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Abstract

In the southern highlands of Peru, shelters for male calves are enclosed structures designed to protect them from extreme
cold and solar radiation. Therefore, maintaining adequate climatic conditions in these shelters is key to optimizing live
weight gain. The objective of the study was to estimate the impact of the shelter's climatic conditions on the live weight
gain of male calves in the community of Yocara (Juliaca, Peru). A quasi-experimental research design was used, based on
primary data and an eight-month follow-up. The results show that calves housed in shelters with better climatic conditions,
as measured by the Temperature-Humidity Index (THI), achieved an average positive and statistically significant daily live
weight gain of 0.106 kg (p < 0.05), compared to the scenario without such infrastructure. These findings highlight the
importance of adequate livestock infrastructure in increasing live weight gain. It is recommended to strengthen public
policies aimed at improving and expanding the construction of livestock shelters with enhanced designs that promote
animal welfare and live weight gain.
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1. Introduction

The use of housing shelters for male calves has proven to be an effective practice for improving live weight gain, both
under controlled conditions and in rural settings. Thus, the combination of proper housing and adequate nutrition is key to
optimizing calf performance. These practices not only enhance productivity but also contribute to animal welfare and the
sustainability of livestock farming [1-4].
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Globally, the use of calf housing shelters has shown a significant positive impact on live weight gain, especially in
contexts with adverse climatic conditions. Productive indicators such as daily weight gain have improved by 20% to 40%,
while the feed conversion ratio has become more efficient (from 6:1 to 4.5:1). This is due to the reduction of thermal stress
and the improvement of animal comfort. Additionally, evidence from North America and Europe has shown that these
systems significantly reduce the incidence of respiratory diseases and neonatal mortality, reinforcing their effectiveness as a
comprehensive management tool in livestock production. As such, this practice aligns with international animal welfare
and sustainability standards, such as those promoted by GlobalG.A.P., by providing better housing conditions and
promoting the healthy growth of livestock [5-8].

In developing countries, including those in Latin America, livestock farming represents one of the main alternatives for
improving the living conditions of the population [9]. Small-scale cattle farming units in rural households play a
fundamental role in generating economic income [10]. Given that livestock farming significantly contributes to the
economy and social well-being of rural communities, it is important to consider the impact of environmental factors on
livestock production, as is the case worldwide [11]. In this context, climatic conditions and infrastructure design directly
influence the development and weight of male calves, affecting the profitability of livestock operations. Proper
management under favorable conditions can generate additional income [12], and one key strategy to improve this income
is increasing the weight of male calves through improved rearing conditions.

Peru is no exception to the influence of environmental conditions on improving livestock productivity. The use of
housing shelters has also had a significant impact on livestock production, particularly in high Andean areas that are
especially affected by frost and cold spells during the dry season. For example, through the Agro Rural program, 3,260
shelters were implemented in 15 regions in 2024, benefiting more than 390,000 head of livestock. These infrastructures
have helped reduce mortality among calves and mothers by up to 35%, as evidenced in regions such as Junin, Moquegua,
and Tacna. Although there are no specific figures on live weight gain in male calves, the improved shelter, health, and
nutrition conditions provided by the shelters create a favorable environment for their development, potentially increasing
daily weight gain and the overall productivity of the livestock system [13-16].

Furthermore, in southern Peru one of the areas most affected by climatic conditions, ambient temperatures during the
months of June through August range from -25°C to 10°C. These extreme fluctuations cause climatic anomalies [17] and
often lead to daily temperature variations greater than 25 °C, with frost occurring at night. This severely affects young
animals [18]. making calf care a challenge for many dairy farms and significantly impacting weight productivity [19].

The department of Puno, known for its cattle-rearing activity, plays a key role in the survival strategies of the rural
population [20]. However, this activity has been hampered by low animal weight productivity due to thermal fluctuations,
which directly affect livestock performance. This highlights the need to promote the construction of shelters as resting and
protection areas for cattle against extreme weather conditions, such as low temperatures, heavy rains, strong winds, and
direct sun exposure [9].

In this context, the care of male calves is essential to ensure their growth and development, especially considering that
weight gain up to eight months of age is crucial for their health in youth and adulthood [21]. Therefore, it is necessary to
provide appropriate housing shelters for calves, with clean, dry, and well-ventilated environments [22]. Additionally,
housing technologies must be adapted to local climatic conditions to prevent calves from being exposed to daytime heat
and nighttime cold [23].

It must be clearly understood that in livestock activities, young calves are particularly sensitive to adverse
environmental conditions [24]. Exposure to excessive heat or extreme cold significantly affects the live weight of male
calves [2, 25, 26]. Extremely cold and humid weather has a negative impact on male calves born in winter and early spring,
especially when combined with rainfall, increasing the risk of live weight loss [27]. low temperatures in shelters for
newborn calves directly affect their health and survival [28].

For this reason, the study area part of the high Andean plateau region experiences sub-zero temperatures during the dry
season (June to August), particularly at night, which negatively affects livestock productivity [29] this situation is caused
by a combination of extreme environmental conditions such as air temperature, relative humidity, wind speed, solar
radiation, and precipitation. These conditions often create unsuitable environments for the normal development of
livestock, hindering the thermal comfort needed for animal welfare [30-33].

