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Introduction

Milk production plays a vital role in Indonesia’s livestock agribusiness, particularly
in meeting national food security objectives through the provision of animal-based
protein. Despite rising consumer demand for dairy products, domestic milk output
remains persistently low, leading to a structural reliance on imports (Williams et al.,
2021). Beyond the national level, local production systems often face chronic
inefficiencies stemming from poor infrastructure, inconsistent input use, and limited
management capacity (Deddefo et al., 2023). Pagerjurang Village exemplifies these
challenges; while it has a long-standing tradition of smallholder dairy farming, milk
productivity remains stagnant and uneven. A recent study by Hidayah &
Perwithosuci (2024) found that smallholder systems often depend heavily on stable
partnerships and technical guidance, yet still suffer from environmental and
managerial constraints. This setting provides a compelling case for investigating
local-level production determinants that, if addressed, could contribute to national
self-sufficiency.

Improving dairy productivity requires a deeper understanding of how farm-
level inputs such as herd size, barn conditions, milking time, and feed types
collectively influence output. While previous studies have highlighted the
importance of technical efficiency and nutritional management in improving
outcomes (Fiorillo & Amico, 2024), many rely on linear models that fail to address
causal inference or variation across farmer types. Moreover, studies focusing on
under-researched rural contexts such as Pagerjurang remain scarce, even though
such areas may offer unique insights into smallholder resilience and efficiency. This
study seeks to fill that gap by employing an econometric approach that accounts for
both endogeneity and heterogeneity of response. By focusing on the operational
dynamics of smallholders, the findings aim to inform targeted policies that support
both productivity and sustainability (Fadilla et al., 2022).

In microeconomic theory, production is viewed as the relationship between
inputs and outputs, typically modeled using a production function. The Cobb-
Douglas function remains one of the most widely used due to its simplicity, analytical
clarity, and ability to estimate both input elasticities and returns to scale (Senga
Kiessé et al., 2022). Its log-linear form allows for straightforward interpretation of
each input's relative contribution to output (Gujarati, 2009), making it especially
relevant in agricultural and livestock contexts. In dairy farming, factors such as the
number of lactating cows, time spent milking, barn space, and the use of
supplemental feeds particularly concentrates and tofu dregs are considered key
inputs influencing milk yield (Setianto N et al., 2025). Differences in how these inputs
are combined across farms often lead to significant variations in productivity.
Therefore, Cobb-Douglas provides a suitable framework for analyzing smallholder
milk production efficiency in rural livestock systems.
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In the Indonesian context, rural dairy innovation has increasingly combined
technological and institutional approaches. Examples include cooperative-based
milk collection centers, feed block technology, and digital herd-recording systems
implemented by farmer groups in Lembang and Boyolali. These initiatives exemplify
how local innovation complements production theory by improving information
flow and efficiency. Moreover, the Cobb-Douglas model assumes constant elasticity
of substitution among inputs, allowing efficiency comparisons that are particularly
valuable for heterogeneous smallholder systems with mixed resource endowments.
A growing body of empirical research supports the use of the Cobb-Douglas
production function in analyzing milk output within livestock systems. For example,
Bang et al. (2022) found that both the number of lactating cows and the quality of
tfeed significantly impacted daily milk production in Ethiopian smallholder farms.
Similarly, Rahmawati et al. (2022) highlighted the importance of production
technology and the use of supplemental feed such as concentrates in enhancing dairy
productivity. Complementing these findings, Firman et al. (2025) showed that
targeted farmer training and improved feeding strategies also played a critical role
in increasing output levels. Collectively, these studies demonstrate that productivity
in small-scale dairy farming is shaped by a complex interplay of physical, managerial,
and technological factors. They further reinforce the relevance of the Cobb-Douglas
model as a robust analytical tool to capture such multifactor relationships in
smallholder livestock production contexts.

Despite the usefulness of previous studies, many rely solely on linear
regression techniques without addressing potential endogeneity issues, especially
regarding key variables such as the number of cows. In smallholder dairy systems,
decisions to increase herd size and resulting milk output are often interdependent,
leading to simultaneity bias when estimated using Ordinary Least Squares (OLS)
(Wooldridge et al., 2016). This may produce biased or inconsistent estimates,
particularly in contexts where production decisions are influenced by unobserved
factors like farmer motivation or access to credit. Furthermore, the effects of input
variables are unlikely to be uniform across all producers. Farmers with different herd
sizes, labor capacity, or feed access may experience differing marginal returns from
the same inputs. Such heterogeneous effects are not captured by mean-based models
like OLS, suggesting the need for alternative methods that can account for both
causality and distributional differences in production responses among diverse
smallholder groups.

