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Abstract

Butter texture is one of the key quality attributes affecting both technological performance
and consumer perception. Although the effects of milk composition and fatty acid profile
on butter properties have been widely investigated, studies integrating chemical compo-
sition, fatty acid profile, instrumental firmness, and sensory texture characteristics in but-
ter produced from different animal species remain limited. This study evaluated the rela-
tionships among chemical composition, fatty acid profile, instrumental firmness, and sen-
sory texture attributes of butter produced from cow, sheep, and goat milk. Sheep butter
showed the highest total solids and fat contents (86.84 and 85.27 g/100 g), whereas cow
and goat butter contained significantly higher water levels (approximately 17.9 g/100 g; p
<0.05). Cow butter was characterised by higher proportions of long-chain saturated fatty
acids, particularly palmitic acid (32.39%), and the highest monounsaturated fatty acid con-
tent (24.11%). Although instrumental firmness did not differ significantly among butter
types (p > 0.05), cow butter exhibited the highest mean firmness value (6.07 N) and the
highest sensory firmness score. Goat butter contained elevated levels of short- and me-
dium-chain fatty acids, and the highest polyunsaturated fatty acid content (4.83%), which
was associated with lower firmness (3.04 N). Sheep butter exhibited the highest stearic
acid content (11.08%), together with greater spreadability and fatty mouthfeel. Principal
component analysis provided an exploratory overview of the relationships among com-
positional, instrumental, and sensory variables and highlighted potential associations be-
tween fatty acid composition and butter texture characteristics. Under the conditions of
this pilot-scale study, milk origin was associated with distinct compositional and textural
profiles of butter.

Keywords: butter texture; milk fat; fatty acid profile; instrumental firmness; sensory
texture; milk species; principal component analysis
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1. Introduction

Butter is a traditional dairy product defined as a water-in-oil emulsion, in which dis-
persed water droplets are embedded within a continuous fat phase that is partially crys-
tallised [1]. According to Codex Alimentarius standards [2], butter must contain at least
80% milk fat, with a maximum water content of 16%. The physical structure and quality
of butter are determined primarily by the organisation of the milk fat crystal network and
the distribution of the aqueous phase within this matrix [3].

Milk fat is one of the most structurally complex natural lipids, comprising several
hundred individual fatty acids that differ in chain length, degree of saturation, and posi-
tional distribution on the glycerol backbone. Saturated fatty acids (SFA) generally pre-
dominate, accounting for approximately 65-70% of total fatty acids, while monounsatu-
rated (MUFA) and polyunsaturated fatty acids (PUFA) contribute to a lesser extent [4,5].
Differences in fatty acid composition contribute substantially to fat crystallisation behav-
iour, melting characteristics, and the mechanical properties of butter [5,6]. Long-chain sat-
urated fatty acids, particularly palmitic (C16:0) and myristic (C14:0) acids, crystallise at
relatively high temperatures and promote the formation of rigid, interconnected crystal
networks, resulting in increased firmness. In contrast, short- and medium-chain saturated
fatty acids and unsaturated fatty acids lower the melting point of milk fat, disrupt the fat
crystal network structure, and contribute to softer, more spreadable textures [1,7,8]. Con-
sequently, butter texture is not solely a function of total fat content but is the result of the
combined effects of fatty acid chain length distribution, degree of saturation, and fat-wa-
ter organisation within the product matrix.

Although commercial butter production is dominated by cow milk, butter can also
be produced from sheep and goat milk, which exhibit pronounced compositional differ-
ences compared with cow milk. Small ruminant milk is typically characterised by higher
fat content, smaller fat globule size, and a higher proportion of short- and medium-chain
fatty acids, particularly caproic, caprylic, and capric acids [9-11]. These compositional
characteristics result in dairy products with distinct physicochemical and sensory prop-
erties, which have attracted increasing research interest in recent years [10-12]. Previous
studies have investigated the chemical composition, fatty acid profile, instrumental tex-
ture, and sensory properties of butter produced from different milk sources [13-19]. Sev-
eral authors have demonstrated relationships between fatty acid composition and butter
firmness, while others have highlighted the influence of processing conditions and water
distribution on butter texture [16,17]. While some studies have compared butter or cream
from different animal species, most have focused on selected compositional, technologi-
cal, or sensory characteristics rather than providing an integrated assessment of composi-
tion, instrumental texture, and sensory texture attributes. Consequently, the relationships
among milk composition, lipid characteristics, mechanical behaviour, and sensory texture
perception remain insufficiently understood, particularly for butter produced from differ-
ent animal species. Studies directly comparing butter produced from cow, sheep, and goat
milk within a single experimental framework and integrating compositional, instrumen-
tal, and sensory data remain scarce.

Moreover, studies directly comparing cow, sheep, and goat butter within a single
experimental framework are limited. Existing research has primarily focused on compo-
sitional differences or selected quality attributes [18,19], whereas the integrated assess-
ment of chemical composition, fatty acid profile, instrumental texture, and sensory texture
perception remains scarce. Such an approach is important because butter texture is a mul-
tidimensional property resulting from complex interactions among lipid composition,
aqueous phase distribution, and sensory perception.

Multivariate statistical techniques, such as principal component analysis (PCA), offer
an opportunity to explore these relationships simultaneously and to identify the key

https://doi.org/10.3390/app16146992



Appl. Sci. 2026, 16, 6992

3 of 20

variables associated with texture differentiation. However, the application of PCA for the
integrated interpretation of compositional, instrumental, and sensory characteristics of
butter produced from cow, sheep, and goat milk has received limited attention [18,19].

A better understanding of the relationships between milk species—specific composi-
tion governs butter texture is of both scientific and technological relevance. From a scien-
tific perspective, it contributes to elucidating structure—function relationships in milk fat
systems. From an industrial perspective, it offers a basis for differentiating butter products
according to milk origin and tailoring texture attributes to meet consumer preferences.
Butter texture directly influences technological performance during processing, spreada-
bility, and consumer perception and therefore represents a critical quality attribute in the
development of differentiated dairy products [3,8,20,21].

Therefore, this study aimed to examine the relationships among chemical composi-
tion, fatty acid profile, instrumental firmness, and sensory texture attributes of butter pro-
duced from cow, sheep, and goat milk. By integrating compositional analysis, instrumen-
tal measurements, sensory evaluation, and principal component analysis, the study
sought to identify potential compositional factors associated with texture differentiation.
It was hypothesised that differences in fatty acid chain length distribution and degree of
saturation among milk species would be associated with measurable differences in instru-
mental firmness and sensory texture attributes, such as firmness, spreadability, melting
behaviour, and fatty mouthfeel. The findings contribute to a better understanding of the
relationships between butter composition and texture characteristics across different milk
species.

