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Abstract: The olive oil agro-industry generates large quantities of by-products, such as olive
cake (OC), whose sustainable valorisation in animal feed can contribute to the principles
of circular economy, waste reduction, and resource efficiency. This study evaluated the
effects of incorporating OC into the diets of growing Bisaro pigs, focusing on productive
parameters and the apparent total tract digestibility (ATTD). Two trials were carried out.
In the first trial, 25 pigs were fed five diets containing 0, 5, 10, 15, and 20% exhausted OC
(EOCQ) for 15 days. The results showed a linear decrease in ATTD with increasing EOC
levels (p < 0.001), but the increased feed intake compensated for the reduced digestibility,
and growth performance was maintained. The initial and final live weight (LW), average
daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR) were
not affected (p > 0.05). In the second trial, 40 pigs were fed five diets for 82 days: a
control diet and four diets incorporating 10% crude OC, 10% two-phase OC, 10% EOC,
and 10% EOC with 1% olive oil. No significant differences were observed in final weight,
ADG, ADH], FCR, or the digestibility of DM, OM, CP, CF, and NDF. The results suggest
incorporating moderate levels of OC into Bisaro pig diets could be a viable strategy for
valorising by-products, reducing agro-industrial waste and increasing sustainability in
animal production. In addition, the inclusion of OC had no negative impact on animal
performance, highlighting the potential of OC as a sustainable ingredient for animal feed,
which aligns with the objectives of the circular economy and sustainable livestock farming
practices.
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olive by-products; waste recycling; sustainable farming; animal feed;

1. Introduction

The olive oil industry generates large volumes of waste, which, if not properly man-
aged, can negatively impact soils, aquatic ecosystems, and the atmosphere [1]. The val-
orisation of these by-products as alternative feed ingredients aligns with the principles of
the circular economy, promoting a more sustainable agri-food system, conserving natural
resources, and reducing the environmental footprint of livestock production [2,3].
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The olive oil sector is fundamental to the Mediterranean economy and culture. Europe
dedicates approximately 5,028,159 hectares to olive tree cultivation, primarily in southern
regions, accounting for 75% of global olive oil production [4]. In Portugal, the Tras-os-
Montes and Alto Douro regions are particularly notable for olive oil production, hosting
23% of the country’s olive oil mills in 2023 (National Statistics Institute).

During extraction, 100 kg of olives generates approximately 35 kg of solid waste
(including olive pulp, skin, and pits) and 100 litres of liquid waste, highlighting the need
for efficient waste management strategies. The composition of the solid fraction of olive
cake (OC) varies depending on the extraction method but possesses significant nutritional
potential [5]. Its fat content ranges from 5% to 15% on a dry matter basis, with oleic
acid as the predominant fatty acid, followed by palmitic, linoleic, and stearic acids. The
compounds can enhance the nutritional profile of animal products when incorporated
into livestock diets [6-9]. Additionally, OC contains 5% to 7% crude protein, 10% to 17%
ash [6,10,11], and up to 62% dietary fibre, which may limit digestibility and its use in
animal nutrition [12].

Olive oil is typically produced using three extraction methods: the traditional pressing
process, the three-phase centrifugal extraction system, and the two-phase system, gener-
ating crude OC (COC), three-phase OC, and two-phase OC (TPOC), respectively [13,14].
The two-phase system is considered an “eco-friendly” option due to its lower water con-
sumption. This method yields two final products: a solid fraction comprising moist olive
skin and wet pomace and a liquid fraction of olive oil [15,16]. Additionally, some mills
dehydrate OC and extract the remaining residual oil (approximately 2% by weight) using
solvents. This industrial process produces exhausted OC (EOC) with approximately 10%
residual moisture [17-19].

Olive cake is rich in bioactive compounds, including polyphenols, anthocyanins, tan-
nins, flavonoids, and dietary fibres (such as pectin), reinforcing its potential as a functional
feed ingredient [15]. Research has explored its application in livestock feed, focusing on its
nutritional and functional effects [20]. For instance, the high oleic acid content in OC has
been shown to enhance the quality of animal-derived products [21]. Although research on
the inclusion of olive by-products in pig diets remains limited, several studies have explored
their use in other livestock species, such as ruminants [22], poultry [23], and rabbits [24],
demonstrating potential benefits in terms of nutritional value and product quality.

The Bisaro pig, a Portuguese autochthonous breed, has gained increasing interest
in traditional farming systems over the past three decades. Despite its slower growth
rate, this breed is traditionally valued for producing high-quality, premium products,
often associated with Protected Designation of Origin (PDO) and Protected Geographical
Indication (PGI) status [25,26].

In this context, incorporating olive oil by-products into pig diets represents a promising
strategy to reduce feed costs, optimise resource utilisation, and mitigate environmental
impact, contributing to a more efficient and sustainable livestock production system. To
address this issue, this study was structured into two complementary trials. The first trial
aimed to evaluate the acceptability of EOC in pig diets, and the second trial assessed the
impact of including different types of OC (COC, EOC without and with 1% olive oil, and
TPOC) in the diets.

2. Materials and Methods

This study was conducted at the Unidade Experimental de Suinicultura, University of
Tras-os-Montes and Alto Douro (UTAD BioLab Sus) in Vila Real, Portugal. All procedures
involving animals complied with Portuguese legislation on animal welfare in experimental
research (Decree-Law No. 1/2019, 10 January 2019) and the European Parliament and
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Council Directive 2010/63/EU of 22 September 2010. The study protocol (2253-e-DZ-2022)
was approved by the Animal Welfare Body (ORBEA) of the UTAD.

2.1. Experimental Design, Animals, and Diets

The diets were prepared in a commercial compound feed manufacturing unit using
hammermills and horizontal mixers and were distributed in meal form. In including olive
cake (OCQ), the dilution effect of nutrients in the control diets to which the cake was added
was considered.

In the first trial, a 15-day experimental period was used to assess the acceptance of
the OC. The selected OC was exhausted (EOC) and incorporated into the control diet
(EOCO) at increasing levels of 5%, 10%, 15%, and 20% (EOC5, EOC10, EOC15, and EOC20,
respectively). A total of 25 Bisaro pigs (10 castrated males and 15 females, 1-year-old,
108.3 £ 8.8 kg BW, in the finishing stage) were used in the experiment. The animals
were allocated to the experimental groups while ensuring that each group contained three
females and two castrated males with a similar average body weight. To achieve this, the
animals were first categorised by sex and body weight, followed by random allocation
to the different experimental treatments. This approach ensured a balanced distribution
across treatments, minimising variability related to sex and body weight differences. The
first six days were dedicated to adapting the animals to the facilities and diets. EOC was
selected to investigate the possibility of using OC in pig diets due to its ease of transport,
better preservation potential, and longer shelf-life. Four additional diets were prepared
based on the control diet.

The second experimental trial lasted 12 weeks, and the animals were provided with
five treatments: control diet (CD), control diet + 10% crude OC (COC), control diet + 10%
two-phase OC (TPOC), control diet + 10% EOC (EOC), and control diet + 10% EOC + 1%
olive oil (EOC-OO0). A total of 40 Bisaro pigs (20 castrated males and 20 females, 1 year
old) were used, with an initial body weight of 103.0 £ 3.476 kg. The pigs were housed
in pairs, resulting in eight repetitions per treatment for live weight assessment and four
repetitions per treatment for feed intake, with each pair of pigs representing one repetition.
An eight-day acclimatisation period was conducted to allow the animals to adjust to the
facilities and diets. As in the first trial, EOC was chosen for its transportability, preservation
potential, and more extended availability. Four additional diets were also prepared from
the control diet.