In Indonesia, several studies have explored the effects of alternative feed
sources such as tofu dregs on dairy productivity Nugroho et al. (2025). However, few
have assessed the combined influence of both physical inputs (e.g., herd size, barn
space) and managerial practices (e.g., feeding strategies, labor effort) using
econometric approaches that address methodological challenges like endogeneity
and estimation robustness. Most existing research adopts standard linear models,
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which may not fully capture the simultaneous and interactive nature of production
decisions in smallholder settings. Consequently, the resulting estimates are often
partial, overlooking the complex decision-making processes that farmers face when
allocating limited resources. This gap highlights the need for more rigorous empirical
approaches that can provide unbiased and context-sensitive insights into dairy
productivity drivers, particularly in under-researched rural areas where economic,
environmental, and social constraints are closely intertwined.

A notable gap in the literature exists at the geographic level, particularly in
underrepresented regions such as Pagerjurang. Although the village has a long-
established tradition of smallholder dairy farming, it continues to face structural
challenges including limited land availability, inconsistent access to quality feed, and
diverse management practices that hinder optimal milk productivity. Despite this,
no empirical studies have thoroughly examined how the combined effects of key
inputs such as herd size, milking time, barn area, and the use of two distinct types of
supplemental feed (concentrates and tofu dregs) influence milk output in this specific
context. Understanding how these input combinations operate within local
conditions is essential for informing policy and designing interventions that are both
evidence-based and contextually relevant.

Addressing this gap is crucial to developing more effective strategies for
enhancing productivity and ensuring the sustainability of smallholder dairy systems
in regions with unique agro-ecological and socio-economic characteristics (Deen et
al., 2019). Despite the growing literature on dairy productivity, little empirical work
has addressed both causal and distributional dimensions of smallholder production
behavior in Indonesia using econometric techniques that correct for endogeneity.
This study fills that gap by combining 2S5LS and quantile regression to capture the
causal relationships and heterogeneous effects of key inputs on milk output in a rural
smallholder setting. The analysis contributes to the broader understanding of how
farm-level innovation and management practices can enhance local economic
resilience.

Methods

This study is designed to identify the key determinants of milk production among
smallholder dairy farmers in Pagerjurang Village. To achieve this objective, a
quantitative approach is employed using an econometric analysis based on the Cobb-
Douglas production function. This method allows for the estimation of input
elasticities and returns to scale while addressing potential endogeneity and
heterogeneity in production behavior. This chapter presents the research design, data
sources, sampling technique, and the analytical framework, including the use of
Ordinary Least Squares (OLS), Two-Stage Least Squares (2S5LS), and quantile
regression.
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2.1.  Research Design and Data Collection

This study adopts a quantitative research design with an econometric approach to
analyze the determinants of milk production in smallholder dairy farms. The
research was conducted in Pagerjurang Village, a region with a longstanding
tradition of dairy farming but persistent productivity challenges. Primary data were
collected through structured interviews and direct observation involving 80 dairy
farmers, selected using purposive sampling. The selection criteria focused on farmers
actively engaged in daily milk production with relatively stable operational records.
The survey instrument captured information on production levels, herd
characteristics, labor allocation, barn conditions, and feed practices.

2.2.  Theoretical Framework and Model Specification

The analysis is based on the Cobb-Douglas production function, which models
output as a function of multiple inputs using a log-linear form. This functional form
is commonly used in agricultural economics due to its ability to estimate input
elasticities and returns to scale (Gujarati, 2009). The empirical model is expressed as:

InMILK; = o + B;Cow; + B,BARN; + B;LABOUR; + B,PALET, + BsTOFU; + ¢;
Where:

o MILK:= Daily milk production (liters)

o COW:=number of lactating cows

e BARN: =barn area (m?)

o LABOUR; = duration of milking per day (minutes)

o PALET; TOFUi = dummy variables for use of concentrate and tofu dregs,
respectively

e €= error term

2.3. Estimation Strategy

The estimation procedure began with the application of Ordinary Least Squares
(OLS) to establish a baseline relationship between input variables such as herd size,
barn area, milking duration, and feed types and daily milk production. This initial
model served to identify general patterns of association between farm characteristics
and productivity outcomes. To ensure that the OLS estimates were statistically
sound, a series of classical assumption tests were conducted. Multicollinearity was
assessed using Variance Inflation Factors (VIF), confirming that no severe
interdependence existed among the explanatory variables (Wooldridge et al., 2016).
Heteroskedasticity was examined using the Breusch-Pagan test, and the normality of
residuals was also evaluated to confirm distributional assumptions. These diagnostic
checks were necessary to validate the consistency and interpretability of the OLS
model before proceeding to more advanced estimation methods. The results of these
tests provided insights into potential model limitations and helped identify the
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presence of specification issues, particularly related to the possibility of endogeneity
among key variables such as herd size.

