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Abstract: Among all livestock systems in tropical regions, the dairy sector is facing huge challenges
to sustain productivity under the rapidly changing climatic conditions. To date, there is a lack of
knowledge on the combined effects of climate, season, and farm location on trait responses in different
cattle breeds. Consequently, this study presents a novel approach to assess the impact of several
climatic and geographical factors on production traits, energy efficiency indicators, and hygiene traits
in dairy cattle reared across the rural–urban interface in the tropical savanna region of Bengaluru,
a rising megacity in southern India. In total, 96 cattle were selected across Bengaluru’s rural–urban
interface, reflecting a broad variety of social-ecological systems. The traits considered included
test day milk yield (MY), body condition score (BCS), body weight (BW), hock assessment score
(HAS), udder hygiene score (UHS), and upper leg hygiene score (ULHS). Apart from cow-related
factors such as breed, lactation stage, lactation number, and milking frequency, the environmental
classification variables of season, farm location (as expressed by survey stratification index, SSI),
and temperature humidity index (THI) significantly affected most of the traits, with indication for
breed-by-environment interactions. In particular, season significantly influenced production and
hygiene traits. Furthermore, an evident breed variation was observed in the seasonal influence on
BW, wherein exotic cows had a higher BW than crossbreds during the summer season. The distinct
trend of SSI in its influence on most of the traits indicates that cows housed in urban areas had
better trait expression than those in rural areas, thereby revealing a predominant role of management.
The THI had a significant effect on MY, BCS, and HAS, and THI = 75 was identified as heat stress
threshold. The results indicate the importance of considering ecological, social, and climatic factors
simultaneously in order to improve primary and functional breed-specific traits of dairy cattle reared
in challenging environments.

Keywords: dairy cattle; phenotypic trait responses; rural-urban interface; temperature-humidity index

1. Introduction

Globally, the livestock sector plays a significant role by economically supporting poor
and marginal farmers [1]. At the same time, because of the exponentially rising human
population there is an increasing demand for livestock products due to increasing incomes
and urbanization, which has changed the dietary habits of humans towards a preference
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for animal protein sources [2]. Currently, the dairy sector supports nearly 150 million
households across the world [3]. An evident rise in world milk production during the
past three decades, from 522 million tons (MT) in 1987 to 843 MT in 2018, highlights the
increasing demand for milk and milk products [3].

The dairy sector, however, faces major challenges in tackling rising market demands
amidst rapidly changing climatic conditions. There are several factors which influence milk
production, especially animal genetics, nutrition, management, and the environment [4,5].
In particular, heat stress is currently emerging as a major concern. Heat stress has detri-
mental effects on milk quality and milk quantity [6], ultimately influencing farm economy.
In the United States, heat stress caused an annual economic loss in the dairy industry
ranging between USD 1.69 and 2.36 billion [7]. The world’s largest milk producer, India,
faces a huge threat due to heat stress, with an estimated reduction of milk production in
Indian dairy cows by alarming 0.73 million liters in 2020 [8].

Several available indices combine different climatic parameters to determine heat
stress in livestock. Among these, the temperature humidity index (THI) is often used
to assess livestock productivity responses to heat stress [9]. However, the calculation of
the most appropriate THI depends on the respective agro-ecological zone [10]. Livestock
in different agro-ecological zones have specific heat stress thresholds, and alterations
of genetic parameters and breeding values beyond the thresholds have been observed.
Regarding breed-specific effects, Gantner et al. [11] observed improved heat stress resistance
mechanisms in Simmental cattle when compared to Holstein dairy cattle. Generally, high-
producing animals are more susceptible to heat stress than low producers [12].

Heat stress adversely affects the productive and reproductive performance of cows,
implying effects on energy requirements and the physiology of adaptive mechanisms.
Reductions in growth and milk yield, altered milk composition, irregular reproductive
cycles, and increased disease occurrence are the most prominent effects of heat stress
on dairy cattle [6,13,14]. Apart from THI and genetic effects, urbanization is another
factor influencing dairy production in developing countries [15]. Differences in dairy
management practices have been observed across the rural–urban interface, ultimately
influencing production [16]. The combined effects of urbanization and heat stress may be
a crucial factor when evaluating primary and functional traits of dairy cattle in countries in
tropical regions.

Therefore, conducting a comprehensive study on the impact of heat stress on dairy
cattle and their production across the rural–urban interface of an Asian megacity may
provide novel insights into the adaptability of cattle to concomitant environmental stressors.
Consequently, the aim of the present study was to infer the effects of heat stress, season,
and cattle genetics across the rural–urban interface of Bengaluru, India, on primary and
functional dairy cattle traits.

2. Materials and Methods
2.1. Study Location and Climate

The study was conducted in the emerging megacity of Bengaluru, which is located
in the State of Karnataka in southern India, centering on 12.97◦ northern latitude and
77.59◦ eastern longitude, 920 m above sea level. Bengaluru experiences tropical savanna
climatic conditions with distinct humid and dry seasons. These can be categorized as the
summer season, which includes the dry months of March, April, and May (henceforth
called “summer”) with an average ambient temperature (Ta) of 28.44 ◦C and an average
humidity (Ha) of 57.71%), followed by the monsoon season from June to October (“rainy”;
Ta: 25.67 ◦C; Ha: 77.56%) and the winter season from November to February (“winter”;
Ta: 24.03 ◦C; Ha: 64.24%).