2. Materials and Methods
2.1. Milk Procurement and Butter Production

Bulk cow, sheep, and goat milk were procured from local farms under comparable
production conditions. Cow milk was obtained from Holstein cows, goat milk from Al-
pine goats, and sheep milk from Pramenka sheep. For each milk type, milk was sourced
from a single commercial farm, and the same producer was used throughout the study to
minimise variability associated with farm management practices. Milk collection and but-
ter manufacture were carried out during May 2024 under comparable production condi-
tions. The average composition of the raw milk used for butter production was 3.82% fat,
3.47% protein, and 12.91% total solids for cow milk; 3.06% fat, 3.00% protein, and 11.46%
total solids for goat milk; and sheep milk was characterised by a high protein content
(56.92%) and total solids content (13.54%). Upon arrival, the milk was immediately pro-
cessed. Cream separation was performed at 45 °C using a centrifugal cream separator
(Elecrem 1, Elecrem SAS, Fresnes, France; capacity 125 L h™). Following separation, 7.0 kg
of goat cream, 6.7 kg of cow cream, and 7.8 kg of sheep cream were obtained. The fat
content of the separated cream was determined prior to standardisation and used to cal-
culate the amount of skimmed milk required to achieve a target fat content of approxi-
mately 36%. The cream was subsequently standardised to approximately 36% fat by
blending the separated cream with skimmed milk. Milk was collected during the same
production period to minimise seasonal variability and transported under refrigerated
conditions (<4 °C) to a pilot-scale dairy processing facility for butter production at Depart-
ment of Dairy Science, University of Zagreb Faculty of Agriculture. Upon arrival, the milk
was immediately processed. Cream separation was carried out using a laboratory-scale
centrifugal cream separator. The standardised cream (36% fat, w/w) was used for butter
manufacture to ensure comparable churning conditions among milk types. Information
on herd size, feeding regime, parity, and stage of lactation was not available. Therefore,
although milk was collected under comparable production conditions and within the
same production period, the observed differences cannot be attributed exclusively to milk
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species and may also reflect breed-, farm-, feeding-, or management-related factors. The
standardised cream was pasteurised at 85 °C for 5 min and then cooled to 8 °C. Physical
ripening of the cream was conducted at 8 °C for 18 h to promote partial fat crystallisation
prior to churning. The selected pasteurisation and ripening conditions were applied to
ensure microbiological safety and to promote the development of a suitable fat crystal
structure for butter manufacture. Before churning, the pH of the ripened cream was meas-
ured and averaged 6.70, 6.63, and 6.51 for cow, goat, and sheep cream, respectively. Butter
was produced by batch churning using a laboratory-scale butter churn (Tehla SE, model
FJ10, Skofja Loka, Slovenia). For each milk type, the standardised cream was divided into
three portions and churned separately as independent technological replicates. Churning
was performed at the maximum available speed setting (4/4) and continued for approxi-
mately 45-60 min until visible butter granules formed and buttermilk separation was com-
plete. All butter types were processed under identical churning conditions. The buttermilk
was drained, and the butter grains were repeatedly washed with cold water and ice (8-10
°C) until the wash water appeared clear and free of visible buttermilk residues. Excess
water was removed using a perforated drainage vessel. The butter grains were then man-
ually kneaded with wooden spatulas until no visible water was released and a homoge-
neous butter mass was obtained. Sodium chloride was added at a concentration of 0.1%
(w/w) during kneading. Butter samples were shaped into blocks, wrapped in fat-imper-
meable paper, and stored at 4 °C for 24 h prior to analysis. For each milk type, the corre-
sponding standardised cream was divided into three portions and churned separately in
three independent butter-making processes. These production batches represented inde-
pendent technological replicates (1 = 3 per butter type).

2.2. Chemical Composition Analysis

Butter samples were stored at 4 °C and analysed in triplicate 24 h after production in
the Reference Laboratory for Milk and Dairy Products, Department of Dairy Science, Uni-
versity of Zagreb Faculty of Agriculture. The dry matter content was determined by the
reference method for non-fat solids according to [22]; water content by the reference
method for water, non-fat solids, and fat according to [23]; milk fat by the gravimetric
method according to [24]; protein by the Kjeldahl method, calculating crude protein ac-
cording to [25]; and lactose by a modified enzymatic method using the Enzytec Liquid
Lactose/D-Glucose and Enzytec Liquid D-Glucose kits (R-Biopharm AG, Darmstadt, Ger-
many) [26]. Triplicate analytical determinations were performed for each technological
replicate and averaged before statistical analysis.

2.3. Fatty Acid Composition

Butter fat was first isolated from the butter samples according to HRN EN ISO
17189:2008[24] . The extracted butter fat was subsequently used for fatty acid methyl ester
(FAME) preparation and gas chromatographic analysis. Fatty acid methyl esters (FAMEs)
for the analysis of butter fatty acid composition were prepared in accordance with [27].
The procedure began with the transfer of 100 mg of extracted butter fat into a micro-reac-
tion vessel, followed by dilution with 5 mL of hexane. Subsequently, 0.2 mL of a trans-
esterification reagent, prepared by dissolving 10.8 g of sodium methoxide (NaOCHs) in
100 mL of methanol, was added and the mixture was vortexed. Five minutes after vortex-
ing, 0.5 g of sodium hydrogen sulphate monohydrate (NaHSO: x H20) was added, and
the mixture was re-agitated. The reaction mixture was then transferred to centrifuge tubes
and centrifuged at 350 g for 3 min at room temperature. The upper layer, that is, the clear
supernatant, was collected in a clean vial.

The resulting FAMEs were analysed by gas chromatography in accordance with [28],
using a Shimadzu GC Plus-2010 instrument (Shimadzu Corporation, Kyoto, Japan)
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equipped with a flame ionisation detector (FID) and an InertCap PureWax capillary col-
umn (0.25 mm inner diameter x 30 m; film thickness 0.25 pm; GL Sciences Inc., Tokyo,
Japan). The analytical method used split injection (1:50), an injector temperature of 250 °C,
an FID temperature of 260 °C, a 1 pL injection volume, and helium as the carrier gas at a
flow rate of 30.0 mL/min. Hydrogen and air flow rates to the detector were 40.0 and 400.0
mL/min, respectively. The column temperature programme started at 50 °C (held for 5
min), then increased linearly at 5 °C per minute to 260 °C, where it was maintained for 30
min. Helium was used as the carrier gas. Individual fatty acids were identified by com-
paring retention times with those of authenticated FAME standards. Fatty acids were ex-
pressed as percentages of total identified fatty acids. Saturated fatty acids (SFA), monoun-
saturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) were calculated as
grouped sums. The PUFA/SFA ratio and n-3/n-6 ratio were also calculated. Only the major
identified fatty acids are presented. Consequently, the reported grouped sums of SFA,
MUFA, and PUFA do not necessarily total 100%, as minor fatty acids in the table are not
included in the grouped totals presented. Repeated analytical measurements were aver-
aged within each technological replicate before statistical analysis.