Given the potential endogeneity of herd size where the decision to maintain more
cows could be influenced by previous or expected levels of milk production a Two-
Stage Least Squares (25LS) estimation was conducted. This method is particularly
useful for addressing simultaneity bias, which can arise when the explanatory
variable is jointly determined with the outcome. In the first stage, barn area was used
as an instrumental variable (IV) for herd size, based on the logical premise that
farmers with larger barns are more likely to keep more cows, while barn size itself is
not directly influenced by short-term productivity shocks (Gujarati, 2009). The
validity of the instrument was tested through the significance of the first-stage
regression results, ensuring that the instrument was both relevant and sufficiently
correlated with the endogenous regressor. By employing the 2SLS approach, the
model was better equipped to provide causal interpretations of the relationship
between input variables and milk production, offering a more rigorous alternative to
OLS in the presence of endogenous regressors.

2.4.  Robustness and Distributional Analysis

To address the potential endogeneity of the number of cows, the study employs a
Two-Stage Least Squares (2SLS) estimation using barn area as an instrumental
variable. The choice of barn area is based on the assumption that it correlates with
the decision to maintain more cows yet remains uncorrelated with unobserved
shocks to milk productivity a requirement for a valid instrument. This approach
mirrors the methodology used by Qi et al. (2022) in China’s dairy sector, where
spatial variables served as credibly exogenous instruments in a 2SLS estimation.
Instrument strength was confirmed via a first-stage regression and a Cragg-Donald
F-statistic above conventional thresholds, affirming its suitability.

To assess the robustness of our findings and explore heterogeneous effects across the
distribution of milk production, the third phase employed quantile regression at the
25th, 50th, and 75th percentiles. Unlike OLS or 2SLS, which only estimate average
effects, quantile regression enables examination of how variable influences vary
across performance levels a method increasingly used in agricultural economics. This
approach is especially relevant in smallholder systems, where access to inputs, labor
quality, or managerial practices can differ markedly. For example, Qi et al. (2022)
demonstrated that quantile IV models better capture varying treatment effects than
average-based models. All analyses were conducted in Stata 17, with diagnostic
procedures including instrument validity tests and heteroskedasticity checks to
ensure reliable estimation results.
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Result

3.1.  Descriptive Statistics

The preliminary analysis presents descriptive statistics of all variables used in the
production function model. On average, smallholder dairy farmers in the sample
produced approximately 44.58 liters of milk per day, with outputs ranging from 21.9
to 67.5 liters. The number of lactating cows varied from 3 to 9, with a mean of 5.25
cows per household. The average barn area was 22.08 square meters, indicating
differences in farm scale and capacity. Farmers reported spending an average of 9.57
minutes per day milking their cows, though this input exhibited relatively low
variation. Regarding feed practices, 73.7% of respondents used concentrate feed,
while 81% reported utilizing tofu dregs as a supplemental input. These figures
suggest diverse combinations of physical and managerial inputs among
smallholders. Further detail on the characteristics of each variable is presented in
Table 1, which summarizes the mean, standard deviation, and range for each input
and output variable.

Table 1. Descriptive Statistic

Variable Mean Std.Dev. Min Max N
Milk Production 44.583 12.369 219 67.5 80
Herd Size 5.25 1.945 3 9 80
Barn Area 22.082 8.298 10.5 48.75 80
Milking Duration 9.575 1.581 7 13 80
g:: . of Concenfrate .3, (4 0 1 80
Use of Tofu Dregs 0.81 0.402 0 1 80

Source: Author, 2025

The variability observed in key input variables, such as herd size and feeding
practices, indicates potential differences in productivity drivers. These patterns
provide a rationale for the subsequent econometric estimation to identify significant
determinants of milk output.

