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Abstract 
 
Milk urea nitrogen (MUN) is a critical biomarker for nitrogen efficiency in dairy systems, yet limited data exists for 
Eastern European dual-purpose breeds. This study evaluated MUN variation patterns in Romanian Brown and Romanian 
Simmental cattle to optimize nitrogen management and support EU environmental goals. We analyzed 4,311 test-day 
records from 544 cows (102 Romanian Brown, 442 Romanian Simmental) collected between 2020-2025 in year-round 
housed free-stall systems. Linear mixed models with REML estimation assessed effects of breed, season, lactation stage, 
parity, and their interactions on MUN concentration. Mean MUN was 10.93±5.50 mg/dl with significant seasonal 
variation (p<0.001), showing spring peaks (12.91 mg/dl) and winter lows (8.62 mg/dl) despite continuous indoor housing. 
A significant breed × season interaction (p<0.001) revealed differential responses: Romanian Brown exhibited greater 
seasonal amplitude (5.16 mg/dl range) versus Romanian Simmental (3.51 mg/dl). The model explained 33.9% of total 
variance with moderate repeatability (ICC=0.1145). Dual-purpose Romanian cattle show pronounced seasonal MUN 
patterns with breed-specific responses, indicating opportunities for targeted nutritional management and genetic selection 
to improve nitrogen efficiency while meeting environmental regulations. 
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Milk urea nitrogen (MUN) represents a 
critical biomarker for monitoring nitrogen 
metabolism efficiency and environmental 
sustainability in dairy production systems. MUN 
reflects the balance between dietary crude protein 
and energy availability in the rumen, with urea 
being produced in the liver from ammonia derived 
mainly from the breakdown of protein in the rumen 
and from normal daily metabolism of absorbed 
amino acids and body protein (Broderick and 
Clayton, 1997). As dairy farming intensifies 
globally, understanding the factors influencing 
MUN concentration has become essential for 
optimizing protein nutrition, reducing nitrogen 
excretion, and improving farm profitability. 

The concentration of MUN varies 
substantially due to multiple factors including 
breed, season, feeding system, and lactation stage. 
Recent research has demonstrated that housed dairy 
cattle exhibit pronounced seasonal MUN patterns, 
with significant variations in confined Canadian 
herds where BTMUN and WHMUN values during 
the pasture season were significantly higher than 
during the non-pasture season (Arunvipas et al., 
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2003). These seasonal variations persist in confined 
systems, challenging the assumption that controlled 
feeding eliminates environmental effects on 
nitrogen metabolism. A number of factors have 
been shown to affect the relationship between milk 
and blood urea nitrogen, including dietary protein 
level and time and frequency of feeding and milking 
(Spek et al., 2013). 

Breed differences in MUN concentration 
have emerged as a significant area of investigation, 
particularly regarding dual-purpose cattle. Kessler 
et al. (2020) documented that Brown Swiss cows 
have significantly higher MUN than Holstein under 
identical feeding and management conditions (p < 
0.0001), suggesting genetically-determined 
differences in nitrogen metabolism that are not 
related to milk production. Similarly, Wattiaux et al. 
(2005) reported mean test-day MUN of 12.7, 14.6, 
and 14.4 mg/dl in Holstein, Jersey, and Brown 
Swiss breeds respectively, with 24%, 45%, and 42% 
of records above 14.5 mg/dl in single-breed herds. 
These breed-specific patterns have important 
implications for developing targeted nutritional 
strategies and genetic selection programs. 
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The heritability of MUN has been 
consistently estimated at moderate levels across 
multiple populations. Mitchell et al. (2005) reported 
heritability estimates for all lactations combined of 
0.15 for wet chemistry MUN and 0.22 for infrared 
MUN, while a comprehensive meta-analysis by 
Ghavi Hossein-Zadeh (2024) analyzing 30 papers 
from 2003-2023 found heritability estimates for 
milk urea and MUN of 0.202 and 0.181, 
respectively. This moderate genetic control enables 
selection for improved nitrogen efficiency, as 
demonstrated by Beatson et al. (2019) who showed 
sire breeding values ranging from −2.8 to +3.2, 
indicating that UN excretion could be reduced by 
6.6 kg/cow/year in one generation of selection using 
sires with low MUN breeding values. 