2.4. Instrumental Texture Analysis

To determine the firmness of butter, a texture analyser (TA Plus, Lloyd Instruments,
Bognor Regis, UK) equipped with a 500 N weighing station (model XLC-500-Al) was used
in the laboratory of the Institute for Adriatic Cultures and Karst Reclamation in Split.
Upon delivery to the laboratory, the butter was stored in a refrigerated display case at 10
°C for 24 h. Samples for measurement were taken from the upper side of the butter
throughout its depth using a square-profile drill sharpened at the top. The resulting rec-
tangular samples were further cut into two smaller cube-shaped samples (28 x 28 x 28
mm) using a cutting device with a thin, tensioned steel wire. After cutting and prepara-
tion, the samples were stored in small plastic boxes with lids and returned to the refriger-
ated display case for cooling at 10 °C for the next 24 h, until analysis was performed. Be-
fore instrumental testing, the temperature of the butter samples was checked, and all
measurements were carried out at 10 + 1 °C. For each technological replicate, two cube-
shaped specimens (28 x 28 x 28 mm) were prepared and analysed, resulting in six meas-
urements per butter type. Samples were taken from the upper surface of the butter block
through its full depth according to a standardised sampling procedure. Sampling posi-
tions were not randomised. Samples were positioned with the upper surface facing the
cutting wire, and the cutting test was performed to a depth of 20 mm using a tensioned
steel wire mounted in a rectangular metal frame.

To determine butter firmness, a cutting test was performed using the wire cutter
probe under the following software settings: pre-test trigger force value 0.001 N, tool
movement speed 0.5 mm/s, and tool extension 20 mm. The tool movement, shown as a
curve on the graph, was used to calculate firmness using Nexygen software. The firmness,
expressed in newtons (N), represents the highest force value achieved during the test. For
each technological replicate, repeated cutting measurements were averaged to obtain one
replicate-level value used for statistical analysis.

2.5. Sensory Texture Evaluation

Sensory analysis was conducted under controlled conditions in the Laboratory for
Sensory Analysis of Agricultural and Food Products at the University of Zagreb Faculty
of Agriculture, which is equipped according to ISO 8589:2007 [29] (room conditions: tem-
perature 20-22 °C, relative humidity 50-55%, illumination 4000 K and 500 lux at the work-
bench). Sensory analysis of butter samples was conducted on the third day after produc-
tion using a modified quantitative descriptive analysis (QDA) with six expert evaluators
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(scientific and teaching staff: four women, two men; aged 38-55 years) selected and
trained according to ISO 22935-1:2023 [30]. Prior to the sensory analysis, the research was
approved by the Ethics Committee for Sensory Analysis of Agri-food products of the Uni-
versity of Zagreb Faculty of Agriculture, and assessors offered informed consent at the
start of the evaluation. The panel size was considered sufficient due to the use of trained
assessors, repeated evaluations, and within-panel performance verification. During the
terminology development phase (8 h), the panel agreed to evaluate texture properties
(spreadability, firmness, melting, mouthfeel of fat; see Table 1). After this phase, assessors
were instructed on quantifying the selected terms and on intra-panel calibration to im-
prove consistency and reproducibility using specific descriptive terms for sensory prop-
erties.

Table 1. Sensory texture attributes, definitions, and range.

Attribute Definition and Range

Soreadabilit Perceived ease of spreading the butter over a plain unsalted cracker using three strokes
P y (backward, forward, backward); 0 = not spreadable, 9 = very spreadable
Firmness Force required to deform sample against roof of mouth; 0 = not at all firm, 9 = very firm
. Speed and completeness of dissolution in the mouth or upon contact with saliva in the
Melting
mouth; 0 = slow, 9 = fast

Mouthfeel of fat Perceived fat-related sensation in the mouth, encompassing richness and perceived lu-

bricity from fat content; 0 = no fat perception, 9 = very rich/creamy fat perception

All properties were assessed using Compusense software Version 25.0.21 (Com-
pusense Inc., Guelph, ON, Canada) with a digital questionnaire on a numerical, unipolar
intensity scale from 0 to 9, where 0 indicates “not present/not expressed” and 9 indicates
“strongly present/strongly expressed”.

For the sensory analysis, samples were individually coded with a three-digit code
and served in sensory booths at 20-22 °C after equilibration for 30 min at room tempera-
ture. Butter samples were presented in transparent plastic containers (50 mL), each con-
taining approximately 10 g of butter (dimensions 2 cm x 2 cm x 2 cm). Samples were pre-
sented in random order, with a 5-min break between samples and a 30-min break between
sessions. Assessors used water, bread, plain unsalted crackers, and apples as palate
cleansers. Three sensory evaluation sessions were conducted, each corresponding to one
of the three butter types (cow, sheep, and goat). In each session, assessors evaluated three
technological replicates of the same butter type, along with one repeated sample used for
performance verification. Verification of assessor performance was performed using Big
Sensory Soft software Version 1.0 (Centro Studi Assaggiatori, Brescia, Italy) and included
assessment of repeatability (based on absolute differences between scores assigned to the
same attributes in original and repeated samples), agreement with the panel median
(based on absolute differences between individual assessor scores and the panel median),
and discrimination ability (i.e., the ability to distinguish differences between samples).
According to the software settings, all assessors achieved a performance index higher than
7, while the default threshold for interpreting assessor performance as acceptable was set
at a minimum value of 6 on a 1-10 scale.

2.6. Statistical Analysis

Statistical analysis was conducted using SAS statistical software Release 3.82 [31].
Prior to applying parametric tests, data were examined for normality (Shapiro-Wilk test)
and homogeneity of variance (Levene’s test), confirming that the assumptions for
ANOVA were met. Data were analysed using one-way analysis of variance (ANOVA)
and the PROC GLM procedure with butter type as fixed effect to assess the effect on
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chemical composition, fatty acid profile, and instrumental firmness. The PROC MIXED
procedure with butter type as fixed effect and assessor as random effect was used to assess
the effect on sensory attributes. When significant effects were observed (p < 0.05), differ-
ences between means were evaluated using Tukey HSD post hoc multiple comparison
tests. The technological replicate was considered the experimental unit. Analytical and
technical repeated measurements were averaged within each technological replicate be-
fore statistical analysis.