2.2. Performances

Weighing in trial 1 was conducted at the beginning (D1), after the adaptation period
(D6), and at the end of the experiment (D15), allowing for the calculation of average daily
gain (ADG). Average daily feed intake (ADFI) was monitored based on the feed offered
and rejected. Using these variables, the feed conversion ratio (FCR) was determined.

Similarly, in trial 2, pigs’ live weight and feed consumption were recorded to calculate
performance parameters, including ADG, ADFI, and FCR.

2.3. Bromatological Analysis

This study’s diet and OC samples were dried in a forced-air oven at 50 °C. After
drying, they were ground using a 1 mm sieve to ensure uniformity before conducting
chemical analysis.

Dry matter (No. 934.01), organic matter (No. 942.05), crude fat (No. 920.39), and
total nitrogen (N) were analysed following the methods outlined by the Association of
Official Analytical Chemists (AOAC) [27], with total nitrogen determined using the Kjeldahl
method (No. 954.01) [28]. Crude protein content was estimated by multiplying the nitrogen
content by a conversion factor 6.25. Fibre fractions, including neutral detergent fibre,
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acid detergent fibre, and acid detergent lignin, were assessed according to the protocol
developed by Robertson and Van Soest [29].

The metabolizable energy (ME) of the diets was predicted using the equation proposed
by J. Noblet and J. M. Pérez [30], given by the following:

ME = 4334 — 8.1 x Ash +4.1 x CF — 3.7 x NDF

ME was calculated in MJ/kg dry matter (DM), and the coefficients reflect the contri-
bution of different dietary components, namely, ash, crude fat (CF), and neutral detergent
fibre (NDF).

2.4. Fatty Acid Analysis

To determine the fatty acid composition of the experimental diets, gas chromatography
was employed following the Folch extraction method. The analysis of fatty acid methyl
esters (FAMEs) was conducted using an Agilent Technologies GC-Agilent 6890 N gas
chromatograph (Madrid, Spain), equipped with a flame ionisation detector and an HP 7683
automatic sample injector. The results were expressed as the percentage of total fatty acids,
categorising them into saturated (SFAs), monounsaturated (MUFAs), and polyunsaturated
(PUFAs) fatty acids. The procedure was carried out in accordance with ISO 12966-2:2022
guidelines [11,31].

2.5. Phosphorus and Phytic Acid Content

The determination of phytic acid and phosphorus content in the sample diets was
performed using the Megazyme commercial kit (K-PHYT, Bray, Ireland), following the
manufacturer’s protocol [32]. The procedure involved acid extraction of the samples,
followed by enzymatic hydrolysis using phytase and phosphatase to liberate phosphorus.
Each sample underwent triplicate analysis. The released phosphate was quantified via a
colorimetric reaction with ammonium molybdate, producing molybdenum blue, whose
formation is proportional to the inorganic phosphate (Pi) content. The absorbance was
recorded at 655 nm, and Pi concentration was calculated based on a calibration curve using
phosphorus standards. The results were expressed as grams of phosphorus per 100 g of
sample (g P/100 g).

2.6. Granulometry of Diets

To analyse the particle size of the diets provided to the animals, we applied the method-
ology outlined by Almeida et al. [33]. Understanding the distribution of particle sizes was
essential for evaluating the physical characteristics of the diets and their potential impact
on feed efficiency. Subsamples were progressively collected from all diet formulations
until a composite sample of roughly 1 kg was obtained. Representative portions were then
carefully selected, labelled, and stored appropriately. Each sample underwent duplicate
particle size assessment using a Retsch AS 200 basic analytical sieve shaker (Haan, Ger-
many) with four sieves of varying mesh sizes (2.3 mm, 1.18 mm, 0.6 mm, and 0.3 mm). The
material retained in each sieve was meticulously weighed, and the proportion of particles
at each size fraction was recorded to construct a particle size distribution profile for each
diet (Figure 1).
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Figure 1. An overview of the particle size separation process, highlighting the corresponding mesh
sizes utilised.

2.7. Digestibility Trial

The digestibility trial was assessed using the indigestible biomarker chromium trioxide
(Crp03), which is commonly used in digestibility trials with pigs [34]. A standard protocol
to calculate the digestibility coefficient involved adding 0.2% of the biomarker to the
animals’ diet for four days. Subsequently, faecal samples were gathered at three distinct
time points over a span of three consecutive days. These samples were placed in adequately
labelled plastic bags and stored at freezing temperatures until further analysis. The faeces
were dried in a forced-air oven at 50 °C for sample preparation until a consistent dry matter
content was achieved. Once the dry matter stabilisation was achieved, a weighted and
representative sample from the three days of collection was prepared for each animal. These
faecal samples were ground in a 1 mm sieve mill for chemical analysis and to determine
the digestibility coefficient for different diet fractions (dry matter, organic matter, neutral
detergent fibre, acid detergent fibre, acid detergent lignin, crude protein, and crude fat).
The methodology used to quantify chromium concentration in faecal and feed samples
was the atomic absorption (AA) method by spectrophotometry through the ICP-OES
assay (Inductively Coupled Plasma Optical Emission Spectrometry). The samples were
prepared following specific digestion and dilution procedures. Subsequently, they were
analysed using an ICP-OES instrument (Thermo Fisher Scientific®, Vantaa, Finland), which
enables the identification and quantification of elements present in the samples through
the emission of electromagnetic radiation. The digestibility coefficient was determined by
dividing the quantity of nutrients digested by the animal by the total amount of nutrients
ingested. This calculation was also applied to each diet fraction individually.

Cr,0; in feed (%) Components content in feces or digesta (%)
Cr03 in feces or digesta (%) Components content in feed (%)

2.8. Statistical Analysis

Data were analysed using the statistical package JMP® Pro 17.1.0 by 2023 SAS Institute
Inc.© (Cary, NC, USA). Each pen (housing two animals) was considered the experimental
unit for feed intake measurements, while individual animals were treated as the experi-
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mental unit for live weight measurements. The data were assessed for normality using
the Shapiro-Wilk test and then analysed using analysis of variance (ANOVA). Post hoc
comparisons were performed using Tukey’s test, with p-values < 0.05 considered significant,
while p-values > 0.05 and <0.1 indicate a trend.

An additional one-way ANOVA with polynomial contrasts was conducted using
IBM SPSS Statistics Version 30.0.0.0 by 2024 (Chicago, IL, USA) to examine the linear and
quadratic effects of the five dietary treatments in trial 1.

The statistical analysis considered diet a fixed effect while accounting for random
variations across experimental blocks. Data are expressed as mean values accompanied
by the Standard Error of the Mean (SEM). To enhance clarity, only significant differences
between treatments are marked with superscripts, while non-significant differences are not
highlighted. Additionally, p-values for all evaluated effects are provided in the tables.