3.2. Model Validation and Diagnostic Tests

The regression model underwent a series of validity tests to ensure compliance with
the classical assumptions. As shown in Table 2, the Shapiro-Wilk test for residual
normality yielded a test statistic of 1.326 with a p-value of 0.0924. Since the p-value
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exceeds the 0.05 threshold, the null hypothesis of normally distributed residuals
cannot be rejected, indicating that the residuals follow a normal distribution at the
5% significance level. In contrast, the Breusch-Pagan test for heteroskedasticity
produced a test statistic of 14.85 with a p-value of 0.0001, which is well below the 0.05
significance level. This result indicates the presence of heteroskedasticity in the
model, suggesting that the error variance is not constant across observations. Finally,
the test for multicollinearity based on the Mean Variance Inflation Factor (VIF)
showed a value of 5.92, which is below the commonly accepted threshold of 10. This
suggests that multicollinearity is not a significant concern among the explanatory
variables. Given the evidence of heteroskedasticity, the regression analysis
proceeded using robust Ordinary Least Squares (OLS) estimation to produce
consistent and reliable coefficient estimates.

Table 2. Validity Test

Validity Test Stat P-Value
Normality (Saphiro-Wilk) 1,326 0,0924
Heteroskedasticity (Breusch- 14,85 0,0001
Pagan)
Multicollinearity VIF Me;r;ZVIF

Source: Author, 2025

Based on the validity tests in Table 2, the presence of heteroskedasticity justifies the
use of robust standard errors. Therefore, the subsequent regression analysis begins
with robust OLS estimation.

3.3.  OLS Estimation Results

The results of the robust OLS regression are presented in Table 3. Several input
variables exhibit statistically significant effects on milk production, particularly those
related to herd size, housing, and feed practices. Meanwhile, a few variables show
limited or insignificant influence, reflecting potential variation in farmer practices or
contextual factors.

Table 3. Ordinary Least Square (Robust)

Variabel Coeff t-stat P-value

Cow 0.2755 10.461 0.000
Barn 0.0239  4.643 0.000
Labour 0.0008  0.091 0.934
Palet 0.4609  7.370 0.000
Tofu 0.0243  0.633 0.508

Constant 24705 19.361 0.000
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Source: Author, 2025

Notes: Wald F(5, 64) = 104.29, Prob > F = 0.000, R? = 0.7941, N = 70. Robust standard
errors used.

The robust Ordinary Least Squares (OLS) estimation reveals that several input
variables significantly influence daily milk production among farmers in Pagerjurang
shown in Table 2. The number of cows shows a coefficient of 0.2755 and is statistically
significant at the 1% level (p-value = 0.000), indicating that a 1% increase in the
number of lactating cows leads to a 0.2755% rise in milk output, holding other
variables constant. This finding underscores the central role of herd size in
smallholder dairy systems. Additionally, barn area is also significant (coefficient =
0.0239, p-value = 0.000), suggesting that physical space positively affects milk
productivity. Larger barn space may enhance cow comfort and health, which, in turn,
contributes to better milk yields. These results support the notion that both biological
and physical capital are critical to improving dairy production efficiency in rural
contexts.

Another important determinant is the use of concentrate feed (palet), which
has a strong positive and statistically significant coefficient of 0.4609 (p-value =0.000).
This implies that farmers who use concentrate feed can expect approximately 46%
higher milk output compared to those who do not, all else equal. The magnitude of
this effect highlights the importance of feed quality in enhancing productivity
without increasing herd size. Concentrates are known to provide high nutritional
value essential for lactation. In contrast, the use of tofu dregs shows a positive but
statistically insignificant coefficient of 0.0243 (p-value = 0.508), suggesting that
although tofu dregs are commonly used as a low-cost feed alternative, their
contribution to milk production remains inconclusive in this model. This may be due
to variability in nutritional content or feeding consistency among households.

The labor variable yields a very small and statistically insignificant coefficient
of 0.0008 (p-value = 0.934), indicating that variation in milking time does not
significantly impact milk output. This could imply that labor quality or technique
matters more than duration. Overall, the robust OLS model yields an R? of 0.7941,
indicating that approximately 79.41% of the variation in milk production is explained
by the included variables. The Wald F-statistic of 104.29 with a p-value of 0.000
confirms that the model is statistically significant as a whole. These results provide
strong empirical support for identifying the most influential inputs in smallholder
milk production systems and offer policy-relevant insights for improving efficiency
in rural dairy farming.

