (anoestrus) £ % MO (7 5
7 F s o Nobel et al. (1997) 4p i fF 2 & = g fren2 &

£
BRfe 202D 2 B0 ANL B6XE 45K - BFLFPFLEPA

-~

~

W ERA AL # ?f 1€ " 1< 7 29 2% (luteinizing hormone, LH) 4 & &% fr2 3 R

(pulse and amplitude) > & M LH » i3 038 ¥ 5R B4 g ¢ (dominant follicle)
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VEF B A per > #p % - g (oestradiol) A idtE Ml BIERE T S BRI Flt i

o4 7 Feni % ((De Rensis and Scaramuzzi, 2003)) ; F & % i gumie > A 24

ok ‘9‘

fL g i@gr’;frﬁnﬂv; o T T 2 5 (Diskin et al.,, 2002; Bridges et al.,
2005) - T i ¢ "iAn kP 243 % (progesterone, P4) JER > BEF ¥ X 4 htk
BoR A r2 Il 8 ERIFTERSERB »EAnS - Ay
AP RERAAS N ERE FniKE (Mann etal., 1995; Mann et al., 2001) - j&§ %
ARy AL dpd o d *%@?ﬁ:‘é EERRILEHFTHRIZE N > &ff
v":'E‘?*L‘F'a&ﬁ”sb BTG gREAE TP L F RS F2 R TG
(insulin-like growth factor-I, IGF-1) &2 § F#ERE M o E 2@ F 7 % L~ F 4

nnt

AP EES R E L RGOSR 2T % 78 ¢4 it (Ronchi et al.,
2001) o F $ i1 éiﬂf\al—és\ DAL EE R L R BRI IREGAHE T

S 4v 0 Fl@ B a0 4 (Hansen, 1997) o

15?{;.—*—@“5.%/5’_3%;3’;"*-%%3? ST
BPL 2 AFRE AL BRI L SR (West,

1994) ~ 3 & ~ 5 ¥ 2 T rcF & (Hansen etal, 2001) » { BrE v HR 7> = o 12
ENe &? R AFAE- ENEAEAE 169 1] 236 mE A~ HP RE
AFHE- Lo 4F4E 88 3| 15 RE~ P FIPFEHR L FAFTET LR
#F o R F iR R (St-Pierre et al., 2003) -

Beede and Collier (1986) 3% p 2 £ B2l ~ A SAEHRE §F % ”g =

o RSN BTG AP UL R Wb e B R AP K
PONIFE L ERBLE 2 T AEF R G B AR -

1.5.1 & (shades)

EET FRESMERS R g A o A L %?wﬁﬁﬁmm
FooPpfpit o KPP LFPPRET RS LLRE G 30%L 50% 0 BEREERET
M 2 E B A 0.5C (38.9 vs. 39.4°C) iRk b & 4 4h 28 = et ek =t i (54 vs.

2 ke =t /) 0 X A4 10%3Y £ (Collier etal., 2006) » 7 3 45 11 » & — g & &
FAFRF 353 45 m i (Wiersma, 1982) » P EFERenB AL A3 4
35-45m B B > 4hac o2k obd TR R Btens 15§ 5 (Armstrong, 1994) o 82 2%
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FRET LRSS SRR RHN L FORER S AHIRE T & ek
f&%%i&ﬁ%&ﬁT’%7ﬁﬁ%i%aﬁﬁﬁ§ﬂ@2i5mﬁ’%ﬁﬁ

W g S kB ER R (Buffington etal., 1983) -

1.5.2 #f-kg2ex b (sprinkler and fan cooling systems)

RS h - gt kR é“fsﬂm" Eo It kR L AL £
PR SR b AviE R A P oReNZEF RE D ZFATR DD ho - RILEFE R D
B3 RF e 5% & Su (fog or mist system) 0 2 pt - % SRR ARER Y LRA B D
BB FlEAcmarRF BB RE T € A2 & F 5 (steam bath) HmT 0 @ Bk
4 frecs (Bucklin etal., 1991)

Hillman et al. (2001) % 48 .0.2, 0.9, & 2.2 m kb & $fc? % -k ~ % 40 min
oK E 20 min S RAE R IR L M A ZEACROEE > BRI H b
Seh T AT A B ARG R S 02 m b AJL
2100 watts/m” » # v 3| 2.2 m/s b i# 51480 watts/m” » H{ 4r 4.8 & ; H{ s b # L &
kAR L U FRBMA RO > 4502 m b ETF 20 A4k
—ﬁxwagwﬁaﬁww$§,ﬁwﬂ;Mmemm%i@ﬁﬁ¢é@u%ﬁ44%ﬁﬁ
P B 20 A4ETE k- R enARSET LR b # T 22 m/s 0 H A g £ 4 &
900 watts/m? > % $ i< b i PEH{ 4r 2 B et e (B 1.7)c ok 2 sk b £F ki 2
b g den® § 0% %% (Hillman et al., 2005) -

& Florida (Strickland et al., 1989), Missouri (Igono et al., 1987), ¥ Kentucky
(Turner et al., 1992) & {7vf -Kex b "% > 8 chn Bk > R T KEaF R R 5
25°C s K PERF 5 1-3min> R0k 45-15Smin- b % &k Sfcdpriads @ o
TAAEE S AT UM R S 78% 0 &% A S E 2.5 kg/day > *F MAEE 0.2 -
0.5°C % > e exig B 29 % o Chastain and Turner (1994) & & A sz BBy T » 82
& PRz b FRETEFF 204 mo 2 AP IRDF GFHRET b FE G EH A
I & F) 29-40m o &g o ¥ b o d g ke h R S VR R Y < & ks

& ARk SRR R 0 B AR s niH, (Turner etal., 1992) ©
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Bl 1.7 sk R Z B oiE S8 Sodi 2 258 (Hillman et al., 2001) -
Figure 1.7 Total heat loss from the sample skin for different levels of wetting and

airflow (Hillman et al., 2001).

1.5.3 %3¢ 34 b (tunnel ventilation)

RE SR SRR - BPHE 0 - AR I B #T
FRY - rFHaep o HAR {%ﬁd Wi ke Flad b VT RORERR
+ A “f KH 4r 5 d HE (convection) At AT A o Flpt i F aE N bk e

Eo gt ARER R E S FREDEPER TR 2E- PR
f~é%3fimpi=ﬁ“ ; e gL 7 E 2 H 48 (Stowell et al., 2001) -

R R AR A ETE B E R R if (air speed at cow level)
¥ 7 F 2 #i# & (air exchange rate) £_F & 33 o Shearer etal. (1991) &3 » = & %
ek i & E ) E 4 2.5-3m (500 - 600 fpm, feet per min)> 4 &1k 2+ &4 fren

ek PP BRERERET O AROBRET > B RE T §F A HEER S
#5 0.5 m’ (1,000 cfm, cubic feet per min) « ¥ ¢ » Ak -4 £ pFE 4 ;@,ﬂu«ﬁ R4 eh
EF d R LR f R LATIEF B AR R f A Mond o A2

THLERLIPELFH0IIM PR S F R 2 VARG 930 em’ (1 ftz) g F
% f& (Gooch and Timmons, 2000) -
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1.5.4 %43 5\ 3 b 22 78 /4 #r (evaporative cooling system)
BRENNE BENEFHEEERE  FEF AN FEERE S SRS
R R LA KRS £ (tunnel-ventilated water-padded barn) - #F¥ £ Frih
BAPER P e 2y A p @ d > T E ke AL LG o
B LA BRGNS F 2 A MARHBR TR WX B AR AAHIBA
%M%ﬂﬁ%ﬁﬁ%(Hmeumzmn’z FEWMENE £33 ap R

IR A PP i

<

B oOFM - ﬁméﬂﬂﬁﬁiﬁﬁsﬁﬁﬁmz~ﬁ%w’i L a2
TAp & o M O Bji‘ e i F AT Eg % % (Bengtsson and Whitaker,
1988) o #8d » 1T # KT F PG RIPPIFTTEN - 2IR I B 5 iz < gR R
P BFRARFEIRES L F S EATHL > FEHERYES L ELLAS AT
¥ % o 2 B A 2 0 Mississippi M en g F #& 5 &% > Smith et al. (2006a,b) 't %
FRAAFIREE PR Btk AR SRR 2 P Bk R R
AFAICRE LV G 5 84%E ER B fi;?b;ﬁfzﬁ (80 < THI <90) epFiF >
L 3.1-52C 2R ~F ot tHioRr " 13-16 X2 % ER M 04-0.6C,
HWAqc2 Bz ma s 11-12%, H4rieit & 2.6 -28kg % " M4 S 48wz i 27
-49% > BEoT R EGPIRA RV UL LR REE L RER > HE G PR ED
I & 2% > Berman (2006) » 0 i A% "5 8 ﬁ%ﬁiﬁv«f"ﬁ?fzi SRR R T AV
f7efe

Smith etal. (2006a) 4 91 17 4 R ks R L RBRN
e gd Ferh @3 AFPFHA £ @RS Fp LHah d 4RE2 & Dl
42— - Hillman et al. (2005) 33 7§ -KeR b A5 G An2 § %) #‘* v 2R ﬂ_ﬁ’%
@E];L:f’rp;z# FIR }\g; gaja—cg,\cg KB Ju*ﬁz-;;gfnnﬁ@i 8 ek ez e
A REREEEER (Armstrong et al., 2004; Smith et al., 2005) 7 i&#k =1 % L & 7
RE SRR CREFE G PRI KRS OREE SR K RS
BEEEE-HIF

FokieEs %"%iﬁ’_{’ﬁ RS 3 R R TS Rl TR R A

%o FE A4 ¥ (Brayetal,2003)c FP &% (1992) Bt #E &R
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DL LA LA RIDYF AL IE B AL £V KL L oM
M At THEEMEEF DI FRFLFRFANEEE KL P
B2 %k o BHE (1994 A £ FA) AT FFpt 2B ARy v BE%
FRAS S A UE RS f - RN RIS 242 R

PR FORPFELERS PRI RLER A P LEEAORE A BIEHAE KT -
A £ ;45?3';%% v & - FEA U4 2,500 /s (W) ehE o Fpt E
MEY¥ 1T E¢HEZDLLEERE Y M AFREAZR T2 3 20523 (ASAE
Standards, 2008) - Bray et al. (2003) ' fxz 3 2 £ 22— 2 £ 4 e oReR b DA B
R kAo THI B3 dpth WIZA 2 E2p BR Y M 720 fafta - &
Lo REBEOTHI 4T 4pk > 9 X THI % B> 75 (B 1-8) - 3#sk2 20 =
£& 70m> % 25m> EEF 45m> & * 25Ton(87.9kw) 2 73 & 3> K TR
B i 21°C o #ske 64 pHREF » Tk 1 3§ 5 90,000 kwh » 48 % *+ 5,400 %
E2 o o2 THRL RBHERAT PG 2 A N R 2 ERE 2 THI B K2 720

i EXT Feed Bam with Sprninkler System

-
—= AC Air Conditioned Bam
L2
EVAP External Conditions
81
” e e i
...-..ill T ﬁ-tii.*.-.
T - LS
— 'i [
— S -
L} i-‘-.
= ...I.-I‘I.‘ll"‘ll‘-.“....'l-ll.... -
-t u .

T e ou "

110 1 e Noon 1 2 pm I pm 1 pm 5 pm & pm T pm B pm % pm

['me, hour
Bl 1.8 L F B2 404 64p sk FnToTHI %1 (Brayetal., 2003)

Figure 1.8 Average values of the Index of Temperature and Humidity (THI) for 64
days (Bray et al., 2003).
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V- AREhz B2V R4 Ari2 (zone cooling) » H %7 F R T2 &
G AR R R R 2 LM gt Rt EAGRE SR T 0 Fa
HBHFIEE A E cHahnetal (1965) 1 * p =2 > %3 § %51 15°C> 2 0.7

Exe 2 QeI VT UEFASE o

- 0.85 m’/min 17 j

>—¢

=

1.5.6 H s '3 8 3 5\

% 1988 & % % » £ R Florida '3 % 30% gt 2 3 * -k (pond) k‘*%
& > d * Florida VW RFRoeif » A T -RBREITHER B TR FP X AR F 5
5 {4 v & (Bray and Shearer, 1988) o E #:#ti# (shower) & 4% & % & Z @ 47
Foen™ 2 o F G REE RMIEF 20518 0 BF ) 10minsRigcE & o 3 ¥ 0 P
Biodl 23+ 90- 120 min fed— g - FHF B RTRY 2L FREBE
% gx#+ (Chiappini etal., 1992) o izt 38 * R & & 5 €33 0 580 ~ H 4 B¢
KBERR > PPERY GvRS TR L AR B G (Frazzi, 2002) - 114 52 &
’”i@a%ﬁ%F’*“ﬁm45&x;xpﬁ#¢%&mﬁku&%&@
LN I 92 2l ) #*«» (Flamenbaum and Ezra, 2007) - & "8 -k (water on roof) >
A RfT S B anfp BRI ZB 0 BEATE I e 2 F P o Aot T RS
Mg 5+ 408 ~ 3 £ 0 (Nevander and Elmarsson, 1994) -

1.6 - &g kG
R REBT > R FL T FERN KSR BN A R
PR RSO RS IRAATE - A S A REEE o p 2000

# 32009& :710& % > F 3P AR AT B2NG9 el £ F ok (L5120

=

267 5230 047 5 & 431 m) TRl cn TEaF E AR R & k)2 B g R R
o Mo s 1 ABR  FACHI1LON T BRI B E (5-107) 1 TIE5 R
RH# THI > = 4 u]iE 327.1°C ~ 84.0%2278.8 (% 1.3)
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413 p2000%2009E B3 A% TR £ 5 %=k (B2NS9) #ripl{F ez 45 5 8 ~
AR SHR R 2R IR R A ik
Table 1.3 Daily air temperature, relative humidity and temperature-humidity index at

Livestock Research Institute of Taiwan during cool and hot season from

2000 to 2009 (Meterorological Station B2N89)

temperature-humidit

Air temperature, Relative humidity,
Season y
C %
index
Cool (Nov. - April) 20.2+0.5 80.5+2.5 67.2+0.8
Hot (May — Oct.) 27.1+0.2 84.0+1.7 78.8+0.2

ke 4% (2007) R4 ¢ L F %R 1976 1 2005 & R F % FOR 0 2
FpHFEAFE THI(RL.10) Br* &5 = 30 s g et ﬁ;%”f\a (78
<THI<84): 2.6 " i i m % (72<THI<78); it & p TIZF Bt E
Tm’i§£$67%Eﬁﬁ@&ﬁﬁigaﬁﬁ%ﬁ%ﬁ(ﬂﬂg7m’iﬁ?
For B AEEAIPEHREY (THIS68)  ME (2009) 1345 RPN 5424 34 se 2
3+ % (Dairy Herd Improvement, DHI) FALE i 544 ~ ¢ 2 5 30 F5F

il
£ Eplds

LAFHFLE S E A S 5 g 2004 & 12 7 % 2007 &£ 11 * L ¥y=
EPMZRAREAPHBRE FREAL Lp 2 THD #5l3% (12-37)-%F 4,5
10, 2 11%) &24% (6-97) pF2 £p THI &A% 5 662, 757, 22799 5 % 7
T EEYFRAGARE ¢ 2 EMG 23 R B A LN 2L R
ﬂﬂE%?iﬁ%@(%LH%%LH%%?%%ﬁ%gﬁigmﬁigﬂgg@
THI %7 2 4] A& 4 3 11 " W THL % 83 72> 6 T 9 ! B en THI
i § #ir> 80 -

19



30

Temp

23 F

Temperature, C

20

15 L 1 1 L L L L 1 1 L 1
95

RH%

8

Relative Humidity, %

BT

7‘0 1 1 1 Il 1 Il 1 Il 1 1
84

172 |

06

Temperature-Humidity Index

60

1 2 3 4 5 6 5l 8 9 10 11 12
Month

B 1.9 p 2000 % 2009 & 3 & :#5% 7 B2N89 B # 5 %z (L J5 120° 2674 5 23°
04’ > #4431 m) #TipliFen? T304 8 ~ PR R SR BRI~ -
Figure 1.9 Monthly averages of air temperature, relative humidity and temperature-

humidity index at Livestock Research Institute of Taiwan from 2000 to

2009 (Meterorological Station B2N&9).
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B1.10 S # & %197622005# 2 » T35 R R dpdkc (o5 £ B THI > 03 L35
THI > & 4 5 THI =68 » 7 & % THI=72) (3%t% > 2007) -
Figure 1.10 Monthly averages of temperature-humidity index (THI) from different

districts in Taiwan from 1976 to 2005 (e the highest THI, o mean THI,
dotted line for THI = 68, and solid line for THI = 72).
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Figure 1.11 The averaged barn THI at different seasons and areas from six

experimental dairy farms from 2005 to 2007 in Taiwan.
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B1.12 720053 2007 & B ipe b = 2 & p 2 g o 20 (g RARdp 2 ®1
(P % > 2009) -

Figure 1.12 The monthly changes of barn and outside THI for six experimental dairy
farms from 2005 to 2007. Nearby data are collected from four
meteorological stands including Taoyang, Yuinlin and Kaohsiung
Agricultural Research and Extensions Station and Livestock Research