2.2. Study Design and Farm Selection

For the multi-criteria assessment of dairy production systems across the rural–urban
interface of Bengaluru, a total of 35 farms were randomly sampled across 17 villages located
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along the city’s rural–urban interface [17]. This interface is represented by two transect
lines, called the northern and southern transect, and defined as a common space for
interdisciplinary research [18]. Along the rural–urban interface, a survey stratification
index (SSI) developed by Hoffmann et al. [18] distinguished three areas based on distance
to the city centre and built-up area, namely “urban” (SSI < 0.3), “peri-urban” or “transition”
(SSI: 0.3–0.5), and “rural” (SSI > 0.5).

2.3. Animals and Management

A total of 96 cattle including heifers and lactating and dry cows were selected from
35 farms located across the rural–urban interface. The selected cattle were classified into
two genetic groups, defined as exotic and crossbred cattle. The exotic cattle consisted of
Holstein Friesian and Jersey breeds, while the crossbred cattle group consisted of Holstein
and Jersey crosses with native cattle breeds. The animals were reared at their respective
farms. Green forage was the major dietary component of dairy cattle across all farms.
However, the green forage proportions varied across the rural–urban interface and across
seasons. During the dry seasons, offer of dry forages compensated the shortage of green
fodder [17]. Additionally, concentrate feeding and allowing animals to graze in public
pastureland were complemented by feeding crop residues and organic household or market
wastes [17].

2.4. Phenotypic Trait Recording

In order to assess the seasonal influence on dairy production traits, the farms were
visited three times between June 2017 and April 2018 in four-monthly intervals covering
all three seasons. Phenotypic cow trait records included test-day milk yield (MY, in litres),
body condition score (BCS), body weight (BW, in kg), hock assessment score (HAS), udder
hygiene score (UHS), and upper leg hygiene score (ULHS). All traits were recorded once
during each season. The BCS of each cow was scored from 1 (thin) to 5 (obese) as defined
by Ferguson et al. [19]. The body weight of the cattle was calculated using the regression
equation established by Grund [20] as mentioned below, which takes into account the
animals’ heart girth, age, BCS, breed, status (if milking or dry), and pregnancy status:

BW = exp(−7.35492 + (2.55408 × ln(HG)) + (0.04043 × ln(age)) + (β1 × BCS)

+(β2 × status) + (β3 × breed) + (0.024741 × pregnant) + 0.08317)

where HG is the heart girth of the cattle measured in cm, age is recorded in months, β1 is the
linear regression coefficient for body condition score (BCS), β2 is the regression coefficient
for the status of the cow (milking or dry), β3 is the regression coefficient for breed (exotic,
crossbred), and the pregnancy variable represents the pregnancy status of the cow (1 if the
cow is pregnant and 0 if not).

The UHS and ULHS hygiene scores were assessed according to Schreiner and Ruegg [21]
and ranged from 1 (completely clean) to 4 (completely covered with manure). The HAS
was scored according to Lombard et al. [22], with 1 (hock without hair loss or swelling),
2 (hair loss on the hock but no swelling), and 3 (hair loss on the hock with swelling). All
these phenotypic traits were recorded by the same trained expert throughout the study in or-
der to avoid any human error, especially while scoring the hygiene and conformation traits.

2.5. Temperature Humidity Index (THI)

The temperature and humidity on the farms were recorded in hourly intervals using
VOLTCRAFT DL-121TH USB data loggers. The average daily temperature and humidity
were calculated based on hourly meteorological records. Afterwards, the temperature
humidity index (THI), which is a widely used index for assessing the impact of heat stress
on trait expression in livestock [9], was calculated according to the National Research
Council (NRC) [23] equation as follows:

THI = (1.8 × T + 32)− (0.55 − 0.0055 × RH)× (1.8 × T − 26)
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where T is air temperature in degrees Celsius and RH is relative humidity as a percentage.
To assess the impact of THI on the phenotypic traits, two THI intervals were considered.

THI_0, the test day THI, was used for the MY, HAS, UHS, and ULHS traits, while THI_1-7,
recorded throughout the seven days prior to the test day and averaged afterwards per
week, was considered for the BCS and BW traits.

The descriptive statistics for THI (THI_0, THI_1-7) and for all the phenotypic traits
recorded throughout the study period are provided in Table 1.

Table 1. Descriptive statistics of test day THI (THI_0), weekly THI (recorded throughout seven days
prior to test day; THI_1-7), test day milk yield (MY), body condition score (BCS), body weight (BW),
hock assessment score (HAS), udder hygiene score (UHS), and upper leg hygiene score (ULHS).