The non-significant effect of tofu dregs may be attributed to inconsistent
nutritional quality, since tofu residues vary in protein and moisture content
depending on processing and storage. This variability can dilute feed efficiency and
obscure its contribution to milk yield. Similarly, milking duration shows no
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significant influence, suggesting that productivity depends more on milking skill and
timing consistency than on duration. These findings highlight that feed quality
management and technical training may be more important than simply extending
work time or using low-value feed substitutes. Improved farmer education on feed
composition, nutrient ratios, and milking hygiene could therefore yield greater
productivity gains than physical expansion alone.

3.4. 2SLS Estimation Results

To address potential endogeneity in the OLS estimation, particularly regarding the
number of cows, a Two-Stage Least Squares (25LS) model was employed using barn
area as an instrumental variable. Compared to the OLS results, the 25LS model
produced a lower coefficient for the cow variable (0.1455 vs. 0.2755), suggesting that
the initial OLS estimation may have overstated the true impact due to simultaneity
bias. Despite this adjustment, the effect of cow ownership on milk production
remains positive and statistically significant, reinforcing the role of herd size as a
primary driver of output. The instrument used passed the underidentification and
weak instrument tests, with a Kleibergen-Paap chi-square of 16.91 (p < 0.001) and a
Cragg-Donald F-statistic of 502.23, confirming its strength and validity. These results
highlight the importance of addressing endogeneity in productivity analysis to
ensure the robustness and reliability of policy-relevant estimates.

Table 4. Two Stage Least Square

Variabel Coeff z-stat P-value
Cow 0.1455 16.08 0.000
Labour 0.0027 0.23 0.815
Palet 0.2036 5.98 0.000
Tofu 0.0192 -0.51 0.610
Constant 2.8303 20.01 0.000
Observation 80 Weak IV F 502,226
R2 0,7941  OverID p-value 0,000
Underidentification (Kleibergen-Paap): x? = 16.91,p-value =
0.000

Source: Author, 2025

Note: The Barn variable is used as an instrument for the Cow variable and is not
included as a direct control variable. The estimation was conducted using robust
standard errors.

As presented in Table 3, the Two-Stage Least Squares (25LS) estimation confirms that
the number of cows has a statistically significant positive effect on milk production,
even after addressing endogeneity. The estimated coefficient for the Cow variable is
0.1455 with a p-value of 0.000, implying that a 1% increase in herd size leads to a
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0.15% increase in milk output, ceteris paribus. This result is consistent with
expectations but notably lower than the OLS estimate of 0.2755. The difference
suggests that the OLS model may have overstated the effect due to simultaneity bias
farms with higher productivity are more likely to maintain larger herds. The 25LS
approach thus offers a more conservative and likely more accurate estimate of the
causal effect of herd size.

In addition to the herd size, Table 3 shows that the use of concentrate feed
(Palet) remains a strong determinant of milk productivity. The coefficient is 0.2036
with a p-value of 0.000, reaffirming the positive impact of nutrient-rich feed on
output. This result mirrors the OLS findings and is supported by prior studies on
dairy nutrition. On the other hand, the variables Labour (milking time) and Tofu (use
of tofu dregs) exhibit no statistically significant effects, with p-values of 0.457 and
0.542, respectively. These findings suggest that variation in labor duration and the
use of tofu dregs are not consistent predictors of milk output, possibly due to
differences in technique, intensity, or feed quality not captured by binary variables.
Their insignificance strengthens the validity of the model by highlighting the inputs
that truly drive output.

The strength and validity of the instrumental variable are also supported by
the diagnostic statistics reported in Table 3. The Cragg-Donald F-statistic equals
502.226, far exceeding the critical threshold for weak instruments, indicating that
barn area is a strong and relevant instrument for cow ownership. The Kleibergen-
Paap underidentification test yields a chi-square value of 16.91 with a p-value of
0.000, confirming the model is properly identified. Additionally, the Hansen ] test
indicates that the instrument satisfies the exclusion restriction, as no evidence of
overidentification is present. These results collectively support the reliability of the
25LS estimates. Taken together, the findings validate that both herd size and
concentrate feed are key inputs in explaining milk production, while the econometric
strategy provides robust causal inference in the presence of endogeneity.