Institute in Tainan.
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1.7 338 gdeer pin

&%%?ﬁﬁ%iﬁ’lﬂﬁﬂUﬁﬁb B E AyJ#%Wﬁﬂ,ﬁ
PR MRS R L FRE RS A RE R R TP el B R
CERPREEFE L DI LA FEPR  ARP BIRERF ERIRT 0 Rk

}g;]rkmi kL*:}i’L Kﬂul%m;,{%&;q-:ﬁ (1999) 5])"157"1? J\V}\Jk K§ r}:y » 3

ek

3

=y

|4
o

s

1996 & 6 — 9 * B o> B HeaOfe &7 5% > M-k 1 min fe &R S
min 2 > VEFHEE > BT g ot A s B R 022C3 & A i
33 Z o X PR hic FHRSES P 203 kg PO RPNRANRTL SR S
BEciief kel b i3 02 o T E k0 ARP G FRAGTRLACRAT S 24
BRARE > B% 2 E 23 OEER 0 A LD ASTRIGRRT (¥ 2 2009) > &
ﬁ?ﬁ%Tx @ﬂ&ﬁmg{g’¢%%$?4pfo

rh & (MAKRE) BRRAE L has v
Sl mf@@% AREHATI2004E 2 A - B FNOKE L £ i
Ao p2005# 3 S EFFRE NN EREFRILCE AT T T HF A ik
TR EEFLE L ANGAME RSB E > i ‘f“ﬁ%%
Bz PR A LEm Y N F F 322005520072 & = BiEE R IR 2 20087
2010z Eche FRANL FFRAP L L EBE -2 LRI s it

B FHFES BT RN ER RS
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2.1 ¢ 2 &

ARRD NRFEROREL ORISR FEOT F R R
LALEE SRE A A TLR o B LR WP A2 F LR 262 kg iE
Brasqe 2 A = o A R R T S R R & (AR &)
@A F L IR L (B2 L) AEL LSRR 2L SRR
W E30p cREE GRS EFE KR ARBREERNELFR S
Ao R L AEe KR AR ELRHBRGFY SR > 25 0 PFE
kEAEE LS LRATANA S DAL 2 BE e R 5T 2P B
FERTRES P2 E R0 A 4ehrf kAR o 2 LF R BT 5 S g
MR TR AN SRR ERS R REREAFRED X L R R SR
AT E FRREACEA R R TL Y FHARE - BRHREFHET » k
BEABA X FEARAT 0 KEL 2T IRBAL 24 ki Kp B EF LR
24°C ~ et LR B 26C 1 Lé&ﬂfﬂa PR 45h B A B R G )"géﬁT
A (T8 <THI< 84)enpE ¥ 25h; R > K EZ2 2P HF B pBER (27 4
HiER >9085%)H2 L4243 PP kRE2ARB T% D2 L4 4am ans
e (62Vs. 50 = /A 480 P<0.001)~4am.H2 % E A (39.58Vvs.39.31°C, P <0.01)
5 2pmehE A (39.75 V5. 39.47C, P < 0.05) A F 4 2t st 22 8 o kR
222480 FRAR FEAHERABEFRS Rl FreFMmE KRR REL e
BEE M o kB ATRB A E MR A T 2w n e CO, AR (414 vs. 43.8
mmHg, P <0.05) > & & ;% pH EAFH e o 3 B2 ERFEMEZ % 2 FRRRT2 4
“f:@ v RE2E 2B R RE CHRBIP R REE EEFF OB IRAEKRRE R
Mo F @R > TRPE A CMEED WA FiThR N FN kR 28
FHEREEE- HFALHEDT B o

‘“l

m\w

20 =
%i’fﬁ‘%*f“ii"%&i UCARME A o BRI A R F ME SR (West,
1994)~ # & ~ S £ 2 F»cF % (Hansenetal, 2001) > { e e 7>~ o 12
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WL BFUGFFAE - R AE169-360kE 2 LY 2T
Gib- Lo JF 488 - ISRE R > FNF RS N[ FHUTF BH T & RATH G oneh
xwfm S 2R (St-Pierreetal.,2003) - R B ZFF R RENZ L CkEZ &)
*%ffi%‘b?si L RN FEERE 0 P 2 dF o BT o 2 U FE
AR AN FIP AL MApHBRRE TRAME B E LBAAHBRRFR G
ﬂﬁ%wﬁ%(mmeumzmn’E%%ﬁ%ﬁﬁ £ A g pRE > T
- BEREIFE RS fE ﬂ%ﬂﬁiﬁﬁﬁ*i%@?ﬁiﬁ' I QN G RN 7 2y :fﬂ a1
EE B R EEL AT 5O 2 A i % % (Bengtsson and Whitaker,
1988) o #Am > iT# KT F PHEJITHIFTEN > - L ERE 2RI DE S
PR A B AT S F L FR SR ke RGBS
Mg 2 EA T enlfd > ZHFFEREN 2 £ RS 57 8 % - Berman (2006)
ﬁéi%%@Tﬁ@#%wamFﬂmﬁﬁ 7% 4]* > Smith et al. (2006a)~

o KR E ERAESE LT ML -52C4E ~F A4S A g 13- 16
H o EGERTER04-0.6C R 84%E BRP hY ¥ R (80 < THI < 90):h
PERF ~ B 4c 2 B3ed g 8 B 11 - 12% ~ H4eie 7 £2.6 - 2.8 kg? " iR fw7e 27 -
49% (Smith et al., 2006b) = F1* 7% %8 ks fade B E P FRA R S DY
v igd e EF ASF LB TSR

FAEd BT FME AHELAL A RAR O EFNEARF O RS

v

CERRE T R O A A SR I LU O

m&\'_

i
2 & 5g# > N p 2Lk % (non-evaporative) s¥t i (convection) ~ i# ¥ (conduction)
2245 8+ (radiation) > #& 3 = Z % ;% k¥ (sweating) ¥+  (panting) (Kibler and
Brody, 1953) « & # ifid 19°CPF 2 & vdrx = @ 40K 40 > 7 i iE 25C PR doge i
(Hahn et al., 1997; Maia et al., 2005ab) » B E B T » £ & yniF 5 4 B 4f 2 2 >
el & R RE F AR ,ﬁﬂﬁﬁm 2 BURF B g AR 85%E 15% T E
$¢#v s i (Maia et al., 2005b; Hillman, 2009) 2 & 2£i# i F X D Ap ¥R R 22 b 1 oD
%@’ﬁﬂﬁﬁﬂa@3m@%$ﬂ9mu¢qﬁﬁgﬁa5mngmm%)%@i60g
H,0/(m’h) (Maia et al., 2005b) » §iE 2 & 48 4 Hk i d 0.2m/s 3% % 7| 0.9 m/s f¥ -
$F 3 Fd 75 g HyO/(m’h) # % 3] 350 g HoO/(mPh) » £ % B b 3 2.2 m/s 4 ¢
4o 77 3¢ 5 (Hillman et al., 2001) o

ERFESFLL R BASEFARATERFULR - BBR A
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(temperature-humidity index, THI)E_% * 3k 5 :}p £ THI 258824032 5 =~ >
H¥ 52 Armstrong (1994) % A# 2 w5 THI<72pF 2 LR X 473§ @ & ?fsﬁ (no
stress) ~ 72 < THI < 78 % - $& fig e ?f 18 (mild stress) ~ 78 < THI < 89 # 77 2 & x
e R ?f:&;?*\ 7~ 89 <THI <99 # 77 B & et % i€ (severe stress) ~ THI > 99 2 i
# &  (fatal) 5 Hahn etal. (2009)#- THI £ & 33 § i % 24p# (livestock weather
safety index) > #]4 THI<74~75-78-79-83 2 >84 A w|h & 4 ~ &2 £
G % ?f Ehw e b d AR G o i B (respiration rate)#? ® % E B (rectal
temperature) 5 2 4 g j‘f:@a‘ﬂ o F BB 7Y BT (thermoneutral zone)is » #+ &
rEea B2 g BB R 4pk (Hahnetal, 1997)- ¢ « §8;8 (body core temperature)
R R FIRRIINEA A R > & 45E % ~ B (ear tympanic membrane) ~ £ T
(sub-dermal) ~ % § ~ F&if 2 "f%% (peritoneal cavity) > 2 ¥ ® %5 & F o B ZE L
R BERESEM 0.6C 0 F B e %R E R hip i (Brown-Brandl et al.,
200) c FFEBWPEFE 2 LA TERRAGEE SRR DR AR REF
BESTE Y B A Rl % (Hahn et al., 1997) » Ft a4 K ’T kT s ]
CHRERFERALAARAE > TEEBRGERG AF M 0 B EE P2
g % FIACIR B (%dF a0 2 (Collier et al., 2006) -

28R A3 g ?T" WAER G TR o % ¥ FkE F (blood urea nitrogen,
BUN) EAR M B - & &Y 39 7o * s '8 i (Koubkova et al., 2002) - 5
fi @ % & p* (lactate dehydrogenase, LDH) %~ 8§ § 48 #iBAe® chpk % > 2 £ 4
et § @48 B 5 < 1,500 U/L (Schmid and von Forstner, 1986) o % % 3l fi dicfis
(aspartate aminotransferase * AST » 7 GOT - glutamic oxaloacetic transaminase)? 3
ik i "%fix (alanine aminotransferase  ALT > ¥ GPT - glutamic pyruvic transaminase)
S8 G NHREAL Y R i 2 LR & Y AST &7 ALT iE42 §
g gt o ERpE L TN HIFEE - & & (not liver-specific) - Abeni et al.
(2007)#2 Calamari et al. (2007)3% 5 & ;% 4 I* B i ik ¥ 7 Foahdt BT‘ i 4 1
FERFTWAL Y FE M (glucose)ik R en'E i L Y FEMBERARSL - P Y
% THI &> 1&E Ff sk (P < 0.001); 5@ & 3f( v 2 EAE (cholesterol)ik
B £ 4 {2EHfL A7 (alkaline phosphatase, ALP)# 1441 F " i > = 4 &2 THI & = & &
TER=sE A 0 M Jf( ¥ 9L B (creatinine) 3 F-v FAFA 2 - o4 S B in
Bk B ¢ ER BT KAV 36 iR D4 (Fekry etal., 1989) 5
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VRS A L E SRSB4 (P<000])c A ELDPRE LB EERET €
PR H M i e T (West et al,, 1991) > L aisd v B 5 frie® o en 3 &
PRELE TRD EHE g H)S LR (HCO; )t 11 % = fas4] > &
AFF R ¥ ehpkde T 5 (Houpt, 1993) o § & f Fsfseps > 2 LR 3Ed s f K35 1
R RS RO ITR o el F i COpenftd L3t 4 & COy et Iy 3 4 12 H
g7 HCO; & 24t (HyCOs) > Tt vl # 82 BA 34 > 4 3 S ed s ik 3
(respiratory alkalosis)I % » T x ® CO, 4 &' i< ~ HCO5 k& "% X % & /& pH i#
ZL (Collier et al., 1982; Calamari et al., 2007) -

cEPr REEFALAUFE IR EIRENFF A KEATUER

o (BHHE 02007 5 FRE > 2009) FEAcE LR G EEMR S EE R 4 R R

Q¢

& e &‘F‘—%—/ﬁ—%—i o A= iﬂ%‘v" g L_rﬁzg_iz,ﬂm&ﬁi—[ s ﬂw’;’r ,Jgg—% FadL -
RS ESEE R ”fﬂm? i FRigEn 2 ERBE L LARF B 0 R

BT - ERA P IS S B ) MBS RE R (H % 0 2009ab) o

2.3 Hpe ik

AL WE LB P RERN AR L
HEZFHRP FRRBARREELAES
P ERET -

EHARRARGT  Bp Lt
W

A
ARKTRHT P FRLR 02

£ LRE NP D 2 A% Aol 2.1 9P 0 BT 5 B BAATI AR AR
B AR BG L S0x15m’ o £RELERGH 2 x 1 Im’ > &
- ARG 12x24m S RFHENE QAL EEFARSTSme BEEFA
395m X FFEBR25 M BTG R LIRS F I EEEMFE o RE S Z A
A B 045mo S B e E 72x1.8m% T - B a5 5.85% 1.8
m’ o £z P Aok E oG o X E B /S48 1 Hp £ F £ 32,000 m’/h £k
84 oL ARNWE 15x05x05m 2 A p Bk 480 2 L) 4E %
Bl A PRARREH T2 faﬁ*loﬁirw@t%wﬁméuﬁﬂu’i3h¢:uj
E-FoB kB2 2d P L2 F T RAELUGFRILE HERRAYEFOM -
K E 2 £33 b 2 Fancom F-Central % %% % 3t (Fancom Agri-Computers,

Panningen, Netherland) 474 » %k T4 2 £ 8 & <26C >  BME R £ 5 3 Ak % >
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MFE R MATEZ 2§ 2 MR EEFFPEARAL A AR A R TLIEER
(offset temperature) & 34 0.8 CPER{4r 1 Ak SHkcd > HFE R £ 5 7TRR 5
F2&7T% 08T 1Ak st & FIE i b £ 5 0k ok FFRineged
R AR SRR KEA] o e d TR E N AR IR R T 100% 0 Flt e R R Rrd] o
4 I >26C 18 fado ok E o

| I l Curtain

T U te—T 18} 18} 18} 18} 18}
4m -
Feeding area
N Freestall bed

’ CLCTTTTTTT COIT T (OO T f g

LM wwater pad
Water trough Dividing gate
Net
Curtain Curatin ¢ well
Access door
| 65M ) 42M 1150

B 21 kE2L2T5%H-

Figure 2.1 Floor plan of the tunnel-ventilated, water-padded barn.

232 @42 £ (conventional barn) :

£ LB pd 242 (freestall) k- 2RE2 24080 Lo ff 5
60 x 30 m” » i x,pﬁvmﬁ24X10m P E - 2R G 12%x24m° 0 2 PF 5
FEWAELHFoPFEREARI8mM A REEF R 34m> £7F 5 5 A 045 mm
8 BRI P IERE o 2 AN BB AE R S0 X 15 RHEH T 2P B
BRAEE 2R3 224 0k B2 RF 5 20Hp B S 36703 E B 25 26,300
m’/ho ¥R & F K K E R 0 oKk BT R A 90 5:30 - 6:00 ~ 6:30 -
7:00 ~ 10:30 - 11:00 ~ & = & 475 £ 15:50 - 16:20 ~ 16:50 - 17:20 % 17:50 - 18:20 >
“PEAXAFE > A EFRE S R F - BRAE - AR &
o FRBAREYE S48 24 L H,00 25 (1999) 51 » ptfEHi8 > 54 > 70 %
MM AL ESEREIEAET I RS PORENTE IR T A
I ITLHRE e 2 AN X E 15X05x05m’ 2 A Adnp ook 2 k0 2 2
PAERE P EILB TP FHRIPRFERFIOFIRD S 3FAIL
Z3hHE- % o
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233 R
AR LR K (cross-over design) & A ZEYE o RS p 2005 £ 7 2
9" F AH60x e EFE-H30% (77 11 P2 8% 9p) 2 %= 30

281 I10PI9P8P)  EHT ISP LH MY > 45150 2B SNFHED
WEHRAIL G A LA AR E e kR LB HBENBNRE L 5 -8
KPR DS HBRIT - 2 L9 % - THABYAT L2 802 B8 F

H30A ] T4 2 2L #3% 3+ (CRD) -

234 FmAHE 2 A ER

2341 %2 H CERHTE 20kg U et 428 0 RBRSLE S A v
SR PR FAION Lo AREATREL AR BRL L o R4S 42
FRsfL A 2 T3oa it X fics 141260 = (Mean+SD > T )~ Fa=t 2.4+ 1.4 75~ &8
€ 595+ 68kg % 5§ 262+55kg ¢

2342 2HEHFEIRFEFIPHNS S ABEFE 500 &2TE 3155 &p T
Vo BRFE o AL AR B DT AKEAFE 2 H 2 A BB KR
J LR IR RSL o = A B HRPAR 0 NP EF IR 2 ERBERD AR
WHHBA S Y- PR AL FEREAPRES PR TR Ep o

2343 2%4% 3 B TMRE > Apk > e ¢ FEF AP - HRIEY ~ 81 74
Foo%oRE R R MRS > 2 NRC(2001) S 2 ¥ 2 R B4k 258 30kg 2
7 o A 51 45% 0 T3 5ol dee T 16.9% & ¢ R 34.5% (Go k) e

= El/,}w]%?-;ﬁi,g&—rigﬁgﬁ:t  giEEE o

235 BE TR

2351 RBRARZ R ok ES & HHERRP TE (HOBO Pro RH/Temp, Onset
Computer Corporation, Bourne, MA) » =% Z #-2 2 L R o2 450 225
AR AR ImMB RARLKE-RBRRTE L8R AR L

AEAGERREPITRBIB Y A BELER
BRARLKE-APELE P2 2 EETHE 2m B Rk ¥ B EBR

R
RTB2B - XRTRTFLFH OShRIZFERRC X FEFIFTH- =0 B2
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Q-
W
s
8P
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L EE g MR BT 30 Myt E g TR0 RO APEIRR  febik B & b MicE >
A& a2 538 THI -
2352THI 2.3+ 5 2 5¢ ¢

THI = 9/5x T+32—0.55 x (1—RH) x (9/5 x T—26)

