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Abstract: The compost-bedded pack (CBP) system offers a sustainable solution for dairy farms by
enhancing cow welfare and health while promoting environmental sustainability and improving
manure management for agricultural reuse. This study aimed to evaluate the reduction in manure
treatment required for agricultural use by analyzing manure excretion patterns in lactating cows.
We compared seven Holstein and six Holstein x Gyr cows, divided into two CBP groups, and mon-
itored their feces and urine behaviors over a 48 h period. Manure excretion was recorded across four
farm areas: (1) feeding area, (2) resting area (composted bed), (3) path to the milking parlor, and (4)
milking parlor. Both breeds predominantly excreted feces (45.03%) and urine (54.18%) in the resting
area, which facilitated composting directly in the bedding. This resulted in a significant reduction
in nitrogen requiring treatment, averaging 76.8-85.3 g per cow per day, accounting for 44-49% of
total nitrogen excretion. The CBP system demonstrated its effectiveness in reducing environmental
impact by minimizing nitrogen loss through volatilization and leaching, while also enhancing nu-
trient recycle in agriculture. These findings emphasize the CBP system’s role in foresting sustainable
dairy farming and environmentally friendly agricultural practices.
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1. Introduction

Dairy farm management systems vary widely, including pasture-based, free stall,
and compost-bedded pack (CBP) systems. One of the central challenges in all these sys-
tems is the effective management of bovine manure, a byproduct that requires careful
treatment before being used in agriculture. Efficient manure management is essential for
environmental sustainability, as improper handling can lead to nutrient runoff, green-
house gas emissions, and the loss of valuable organic matter. The manure produced by
lactating cows ranges from 50 to 70 kg per day [1,2], depending on the level of production
and cow weight, which have a greater potential to affect the environment.

Among the dairy cows’ systems, the CBP system stands out as a sustainable alterna-
tive. It offers a solution for manure issues by reducing the need for extensive treatment
and allows for direct reuse of manure in farming, minimizing the processing required
before agricultural application [1]. This approach aligns with the sustainability principles
of “reduce, reuse, and recycle” by facilitating the recycling and repurposing of bedding
materials in agricultural use, which in turn improves soil structure and bioactivity [3].

The selection of bedding materials, such as sawdust and wood shavings, plays a cru-
cial role in the effectiveness of CBP systems. These materials promote aerobic activity and
facilitate the compost maturation process [4-6], contributing organic matter to the soil [7]
and improving its quality compared to conventional waste composts [8]. This dual benefit
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of composting and soil enhancement highlights the environmental advantages of CBP sys-
tems.

In addition to environmental benefits, often termed “free-walk housing”, CBP sys-
tems are believed to improve animal welfare. Unlike traditional free stall systems, where
cows spend time standing on concrete surfaces, CBP systems provide softer bedding that
promotes healthier hooves and reduces hoof wear [8-11]. This, in combination with the
freedom to move and increased comfort, enhances overall animal well-being and allows
for more natural behaviors [12].

Several studies have highlighted the benefits of CBP systems, particularly in terms of
animal comfort and welfare [9], as well as that these systems also encourage natural be-
haviors [8] and promote better hygiene [9] among dairy cows. There remains a gap in the
literature regarding how these systems influence manure excretion patterns and the sub-
sequent need for manure treatment. While previous studies focused on health improve-
ments, notably through reduced incidence of udders and hoof problems [13,14], no stud-
ies have yet explored the excretion behaviors of cows within CBP systems and their impact
on manure treatment requirements and the nitrogen captured by composting. Under-
standing these factors is crucial for determining the full potential of CBP systems in re-
ducing environmental impacts and improving sustainability in dairy farms.

Thus, the present study aims to analyze the manure excretion patterns of dairy cows
in a CBP system and quantify the reduction in the volume of manure requiring treatment,
as well as quantify the nitrogen captured by the system for composting. We hypothesized
that the CBP system captures over 40% of both the total manure and nitrogen produced
by lactating Holstein and Holstein x Gyr cows, with both breeds demonstrating similar
manure excretion patterns.