Results were expressed as means * standard deviation. Multivariate relationships
among variables were explored using the PROC FACTOR procedure for principal com-
ponent analysis (PCA) based on standardised (z-score transformed) data. The correlation
matrix was selected to account for differing measurement units and to normalise variance
across variables. Following extraction, Varimax rotation was applied to the principal com-
ponents to enhance interpretability by maximising the loading variance and promoting
the formation of thematically distinct factor structures. PCA biplot was prepared in Mi-
crosoft Excel (Microsoft Corporation, Redmond, WA, USA). PCA analysis was used as an
exploratory multivariate tool to visualise relationships among chemical composition pa-
rameters, fatty acid profile variables, instrumental firmness, and sensory texture attributes.
Consequently, PCA results should not be interpreted as evidence of sample-level discrim-
ination or statistical separation among butter types. Given the pilot-scale design and lim-
ited number of independent observations, PCA results were interpreted descriptively and
used to support the exploration of patterns and associations among variables rather than
for inferential purposes. The first two principal components were retained for graphical
presentation and exploratory interpretation of relationships among variables and butter

types.

3. Results
3.1. Chemical Composition of Butter

The chemical composition of butter varied significantly according to milk type (Table
2).

Table 2. Chemical composition of butter produced from cow, sheep, and goat milk.

Component Type of Butter
(g/100 g) Cow Sheep Goat
Total solids 82.14+1.05° 86.84 +£0.16 2 82.15+1.27"
Water 17.86 £1.052 13.16 £0.16® 17.85+1.27
Milk fat 79.76 £0.03 ¢ 85.27 £0.06 2 80.88 £0.06 ®
Protein 0.59+0.042 0.48 +£0.04 ab 0.36+0.01"
Lactose 0.48+0.012 0.24+0.00° 0.24+0.00"

Values are mean + SD of three independent technological replicates per butter type. Triplicate ana-
lytical determinations were averaged within each technological replicate before statistical analysis.
abe Different superscript letters within the same row indicate significant differences (p < 0.05); SD—

standard deviation.

Significant differences in chemical composition were observed among the butter
types (Table 2). Sheep butter was characterised by higher total solids and fat contents, and
lower water content, than cow and goat butter (p < 0.05). In contrast, cow and goat butter
had similar water contents, both significantly higher than those in sheep butter.

Cow butter contained higher levels of protein and lactose than goat butter (p < 0.05),
while sheep butter generally showed intermediate values. Overall, the results
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demonstrate distinct compositional profiles among the butter types, particularly regard-
ing the fat-to-water ratio and residual non-fat components.

3.2. Fatty Acid Composition

Significant differences in fatty acid composition were observed among butter types
(Table 3). Saturated fatty acids predominated in all samples; however, their distribution
varied according to milk type.

Table 3. Fatty acid composition (% of total fatty acids) of butter produced from cow, sheep, and goat
milk.

Type of Butter
Cow Sheep Goat
SFA
C4:0 392+0.012 3.95+0.012 3.12+0.02°
Ce6:0 2.29+0.01¢ 2.73+0.01" 3.05+0.014
C8:0 1.35+0.01 ¢ 245+0.02° 3.44+0.002
C10:0 3.15+0.02¢ 7.53£0.07° 11.84+0.04 2
C11:0 0.00 +0.00 0.04 +0.06 0.07 +0.09
C12:0 3.68 £0.01 ¢ 424 +0.04° 5.18+0.02
C13:0 0.13+0.00 0.05+0.07 0.08 +0.00
C14:0 11.93+0.02 2 11.08 +0.10 " 9.90+0.06 ¢
C15:0 1.27 £0.00 2 1.10+£0.00 ® 0.84+0.01¢
C16:0 32.39+£0.012 24.85+0.22¢ 25.83£0.15°
C17:0 0.52 £ 0.00 0.61 +0.00 0.38+0.22
C18:0 8.46+0.00° 11.08 +0.04 2 8.41+0.06"
C20:0 0.16 £0.01 ¢ 044+0.012 0.31+0.02°
Total 69.24 +0.05° 70.14 +0.37® 7243 +0.17 2
MUFA
C14:1 0.94+0.01- 0.22+0.00" 0.08+0.11°
Cl16:1 1.48 £0.08 2 0.86+0.00" 0.55+0.07 <
C18:1n9 21.69+0.00 2 21.19+£0.08 ® 19.44 +0.00 ©
Total 24.11+0.08 2 22.27 £0.08 ® 20.08 £0.18 <
PUFA
C18:2n6 2.32+0.00° 2.25+0.06" 376 +£0.222
C18:3n3 0.42+0.00" 0.87+0.012 0.86+0.012
C20:3n6 0.23+0.03 2 0.00+0.00® 0.00+0.00®
C20:4n6 0.23 +£0.01 0.07 £0.10 0.21 +£0.01
Total 321+0.03° 3.20+0.02° 4.83+0.222
n-3 PUFA 0.42+0.00" 0.87+0.012 0.86+0.012
n-6 PUFA 2.79+0.04° 2.32+0.03° 397+0.21a
PUFA/SFA 0.05+0.00" 0.05+0.00® 0.07+0.00 2
n-3/n-6 0.15+0.00 < 0.38+0.012 0.22+0.01°

Values are mean + SD of three independent technological replicates per butter type. Repeated ana-
lytical determinations were averaged within each technological replicate before statistical analysis.
abe Different superscript letters within the same row indicate significant differences (p < 0.05); SD—
standard deviation; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: poly-

unsaturated fatty acids.

Goat butter was characterised by higher proportions of short- and medium-chain sat-
urated fatty acids, whereas cow butter contained higher levels of long-chain saturated
fatty acids, particularly palmitic acid, and the highest proportion of monounsaturated
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fatty acids. Sheep butter was distinguished by a higher stearic acid content and an inter-
mediate overall fatty acid profile.

Monounsaturated fatty acids were most abundant in cow butter (p < 0.05), largely
due to its higher oleic acid content. In contrast, goat butter had the lowest MUFA propor-
tion but the highest total PUFA content and PUFA/SFA ratio (p < 0.05).

Sheep butter showed the most favourable n-3/n-6 ratio among the samples analysed.
Overall, the results demonstrate that milk type was associated with distinct fatty acid pro-
files differing in chain length distribution and degree of unsaturation.

3.3. Instrumental Firmness

Instrumental firmness values of butter samples, measured by the wire-cutting test,
are presented in Table 4. Mean firmness differed numerically among butter types; how-
ever, these differences were not statistically significant (p > 0.05). Cow butter showed the
highest mean firmness value (6.07 N), whereas sheep and goat butter exhibited similar
values (3.32 and 3.04 N, respectively). Therefore, instrumental firmness differences should
be interpreted as descriptive numerical variation rather than statistically confirmed dif-
ferences among butter types.

Table 4. Instrumental firmness of butter produced from cow, sheep, and goat milk.

. Type of Butter
Trait (N
rait (N) Cow Sheep Goat
Instrumental firmness ! 6.07+1.23 3.32+1.07 3.04+1.76

Values are mean + SD of three independent technological replicates per butter type. Repeated cut-
ting-force measurements were averaged within each technological replicate before statistical analy-
sis. ! Firmness is expressed as maximum cutting force (N); SD—standard deviation; no significant

differences were observed among butter types (p > 0.05).