In this regard, livestock shelters increase the Temperature-Humidity Index (THI) inside, generating a more favorable
microclimate that reduces the energy expenditure required for thermoregulation, thereby improving live weight gain. By
generating internal temperatures 3 to 6 °C higher than outside and reducing relative humidity, shelters help animals stay
within a more tolerable thermal range, which decreases morbidity and mortality and supports more efficient and sustained
growth. This improvement in thermal conditions is especially relevant in the high Andean regions of Puno, where the THI
can reach critical levels for livestock health and development [31]. This contrasts with the current condition of shelters,
which are often precarious or poorly designed, negatively affecting the live weight gain of male calves. Therefore, the
design of new shelters for small-scale intensive livestock systems is justified, with the goal of mitigating extreme air
temperature fluctuations [34-36]. Consequently, the objective of the study was to estimate the impact of climatic conditions
in livestock shelters on the live weight gain of male calves in the community of Yocara (Juliaca, Peru).

2. Materials and Methods
2.1. Research Approach, Type, and Design

The study adopts a quantitative approach aimed at measuring the impact of livestock infrastructure on the productive
performance of male calves in high Andean conditions, using objective indicators such as the Temperature-Humidity Index
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(THI) and Daily Live Weight Gain (DLWG). A quasi-experimental research design was employed to evaluate the effect of
a non-random intervention (improved shelter) under real livestock management conditions. A single-case design with
synthetic control was used, in which one treated calf was compared to a synthetic counterfactual composed of four calves
from the control group, selected through purposive sampling.

2.2. Analysis and Characteristics of the Variables

At the beginning of 2023, in the Yocara sector, all small-scale livestock units had precarious shelters basic, low-quality
shelters for cattle, which prompted the intervention of the Agroideas and Agro Rural programs of the Ministry of Agrarian
Development and Irrigation of the Peruvian government. These programs co-financed the construction of new shelters to
improve livestock protection against extreme cold. Participation by small-scale farmers in the program was voluntary,
resulting in two groups: one with intervention (new shelters) and one without.

To ensure comparability, one livestock unit with a new shelter and another without intervention were selected.
Initially, from four male calves in the treatment shelter, one was selected using purposive sampling based on similarity to
the control group calves, while the remaining three were excluded from the analysis. Thus, the final sample comprised one
treated calf and four control calves. The study was structured around a pre-treatment period (January—February 2023),
ensuring similar baseline conditions. In March 2023, the treatment period began with the use of the new shelters, allowing
for the evaluation of their impact on live weight gain. This methodological design ensured that observed differences could
be attributed exclusively to the treatment, reinforcing the validity and rigor of the results obtained.

Furthermore, both treatment and control shelters are located in the same community, geographically close to one
another (an average linear distance of 500 meters), and at similar altitudes; the treatment shelter is at 3,830 meters above
sea level, while the control shelter is at 3,832 meters. The annual average temperature ranges between 4°C and 10°C. The
area features predominantly flat terrain with slight undulations, characteristic of the high Andean plains. This minimal
altitude difference ensures that environmental conditions such as temperature, humidity, and atmospheric pressure are
virtually identical for both groups.

While climate is a relevant factor in the weight gain of male calves, it is not the only one. Other factors, such as a
balanced and development-stage-appropriate diet, access to veterinary care (including vaccination, deworming, and disease
control), overall management, animal welfare, weaning age, and supplementation, also play key roles. A healthy
environment and proper management reduce stress and support more efficient growth. However, in this study, these factors
were kept consistent across both groups, ensuring that observed differences in outcomes can be primarily attributed to the
effect of the treatment i.e., the shelter implemented through the program and built with a new design is considered the
treatment shelter (T=1), while the older, physically precarious shelter is considered the control shelter (T=0). Notably, both
shelters have different physical characteristics and climatic conditions (Table 1).

Table 1.

Physical characteristics of the treatment and control shelter environments.

Shelter Characteristics Treatment (T=1) Control (T=0)
Built area (m2) 80.12 75.5

Wall Material Concrete Block Adobe

Roof Material Galvanized Sheet Metal Galvanized Sheet Metal
Floor Material Concrete Earth

Age of the shelter (in years) 0.5 12.5

Presence of Drainage Yes Not

The comparison between shelters indicates that the treatment shelter (T=1) has a larger area, concrete block walls, a
concrete floor, and drainage; whereas the control shelter (T=0) is built with adobe, has an earthen floor, is older, more
difficult to clean, and lacks drainage, making it precarious and inadequate. These conditions promote moisture
accumulation, which does not provide optimal thermal comfort. Initially, wind speed was considered a factor that could
intensify the impact of low temperatures on the calves. However, in this study, the animals were housed in shelters, which
reduced direct exposure to wind.