3. Results and Discussion
3.1. Chemical Composition of Diets

The composition analysis of each OC variant was previously detailed by Paié-Ribeiro
etal. [11,35]. The chemical composition and phytic acid content of the different diets used
in trial 1 are shown in Table 1. The dry matter (DM) and organic matter (OM) contents
were consistent between all the treatments, with averages of 97.6% and 93.5%, respectively.

The crude protein (CP) content varied between treatments, ranging from 13.9% in
EOC20 to 15.5% in the control diet (EOCO0). A similar trend was observed for the crude
fat (CF) content, with the control diet (EOCO0) displaying the highest value. In the other
treatments, the values were similar, averaging 3.65%.

As anticipated, the diets with the highest inclusion levels of OC exhibited increased
fibre content, including neutral detergent fibre (NDF), acid detergent fibre (ADF), and acid
detergent lignin (ADL), with NDF values ranging from 14.7% to 24.8%.

Incorporating EOC into the pigs’ diet resulted in a progressive reduction in the experi-
mental diets” metabolizable energy (ME, MJ/kg DM). The control diet (EOCO) exhibited the
highest ME value (14.3 MJ/kg DM), while the diets containing EOC showed a proportional
decrease as the inclusion level increased: 13.9 M]/kg DM (EOC5), 13.5 M]/kg DM (EOC10),
13.1 MJ/kg DM (EOC15), and 12.7 MJ/kg DM (EOC20). This reduction was expected due to
the energy dilution effect caused by the increased fibre content characteristic of olive cake.

When examining the total phosphorus and phytic acid composition across the five
diets, a variation in the levels of these components was noted. Total phosphorus remained
relatively constant between the diets, with values ranging from 0.219 to 0.277 g/100 g,
showing no clear pattern of increase or decrease with the increasing addition of OC.
In contrast, the phytic acid content tended to decrease with increasing CO inclusion,
starting at 0.981 g/100 g in the control diet (EOCO) and reaching 0.775 g/100 g in the
diet with 20% CO (EOC20). However, the EOC15 diet showed an intermediate variation
(0.889 g/100 g). These results suggest that adding OC contributed to a reduction in the
phytic acid content, indicating a positive effect of this incorporation on this parameter. In
the previous work by Paié-Ribeiro et al. [11], reduced levels of phytic acid were found
in the OC (0.264 +£ 0.04 in EOC) itself, reinforcing the hypothesis that this by-product has
favourable intrinsic characteristics for animal nutrition.

The nutrient composition of diets used in trial 2 is shown in Table 2. Analysis of the
five diets, including the control diet and those containing each type of OC, revealed notable
variations in fibre, protein, fat, and phosphorus content.
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Table 1. Ingredients and nutrient composition of the experimental diets in trial 1.
Diets
EOC0 EOC5 EOC10 EOC15 EOC20
Ingredients (g/100 g as fed basis)

Olive cake 0 5 10 15 20
Barley grain 51.8 49.3 46.7 441 41.5
Wheat grain 13.6 13.0 12.3 11.6 10.9

Soybean meal 47 14.0 13.3 12.6 11.9 11.2

Rice bran 4.00 3.80 3.60 3.40 3.20

Corn germ 2.80 2.66 2.52 2.38 224

Corn grain 5.00 4.75 4.50 4.25 4.00
DDG'’s corn 297 2.82 2.67 2.52 2.38

Beet molasses 3.00 2.85 2.70 2.55 2.40

Sodium bicarbonate 0.002 0.001 0.001 0.001 0.001

Calcium carbonate 1.19 1.13 1.07 1.01 0.96

Monocalcium phosphate 0.12 0.11 0.10 0.10 0.09

Salt 0.30 0.29 0.27 0.26 0.24

Methionine 0.12 0.12 0.11 0.10 0.10

L-Lysine HCL 0.31 0.29 0.28 0.26 0.24

L-Threonine 0.11 0.10 0.10 0.09 0.09

Supplement min + vit + phytase 0.58 0.48 0.45 0.43 0.40

Chemical composition (% dry matter)

DM 97.6 97.6 97.6 97.6 97.7

OM 93.5 93.5 93.5 93.5 93.5

CP 15.5 15.1 14.7 14.3 13.9

CF 3.97 3.84 3.71 3.59 3.46

NDF 14.7 17.2 19.7 22.2 24.8

ADF 6.39 8.69 10.99 13.28 15.58

ADL 1.00 2.24 3.47 4.70 593

ME (M]/kg DM) 14.3 13.9 13.5 13.1 12.7
Phosphorus and Phytic Acid content (g/100g)

Total phosphorus 0.277 0.240 0.235 0.271 0.219

Phytic acid 0.981 0.850 0.833 0.889 0.775

DM—Dry Matter; OM—Organic Matter; CP—Crude Protein; CF—Crude Fat; NDF—Neutral Detergent Fi-
bre; ADF—Acid Detergent Fibre; ADL—Acid Detergent Lignin; ME—Metabolizable Energy; EOC0—Control
Diet; EOC5—Control Diet + 5% Exhausted Olive Cake; EOC10—Control Diet + 10% Exhausted Olive Cake;
EOC15—Control Diet + 15% Exhausted Olive Cake; EOC20—Control Diet + 20% Exhausted Olive Cake.

As for CP, there was a decrease in all diets containing each type of OC, starting at
15.44% in the control diet and falling to between 13.5% and 14.3% in the diets containing
OC. CF content varied from 4.63% in the CD to a maximum of 5.19% in the COC diet, but it
showed a slight reduction in the EOC diet (3.99%).

There was an increase in fibre fractions with the inclusion of OC. NDF increased from
17.8% in the control diet (CD) to a maximum value of 23.9% in the EOC diet, while ADF
varied from 6.3% in the control diet to 10.7% in the COC diet. ADL also increased with the
addition of OC, reaching 3.15% in the EOC diet compared to 0.92% in the CD.

Incorporating 10% OC from different processing methods influenced the ME of the
diets. The CD presented the highest ME value, while diets containing OC showed a
reduction in energy content: 13.5 MJ/kg DM for COC, 13.2 MJ/kg DM for both TPOC
and EOC, and 13.4 MJ/kg DM for EOC-OO. This decrease in ME was expected due to the
higher fibre content of olive cake, which contributes to energy dilution. However, including
olive oil in EOC-OO appears to mitigate this effect slightly.
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Table 2. Ingredients and nutrient composition of the experimental diets in trial 2.
Diets
CD cocC TPOC EOC EOC-00
Ingredients (g/100 g, as fed basis)
Olive cake 0 10 10 10 10
Olive oil 0 0 0 0 1
Barley grain 45.8 41.2 41.2 41.2 40.7
Wheat grain 22.6 20.4 20.4 20.4 20.2
Soybean meal 47 12.9 11.6 11.6 11.6 11.5
Rice bran 5.00 4.50 4.50 4.50 4.45
Corn germ 2.48 2.23 2.23 2.23 2.21
DDG's corn 5.00 4.50 4.50 4.50 4.45
Beet molasses 4.00 3.60 3.60 3.60 3.56
Calcium carbonate 1.26 1.14 1.14 1.14 1.12
Salt 0.27 0.24 0.24 0.24 0.24
Methionine 0.002 0.002 0.002 0.002 0.002
L-Lysine HCL 0.15 0.13 0.13 0.13 0.13
L-Threonine 0.03 0.02 0.02 0.02 0.02
Supplement min + vit + phytase 0.50 0.45 0.45 0.45 0.45
Chemical composition (% dry matter)