Variable Mean Std Dev Minimum Maximum

THI_0 74.18 3.20 65.57 81.44
THI_1-7 74.14 3.01 66.24 81.01

MY (L/day) 11.20 4.92 2.00 26.00
BCS 2.82 0.32 2.25 3.75

BW (kg) 385.51 67.06 231.66 569.08
HAS 1.52 0.53 1.00 3.00
UHS 1.93 1.01 1.00 4.00

ULHS 2.71 1.03 1.00 4.00

2.6. Statistical Analysis

The data were analysed using SAS University Edition (SAS/STAT®, SAS Institute Inc.,
Cary, NC, USA), and applying the MIXED procedure to infer fixed and random effects via
mixed model equations. Model 1 was defined to assess the impact of environmental and
genetic factors as well as of interactions on phenotypic trait expression. The effect of THI
considered in this equation was THI_0 for MY, HAS, UHS, and ULHS. Regarding BCS and
BW, THI_1-7 was considered. Model 1 was

Yijklmnopq = µ+ LSi + Lj + MFk + F(SSI)l + SSIm + THIn + B × So + Ap + eijklmnopq (1)

where Yijklmnopq is the observation for MY, BCS, BW, HAS, UHS, and ULHS recorded on the
ijklmnopq-th animal, µ is the overall mean effect, LSi is the fixed effect for the i-th lactation
stage class (i = <3 months, 3–9 months, >9 months), Lj is the fixed effect for the j-th lactation
number (j = 1, 2, 3, 4, 5, >5), MFk is the fixed effect for the k-th daily milking frequency class
when analysing MY (k = 1, 2), F(SSI)l is the fixed effect for the lth farm within SSI cluster
(l = twenty farms in rural, ten farms in transition, and five farms in urban areas), SSIm is
the fixed effect for the m-th SSI class (m = rural, transition, urban), THIn is the fixed effect
for the nth THI_0 for MY, HAS, UHS, ULHS, and THI_1-7 for BCS and BW, respectively
(n = <70, 70–71, 72–73, 74–75, >75), BxSo is the fixed effect for the o-th interaction between
breed and season, Ap is the random animal effect for three repeated measurements of the
p-th animal, and eijklmnopq is the random residual effect.

In addition to classification model 1, regressions on THI were evaluated for MY by
applying model 2 as follows:

Yijklmnopqrs = µ+ LSi + Lj + MFk + F(SSI)l + SSIm + THI(B)n + THI2(B)o + Bp
+Sq + Ar + eijklmnopqrs

(2)

where Yijklmnopqrs is the observation for MY of the ijklmnopqrs-th animal, µ is the overall
mean effect, LSi is the fixed effect for the i-th lactation stage class (i = <3 months, 3–9 months,
>9 months), Lj is the fixed effect for the j-th lactation number (j = 1, 2, 3, 4, 5, >5), MFk
is the fixed effect for the k-th daily milking frequency class (k =1, 2), F(SSI)l is the fixed
effect for the l-th farm–SSI cluster (l = twenty farms in rural, ten farms in transition, and
five farms in urban areas), SSIm is the fixed effect for the m-th SSI class (m = rural, transition,
urban), THI(B)n is the linear regression on THI nested within breed, THI2(B)o is a quadratic
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regression on THI nested within breed, Bp is the fixed effect for the p-th breed (p = exotic,
crossbred), Sq is the fixed effect for the q-th season (q = rainy, winter, summer), Ar is the
random animal effect for three repeated measurements of the r-th animal, and eijklmnopqrs is
the random residual effect.

For all levels within fixed effects from models 1 and 2, least square means were computed.
To study the robustness and performance of exotic and crossbred cows under hot

climatic conditions, the lactation persistency was compared between cows exposed to heat
stress and cows without heat stress. The threshold THI level for MY and BCS traits was set
using the PROC RSREG procedure in SAS with some modifications. As the PROC RSREG
procedure cannot consider class effects, we first ran model 2 without including THI and
breed effects. The respective outputs are corrected records (residuals), which were used
to run the PROC RSREG separately for each breed considering only the THI covariate
(THI_0 for MY, and THI_1-7 for BCS). Based on the results obtained from this analysis,
the threshold of THI = 75 was set for portioning the dataset into two groups. Within the
two THI group datasets, THI ≤ 75 and THI > 75, regressions of days in milk (DIM) on MY
and BCS were performed. The lactation persistency was expressed via linear regression on
DIM by applying model 3:

Yijklmnop = µ+ Li + MFj + SSIk + Sl + Bm + dim(B)n + Fo + eijklmnop (3)

where Yijklmnop is the observation for MY and BCS of the ijklmnop-th animal, µ is the
overall mean effect, Li is the fixed effect for the i-th lactation number (i = 1, 2, 3, 4, 5, >5),
MFj is the fixed effect for the j-th daily milking frequency class when analysing only the
trait MY (j = 1, 2), SSIk is the fixed effect for the k-th SSI class (k = rural, transition, urban),
Sl is the fixed effect for the l-th season (l = rainy, winter, summer), Bm is the fixed effect for
the m-th breed (m = exotic or crossbred), dim(B)n is the fixed regression on the n-th days
in milk nested within breed (recorded across 365 days), Fo is the random effect of the o-th
farm, and eijklmnop is the random residual effect.