Additionally, data on indoor air temperature (Ta) and relative humidity (Hr) in the shelters were collected from
January 3, 2023, to August 30, 2023, continuously over 24 hours with a recording interval of 30 minutes, using the
MX1101 HOBO Data Logger thermo hygrometer. Subsequently, the Temperature-Humidity Index (THI) was calculated as
an indicator of thermal comfort for both treatment and control shelters, using the equation applied by Valtorta and Gallardo
[37], NOAA [38], Jo, et al. [39] and Ravagnolo, et al. [40]:

r

H
THI = (1,8 * Ta + 32) — [(O,SS — 0,55 % 100) * (1,8 * Ta — 26.8)

The THI thresholds defined by Sumi and Tsuchiya [41] are oriented toward extreme heat situations and tropical
climates, where a THI above 84 represents an emergency, values between 78 and 84 indicate danger, and values between
72 and 79 signal a thermal stress alert. A THI below 72 is considered normal, with no adverse effects on livestock
productivity. Therefore, as part of the applied methodology, these criteria were considered. However, in high Andean
regions such as the Altiplano of Puno (above 3,800 meters above sea level), which face adverse environmental conditions
and temperatures that can drop below 0°C, there are no specific studies establishing THI thresholds adapted to these
extreme cold conditions.
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2.3. Research Method

The Synthetic Control Method (SCM) was used, which is suitable for studies with a single intervention and small
sample sizes, as it allows for the construction of a weighted counterfactual from observationally similar control units [42].
This method is applied due to the impossibility of randomly assigning male calves to the treatment and control shelters,
enabling the isolation of the effect of the improved shelter on the weight gain of male calves [43, 44].

Moreover, it is well known that male calves, during their first months of life and under normal conditions, experience
progressive increases in live weight and body development from birth through adulthood. There is a typical growth curve
for calf weight with a positive slope [24, 45-47]. The weight of a calf at birth is Po at time to. Assuming that the period from
to to t1 corresponds to the pre-treatment phase without intervention, the treatment period begins at ti. From this point, the
evolution of the calf’s weight under treatment (T=1) is compared with a counterfactual scenario without the improved
infrastructure (T=0%*). At time t, the expected impact is measured as the difference between points B and C.

The key question is: How would the calf’s weight have evolved if it had not received the treatment? Since it is not
possible to observe both Ps (point B) and P2 (point C) simultaneously in the same calf, the challenge lies in estimating the
value of P. This requires an appropriate methodology to construct the counterfactual (Figure 1).
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Figure 1.
Impact of the Shelter on the Weight of Male Calves.
Source: Own elaboration based on Abadie and Gardeazabal [48].
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To answer the question, one of the strategies for estimating P- is precisely the application of the quasi-experimental
Synthetic Control Method (SCM). This method involves constructing a comparison group from calves that did not receive
the treatment, assigning greater statistical weight to those with characteristics most similar to the treated calf. A weighted
average of the weights of these untreated calves is then calculated, providing a more accurate estimate of the weight the
treated calf would have had in the absence of the treatment. This estimated value represents the counterfactual scenario,
allowing the evaluation of the treatment’s impact by comparing the observed live weight with the estimated live weight
without intervention.

It is important to note that the study used purposive sampling within the Synthetic Control Method (SCM) framework
to ensure comparability and minimize bias, selecting calves with observable characteristics similar to the treated calf. This
approach enabled the construction of a precise synthetic control, avoiding the variability of random sampling and ensuring
that post-treatment differences could be attributed to the intervention. Conventional random sampling methods were not
applied, as they did not guarantee the selection of comparable units, which could have compromised the validity of the
analysis. Although efforts were made to include other calves from the new shelter, differences in age, weight, or health
status prevented their inclusion in the SCM.

Therefore, the choice of one treated calf and four male control calves is methodologically justified within the synthetic
control framework, where the treated unit represents a specific case study, and the controls are combined to construct a
valid counterfactual [43]. In experimental studies with small samples, selecting a single treated individual helps reduce
heterogeneity within the treatment group and focuses on the effect of the intervention [49]. Other male calves housed in the
treatment shelter were excluded due to possible differences in early development or individual conditions that could bias
the estimation of the treatment’s impact [50]. Moreover, the differential weighting of control calves ensures that the
comparison is based on units more representative of the expected behavior in the absence of intervention, thereby
strengthening the internal validity of the analysis [51].

Indeed, to ensure that the observed impact is exclusively attributable to the treatment shelter, one calf from the
treatment group and four male calves from the control group were selected based on shared characteristics, denoted as (2),
following the approach proposed by Holgado, et al. [52] the characteristics considered included: birth weight, calf age,
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birth order, interval between births, feed intake, number of vaccinations, and age of the dam (Table 2). Data on these
characteristics were obtained from the clinical records of each calf, and the evolution of live weight was monitored monthly
at the end of each month over a period of eight consecutive months, from January to August 2023, using a SCALE COW
2T MITMAQ scale.

Table 2.

Observable characteristics of the calf and the dam.

Notation Description Quantification
Y Weight gain of the calf kg.

Z1 Birth weight of the calf kg.

Z2 Age of the calf Days

Z3 Age of the dam Days

Z4 Birth order 1 =first, 2 = second, 3 = third
Z5 Birth interval Days

Z6 Vaccine against foot-and-mouth disease Yes=1;No=0
Z7 Vaccine against clostridiosis Yes=1;No=0
Z8 Vaccine against pasteurellosis Yes=1;No=0
Z9 Intake of balanced feed Yes=1;No=0
Z10 Intake of nutritional supplements Yes=1;No=0
Z11 Conserved and improved forage Yes=1;No=0