2. Materials and Methods

The experiment was conducted at the Dairy Research Facility of the Animal Science
Department, Universidade Federal de Vigosa, in Vigosa, Minas Gerais, Brazil. All experi-
mental procedures were approved by the Committee of Animal Use Ethics at the Depart-
ment of Animal Science, Universidade Federal de Vigosa, under protocol number 35/2024.

A power analysis was performed using the function “pwr.t.test” from “pwr” package
in R software version 2024.04.02 [15] to determine the appropriate sample size. The analy-
sis targeted a statistical power greater than 0.80, with a significance level of 0.05. A coeffi-
cient of variation of 15% was used as the basis for the calculation of Cohen’s d, resulting
in 1.333, ensuring that the sample size was sufficient to detect meaningful differences with
adequate precision.

2.1. Animals and Behavior

The experiment involved thirteen dairy cows: six Holsteins with an average weight
of 675 + 10.8 kg and 230 + 22.2 days in milk, and seven 5/8 Holstein x Gyr crossbreeds
averaging 623 +11.7 kg and 188 +23.9 days in milk. All cows were in their second lactation,
had been examined by a veterinarian, were clinically healthy, and were pregnant at an
average of 156 + 67.4 days.

The cows were fed a total mixed ration (TMR) ad libitum twice daily, after the morn-
ing and evening milking sessions. The diet was balanced according to NASEM [2] guide-
lines and consisted of corn silage, grass hay, soybean meal, corn meal, urea, whole cotton-
seed, and mineral supplements (Table 1). The cows were adapted to the diet for two weeks
before the trial began, during which they were kept together to allow for social adjust-
ment. The estimated dry matter intake (DMI) was 22.3 kg, with a crude protein content of
16.4%. Intake as a percentage of body weight was 3.30% for the Holsteins and 3.58% for
the Holstein x Gyr crossbreeds.
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Table 1. Ingredients and chemical composition of the experimental diet.

Item

Ingredient, %DM

Corn silage 74.83
Corn grain, dry 8.12
Dried distilled grain 3.51
Cottonseed, whole 4.68
Soybean meal 5.51
Hay 2.06
Sulfur flower 0.015
Sodium chloride 0.171
Bicalcium phosphate 0.107
Limestone 0.364
Mineral mix ! 0.043
Sodium bicarbonate 0.107
Magnesium oxide 0.107
Yeast pre-mix 2 0.105
Urea 0.259
Chemical composition, % DM

Dry matter 45.1
Crude protein 16.4
Rumen degradable protein 119
Rumen undegradable protein 4.5
Neutral detergent fiber 35.6
Starch 259
Ether extract 4.24

! Mineral mix composition = 200 g/kg of calcium, 15 mg/kg of cobalt, 700 mg/kg of cupper, 15 g/kg
of sulfur, 43 g/kg of phosphorus, 35 mg/kg of iodine, 40 g/kg of magnesium, 1 g/kg of manganese,
20 mg/kg of selenium, 90 g/kg of sodium, 2.6 g/kg of zinc, 240,000 Ul/kg of A vitamin, 87,000 Ul/kg
of D3 vitamin, and 1750 Ul/kg of E vitamin. 2 Yeast pre-mix = 35 g/kg beta-glucans, 15 g/kg zinc,
7500 mg/kg mannanoligosaccharide, 5000 mg/kg copper, 2500 mg/kg glucomannans, 120 mg/kg se-
lenium, 80 mg/kg chrome, 4 x 10" Saccharomyces cerevisiae.

2.2. Housing and Cooling

Cows were housed in a CBP with sawdust as the carbon source (Figure 1). This saw-
dust is a byproduct derived from pine wood shavings measuring 3-5 cm in size. The two
pens, separated by breed were provided with a bedding area of 158 m2. Holsteins were
allocated 26.3 m? per cow, while Holstein x Gyr cows had 22.6 m? per cow. This space
exceeds the typical range of 10 to 12 m? per cow recommended for dairy cows in Brazil
and facilitated system observation.

The feeding area provided 35.6 m? of free space, with each cow having access to more
than 1.4 m of trough feeding space. Four fans (Magnum, GEA Brasil, Campinas, Brazil)
were installed in the bedding area to aid in drying the compost and cooling the cows. The
bedded pack was stirred twice daily while the cows were in the milking parlor to maintain
its quality and effectiveness.
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Figure 1. Experimental compost-bedded pack (CBP) system featuring bedding composed of a mix-
ture of sawdust and manure. The CBP is equipped with fans positioned to enhance air circulation
and promote optimal composting conditions.