3. Results

With regard to model 1, test day MY was significantly (p < 0.05) influenced by all
effects. THI had a significant effect (p < 0.05) only on MY (THI_0), BCS (THI_1-7) and HAS
(THI_0). The THI effect was not significant (p > 0.05) for BW (THI_1-7), UHS (THI_0) and
ULHS (THI_0). Lactation stage (p < 0.01), lactation number (p < 0.01), farm nested within
SSI (p < 0.01), and SSI (p < 0.05) all had a significant effect on BCS and BW. The breed–season
interaction was not significant on BCS and on BW (p > 0.05). In addition to THI (p < 0.05),
farm nested within SSI had a significant effect (p < 0.05) on HAS. UHS was significantly
affected by lactation stage (p < 0.05), farm nested within SSI (p < 0.01), SSI (p < 0.05),
and breed x season interaction (p < 0.05). The only significant effects on ULHS were the
combined farm–SSI effect (p < 0.01) and SSI (p < 0.01). Table 2 presents the results of the
test of significance for the fixed effects on the phenotypic traits obtained using model 1.

3.1. Effect of Season, SSI, and THI on MY of Exotic and Crossbred Dairy Cattle

Least square means for MY within seasons and dairy cow breeds are displayed in
Figure 1 (model 1). The test day MY of the exotic breeds significantly differed between
rainy (11.21 ± 1.08 L/day) and winter season (9.46 ± 1.00 L/day). Similarly, a signif-
icant difference in MY was observed between rainy (11.01 ± 1.05 L/day) and winter
(8.59 ± 1.05 L/day) season in crossbred dairy cows. Differences in least square means for
MY between exotic and crossbred cattle were not significant within the same season.

Least square means for MY across the rural–urban interface as defined by SSI are
shown in Figure 2. Test day MY was significantly lower in the rural (8.84 ± 0.79 L/day) than
in the transition (10.33 ± 0.90 L/day) and urban (11.58 ± 1.28 L/day) areas. The difference
in test day MY between the transition and urban area was not significant.
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Table 2. Test of significance (global F-Test) for the effects on test day milk yield, body condition score,
body weight, hock assessment score, udder hygiene score, and upper leg hygiene score.

Effect Milk Yield Body Condition Score Body Weight Hock Assessment Score Udder Hygiene Score Upper Leg
Hygiene Score

Lactation stage <0.01 <0.01 0.01 0.55 0.04 0.12
Lactation number <0.01 <0.01 <0.01 0.39 0.08 0.09
Milking frequency <0.01 - - - - -

Farm (SSI) <0.01 <0.01 <0.01 0.03 <0.01 <0.01
SSI <0.01 0.04 0.02 0.28 0.05 0.01

THI_0 # 0.04 - - 0.04 0.65 0.87
THI_1-7 * - <0.01 0.46 - - -

Breed x season 0.02 0.07 0.08 0.30 0.03 0.08

# test day THI for milk yield, hock assessment score, udder hygiene score, and upper leg hygiene score; * average
THI recorded throughout seven days prior to test day for the body condition score and body weight traits.
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Figure 2. Least square means with corresponding standard errors for test day milk yield (MY) in
rural, transition, and urban areas of Bengaluru. Least square means with different superscripts differ
significantly (p < 0.05).

Least square means for MY across THI classes are shown in Figure 3. Test day MY was
significantly higher at THI 74–75 (11.48 ± 0.90 L), while the MY was lowest in the extreme
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THI class of >75 (9.53 ± 1.08 L). Test day MY exhibited an M-shaped pattern of response
across the THI classes. An initial increase and decline in milk yield from THI classes 1 (<70)
to THI 3 (72–73) was observed, followed by a significant rise in milk yield at THI 74–75 that
ultimately led to a significant decline at THI > 75 (Figure 3).
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Figure 3. Least square means with corresponding standard errors for test day milk yield (MY) across
temperature humidity index (THI) classes. Least square means with different superscript differ
significantly (p < 0.05).

The quadratic regression curves analyzed with model 2 for test day MY by THI are
depicted in Figure 4 for both crossbred (y = −0.0516x2 + 7.6221x − 271.12) and exotic
cattle (y = −0.0305x2 + 4.5888x − 161.35). In agreement with the results for THI class
effects (model 1), MY was lowest at the extreme ends of the THI scale. The MY by THI
pattern was very similar for both crossbred and exotic cows. Nevertheless, the MY of exotic
cattle (10.71 ± 0.89 L) was higher than the MY of crossbred cows (9.89 ± 0.86 L) across the
THI range. Table A1 presents the results of the test of significance, R2, and RSME for the
regression analysis studying MY responses on THI from model 2.
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Figure 4. Regression curve and raw data points for milk yield (MY) by THI for exotic and
crossbred cows.
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3.2. Effect of Season, SSI, and THI on BCS in Exotic and Crossbred Dairy Cattle