DM 98.0 98.3 98.1 98.2 98.3

OM 94.0 94.2 93.6 94.2 94.1

CP 15.4 13.9 13.5 14.3 14.0

CF 4.63 5.19 4.82 3.99 4.88

NDF 17.8 23.3 23.3 239 23.1

ADF 6.29 10.7 10.4 10.4 10.1

ADL 0.92 3.15 2.86 3.07 2.95

ME (M]/kg DM) 141 13.5 13.2 13.2 13.4

Phosphorus and Phytic Acid content (g/100 g)

Total phosphorus 0.374 0.518 0.391 0.461 0.358
Phytic Acid 1.33 1.84 1.39 1.64 1.27

DM—Dry Matter; OM—Organic Matter; CP—Crude Protein; CF—Crude Fat; NDF—Neutral Detergent Fibre;
ADF—Acid Detergent Fibre; ADL—Acid Detergent Lignin; ME—Metabolizable Energy; CD—Control Diet;
COC—Control Diet + 10% Crude Olive Cake; TPOC—Control Diet + 10% Two-Phases Olive Cake; EOC—Control
Diet + 10% Exhausted Olive Cake; EOC-OO—Control Diet + 10% Exhausted Olive Cake + 1% Olive Oil.

For total phosphorus, there was a slight increase with the addition of OC, especially in
the EOC diet (0.518 g/100 g), compared to 0.374 g/100 g in the CD diet. The phytic acid
content followed a similar trend, higher in the diets with OC, reaching 1.84 g/100 g in the
COC diet, in contrast to 1.33 g/100 g in the CD diet. These results show that including OC
in diets increases the fibre fractions while reducing the CP and CF content.

Studies have shown that phytic acid supplementation in piglet diets reduces produc-
tive parameters, reflected in a reduction in ADG, ADFI, and FCR. This effect is attributed
to phytic acid’s ability to bind positively charged minerals, thereby reducing their bioavail-
ability and absorption in the small intestine [36].

In Mediterranean regions, farmers have traditionally used olive by-products in animal
feed, but the widespread application of these resources faces challenges [22]. These include
nutritional constraints and anti-nutritional factors that can limit their efficacy in improving
animal growth performance [33]. Notwithstanding these challenges, using OC in pig diets
can provide an opportunity to reduce waste, promote the reuse of agricultural by-products,
and mitigate the environmental impact of farming practices. The chemical composition of
OC varies depending on factors such as the type of olive used (e.g., Arbequina, Picual, or
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Koroneiki), the relative amounts of its primary components (such as pulp, skin, and pit),
and the oil extraction method [37,38].

OC, as an agro-industrial by-product, has challenging nutritional characteristics for
animal diets. Typically, these by-products have a low available protein content, ranging
from 5% to 7%, as observed in some vegetable residues [11]. However, the protein content
of OC can also depend on the fraction and the processing method. One study, when
incorporating OC fractions into extruded food products based on rice, maize, and oat flour,
obtained a variation between 4.8% protein in the dry supernatant fraction and 13.4% in the
pulp-enriched fraction [39]. Another study also reported that OC powder enriched with
pulp contains approximately 12% protein [12]. In addition, OC can also have a high crude
fat content, varying according to the extraction method (2.33% to 14%) [40].

The high concentration of fibres is a notable characteristic of OC. In terms of fibre
composition, OC exhibits high levels of NDF, between 23% and 73%, and ADL, which
can vary from 12% to 37% [41]. These fibre characteristics tend to reduce the digestibility
of nutrients [41]. The presence of certain anti-nutritional factors, such as phytic acid,
polyphenols, and tannins, can constrain the incorporation of OC into animal diets. These
compounds can hinder digestion and reduce the efficiency of fibre breakdown, ultimately
impacting feed utilisation. Furthermore, they can decrease the overall palatability of the
diet, making it more challenging for animals to consume the feed. Despite these limitations,
exploring ways to mitigate these effects could enhance the potential for using OC as a
sustainable feed ingredient [22,42-44].

Measuring ME in pig diets is crucial for formulating nutritionally balanced and eco-
nomical rations [45]. Including 10% OC in the diet reduced ME, which can be attributed
to increased dietary fibre content. The lower energy availability was consistent across the
different types of OCs tested, with a slight recovery observed in the group supplemented
with olive oil (EOC-OO). While the reduced ME could theoretically impair animal perfor-
mance, previous studies indicate that fibre-rich diets may lead to variable effects on feed
conversion, depending on the animal’s adaptability to alternative energy sources [46,47].
Thus, OC inclusion should be strategically evaluated to balance nutritional, economic, and
environmental benefits.

Based on the chemical characterisation of this by-product, it may have a low nutritional
value, although the high concentration of fat present can be an exciting characteristic [48].
Lipids provide more energy than carbohydrates and proteins. From a biochemical per-
spective, fats consist of carbon and hydrogen in a more reduced form, which means these
elements have a higher oxidation potential. For this reason, fat supplementation in pig feed
is a common practice [49]. When analysing the fibre fractions, all the cake samples showed
high values, but when comparing the CF content, it was observed that the COC had the
highest percentage. Ferrer et al. [50], when analysing the chemical composition of partially
defatted OC, also observed high fibre concentrations.

Table 3 shows the fatty acid profile of the different diets used in trial 1. Analysis of the
fatty acid profile of the five diets showed changes in the monounsaturated (MUFA) and
polyunsaturated (PUFA) fatty acid content and the ratio between PUFA /SFA.

Saturated fatty acids (SFAs) remained stable throughout the diets, ranging between
18.4% and 18.6%. Among the unsaturated fatty acids, there was a gradual increase in
MUFAs, from 28.9% in the control diet to 32.9% in the diet with 20% OC, driven mainly by
the increase in oleic acid (C18:1n-9), which ranged from 26.0% to 30.0%. On the other hand,
PUFAs showed a downward trend, from 52.7% to 48.6%, mainly due to the decrease in
linoleic acid (C18:2n-6), which went from 50.2% in the control diet to 46.1% with the greater
inclusion of OC.
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Table 3. Fatty acid profile of the experimental diets in trial 1 (g/100 g).
Diets
Fatty Acid Profile
EOCO0 EOC5 EOC10 EOC15 EOC20

C13:0 0.000 0.000 0.000 0.000 0.000
C14:0 0.095 0.095 0.093 0.099 0.089
C16:0 14.7 15.0 14.8 14.8 14.7
Cl16:1 n7 0.186 0.203 0.199 0.212 0.209
C18:0 2.15 2.19 222 222 227
C18:1n-9 26.0 26.9 27.8 28.7 30.0
C18:1n-7 1.67 1.70 1.76 1.92 1.82
C18:2n-6 50.2 49.2 48.1 47.3 46.1
C18:3n-3 2.32 2.33 231 2.28 2.26
C20:0 0.491 0.485 0.495 0.462 0.495
C20:1n-9 0.394 0.392 0.374 0.367 0.375
C22:0 0.281 0.271 0.269 0.294 0.276
C22:1n-9 0.416 0.461 0.474 0.387 0.424
C24:0 0.351 0.297 0.284 0.287 0.291

2 Other acids 0.746 0.476 0.822 0.672 0.691
2SFA 18.4 18.6 18.5 18.5 18.5
XMUFA 28.9 29.7 30.7 31.8 32.9

Y PUFA 52.7 51.7 50.8 49.8 48.6
PUFA /SFA 2.86 277 2.74 2.69 2.63
n-6/n-3 21.2 20.8 19.7 20.2 19.9

EOC0—Control Diet; EOC5—Control Diet + 5% Exhausted Olive Cake; EOC10—Control Diet + 10% Exhausted
Olive Cake; EOC15—Control Diet + 15% Exhausted Olive Cake; EOC20—Control Diet + 20% Exhausted Olive
Cake; SFA—Saturated fatty acid; MUFA—Monounsaturated fatty acid; PUFA—Polyunsaturated fatty acid;
n-6/n-3 (3 omega-6) (1 omega-3).