Based on the observable characteristics (Z;) of the untreated (control) male calves, what is known as the synthetic calf
is constructed. The weight w; is obtained through a minimization of squared error procedure, comparing the characteristics
of the treated calf with a weighted combination of the untreated calves. Mathematically, w;" is calculated by finding the set

of weights that minimize the sum of the squared differences between the observable characteristics of the treated male calf

and those of the untreated calves. That is:
] 2 ] 2

W]* = argmll’l let - z Wilet + -+ Zklt - z W]Zk]t

i=2 i=2

The optimal weighting wy* represents the weight assigned to each calf “j” from the control shelter in period t, while
ZKjtZ_(kjt) ZKjt corresponds to the value of the k-th observable characteristic of those calves. It is important to note that Z
represents the set of observable characteristics of the calves, with the treated calf defined as the first element (Z:). Once the
optimal weights are calculated, a balance of the observable variables is performed using the weighted average of each
variable before and after the treatment. The impact of the treated shelter (@;,) is then obtained as the difference between the
observed weight of the treated calf and the weighted average of the male calves housed in the control shelter, also referred

to as the synthetic control calf or counterfactual.
J+1

~ — *
Qi = Yqp — z Wi Yic
j=2

2.4. Model Proposed in the Study

As shown in Figure 1, Daily Live Weight Gain (DLWG) is a key indicator in livestock production, as it measures the
growth and development of animals based on their diet, management, and environmental conditions [53]. This parameter
allows for the evaluation of production system efficiency and the impact of various management strategies, such as
nutritional supplementation and infrastructure improvements, on animal performance [54]. In impact studies that employ
the synthetic control method, DLWG is used to estimate the difference in growth between animals subjected to a specific
treatment and their counterfactual, thereby isolating the effect of the intervention.

Pesor  — Peso — (Pesor; — Pesog;
DLWG = ( T.f S.f)D ( T, S,l)

Where:

Weightr ¢ is the weight of the treated calf at the final month of the post-treatment period (t2).
Weights ; is the weight of the synthetic calf at the final month of the post-treatment period.
Weightr; is the weight of the treated calf at the last month of the pre-treatment period (t1).
PWeights is the weight of the synthetic calf at the last month of the pre-treatment period.

D is the number of days elapsed during the post-treatment period.
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2.5. Population and Sample

The population consists of male calves under one year of age in family livestock units in the high Andean community
of Puno. The sample includes one treated male calf (new shelter) and four control male calves (precarious shelter), selected
through purposive sampling based on observable homogeneity criteria (weight, age, diet, vaccination, etc.).

2.6. Source of Information

The primary source includes monthly weight records of the calves and climatic data collected using HOBO MX1101
data loggers (frequency: every 30 minutes). Secondary sources include technical standards, scientific literature, and local
livestock records.

2.7. Research Ethics

The study complies with Law No. 30407, the Animal Protection and Welfare Law of Peru. No invasive treatments
were applied during this research. All procedures adhered to ethical principles for animal research, and monitoring was
conducted under normal management conditions.

3. Results

According to the results obtained, in terms of temperature and thermal comfort, the treatment shelter exhibited higher
and more stable values, with an average interior temperature of 15.02 °C, compared to 8.03 °C in the control group, which
was notably lower. The Temperature-Humidity Index (THI) reflected a more favorable environment in the treatment shelter
(63.12 £ 1.74), while the control shelter showed a lower index (55.38 =£2.49), confirming improved housing conditions in
the treatment scenario (Table 3).

After monitoring climatic variables over an eight-month period in 2023, it was observed that the small livestock unit
with treatment (T=1) maintained a more comfortable interior temperature, ranging around 15.02 +£2.09 °C. In contrast, the
livestock unit in the control group (T=0) recorded a less comfortable interior temperature, varying around 8.03 +2.39 °C.
The Temperature-Humidity Index (THI) indicated that the treatment shelter provided better climatic conditions, with values
around 63.12+ 1.74, compared to the control shelters, which showed an average index of 55.38 +2.49. This demonstrates
that there are statistically significant differences (p < 0.05) between the treatment and control shelters (Table 3).

Table 3.
Characteristics of housing sheds in treatment and control groups.

Characteristics Treatment (T=1) Control (T=0)
Average indoor temperature (°C) 15.02 8.03
Minimum and maximum indoor temperature (°C) [8.07 — 22.79] [-0.55 - 17.63]
Relative humidity (%) 35.43 40.88
Minimum and maximum relative humidity (%) [3.95 — 65.37] [4.41—-72.12]
Temperature and Humidity Index (THI) 63.12+1.74 55.38 + 2.49
Sample size (n) 11,520 11,220

From a statistical standpoint, the results of the student’s t-test for mean comparison confirm the existence of significant
differences in the Temperature-Humidity Index (THI) between the treatment shelter and the control shelter, with a 1%
significance level (Table 3), indicating notable variations in environmental conditions between both groups. Therefore, the
treatment shelter offers better environmental conditions than the control shelter, based on the THI (Table 3).

According to Table 4, which presents the evolution of weight (in kg) of one treated calf and a control group (n=4) over
eight months, a progressive weight increase is observed in both groups, although variability is present in both the treated
calf and the control calves. Furthermore, from the perspective of the synthetic control method, this variability is a key
aspect in evaluating the treatment’s effectiveness. Within this framework, the weight of the treated calf is compared to a
counterfactual constructed from a weighted combination of the control group calves, allowing the isolation of the
treatment’s impact and ensuring that the observed post-intervention differences in weight are attributable exclusively to the
treatment and not to other external factors (Table 4).

Table 4.
Weight progression (kg) of male calves in the treatment and control groups.