3.4. Sensory Texture Attributes

Sensory evaluation revealed significant differences among butter types for all evalu-
ated texture attributes (p < 0.05; Table 5). Cow butter was perceived as firmer whereas
sheep butter was characterised by greater spreadability and a fattier mouthfeel. Goat but-
ter showed the highest melting perception and lower firmness scores. These findings in-
dicate that butter produced from different milk types displays distinct sensory texture
profiles, reflecting differences in their compositional characteristics.

Table 5. Sensory texture attributes of butter produced from cow, sheep, and goat milk

. Type of Butter
Sensory Attribute Cow Sheep Goat
Spreadability 742 +0.90 8.25+0.752 7.00 +1.04°
Firmness 3.92+0902 1.67+0.78 " 1.25+0.97°
Melting 7.00+£0.85" 8.08 £0.67 2 8.17+0.832
Mouthfeel of fat 517 +1.03 2 5.58 +0.90 2 3.58+1.24"

Values are mean + SD of three independent technological replicates per butter type, based on
trained-panel evaluations. Sensory scores were analysed using a mixed model with butter type as a
fixed effect and assessor as a random effect. * Different superscript letters within a row indicate
significant differences (p < 0.05); SD—standard deviation; attributes were scored on a structured 9-

point intensity scale.

3.5. Principal Component Analysis (PCA)
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Principal component analysis (Figure 1) was applied to the dataset comprising chem-
ical composition parameters (total solids, water, fat, protein, lactose), fatty acid profile
variables (individual fatty acids and fatty acid groups), instrumental firmness, and sen-
sory texture attributes to explore multivariate relationships and identify patterns among
butter samples from different milk types.

1.5
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Figure 1. Principal component analysis (PCA) biplot of butter samples produced from cow, sheep,
and goat milk. Points represent individual technological replicates (1 = 3 per butter type), differen-
tiated according to milk origin. Circles indicate butter samples (green = cow, blue = sheep, red =
goat). Purple triangles represent sensory texture attributes, orange triangles represent fatty acid var-
iables, yellow triangles represent chemical composition variables, and grey squares represent in-
strumental firmness. PC1 and PC2 explain 55.17% and 31.79% of the total variance, respectively.

The first two principal components (PC1 and PC2) explained 55.17% and 31.79% of
the total variance, respectively, accounting together for 86.96% of the total variability.
These two components were therefore retained for graphical presentation and exploratory
interpretation. The PCA biplot provided an overview of the relationships among compo-
sitional, instrumental, and sensory variables, and enabled visual assessment of the distri-
bution of cow, sheep, and goat butter samples in the multivariate space. The observed
separation indicates that the combined set of compositional and textural variables may
contribute to differentiation among butter types.

PC1 was mainly associated with fatty acid chain length and degree of saturation.
Positive loadings on PC1 were observed for short- and medium-chain saturated fatty acids
(Ce6:0, C8:0, C10:0, C11:0, and C12:0), total PUFA and n-3 and n-6 PUFA. In contrast, long-
chain saturated fatty acids, including myristic (C14:0), pentadecanoic (C15:0), and palmitic
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acid (C16:0), as well as MUFA such as myristoleic (C14:1), palmitoleic (C16:1), and oleic
acid (C18:1n9) exhibited negative loadings on PC1. Protein and lactose contents, instru-
mental firmness, and sensory firmness also demonstrated negative loadings on PC1.

PC2 appeared to be associated with variables describing the distribution between the
fat and aqueous phases and selected sensory attributes. Positive loadings on PC2 were
observed for milk fat content, total solids, spreadability, the n-3/n-6 ratio, and stearic acid
(C18:0). Negative loadings on PC2 were primarily related to water content, and arachi-
donic acid (C20:4n6). Melting was located in the positive region of both PC1 and PC2,
whereas firmness-related variables were positioned mainly in the negative region of PC1
and PC2.

The positioning of butter types in the PCA space suggested associations between the
measured variables and the observed compositional and textural characteristics. Goat but-
ter samples were positioned in the positive region of PC1, reflecting their association with
higher proportions of short- and medium-chain fatty acids, higher PUFA content, and
higher PUFA/SFA ratio. Their position opposite to mouthfeel of fat suggests that these
samples were not primarily characterised by this sensory attribute in the present PCA
projection. Cow butter samples were located in the negative region of PC1 and were asso-
ciated with higher proportions of long-chain saturated and monounsaturated fatty acids,
higher instrumental and sensory firmness, and increased protein and lactose contents.
Their position opposite to melting suggests a negative association with this sensory attrib-
ute, indicating that cow butter samples were more closely related to firmness than to melt-
ing behaviour in the PCA space. Sheep butter samples were positioned along positive re-
gion of PC2, corresponding to their higher fat and total solids contents, higher spreada-
bility, and higher n-3/n-6 ratio. This position indicates that sheep butter was differentiated
primarily by variables related to the fat-rich phase and spreadability rather than by firm-
ness-related traits.

Overall, the PCA supported the exploratory interpretation of relationships among
compositional, instrumental, and sensory variables across the butter types included in this
study. However, because of the limited number of replicates, the PCA results should be
interpreted cautiously and used primarily as a descriptive multivariate overview rather
than as confirmatory evidence of group separation.

4. Discussion
4.1. Chemical Composition of Butter in Relation to Milk Type

The chemical composition of butter varied markedly among cow, sheep, and goat
samples, demonstrating that milk type significantly influences both the fat and non-fat
fractions of the final product. These compositional differences are particularly relevant
because the chemical matrix of butter determines its structural organisation and under-
pins its subsequent textural and sensory properties.

Sheep butter had the highest total solids (86.84 g/100 g) and fat content (85.27 g/100
g), both significantly higher than in cow (82.14 and 79.76 g/100 g, respectively) and goat
butter (82.15 and 80.88 g/100 g, respectively). These values are consistent with the higher
fat content and species-specific compositional characteristics of sheep milk compared with
cow and goat milk [10-12]. From a technological perspective, a higher fat fraction in-
creases the volume of the continuous fat phase in butter, affecting matrix compactness and
the distribution of the aqueous phase. In contrast, cow and goat butter had significantly
higher water contents (17.86 and 17.85 g/100 g, respectively) than sheep butter (13.16 g/100
g). Although the water content of cow and goat butter slightly exceeded the maximum
value specified by the Codex Alimentarius standard for butter, and the fat content of cow
butter was marginally below the minimum requirement, all products were manufactured
under identical pilot-scale conditions to ensure comparability among milk types.
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Therefore, the samples should be considered experimental pilot-scale butter products ra-
ther than commercially standardised butter. These compositional deviations may be re-
lated to the small-scale production process, particularly manual kneading, as well as dif-
ferences in water distribution within the butter matrix. Nevertheless, slight deviations
from regulatory limits are not uncommon in laboratory- or pilot-scale butter production,
where manual kneading and small-batch processing influence aqueous phase distribution
[15,17].