;¢ T=8RTC

RH= #p 48R (relative humidity) » ™ /| #B= ;% £ 7 (NOAA, 1976)
2353 # AR 2 T FE Lot e eniE > HAHA S SRR R
A% A=A f 4 THI<72,72<THI<78,78 <THI<84, % THI> 84 :fi% » =

Xk Ao s s EARFE P RBFUSRERTL -

23.6 2 EHIFELBE R 2T F
2361 B AFETFER CFHINFTHREEDE > £A4FS G R 4 BET
E28 0 RETA Rl BFALTERIEKBEE SRR FHRBFAFRRL £ b
KEZ2 223 A2 T30 E L5 5 300£3.9kg &2 297 £4.6 kg o »F vk =% Hip| 7
d2 AR R AR RS RRT R ARG ER 2 2k
30 f5¢ FERAC Rt e, = A TR L B Al ESE AN S LR
R 2 g0 RAEE 50 S F R 2% 5 P 300m 430 fisRis 0 BT ER
2+ (YSI scientific division digital-thermometer, 49TA, Fisher Scientific
Co., Pittsburgh, PA) # >%28 #icie -
maziﬁiﬂﬁzéﬁiﬂﬁi%?%%&%%%’*iwﬁﬁﬁiﬁafi
2:000 5 5 p - iRt B EEMRE RS oA AR L FREHEE 1his 3,000
rpm % 15 min 3t< A #w G0 ST e R p o4 7 &k (Data Pro Plus random
access clinical analyzer, ThermoTrace, Victoria, Australia) #* 15 x '}% LA I
(albumin, Alb)~ 4%, 3-v (total protein, TP)~4F ~ &~ § % #& "2 F f% ~BUN, AST, ALT,
ALP, #vp&jcfi= (creatine kinase, CK) £ LDH -
23.63 ik F A d R R F MR LURAEE B EIRR L ST o BRI R
FHFHAYT AR 0 Fpt3r 2005 £ 11 %2 9 p 7= 2:000 £
Fhe AL £ (No.=10) &2-kE 242 (No.=20) hipeam - B 7 0 ansst
25 p FFFEIR LR F Wi 4 (Blood Gas Monovette®, SARSTEDT Inc., Newton,
NO i » g E » k¢ >3 2 h p o g f 8P TR (pH/Blood Gas
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Analyzer, Instrumentation Laboratory, Model 16200-06, Milan, Italy) 4 +7 . ;% pH ~
§ AR (pOy)~ = § FAAE (pCOy) % HCOs -
2.3.7 %t e 4t

AR ESEH AT E 2 T 0 LA A 4T Lk SR E0E SAS (2003) i 7 - ALAE
¥ ;% (general linear model, GLM) 4 47 » W #3 £ /d2 sl o W T 22 2 SR R
B RIRARFAPTHE AP LR A EL e R pHF 2 D F L RARE 5 B
= rE PR (CRD) A 447 - FRABHF REXRTZ P<005°PEY
B 0.10 pF > & Z ] Ba o P REARS -

2.4 B%HH
241 BEF 3

T 2005 £ R FHITEKO0 A PEHEpE 0Shehs § - Bt L2k
B2 L2 8% RHZ THI Z %1 > 4o® 2.2 77 > BI23 B r = BB PN & F %

®

TR o d B122(a) Bor o T¥o- p ¢ FA30CLER X FEE8ho
Bt sl 3 55h mkEL AR AFEI0C  * F >~ Bt L2 kgL £ -
PEBEAn5329C 31.L1C2 287C kEL L5388 2 ™= 18 Rx
F U 42°C 0 B £ 05 1K 2.4°C 0 5 K hg R $R 14> Smith et al. (2006a) & % %c
FEFNLEFT I EMFILEFERS3LE S52C 4o 2 5B RAER 257
26°C % k5 (Bermanetal., 1985) - d Bl 23 (a) § K 545 3k % 7-9 ¢ Bz
%ﬁﬁ’ﬁaﬁﬁ%mﬁﬁﬁéé2mp@ﬁ¢@?ﬁ¢25hi§%§%%t

P EpERF o RE2 ARV RS ThEEREI26CH FpERF o d RBE R D
FJ{\:’% 17 }\ﬁ:‘ ”’J'}’ﬁ“/ Mé"ﬁf’_ Bﬁ&ﬁ%’/\élb?19mﬂ$ﬁ&o

dB22(b)P Faro A F BRA L2 REE L pd ARERAR BCMOER AT S
1B s E- PP BRBFNPFF B2 L2 PHBR'TF* F IPHERR
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Figure 2.2 Averaged diurnal changes of the temperature (a), relative humidity (RH)
(b), and temperature-humidity index (THI) (c) of the ambient, water-padding

barn, and conventional barn from the 11" of July to the 8" of Sept. in 2005.
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Figure 2.3 Accumulative percentages of individual segments of diurnal temperature

(T) (a), relative humidity (RH) (b), and temperature-humidity index (THI)
(c) in the ambient, conventional barn, and water-padding barn from the

10™ of July to the 8" of Sept. in 2005.
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Figure 2.4 Daily temperature-humidity index (THI) changes of the ambient,
conventional barn and water-padded barn from the 19" of July to the 8" of
Sept. in 2005.
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0.6°Ceni % 4n = 5 i Brouketal. (2001) &35k 55 % o7 » Z#F Hof 2 252 %
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ERFEELEMADREFT G 0.7 mis» A F 3 JIkEFF R 2 LMD F R

Bz gl o R FH AT R 2R ﬁﬁdﬂ$i%£Pﬂk@m@¢ﬁ
FOEH TP G P 2 ‘EL’.%‘LT L5EFERETHId B ERRE A k>
FbE fbd THI k22 2R fpas 2 Ay > @ -KE2 2 THI F#Rid i

4L fry BF R IR T L - b e
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Table 2.1 Respiration rate (RR) and rectal temperature (RT) of high producing
Holstein cows housed in the conventional barn or water-padded barn

during hot summer in 2005

Conventional Water-padding |
Measurements SEM Sig.
barn barn

2

No. of cows measured ) 29,

Respiration rate (RR), breaths/min

4 a.m. 50 62 13 ks
2 p.m. 72 71 1.2 NS
p.m. RR increases 22 9 1.2 koA

Rrectal temperature (RT) , °C

4 am. 39.31 39.58 0.07 *x
2 p.m. 39.47 39.75 0.08 *
p.m. RT increases 0.16 0.17 0.09 NS

"'SEM: standard error of the mean.
2 Significant level: * P < 0.05, ** P < 0.01, *** P < 0.001, NS: non significant, P >
0.05.

2422 &4 ER FH

KEL LA BRERLERFRFT 2L pd P2 B ek 22477 - &
A’é%*"—r z 9 E\.L*?Fﬂ- F& J\% £ 1—}%7 @A £ m@ atrv_;”\ V—AJ 4 28.7 _,Pf’ 3100C . A
ET. En /’?"%&}W ’Fﬁ—/”\ ‘;"J = 98 g/L ¥ Q) g/L (P<005) _:L % 24 Q’_&E%‘;’r-g N
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22T Al kY BREF R EREF LR - Abeni et al. (2007) 45 >
?3317» gL Lo 59 39 R0 FEAAEF 0 2 Koubkové etal. (2002)
'l"(f:? ﬁ? i#%gif}éi?fi\é—r ﬁv%%’\ f*‘?ﬁ'ﬁ:ﬂ%{ ’ ;JLF] ulr; 18C |l{‘ 3_13)‘ 32Cr§ ll\’—g %_{’(‘E\_
FURIY FERAFTRATHE A2 REREFFREAF AT ESE
iﬁ—ﬁ°$Mi€ﬁ@ﬁi$i%ﬁi%ﬁﬁ$4k&wﬁ’&i%ﬂ&
)k B A 5] 5 4.07 mmol/L 2 2.36 mmol/L (P <0.05) -k 2 &£ 2 & &g F i id it
B LR R TG FiE- H 43 o Abeni et al. (2007) 45t 0 B F i

&
4y

J&

£
I

®

o A R R PRI R R R R LB R S LT I R LR PR L & D
T A RN B s A ROk TRER A L BT (T s Fp A
L i A A = A g) i %ﬁé%?ﬂfﬁglﬁk%?x SR Tl
FAFLFS B AR S AR Y BT 3 4 M (Kunkel etal., 1953) & = 35 #7 {8 %
SET oA AN 2L FHEMERRT AR KR EHFES
Mt R TR > REL 4 las £ 28y FETRBER S S 3.63
mmol/L & 4.43 mmol/L (P <0.05); -k E2 £ 2 & u F7 P EIRps Ay 3
P FEen's ABE (36.7vs. 46.1 U/L,P=0.09) - A f&+ £ £ & i i AST (GOT)
BIDH#A s F L2 > 2 2 L@ %R < > & Abenietal. (2007)3F 2 - &k o -k
B2 astdanF ALT (GPT) B F @it £2 8506, Au i 299
U/L ¢ 39.1 UL (P <0.01) - Koubkovéa etal. (2002) 1 % A it 2 b f gz ¥ i&fs
W OCALT B ABRBERNRCIREZFFTEFEE TS > 2 A EKESP
7o 2 QAR T b e EHEEEERE > T MRE LRI AR S R
E RS /ﬁﬂr\’&j-m]»ilc

KEE LA R AT S G R B F W R e d 23 AT o
REE LB BAE ERBEHELLR O 4 RE HCO; kAR F LT > kE

BEFHKT LT E D Bk jpin CO, A& (41.4 mmHg vs. 43.8
mmHg, P <0.05) > ¥ ¥ &% ¥ 3 40 7w % pH & (7.43vs. 7.41, P <0.01) > & 71 -k
WS RN LT 3N ’ﬁifpfa‘g,{e&?ﬁs‘éﬁﬁi‘%% # 2 (Collier et
al., 1982 ; Calamari et al., 2007) » #-if cfweh % €3 & E 7] o

d 2L EHEFRATAFNR TS BT REL A2 ERGAL L2 T Df

?ﬁ:‘éi’v“%ii B BOkE2 22 L h FRERARR R C e BE S A8 ALT B4
K RS SRR E 2 G R o L L ER AL
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Table 2.2 Serum biochemical metabolites of Holstein lactating cows housed in the

conventional barn or water-padded barn or during hot summer in 2005

Conventional barn Water padded barn
Metabolites (SEM") (SEM) Sig.
No. of cows measured’ 18 19
Total protein, g/L. 92 (2) 98 (2) *
Albumin, pmol/L 0.58 (0.01) 0.59 (0.01) NS
BUN,* mmol/L 5.42 (0.24) 5.23 (0.24) NS
Ca, mmol/L 2.42 (0.05) 2.36 (0.05) NS
P, mmol/L 2.37(0.43) 4.07 (0.42) *x
Glucose, mmol/L 2.84 (0.10) 3.02 (0.10) NS
Cholesterol, mmol/L 4.42 (0.22) 3.63 (0.22) *
ALP,* U/L 46.1 (3.8) 36.7 (3.7) (P=10.09)
AST,* U/L 145 (14) 162 (13) NS
ALT,* UL 39.1 (2.1) 29.9 (2.0) **
LDH,* U/L 734 (38) 737 (37) NS

"SEM: standard error of the mean.

2 Significant level: * P < 0.05, ** P <0.01, P value around 0.1 was also listed, NS: non
significant, P > 0.05.

*To decrease the cows’ stress from blood sampling, blood samples were taken only
once from individual cow in two barns from their coccygeal vein at the end of the
Cross-over experiment.

* BUN: blood urea nitrogen, ALP: alkaline phosphatase, AST: aspartate

aminotransferase, ALT: alanine aminotransferase, LDH: lactate dehydrogenase.
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Table 2.3 Blood pH, partial pressure of gases and HCO;™ of Holstein lactating cows

housed in the conventional barn or water-padded barn in 2005

Conventional barn Water-padded barn
Items (SEM") (SEM) Sig.
No. of cows measured’ 10 20
pH 7.41 (0.006) 7.43 (0.005) o
pCO,, * mmHg 43.8 (0.9) 41.4 (0.6) *
pO,, * mmHg 30.2 (1.2) 29.6 (0.9) NS
HCO5", mmol/L 27.8 (0.4) 27.5(0.3) NS

" SEM: standard error of the mean.
? Significant level: * P < 0.05, ** P < 0.01, NS: non significant, P > 0.05.
*Due to unsuccessful blood gas analyses, fresh blood samples were re-taken after the

experiment at 2 p.m. on Nov. 9, 2005 from jugular vein of cows already raised in two

barns for a period of time.

*pCO,: Partial pressure of carbon dioxide; pO»: Partial pressure of oxygen.

x
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el § & K4r# (Bucklin et al., 1991; Smith et al., 2006a) » % 1% &% 3 »xi# >
HRPEDLF IR BH A HF IR MNP R TR AN 1T E (Ingraham
et al., 1975; Fuquay, 1981; Igono and Johnson, 1990; West et al., 2003)-# p & % /8 42
W39CE 16 FF > Pl X5 § T TRl B 7 s F U 10%3)]
20% oM P R A

/4% Florida J #3852 22,972 £ FAL 1 A7 &% p 5B 8 2 8°CF 29°C #= FIpH-

LS RAE WL o >20CH BT TE S A S Ry kAR

2 g £ (Igono and Johnson, 1990)-Rodriquez et al. (1985)

"EF P BB B 8CTI3TCH e T o

BB & 4p 8 (temperature-humidity index, THI) &% * &k & 7+ &4 ?T‘ B AR
hfp ik - 5 HfE s B2 2 4o Armstrong (1994) i ¥ Frank Wiersma (1990, cited
in Armstrong, 1994) F#L - #-THI % 4 &= <72,72-78,78-89,89-99, %2 >99 >
AT A RSN IR RFE P RRF G RERFUZ RGRIR B
THI & # 53 # 1% 24p#k (Livestock Weather Safety Index) » % # < 74,75 - 78,
79-83, 2 284 4 WAL ¥ - EL  Eg2 E‘f%—:;]%ﬁ (Hahn et al., 2009) » #]
Qs g dba cndF et A2 S e R - A% A=y HET THIST2,72
<THI<78,78 <THI< 84, 2 >84 cinF A > ;% k& 77 473 ~ ﬁr;)‘gf?t?fg ~ PR A
“f:&ff’ﬁgz?i’-%“fﬂ THI #5 € 2§z S & & f 4pH > THI p 68 34 5] 78 >
FPEHEMR21% HFFEE M 9.6%; THI p 69 42> & 3 4e - H L“:THIiﬁgi%z‘v‘ 0.41
kg 5“ & ¢7F ' (Bouraoui et al., 2002) ; » FAFE4pd S+ E LA P w T35 THI

BEE % > 5 H - THI R 4o A wid 72 2483 2 0.88 kg & 0.60 kg 5 £ ¢

e

B RPHFEIERA PR T RS R RFETH AL B A S
BdEp 2 0.85kg &2 0.84kg % 8 £ =0T '8 (Westetal., 2003) -

Beede and Collier (1986) 2k p =+ £ kB icd ~ A SAEHRE §F % *gIE'—_i > m

P Ei **”fﬂ c HY 2 Ly Ak *I—%E’E"fim’%”f il E e I "? g8
b NEFICRALERBELZ CHMARSY AME S V- BEBIRIEF S
KA EE A Gt B A LT AME - B4 0 FEEKE Y kA
R R EREN R S NR A WAL KES £ (water-padding barn) 0 fFE
BEATE R R P L 2L A HnE Y o T E ke Y AL LG o JIr k(T
AFACE AR Ma ®rck 45 (Ryan et al, 1992) » @ F] 5 H & 5 4c & p
AERR > FI ARBR R Y - B F IR g0 # W L & 7 Mississippi
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Table 3.1 Environmental profiles of ambient, conventional barn, and water-padded

barn during the hot summer in 2005'

Conventional Water-padded

Items Categories Ambient
barn barn
Temperature, C T <26 4.0 6.5 11.0
26 <THI <30 12.0 12.0 13.0
T>30 8.0 5.5 0
RH,” % RH <70 5.5 0 0
70 <RH < 80 4.0 6.0 0
80 <RH <90 6.5 4.5 0
>90 8.0 13.5 24.0
THI’ THI < 72 0 0 0
72 <THI <78 4.0 5.0 7.5
78 < THI < 84 1¥.0 19.0 16.5
> 84 3.0 0 0
Temperature, C  Mean 28.6 27.8 26.6
Maximum 32:9 31.1 28.7
Minimum 25.6 254 25.0
RH, % Mean 81.7 88.5 97.5
Maximum 92.9 96.8 99.3
Minimum 63.83 73.1 93.5
THI Mean 80.6 80.2 79.5
Maximum 84.4 83.5 82.7
Minimum 773 77.3 76.9

" Temperature and relative humidity were recorded by HOBO Pro RH/Temp recorders
hung in these three environments every 30 min. from July to September in 2005.

? RH: relative humidity.