Eastern European dairy systems, particularly 
in Romania, face unique challenges regarding 
nitrogen management in dual-purpose cattle 
populations. Despite the economic importance of 
Romanian Brown and Romanian Simmental breeds 
in regional dairy production, limited research has 
examined their MUN patterns under local 
management conditions. Understanding these 
patterns is crucial for developing breed-specific 
feeding strategies and contributing to European 
Union environmental sustainability goals, 
particularly given that nitrogen leached into 
groundwater from urine patches of cattle is an 
environmental problem requiring mitigation 
strategies (Beatson et al., 2019). 

The primary objective of this study was to 
evaluate temporal variation and influencing factors 
on MUN concentration in dual-purpose Romanian 
Brown and Romanian Simmental cattle housed in 
free-stall systems. Specifically, we aimed to: (1) 
characterize seasonal MUN patterns under year-
round indoor housing with seasonal feed quality 
changes; (2) assess breed, lactation stage, and parity 
effects on nitrogen metabolism; (3) quantify breed 
× season interactions for differential seasonal 
response; and (4) estimate variance components and 
repeatability for potential genetic selection 
applications. Our findings demonstrate significant 
seasonal variation with spring peaks and winter 
lows, moderate heritability enabling genetic 
improvement, and substantial breed × season 
interactions requiring tailored management 
approaches for each breed. 

 
MATERIAL AND METHOD 
 
Animals and Data Collection 
The study analyzed 4,311 test-day records 

from 544 dual-purpose dairy cows collected 
between 2020-2025 at a farm in Romania. The 
dataset comprised Romanian Brown (n=102 

animals, 1,030 records) and Romanian Simmental 
(n=442 animals, 3,281 records). All animals were 
managed under similar husbandry conditions with 
year-round housing in free-stall systems and fed 
total mixed rations supplemented with seasonal 
variations in forage quality according to 
availability. 

Milk samples were collected during routine 
monthly milk recording procedures following 
standardized protocols. Urea concentration was 
determined using infrared spectroscopy and 
expressed in mg/dl. Additional phenotypic data 
included days in milk (DIM), parity number, 
sampling date, and animal identification codes. All 
procedures were conducted in accordance with 
European Union regulations for animal welfare 
(Directive 2010/63/EU) and routine farm 
management practices requiring no specific ethical 
approval. 

Milk urea concentrations originally measured 
in mg/dl were converted to milk urea nitrogen 
(MUN) using the standard molecular weight-based 
conversion factor: MUN (mg/dl) = Urea (mg/dl) / 
2.14 

Data Quality Control and Preparation 
 
Raw data underwent systematic quality 

control procedures implemented in R version 4.4.0 
(R Core Team, 2024). Data import was performed 
using the readxl package version 1.4.3 (Wickham 
and Bryan, 2023), while data manipulation and 
preparation utilized dplyr version 1.1.4 (Wickham 
et al., 2023) and lubridate (Grolemund and 
Wickham, 2011) for date handling. 

Breed-specific outliers were identified using 
the interquartile range method with a conservative 
threshold of 2.5×IQR beyond the first and third 
quartiles, implemented through dplyr functions. 
Categorical variables were systematically created: 
Season (Winter: December-February, Spring: 
March-May, Summer: June-August, Autumn: 
September-November), lactation stage (Early: ≤100 
DIM, Mid: 101-200 DIM, Late: >200 DIM), and 
parity class (Primiparous: parity 1, Multiparous: 
parity ≥2). Year was treated as a categorical factor 
(2020-2025) to account for temporal effects. Data 
reshaping was performed using tidyr version 1.3.1 
(Wickham et al., 2024). 

 
Statistical Analysis 
All statistical analyses were performed using 

R software version 4.4.0 (R Core Team, 2024). 
Linear mixed models were fitted using the lme4 
package (Bates et al., 2015), with significance 
testing implemented through lmerTest (Kuznetsova 
et al., 2017) using Satterthwaite's method for 
degrees of freedom approximation. Least square 
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means and confidence intervals were calculated 
using emmeans version 1.10.0 (Lenth, 2024). 