Treated Male Calf (n=1) Control Male Calves (n=4)
Year 2023 i=1 j=1 j=2 j=3 j=
January 32.15 34.56 30.12 32.86 32.45
February 74.33 72.33 75.27 77.21 78.22
March 100.34 110.00 98.99 108.95 112.34
April 131.44 130.33 118.95 125.67 125.33
May 153.67 142.44 132.44 140.31 142.44
June 168.98 155.34 145.60 158.90 157.89
July 179.00 165.56 155.00 165.56 167.90
August 189.25 178.55 172.25 175.60 177.80
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In this regard, the treated calf initially started with a lower weight (32.15 kg in January) compared to the average of the
control group (approximately 32.50 kg), but from March onwards, it began to surpass the control average in weight gain.
By August, the treated calf reached 189.25 kg, while the average for the control group was approximately 176.55 kg; this
represents a weight gain of 157.10 kg for the treated animal versus an average of 144.05 kg for the controls, suggesting a
possible positive effect of the treatment on the animal's development. Furthermore, the treated calf exhibited more
accelerated growth from March, which could be associated with the implementation of the treatment. In contrast, some
variability was observed within the control group: for example, j=1 showed slower growth, while j=4 performed better and
more consistently. This pattern highlights the influence of individual factors (such as genetics or environmental
responsiveness) in addition to the treatment. Although the results are encouraging, the fact that there was only one animal
in the treatment group limits the ability to generalize the findings, making it advisable to expand the sample size to validate
these results with greater statistical robustness (Table 4).

Regarding feeding, both groups of calves (treatment and control) received the same diet, commonly used by local
farmers, which ensured the comparability of results. The nutritional plan included controlled milk feeding and a gradual
transition to solid feed. During the first three months, the animals received decreasing amounts of milk: 6 liters daily in the
first month, 4 liters in the second, and 2 liters in the third, with milk being completely phased out by the fourth month.
Simultaneously, from the first month, a balanced starter supplement was offered, consisting of grains, plant-based proteins,
digestible fiber, vitamins, and minerals, designed to support male calf development. From the second month onward, forage
(such as alfalfa or oat hay) was introduced in increasing amounts, reaching 6 kg daily by the eighth month. Additionally,
the calves had continuous access to fresh water throughout the entire period, ensuring proper hydration and facilitating
adaptation to solid feed (Table 5).

This standardized nutritional management not only allowed the effects of the treatment to be compared under uniform
conditions but also ensured proper physiological development in both groups. The early introduction of starter feed and
forage enabled a smooth and efficient transition of the digestive system, reducing weaning stress and promoting better feed
conversion. This nutritional strategy was designed in accordance with livestock practices adapted to the region, and its
uniform application across all calves minimized the diet’s influence as a variable in the growth outcomes. On the other
hand, it is worth noting that none of the calves were castrated, as this is not a common practice in the local production
context, where males are primarily destined for sale or reproduction. This decision strengthens the external validity of the
study by maintaining conditions representative of the regional production system (Table 5).

Table 5.
Feeding plan for male calves according to age and experimental group.
Age Treatment Control
(months) Supplement Forage Milk Supplement

Milk (L/day) (kg/day) (kg/day) (L/day) (kg/day) Forage (kg/day)
0 6 6 0 6 6 0
1 6 6 0.5+0.01 6 6 0.5+0.01
2 4 4 1.540.01 4 4 1.540.01
3 2 2 2.5+0.02 2 2 2.5+0.02
4 0 0 3.5+£0.05 0 0 3.5+0.05
5 0 0 4.540.05 0 0 4.5+0.05
6 0 0 5.0+0.10 0 0 5.0+£0.10
7 0 0 5.5+0.10 0 0 5.54£0.10
8 0 0 6.0+0.10 0 0 6.0+0.10

In this regard, although detailed clinical records were not maintained, daily observations were conducted to monitor
the condition of the calves. Health monitoring allowed for the identification of mild neonatal diarrhea cases in both the
treated and control groups. These episodes were effectively managed through rehydration and veterinary treatment, without
complications. No respiratory diseases or severe pathologies were recorded, and the incidence of diarrhea was low and
similar across both groups. This health follow-up helped minimize the impact of external factors on calf performance,
ensuring that the observed differences were primarily associated with the conditions of the shelter.

Before estimating the treatment effect, the synthetic control method was applied to construct a comparable counterpart
to the treated calf, enabling isolation of the shelter’s impact as the only relevant difference. Table 6 presents the results of
the balancing of observable variables, in which optimal weights (w*) were applied to ensure that the distributions of the
treated calf and its synthetic counterpart were equivalent in terms of mean and variance. This methodological procedure is
crucial for reducing bias in the comparison, as it controls for variables that could affect animal growth, such as birth
weight, dam’s age, or birth order. The variables “feed intake” and “types of vaccines” were not significant in the balancing
model, suggesting that they did not contribute to explaining differences between the observed units, possibly because they
were homogeneous between groups or did not differentially influence the outcomes.

The analysis indicates a high degree of similarity between the treated and synthetic calves in the most relevant
variables. For instance, birth weight was nearly identical (30.35 kg vs. 30.04 kg), as was the age of the mother (1230 vs.
1230.89 days) and the birth order (second parity in both cases). These similarities strengthen the validity of the
counterfactual, as the animals' initial biological and reproductive characteristics were appropriately controlled. Although
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minor differences were recorded in the calf’s age (4 days vs. 7.29 days) and birth interval (795 days vs. 691.47 days), these
were not significant enough to compromise the comparison, remaining within acceptable margins of biological variability.
Overall, these results validate the use of the synthetic control as a robust tool to evaluate the treatment’s impact, as they
allow weight gain differences to be more confidently attributed to the shelter effect rather than to imbalanced initial
conditions between the units of analysis (Table 6).