The breed-by-season interaction on BCS was not significant (p > 0.05), although minor
seasonal effects on BCS were observed in exotic cattle (Figure 5). The least square mean for
BCS was significantly (p < 0.05) lower in exotic cattle during the rainy season (2.77 ± 0.06)
compared to the summer (2.91 ± 0.07) and winter (2.87 ± 0.06) season. In crossbred dairy
cows, there was no significant effect of season on BCS. The BCS did not differ significantly
(p > 0.05) between exotic and crossbred cows across the seasons.
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Figure 5. Least square means with corresponding standard errors for body condition score (BCS)
of exotic and crossbred cattle for different seasons. Least square means with different superscript
differ significantly (p < 0.05). Significances within each breed group across seasons are denoted as a,b.
Differences within each season group between the breeds were not statistically significant (p > 0.05)
and therefore are not shown in the figure.

The SSI significantly (p < 0.05) affected BCS across the rural–urban interface (Figure 6).
The least square mean for BCS was significantly higher (p < 0.05) for cows located in
the urban (2.89 ± 0.09) and transition areas (2.82 ± 0.05) compared to cows in rural
areas (2.69 ± 0.05).
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Figure 6. Least square means with corresponding standard errors for body condition score (BCS) in
rural, transition, and urban areas of Bengaluru. Least square means with different superscripts differ
significantly (p < 0.05).
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Least square means for BCS across THI classes are shown in Figure 7. The BCS recorded
at THI class 4 (THI = 74–75) was significantly different from all other classes. A significant
increase in BCS was observed at THI 74–75 (2.93 ± 0.05), followed by a significant decline
to 2.82 ± 0.05 at THI > 75.
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Figure 7. Least square means with corresponding standard errors for body condition score (BCS)
across THI classes. Least square means with different superscript differ significantly (p < 0.05).

3.3. Effect of Season, SSI, and THI on BW in Exotic and Crossbred Dairy Cattle

Least square means for BW in the summer, rainy, and winter seasons are shown in
Figure 8. The BW of exotic cattle significantly (p < 0.05) differed between the summer
(419.04 ± 13.49 kg) and the rainy season (393.04 ± 12.06 kg). The least square mean for
BW of exotic cattle in the winter season was 402.00 ± 10.82 kg, and was not significantly
different from BW in the summer or rainy season. In contrast, the season effect was not
significant (p > 0.05) in crossbred cattle. Regarding breed comparisons within seasons, least
square means for BW of exotic and crossbred cattle differed significantly (p < 0.05) only
during the summer season, with significantly lower BW in crossbred (318.35 ± 14.70 kg)
than in exotic cattle (419.04 ± 13.49 kg). In the rainy and winter season, differences in least
squares means for BW between exotic and crossbred cattle were not significant (p > 0.05).

Least square means for BW across the rural–urban interface as defined by SSI are
shown in Figure 9. BW was significantly higher (p < 0.05) in urban (422.6 ± 17.37 kg) than
in rural (368.7 ± 9.7 kg) and transition areas (383.58 ± 10.88 kg). The differences in BW
between rural and transition areas were not significant (p > 0.05). The THI classes had no
significant effect on BW in dairy cows.

3.4. Effect of Season, SSI, and THI on HAS in Exotic and Crossbred Dairy Cattle

The breed-by-season effect on HAS was not significant (p > 0.05). Least square
means for HAS across seasons in exotic and crossbred dairy cows are shown in Table A1.
In addition, the SSI was not significant for HAS (Table A2), while the THI effect on HAS
was significant (p < 0.05). Least square means for HAS across THI classes are shown
in Figure 10. The HAS recorded at THI class 2 (HAS: 1.81 ± 0.12; THI = 70–71) was signifi-
cantly different from THI classes 1 (HAS: 1.53 ± 0.12; THI < 70) and 3 (HAS: 1.57 ± 0.08;
THI = 72–73), while the remaining THI class differences were not statistically significant.
HAS in dependency of THI followed an M-shaped pattern (Figure 10), as already observed
for milk yield.
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Figure 8. Least square means with corresponding standard errors for body weight (BW) of exotic and
crossbred cattle for different seasons. Least square means with different superscript differ significantly
(p < 0.05). Significant differences (p < 0.05) within each season group between the breeds are denoted
as A,B, while significant differences (p < 0.05) within each breed group across different seasons are
denoted as a,b.
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Figure 9. Least square means with corresponding standard errors for body weight (BW) in rural,
urban, and transition areas of Bengaluru. Least square means with different superscript differ
significantly (p < 0.05).