 
Model Specification 
The comprehensive linear mixed model was 

fitted by restricted maximum likelihood (REML) to 
account for the hierarchical structure of repeated 
measurements within animals: 

Yijklmno = μ + Breedi + Seasonj + 
Lactation_Stagek + Parity_Classl + Yearm + 
(Breed×Season)ij + Animaln + εijklmno 

where Yijklmno represents the milk urea 
concentration, μ is the overall mean, fixed effects 
included breed, season, lactation stage, parity class, 
year, and breed×season interaction, with individual 
animal as random effect to account for repeated 
measurements, and εijklmno is the residual error. 
REML estimation provides less biased estimates of 
variance components by adjusting for the loss of 
degrees of freedom associated with estimating fixed 
effects (Thompson, 2008). 

 
Model Diagnostics and Variance 

Components 
Model assumptions were verified through 

residual analysis using the performance package 
(Lüdecke et al., 2021). Variance components were 
estimated to calculate the intra-animal correlation 
coefficient (ICC). The marginal R² (fixed effects 
only) and conditional R² (fixed plus random effects) 
were computed using r.squaredGLMM from the 
MuMIn package version 1.47.5 (Bartoń, 2023). 

Significance of fixed effects was assessed 
using Type III analysis of variance with 
Satterthwaite's degrees of freedom approximation, 
which provides appropriate statistical inference for 
unbalanced mixed models (Kuznetsova et al., 
2017). Least square means with 95% confidence 
intervals were computed using emmeans to quantify 
factor level effects for significant main effects and 
interactions. 

 
Data Visualization 
Publication-quality figures were generated 

using ggplot2 (Wickham, 2016) with multi-panel 
layouts created using gridExtra version 2.3 (Auguie, 
2017). Variance components visualization 
employed pie charts and bar plots to illustrate model 
performance metrics. 

 
Model Performance 
The final model explained 25.4% of 

phenotypic variance through fixed effects (R² 
marginal = 0.254) and 33.9% through the combined 
model structure (R² conditional = 0.339). The intra-
animal correlation coefficient was 0.1145, 
indicating moderate repeatability of milk urea 

measurements within animals. Model convergence 
was verified for all fitted models using standard 
diagnostics. 

 
RESULTS AND DISCUSSIONS 
 
Descriptive Statistics and Data 

Distribution 
The final dataset comprised 4,311 test-day 

records from 544 dual-purpose dairy cows collected 
between 2020-2025. The overall mean MUN 
concentration was 10.93 ± 5.50 mg/dl (range: 0.0-
27.9 mg/dl), with a coefficient of variation of 
50.3%, indicating substantial phenotypic variation 
in nitrogen metabolism (Table 1). 

The linear mixed model successfully 
explained 25.4% of the phenotypic variance in 
MUN through fixed effects alone (R²marginal = 
0.254) and 33.9% when including random animal 
effects (R²conditional = 0.339), as illustrated in 
Figure 1. Variance partitioning revealed that 
residual variance accounted for 88.6% of total 
variation (19.96 units), while animal-level variance 
contributed 11.4% (2.58 units), resulting in an intra-
class correlation coefficient of 0.1145. 

 
Main Effects Analysis 
Analysis of variance identified highly 

significant effects of season (p < 0.001), year (p < 
0.001), and breed × season interaction (p < 0.001) 
on MUN concentration (Table 2). Neither breed 
main effect (p = 0.740), lactation stage (p = 0.096), 
nor parity class (p = 0.124) significantly influenced 
MUN levels. 