Cows were milked three times daily at 600 h, 1330 h, and 2000 h. Before each milking
session, cows were cooled using cycles of 1 min of sprinkling with a disc nozzle, followed
by 5 min of ventilation with fans (Magnum, GEA Farm Technologies, Germany). During
the experiment, the ambient temperature ranged from 15.8 to 28.3 °C, while the tempera-
ture humidity index (THI) ranged from 60 and 77. These values were recorded by the
meteorological station of the Universidade Federal de Vigosa, located 1.5 km from the CBP
where the trial took place. THI values exceeded 68 half the time, indicating conditions of
heat stress [2].

2.3. Trial Evaluations

Before the trial began, cows were marked for easy identification using Celo Check
marker paint (Weizur do Brazil, Brazil). Holsteins were numbered from 1 to 6, and Hol-
stein x Gyr crossbreeds from 1 to 7.

The trial lasted 48 h, during which the location, urination, and defecation of each one
of the thirteen animals was continuously monitored by trained observers across four des-
ignated areas: (1) feeding area (35.64 m?), (2) resting place (composted bed, 158 m?), (3)
path to milking (272.57 m?), and (4) milking parlors (9.92 m?). Four observers recorded the
specific locations of feces and urine disposal continuously from 0800 h on day one until
48 h later. The frequency of urination and defecation for each cow in each area was tallied
at the end of each day.

On the second day, milk yield for each cow was measured during all three milking
sessions using a DemaTron 70 control unit (GEA Group Aktiengesellschaft, Diisseldorf,
Germany). A 350 mL milk sample was also collected using the VESTA Sampling System
(GEA Group Aktiengesellschaft, Diisseldorf, Germany) and analyzed for composition
with the Lactoscan SP Ultrasonic Milk Analyzer (Milkotronic Ltd.a, Bulgaria). Milk yield
was adjusted to energy-corrected milk (ECM), based on fat and crude protein, according
to Reincke et al., 2018 [16]:
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0.25 x kg Milk + 12.2 x kg Fat + 7.7 x kg Crude Protein (1)

2.4. N Excretion Calculations

Nitrogen (N) excretion was calculated based on N and DMI using equations from
NASEM [2]:

Urine N (g/d) = 12.0 (+5.8) + 0.333 (+ 0.011) N intake (g/d) ()
urine N excretion based on N intake (Equation 14-5, NASEM, 2021).
Fecal N (g/d) =-18.5 (£ 3.59) + 10.1 (+ 0.169) dry matter intake (kg/d) (3)

fecal N excretion (Equation 14-6; NASEM, 2021), based on dry matter intake in kg per day.
Additionally, we calculated total manure N excretion using a formula that incorpo-
rates diet, intake, and the yield and composition of milk: (Equation 14-4; NASEM, 2021)

Manure N (g/d) = (DMI x Diet crude protein)/0.625 — (Milk x Milk crude 4
protein)/0.638 — 5 (4)

2.5. Statistical Analysis

Data analysis was performed using R software [15], with specific packages employed
for various statistical tests. Values such as body weight, days in milk, milk yield, energy-
corrected milk, and milk composition were analyzed using a linear mixed-effects model
(Ime) with the “Ime4” package. In these models, breed was treated as a fixed effect, while
individual cows were included as random effects to account for repeated measures. The
models were checked for normality of residuals and homoscedasticity using diagnostic
plots. Outliers were identified and removed using a threshold of 1.5 times the interquartile
range. Additionally, confidence intervals were calculated for each effect, and effect sizes
were derived using standardized coefficients (Cohen’s d). Comprehensive p-values were
reported for all analyses.

For behavioral data related to excretion, normality and homoscedasticity assump-
tions were similarly verified, and outliers were excluded based on the same threshold of
1.5 times the interquartile range. Excretion behavior was analyzed by comparing the fre-
quency of manure disposal between breeds using analysis of variance (ANOVA), imple-
mented with the “aov” function in R. Data regarding the quantity of manure deposited in
specific areas of the farm were compared using two-sample t-tests, with significance con-
sidered at p <0.05 and trends reported for 0.05 <p <0.10. Where appropriate, Tukey’s post-
hoc test was used to adjust for multiple comparisons.