3.5.  Robustness Check Using Quantile Regression

Quantile regression was employed to explore how the effects of input variables differ
across various levels of milk production. This approach allows for the detection of
heterogeneous effects that may not be captured by mean-based estimations. Table 4
presents the estimated coefficients for the 25th, 50th, and 75th percentiles of milk

output.
Table 5. Multiple Quantile Regression
Variabel Q25 Coeff (SE) Q50 Coeff (SE) Q75 Coeff (SE)
Cow 0.26177* 0.2461% 0.2709*
Barn 0.0224* 0.0189* 0.0254*
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Labour 0.0008 0.0012 0.0026

Palet 0.4295* 0.3859* 0.4887*
Tofu 0.0276 0.0119 0.0069
Constant 2.4979* 2.5875* 2.6425*
Observation 80 80 80

Pseudo R? 0.6295 0.6642 0.6382

Source: Author, 2025

Quantile regression analysis was employed to capture heterogeneous effects of input
variables across different levels of milk production. By examining the 25th, 50th, and
75th percentiles (Q25, Q50, Q75), the model allows for a more nuanced understanding
of how production inputs behave among lower-, middle-, and higher-performing
dairy farmers. Table 4 presents the estimated coefficients and standard errors for each
quantile, revealing clear patterns of consistency and divergence across groups.

Across all three quantiles, the number of cows (Cow) showed a positive and
statistically significant effect on milk production, with slightly increasing coefficients
from Q50 (0.2461) to Q75 (0.2709). This suggests that herd size contributes to
production across all levels, but particularly benefits high-output farmers. Similarly,
the barn area (Barn) was statistically significant at all quantiles, though its coefficients
remained small, indicating a modest but stable contribution to milk productivity
regardless of scale. In contrast, the labour variable (Labour) was not statistically
significant in any quantile, implying that differences in milking time do not account
for variations in milk output across farmer groups.

Palet (concentrate feed) emerged as the most influential input, with strong
positive and significant effects across all quantiles, and its impact rising toward the
upper end (from 0.3859 at Q50 to 0.4887 at Q75). This highlights the critical role of
high-quality nutrition in boosting output, especially among top-performing farmers.
Conversely, the tofu variable (Tofu), representing the use of tofu dregs, was not
statistically significant in any quantile, indicating limited effect on productivity. The
increasing intercept (Constant) values from Q25 to Q75 reflect baseline productivity
differences across farmer groups. The pseudo R? values (ranging from 0.6295 to
0.6642) suggest that the quantile regression models have a reasonably good
explanatory power across all levels of milk production.

Discussion

The findings from this study indicate that two main factors the number of lactating
cows and the use of concentrate feed are the most consistent and significant
determinants of milk production in smallholder dairy farms in Pagerjurang Village.
These variables exhibited positive and statistically significant effects across all three
estimation methods, namely Ordinary Least Squares (OLS), Two-Stage Least Squares
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(25LS), and quantile regression. This consistency supports the importance of herd
size and nutritional supplementation in enhancing productivity. Olagunju et al.
(2022) similarly found that scale and feed practices are central to improving total
factor productivity in dairy systems. The instrumental variable approach using barn
area to address the endogeneity of herd size further reinforces the causal
interpretation of this relationship. These results suggest that policies focused on herd
expansion and improved feeding strategies can generate substantial productivity
gains in smallholder contexts with limited resources.

Beyond the core determinants, the quantile regression approach provided
additional insights by revealing how input effects differ across productivity levels.
Specifically, barn area was found to significantly influence milk production only
among higher-performing farmers, as indicated by its significance at the 75th
percentile. This implies that while concentrate feed benefits farmers across all
productivity levels, infrastructural improvements such as barn space are more
effective when the overall management system is already optimized. These results
are consistent with Bang et al. (2022), who demonstrated that barn quality and
feeding systems significantly influence cow productivity and welfare in small-scale
tropical dairy systems. The implication is that a one-size-fits-all policy may not work.
Instead, support for low-productivity farmers should focus on essential feed access,
while high-productivity farmers could benefit more from structural investments.

Meanwhile, other variables such as milking time and the use of tofu dregs
showed no consistent or significant effect in any of the models. This may reflect
homogeneity in labor practices or insufficient variation in feed quality, especially for
tofu dregs, which are likely used as supplemental rather than primary feed. Although
these factors did not appear statistically significant, they still offer important
contextual understanding about prevailing practices in Pagerjurang. Their low
impact also highlights the need for targeted interventions that focus on inputs with
proven effectiveness. The combination of OLS, 2SLS, and quantile regression has
shown value in capturing both general patterns and subgroup-specific dynamics.
This suggests that policymakers and stakeholders should adopt differentiated
strategies depending on farmers' scale, management practices, and productivity tier.