In addition, the PUFA /SFA ratio showed a slight decrease, from 2.86 in the diet
without OC to 2.63 in the diet with 20% inclusion, while the n-6/n-3 ratio varied from 21.2
to 19.7 throughout the treatments. The findings indicate that the inclusion of OC alters the
lipid profile of the diet, boosting the levels of MUFA while decreasing PUFA, especially
linoleic acid.

Table 4 shows the concentration of fatty acids present in the diets used during the
experimental trial 2, which showed significant changes in the composition, especially for
the MUFAs and PUFAs.

The CD had a MUFA content of 28.0%, which increased substantially in the diets
supplemented with COC and TPOC, reaching 42.4% and 38.3%, respectively. This increase
was mainly driven by oleic acid (C18:1n-9), which varied from 25.9% in the CD to 39.9%
and 36.1% in the diets with COC and TPOC, respectively. The diet containing 10% EOC
had a MUFA content close to the control diet (29.5%), while adding 1% olive oil to the EOC
raised the MUFA content to 36.1%.

Regarding PUFA, the EOCO0 had the highest content (50.5%), with lower values in the
diets supplemented with OC, especially in the diet COC, which registered 37.6%. Linoleic
acid (C18:2n-6) followed a similar trend, reducing from 47.6% in the CD to 35.3% in the
COC diet. The TPOC and EOC diets showed intermediate PUFA values, with 41.6% and
49.2%, respectively, while adding olive oil to the EOC resulted in a PUFA content of 43.3%.

The PUFA /SFA ratio showed a slight variation, from 2.34 in the CD to 1.88 in the
COC diet, while the other diets remained close to the values of the CD. The n-6/n-3 ratio
varied little among the diets, remaining between 16.7 and 17.6. These results indicate that
including different types of OC alters the lipid profile of the diets, with increases in MUFA
in some formulations and reductions in PUFA, especially in diets containing COC.
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Table 4. Fatty acid profile of the experimental diets in trial 2 (g/100 g).
Diets
Fatty Acid Profile
CD CcocC TPOC EOC EOC-00

C13:0 0.188 0.328 0.257 0.283 0.00
C14:0 0.184 0.131 0.140 0.177 0.141
C16:0 17.6 15.6 15.9 17.3 16.8
Cl16:1 n7 0.108 0.223 0.184 0.125 0.228
C18:0 2.06 2.54 2.32 2.09 2.28
C18:1n-9 25.9 39.9 36.1 27.4 33.8
C18:1n-7 0.989 1.32 1.18 0.961 1.17
C18:2n-6 47.6 35.3 39.1 46.3 40.8
C18:3n-3 2.64 2.05 2.28 2.64 2.33
C20:0 0.483 0.478 0.477 0.471 0.473
C20:1n-9 0.451 0.400 0.420 0.449 0.411
C22:0 0.286 0.269 0.273 0.292 0.273
C22:1n-9 0.482 0.369 0.366 0.428 0.392
C24:0 0.333 0.286 0.295 0.345 0.292
2 Other acids 0.696 0.806 0.708 0.739 0.610
2SFA 215 20.0 20.1 21.3 20.6
XMUFA 28.0 424 38.3 29.5 36.1

Y PUFA 50.5 37.6 41.6 49.2 43.3
PUFA /SFA 2.34 1.88 2.07 231 2.11
n-6/n-3 17.6 16.7 16.7 17.1 16.9

CD—Control Diet; COC—Control Diet + 10% Crude Olive Cake; TPOC—Control Diet + 10% Two-Phase Olive
Cake; EOC—Control Diet + 10% Exhausted Olive Cake; EOC-OO—Control Diet + 10% Exhausted Olive Cake +
1% Olive Oil; SFA—Saturated fatty acid; MUFA—Monounsaturated fatty acid; PUFA—Polyunsaturated fatty acid;
n-6/n-3 (3 omega-6) (1 omega-3).

The pig industry has invested considerably in genetics, management, and nutrition to
reduce total fat accumulation in pigs. Concurrently, extensive studies have been dedicated
to modifying the fatty acid profile of pork products to align with both processing standards
and human dietary guidelines [51]. It is known that the composition of fatty acids (FA) in
the pig adipose tissue is influenced mainly by the lipid profile of the diet fed to the animals.
In the case of autochthonous breeds, known for their specific meat quality characteristics
and high levels of intramuscular fat, adjusting the diet can be a valuable strategy for
improving the lipid quality of products while maintaining the sensory and traditional
properties associated with these breeds [52].

Building upon this, our recently published study explored the impact of incorporating
different types of OC into the diets of Bisaro pigs, with a particular focus on the chemical
composition and fatty acid profile of fresh ham muscles [9]. Given that the quality of raw
meat directly influences the final characteristics of cured ham, understanding how dietary
interventions affect muscle composition is crucial. The findings demonstrated that OC
inclusion influenced key parameters such as protein content, collagen levels, and haem
pigments while altering the fatty acid profile, particularly regarding MUFA and PUFA
concentrations. Furthermore, Leite et al. [53] examined the effects of different OC on the
dry-cured loin and dry-cured “cachago” of Bisaro pork, providing valuable insights into
the impact of diet on cured products. Their findings revealed significant differences in
chemical composition between these two products. However, no significant effects of olive
cake inclusion were observed on the final quality attributes of the cured meat. Together,
these studies contribute to a broader understanding of how dietary strategies can enhance
both the sustainability and quality of Bisaro pork products.
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These results reinforce the potential of olive cake as a sustainable feed ingredient that
can contribute to optimising meat quality and balancing nutritional benefits with economic
and environmental considerations.

3.2. Granulometry Analysis of Cakes and Diets

The diets’ particle size distribution was important for assessing their physical proper-
ties and understanding how this parameter can optimise the animals’ feed. The analysis
presented in Table 5 shows the distribution of the geometric mean diameter (GMD) of
the two control diets (EOC0 and CD) used in trials 1 and 2, respectively, and the three
individual types of OC used in both trials: EOC, COC and TPOC. The uniformity of the
particles was assessed based on size, and they were classified as large (>2 mm), medium
(2-0.60 mm) and small (<0.60 mm).