3.5. Effect of Season, SSI, and THI on UHS and ULHS in Exotic and Crossbred Dairy Cattle

Least square means for seasonal effects on test day UHS and ULHS in exotic and
crossbred cows are shown in Figure 11. The UHS for exotic cattle significantly (p < 0.01)
differed only between the summer (1.40 ± 0.22) and rainy season (2.11 ± 0.19). Similarly,
crossbred cattle had a significantly better UHS during the summer season (1.51 ± 0.23)
when compared to the rainy season (2.03 ± 0.18). Differences in least square means for
UHS between the two breeds were not significant within any season (p > 0.05).
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Figure 10. Least square means with corresponding standard errors for hock assessment score (HAS)
across the THI classes. Least square means with different superscript differ significantly (p < 0.05).
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Figure 11. Least square means with corresponding standard errors for udder hygiene score and
upper leg hygiene score for different seasons. Least square means with different superscript differ
significantly (p < 0.05). Significant differences (p < 0.05) within each breed group between seasons
are denoted as a,b. Difference within each season group between the breeds was not statistically
significant (p > 0.05) and therefore is not shown in the figure.

The ULHS in exotic cattle significantly differed (p < 0.05) across seasons. Exotic
cattle had a significantly better upper leg hygiene score during summer (2.07 ± 0.22)
when compared to the rainy (2.79 ± 0.19) and winter (2.54 ± 0.15) seasons. In crossbred
cattle, the seasonal effect on ULHS was not significant (p > 0.05). Additionally, differ-
ences in least square means for ULHS between the two breeds within season were not
significant (p > 0.05).

Least square means for UHS and ULHS across the rural–urban interface are shown
in Figure 12. Cattle housed in the urban area had significantly (p < 0.05) better hygiene
scores of 1.40 ± 0.23 (UHS) and 1.97 ± 0.23 (ULHS) when compared to cows from the
rural (1.96 ± 0.12 (UHS) and 2.67 ± 0.12 (ULHS)) and transition (1.98 ± 0.13 (UHS) and
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2.68 ± 0.13 (ULHS)) areas. The differences of least squares means for UHS and ULHS
across THI classes were not significant (p > 0.05).
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Figure 12. Least square means with corresponding standard errors for udder hygiene score (UHS)
and upper leg hygiene score (ULHS) in rural, urban, and transition areas of Bengaluru. Least square
means with different superscript differ significantly (p < 0.05).

3.6. Regressions of MY and BCS on Days in Milk in THI Subgroups

The detailed regression analysis using the PROC RSREG procedure revealed thresh-
olds of THI = 75 for exotic and THI = 74 for crossbred cattle for MY (THI_0). The thresholds
for BCS (THI_1-7) were THI = 75 (exotic) and THI = 76 (crossbred). Therefore, THI = 75 was
set for portioning the dataset into these two groups: “THI ≤ 75” and “THI > 75”. The results
from the regression analysis for MY of cows using model 3 are shown in Figure 13. The effect
of DIM nested within breed was highly significant for MY (Table A3). The regression curves
for both datasets THI ≤ 75 and THI > 75 display a very similar pattern, i.e., a progressive
decline in MY with increasing DIM. In both climate datasets for almost all DIM, the least
square means for MY of exotic cows were higher than for crossbred cows. However, in the
dataset “THI ≤ 75”, the decline in MY in the course of lactation was stronger for exotic
than for crossbred cows (a regression coefficient of −0.032 L vs. −0.019 L, respectively).
The moderate decline observed in crossbred cows indicates improved lactation persistency.
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The results of the regression analysis for the BCS of cows allocated to either THI ≤ 75
or THI > 75 (using model 3) are shown in Figure 14. The effect of DIM nested within
breed was significant (p < 0.05; Table A3) for cows under heat stress (THI > 75). Interest-
ingly, in comparison to the almost constant regression lines for the dataset “THI ≤ 75”,
the two breeds exhibited contrasting trends of BCS with increasing DIM under heat stress
(THI > 75). The BCS of exotic cattle increased with progressing DIM, while it declined for
crossbred cows.

Figure 14. Regression lines (including equations) and raw data points for BCS by days in milk of
exotic and crossbred cattle in case of (a) THI ≤ 75 or (b) THI > 75.

4. Discussion

This study focused on a novel approach to infer the effects of season, urbanization,
and THI on primary and functional traits in two dairy cattle breeds reared in the rising
megacity of Bengaluru in Southern India. Results obtained from this study contribute to
a deeper understanding of climate and climate-related effects as well as of urbanization
and their interactions on primary and functional trait responses. The comparison of exotic
and crossbred cattle in this regard provides deeper insights into genotype-by-location and
genotype-by-climate interactions, respectively.

Several of the tested effects significantly affected responses of dairy cow productivity
traits. In contrast, only limited environmental impact was identified for hygiene traits that
reflect cow wellbeing. Regarding breed effects, MY did not differ significantly between
the exotic and crossbred cows within seasons. The significant difference in MY between
the rainy and winter season was very similar in both exotic and crossbred cattle. Several
researchers have reported significant seasonal effects on MY for dairy cattle kept in tropical
environments [24–26]. Nateghi et al. [27] identified seasonal variation in MY and milk
composition, predominantly due to feeding differences. They observed that the nutritional
value of milk as well as the total solids and microbial quality were higher in summer
compared to winter. This was attributed to the quality of green forage fed to the cattle.
A study by Singh et al. [28] revealed a significant seasonal influence of climate and feed
quality on milk production in indigenous and crossbred cattle located in India. These
authors favored crossbreeding for milk production under Indian environmental conditions,
confirming the results of the present study, where the performance of crossbred cattle is
competitive with the performance of exotic cattle. Thus, selection and breeding strategies
are important tools with regard to sustainable productivity improvements under the
challenging production conditions of India.