 
Seasonal Variation Patterns 
Seasonal effects demonstrated pronounced 

fluctuations in MUN concentration (Figure 2a). 
Least square means analysis revealed: 

− Spring: Highest MUN at 12.91 ± 0.23 mg/dl 
− Summer: Intermediate at 11.73 ± 0.21 

mg/dl 
− Autumn: Declining to 9.19 ± 0.20 mg/dl 
− Winter: Lowest at 8.62 ± 0.24 mg/dl 
−  

Lactation Stage Dynamics 
Although lactation stage effects did not reach 

statistical significance (p = 0.096), numerical trends 
suggested progressive MUN increases with 
advancing lactation (Figure 2b): 

− Early lactation (≤100 DIM): 10.49 ± 0.31 
mg/dl 

− Mid lactation (101-200 DIM): 10.39 ± 0.25 
mg/dl 

− Late lactation (>200 DIM): 10.95 ± 0.16 
mg/dl 

−  
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Breed × Season Interaction 
The significant breed × season interaction (p 

< 0.001) revealed differential seasonal response 
patterns between breeds (Figure 3, Table 3). 
Romanian Brown cattle exhibited greater seasonal 
amplitude (5.16 mg/dl range) compared to 
Romanian Simmental (3.51 mg/dl range). 

 
Temporal Variation 
Year effects represented the strongest fixed 

effect (p < 0.001), indicating substantial annual 
variation in MUN concentrations across the 5-year 
study period. 

 
Seasonal Variation Patterns 
The pronounced seasonal variation in MUN 

concentration observed in our study, with spring 
peaks (12.91 mg/dl) and winter lows (8.62 mg/dl), 
aligns with previous research in housed dairy 
systems despite year-round indoor housing. 
Arunvipas et al. (2003) similarly documented that 
BTMUN and WHMUN values during the pasture 
season were significantly higher and had 
significantly more variation than during the non-
pasture season in confined Canadian herds, 
attributing variations to feed quality changes rather 
than direct environmental exposure. Our results 
extend these findings to dual-purpose breeds in 
Eastern European production systems, confirming 
that seasonal MUN patterns persist even under 
controlled housing conditions. 

The magnitude of seasonal variation (4.29 
mg/dl difference between spring and winter) reflects 
the impact of forage quality transitions in TMR-
based feeding systems. The incorporation of fresh-
cut forage during spring months increases rapidly 
degradable protein intake, while winter feeding 
relies on conserved forages with different protein 
degradability characteristics. This mechanism 
involves altered rumen nitrogen dynamics when 
transitioning between conserved and fresh forages, 
supporting previous observations that dietary crude 
protein degradability significantly influences MUN 
regardless of housing system (Broderick and 
Clayton, 1997). Data from 35 trials with 482 
lactating cows demonstrated that nutritional factors 
including dietary protein level strongly affect the 
relationship between milk and blood urea nitrogen 
concentrations. 

Temperature effects may contribute 
additional variation beyond feed quality changes. 
Research from South Africa demonstrated that 
temperature contributed 18% to MUN variability in 
housed Holstein cows fed TMR thrice daily, while 
dietary crude protein contributed 21% (Tshuma et 
al., 2023). The authors suggested that different 
rations should be formulated for winter and summer 

to keep MUN concentrations within acceptable 
limits. Our data from Romania's temperate climate 
likely reflects combined effects of feed quality 
transitions and temperature-mediated metabolic 
adjustments. 

 
Breed Differences and Genetic 

Implications. The absence of significant main 
breed effects (p = 0.740) between Romanian Brown 
and Romanian Simmental contrasts with 
documented differences between specialized dairy 
and dual-purpose breeds. Wattiaux et al. (2005) 
reported mean test-day MUN of 12.7 mg/dl for 
Holstein versus 14.4 mg/dl for Brown Swiss in 
Midwest housed herds, with 24% and 42% of 
records above 14.5 mg/dl respectively. Kessler et al. 
(2020) confirmed that Brown Swiss cows have 
higher MUN than Holstein when kept under 
identical feeding and management conditions, with 
this difference being genetically determined rather 
than related to milk production. Our findings 
suggest Romanian dual-purpose breeds may share 
similar baseline nitrogen metabolism characteristics 
despite originating from different European 
populations. 

However, the highly significant breed × 
season interaction (p < 0.001) reveals differential 
seasonal response patterns between breeds. 
Romanian Brown cattle exhibited greater seasonal 
amplitude (5.16 mg/dl range) compared to 
Romanian Simmental (3.51 mg/dl range), indicating 
breed-specific adaptation mechanisms to seasonal 
feed quality changes. This interaction pattern is 
consistent with Burgos et al. (2007) who found that 
the relationship between urinary nitrogen and MUN 
was linear but different for Holstein and Jersey 
breeds, with breed effects becoming non-significant 
when body weight was included in the model. These 
differences suggest selection pressure in different 
environments has shaped breed-specific nitrogen 
metabolism pathways. 