Nitrogen excretion via feces, urine, and total manure was also analyzed using
ANOVA to compare across breeds and days of collection. Interaction effects between
breed and day of collection were included to assess whether differences in excretion pat-
terns emerged over time. Mean comparisons were performed using the “emmeans” pack-
age, with significance set at p < 0.05, and effect sizes were calculated for the main effects.
Results are presented as mean + standard error (M = SE) throughout the text.

In all analyses, comprehensive p-values, effect sizes, and 95% confidence intervals
were reported to ensure transparency and validate the results. The assumptions of each
statistical test were rigorously checked to ensure model reliability and robustness.

3. Results

Holstein cows demonstrated a similar milk yield compared to crossbred Holstein x
Gyr cows (29.5 + 1.61 vs. 26.0 + 1.74 kg/d; Table 2). Both groups had comparable levels of
total fat content and percentage of fat, as well as total protein.
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Table 2. Mean (+SE) milk yield and composition of Holstein and crossbred Holstein Gyr.

Item Holstein Holstein x Gyr p-Value
Milk yield, kg/d 29.5+1.61 26.0+1.74 0.1520
ECM 1, kg/d 28.0+1.66 24.7 +1.80 0.1928
Fat, % 3.68 +0.139 3.55+0.151 0.5327
Total fat, kg 1.08 +0.077 0.94 + 0.083 0.2280
Protein, % 3.15+£0.034 3.25+£0.037 0.0537
Total protein, kg 0.93 £ 0.050 0.84 + 0.054 0.2428

1 ECM = energy-corrected milk.

3.1. Manure Excretion Locations

Both feces and urine excretion were primarily concentrated in the resting area. For
feces, 45.03% was excreted in the resting area, followed by 31.29% in the feeding alley.
Feces excretion in the walking area and milking parlor was similar (12.28% vs. 11.39%; p
=0.5248).

Urine excretion patterns were also concentrated in the resting area (54.18%; Figure 2,
which was significantly more than in other areas (p < 0.001). These findings highlight the
significance of the resting area as a critical zone for composting manure, where it can be
reused as bedding material for the animals.
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Figure 2. Mean (+SE) distribution of urine (A) and feces (B) excretion across different locations: rest-
ing area, feeding alley, walking area, and milking parlor. Means within different letters are signifi-
cantly different (p < 0.05).
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3.2. Behavior Patterns of Manure Excretion by Breed

Both Holstein and Holstein x Gyr breeds exhibited similar patterns of manure excre-
tion across all areas within the CBP system. Feces excretion in the resting area, feeding
alley, walking area, and milking parlor showed no significant breed differences (p > 0.05;
Table 3). Urine excretion followed a similar trend, with both breeds excreting urine pre-
dominantly in the resting area and no differences between breeds. These results suggest
that breed does not significantly influence manure deposition behaviors when cows are
housed in a CBP system.

Table 3. Mean (+SE) comparative analysis of feces and urine excretion between lactating Holstein
and Holstein x Gyr cows.

Holstein Holstein x Gyr p-Value
Feces excretion, %
Resting area 46.5 +3.06 43.4+3.15 0.4836
Feeding alley 29.9+292 32.7+3.01 0.5094
Walking area 13.5+1.44 11.0+1.49 0.2177
Milking parlor 10.0 +1.30 129 +1.34 0.1280

Urine excretion, %
Resting area 53.1+3.84 55.4 +3.96 0.6781
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Feeding alley 22.5+2.73 24.7 +2.81 0.5842
Walking area 6.6 +1.61 6.0+1.61 0.8015
Milking parlor 17.9+2.29 14.0 +2.36 0.2423