Table 5. Granulometry analysis of the control diets and olive cakes used in experiments 1 and 2.

Control Diets Olive Cakes
Granulometry
EOCO0 CD EOC COocC TPOC
Geometric mean diameter (um) 249.5 205.9 506.9 507.4 353.6
Fineness modulus (mm) 1.22 0.98 2.28 2.28 1.76
Uniformity index (mm)
>2 2.95 2.26 20.2 20.9 12.2
2 to 0.60 46.4 40.1 55.1 53.3 8.2
<0.60 50.6 57.7 24.8 25.8 39.6

Uniformity index values are determined in % of dry samples. EOCO: Control Diet (trial 1); CD: Control Diet
(trial 2); EOC: Exhausted Olive Cake; COC: Crude Olive Cake; TPOC: Two-Phase Olive Cake. >2—Large particles;
2 to 0.60—medium particles; <0.60—small particles.

The results indicate that the control diets (EOCO0 and CD) showed a variable particle
distribution, with a higher proportion of medium-sized particles (46.4 and 40.1 mm, respec-
tively) and small-sized particles (50.6 and 57.7 mm, respectively). This resulted in a GMD
ranging from 205.9 um to 249.5 um for the CD and EOCO diets, respectively.

The GMD of the different OC used in trials 1 and 2 are shown in Table 5 and revealed
diverse patterns, with COC and EOC exhibiting larger average geometric diameters (507.4
and 506.9 pum, respectively) and TPOC smaller particles (353.6 nm), which may be related
to the partial grinding process.

The digestive physiology of pigs, characterised by a simple stomach and dependence
on endogenous enzymes, requires diets formulated with high-quality ingredients and
processed in such a way as to guarantee maximum nutrient digestibility and availability.
Feed composition, particle size and physical form (meal or pellets) directly influence the
efficiency with which the animals utilise the feed, which impacts the animals’ productive
performance and intestinal health [54-57].

The ideal particle size varies between 500 and 1600 pm, depending on the production
stage and the diet composition. Particles smaller than 400 pm can cause damage to the
gastric mucosa, heightening the likelihood of gastric ulcers and other problems, such as
keratinisation, compromising the animals” health. However, larger particles can reduce the
digestibility and palatability of the feed. The right choice of particle size contributes to better
animal performance, a lower incidence of disease, and greater production efficiency [54,58].

The OC’s inclusion in pigs’ diets can influence their feed preferences due to the textural
properties of the feed, as well as its palatability. As pigs tend to prefer less complex and
more crumbly feed, adding OC can make it more difficult for them to accept it, precisely
because it changes the texture of the feed, making it more fibrous [59].
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Literature data indicate that diets containing very small particles may reduce the ADFI
in pigs due to the decreased palatability of these diets. For example, authors report that
pigs generally prefer larger particle sizes, as demonstrated by Marshall et al. [60], who
observed that animals preferred corn with particle sizes ranging from 500 to 700 um over
finer particles [45]. Similar studies, such as those by De Jong et al. [61] and Nemechek
et al. [62], confirm this trend, showing that reducing particle size to below 400 pm decreases
feed intake. In addition, studies show that reducing particle size generally decreases ADFI
in finishing pigs, especially when the feed is a meal, as reported by Kippert et al. [63]. Thus,
the higher GMD observed in EOC 15 (trial 1) and EOC (trial 2) may contribute to greater
feed acceptance, potentially favouring feed intake and animal performance, as suggested
by these studies.

The particle size of pig feed is not just a scientific concept but a practical consideration
that significantly impacts nutrient digestibility, growth performance, and feed efficiency.
This understanding empowers us to make informed decisions about feed formulation.
Excessively fine particles, often a consequence of the grinding process, can increase the risk
of gastric ulcers. Optimising particle size in pelleted diets is crucial for maximising pig
health and performance [54,57,64].

Grinding the OC is essential for its efficient incorporation into animal diets. This
procedure reduces the particle size, making it more homogeneous and suitable for animal
consumption. It also improves the acceptability and digestibility of the material in feed
formulation. Moreover, the issue of particle size may explain the difficulty in achieving
homogeneous mixtures of the by-products with the base feed, leading to chemical analysis
results that could sometimes be more challenging to interpret during the initial phases of
these studies.

3.3. Performances Measurements

No deaths were observed during the experimental period. The results of initial (iLW)
and final (fLW) live weights were analysed along with the average values of ADG, ADFI,
and FCR.

In the first experimental trial (trial 1), the first six days (D1-D6) were spent getting the
animals to the experimental diets. Weighing was carried out at the beginning (D1), after the
habituation period (D6) and at the end of the experiment (D15). Table 6 shows the results
of the animals’ performance in trial 1.

Table 6. Performances of Bisaro pigs fed different levels of EOC (trial 1).

Diets p-Value
EOCO0 EOC5 EOC10 EOC15 EOC20 ANOVA Linear Quadratic
iLW (kg) 112.8 110.1 1111 109.8 107.6 1.80 0.943 0.449 0.934
fLW (kg) 118.8 117.3 118.9 119.9 116.0 1.86 0.974 0.846 0.762
ADG (kg) 0.664 0.793 0.864 1.120 0.938 0.778 0.055 0.014 0.272
ADFI (kg) 3.38 3.95 391 4.36 3.62 0.124 0.121 0.274 0.043
FCR 5.32 5.15 4,58 3.97 4.07 0.187 0.051 0.005 0.716

iLW—Initial Live Weight; fLW—Final Live Weight; ADG—Average Daily Gain; ADFI—Average Daily Feed
Intake; FCR—Feed Conversion Ratio; EOCO—Control Diet; EOC5—Control Diet + 5% Exhausted Olive
Cake; EOC10—Control Diet + 10% Exhausted Olive Cake; EOC15—Control Diet + 15% Exhausted Olive Cake;
EOC20—Control Diet + 20% Exhausted Olive Cake. SEM—Standard Error of the Mean.

Although the animals in the EOC15 group had a higher final live weight (D15; around
2 kg higher than average), there were no significant effects (p > 0.05) of the diet on growth.
The average daily gain (ADG) showed a significant linear behaviour (p = 0.014), indicating
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an increase in ADG with increasing levels of EOC, with the highest value observed in the
group fed 15% EOC (1.120 kg/day).

Average daily feed intake (ADFI) showed a significant quadratic (p = 0.043), with the
highest intake by EOC15 group (4.47 kg/day).

The feed conversion ratio (FCR) showed a significant linear behaviour (p = 0.005), with
an improvement in feed efficiency in the animals fed increasing levels of EOC, with the
lowest FCR observed in the group fed 15% EOC (3.97). The ANOVA for FCR also showed
a tendency towards significance (p = 0.051).

Incorporating fibrous by-products like OC in diets for growing pigs has been associated
with a decline in productive performance, negatively impacting weight gain and feed
efficiency. Because of the elevated fibre content, the digestibility and availability of nutrients
can be affected, reducing animal performance [65]. Although no significant effects were
observed for final live weight, animals fed EOC15 exhibited the highest numerical values
for final live weight, as well as higher ADG, higher ADFI, and better FCR compared to
the CD group. Previous studies reinforce the importance of considering biological trends,
even without statistical significance. For example, Liotta et al. [5] observed similar results
when incorporating two different levels (5% and 10%) of OC into the diet of Pietrain pigs.
The inclusion of OC had a positive effect on ADG and FCR. Specifically, pigs fed 5% of
OC showed significantly improved body weight and FCR compared to a CD without OC.
Joven et al. [66] consistently reported higher growth rates and feed intake in pigs fed diets
containing 5% or 10% OC, compared to diets containing 15% inclusion, which showed
inferior performance.