The moderate heritability implied by our 
variance components (animal variance 11.4% of 
total) falls within the range reported by Mitchell et 
al. (2005) who found heritabilities of 0.15 for wet 
chemistry and 0.22 for infrared MUN 
measurements in housed Holstein cattle. A 
comprehensive meta-analysis by Ghavi Hossein-
Zadeh (2024) confirmed consistent heritability 
estimates of 0.181-0.202 across 30 studies spanning 
2003-2023, supporting the potential for genetic 
selection to improve nitrogen efficiency. The intra-
class correlation coefficient of 0.1145 indicates 
moderate repeatability within animals, consistent 
with permanent environmental effects influencing 
MUN expression. 
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Lactation Dynamics and Parity Effects 
Although lactation stage did not reach 

statistical significance (p = 0.096), the numerical 
trend toward increased MUN in late lactation (10.95 
mg/dl) compared to early (10.49 mg/dl) and mid-
lactation (10.39 mg/dl) warrants consideration. This 
pattern partially aligns with observations that 
various factors including stage of lactation affect 
MUN concentrations (Spek et al., 2013). The 
biphasic pattern likely reflects changing metabolic 
priorities, with early lactation characterized by 
negative energy balance limiting ammonia 
detoxification capacity, while late lactation shows 
increased protein catabolism as milk yield declines. 

The absence of significant parity effects (p = 
0.124) suggests consistent nitrogen metabolism 
across lactations in dual-purpose breeds. This 
contrasts with specialized dairy breeds where parity 
often influences metabolic efficiency. The stability 
across parities in our dual-purpose populations may 
reflect balanced selection for both milk production 
and meat characteristics, resulting in less extreme 
metabolic demands compared to high-producing 
Holstein populations. 

 
Management Implications 
The strong year effect (p < 0.001) 

representing the largest variance source highlights 
the importance of annual feed quality variation and 
management practices on MUN concentration. This 
finding emphasizes that even in controlled housing 
systems, year-to-year variation in forage quality, 
harvest conditions, and feed preservation methods 
substantially impacts nitrogen metabolism. 
Romanian dairy systems may experience 
proportionally greater feed quality impacts on MUN 
due to limited resources for consistent feed 
procurement and preservation. 

The differential seasonal response between 
breeds has practical implications for feeding 
management. Romanian Brown cattle, showing 
greater seasonal MUN amplitude, may require more 
aggressive dietary adjustments between seasons to 
maintain optimal nitrogen efficiency. Conversely, 
Romanian Simmental's more stable seasonal pattern 
suggests greater metabolic flexibility, potentially 
advantageous for variable feed quality conditions 
common in Eastern European production systems. 
As noted by Spek et al. (2013), factors such as 
dietary protein level and feeding management 
significantly affect the relationship between MUN 
and urinary nitrogen excretion. 

 
Environmental and Economic 

Considerations 
Our findings contribute to understanding 

nitrogen excretion patterns in Eastern European 

dairy systems, critical for meeting EU 
environmental regulations. The observed MUN 
range (8.62-12.91 mg/dl) falls within acceptable 
limits for nitrogen efficiency, though spring peaks 
approaching 13 mg/dl suggest periods of excess 
dietary protein or energy-protein imbalance. 
Beatson et al. (2019) demonstrated that reducing 
MUN through genetic selection could decrease 
urinary nitrogen excretion by 6.6 kg/cow/year in 
one generation, with sire breeding values ranging 
from −2.8 to +3.2, highlighting the environmental 
benefits of incorporating MUN into breeding 
programs. 