3.3. Reduction in N Excretion That Requires Treatment

Based on the milk yield and composition data for both breeds evaluated, Holstein
and Holstein x Gyr cows exhibited comparable daily nitrogen (N) manure excretion rates
(p = 0.2428; Table 4). Holstein cows excreted 435 + 7.8 g of N daily, while the crossbred
cows excreted 449 + 8.42 g of N daily. However, both breeds demonstrated a significant
reduction in the nitrogen excreted that requires treatment due to the high concentration
of excreta deposited in the resting area (p = 0.4699). Holstein cows reduced 46.5% in feces
that directly impact the environment or require treatment, which equates to 49.0 g/d of N
per cow. In contrast, in crossbred Holstein x Gyr cows, 43.4% of their feces were deposited
in the resting area of the CBP, resulting in a reduction of 47.8 g/d of N that would other-
wise need treatment. Both breeds exhibited similar rates of N excretion in the resting area
(p = 0.868) according to feces estimates.

Urine excretion in the resting area was similarly reduced (p = 0.1005) for both breeds,
equating to 27.7 g/d less N per Holstein cow and 37.5 g/d for crossbred Holstein x Gyr
cows. This reduction may positively impact the environment and lessen the need for fur-
ther processing. In total, feces and urine excreted in the resting area account for 76.8 g/d
of N for Holstein cows and 85.3 g/d for Holstein x Gyr cows, eliminating the necessity for
treatment on dairy farms. This represents 44.1% of the total daily nitrogen excreted by
Holstein cows and 49.0% for Holstein x Gyr cows, which is deposited directly for com-
posting in the resting area of the CBP system. Overall, this indicates a reduction of 46.5 +
3.34% of nitrogen, which is deposited in the resting area for composting.

Table 4. Mean (+SE) estimated daily nitrogen excretion and treatment-required nitrogen per cow for
lactating Holstein and Holstein x Gyr cows.

Holstein Holstein x Gyr p-Value
N manure excretion ! 435+7.8 449+ 84 0.2428
Reduction of N excretion that requires treatment, g/d
Feces 2 49.0 £5.04 47.8 +5.44 0.8680
Urine 3 27.7 £ 3.88 37.5+4.19 0.1005
Total ¢ 76.8£7.90 85.3+8.53 0.4699
Reduction of N excretion ;1 4 55 49.0+4.90 0.4699

that requires treatment, %

1 Based on milk yield and composition, Equation (4). 2 Based on dry matter intake, Equation (2). 3
Based on nitrogen intake, Equation (1). 4 Result of the sum of Equations (2) and (3).

4. Discussion

This study aimed to compare the manure excretion patterns of Holstein and Holstein
x Gyr cows under identical conditions in a compost-bedded pack system (CBP). The re-
sults show that milk yield and composition were similar between the two breeds. These
findings align with earlier studies that evaluated Holstein cows under tropical conditions
[17], and some research that reports higher fat and total solids in crossbred, while protein
levels were comparable across breeds [18-20].

Manure deposition patterns in both Holstein and Holstein x Gyr were concentrated
in the resting area, supporting previous findings on the CBP’s effectiveness in managing
waste. Both breeds demonstrated similar manure excretion behaviors, predominantly in
the resting area, which facilitated the composting process. This concentration of waste
helps significantly reduce the environmental burden by decreasing the amount of manure
requiring treatment [21]. Our findings indicate a 44-49% reduction in nitrogen requiring
treatment, which is slightly lower than the 75% reduction reported by some studies based
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on farmers’ estimates [14,22]. The slight discrepancy could be attributed to the different
methods used in previous studies, such as farmer estimates and calculus based on daily
intake and observation. Further studies are needed to standardize nitrogen reduction rates
across various production systems to provide a more comprehensive comparison.

The composting of manure within the CBP bedding not only stabilizes nutrients but
also supports more sustainable agricultural practices [23]. Furthermore, our study high-
lights the effectiveness of the CBP system in reducing manure treatment needs, especially
when comparing excretion patterns in specific areas of the barn. While producers typically
estimate that 20 to 25% of the manure is deposited in the feed alley [24], our findings in-
dicate that 23.56% of urine and 31.29% of feces were deposited in this area. This reinforces
the CBP’s efficiency in managing waste on dairy farms. Additionally, N from feces ex-
creted in the resting area is composted on the cows’ bed and reused in agriculture without
further treatment, further enhancing sustainability.