Cole et al. [67] reported that pigs tend to regulate their feed intake to maintain a
constant energy consumption. In addition, studies by Coffey et al. [68], Longland and
Low [69] and Brand et al. [70] have highlighted that the type of fibre in the diet significantly
influences feed intake more than the total amount of fibre. Thus, the performance observed
in the EOC 15 group reinforces the idea that EOC, even in high proportions, can be a
well-tolerated fibre source, promoting reasonable growth rates and feed intake.

Our study’s results align with previous reports in the literature, where the inclusion of
olive by-products such as EOC in pig diets did not negatively affect growth performance,
ADG, or FCR in the animals of Bisaro local breed [5,50].

Table 7 shows the results of the animals’ performances in trial 2. No significant
differences (p > 0.05) were found in the iLW and fLW, ADG, ADFI, and FCR during the
study period. It is important to note that despite no significant differences, there were
slight variations in the average values of the evaluated parameters. The animals started the
experimental trial with a levelled body weight. However, the animals that received the diet
with EOC finished with a higher average live weight than the others. Still, these values
were insufficient to generate statistical differences between the groups.

Table 7. Performances of Bisaro pigs fed different OC diets (trial 2).

Diets

SEM p-Value
CD cocC TPOC EOC EOC-00
iLW (kg) 103.4 102.8 103.4 103.1 102.4 3.48 1.000
fIW (kg) 140.3 143.9 134.9 144.5 142.5 2.02 0.591
ADG (kg) 0.632 0.681 0.556 0.696 0.681 0.023 0.305
ADFI (kg) 3.32 3.58 3.02 3.49 3.44 0.087 0.376
FCR 5.35 5.28 5.54 5.03 5.11 0.109 0.509

iLW—Initial Live Weight; fLW—Final Live Weight; ADG—Average Daily Gain; ADFI—Average Daily
Feed Intake; FCR—Feed Conversion Ratio; CD—Control Diet; COC—Control Diet + 10% Crude Olive
Cake; TPOC—Control Diet + 10% Two-Phase Olive Cake; EOC—Control Diet + 10% Exhausted Olive Cake;
EOC-OO—Control Diet + 10% Exhausted Olive Cake + 1% Olive Oil. SEM: Standard Error of the Mean.
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The animals” ADG during the trial varied from 0.522 kg /day to 0.703 kg/day, with no
significant differences (p > 0.05). Incorporating different forms of OC in the diet did not
affect the animals” growth. However, the animals that received OC showed higher average
values in terms of growth performance relative to the CD.

The results suggest that adding OC in the animals’ diet led to a general increase in
intake, with the group that received COC showing the highest intake. This indicates that
the animals tended to accept this specific OC better, possibly related to the high residual
olive oil and aroma. These components may have influenced the diet’s palatability, leading
the animals to consume more feed.

The FCR revealed variations between 5.1 and 5.5. It is essential to highlight that
including OC in the diet, except for TPOC, reduced this ratio compared to the CD. The
observed differences were around 0.3. This means the animals consumed about 300 g less
feed for each kg of LW gain.

From a production perspective, according to the results, 10% OC inclusion in the
diets formulated for finishing pigs of this breed does no harm. There were no significant
differences in iLW, f{LW, and ADG. In other words, according to our results, OC can be
included in the animal’s diet. Liotta et al. [5] found that when evaluating the effects of
dietary inclusion of OC on the performance of pigs fed at two levels (50 g/kg and 100 g/kg),
the animals that received 50 g/kg of OC showed the best values for {LW, ADG, lower ADFI,
and better FCR.

According to Jarrett and Ashworth [65], including fibrous by-products in pig diets,
especially during growth, can result in lower performance characteristics. However, new
studies contradict this effect on animals, as seen in the present experimental trial. Typically,
in the conventional system, Bisaro pigs are fattened slowly between 1 and 2 years of age,
reaching a slaughter weight ranging from 120 to 180 kg, with the process intentionally
scheduled for the colder months of the year (between November and February) [26]. In this
trial, although without statistical significance (p > 0.05), the animals started with similar
weights between the groups; however, we observed that the animals that received the
by-product had a higher fLW at slaughter than the CD, except the TPOC group. The same
was observed in the ADG. Regardless of the fibre-rich by-products offered to the animals,
it did not inhibit their growth performance, which aligns with [71].

Regarding the ADFI, we observed in our study that the group that received COC
had the highest values, while the group that received centrifuged pomace had the lowest
values. This difference may be attributed to COC having a higher residual oil content and
a more attractive aroma, which may have influenced animal consumption. Additionally,
there are reports that pigs under ad libitum conditions maintain a constant energy intake,
consequently regulating their feed intake [67].

The FCR ranged between 5.1 and 5.5. These values are high; however, it is cru-
cial to consider that the Bisaro breed has particular genetic characteristics that may in-
clude a lower efficiency in utilising the nutrients in the feed, which is characteristic of
autochthonous breeds at this age and weight. These animals have slower growth, high
maintenance requirements, and significant fat tissue deposition. The meat and derived
products from these animals are traditionally known for their excellent quality and suit-
ability for processing. For this reason, they should be valued to ensure their economic
feasibility [72]. Santos e Silva et al. [72] compared the growth performance of Bisaro pigs
with Landrace x Large White pigs. Also, they obtained high values for the FCR of these
animals (FCR = 5.45), demonstrating this breed’s low growth rate and feed efficiency com-
pared to Landrace x Large White pigs. Martins et al. [73], when comparing the growth
characteristics of local pig breeds and their crosses, also obtained higher values for the FCR
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of Bisaro pigs (FCR = 5.2), and this parameter increased even more in the crossbreeding of
Alentejana and Bisaro breeds (ALxBI, FCR = 6.0).

3.4. Digestibility Results

Table 8 below reports the intake and apparent total tract digestibility (ATTD) results
in analysis for DM, OM, CP, and CF fractions from trial 1. The ATTD of DM, OM, CP, CF,
and fibre was determined using CrO; as a marker (0.2%; 4 days). The incorporation of OC
caused a linear decrease (p < 0.001) in the ATTD of DM, OM, CP, CF, and NDF (from 89.2,
91.6,92.1, 95.0, and 61.6% to 78.2,79.9, 82.5, 87.1, and 44.5%, respectively). The ADFI of
DM and OM increased (quadratic component, p < 0.05), that of protein tended to increase
(quadratic component, p = 0.053), that of fat remained unchanged (p > 0.05), and that of NDF
increased linearly (p < 0.001). The combination of ADFI and ATTD responses increased the
ADFI of digestible DM, OM, CP, and NDF (quadratic response, p < 0.05). In this exploratory
trial, the results suggest that the reduction in ATTD observed with the replacement of the
control diet with up to 15% OC was offset by an increase in intake. This increase resulted
in more significant animal growth, an effect confirmed in the subsequent trial.