Dairy cattle breeding programs in India are primarily focused on increasing milk
production. In this regard, the National Action Plan has formulated a key goal of in-
creasing national milk production from 163.7 million metric tons (MMT) in 2016–2017 to
254.55 MMT in 2021–2022 [29]. In this context, official breeding policies in India define the



Sustainability 2022, 14, 4590 14 of 18

optimum level of exotic genes in crossbred cattle in a range from 50% to 75% [30]. However,
such crossbreeding approaches to enhance milk yield are associated with risk of energy
deficiency, especially during the early lactation period [31]. BCS and BW are phenotypically
and genetically correlated [32], implying that cows which are genetically superior for milk
production tend to have lower BCS and BW. In the present study, BCS varied significantly
across seasons only in exotic, not in crossbred cows. Such a result underlines the genetic
potential of crossbred animals to cope with heterogeneous environmental impacts while
maintaining their body reserves [33]. Likewise, the influence of season on BW was not
significant in crossbred cattle, while it differed significantly in exotic cows. These breed-
specific differences with regard to BCS and BW indicate increased mobilization of body
fat reserves in exotic cattle to maintain milk production. Mao et al. [34] reported such
breed-specific associations between variations in BCS and body fat mobilization whereby
the utilization of body reserves is an adaptive mechanism to cope with energy deficiency
during early lactation.

In addition, cow welfare as indicated by hygiene scores plays a crucial role with
regard to overall productivity. Vice versa, hygiene scores reflect the herd management
level [6,35]. Both the UHS and ULHS hygiene scores displayed lower values (i.e., improved
hygiene) during the summer season. There were no significant differences between breeds
for hygiene scores within seasons, indicating the importance of non-genetic effects. The dry
farm environment might explain the lower scores for UHS and ULHS in summer. In Italy,
Zucali et al. [36] reported similar seasonal effects on UHS and ULHS. Dirtier cows were
observed during the cold and wet seasons than in the dry season, when it was difficult to
keep the barn floor clean and dry [36].

The farm location, as depicted by SSI, had a significant effect on all traits except for
HAS. For the production trait, MY, the energy efficiency indicators BCS and BW, and the
hygiene traits UHS and ULHS, more favorable values were identified for cattle housed in
urban areas. Similar results with regard to production traits, energy efficiency, and health
indicator traits were reported by Pinto et al. [37], who focused on alternative modeling
strategies without considering THI effects. These authors [37] identified the literacy of
farmers and the intensity of cattle rearing as crucial factors influencing productivity and
hygiene scores across the SSI. In a study by Khadayata and Aggarwal [38] evaluating
milk producers in the peri-urban area of Vadodara, Gujarat, India, it was observed that
higher socioeconomic status of farmers combined with higher education levels positively
contributed to improved hygiene practices in dairy farming. Thus, in analogy with the
results from the present study, urbanization, along with improvements in associated social-
ecological factors (commercial orientation, efficiency, education, etc. [37]) is proposed to
improve productivity and welfare traits, as indicated by hygiene scores in the present study.

The temperature humidity index has been used worldwide, especially in North Amer-
ica and in Europe, to assess the impact of heat stress on trait responses in livestock species.
In this regard, several THI equations based on data from public weather stations have been
developed. In the current study, the THI was calculated using the equation proposed by the
NRC [23]. Trait responses in dependency of THI were used to demarcate different “zones”
indicating comfort, mild stress, or alarming heat stress for the animal [39,40]. In the current
study, the test day THI_0 as well as the average weekly THI_1-7 (measured throughout
seven days prior to the test day) significantly affected MY, BCS, and HAS. In the present
study, a THI of 75 was detected as an obvious heat stress threshold for MY and BCS, which
can be used in ongoing genetic or genomic evaluations for heat tolerance in such regions
and climates.

The M-shaped MY pattern in response to THI_0 is a unique finding in the current study.
From smallholder dairy farms in Tanzania, Ekine-Dzivenu et al. [41] reported a W-shaped
MY pattern across the THI scale. Nevertheless, in their study they identified THI close
to 76 as the heat stress threshold. Likewise, in another study conducted in Holstein cows
kept across three European regions MY exhibited an inverted U-shaped response pattern
to THI with a pronounced identified heat stress threshold at THI 73 [42]. Such patterns
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of MY response on THI reflect the impact of heat stress on milk production as well as the
mechanisms of adaptation to environmental stressors. Ekine-Dzivenu et al. [41] observed
a plateauing of milk yield depression beyond THI 76, which was explained by possible
acclimatization of animals to the prevailing heat stress situation. The M-shaped MY pattern
observed in the current study reflects the dynamics of cow responses to dynamic climatic
alteration prevalent in the harsh and challenging environment of the Bengaluru region.
The THI range from 72–75 was detected as most favorable for cows kept in this tropical
region because of the maximum MY. The regression curves obtained from model 2 support
the results from the THI class modeling approach, i.e., a similar decline in milk yield for
both exotic and crossbred cows beyond a THI of 75. These results stimulated the study
of lactation persistency for both genotypes below and above the heat stress threshold
of THI 75.