Previous studies have focused on differing feeding patterns between Holstein and
Holstein x Gyr heifers in pasture conditions, showing minimal differences in performance
[25,26]. Crossbreeds with Zebu have also demonstrated greater thermotolerance than
purebred Holsteins under tropical conditions [27]. However, limited data exist on the per-
formance of those breeds when housed in confined systems during lactation. Our study
fills this gap by demonstrating that both Holstein and Holstein x Gyr lactating cows ex-
hibited similar manure excretion patterns when housed in a CBP system. The majority of
excreta was deposited in the resting area, facilitating its incorporation into the bedding
for subsequent composting. This behavior leads to a consistent reduction in the volume
of manure requiring treatment across both breeds.

The reduction in N directly entering the soil —between 44 and 49% —equates to 76.8
to 85.3 g of N per cow per day, which could otherwise promote soil leaching. Manure is
often applied to fields without proper treatment, and at inappropriate times, increasing
the risk of nitrogen loss [23]. The composting significantly reduces N loss through ammo-
nia volatilization and leaching when compared to chemical fertilizers in agricultural uses
[28,29]. To achieve these benefits, cattle manure requires a minimum of 80 days of com-
posting to reduce phytotoxicity, improve nutrient stability [30], and minimize the pres-
ence and spread of antibiotic-resistant bacteria [31] in the field. These composting prac-
tices are in line with the CBP system’s removal and management of composted bedding
once annually [4].

Addressing N management in agricultural practices is critical due to its potential for
soil contamination. While the total N content in cattle manure is generally lower than in
swine manure, composted cattle manure contains higher levels of total N compared to
non-composted manure [32]. The CBP system, as used for lactating cows, effectively re-
duces the amount of N entering the soil or requiring treatment for agricultural applica-
tions. This reduction helps prevent soil leaching and minimizes N loss through volatiliza-
tion, making CBP a sustainable system for dairy farms.

Moreover, the use of composted cattle manure can significantly reduce the need for
chemical fertilizers, improve corn grain yields, provide a more consistent nitrate supply,
and reduce N losses in the field, promoting more sustainable agricultural practices [33].
Additionally, incorporating composted manure as an organic nutrient source can lower
the costs associated with soil management [34], further emphasizing the environmental
and economic benefits of using composted manure in farming systems.

The compost-bedded-pack (CBP) system is recognized for its environmental benefits,
particularly its ability to reduce the volume of manure requiring treatment and limit direct
manure deposition into the soil. By promoting efficient composting, the CBP system en-
hances nutrient retention, improves soil health, and decreases reliance on chemical ferti-
lizers, thereby supporting more sustainable agricultural practices.

While this study provides valuable insights into manure excretion patterns and ni-
trogen reduction in Holstein and Holstein x Gyr cows within CBP system, several limita-
tions must be acknowledged. The small sample size limits the generalizability of the
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findings, and observational biases may have influenced the accuracy of the data collection.
Future research should address these limitations by using larger sample sizes, automated
monitoring methods, and stricter control of environmental conditions to confirm and ex-
pand upon these results. Additionally, future studies could explore seasonal variations in
manure excretion patterns and their effects on CBP system efficiency. Investigating how
different seasons impact cows’ behavior, manure deposition, and the composting process
could lead valuable insights for optimizing CBP management throughout the year. De-
spite these constraints, this study offers meaningful contributions to sustainable manure
management in dairy farming.

5. Conclusions

In our study, both Holstein and Holstein x Gyr cows exhibited similar excretion pat-
terns when housed in a CBP system, with most of their waste deposited in the resting area.
This behavior facilitated composting, leading to a substantial reduction in the amount of
manure requiring treatment—45.03% for feces and 54.18% for urine. The concentration of
waste in the CBP bedding allowed for enhanced nitrogen (N) retention at 46.5% and re-
duction in N loss through volatilization or leaching, which can otherwise occur when un-
treated manure is applied directly to fields.

These findings underscore the CBP system’s effectiveness in managing manure while
minimizing its environmental impact. By decreasing nitrogen emissions and incorporat-
ing organic matter back into the soil, the CBP system not only reduces the overall volume
of farm waste but also contributes to healthier soil and improved biosecurity. The system
offers a sustainable solution for dairy farming, fostering better waste management prac-
tices and environmental stewardship.
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