The economic implications extend beyond 
feed efficiency. High spring MUN values indicate 
potential protein overfeeding when fresh forages are 
available, representing both economic waste and 
environmental burden. Implementing precision 
feeding strategies accounting for seasonal forage 
quality changes and breed-specific requirements 
could substantially reduce feed costs while 
minimizing nitrogen excretion, particularly 
important given that nitrogen leached into 
groundwater from urine patches is an environmental 
problem in dairy industries (Beatson et al., 2019). 

 
Future Research Directions 
Several areas warrant further investigation 

based on our findings. First, genomic studies 
identifying specific loci controlling seasonal MUN 
response could accelerate genetic improvement for 
nitrogen efficiency in dual-purpose breeds. Second, 
detailed metabolic studies examining rumen 
microbial populations and liver enzyme expression 
between breeds during seasonal transitions would 
elucidate mechanisms underlying differential 
responses. Third, economic modeling incorporating 
breed-specific MUN patterns, feed costs, and 
environmental regulations would optimize 
management decisions for Eastern European 
production systems. 

Additionally, expanding research to include 
crossbreeding effects between specialized dairy and 
dual-purpose breeds could identify optimal genetic 
combinations for sustainable intensification. 
Investigation of management interventions such as 
protected protein supplementation or rumen 
modifiers specifically targeted to high MUN 
periods could provide practical solutions for 
immediate implementation. 

 
Study Limitations 
While our substantial dataset (4,311 test-day 

records from 544 cows) provides robust statistical 
power, several limitations should be acknowledged. 
The study's restriction to two dual-purpose breeds 
limits generalizability to other breed types. 
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Additionally, lack of individual feed intake data 
prevents precise estimation of nitrogen efficiency at 
the cow level. Future studies incorporating 
individual feed intake measurements and additional 
breeds would strengthen understanding of genetic 
and nutritional factors influencing MUN variation. 

 
 
CONCLUSIONS 
 
This study demonstrates that dual-purpose 

Romanian cattle exhibit significant seasonal MUN 
variation despite year-round housing, with distinct 

breed × season interactions influencing nitrogen 
metabolism patterns. The moderate heritability and 
repeatability of MUN, combined with substantial 
breed-specific seasonal responses, indicate 
opportunities for genetic selection and targeted 
management strategies to improve nitrogen 
efficiency. These findings contribute essential 
baseline data for developing sustainable dairy 
production systems in Eastern Europe while 
meeting environmental regulations and maintaining 
economic viability. 

 
 

 

 
 

Table 2 
Analysis of variance (Type III with Satterthwaite's method) for milk urea nitrogen concentration. 

  

Effect NumDF DenDF F-value P-value Significance 

Breed 1 592.1 0.11 0.740 ns 

Season 3 3850.5 138.26 <0.001 *** 

Lactation Stage 2 4255.8 2.34 0.096 . 

Parity Class 1 2502.9 2.36 0.124 ns 

Year 5 3808.4 181.76 <0.001 *** 

Breed × Season 3 3884.1 5.50 <0.001 *** 

Significance codes: *** p < 0.001; . p < 0.1; ns = not significant 
Table 3 

Least square means (± SE) for MUN concentration by breed and season interaction.  
 

Season Romanian Brown (mg/dl) Romanian Simmental 
(mg/dl) Difference 

Winter 8.34 ± 0.37 8.89 ± 0.26 -0.55 

Spring 13.50 ± 0.36 12.40 ± 0.25 +1.10* 

Summer 11.90 ± 0.32 11.60 ± 0.24 +0.30 

Autumn 8.92 ± 0.31 9.46 ± 0.22 -0.54 

Range 5.16 3.51 - 

Table 1 
Descriptive statistics of milk urea nitrogen (MUN) concentration by breed in Romanian dual-purpose cattle. 

 
Breed Animals (n) Records (n, %) MUN Mean ± SD (mg/dl) CV (%) 

Romanian Brown 102 1,030 (23.9%) 10.65 ± 4.53 42.5 

Romanian Simmental 442 3,281 (76.1%) 11.02 ± 5.78 52.5 
Overall 544 4,311 (100%) 10.93 ± 5.50 50.3 
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Figure 1: Variance components and model R² 

 

 Figure 2: Seasonal and lactation stage effects on MUN 
 

 
Figure 3: Breed × season interaction for MUN concentration 
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