3 THI: temperature-humidity index, THI=9/5 x T +32-0.55x (I1-RH) x (9/5x T—

26), that T represents temperature in ‘C and RH in decimal (NOAA, 1976).
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Table 3.2 TMR formulation and compositions fed to Holstein lactating cows in

water-padding barn evaluation experiment (%, DM basis)'

Ingredients’ DM%

Chemical compositions and in vitro digestibility, %’

(no. pooled for in DM CP ADF ADL NDF EE Ash Ca P 1VDMD
analyses) TMR

Cornsilage (4) 31.1 268 109 36.8 336 566 348 79 035 024 56.7
PG hay (4) 43 896 45 434 566 754 122 54 024 0.06 478
Alfalfahay (4) 12.8 882 17.7 37.7 7.17 457 166 82 1.13 0.19 635
Dehy AP (4) 6.8 93.0 20.8 32.1 759 437 269 107 190 0.27 65.6
Fish meal (4) 0.87 89.5 722 1.1 0.19 124 850 17.5 4.10 256 81.2
Concentrate

@' 442 912 232 56 049 143 182 81 0.87 0.65 89.2
WP TMR (30) 519 172 252 327 395 274 7.7 078 040 69.9
C TMR (30) 515 176 244 320 377 267 7.7 082 043 712

' Same TMR was offered to both groups ad libitum Individual feed ingredient was

sampled two times a period and pooled for analyses. TMR was sampled at the last 15

days each period and pooled for analyses.

> PG hay: pangolagrass hay, Dehy AP: Dehydrated alfalfa pellet, WP: water-padding

barn, C: conventional barn, TMR: totally mixed ration.

’DM: dry matter, CP: crude protein, ADF: acid-detergent fiber, ADL: acid-detergent

lignin, NDF: neutral-detergent fiber, EE: ether extract, IVDMD: in vitro dry matter

digestibility.

*Each metric ton of concentrate was constituted by 575 kg of ground corn, 305 kg of

soybean meal, 20 kg of fish meal, 50 kg of molasses, 4 kg of limestone, 8 kg of

dicalcium phosphate, 25 kg of sodium bicarbonate, 5 kg of magnesium oxide, 3 kg of

salt and 5 kg of vitamin and mineral premix (as fed basis).
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Figure 3.1 Effect of water-padding barn environment on the intake activities of
Holstein lactating cows during hot summer. A total of 42 cows were
assigned in a cross-over design with 30 days a period. Three 24-h intake
activities each period were recorded by video and counted every 10 min.
Number of cows eating was calculated as the percentage of each group.
Asterisks indicated the higher intake activities of cows in conventional

barn at those two time segments (P < 0.05).
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Table 3.3 Effect of water-padded barn environment on the intake activities of Holstein

lactating cows during hot summer’

Conventional =~ Water-padded

barn barn SEM?2 3

Time segments Sig.
No. of observations 2 2
Daily average, % 22.6 18.3 1.6 NS
2 hrs after 5:30 feeding, %

56.9 58.4 9.0 NS
(after a.m. milking)
Around 7:30 — 11:00, % 19.2 10.9 0.4 *
Around 11:00 — 14:00 , % 8.0 54 24 NS
2 hrs after 15:30 feeding, %

62.1 35.7 0.5 *
(after p.m. milking)
Around 17:30 —22:00, % 16.2 16.4 2.7 NS
Around 22:00 — 5:00 next day, % 8.1 11.7 1.0 NS

A total of 42 cows were randomly assigned into two barn treatments in a cross-over
design with 30 days a period. Cows were group-fed in both free stall barns. Three
24-h intake activities each period were recorded by video and counted every 10 min.
Number of cows eating was calculated as the percentage of each group.

*SEM: standard error of the mean.

> Significant level: NS: non-significant, P > 0.05; * P < 0.05.
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Table 3.4 Effect of water-padded barn environment on the daily nutrient intakes of

Holstein lactating cows during hot summer'

Conventional Water-padded
Items® barn barn SEM’ Sig.*
No. of observations 2 2
DM intake, kg 18.4 17.0 0.29 NS
CP intake, kg 3.27 2.97 0.09 NS
ADEF intake, kg 4.41 4.20 0.10 NS
NDF intake, kg 6.78 6.58 0.14 NS
EE intake, kg 0.50 0.47 0.01 NS
NFC intake, kg 6.45 5.68 0.06 (P=0.08)

"A total of 42 cows were randomly assigned into two barn treatments in a cross-over

design with 30 days a period. Cows were group-fed. TMR and refusal were weighted,

sampled and dried daily for dry matter analyses from the last 15 days each period and

pooled for the other nutrients analyses.

> DM: dry matter, CP: crude protein, ADF: acid-detergent fiber, NDF: neutral-detergent

fiber, EE: ether extract, NFC: non-fibrous carbohydrate.

3 SEM: standard error of the mean.

* Significant level: NS: non-significant, P > 0.05; All nutrients intake were not affected

by barn environment.
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Figure 3.2 Effect of water-padded barn environment on the diurnal rumen pH (A),

NH3-N (B) and volatile fatty acid (VFA) (C) levels of Holstein lactating

cows during hot summer.
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Table 3.5 Effect of water-padded barn environment on the rumen pH, NH3-N and

volatile fatty acid (VFA) of Holstein lactating cows during hot summer'

Items Conventional barn Water-padded barn SEM”
No. of cows observed 4 4
Rumen pH
Diurnal average 6.07 6.10 0.03
Highest value 6.37 6.39 0.02
Lowest value 5.85 5.83 0.04
Duration < 6.0, h 6.6 6.9 2.7
Rumen NH3-N, mg%
Diurnal average 13.0 13.8 0.4
Highest value 242 21.9 1.1
Lowest value 8.3 8.3 0.2
Rumen VFA
Acetate, molar% 70.0 68.7 1.1
Propionate, molar% 16.2 17.5 1.2
Butyrate, molar% 10.4 10.1 0.2
Cy/Cs 4.36 4.11 0.24
Total VFA, mM 140.5 133.5 5.2

"Two consecutive 24-h rumen content samplings were conducted each period with two

rumen cannulated lactating cows in each barn. Samples were immediately filtrated for

pH measurement and acidified and frozen for later NH3-N and VFA analyses.

*SEM: standard error of the mean; All rumen measurements were not affected by barn

environment, P > 0.05.
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Figure 3.3 Effect of water-padded barn environment on the daily milk yield of
Holstein lactating cows during hot summer in a cross-over design. Initial
milk average of all cows attended the experiment was 26.2 kg a day. Cows
in the conventional (Conv.) barn in period one (0) had average milk yield
around 27 kg a day. When they transferred to the water-padded (WP) barn
in period 2, milk yield dropped to about 22 kg, 5 kg milk decrease was
noted. On the other hand, cows in the WP barn at period one (¢) had milk
yield drop to around 25 kg per day. When they changed to the
conventional barn, milk yield could be held around 24 kg a day. Only 1 kg
decrease was found. Barn effect on milk yield was clearly illustrated from

the cross-over design.
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Table 3.6 Effect of water-padded barn environment on the lactation performance of

Holstein cows during hot summer’

Conventional Water-padded
Items® barn barn SEM’ Sig.*
No. of cows observed 33 33
Initial BW, kg 599 595 3 NS
Daily BW gain, kg/d -0.004 0.083 0.104 NS
Actual milk yield, kg/d 25.7 233 0.4 ok
4% FCM, kg/d 25.7 23.1 0.4 oAk
Milk fat, % 4.02 3.93 0.05 NS
Milk fat, kg/d 1.02 0.92 0.02 oAk
Milk protein, % 3.33 3.27 0.02 *
Milk protein, kg/d 0.84 0.76 0.01 oAk
Milk lactose, % 4.79 4.75 0.02 NS
Milk lactose, kg/d 1.22 1.11 0.02 ok
Milk total solid, % 12.76 12.57 0.05 ok
Milk total solid, kg/d 328 2.94 0.05 oAk
SCC,> *10*/mL 522 63.7 10.9 NS

"A total of 42 cows were randomly assigned into two barn treatments in a cross-over
design with 30 days each period. Cows were group-fed. Milk yields were recorded
daily and three individual a.m.-p.m. milk were sampled for composition analyses each
period. Thirty three out of 42 head cows successfully finished the experiment.

2 BW: body weight, FCM: fat corrected milk, SCC: somatic cell count.

> SEM: standard error of the mean.

* Significant level: NS: non-significant, P > 0.05; * P < 0.05, ** P < 0.01, *** P <
0.001.
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2eReEFEDi o BT FROREE £ AR RE FREY OV FRELT U EF

o Bl id 5 PR B A

42 &3

dOR A IR S R e S R A AR - R

o
B

2o BBEFNFA4oF R AHEBERE B EHELEERI BT FRRER T TR
& (effective temperature) & *t# 4 ¢ ¢ 8 & (thermoneutral zone) & 4%:if =+
(comfort zone) § & ,]* € i = z{é‘ﬂf (Bianca, 1962) - £ & % &34t T # o E R
PEIE ~ W oAk s BT BRERS § 3 R 4TAt (Bucklin et al., 1991; Smith et al.,
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2006a) > F Mm@ E GO PIERWELF o HFIETE S ETHER AL
MEE % (West,2003) -

Beede and Collier (1986) 3% p £ £ % B e AR FHEHRE FAF L= 5

Eak SRt EUME R E S S A B P LR T A S
TH#Fes g 3L ETF THFRAPERR LS BET] 27.1CE 84.0% (%
4.1) > 2?"%" BROKREPBAPHIANEY RAB RSB R FrR Té— E
A A PN ARES PIFEPR  cRERENE LI AP 2HEL DL K
B3 E (1999) 510 d FIFOReRR IR 0 4 RS L R s
B PR e R PR TR LY IR AL SRL ¢ o £ 2 £ THI G »

W

B EE L s uiET] 663, 757, & 79.8 %T’F}:Efﬁﬁ 2/3 FpER o 2 ] i gt
BRIV R AT (RE 0 2000) « B & - 54 5 AESLAN AT

PFREFRE O - BRPFNEFRNLE LR LAPY A D o R RERR
Lo fpg aHiE R R G AR o A Rt R ERATOE o

PR FACR AICEF R R fEL ﬁ%‘ﬁ?w (Bengtsson and Whitaker, 1988;

o =

Ryanetal, 1992) > feigfd > 2 e 2 E P ARERR - BIBRES R * - 5
FRRF R pEnEa o M A% 0y 44 2L o F W Mississippi M 0% F G RE
Smith et al. (2006a,b) + FHEIE b A ACH L FP R SHf kS R L £ Hie
L2 R FIGE N EFACRT LG TR 84% 2 B G Jiéﬁf (THI >
BO)EPPEF » M4 2 BaR a R 25§ bR Y K0 Wi e B N S F
%ﬁ%ﬁﬁ&@ﬁﬁ%%#?ujtTpig~?

20045 td HH ARSI A - PoRE L Lt 20055 5 - ok
R ERSRAT o B2 b SR ERE RO AP FAFL6m biE (P
R BHs 5 2 x> R 085%) 2 2 p &3 93.5% 4p$HiRA kB
T oo REE LRIV g et M p 4R THI > fefriie 2t 4 f 7o 2
Gt T HE DT FERR A FIERE R TR MT0%E R
10.1% (% %, 2009a,b) » b & % B 2 F Ap$HBRR AP A e £ TR f fminh 7] o "E
ke b B G pxiht &R 326 (Hillman et al., 2005) » F]p g d H e - B4
BoSdc® e r oK RIE A B e RIS GRTEP 0 20060# £ R RS RRE 2 £ G

FABBRART SRS BT U DT 7
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# 4.1 1710 & 4 5 714 & B IRBEIEA L3 (2000 - 2009 » B2N89 5L § % )
Table 4.1 Monthly averages of air temperature and relative humidity in Tainan County

of Taiwan from 2000 to 2009 (Meteorological Station B2N&9)

Temperature, C Relative humidity, %
Season Mean' Maximum Minimum Mean Maximum Minimum
No. 60 60 60 60 60 60

Cool”> 202+2.6 314+22 10.6+35 80.5+3.6 994+12 36.0+8.1
Hot 27.1+1.1 351+1.2 21.1+£23 84.0£3.5 999+0.3 46.2+89

" Mean data were calculated from days in a month and maximum and minimum data
were the extreme data from each month.
*Cool season included from Nov. to April and hot season included from May to Oct.

3 Mean + SD.

43 HALg

43.1 2 £ k.

ST 2006 # 8 7 1 10 7 hd e Nah A Mk TR A BB > B
S BIXIERT R EH 2 F U LGRY BT AL RERTRE
B oRBHrILLZBEEL L cREBEDBNA T 2L o B b BEF RS

BAIL (i #k B+ k2 £ 2> Fantsprinkler barn > Fan+SP barn) ~ %§3f 3% 4 b *#
BokEPI 2L (BAkE2 £ 2 water-padding barn » WP barn) % -k & p d £
&P pelvp ok R 2 (8 Ak E+eE k2 £ %> WP+sprinkler barn > WP+SP barn) -

Fan+SPbarn 5 & 4P w e * 2 24| ERFASIREEL F 34 2
LERP AR ARII8m 3 RIEEBRM/34m EF 55K 045 mm & ¢ 4rskdn
FAC IR o 2 2R e 5 60 x30m” > EHE W 2 mbE S N s g
% m ff 12mx 10 meFan+SPbarn >t 4 8 A3 2 2kt 2 X E & v 4 2 p Bk

% QOHP> 22367 3 &% > b £ 26300m3/h)"°§‘ KEAEE AFEERLS S
£ w3 8:00, 9:00, 10:00, 15:50, 16:50, 17:50, 22:00, % 23:00 % & - fcds ~ = » & =X
30 ~ 48P 7 6:'2%/”%\-’E:kfﬁvﬁ’klbﬁﬁv}(%w Add oo k2 G 2.4 L/min e
KEL LG RENEBRPRAREBES T F ORI AL EMHE - kFELLLE

Alpd 22 (FF,2009) pRAFH S S0m (L) x 15m (W) x2.5mH)» &7 &
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I

A SATREFI e J4Est o KRS Z A MR L RIS > = Bk
254 6 4 202m (L) x 045 m (W) 1.8 m (H) L 24 > &2 £ 7 - #4Bs > % 3
3 P2 164 2 FantSP barn 4p e chdd b 5 o 2 £ 3 )0 B 9 & i 5% B R op
scd o K E 2 £3 b 2 Fancom F-Central . %% % st (Fancom Agri-Computers,
Panningen, Netherland) fsftdr4]» § &8 <260 > KT HMER £ 5 640
SECE > MIRERTHE L F R R FH A 08 CTH Al eh B 24) b B
FBBUERENI4 LR 5 FF- Bk VIR, o KEF Ko H 8 Es
IR > 26°C 1 EaHs o R KB A L300 A w A0 B 2% 48 FA T 2 ke
E3N o BRITRES- A OREE FRRITE SO X RS HRENF D
WK RS BEAR > FoRRAE ke o
432 RFHmb A L

AETHE 2B ERTFRRREEL
HEZFHRP AR ARREELA €S
WARER R o

BEESR s R A E R T

%;ﬁ»gp%%?;ﬁ_i @ nos I 3 - Ep i BRI L o Eghw 2t B T 35954

§HARKARE > B2
B2

A
ARKTR R FRLR 02

F*
w
(@)
414
1
eSS
&
H-'
iy
3
v(
Jir
\rn

AP AT T RN R AN L 143269 % ~1.5£09 %5 540+ 67 kg £ 245+
42kge*t5& p 5:00 2 15:30 & = ##5437:00 (1/3) £ 15:00 (2/3) & = # # 378 TMR
84 o 23 TMR & & 28 kg s £ 7% ¥ % (NRC 2001) > e & 45 11.1% f
PRI f ~20.6% i BER L K 182% i 153% e ipat B AL A F R -
9.0% £ B B4R 25.8% gkt (ich) o Mt a4 L DM 382% - CP
16.2% ~ NE; 1.54 Mcal/kg 2 NDF 42.6% o 55 B 45 ~ 4 ' 22 385 5 A p% > A ulid
Fap 8:10 Akoi A o
433 £ £ TRE SR T

EokRA e Ry ANAELFAZ AR S 4R Imi p A TR
Ref - EBRR P TE (HOBO Pro RH/Temp, Onset Computer Corporation, MA,
USA)» £+ 8 > A¥BEeRKZFE L THF -2 23R  BEIBRAE - X%
RiEH 63 AP E 0.5 hlR- % o 5 XRFHEEET DY LAz L LY &
PRAEBMARRE DR T80 /B & dp % (temperature-humidity index, THI =
9/5xT+32—055x(1—RH) x(9/5xT—26)H*¢ T= & >C RH= p¥ &R
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(relative humidity) » -] #B8 % 77 (NOAA, 1976)) - THI % % * &k & 7 2 & # ?T‘ ]
f2 & g k2 - > 4% Armstrong (1994) % Hahn et al. (2009) 48 £ > =t ;8%
7 THI<72,72<THI<78,78 <THI <84, 2 >84 F A > {N A w4 72 & Eorsr
s ER ’?ﬁ%‘w ~ ¢ &’%‘L?w BEEARE  FRPYFFF- 27T > kR
BRAEE AL R B0 3 8:30,13:30, ¥7 16300 A N[ TMR 2} % ~ 2 & 5> 3 &
FTELREFAE 9 15m2F F R P 2 h # (Hot wire anemometer) » I 2e 4k 5
PR S5 PR ETHECP o
434 524 @K