Additionally, the BCS energy efficiency indicator is a very valuable trait for assessing
the effects of heat stress in dairy cows. By analogy to MY, BCS significantly declined beyond
a THI of 75. In this context, the obvious differences between exotic and crossbred cattle in
the response of MY and BCS to THI alterations were very interesting. In particular, lactation
persistency was better in crossbred than in exotic cows, and regression curve patterns for
BCS at THI ≤ 75 were more favorable in the crossbred cow group.

The increased variability, especially in BCS, among the breeds when subjected to
environmental stressors beyond their comfort zone might be due to genetic effects and pro-
duction level differences. Mbuthia et al. [43] reported pronounced differences in lactation
curve patterns between crossbreeds and exotic breeds. Nevertheless, in their study genetic
effects were confounded with production system characteristics. With regard to genotype-
by-environment interactions, high-yielding exotic cows may fail to express their full genetic
potential when kept under heat stress conditions [42]. It is well known that cattle alter
their energy metabolism in challenging environments in order to maintain homeostasis.
However, changes in physiology and metabolism imply effects on performance traits such
as daily milk production [43]. Such physiological causalities explain the breed-specific BCS
responses on THI alterations. However, the opposite trends in BCS responses in exotic
and crossbred cattle might reflect particular management, feeding, or housing conditions
confounded with genetics. For example, Loker et al. [44] reported a specific feeding impact
during lactation depending on the animals’ genetic background. General factors for im-
paired lactation persistency of exotic cows in tropical countries are related to housing and
feeding deficiencies [45], hampering the full expression of their genetic potential. Quite
stable milk yield during lactation was observed in Ankole x Friesian crossbred cows when
diets were supplemented with improved feed components [45]. In summary, heat waves
and thermal management are major challenges across all farm animal species, and improve-
ments in thermotolerance should focus on nutritional management and vitagene regulation,
as indicated for the poultry industry [46].

5. Conclusions

Dairy farming in India faces many challenges, one of them being heat stress effects
and another the rapid urbanization of city neighborhoods. The present study demonstrated
seasonal effects on primary and functional traits of exotic and crossbred dairy cattle in
Bengaluru across areas with different levels of urbanization. The study identified a THI
value of 75 to be the heat stress threshold for both milk yield and BCS. When exposed to heat
stress, milk yield persistency was better in crossbred than in exotic cows. In exotic cattle,
an increasing BCS ensured a milk yield persistency similar to that of crossbred cows, which
might be associated with high feed energy intake. Most of the traits examined exhibited
stronger seasonal alteration in exotic as compared to crossbreed cows. The quite stable trait
responses indicate better potential of crossbred cows to cope with the heterogeneous and
challenging environmental conditions in Bengaluru, which should be considered when
advising farmers on improvement strategies.
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Appendix A

Table A1. Test of significance (global F-Test) with p-values for the respective effects and coefficients
for R2 and RSME from the quadratic regression analysis of test day milk yield (MY) by THI (model 2).

Parameter or Effect Coefficient/p-Value

R2 0.88
RSME 2.42

Lactation stage 0.00
Lactation number 0.01
Milking frequency 0.00

Farm (SSI) 0.00
SSI 0.58

THI(breed) 0.12
THI2(breed) 0.12

Season 0.02

Table A2. Least square means with standard errors for SSI and breed–season effect for hock assess-
ment score (HAS).

Factor
SSI Breed-Season

Rural Transition Urban CB x Summer CB x Rainy CB x Winter E x Summer E x Rainy E x Winter

Mean 1.62 a 1.52 a 1.79 a 1.74 a 1.81 a 1.75 a 1.53 a 1.58 a 1.48 a

SE 0.08 0.09 0.16 0.13 0.11 0.10 0.12 0.11 0.10

Means with same superscript within a factor are similar and do not differ significantly (p > 0.05). SSI: Survey
Stratification Index; CB: Crossbred cows; E: Exotic cows.
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Table A3. Test of significance (global F-Test) with p-values for the respective effects and coefficients
for R2 and RSME from the linear regression analyses of milk yield and body condition score by
portioning the dataset in two parts, “THI ≤ 75” and “THI > 75” (model 3).

Effect
Milk Yield Body Condition Score

THI ≤ 75 THI > 75 THI ≤ 75 THI > 75

R2 0.81 0.89 0.65 0.74
RSME 2.59 2.37 0.23 0.22

Lactation number 0.09 0.34 0.05 0.02
Milking frequency 0.06 0.01 - -

SSI 0.49 0.64 0.48 0.76
Season 0.12 0.01 0.87 0.73

DIM (breed) 0.00 0.00 0.54 0.06
Breed 0.01 0.37 0.38 0.44
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