Despite its higher water content, cow butter had the lowest fat proportion, indicating
a distinct compositional balance compared with sheep butter. This profile is typical for
cow butter and reflects both species-specific milk composition and differences in fat glob-
ule characteristics among milk types [32] (Dias et al., 2022). Goat butter, although exhibit-
ing water content comparable to cow butter, showed a higher fat content (80.88 g/100 g),
suggesting differences in the distribution of fat and aqueous components among butter
types.

Although present at low absolute levels, protein and lactose contents differed signif-
icantly among butter types and may reflect differences in the distribution of non-fat com-
ponents within the butter matrix. Cow butter contained the highest protein (0.59 g/100 g)
and lactose (0.48 g/100 g) contents, whereas sheep and goat butter showed lower values.
These results indicate differences in residual protein and lactose contents among butter
types [3,33]. However, the mechanisms underlying these differences were not investi-
gated in the present study. Even at low concentrations, residual protein and lactose may
influence the properties of the aqueous phase and its interaction with the surrounding fat
matrix, as reported in previous studies.

The comparatively low protein and lactose contents in sheep and goat butter suggest
differences in the distribution of non-fat components among butter types. This is con-
sistent with previous studies reporting lower serum component retention in butter pro-
duced from small ruminant milk [10,34]. Such differences may be relevant because the
composition of the dispersed phase has been reported to influence microstructural char-
acteristics, stability, and homogeneity during storage.

Collectively, these results indicate that butter derived from different milk types ex-
hibits distinct compositional matrices characterised by varying fat-to-water ratios and dis-
tribution of non-fat components. These differences provide a basis for understanding the
observed variation in instrumental firmness, sensory texture, and multivariate relation-
ships among compositional and textural variables. Overall, butter texture and quality are
governed by the combined effects of fat content, water distribution, and residual non-fat
components, which together define the physicochemical framework of the product.

4.2. Fatty Acid Composition of Butter in Relation to Milk Type

The fatty acid composition of butter varied significantly among cow, sheep, and goat
samples, confirming that milk origin is a major determinant of lipid profile and, conse-
quently, butter functionality. Although saturated fatty acids predominated in all samples,
the relative proportions of fatty acids, chain length distribution, and degree of unsatura-
tion varied significantly, resulting in distinct fatty acid profiles for each butter type.

Saturated fatty acids (SFA) accounted for the largest proportion of total fatty acids in
all butter samples, ranging from 69.24% in cow butter to 72.43% in goat butter. The signif-
icantly higher SFA content in goat butter reflects the characteristic enrichment of small
ruminant milk fat in short- and medium-chain saturated fatty acids [9,10]. In particular,
goat butter demonstrated markedly higher proportions of capric acid (C10:0), caprylic
acid (C8:0), and caproic acid (C6:0) compared with cow butter, in which C10:0 accounted
for only 3.15% of total fatty acids. This shift towards shorter-chain SFA represents a key
compositional difference with direct implications for butter structure and functionality. In
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contrast, cow butter was characterised by a higher proportion of long-chain saturated fatty
acids, particularly palmitic acid (C16:0, 32.39%) and myristic acid (C14:0, 11.93%), with
values significantly higher than those in sheep and goat butter. These findings are con-
sistent with previous reports describing cow milk fat as rich in long-chain SFA relative to
small ruminant milk fat [4,14]. The predominance of long-chain SFA in cow butter may
contribute to greater thermal stability and structural coherence of the lipid matrix, as sug-
gested by previous studies.

Sheep butter exhibited an SFA profile characterised by elevated (p < 0.05) stearic acid
(C18:0) content (11.08%) compared with cow (8.46%) and goat butter (8.41%). This higher
C18:0 level has been consistently reported for sheep milk fat and reflects species-specific
differences in rumen biohydrogenation and mammary lipid synthesis [5,35]. Although
stearic acid is a long-chain saturated fatty acid, its physicochemical behaviour differs from
that of palmitic acid, contributing to compositional and functional distinctions between
sheep and cow butter.

Monounsaturated fatty acids (MUFA) also differed significantly among butter types
and represented the second most abundant fatty acid group. Cow butter exhibited the
highest total MUFA content (24.11%), followed by sheep (22.27%) and goat butter
(20.08%). Oleic acid (C18:1n9) predominated in all samples, with a significantly higher
proportion in cow butter (21.69%) than in goat butter (19.44%). Higher MUFA levels in
cow butter are consistent with previous findings and are associated with greater milk fat
plasticity and a broader melting range [36,37].

The lower MUFA content in goat butter further emphasises the compositional con-
trast with cow butter, reflecting the dominance of short- and medium-chain SFA. Sheep
butter exhibited intermediate MUFA values, indicating a distinct fatty acid profile that
differentiates it from both cow and goat butter. Recent studies have demonstrated a strong
association between fatty acid composition and butter texture. Butter firmness is influ-
enced by the overall fatty acid and triacylglycerol composition, which determine solid fat
content and fat crystal network formation [38]. Similarly, changes in the proportions of
saturated and monounsaturated fatty acids, driven by dairy production systems, have
been shown to result in measurable differences in butter firmness and melting behaviour
[39]. In the present study, the higher firmness of cow butter is therefore more appropri-
ately interpreted as the result of its overall lipid composition rather than the effect of in-
dividual fatty acids alone. These findings support the importance of the combined fatty
acid profile as a determinant of butter texture.

Polyunsaturated fatty acids (PUFA), although present at lower absolute levels than
SFA and MUFA, differed significantly among butter types and contributed to their nutri-
tional and functional differentiation. Goat butter showed the highest total PUFA content
(4.83%), significantly higher than that in cow (3.21%) and sheep butter (3.20%). The differ-
ence was primarily driven by higher linoleic acid (C18:2n6) levels, consistent with previ-
ous findings for goat milk fat [9,19].

Sheep butter was characterised by the highest a-linolenic acid (C18:3n3) content
(0.87%) and the most favourable n-3/n-6 ratio (0.38), compared with goat (0.22) and cow
butter (0.15). From a compositional perspective, this ratio is noteworthy, as the n-3/n-6
ratio is commonly used as a descriptor of fatty acid profile quality in dairy fat studies [40].
This feature reflects species-specific feeding behaviour and lipid metabolism [5,37].

Although PUFA represented a minor fraction of total fatty acids, differences in their
composition and ratios further emphasise the distinct lipid profiles of butter derived from
different milk types. Recent studies indicate that even small variations in PUFA composi-
tion and n-3/n-6 ratio can influence the nutritional and sensory properties of dairy prod-
ucts. Products with different n-3/n-6 ratios may exhibit distinct compositional and sensory
characteristics [41]. In this context, the favourable n-3/n-6 ratio observed in sheep butter
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in the present study further differentiates it from cow and goat butter at the compositional
level (Tables 2 and 3).