& WEHY £A4FS X030 03:00 27 13:00 & B B E = 22 8204 30 sec
FEIRAT R AR B R RER S 2t R P (infrared thermometer) P
A LR TR A FREAE O RTEEHEY Imo B 5-10sec ¥ fE T
Bpome AR R A M B R IF ¥ =0 jiTA & CIDR (control internal drug
release) | et % % (progesterone, P4) » #- 12 2 HOBO® water temp pro (Onset
computer Corporation, Bourne, MA. USA) %4 %% » 7 v CIDR ® »3t& #2851t ;¢
BRELAZPFHEL LRGN 24h #F L BRI TR R - > T8 15,55

F W R Y AT A X 3 13:00 12 FupE A 2 3R o 45 (Monovette®) A % & 5

R 0 R 30 A 4R1E 1 2,500 pm s 15 AP E F 0 ik p B AT R
(Data Pro Plus random access clinical analyzer, ThermoTrace, Australia) 4 47 ¢ 39
(albumin, Alb) ~ % #-v (total protein, TP) ~ 4% (Ca)~#+ (P)~ # § # (glucose, Glu) ~
"2 Ff% (cholesterol, Chol) ~ /i % % (blood urea nitrogen, BUN) ~ %5 ¥ fk 3 fik fis p i
% f* (aspartate aminotransferase, AST) ~ % '= fk 5 fk # z p& (alanine
aminotransferase, ALT) ~ & [+ 74 fk fi* (alkaline phosphatase, ALP) £ ' f& " & fis
(LDH) ¥ 2 B P ¥ Uik f e ¢ (Blood Gas Monovette®) p 2
Lopamdre > Wi ok P o G e R BB 2k (pH/Blood Gas Analyzer,
Instrumentation Laboratory, Model 16200-06, Italy) 4 +7 > pH ~ ¥ 4 & (pO,) %
Z 5 iR (pCOy) -
435 5 ARG S B B

# p sz TMR & 8 ~ T = &P %'Jékﬁ‘_—%?i L epdco & Hpm N Hp R R
g3 = TMR R4t~ 10 = éh TMR 82 = 21 > 573 # 5 + 20C 0 EEE R
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fe 11 55°C 3z 48 [ pF o FfetE E et §ihgcde B4 9 £ (dry matter intake,
DMI) o #-2 BujE mil & & - B B F R e oo 58 P10 p h
28R TERS PREFE 10 A2 FOR SRR b (3R 9 FF B/ B X
100%) BT R blamt 8 o B Nl R BT 48 h g i i B
FRLEpPBIRER!ME2DHT AP FF oREFT A S5 7:00(0h, M),
9:00, 11:00, 13:00, 15:00 (8 h, &4 &5 +), 18:00, 20:00, 22:00, 0:00, 2:30, £
5:00 (22 h, Fi ) B N RS L E GRS 2 TRl E_pH o X2 50% FRpkfg
(1:50 v/v) i% 753t -20°C » ©0 & 7 48 % 47 /v & 35 o Bl B (GC/FID, Varian
CP-3800, Walnut Greek, CA) 4 7484 147335 F& (Volatile fatty acid, VFA) » 11k ¢
W R d E a7 F (NH-N) JEA o % piegrBu2 &a5 8 o« 28V
FEAXBEE am-pm P REEAI AL R FF E WM B R
(CombiFOSS™ 5000, FOSS Analytical A/X, Slangerupgade, DK) ©
43.6 sits4

PERAPM F FHRBE K 0 M Mean £ SD 2 Ul ko 2 Gt HUR - R
FH -2 E-BKIPLAS LR - E L BATE S UBY
AFHRFAAI DMl BREEFEFTHELELE CRFA o AR 2
* SAS (2003) stz fcd¥ - A A0 (General linear model, GLM) g™ 3k 244

17 0 k] 357 #5518 (least squares means, LSM) 1t e 2 £ g2 2oy o A KRSk
R FAL R RETL 5% £ ML BARRRE P=10%2+) 7 atph £ 47

NP EMNE R e

4.4 Z5% 8318

441 % %5 zHB

2006 #RFH L LRBHE 2005 & 5 - SRR LRBRARTE (FE,
2009a) -k E B AtE M AR THI dwck b 2t £ 5 @ hoff 8 oo
REA R P AR R S R 96% 1 (R4l hFE G o kES BT
AL ELPMEAEKLEI0C 2 FantSP 2~ pp R F 45h e £ 8% 8 30C-
KE SWPHSP & 27 -2 N B BB A FantSP 2 £ 41 31.5C 4w "% i< 3.7C ¥
3.1C » i& Bt & & Smithetal. (2006a) $F 2 ch3.1CApIT - 2 BB RMABERIEE
% 25°C 1] 26°C (Berman et al., 1985) » 4 £ 5 T3 R 4 35% 6 <26Ca
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HAPER o E> 420 (162hvs. 12.0h) - &% & > & > Fan+SP barn :7 RH % P
B BAELE M B 5] 68.7% » it R P4 w2 4817 100% > Fan+SP 2
£ L5 p G 69%: R (16.5h) 4p ¥R AR 1T 100% « THI Bl 2 % % &1 - 3 &

\

B RE L AR BRE (ST235 0 ) 2 8- B RSt R
("R »72<THI<78) 1 "&i?ﬂa‘fﬂ?"’ (PR >78<THI<84) -k 2 £ ¥
4 38% (4.2h) £ BRF };ﬁz&?;@mfﬁﬁ? (13h,85h, ¥2 9.0h)> & #%-— p THI
T35 p FantSPen79.0 31 1.8 22 1.4 H i (% 4.2) i& T I % £2 Smith et al. (2006a)
A A FARRE N L AV M BA% 2 EREY REARE (THI > 80) chigsh
- ﬁo“,%’l Pt el > 2006 &% 8 BRI 102 K7 o HEFEp THI T35E
AR 73583 40 (Rl 42) THEY Zehkfpdr J =0 ] dh B0 T o Ak
G o RHRPEKEL L AS DD G 14 SRR Sfeh  A2BREET
KE2 L2 p BT 5 238 m/is (£ 43) B LN EF oV s 2.8 o
WPHSP £ £ a2 £ 2 F 5 S8 > TR @ %5 205 m/s> & 2487 3
F 24> 3 2 F 32005 F1.66 m/s b EFE L4520k o KEZE LR
FERE S MAN26C FIN LB fad 62 b R ABEITHEZF RBERTRE S 117
m/sc F s G B 14 o FTERRD  APRF RSN ABE LG
AT E R # 5 2.9 — 40 m/s (Chastain and Turner, 1994) > 2006 & 3 4c b 5%
s pREREPAEHEED29m/s Tzﬁ%‘ﬂ?‘ui [
oy = %%ﬁé KERAFER > FREZELDFRANIE - PHBRY
FL 8 erig ﬁ”"ﬁ‘%éﬁ‘}ﬁ’_ P AREHB R FKPE > SR FET G 27C 5 ERR B B
PIfE M) 22CH i > 2 &Ry £ J%‘b?ﬁs& (Armstrong, 1994; West, 2003) ; F
PR RRERBEAPELLEN > f iR 24CT 38CHFIFF > H e ipHRR
Pt iR a R A REEREF kA R A REEF
¢ 34 % £-kA (Kibler and Brody, 1953) « 4 ;8 B o 30%4% B F] 90%p¥ » £ 77 i
% d 500 g H,O/(m*h) " % % 60 g H,O/(m’h) (Maia et al., 2005b) o % ;& & £ 3+ ;ﬁ

AA\

d RSk i kEFE S F B2 ERMA PR EY 02m/s 5B T 0.9 m/s pFo BT
¥ d 75 g HO/(m’h) # % ¥ 350 ¢ H,O/(m’h) (Hillman et al., 2001) ; @ & *f 7% '
BATR bR E P Mok At BRA L A - FEgRe F AR
F 03 #4¢ (Hahn, 1985) 2005 # -k R b # 7 LA+ 2+ & f 6 4 Reni
_"ﬂ °

66



W
(39 ]

o WP, water-padded barn (A)

O 3() [ ¢ WPSP. water-padded bam wi

o - FANTSP. free stall bamn with f3

4

= 28

=

£

@

E' 26
S 24

22 1 1 1 1 1

85
©)
81
2
77
73 1 1 1 1 1
0 4 8 12 16 20 24
Time of day

Bl 41 2006 # % F-KE*L2FTGRKDT RELE LR k222 - 422
PR R~ AREHRAR & THI p i o
Figure 4.1 Diurnal temperature (A), relative humidity (RH, B) and temperature
humidity index (THI, C) change in the WP barn, WP+SP barn, and
Fan+SP barn from Aug. to Oct. in 2006 in Taiwan.
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Table 4.2 Environmental profiles during the heat stress alleviation experiment for

Holstein lactating cows by water-padded barns in humid summer of

Taiwan in 2006'
Profiles” Fan+SP WP WP+SP
barn® barn® barn®
No. of days observed 63 63 63
Temp, C Mean 26.7+1.0° 25.1+1.1 254+1.0
Maximum 31.5+ 1.1 278+ 1.4 284+1.2
Minimum 23.5+1.4 23.4+1.1 233+1.2
RH, % Mean 92.9+45 99.99 £ 0.1 99.5+1.0
Maximum 100.0+0.0 100.0+0.0 100.0+0.0
Minimum 68.7+2.2 99.7+1.7 96.1 £6.2
THI Mean (19.04£ 24 772+1.9 77.6 +£1.9
Maximum 84.5+2.6 82.0+2.4 82.8+2.4
Minimum 74.4+2.6 74.0+£2.0 74.0+£2.1

" Temperature and relative humidity were recorded every 30 min by HOBO Pro

RH/Temp recorders (Onset Computer Corporation, MA, USA) in three barns from

Aug. to Oct. in 2006. Mean data were calculated from 48 records each day and

maximum and minimum data were the extreme data from each day.

2

Fan+SP barn: Free stall barn with fans and sprinklers (control), WP barn:

water-padding barn, WP+SP barn: water-padding barn with sprinklers.

> Temp: temperature, RH: relative humidity, THI: temperature-humidity index, THI =
9/5 x T +32-0.55 x (1 — RH) x (9/5 x T — 26), that T represents temperature in C
and RH in decimal (NOAA, 1976).

* Mean + SD.
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& WP, water-padded bam
¢ WP +SP, water-padded barn with sprinklers
- FAN+SP, free stall bamn with fans and sprinklers
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Bl 42 2006 # % FKELEFTRHRKFDPT - L2 L LEE L2 LE+F k24
p L THI i o
Figure 4.2 Daily mean temperature humidity index (THI) in the WP barn, WP+SP
barn, and Fan+SP barn from Aug. to Oct., 2006 in Taiwan.

243 FBEFRRLEABEFRSERTE RO LR 2]
Table 4.3 Air velocity (m/s) in the water-padding barns during the heat stress

alleviation experiment for Holstein lactating cows in humid summer in

Taiwan'
Time Days measured ~ Fan+SP barn® WP barn’ WP+SP barn®
08:30 15 1.18 +0.11° 2.22 +0.60 1.80+0.49
13:30 16 1.23+£0.14 2.57+0.27 2.23+0.22
16:30 16 1.29+£0.11 2.34+0.37 2.13+0.40

" Air velocity was measured (Hot wire anemometer) every Monday and Friday in three
fully occupied barns from Aug. to Oct. in 2006. Measurements were taken at three
daytime points from the front and end sites of each group pen and from the feed alley,
intake line and the free stall at 1.5 m elevation.

> WP barn: water-padded barn, WP+SP barn: water-padded barn with sprinklers,
Fan+SP barn: Free stall barn with fans and sprinklers (control).

3Mean + SD.
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442 RF24ME R
4421 vEexik B B R0E

EE G R R 4 0 2 B grH 2 N p 2L EF (non-evaporative) ¥R
(convection)~ i ¥ (conduction) #7 {5 %+ (radiation)s $# 3% = Z 3 ;% ey 7 (sweating)
2ed & (panting) (Kibler and Brody, 1953) > # # & 19°CPF 2 & o w5t Hcf¥ 403 4o >
F B iE 25°C PR 48 F (Hahn et al., 1997; Maia et al., 2005a,b) o 5 /& & >* ¢ §
62 Tefeif B (respirationrate) £ 5 = % & & 48k (Hahnetal, 1997); &4t
?fﬂ kT s 2 EHMARRETSR ARG B O FPRHBAELRS VAREE
g kR B8 (Collier et al., 2006) °

PR E G \zv;'iﬁr]ﬂ‘}}ia Jei A B kRS w2 Lot kb F B 3
am.pE% 3t FantSP 2 & » A w5 & 248538 425 (P < .001); F| T = bodpk
FolpmpE o s G g 2 ApiT 0 TI05E A48 54 % (W43 (A)
Fan+SP % £ 2 & chwd s ig B S8 F 5 4o i 4o 0 T £ 4o 12 et S e fe ok
Eo w2l >p Fi’\ﬂlij)i?;’"ﬂr—g NS 8- é?"’j%)%,# Bl F oo * R R D
530 22 2005 £ - R e ffel (HF,2009) o FF RIS A RIRE AR L B O3 Bk
oo ig -k (F143 B, Q) kEZ kT k2 tgr@ntssy,
Z e # IR A w5 28.927C ~29.27C#2 2831°C (P<.001); = & 48 4 ;

KKB‘.?}TE.} =l

%ﬂ'

M bl FantSP %2t A g Rt > T2 LA ] B AR o B2 £50F
R REH SRR BB (P<.001) = e d REE A W G 32.48°C ~31.60C &
31.04C(P<.001) e FRIA FHRRERPTERRFRAK B c g BT
i,igka¢&@§‘+Wa§ﬁwu6*ﬁ35k (Reece, 1993) > &7 = f6 2 &

iﬁﬁ*ﬁé\ﬁéiiﬁ%ﬁii%%&?ﬁﬁﬁréﬂ; %8P T kB2 LRRBBEEHE
EEEA > =82 £ G R E R~ RH & THI #0495 (R 4.1) 0 fe-k s o2

G kAWML ERFEIHRE  Fal e FAREFL Lo

woR ﬁ&'wb—éﬁqé KE2 LR R ERD BN S0% 45 & 1L17ms>

)4

(Mmewmeyﬁfﬂxjﬁgd'?wilﬁﬁ’ﬂ BAKKES 20
B e B b HEAFENEERT20CRT AR KRB RTR

y—ﬁwﬁﬂ%aggyﬁ’gﬁﬁ%ﬁﬁa,i%%ﬁ?%éﬁ%ﬁ%ﬂ&ﬁ
# (Hahn, 1994) - A DR P A LT UL Bnfg ity > B HIF
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BRPNER G 2 ERPEEERERDP RN 5 AR (B 44) kEES
SR RFER M 2P A6 389 7 392CHRE » A B %1 55 12
PF KRG O0ISCHT L AR - A LP R RAFREE R PR R 2T oK
 ¥7 FantSP ‘e e di— 5% > £ G IL 5 8 B G o R AT X 1FRE K e ok
RIS { P BEE AR EF] 04 3] 06T o setenEERP K
BEL LA L eRGrenF B AcR A} sk g Aeh2 £ 8 2 2 > Hillman et al.
(2005) 372 £ & A a4rd F 4% 17 A 40 ker b ? o IEE I R 2 -0.5C/h g B
TR KRR dTut £ G 64 A sEoIEiE R R { AU -1.02°C g & T E e Berman
(2010) ~ 472 > - FoReR b AP o FOBIRA KRR B RGCE A K
Fagm oo MRS R o LS 0 AR R ARK A e 0 LT B
HBRAT 100%0% BIRE T o of KRR 12 RT 0L oocflEs 2 AR R 0 R
e 5+ % Brouk etal. (2001) 474 ¢ & > Hinl ZH R C RER B Bk
TEER YT UG o E ML R AR o AR 22 LA EIR AR B R
BeaEr 3953C > p B A MEETAAR WK REFRT 2 (P

<.01,.001) > K& e d F 8 2 SGR L FEW 112°C 0 (M0 7 - e 143 2 145C e
IR ( 43)
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® WP, water-padded barn

O WP +SP, water-padded barn with sprinklers
40 - FAN+SP, free stall barn with fans and sprinklers
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Figure 4.3 The 3 am. and 1 p.m. respiration rates (RR) (A), skin temperature (T) of
neck (B) and back (C) of lactating Holstein cows raised in the WP barn,
WP+SP barn, and Fan+SP barn during the hot and humid Aug. to Oct.,
2006 in Taiwan. Data point with different characters, a, b, and c, differ (P
<0.001).
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Figure 4.4 Effect of water-padding barn environment on the diurnal vaginal
temperature of Holstein lactating cows raised in the WP barn, WP+SP
barn, and Fan+SP barn during the hot and humid Aug. to Oct., 2006 in

Taiwan.
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Table 4.4 Effect of water-padded barn environment on the diurnal vaginal temperature

of Holstein lactating cows in humid summer in Taiwan in 2006’

Fan+SP WP WP+SP
Item barn’ barn’ barn’ SEM’® Sig’
No. of cows measured 32 32 32
Diurnal mean, ‘C 38.87" 39.08* 38.94° 0.04 #k
Highest value (H),* °C 39.58 39.65 39.53 0.07 NS
Lowest value (L), * °C 38.16" 38.53° 38.07° 0.06 ok
H-L,°C 1.43° 1.12° 1.45° 0.09 *

% Means within a row with different superscripts differ (P < 0.05).