Table 6.

Balancing of key observable characteristics of the calf.

Variables Treated Calf Synthetic Calf
Calf birth weight (kg) 30.35 30.04
Calf age (days) 4 7.29
Mother’s age (days) 1230.0 1230.89
Birth order 2 2

Birth interval (days) 795.00 691.47

In this regard, Table 7 presents the monthly evolution of the live weight of the treated calf compared to its synthetic
counterpart, which was generated using the synthetic control method to estimate the impact of the shelter as a structural
intervention. The post-treatment period begins at the end of March, from which point significant differences between the
two weights start to appear. In the first three months (January—March), the differences are minimal, confirming a good pre-
treatment model fit, supported by an RMSPE of 1.386; this indicates that the synthetic calf’s weight closely replicates the
actual calf’s weight trajectory before receiving the treatment. Moreover, the construction of the synthetic calf was based
almost entirely on the weights of two animals from the control group, with a weighting of 95.1% from calf i=3 and 4.9%

from calf j=2, further reinforcing the validity of the counterfactual by focusing on the most comparable control units.

Table 7.

Impact of the treated shelter on live weight gain.

Year 2023 Treated Calf Weight (kg) Synthetic Calf Weight (kg) Impactinkg @y,
January 32.15 30.34 --
February 74.33 75.08 -

March 100.34 99.53 0.81

April 131.44 119.51 11.93**
May 153.67 132.93 20.74**
June 168.98 146.08 22.90**

July 179.00 155.52 23.48**
August 189.25 172.56 16.69**
Weight gain/animal/day (16.69-0.81)/150=0.106 kg

Furthermore, during the post-treatment period (April-August), the impact of the improved shelter is reflected in a
sustained and significant increase in live weight. Starting from an initial difference of 0.81 kg in March, a peak of 23.48 kg
is reached in July, with a cumulative impact of 16.69 kg by the end of August compared to the synthetic calf. This result
translates into an average additional daily weight gain of 0.106 kg per animal over 150 days. The improvement in the
performance of the treated calf can be attributed to more favorable environmental conditions within the shelter, which
reduce thermal stress and promote a more stable growth environment, especially within the challenging climatic conditions
of the high Andes. These results show that housing infrastructure not only has a significant effect on animal welfare but
also on key productive indicators such as weight gain, with direct implications for livestock system efficiency and producer
profitability (Table 7).

Therefore, considering the synthetic control model, which allows for the construction of a reliable counterfactual by
weighting only the most similar control units to the treated calf thereby minimizing bias from unobserved variables the low
Root Mean Square Prediction Error (RMSPE = 1.386) during the pre-treatment period indicates that differences in weight
after March are not attributable to model mismatch, but to the causal effect of the treatment. Furthermore, with diet, health
management, and other production conditions kept constant between the groups, the likelihood that external factors explain
the weight differential is significantly reduced. In this regard, the average increase of 0.106 kg/day in the treated calf's
weight gain can be confidently attributed to the microenvironmental improvements provided by the shelter, including better
thermal protection, reduced exposure to environmental stress, and enhanced comfort factors that directly influence
metabolic efficiency and feed conversion.

This is confirmed by the results shown in Figure 2, where the weight of the synthetic control calf matches closely with
that of the treated calf during the pre-treatment period (months 1 to 3), validating the initial balance and ensuring that any
subsequent differences are solely due to the treatment. However, following the implementation of the shelter (from month 3
onward), the treated calves show a higher weight gain compared to the synthetic group, indicating a positive impact of the
infrastructure on livestock productivity. Thus, the observed difference between the treated unit and its synthetic control
represents the estimated impact of the treatment.
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Figure 2.

Impact of the shelter on the weight gain of male calves.

4. Discussion

According to the findings, air temperature and relative humidity have a direct impact on the survival of cattle,
particularly male calves. This aligns with the observations of Wohlfahrt et al. [55]. As these additional factors, such as
indoor temperature, relative humidity, and solar radiation, significantly influence the weight gain of these animals,
especially when air temperature falls outside the thermoneutral zone. That is, when it is above or below the optimal thermal
comfort ranges for male calves [23]. In this context, studies like that of Pefia, et al. [22] demonstrated that weight gain in
male calves is considerably higher in housing environments with favorable conditions. This evidence underscores the
importance of designing and maintaining infrastructures that help mitigate the negative effects of climate fluctuations,
thereby maximizing animal welfare and performance. Optimizing environmental conditions in shelters is, therefore,
essential to ensure proper development and sustained weight gain in male calves throughout their growth phases.

Regarding the Temperature-Humidity Index (THI), used as an indicator of the thermal environment, which allows us
to evaluate the relationship between temperature and humidity, critical values for minimum, average, and maximum THI
have been established at 64, 72, and 76, respectively, consistent with the results of Igono, et al. [55]. These findings
coincide with those of Manriquez et al. [57], who demonstrated that male calves exposed to environments with
temperatures ranging from -1.3 to 38.4°C and relative humidity varying between 9.8% and 99.7% showed an average
weight gain of 1.30 kg/day. These results highlight the importance of adequate infrastructure, which can have significant
positive effects on both the health and productive performance of male calves, as noted by Borderas, et al. [56].