Collectively, the results indicate that butter derived from cow, sheep, and goat milk
differs substantially in fatty acid composition. Each butter type is characterised by a spe-
cific distribution of saturated and unsaturated fatty acids, reflecting differences in chain
length and degree of unsaturation. These compositional differences provide a basis for
interpreting the observed variation in instrumental firmness, sensory texture, and multi-
variate behaviour between butters. Overall, butter functionality and quality are deter-
mined by species-specific fatty acid profiles, highlighting the role of milk origin in butter
characterisation and product differentiation.

4.3. Instrumental Texture (Firmness) of Butter in Relation to Milk Type

Mean instrumental firmness values differed numerically among butter types, but
these were not statistically significant (p > 0.05; Table 4). Cow butter had a mean firmness
value of 6.07 N, nearly twice that of sheep (3.32 N) and goat butter (3.04 N). The magnitude
of these differences across the production batches suggests a potentially relevant techno-
logical effect that warrants further investigation. In complex food matrices such as butter,
variability in water distribution and fat crystal heterogeneity can increase within-group
variance and mask statistically significant differences, particularly in small sample sets.
Similar firmness ranges have been reported for butter produced under different pro-
cessing and storage conditions [15,42]. Firmness values between 4 and 7 N have been ob-
served for cow butter produced under different feeding regimes, confirming that the val-
ues obtained in the present study fall within a realistic and technologically relevant range
[38].

Although differences in instrumental firmness were not statistically significant (p >
0.05), cow butter exhibited the highest mean firmness value. This tendency may be related
to its compositional profile, characterised by higher proportions of long-chain saturated
fatty acids, particularly palmitic acid. However, because direct measurements of solid fat
content, triacylglycerol composition, melting behaviour, and microstructure were not per-
formed, this interpretation should be regarded as a plausible association rather than a
demonstrated mechanism. Further studies with a larger number of independent produc-
tion batches and direct structural analyses are required to confirm the factors underlying
instrumental firmness differences among butter types. Previous studies have shown that
butter firmness is more strongly influenced by fatty acid chain length distribution and
crystallisation behaviour than by total fat content alone [3,8,14]. In this context, the ob-
served instrumental firmness values fall within the range reported for cow butter pro-
duced under comparable conditions [15,36].

Sheep and goat butter exhibited lower mean firmness values than cow butter; how-
ever, these differences were not statistically confirmed under the experimental conditions
applied in this study. Sheep butter, despite its high fat content (85.27 g/100 g), showed
intermediate firmness, consistent with its elevated stearic acid content (11.08%) and lower
palmitic acid proportion compared with cow butter. Stearic acid has been reported to con-
tribute differently to fat crystal network formation than palmitic acid, which may be as-
sociated with softer mechanical behaviour under comparable conditions [3,7].

Goat butter exhibited the lowest instrumental firmness, corresponding to its enrich-
ment in short- and medium-chain saturated fatty acids, particularly capric acid (11.84%).
Milk fats rich in shorter-chain fatty acids have been reported to form less rigid crystal
networks and to exhibit reduced resistance to deformation [7,9]. The lower firmness of
goat butter observed in this study is consistent with values reported for goat milk butter
and spreads, supporting the consistency of this observation with previous reports [10,19].
Cow and goat butter also had higher water contents (approximately 17.9 g/100 g) than
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sheep butter (13.16 g/100 g). Although increased water content has been associated with
reduced firmness due to disruption of the continuity of the fat crystal network [16,17],
total moisture content alone cannot fully explain butter texture. Previous studies have
shown that butter texture depends not only on the amount of water present, but also on
the size, distribution, and spatial organisation of water droplets within the continuous fat
phase, together with the organisation of the fat crystal network [7,17]. These structural
characteristics influence the mechanical behaviour of butter and may account for differ-
ences in firmness even among samples with similar moisture contents. This may explain
why cow butter exhibited the highest firmness despite its relatively high moisture content,
suggesting that the influence of fatty acid composition and fat crystal organisation out-
weighed the effect of total water content under the conditions of the present study. Since
neither butter microstructure nor water activity was evaluated, this interpretation rests on
compositional evidence and previously published studies rather than direct structural
measurements.

Collectively, the results suggest that butter firmness may be associated with milk
type and lipid composition, although further studies with a larger number of independent
production batches are required to confirm these relationships.

4.4. Sensory Texture Attributes of Butter in Relation to Milk Type

Sensory texture analysis revealed statistically significant differences among butter
types for all evaluated attributes (p < 0.05), confirming that milk origin influences texture
perception (Table 5). Sensory evaluation complements instrumental measurements by
capturing attributes related to oral processing and perception.

Cow butter was perceived as the firmest sample (sensory firmness score 3.92), signif-
icantly higher than sheep (1.67) and goat butter (1.25). This perception corresponds to the
instrumental firmness values, indicating that differences in mechanical resistance are re-
flected in sensory evaluation. Previous studies have shown that sensory firmness is asso-
ciated with resistance to deformation and fracture, particularly in semi-solid fat-based
systems [43,44].

Sheep butter exhibited the highest spreadability (8.25) and fatty mouthfeel (5.58), in-
dicating a soft texture characterised by high spreadability. These attributes are consistent
with its higher fat content and specific fatty acid composition, which favour deformation
and lubrication rather than structural rigidity [13,45]. Similar sensory characteristics have
been reported for high-fat dairy products and small ruminant milk products [10,11].

Goat butter exhibited the highest melting perception (8.17), significantly higher than
that of cow butter (7.00). This could be associated with higher proportions of short- and
medium-chain fatty acids and increased polyunsaturated fatty acid content of goat milk
[7,46]. Furthermore, previous studies have reported associations between fatty acid com-
position and melting characteristics of butter [38]. The higher melting perception observed
in goat butter in the present study is consistent with these reports; however, the underly-
ing mechanisms were not directly investigated.

Collectively, the sensory results indicate that each butter type exhibits a distinct sen-
sory texture profile: cow butter is characterised by higher firmness, sheep butter by higher
spreadability and fatty mouthfeel, and goat butter by higher melting perception and lower
firmness. These differences suggest that milk type contributes to variation in butter texture
perception.

4.5. Integrated Interpretation of Butter Properties Based on PCA

Principal component analysis (PCA) enabled integrated interpretation of relation-
ships among chemical composition, fatty acid profile, instrumental firmness, and sensory
texture attributes of butter produced from different milk types. As PCA was performed
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on limited number of replicates (n = 3 per butter type), the results should be interpreted
as an exploratory multivariate representation that complements univariate analyses, ra-
ther than as a basis for inferential statistical conclusions.