' Vaginal temperatures were measured every 1 min by the HOBO water temp Pro data
logger (Onset computer corporation, Bourne, MA. USA) that fixed in a blank control
internal drug release (CIDR) device and inserted into cow’s vagina 24 h.

> WP barn: water-padded barn; WP+SP barn: water-padded barn with sprinklers;
Fan+SP barn: Free stall barn with fans and sprinklers (control).

3 SEM: standard error of the mean; Sig: significance; NS: non-significant, P > 0.05; * P
<0.05; ** P <0.01, *** P <0.001.

* Mean data were analyzed from the daily averages of 32 cows each group and the

highest and lowest values were the averages of daily extreme data for each cow.

4422 SR AR AL E

# % i BHRBPEL PN T T (West et al,, 1992) o § # f a3 4epr > 2
SHEd Pded f R L F R DE AR T o R f H e COp et 4 g
= ef 3 4 4k 3 g (respiratory alkalosis) % 0 T w ? CO, & B M ~HCO; k& %
% 5 ;& pH + 2 (Collier et al., 1982; Sanchez et al., 1994; Calamari et al., 2007) -
B 2005 EE% Y 0 F - ROREL 23 RE M ERE N RN e N =
Flptrr g DM e F R % (FE, 2009a) ; = 2006 &;ﬁ%ﬁé,ﬁ T Ak

o 22 802 CO A BRpiIT WP 22 8B4 % pH & F @ ’}5 M g (P =
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Table 4.5 Effect of water-padded barn environment on the blood gases and serum

biochemical metabolites of Holstein lactating cows in humid summer in

Taiwan in 2006'

Fan+SP WP WP+SP Sig’
Item barn® barn’ barn® SEM?® (P value)
No. of cows measured 32 32 32
Blood pH 7.405 7.397 7.404 0.003  (0.08)
pCO,, > mmHg 423 42.8 42.6 0.4 NS
pO,, > mmHg 31.5° 30.5° 30.4° 0.3 *
Total protein, g/L 69.5° 70.6" 71.6° 0.5 *
Albumin, pmol/L 0.49 0.49 0.49 0.01 NS
BUN, mmol/L 7.28 7.56 7.40 0.11 NS
Ca, mmol/L 2.16 2.18 2.18 0.02 NS
P, mmol/L 1.94° 2.08" 1.95° 0.03 *
Glucose, mmol/L 2.34 2.28 2.34 0.05 NS
Cholesterol, mmol/L 6.47° 6.21%® 6.10° 0.09 *
ALP?U/L 43.5° 38.8" 41.4* 1.0 Hok
AST,? U/L 81.7 86.2 85.7 1.6 (0.10)
ALT,> UL 42.9° 40.6° 41.5° 0.4 Hok
LDH,” U/L 672 690 693 19 NS

> Means within a row with different superscripts differ (P < 0.05).

"Blood samples of 32 cows each group were taken twice at 1 p.m. from jugular vein
each period in a 3 x 3 latin square design.

> Fan+SP barn: Free stall barn with fans and sprinklers (control), WP barn:
water-padding barn, WP+SP barn: water-padding barn with sprinklers, pCO,: partial
pressure of carbon dioxide, pO,: partial pressure of oxygen, ALP: alkaline
phosphatase, AST: aspartate aminotransferase, ALT: alanine aminotransferase, LDH:
lactate dehydrogenase.

3 SEM: standard error of the mean; Sig: significance; NS: non-significant, P > 0.05; * P

<0.05; ** P <0.01, *** P <0.001, P value around 0.10 was also listed.
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Table 4.6 Effect of water-padded barn environment on the intake and lying activities

of Holstein lactating cows in humid summer of Taiwan in 2006

Fan+SP WP WP-+SP , Sig’
' s s s SEM
Time segment barn barn barn ‘P value)
No. of observations 3 3 3
Time in lying, h/d 12.2 11.5 12.3 0.3 NS
Time in eating, h/d 5.7 4.8 5.1 0.2 NS
-------- Percentage of cows in eating --------

7:30 - 9:30

53.9 42.9 47.7 6.4 NS
(a.m. feeding)
9:30—-11:30 23.6 21.9 24.8 0.5 (0.10)
11:30 — 14:30 12.6° 6.3 8.5% 0.7 *
15:00 - 17:30

67.7 50.7 61.3 3.1 (0.11)
(p.m. feeding)
17:30 - 21:00 21.0 0.1 23.8 2.2 NS
21:00 — 0:00 17.0 19.2 20.1 2.5 NS
0:00 —5:00 9.8 il 2 7.2 0.8 NS
5:00 — 7:30 2% 13.4 14.8 3.9 NS

> Means within a row with different superscripts differ (P < 0.05).

" A total of 36 cows were randomly assigned into three barn treatments in a 3 x 3 latin
square design and group-fed. Two 24-h cow activity each period were recorded by
video and counted every 10 min. Number of cows eating was calculated as the
percentage of each group.

> Fan+SP barn: Free stall barn with fans and sprinklers (control), WP barn:
water-padded barn, WP+SP barn: water-padded barn with sprinklers.

3 SEM: standard error of the mean; Sig: significance; NS: non-significant, P > 0.05; * P

< 0.05; P values around 0.10 was also listed.
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Figure 4.5 Effect of water-padded barn environment on the intake activity of Holstein
lactating cows raised in the WP barn, WP+SP barn, and Fan+SP barn
during the hot and humid Aug. to Oct. in 2006 in Taiwan.
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Table 4.7 Effect of water-padded barn environment on the lactation performance of

Holstein cows in humid summer of Taiwan in 2006

Fan+SP WP WP+SP Sig’
Item barn® barn barn SEM® (P value)
No. of observations 3 3 3
DML, kg 18.5° 18.8° 18.8° 0.03 *
No. of cows observed 32 32 32
Initial BW,” kg 546 549 549 2 NS
BW gain, kg/d 0.40 0.23 0.32 0.10 NS
Milk yield, kg/d 24.7 25.0 25.4 0.2 (0.10)
4% FCM, kg/d 24.9 25.1 25.4 0.3 NS
Milk fat, % 4.06 4.05 4.02 0.05 NS
Milk protein, % 3.18° 3.18° 3.11° 0.02 *
Milk lactose, % 4.74 4.73 4.75 0.02 NS
Milk total solid, % 12.67 12.67 12.58 0.05 NS
SCC, *10*/mL 127 73 58 25 (0.13)

> Means within a row with different superscripts differ (P < 0.05).

"A total of 36 cows were randomly assigned into three barn treatments in a 3 x 3 latin
square design and group-fed. Milk yields were recorded daily and three a.m.-p.m. milk
were sampled for composition analyses each period. Statistically analyzed milk data
came from 32 cows that went through the trial.

> Fan+SP barn: Free stall barn with fans and sprinklers (control), WP barn:
water-padded barn, WP+SP barn: water-padded barn with sprinklers.

3 SEM: standard error of the mean; Sig: significance; NS: non-significant, P > 0.05; * P

< 0.05; P value around 0.10 was also listed.
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Figure 4.6 Effect of water-padded barn environment on the diurnal rumen pH, NH3-N
and volatile fatty acids (VFA) concentrations of three rumen-cannulated
Holstein lactating cows raised in the WP barn, WP+SP barn, and Fan+SP

barn during the hot and humid Aug. to Oct. in 2006 in Taiwan.
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Figure 5.1 Effect of water-padded (WP) barn environment on the serum progesterone
concentration of lactation Holstein cows in hot summer. C+SP indicates

the control free stall barn with sprinkler cooling.
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Table 5.1 Effect of water-padded barn environment on the efficiency of target

breeding of lactation Holstein cows in hot summer

Convention barn Water-padded barn

Treatment

n Al (%) n Al (%)
Ist PG injection 19 8(42.1) 19 6 (31.6)
2nd PG injection 7 4(57.1) 10 5(50.0)
Non PG injection 17 12

Pregnancy (%) Pregnancy (%)

Total Pregnancy

29 6 (20.7) 23 4(17.4)
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In Taiwan, persistently hot and humid weather seriously restricts cow welfare and milk
production. Heat stress is most directly and effectively improved by improving the barn
environment. In this study, we evaluated the contributions of a tunnel-ventilated and
water-padded barn to reducing cow heat stress. It is found that increasing air speed and
using sprinkler cooling benefited the cows and improved their lactation performance.

This modified barn environment is more comfortable for lactating Holstein cows.
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ABSTRACT

The use of evaporative cooling for mitigating heat stress in lactating cows in humid
areas is controversial. In Taiwan, Holstein cow performance is significantly restricted
by hot and humid weather. This study investigated the efficacy of using a
tunnel-ventilated, water-padded freestall (TP) barn for reducing heat stress in lactating
cows. From August to October 2006, 36 cows allocated in a 3 x 3 Latin square were
raised in 3 barn cooling treatments: a conventional freestall barn with fans and
sprinklers in the feed line (Fan+SP, control), a TP barn and a TP barn with sprinkler
cooling (TP+SP). Daytime air speeds in the three barns were 1.23, 2.38 and 2.06 m/s,
respectively. Both TP barns were more efficient in reducing the daytime temperature
and the temperature-humidity index. The barn temperature was <26°C for an extra 4.2 h
per day, but the relative humidity was >96% in both TP barns. Cows in both TP barns
had higher respiration rates and skin temperatures at 0300 h than cows in the Fan+SP
barn. The TP environment increased the cows’ serum cholesterol level and the activity
of alkaline phosphatase and alanine aminotransferase, but blood partial pressure of CO,
was not affected. Vaginal temperature was persistently high in cows in the TP barn; in
the 2 SP barns, it decreased 0.4 to 0.6°C following sprinkling and milking. The intake
activity and rumen digestion of cows raised in the 3 environments were similar. Cows
in both TP barns ingested more dry matter. Cows in the TP+SP barn tended to produce
more milk than those in the Fan+SP barn (25.4 vs. 24.7 kg). Although heat stress was
not completely alleviated in these 3 barns, the TP+SP treatment resolved the negative
effect of a previous TP barn built in 2004 on intake and milk yield by increasing air
speed and using sprinkler cooling. Thus, it is expected that TP+SP barns will be
beneficial in regions with high humidity. Adequate air speed and sprinkler cooling are
likely to be key factors for further study.
Key words: heat stress, lactating Holstein cows, humidity, a tunnel-ventilated,

water-padded barn

INTRODUCTION
Because of their large body size and high metabolic rates, lactating cows, especially

high-producing cows, are extremely sensitive to heat stress. Environmental contributors
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to heat stress include air temperature (T), relative humidity (RH), solar radiation, air
speed, and their interactions. When the effective T is higher than the animal’s
thermo-neutral zone or comfort zone, heat stress occurs (Bianca, 1962). To dissipate the
extra heat, cows look for shade and increase their drinking, sweating, urination and
panting rates (Bucklin et al., 1991; Smith et al., 2006a). If heat dissipation is inadequate,
serious heat stress will result in higher body T and lower DMI, milk yield and
reproduction performance (West, 2003).

Taiwan is an isolated island located in subtropical Asia. For the last decade, the
average monthly T and RH during the hot summer months have reached 27.1°C and
84%, respectively (Table 1). In addition, persistently high humidity even worsens the
environment for cows in Taiwan. Heat stress, which is significantly detrimental to cow
performance, is the main challenge to our dairy industry. Beede and Collier (1986)
suggested that improving the barn environment is the most effective and direct method
to alleviate cow heat stress. Barns that provide shade to cows are necessary in Taiwan.
Feed line fans and sprinklers cooling, which were introduced from Israel, decrease cow
rectal T and respiration rate (RR) and effectively stimulate feed intake (Lee et al., 1999).
However, the barn temperature-humidity index (THI) of the cool, warm and hot
seasons remains high even in well-managed dairy farms (66.3, 75.7 and 79.8,
respectively). Thus, the cows still suffer heat stress (THI >72) for two-thirds of the year
(Chen et al., 2009).

Tunnel ventilation used in a pad-cooled barn contributes to heat stress relief.
Evaporating water in the pad absorbs heat from the incoming air. The resulting cooled
air removes body heat when it flows over cow body surfaces. In dry areas, using water
to evaporate heat has been shown to effectively reduce cow heat stress (Bengtsson and
Whitaker, 1988; Ryan et al., 1992). However, the presence of high humidity causes
concerns regarding the use of water to relieve heat stress in humid areas. In the hot,
humid climate of Mississippi, Smith et al. (2006a,b) showed that combining tunnel
ventilation with evaporative cooling decreased cow exposure to mid-heat stress,
increased feed intake and milk yield, and decreased milk SCC relative to that in a
freestall barn with fans and sprinklers. Their 2-yr study suggested that a

tunnel-ventilated barn with evaporative cooling could work well, even in humid areas.
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Open-shed barns attract pigeons and sparrows. To improve barn cooling and prevent
epidemic disease, a tunnel-ventilated, water-padded freestall (TP) barn was built at the
Livestock Research Institute (LRI) in Taiwan in 2004 and was evaluated in 2005. The
maximum daytime air speed in the barn was 1.66 m/s (air exchange rate of 2 times/min),
and RH was >93.5% throughout the day. Cow RR and rectal T increased, and DMI and
milk yield significantly decreased. Thus, the TP barn decreased daytime barn T and THI
but increased the heat load of the cows (Shiao et al., 2009a,b). Low air speed and high
RH were postulated to be the reasons for these responses. Because direct wetting and
fan drying is the most effective and economical method for cooling cows (Hillman et al.,
2005), the TP barn was remodeled by doubling the number of exhaust fans, applying
sprinkler cooling and increasing the outside shade. The feasibility of relieving heat

stress was re-evaluated with these new parameters and is reported in this paper.

MATERIALS AND METHODS

Barn Treatment

The trial was conducted in the LRI experimental farm from August to October 2006.
Three barn cooling treatments were established in 2 adjacent barns, 1 in the
conventional freestall barn and 2 in separate pens within 1 water-padded barn. A
conventional freestall barn with fans and sprinkler cooling in the feed line (Fan+SP),
commonly used in Taiwan, was used as the control. The Fan+SP barn has the following
dimensions: a maximum roof height of 11.8 m, side eaves of 3.4 m and a total area of
60 m x 30 m. Four fans (1.5 kW, 0.9 m diameter, 3 blades, capacity 26,300 m’ /h) hung
above the stalls and the feed line in the 12 m x 10 m experimental pen, were operated
24 h/d. Based on the results of our previous sprinkler cooling (Lee et al., 1999) and
night feeding studies (Lee et al., 2003), a line of sprinklers positioned above the
headlock was turned on 8 times a day (0800, 0900, 1000, 1550, 1650, 1750, 2200 and
2300 h) for 30-min rounds. Each round of sprinkling included six 5-min cycles with 1
min of water spraying. The quantity of water sprayed was 2.4 L/min per sprinkler. A
detailed floor plan of the TP barn was described in an earlier report (Shiao et al., 2009a).
The water-padded barn was constructed with an inside volume of 50 m long * 15 m

wide X 2.5 m high. An L-shaped water pad (20.2 m long *x 0.45 m wide %X 1.8 m
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high) built from 3 layers of cubic honeycomb plastic was set at one side of the barn. At
the other side of the wall, 16 exhaust fans were stationed that were identical to those
used in the Fan+SP barn. A plastic curtain was hung at the 2 long sides to produce the
tunnel effect. The airflow of the TP barn was controlled linearly by the Fancom
F-Central system (Fancom Agri-Computers, Panningen, Netherlands). When barn T
decreased below 26°C, 6 fans operated to provide the minimum fresh air. Two fans per
group were turned on for every 0.8°C increase in T until a maximum of 14 fans were
operating. A water pump circulating water on the water-pad was also turned on when
barn T >26°C. The cow allocation area (42 m long X 11 m wide) was horizontally
divided into four equal pens in the water-padded barn. The pen closest to the water pad
was designated as the TP treatment, and the third pen nearer the fan wall and with same
sprinkling program as that of Fan+SP barn was designated as the TP+SP treatment. The
facilities, including stall, water trough, headlock and floor plan, of these three
experimental pens were similar. Twelve cows were housed in each pen, with the
between 9.6 and 10 m” of space per cow.
Cow Management

All animal use protocols were reviewed and approved by the Institutional Animal
Care and Use Committee of the LRI. A 3 x 3 Latin square design with a 21-d period
was applied. Thirty-six lactating Holstein cows were assigned into 3 groups based on
their milk yield, parity, DIM and BW. The average conditions before the trial were 24.5
+ 4.2 kg of milk yield, parity 1.5 £ 0.9, 143 £ 69 DIM, and 540 + 67 kg of BW. Each
group contained 1 rumen-cannulated lactating cow. Cows were milked twice daily at
0500 and 1530 h and fed fresh TMR ad libitum at 0700 h (one-third of total) and 1500 h
(two-thirds of total). This diet, which provided the nutritional requirements for 28 kg of
milk yield (NRC, 2001), was composed of 11.1% corn silage, 20.6% napiergrass silage,
18.2% alfalfa hay, 15.3% silage of wet brewers grains and corn, 9.0% soybean hull
pellet, and 25.8% corn-soybean meal grain mixture (DM basis). The diet contained
38.2% DM, 16.2% CP, 42.6% NDF and 1.54 Mcal of NE;/kg (DM basis). At the
beginning and end of each period, BW was measured on 2 consecutive days at 0810 h,
before feeding.