In the case of extreme cold and humid climates, especially when combined with precipitation, it negatively affects
calves born in winter and early spring, increasing the risk of lower weight gain and reducing animal survival [57]. Animals
face physiological limits against extreme temperatures, a phenomenon widely studied in animal bioclimatology since the
1950s [6]. Therefore, although environmental changes can somewhat mitigate thermal stress caused by extreme cold and
heat [58] thermal comfort varies with the age of the calves; newborns require temperatures between 15 and 26°C, while
one-month-old calves can tolerate temperatures between 10 and 24°C [23].

Cold-induced thermal stress affects the metabolism, feed efficiency, and immune function of calves, resulting in
reduced weight gain due to the increased energy expenditure required for thermoregulation [59, 60]. In the high plateau of
Puno, at over 3,800 meters above sea level, these effects can intensify due to low temperatures and hypoxia, compromising
nutrient absorption and weakening the immune response, increasing susceptibility to diseases, and affecting the productive
performance of calves. This aligns with the findings of Demateis-Llera et al. [63], adaptive strategies, such as dietary
adjustments and the use of shelters, can mitigate these effects, optimizing weight gain and improving animal welfare. It is
important to note that, while numerous studies have addressed the thresholds of the Temperature-Humidity Index (THI) in
warm climates, research in cold regions remains limited. In the study area, specific THI thresholds have not been
determined, making it difficult to accurately assess thermal stress and implement appropriate strategies. Therefore,
conducting more detailed studies to establish clear references is crucial for optimizing livestock management and welfare
under low-temperature conditions.

In terms of methodological validity, a placebo test was implemented, referencing previous studies by Galiani and
Quistorff [61] and Ferman and Pinto [62] to confirm that the observed effect was exclusively due to the shelter treatment,
the results demonstrated that the impacts on treated units were significantly greater, confirming the validity of the estimated
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effect of shelters in this study. The placebo test reinforces the idea that the observed effects are not due to chance but are a
direct consequence of the intervention, validating the impact of shelters on calf productivity. This methodological strategy,
which allows for the dismissal of spurious impacts and validation of causal effects, is essential to ensure the robustness of
the results [63].

In this regard, constructing synthetic controls allowed for comparing the gaps between treated and untreated groups
and verifying that the impacts on treated units were statistically significant (p<0.05), reinforcing the reliability and validity
of the results obtained by Bertrand, et al. [63]. Additionally, the results align with previous research emphasizing the
importance of placebo tests in validating the causal effects of interventions in production systems [61]. Thus, it is
confirmed that shelters significantly improve environmental conditions and livestock productivity in the Peruvian
highlands, contributing to a more favorable environment for calf growth and development [64].

In this context, various previous studies have reported variations in the daily weight gain of male calves, ranging from
an average of 0.20 kg/day [65] with ranges between 0.24+0.17 and 0.29+0.22 kg/day in small farms [66]. Moreover, in
more favorable environments, gain can reach up to 1.15 kg/day in beef cattle in tropical climates [67] while an increase in
ambient temperature during the first month of life has been associated with a 0.012 kg/day increase [68]. However, under
traditional feeding conditions, productivity decreases significantly during the dry season [69].

Regarding the evaluation of the impact of shelter infrastructure on the daily weight gain of Brown Swiss calves, an
increase of 0.106 kg/day was observed in those calves housed in shelters in the highlands of Puno, at over 3,800 meters
above sea level. This highlights the importance of protection from extreme weather conditions. However, when compared
to previous studies, such as Quispe Coaquira, et al. [19] in Puno (3,825 meters above sea level), which reported a daily gain
of 0.57 kg/day in a semi-intensive system with pastures and supplementation, and Rojas [70] In Amazonas (2,400 meters
above sea level), where daily gains ranged from 0.54 kg/day without shelter to 0.70 kg/day with portable shelters and
supplementation, it is observed that these studies do not specifically evaluate the impact of infrastructure on weight gain
but rather describe differences in weight gain under various management conditions. These differences suggest that factors
such as altitude, climate, and production system play a crucial role in the growth of calves, emphasizing the need to design
strategies adapted to each environment to optimize livestock productivity.

Moreover, shelters, as structures that improve environmental conditions, can significantly contribute to the live weight
gain of calves in the Peruvian highlands. Similar studies have shown that dietary supplementation can considerably
improve performance, with weight gains ranging between 0.20 kg/day and 0.29 kg/day in small-scale farms [65]. These
results, combined with the observation that shelters provide a more controlled environment, emphasize the importance of
improving environmental conditions to enhance calf development, particularly in areas such as the highlands, where
extreme weather conditions pose a challenge to livestock productivity. According to the obtained results, with an average
daily gain of 0.20 kg/day with supplementation, ranging from 0.24+0.17 to 0.29+0.22 kg/day, the findings align with those
of Gitau, et al. [66] who reported a gain of 0.45 kg/day in other small-scale farms. Additionally, Hyde, et al. [68] found that
an increase in the average ambient temperature during the first month of male calves’ lives can increase weight gain by
0.012 kg/day, highlighting the importance of shelters, especially in environments with adverse weather conditions. These
results recommend that improving environmental conditions for male calves can have a significant impact on their
productive development in areas like the highlands of Puno.