Given the varying significance and magnitude of input effects especially
among variables such as herd size and concentrate feed it becomes critical to evaluate
whether these relationships hold consistently across estimation strategies. Relying
solely on one method, such as OLS, may obscure important nuances, particularly in
the presence of endogeneity or heterogeneous responses. Therefore, a
methodological comparison is essential to validate the robustness of findings and to
capture the complexity of decision-making in smallholder dairy systems. The
following section presents a systematic comparison of three econometric approaches

What Drives Milk Output In Indonesian Smallholder Dairy Farms? Insights From Pagerjurang 41



OLS, 25LS, and quantile regression each offering distinct advantages in addressing
structural and distributional aspects of the data.

The OLS model revealed that herd size and concentrate feed significantly
influence milk production. However, this approach assumes all explanatory
variables are exogenous, which may not hold in real-world settings. For instance,
farmers with greater output may be more likely to increase herd size, introducing
simultaneity bias (Ullah et al., 2021). To address this concern, 2SLS was used with
barn area as an instrument for herd size. The similarity in coefficient direction and
significance across both OLS and 2SLS supports the reliability of results, aligning
with findings from Qi et al. (2022), who emphasize the importance of proper
instrumentation in agricultural production models. Nonetheless, minor changes in
coefficient magnitudes suggest that OLS may slightly overestimate the impact of herd
size without controlling for endogeneity.

Quantile regression further deepens the analysis by capturing the
distributional impacts of production inputs across varying productivity levels. The
effect of herd size and concentrate feed appears more pronounced among higher-
output farmers, especially at the 75th percentile, suggesting that better-resourced or
better-managed farms can leverage these inputs more effectively. This observation
echoes the findings of Meiners & Torres (2022), who emphasized productivity
heterogeneity across different farm size groups in Brazil, and Bang et al. (2022), who
observed similar disparities in Vietnamese dairy systems. Antonioli et al. (2024)
turther highlighted that the efficiency of input use is closely tied to managerial
capacity and peer-learning dynamics. These studies collectively reinforce that a one-
size-fits-all policy is unlikely to yield optimal results; instead, differentiated
interventions based on farm scale and capability should be prioritized.

The positive and consistent impact of concentrate feed across all model
specifications is strongly supported by recent literature. Akzar et al. (2025)
demonstrated that the adoption of bundled feed technologies particularly
commercial concentrates significantly improved milk output among Indonesian
smallholders. Firman et al. (2025) similarly found that concentrate feeding was a key
strategy among farmers in Pangalengan to overcome forage shortages due to limited
land and seasonal variability. This aligns with the current study’s context in
Pagerjurang, where farmers may face similar constraints. Such findings underscore
that targeted interventions in feeding strategies can produce immediate and
measurable improvements in productivity, especially in tropical smallholder systems
constrained by limited land and erratic climatic conditions.

Beyond feed and herd size, infrastructure-related factors such as barn
conditions and milking practices also deserve attention. While barn area was
excluded from the 2SLS model as a direct regressor and instead used as an
instrument, its significance in OLS results and theoretical linkage to cow-holding
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capacity remains relevant. Fadillah et al. (2023) found that better barn hygiene and
farmer training were associated with lower bacterial contamination in milk, reflecting
both improved quality and management. Mukasafari et al. (2025) also emphasized
that barn maintenance and milking frequency substantially influenced milk yield and
composition in Rwandan farms. These findings suggest that even infrastructural and
managerial elements though sometimes indirectly measured are integral to
enhancing dairy farm performance, and should not be overlooked in policy design.

On the other hand, variables such as milking time and the use of tofu dregs
were not statistically significant in this study. This outcome is echoed in Nugroho et
al. (2025), who showed that labor productivity in smallholder dairy farms is not solely
determined by working hours, but by labor quality, training, and operational
efficiency factors not always quantifiable in raw time data. Furthermore, tofu dregs,
often used as a supplementary feed, may not provide sufficient nutritional value to
significantly influence milk output unless paired with more comprehensive feeding
strategies. As Olagunju et al. (2020) pointed out, input effects tend to be marginal
without the support of effective managerial practices. Therefore, these findings
reinforce the need for context-sensitive selection of input strategies and targeted
policies that reflect smallholders” varying capabilities and constraints.