Barn Environment
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During the 63-d trial period, barn T and RH were measured every 0.5 h by using a
total of 12 HOBO Pro RH/Temp meters (Onset Computer Corp., Bourne, MA). Four
thermometers were hung at the front and back of each experimental pen above the
headlock and stall positions, 2 m above the ground. The measured data were transferred
weekly onto a computer. The 4 T and RH readings from each pen were averaged first by
time and then across days to plot the diurnal changes and to calculate the THI (THI =
9/5 x T+32-0.55 x (1-RH) x (9/5 x T -26)), with T in °C and RH in decimal
(NOAA, 1976). In this paper, THI is categorized in 4 levels, with THI <72, 72 < THI
<78, 78 < THI <84, and THI >84, representing cows that are comfortable, mildly
stressed, moderately stressed, or seriously stressed, respectively (Armstrong, 1994;
Hahn et al., 2009). On each Monday and Friday, air speed was measured using a hot
wire anemometer at the front and back of each pen, at a height of 1.5 m (cow-level), at 3
measuring locations (the TMR trough, feed line, and walk alley between stall rows) and
3 time points (0830, 1330, and 1630 h). Air speed data for each treatment and location
were averaged first by time and then across days.

Physiological Responses

Individual cows’ RR were counted for 2 periods of 30 s at 0300 and 1300 h for 2 d
each period. The skin T of the central part of the neck and backside was measured
simultaneously using an infrared thermometer (10-s reading period at a distance of 1 m).
To estimate the body core T, individual vaginal T was measured every minute for 24 h
by using a HOBO Water Temp Pro Data Logger (Onset Computer Corp.) inserted into a
blank control internal drug release (CIDR, Eazi-Breed, Pfizer Animal Health, New
York, NY) device. Before application, the progesterone in the device was thoroughly
washed out with alcohol.

On 2 d during each 21-d period, 2 blood samples were collected from the jugular vein
of each cow at 1300 h. The first sample was placed in a Monovette tube without heparin.
After standing for 30 min, the blood was centrifuged at 1,200 x g for 15 min to obtain
serum that was then frozen for future analyses, including tests for albumin (Alb), total
protein, Ca, P, glucose, cholesterol (Chol), BUN, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), and lactate

dehydrogenase (LDH). An autoanalyzer was subsequently used for these measurements
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(Data Pro Plus Random Access Clinical Analyzer, ThermoTrace, Victoria, Australia).
The second blood sample was placed in a Blood Gas Monovette tube, left on ice and
analyzed for blood pH, partial pressure of O, (pO3), and partial pressure of CO, (pCO,)
using a pH/Blood Gas Analyzer (model 16200-06, Instrumentation Laboratory, Milan,
Italy).
Intake, Rumen Digestion and Lactation Performance

The amount of TMR offered, next-day refusals, and the actual number of cows in
each group were recorded daily. Individual feed ingredients were sampled twice each
period. Fresh TMR and next-day refusals were sampled daily during the last 10 d of
each period for DMI measurement. All samples were stored at -20°C before undergoing
48 h of drying at 55°C followed by pooling, grinding, and analyses. During the last 10 d
of each period, cow activity was monitored by video. Two days were selected to count
eating and resting activity (e.g., number of cows eating/total cow number % 100%)
every 10 min. Continuous 48-h rumen digestion was traced by rumen content sampling
at 0700 (0 h, before a.m. feeding), 0900, 1100, 1300, 1500 (8 h, before p.m. feeding and
milking), 1800, 2000, 2200, 0000, 0230, and 0500 h (22 h, before a.m. milking),
respectively. Rumen content was filtered, and pH was measured immediately, and then
contents were acidified with 50% sulfuric acid (50:1, vol/vol), and stored at -20°C.
After centrifugation, the supernatant was analyzed for VFA concentration using gas
chromatography with a flame ionization detector (CP-3800, Varian Inc., Walnut Greek,
CA) and for NH3-N concentration using a spectrophotometer. Individual milk yields
were recorded on a daily basis, and 2 a.m.-p.m. milk samples from each cow were
sampled for milk composition analyses during each period (CombiFOSS 5000, FOSS
Analytical A/X, Slangerupgade, Denmark) in the Hsin-chu Branch of LRI.
Statistical Analyses

Relative environmental measures were expressed as the means = SD. Bovine data,
including RR, vaginal T, blood gases, serum biochemical metabolites, rumen pH, VFA
and NH3-N, BW, milk yield, and milk composition were analyzed using individual
cows as the observation unit. Dry matter intake and intake activity were analyzed on a
group basis. Data were analyzed using a general linear model in SAS (SAS Institute,

2003) with the Latin square model. Least squares means and variations were used to
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compare the cooling effect among 3 barn treatments at a significance level of P < 0.05.

If the P-value was close to 0.10, the presence of a tendency was noted.

RESULTS AND DISCUSSION
Barn Environment

The pattern of diurnal changes of barn T, RH, and THI did not change between 2005
and 2006 (Shiao et al., 2009a). As expected, both the TP and TP+SP barns more
effectively reduced daytime barn T (Figure 1A). The 2 TP barns prevented barn T from
exceeding 30°C, but cows in the Fan+SP barn experienced 4.5 h per day of T >30°C.
The maximal barn T in the TP and TP+SP barns were 3.7°C and 3.1°C lower than that
in the Fan+SP barn, respectively (27.8 and 28.4 vs. 31.5°C). The magnitude of reduction
was consistent with the results of Smith et al. (2006a), who reported a decrease of 3.1°C,
and was greater than the 2.4°C decrease we noted in our 2005 study (Shiao et al., 2009a).
Berman et al. (1985) suggested that the highest critical T for dairy cows was
approximately 25°C to 26°C. The length of the cool period (barn T <26°C) in both TP
barns increased by 35% (4.2 h per day) relative to that in the Fan+SP barn (16.2 vs. 12.0
h) .

The daytime RH inside the Fan+SP barn was inversely correlated with barn T: the
lowest RH of 68.7% was observed at the hottest time of day (noon). The RH in the
Fan+SP barn was also close to 100% for 69% of each day (16.5 h), with higher levels of
humidity predominating at night. A persistently high RH, >96% during the entire day,
was found in both the TP and TP+SP barns (Figure 1B). Consistent with this finding,
other studies conducted in humid areas have shown high RH in water-padded barns
(Smith et al., 2006a; Brouk et al., 2010). These findings have stimulated discussion
regarding the appropriateness of water padding in humid regions. Many studies have
supported the observation that humidity affects heat stress more strongly than does
temperature. Humidity affects the critical T at which cows feel comfortable. At low RH,
the critical T can be as high as 27°C; at higher RH, the critical T decreases to 22°C, and
cows begin to suffer heat stress at this relatively low temperature (Armstrong, 1994;
West, 2003). High humidity inhibits sweating. Maia et al. (2005b) reported that the

sweating rate decreased from 500 to 60 g H,O/m’h when RH increased from 30 to 90%.

112



Importantly, the severity of high humidity can be partially mitigated by high air speed.
When the air speed crossing a cow’s body surface increases from 0.2 to 0.9 m/s, the
animal’s sweating rate increases from 75 to 350 g H,O/m’h (Hillman et al., 2001).
However, if the air speed used for mist cooling is not high enough, small water droplets
accumulate on the cows’ surface hair and form an insulating barrier that prevents heat
dissipation (Hahn, 1985). Thus, air speed plays an influential role in determining the
utility of water-padded barns.

In this study, 14 fans in the water-padded barn were operated during most daytime
hours. The average daytime cow-level air speed reached 2.38 m/s in the TP barn (Table
2). In the TP+SP barn, which was located in the third pen from the air inlet, the air
speed decreased to 2.06 m/s. The highest calculated daytime air exchange rate in the
barn was 3.2 times/min. The greater number of fans in the newer (2006) water-padded
barns increased air speed and air exchange rates relative to the TP barn constructed in
2005 (1.66 m/s and 2.0 times/min, respectively). Without the tunnel effect, the air speed
in the Fan+SP barn reached only 1.23 m/s (52% and 60% of that in the TP and TP+SP
barns, respectively). At night, barn T in the 2 water-padded barns was <26°C (Figure
1A). At this temperature, the computer only activated 6 fans. The air speed and air
exchange rate were estimated to be only 1.17 m/s and 1.4 times/min, respectively. The
effectiveness of cooling the cow by direct wetting depends on air speed. Bray et al.
(1992) and Gooch and Timmons (2000) recommended using an air velocity of at least 2
to 3 m/s over the cows’ backs with a fan and sprinkler system for a freestall barn.
Chastain and Turner (1994) suggested that the air speed required to dry the soaked cows
in a humid area was 2.9 to 4.0 m/s. In this study, the daytime air speed of 2.38 to 2.06
m/s in water-padded barns was within or below the recommended range. However, the
nighttime air speed of 1.17 m/s was far below the recommended air speed, and this
factor might seriously restrict cow heat dissipation. We believe that the significantly
increased panting rate and skin T of cows in water-padded barns during the cool night
was a direct cow response of this low air speed.

Temperature-humidity index is commonly used as an indicator of cow heat stress, but
its appropriateness has been questioned. It was originally designed for dry environments

(Armstrong, 1994). Sprinklers and fans relieved heat stress effectively but did not
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decrease environmental THI. However, after comparing the T, RH, wind speed, and
THI with Holstein cow rectal temperatures in a subtropical environment, Dikmen and
Hansen (2009) suggested that THI would be a good predictor for heat stress. In this
study, THI values supported the argument that none of the 3 barn cooling methods
could offer a comfortable environment for dairy cows. Cows always lived under mild
(72 < THI <78, nighttime) to moderate (78 < THI <84, daytime) heat stress (Figure 1C).
Physiological Responses

Respiration Rate and Body Temperature. Four cows were removed from the trial
because of mastitis or drying. The cows’ RR was positively correlated with air T (Hahn
et al., 1997). Cow RR begins to increase when the ambient T reaches 19°C, and
sweating commences at 25°C (Hahn et al., 1997; Maia et al., 2005a,b). Under heat
stress conditions, the cows’ skin T was closely related to their RR (Collier et al., 2006).
At 1300 h, all cows panted at an average of 54 times per min (Figure 2A). Cows in the
TP and TP+SP barns had higher RR at 0300 h compared with those in the Fan+SP barn
(53 vs. 42 times/min; P < 0.001). Respiration rate responses varied across cooling
conditions. Cows in the Fan+SP barn panted harder when barn T increased, but cows in
the 2 water-padded barns panted hard even in the cool early morning. Skin T measured
at 0300 h was correlated with RR, with cows in TP and TP+SP barns having higher skin
T than those in the Fan+SP barn (Figure 2B and 2C). The back skin T of cows in these 3
barns was 28.92, 29.27, and 28.31°C, respectively (P < 0.001) in TP, TP+SP, and
Fan+SP. Skin T increased with increasing barn T. At 1300 h, the back skin T readings
were highest in the Fan+SP barn, intermediate in the TP+SP barn, and lowest in the TP
barn with values of 32.48, 31.60 and 31.04°C, respectively (P < 0.001). This daytime
skin T trend correlated well with the barn T and cow heat load.

Regardless of when they were measured (cool early morning or during the hot
noontime), cow RR measured in this trial were markedly higher than the 26 to 35
breaths/min recommended for comfortable cows (Reece, 1993). The high RR response
corroborated the barn environment measurement results and confirmed that the 3
cooling treatments still left cows in a condition of heat stress. Around 0300 h, the 3 barn
environments were similar (Figure 1), but the RR and skin T from cows in TP and

TP+SP barns were significantly higher. This phenomenon suggested that factors other
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than T and RH influenced the cows’ heat load. Air speed is definitely a contributing
factor. The nighttime air speed in water-padded barns was only 50% (1.17 m/s) of that
in the daytime, and it was much lower than the recommended 2 to 3 m/s (Bray et al.,
1992; Gooch and Timmons, 2000). The effectiveness of intrinsic sweating or external
sprinkling was reduced due to this significantly lower air speed (Hillman et al., 2001).
Cows were therefore forced to pant hard to dissipate body heat during the cool night.
Thus, the 26°C T setting that controls the minimum number of operating fans should be
lowered to increase the nighttime air speed. The type of barn might also affect the heat
stress mitigation. When the air T cools, cows and the surrounding barn structure surface
can dissipate accumulated heat by radiation into the cool night air (Hahn, 1994). In a
closed, tunnel-ventilated barn, this radiant heat exchange is likely to be restricted.
Unlike the more dynamic (and indicative of current environment) RR and skin T,
vaginal T representing body core T was measured. The highest vaginal T of cows raised
in the 3 environments was similar (39.59°C; Table 3). The diurnal variation in vaginal T
change was very interesting (Figure 3). The vaginal T of cows in the TP group was
persistently high (38.9 to 39.2°C). The maximal reduction of 0.15°C occurred after 2
milkings. The cows in the TP+SP condition, although housed in the same building,
reacted differently. Their diurnal variation resembled that of cows in the Fan+SP barn.
Cow vaginal T measurements from 2 SP treatments were reduced by 0.4 to 0.6°C after 2
milkings and, more importantly, after initiation of sprinkler cooling. This phenomenon
explicitly illustrates the effectiveness of wet and fan cooling. Hillman et al. (2005)
further reported that, when standing cows received 17 min of spraying and fan, vaginal
T decreased at a rate of -0.5°C/h. If the spray and fan treatment was extended to 64 min,
the reduction rate of vaginal T increased to -1.02°C/h. Berman (2010) also found that,
during 7 spray and fan cycles, the skin T of wet skin decreased more quickly than that
of dry skin. Israeli researchers have emphasized multi-cooling methods using spraying
and fans in the holding area for high-yielding cows (Flamenbaum and Ezra, 2007).
Results from this study have shown that spray and fan methods can efficiently increase
heat evaporation even in an extremely humid environment (RH near 100% in the
water-padded barn). This finding was consistent with research conducted in Kansas,

Florida, and Thailand, which demonstrated that a combination of tunnel ventilation,

115



evaporative cooling and spraying significantly reduced cows’ RR and body T (Brouk et
al., 2010).

Blood Gas. Heat stress affects the physiological acid-base balance (West et al., 1992).
When heat load increases, cows increase heat evaporation from the upper respiratory
tract by panting more frequently. However, panting lowers blood CO, and results in
respiratory alkalosis, revealed in blood gas analysis by decreased pCO,, decreased
HCOs; - level and increased pH (Sanchez et al., 1994; Calamari et al., 2007). In our
2005 study of cows in the TP barn, low air speed and high humidity caused a serious
heat burden, resulting in respiratory alkalosis (Shiao et al., 2009a). In contrast, all cows
in this study had similar blood pCO,, although the blood pH of cows in the TP barn
tended to be lower (P = 0.08) (Table 4). This implied that the increased air speed and
sprinkler cooling in the water-padded barn applied in this study helped heat dissipation.
Blood pO, was higher in cows in the Fan+SP barn, an effect that might be related to the
barn type. Sabuncuoglu et al. (2008) reported that, during the cold season, the higher
airflow of an open-shed barn contributed to a higher blood pO, relative to a closed-type
barn.

Serum Metabolite. Serum metabolites have been studied to identify markers of
bovine heat stress. The pattern of serum metabolites was consistent between our 2005
and 2006 studies. The serum Alb, BUN, Ca, glucose, AST, and LDH of cows in the
Fan+SP and TP barns were similar. Cows in the TP barn had higher serum total protein
and P and lower Chol, ALP and ALT. The serum metabolites of cows in the TP+SP
barn resembled the trend of cows in the TP barn, with the exception of low serum P
levels (Table 4).

Serum protein and BUN reportedly increase when air T increases from 18 to 32°C
(Koubkova et al., 2002). In this study, the serum total protein of cows in both
water-padded barns increased, but Alb and BUN were similar to those of cows in the
Fan+SP barn. Other studies found that the hot season caused lower plasma glucose,
Chol and ALP in Holstein cows (Abeni et al., 2007; Calamari et al., 2007). In our study,
serum Chol and ALP were relatively decreased in both water-padded barns, but glucose
level was not. Both AST and ALT are involved in the transfer of amino groups. The

ALT activity of high-producing cows decreases with increasing air T (Koubkova et al.,
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2002). In our study, ALT was lower in cows housed in water-padded barns, but AST
activity tended to be higher (P = 0.10). The serum P level of cows in the TP barn was
higher than that in the 2 SP groups, which is consistent with previous results (Shiao et
al., 2009a). In the Sanchez et al. (1994) study, phosphorus absorption decreased by 50%
in heat-stressed cows. It was thus postulated that lower absorption led to accumulation
of P in the serum and decreased the P available for cellular ALP synthesis. The high
serum P and low serum ALP in cows in the TP barn support this hypothesis. However,
the low serum P and intermediate ALP activity of cows in the TP+SP barn seem to
indicate lower heat stress relative to the TP barn. Further research is required to verify
this hypothesis. Overall, these serum analyses did not clearly indicate the heat stress
level associated with the 3 cooling treatments investigated in this study.