The positioning of cow, sheep, and goat butter samples in the PCA space suggests
that milk origin may contribute to differences in butter composition and texture. The sep-
aration was primarily driven by the first principal component (PC1), which reflected var-
iation in fatty acid chain length, degree of saturation, and firmness-related attributes. Goat
butter was positioned in the positive region of PC1, associated with higher proportions of
short- and medium-chain fatty acids (e.g., capric acid, 11.84%), higher polyunsaturated
fatty acid content, and higher melting perception scores. This positioning is consistent
with a compositional profile characterised by lower firmness and enhanced melting be-
haviour. Cow butter samples were located in the negative region of PC1, corresponding
to higher proportions of long-chain saturated fatty acids (e.g., palmitic acid at 32.39%),
higher monounsaturated fatty acid content, and higher instrumental (6.07 N) and sensory
firmness values. It should be noted that differences in instrumental firmness were not sta-
tistically significant in the univariate analysis. The proximity of instrumental and sensory
firmness variables in the PCA space indicates agreement between these measurements.

Sheep butter samples were primarily differentiated along the second principal com-
ponent (PC2), associated with total fat content, spreadability, and the n-3/n-6 fatty acid
ratio. Their positioning reflects higher fat content (85.27 g/100 g), lower water content
(13.16 g/100 g), elevated stearic acid levels, and higher sensory scores for spreadability.
This pattern suggests that sheep butter exhibits a distinct compositional-textural profile
relative to cow and goat butter. The PCA results suggest that butter properties may be
associated with the combined influence of fatty acid composition, fat-to-water ratio, and
residual non-fat components. This interpretation is consistent with established models de-
scribing butter as a structurally complex system in which lipid composition and micro-
structural organisation have been reported to influence mechanical and sensory behav-
iour [3,8,18]. Previous studies have also shown that multivariate approaches can effec-
tively capture the combined influence of compositional and texture-related variables in
butter systems [18,19]. The alignment between univariate results (chemical composition,
fatty acid profile, instrumental firmness, and sensory attributes) and PCA patterns sup-
ports internal consistency of the dataset, as variables identified in individual analyses con-
tributed to sample differentiation.

The PCA further suggests that differences in butter texture among milk types may be
associated with distinct compositional patterns. Cow butter is linked to higher firmness
and long-chain fatty acids, sheep butter to higher fat content and spreadability-related
attributes, and goat butter with short- and medium-chain fatty acids and increased melt-
ing perception. The PCA further suggests that differences in butter texture among milk
types may be linked to distinct compositional patterns. Cow butter was associated with
greater firmness and long-chain fatty acids, sheep butter with higher fat content and
spreadability-related attributes, and goat butter with short- and medium-chain fatty acids
and increased melting perception. These exploratory associations warrant further inves-
tigation using larger datasets, multiple production batches, and industrial-scale pro-
cessing conditions to confirm their technological relevance.

Collectively, the PCA results suggest that butter texture and sensory perception may
be associated with the combined effects of compositional and structural factors that vary
among the butter types examined in this study. These findings demonstrate the usefulness
of multivariate analysis for the integrated evaluation of butter characteristics and provide
a basis for future studies on product differentiation among butter types.

4.6. Study Limitations
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This study integrates chemical composition, fatty acid profile, instrumental, and sen-
sory analyses to provide a comprehensive evaluation of butter quality. Nevertheless, sev-
eral limitations should be acknowledged. Butter samples were produced under pilot-scale
conditions during a single production period, which may limit the generalisability of the
findings to industrial-scale processing and seasonal variability. In addition, the water con-
tent of cow and goat butter exceeded the maximum value specified by the Codex Alimen-
tarius standard. Furthermore, the fat content of cow butter (79.76 g/100 g) was slightly
below the minimum requirement of 80%, most likely due to its elevated moisture content.
Therefore, the results should be interpreted within the context of experimentally pro-
duced butter samples rather than commercially standardised products. These deviations
are likely related to pilot-scale production and manual kneading procedures and should
be considered when extrapolating the results to commercial butter manufacture. Future
studies should evaluate the use of automated kneading and moisture standardisation pro-
cedures to improve compliance with industrial specifications.

Furthermore, the analytical measurements were performed at different time points
after butter manufacture. Although all butter types were stored under identical conditions
and analysed according to the same schedule, the potential influence of storage-related
fat crystallisation on texture measurements cannot be completely excluded. In addition,
milk from each species originated from a single farm; therefore, the observed differences
may also reflect breed-, feeding-, and farm-management-related factors rather than milk
species alone. Although repeated analytical and technical measurements were averaged
within technological replicates, the number of independent technological replicates re-
mained limited. Finally, microstructural characterisation (e.g., polarised light microscopy
or confocal laser scanning microscopy) and direct measurements of solid fat content were
not performed. Consequently, interpretations regarding fat crystal network organisation
are based on compositional data and previous literature rather than direct structural ob-
servations. Furthermore, PCA was performed on limited number of replicates and was
intended solely as an exploratory tool for visualising relationships among variables. Con-
sequently, PCA results should not be interpreted as evidence of sample-level discrimina-
tion or statistical separation among butter types. The trained sensory panel comprised six
assessors. Although panel performance and repeatability were verified, a larger panel
would improve the generalisability of the sensory results. Instrumental firmness differ-
ences, while quantitatively substantial, did not reach statistical significance under the ap-
plied experimental design. Future studies involving a larger number of independent pro-
duction batches may provide greater resolution of potential differences in mechanical be-
haviour between butter types. Despite these limitations, the consistency observed across
compositional, instrumental, sensory, and multivariate analyses supports the interpreta-
tion of the results. Further studies incorporating microstructural analysis and expanded
sensory panels would provide a more detailed understanding of the relationships be-
tween fatty acid composition, fat crystal network organisation, and butter texture.

5. Conclusions

Butter produced from different milk species exhibited distinct compositional and
sensory texture profiles that were associated with differences in fatty acid chain length
distribution and degree of saturation. Cow butter showed the highest mean instrumental
and sensory firmness values, although differences in instrumental firmness were not sta-
tistically significant. Principal component analysis provided an exploratory overview of
the relationships among compositional, instrumental, and sensory variables, and helped
to visualise patterns observed among butter types. These findings suggest that milk spe-
cies may contribute to differences in butter texture and sensory properties; however, the
results should be interpreted within the context of the pilot-scale design, single
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production period, limited sensory panel size, and absence of direct microstructural char-
acterisation. The present findings suggest that milk species may be associated with differ-
ences in butter texture and sensory characteristics. Further studies involving multiple pro-
duction periods, larger sample sets, direct microstructural analyses, and industrial-scale
manufacturing conditions are required before broader technological recommendations
can be made.
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