Furthermore, different types of shelter accommodation, such as barns, provide essential protection for the growth and
development of male calves [34]. These structures help mitigate the effects of adverse weather conditions, providing a
more controlled environment that favors animal welfare. Additionally, there are various ways to help the young calf better
adapt to an appropriate ambient temperature after birth, which is crucial for its early development [71]. However, the
impact of thermal stress on male calves still requires further investigation. Studies on this topic could constitute a relevant
new research line, as understanding how different degrees of thermal stress affect the health and performance of male
calves would allow for improvements in management practices and housing design [72]. This field of study could have
important implications for the development of strategies to mitigate the negative effects of climate change on livestock.

This reinforces the conclusion that adequate infrastructure will not only contribute to the live weight gain of male
calves but also significantly reduce morbidity and mortality, as it facilitates the physiological adaptation of animals to cope
with stress from both cold and heat [28]. Shelters, designed technically in the correct way, are a priority need in the
Peruvian highlands, as they help mitigate exposure to heat during the day and cold at night, which is especially crucial for
young male calves [22]. Furthermore, research such as that by Hill, et al. [73] has demonstrated that male calves raised in
shelters have a live weight gain of up to 6% higher compared to those raised in simple enclosures, reinforcing the
importance of having proper infrastructure to ensure optimal animal development.

It is crucial to promote training on the design of shelters for the protection of male calves and the proper management
of young animals [34]. It is also essential to provide access to information that improves farmers’ knowledge and
capabilities, contributing to the implementation of good livestock management practices; this enables the optimization of
production systems in challenging conditions, such as those in the highlands, and enhances the overall welfare of the
animals.

Therefore, shelters create microclimates that provide a more controlled environment for male calves, favoring their
growth. However, when weather conditions worsen, live weight gains are significantly reduced. This same response is
observed in heifers, who also experience a decrease in weight gain under adverse weather conditions [74]. In previous
studies, daily weight gains for male calves fed balanced diets ranged between 0.40 kg/day and 0.47 kg/day [75]. extreme
changes in weather conditions, such as intense cold and heat, cause stress in lactating male calves, negatively influencing
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their live weight gain [76], highlighting the importance of proper management of climatic conditions within shelters to
minimize the impact of thermal stress and improve the productivity of male calves.

Finally, studies such as those by Dalla Via and Gallego [77] demonstrated that the live weight gain of male calves
averaged 0.60 kg/day up to 10 days of age, and thereafter, weight gain may vary over time. In the case of 4-month-old
heifers, it was observed that they reached a weight of 70 kg or more [78]. However, in this study, the weight gain was
significantly lower compared to other cases, with a recorded gain of 0.106 kg/day for male calves. Adverse weather is a key
factor that negatively affects productive efficiency and livestock development, limiting the animals’ ability to reach their
optimal growth potential [79]. Therefore, there is a need to continue researching and optimizing calf management and
housing conditions to mitigate the effects of extreme weather in the Peruvian highlands. In this context, it is crucial to
expand studies on thermal stress in high-altitude livestock farming, with special emphasis on cold stress, as low
temperatures in Puno affect the health and productivity of calves. Strategies for mitigation, such as improving shelters,
nutritional supplementation, and environmental monitoring, are recommended to strengthen the resilience of livestock in
the face of adverse weather conditions.

5. Conclusions

It was determined that the livestock unit with the treatment (improved shelter) maintained significantly more favorable
thermal conditions, with an average internal temperature of 15.02 £ 2.09 °C, compared to 8.03 £ 2.39 °C recorded in the
control unit. Similarly, the Temperature-Humidity Index (THI) was considerably more comfortable in the treated shelter
(63.12 + 1.74), compared to the values recorded in the control (55.38 + 2.49), demonstrating a significant difference
between the two infrastructures.

The new shelter design, aimed at improving internal microclimatic conditions, had a positive and statistically
significant effect on the daily weight gain of male calves. On average, the animals housed in the treated shelter achieved an
additional gain of 0.106 kg/animal/day, compared to the counterfactual scenario without treatment. The application of
synthetic control methods and placebo tests confirmed the robustness of these results, demonstrating that the observed
impact is solely attributable to the intervention and not to random or external factors. This validates the effectiveness of
shelters as a tool for improving body development and animal welfare, even in climatically adverse environments such as
the highlands of Puno.

In this context, it is recommended to promote the implementation of public policies aimed at strengthening livestock
infrastructure in high Andean areas. It is a priority to support the design and construction of thermally efficient shelters that
ensure suitable conditions for calf growth, thereby reducing the effects of thermal stress. Although the Ministry of Agrarian
Development and Irrigation (MIDAGRI), through the Agro Rural program, has made significant progress through the
subsidy and co-financing of shelters, it is necessary to expand the coverage of these programs to benefit a greater number
of small-scale producers in vulnerable areas.

Likewise, it is suggested to optimize the current shelter design by incorporating insulating materials, controlled
ventilation systems, and efficient drainage, in order to improve internal thermal comfort and the durability of the structures.
Finally, it is recommended to create economic incentives and technical training programs that encourage the adoption of
management practices adapted to extreme climatic conditions, thereby promoting more resilient, efficient, and sustainable
livestock production in the high Andean regions of the country.
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