Intake, Rumen Digestion and Lactation Performance

Intake Activity. Quantification of recorded behaviors revealed that cows in the 3 barn
treatments spent similar amounts of time per day eating (4.8 to 5.7 h) and lying down
(11.5 to 12.3 h; Table 5). Cow comfort studies recommend that lactating cows should
eat for 3 to 5 h and rest for 12 to 14 h/d (Grant, 2007). Relative to the ideal condition,
cows spent more time eating and less time lying down in the hot and humid conditions
of this trial. This observation is consistent with cow behavior studies that demonstrate
that cows suffering heat stress eat more frequent, smaller meals and, to increase the
surface area available for dissipating body heat, stand for a longer periods of time.

After 2 offerings of fresh TMR, cow intake increased significantly (Figure 4).
Forty-three to 54% of cows ate up to 2 h after the a.m. feeding. During an extended
period after the p.m. feeding, 51 to 68% of cows were eating 2.5 h after feed offering,
and cows in the Fan+SP barn were more willing to eat than cows in the TP barn (P =
0.11, Table 5). Intake activity in other periods was generally lower than 25%. The
lowest intake activity (only 6.3 to 12.6% eating) occurred near noon and from midnight
to dawn. The intensity of daytime intake activity was greatest in the Fan+SP barn,
intermediate in the TP+SP barn, and lowest in the TP barn. In our previous study, the
intake activity in the TP environment was 43% less after the p.m. feeding than that seen
in the Fan+SP group (35.7 vs. 62.1%; P < 0.05; Shiao et al., 2009b). By increasing air

speed and sprinkler cooling, the TP and TP+SP barns offered cows a more comfortable
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environment, increasing the intake activity of the p.m. main meal to 75 and 91% of that
of the control group.

Rumen Digestion. The diet offered to all cows in this study consisted of 50% forage,
24% by-products, and 26% corn-soybean meal concentrate and contained 39% DM,
16.5% CP, 32.1% ADF, and 50.0% NDF (DM basis). Cows had similar intake activity
and a similar rumen digestion pattern in this trial (Figure 5). The weighted averages of
diurnal rumen pH were similar: 6.24, 6.12, and 6.20 for cows in the Fan+SP, TP, and
TP+SP barns, respectively (Figure 5A). The highest rumen pH value of 6.47 was seen
around 0700 h, just before the a.m. feeding. The lowest pH value (5.90) occurred
approximately 5 h after the p.m. feeding, around 2000 h. The lowest NH3-N level was
higher in cows in the TP barn than in those in the Fan+SP barn (11.7 vs. 8.0 mg%; P <
0.05). The weighted diurnal average NH3-N level of cows in the TP barn tended to be
higher than that of cows in the other 2 barns (15.0 vs. 13.1 mg%; P = 0.06). The rumen
NH;-N level in this trial was relatively stable between 10 and 20 mg% (Figure 5B).
Rumen total VFA production and individual VFA molar percentages were similar
across the 3 barn treatments. The weighed rumen total VFA concentrations of cows in
the Fan+SP, TP and TP+SP barns were 110, 112, and 104 mM, respectively (Figure
50).

Lactation Performance. Cow BW was not affected by barn cooling treatments
(Table 6). In 2005, the adverse environment in the TP barn decreased cow DMI by
7.6% (17.0 vs. 18.4 kg) and milk yield by 10.1% (4% FCM, 23.1 vs. 25.7 kg; P < 0.001;
Shiao et al., 2009b). In the 2006 trial, the decremented DMI and milk yield problems
had been resolved and even improved. The improved TP and TP+SP barns were
associated with a small but significant increase in DMI relative to the Fan+SP barn
(18.8 vs. 18.5 kg; P < 0.05; Table 6). The improved environment of both water-padded
barns stimulated cow intake and resulted in higher milk yields. The milk yield of cows
in the TP barn matched that of cows in the Fan+SP barn, and cows in the TP+SP barn
produced 3% more milk than cows in the control barn (25.4 vs. 24.7 kg; P = 0.10). In
this study, the low air speed at night in the water-padded barn contributed to cow heat
stress. Although milk production was greatly improved in 2006 compared with 2005,

we believe that further improvement is possible. Smith et al. (2006b) reported an 11%
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increase in DMI and an increase of 2 kg of milk/cow per day. The milk protein
concentration of cows in the TP+SP barn was lower than that of the other 2 groups, and
the cause of this finding is not clear. The concentrations of milk fat, lactose, and total
solids were not affected by barn cooling treatments. Smith et al. (2006b) reported that
reducing heat stress would decrease SCC in raw milk. Their tunnel ventilation
evaporative cooling decreased SCC by 27% compared with the Fan+SP barn. In the
present study, the TP and TP+SP barns both improved cow udder health, indicating that
the SCC in milk decreased substantially (43% and 54%, respectively; P = 0.13).

CONCLUSIONS

Increasing air speed and using sprinkler cooling significantly increased the potential
efficacy and feasibility of the use of a TP+SP barn to alleviate cow heat stress in our hot
and humid environment. Tunnel-ventilated, water-padded barns reduced daytime T
more efficiently than did the Fan+SP barn. The high humidity found in a water-padded
barn could be partially mitigated by increasing air speed. When daytime air speed
increased from 1.66 to 2.38 m/s, cows in the TP and Fan+SP barns produced similar
quantities of milk. When daytime air speed increased from 1.66 to 2.06 m/s in
conjunction with sprinkling, cows in the TP+SP barn produced 3% more milk than
cows in the Fan+SP barn. Research regarding further modification and evaluation of
water-padded barns is continuing at LRI. The key contributors to improvement include

sufficient air speed and sprinkler cooling.
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Table 1. Monthly average air temperature and relative humidity (mean + SD) at the

Livestock Research Institute of Taiwan from 2000 to 2009 (Meteorological Station

B2N89)'

Temperature, °C Relative humidity, %
Item Mean' Maximum' Minimum' Mean' Maximum' Minimum'
No. 60 60 60 60 60 60

Cool season® 202+26 314+22 10.6+3.5 80.5+£3.6 994+12 36.0+8.1
Hot season®  27.1+1.1 35112 21.1+23 84.0+3.5 999+03 46.2+89

' Mean data were calculated across days in a month. Maximum and minimum data were
obtained by averaging the extreme data from each month.

? Cool season = November to April; hot season = May to October.
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Table 2. Air speed (m/s; mean = SD) in 3 experimental barns occupied by lactating

Holstein cows in Taiwan during 2006’

Barn
Time Days measured Fan+SP TP TP+SP
0830 h 15 1.18+0.11 2.22+0.60 1.80 +0.49
1330 h 16 1.23+0.14 2.57+0.27 2.23+0.22
1630 h 16 1.29+0.11 2.34+0.37 2.13+0.40
Average 15 1.23+0.12 2.38+0.45 2.06 +0.42

! Air speed was measured with a hot wire anemometer every Monday and Friday in 3
fully occupied barns from August to October, 2006. Values shown are averages of
measurements taken at the front and back of each pen and from the TMR trough, intake
lane, and alleyway between stall rows at 1.5 m elevation.

> Fant+SP barn = freestall barn with fans and sprinklers (control); TP barn =

tunnel-ventilated, water-padded barn; TP+SP barn = TP barn with sprinklers.
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Table 3. Effect of the tunnel-ventilated, water-padded barn environment on the diurnal

vaginal temperature changes of lactating Holstein cows in Taiwan during 2006'

2

Barn
Item Fan+SP TP TP+SP SEM Significance
No. of cows 32 32 32
Diurnal mean, °C 38.87° 39.08° 38.94° 0.04 *o
Highest value (H),” °C  39.58 39.65 39.53 0.07 NS
Lowest value (L), °C 38.16 38.53° 38.07°  0.06 Hokk
H-L, °C 1.43 1.12° 1.45°  0.09 *

“® Means within a row with different superscripts differ.

!'Vaginal temperature was measured every minute using the HOBO Water Temp Pro
Data Logger (Onset Computer Corp., Bourne, MA) fitted into a blank control internal
drug release (CIDR, Eazi-Breed, Pfizer Animal Health, New York, NY) device and
inserted into the cow’s vagina for 24 h.

> Fan+SP barn = freestall barn with fans and sprinklers (control); TP barn =
tunnel-ventilated, water-padded barn; TP+SP barn = TP barn with sprinklers.

*Mean data were analyzed from the daily averages of 32 cows in each group, and the
highest and lowest values were the averages of daily extreme data.

NS =P>0.05; * P <0.05; ** P <0.01, *** P <0.001.
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Table 4. Effect of the tunnel-ventilated, water-padded barn environment on blood gases

and serum biochemical metabolites of lactating Holstein cows in Taiwan during 2006

3

Barn
Significance

[tem® Fan+SP TP TP+SP SEM  (P-value)
No. of cows 32 32 32
Blood pH 7.405 7.397 7.404  0.003 0.08
pCO,, mmHg 42.3 42.8 42.6 0.4 NS
pO,, mmHg 31.5° 30.5° 30.4° 0.3 *
Total protein, g/L 69.5° 70.6% 71.6* 0.5 *
Albumin, pmol/L 0.49 0.49 0.49 0.01 NS
BUN, mmol/L 7.28 7.56 7.40 0.11 NS
Ca, mmol/L 2.16 2.18 2.18 0.02 NS
P, mmol/L 1.94° 2,08 1.95° 0.03 *
Glucose, mmol/L 2.34 2.28 2.34 0.05 NS
Cholesterol, . 1 .
_— 6.47 6.21 6.10 0.09 *
ALP, U/L 43.5° 38.8" 41.4% 1.0 *o
AST, U/L 81.7 86.2 85.7 1.6 0.10
ALT, U/L 42.9° 40.6° 41.5° 0.4 ok
LDH, U/L 672 690 693 19 NS

“> Means within a row with different superscripts differ.

"Blood samples from each individual cow were taken twice at 1300 h from the jugular

vein each period in a3 x 3 Latin square design.

*pCO, = partial pressure of carbon dioxide; pO, = partial pressure of oxygen; ALP =

alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine

aminotransferase; LDH = lactate dehydrogenase.

’Fan+SP barn = freestall barn with fans and sprinklers (control); TP barn =
tunnel-ventilated, water-padded barn; TP+SP barn = TP barn with sprinklers.

NS =P >0.05; * P <0.05; ** P <0.01; *** P <0.001.
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Table 5. Effect of the tunnel-ventilated, water-padded barn environment on the intake

and resting activity of lactating Holstein cows in Taiwan during 2006

2

Barn
Significance

Item Fan+SP TP TP+SP SEM  (P-value)
No. of observations 3 3 3
Time spent lying, h/d 12.2 11.5 12.3 0.3 NS
Time spent eating, h/d 5.7 4.8 5.1 0.2 NS
Percentage of cows eating
0730 to 0930 h (a.m. feeding) 53.9 42.9 47.7 6.4 NS
0930to 1130 h 23.6 21.9 24.8 0.5 0.10
1130 to 1430 h 12.6° 6.3 8.5 0.7 *
1500 to 1730 h (p.m. feeding) 67.7 50.7 61.3 3.1 0.11
1730 to 2100 h 21.0 22 23.8 2.2 NS
2100 to 0000 h 17.0 19.2 20.1 2.5 NS
0000 to 0500 h 9.8 11.2 7.2 0.8 NS
5000 to 0730 h 220 13.4 14.8 3.9 NS

“® Means within a row with different superscripts differ.

! Thirty-six cows were randomly assigned into 3 barn treatments in a 3 X 3 Latin
square design and group-fed. Two periods of 24 h of cow behavior were recorded by
video and counted every 10 min. The percentage of cows eating was calculated from
this data.

’Fan+SP barn = freestall barn with fans and sprinklers (control); TP barn =
tunnel-ventilated, water-padded barn; TP+SP barn = TP barn with sprinklers.
NS=P>0.05; * P <0.05.
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Table 6. Effect of the tunnel-ventilated, water-padded barn environment on the

lactation performance of lactating Holstein cows in Taiwan during 2006’

Barn®
Significance

Item Fan+SP TP TP+SP SEM  (P-value)
No. of observations 3 3 3
DMI, kg 18.5° 18.8° 18.8° 0.03 *
No. of cows observed 32 32 32
Initial BW, kg 546 549 549 2 NS
BW gain, kg/d 0.40 0.23 0.32 0.10 NS
Milk yield, kg/d 24.7 25.0 25.4 0.2 0.10
4% FCM, kg/d 24.9 2551 25.4 0.3 NS
Milk fat, % 4.06 4.05 4.02 0.05 NS
Milk protein, % 3.18" 34181 3.11° 0.02 *
Milk lactose, % 4.74 4.73 4.75 0.02 NS
Milk total solid, % 12.67 12.67 12.58 0.05 NS
SCC, x 10*/mL 127 73 58 25 0.13

%% Means within a row with different superscripts differ.

" Thirty-six cows were randomly assigned into 3 barn treatments in a 3 x 3 Latin

square design and group-fed. Individual milk yields were recorded daily, and 2 a.m.-p.m.

milk samples were taken for composition analyses per period. Thirty-two cows went

through the trial.

’Fan+SP barn = freestall barn with fans and sprinklers (control); TP barn =

tunnel-ventilated, water-padded barn; TP+SP barn = TP barn with sprinklers.

NS=P>0.05; * P <0.05.
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Figure 1. Effect of the tunnel-ventilated, water-padded barn environment on (A) barn
diurnal temperature (T), (B) relative humidity (RH), and (C) temperature-humidity
index (THI) changes. The barn environments compared included the Fan+SP barn (solid
line; freestall barn with fans and sprinklers, control), TP barn (e; tunnel-ventilated,
water-padded barn), and TP+SP barn (0; TP barn with sprinklers) during the hot, humid
season (August to October) at the Livestock Research Institute of Taiwan during 2006.
Barn T and RH were recorded every 30 min by HOBO Pro RH/Temp meters (Onset
Computer Corp., Bourne, MA). THI=9/5 x T+32-0.55x (1-RH) x (9/5 x T -26),
with T in °C and RH in decimal (NOAA, 1976). Each point represents the average of 63

d daily measurements.
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Figure 2. Effect of the tunnel-ventilated, water-padded barn environment on (A)
respiration rates (RR) and skin temperature (T) of the neck (B) and back (C) of lactating
Holstein cows. The RR and skin T were measured at 0300 and 1300 h on 2 d during the
last 10 d of each period from 29 cows raised in the Fan+SP barn (solid line; freestall
barn with fans and sprinklers, control), TP barn (e; tunnel-ventilated, water-padded
barn), and TP+SP barn (0; TP barn with sprinklers) in a 3 x 3 Latin square design.
Cows raised in the TP and TP+SP barns had higher RR and neck and back skin T at
0300 h than those raised in the Fan+SP barn (*** P < (0.001). At 1300 h, the neck and
back skin T differed among the 3 barn treatments. Data points with different characters,

a, b, and c, differ (Fan+SP > TP+SP > TP barn, *** P <0.001).
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Figure 3. Effect of the tunnel-ventilated, water-padded barn environment on the diurnal
vaginal temperature changes of lactating Holstein cows. Cows were raised in the
Fan+SP barn (solid line; freestall barn with fans and sprinklers, control), TP barn (e;
tunnel-ventilated, water-padded barn), and TP+SP barn (0; TP barn with sprinklers) in a
3 x 3 Latin square design. Vaginal temperature was taken every minute by the Hobo
Water Temp Pro Data Logger (Onset Computer Corp., Bourne, MA) fixed in a blank
control internal drug release (CIDR, Eazi-Breed, Pfizer Animal Health, New York, NY)
device and inserted into the vagina for 24 h. Milking (downward white arrow) and spray
cooling (thin black arrows) effectively decreased the vaginal temperature of cows in the
Fan+SP and TP+SP barns. The 2 feeding times are indicated by a downward black
arrow. The vaginal t of cows in the TP barn decreased only after milking and to a much

smaller degree. Each point represents an average of 32 cows per group.

132



Cows eating, %o

Time of day

Figure 4. The effect of the tunnel-ventilated, water-padded barn environment on the
intake activity of lactating Holstein cows. A total of 36 cows were group-fed in the
Fan+SP barn (solid line; freestall barn with fans and sprinklers, control), TP barn (e;
tunnel-ventilated, water-padded barn), and TP+SP barn (0; TP barn with sprinklers) in a
3 x 3 Latin square design. Cow activity was recorded by video and counted every 10
min for two 24-h periods. The number of cows eating was calculated as the percentage
of each group. The peak intake activity appeared soon after fresh TMR were offered
(black arrows) and decreased to 0% when cows left for milking (white arrows).
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Figure 5. Effect of the tunnel-ventilated, water-padded barn environment on the diurnal
rumen pH, NH;-N and VFA concentrations of lactating Holstein cows. Three
rumen-cannulated cows were raised in the Fan+SP barn (solid line; freestall barn with
fans and sprinklers, control), TP barn (e; tunnel-ventilated, water-padded barn), and
TP+SP barn (0; TP barn with sprinklers) in a 3 x 3 Latin square design. Two
consecutive 24-h rumen content samplings were conducted each period. Rumen
digestion became active after 2 fresh TMR offerings (arrows). Rumen NH;-N
concentration was more stable and tended to be higher (P = 0.06) in cows raised in the
TP barn. The diurnal weighted average, highest and lowest values of rumen pH and

total VFA were similar among barn treatments
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