The findings of this study offer several practical implications for policy design
in smallholder dairy systems, particularly in regions such as Pagerjurang. The results
reveal that increasing the number of cows and the use of concentrate feed are the
most consistent and significant determinants of milk output. This suggests that
policies promoting access to livestock financing and the provision of affordable, high-
quality feed can effectively enhance productivity. Furthermore, since barn area
indirectly influences production through its association with herd size, farmer
training on barn planning and spatial management could also help improve
production capacity incrementally and sustainably.

Additionally, the quantile regression results highlight that the impact of
inputs varies across productivity levels. This indicates that policy interventions
should not adopt a one-size-fits-all approach but instead be tailored to the specific
needs of different farmer segments. For low-productivity farmers, policies should
focus on improving managerial skills, feed access, and basic infrastructure, while for
high-performing farmers, strategies should prioritize technical upgrades, efficiency
gains, and enterprise scaling. Similar recommendations were made by Meiners &
Torres (2022) in their study on heterogeneity in agricultural productivity. Therefore,
differentiated, data-driven interventions are more likely to be effective and
contextually relevant. This calls for more granular farmer profiling at the village level
to guide program design and resource allocation. By aligning input-specific support
with productivity tiers, stakeholders can better optimize outcomes and promote
inclusive growth in the dairy sector.
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Despite providing meaningful insights, this study has several limitations that
should be acknowledged. First, the analysis is based on cross-sectional data collected
from a single village, which limits the generalizability of the findings to other regions
with different agroecological or institutional conditions. Future research should
consider a broader geographic scope or panel data to capture temporal variations and
strengthen causal interpretations. Second, although instrumental variable methods
were employed to address endogeneity, the validity of instruments may still be
debated, especially in contexts with limited data on unobserved productivity shocks.

Another limitation lies in the measurement of certain variables. For instance,
labor quality was proxied only by milking time, which may not fully reflect skill
differences or task complexity. Similarly, feed quality was represented by binary
indicators of concentrate and tofu dreg use, without capturing quantity or nutritional
content. These simplifications could mask more nuanced effects. Future studies may
benefit from incorporating more granular data, including detailed input quantities,
management indicators, and milk quality metrics, to enrich the understanding of
productivity drivers in smallholder dairy systems.

From a policy standpoint, the findings highlight that scalable dairy innovation
should not only target technical improvements but also social inclusion. Women
perform the majority of milking and feed preparation tasks in many smallholder
households, yet often lack access to credit and training programs (Nugroho et al.,
2025). Integrating gender-responsive extension services and youth-oriented dairy
entrepreneurship initiatives such as village-based cooperative startups can
strengthen innovation adoption and generational continuity. Such efforts are
increasingly relevant given the rising participation of young people in agri-based
innovation across Indonesia’s rural regions (Nurhayati et al., 2024). These approaches
align with Indonesia’s rural transformation agenda and ensure that productivity
gains translate into inclusive local economic resilience.

Conclusion

This study examined the key determinants of milk production among
smallholder dairy farmers in Pagerjurang using a Cobb-Douglas production
framework. Through a combination of OLS, 2SLS, and quantile regression
techniques, the analysis revealed that herd size and the use of concentrate feed are
the most consistently significant predictors of milk output. The number of cows had
a positive and significant effect in both OLS and 2SLS models, even after addressing
potential endogeneity using barn area as an instrument. Similarly, the use of
concentrate feed showed a robust influence, particularly among higher productivity
quantiles. In contrast, other variables such as milking time and tofu dregs showed no
consistent or significant impact across models. These findings emphasize that
physical scale and nutritional inputs play a central role in determining milk
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production outcomes in smallholder systems, whereas labor time and supplemental
feeds may have less pronounced effects.

Beyond average relationships, the use of quantile regression allowed for a
deeper understanding of how input effectiveness varies across farmer performance
levels. The results suggest that policies aiming to improve milk production should
not be uniform but rather tailored to different segments of farmers based on their
current productivity tier. For instance, support programs could prioritize concentrate
subsidies or improved breeding strategies for more productive farms, while capacity
building and technical assistance may better suit lower-performing groups.
Moreover, the findings reinforce the value of combining econometric techniques to
address endogeneity and explore heterogeneous effects in agricultural productivity
studies. Overall, this research contributes to the empirical literature by offering
context-specific insights into input efficiency and by informing the design of
evidence-based interventions to enhance the sustainability and profitability of
smallholder dairy farming in Indonesia.
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