Table 8. Intake, apparent total tract digestibility, and digestible intake in Bisaro pigs fed different
levels of EOC (trial 1).

p-Value
EOC0 EOC5 EOC10 EOC15 EOC20 SEM
ANOVA Linear  Quadratic
Intake (g/Day)
DM 3076.5 3591.1 3553.3 3994.5 3275.6 114.67 0.100 0.289 0.038
oM 2865.7 3348.9 3317.9 3729.5 3059.9 107.21 0.098 0.277 0.037
CP 444.7 537.4 518.2 568.6 491.3 16.35 0.163 0.265 0.053
CF 123.7 134.3 133.2 137.7 121.8 3.66 0.597 0.988 0.160
NDF 43132 643.83b 7276 bc 9185 ¢ 837.5 be 41.52 <0.001 <0.001 0.844
Apparent Total Tract Digestibility (%)
DM 89.22 84.1b 84.7ab 80.5 be 78.2°¢ 0.92 <0.001 <0.001 0.844
oM 91.62 86.9b 86.7 be 82.4 <d 79.9 d 0.95 <0.001 <0.001 0.947
CP 92,12 87.2b 88.0P 83.5 be 82.5¢ 0.81 <0.001 <0.001 0.281
CF 95.02 92.9ab 92.4 b 89.9 ab 87.1b 0.85 0.016 0.001 0.579
NDF 61.62 50.9 ab 55.8 ab 47.1P 44 5P 1.72 0.005 0.001 0.816
Digestible Intake (g/Day)
DM 2743.9 3025.4 3004.7 3210.7 2562.8 91.3 0.148 0.772 0.037
oM 2623.6 2913.5 2871.5 3068.0 24435 87.0 0.129 0.721 0.032
CP 409.6 468.8 4511 473.7 404.5 12.5 0.234 0.951 0.049
CF 117.5 124.7 122.7 123.1 106.8 3.35 0.421 0.348 0.137
NDF 265.6P 330.63P 403542 43204 371.2 b 18.1 0.024 0.008 0.033

DM—Dry Matter; OM—Organic Matter; CP—Crude Protein; CF—Crude Fat; NDF—Neutral Detergent Fibre.
EOC0—Control Diet; EOC5—Control Diet + 5% Exhausted Olive Cake; EOC10—Control Diet + 10% Exhausted
Olive Cake; EOC15—Control Diet + 15% Exhausted Olive Cake; EOC20—Control Diet + 20% Exhausted Olive
Cake. SEM: Standard Error of the Mean. Different lowercase letters (a, b, ¢, d) in the same row indicate significant
differences between diets (p < 0.05). ANOVA followed by a post hoc Tukey test.

Table 9 below reports the intake and ATTD results analysis for DM, OM, CP, and CF
fractions during trial 2. The incorporation of OC caused a significant increase in the intake
of CF (p = 0.001) and NDF (p = 0.003). The ATTD of DM, OM, and CP increased with the
incorporation of EOC and EOC-OO, and the ATTD of CP tended to increase (p = 0.077).
The combination of intake and ATTD responses increased the intake of DM, OM, CP, and
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digestible NDF, with significant results concerning the digestible intake of CF (p = 0.002)
and NDF (p = 0.005).

Table 9. Intake, apparent total tract digestibility, and digestible intake in Bisaro pigs fed different OC
diets (trial 2).

CD COocC TPOC EOC EOC-O0 SEM p-Value
Intake (g/day)
DM 2605.0 3372.4 2958.0 2867.5 3215.1 2171 0.161
oM 2453.4 3179.7 2762.5 2701.1 3030.1 204.3 0.154
CP 387.6 488.7 403.2 406.3 450.1 30.8 0.179
CF 100.3P 163.6 * 138.1° 105.8° 146.9 2 8.93 0.001
NDF 458.1P 779.52 696.8 2 679.7 2 75212 50.1 0.003
Apparent Total Tract Digestibility (%)
DM 88.6 88.7 87.6 90.7 91.1 1.21 0.250
oM 90.1 89.6 89.0 914 91.8 1.09 0.327
CP 89.7 90.4 86.7 90.5 91.5 1.14 0.077
CF 87.0 91.0 89.0 90.8 94.6 1.94 0.137
NDF 70.4 69.8 70.3 76.4 77.6 3.45 0.351
Digestible Intake (g/Day)
DM 2306.6 2994.3 2590.2 2604.0 2925.5 198.5 0.149
oM 2210.8 2849.5 2456.2 2473.1 2779.6 188.7 0.161
CP 347.7 442.2 349.5 367.8 4114 28.3 0.123
CF 87.4°¢ 149.22 123.42b 96.6 b¢ 139.02 9.84 0.002
NDF 321.1b 545.02 488.7 2 521.3% 58222 41.6 0.005

DM—Dry Matter; OM—Organic Matter; CP—Crude Protein; CF—Crude Fat; NDF—Neutral Detergent Fibre.
CD—Control Diet; COC—Control Diet + 10% Crude Olive Cake; TPOC—Control Diet + 10% Two-Phase Olive
Cake; EOC—Control Diet + 10% Exhausted Olive Cake; EOC-OO—Control Diet + 10% Exhausted Olive Cake
+ 1% Olive Oil. SEM: Standard Error of the Mean. Different lowercase letters (a, b, ) in the same row indicate
significant differences between diets (p < 0.05). ANOVA followed by a post hoc Tukey test.

The absence of detailed information regarding the digestibility of particular by-
products and other locally sourced feed ingredients for Bisaro pigs represents a significant
challenge in optimising their diet formulation and determining accurate inclusion levels.
In the current study, the treatment incorporating EOC supplemented with 1% olive oil
demonstrated the highest digestibility coefficients, exceeding 90% across all analysed nu-
trient fractions. This finding underscores the potential of such by-products to enhance
dietary efficiency while supporting sustainable feed practices. Our values are elevated
compared to other data in the literature; however, the literature mainly reports data from
commercial pig breeds. It is essential to consider that Bisaro pigs have distinct physiology
and genetic characteristics, which may cause variations in this parameter. Typically, these
animals are raised freely on traditional farms and are fed local crops, usually cultivated on
the farm itself. Their diet predominantly consists of cereals as the main feed, supplemented
throughout the year with various foods, including tubers, vegetables, and fruits [26]. This
may also explain why our animals exhibit higher digestibility coefficients than those found
in the literature, even when receiving a diet with a fibrous by-product.

Generally, when incorporating a fibre-rich component into the diet of commercial pig
breeds, a decrease in the digestibility of various fractions is expected, as shown by Joven
et al. [66]. In their study, where barley was replaced with increasing levels of olive cake
(OC) (0,50, 100, and 150 g/kg of feed) in the diet of Duroc x (Landrace x Large White) pigs,
a quadratic trend was observed. The inclusion of OC in the diet led to a reduction in the
digestibility coefficients of DM and fibre. This can be explained by the fact that, although
these by-products are rich in energy and nutrients, they are fibrous in nature. Adding these
by-products to pig diets alters the carbohydrate composition, shifting from a starch-rich
diet to one containing fewer starches and more non-starch polysaccharides, the primary
constituents of dietary fibre. It is important to note that fibre-rich diets typically have lower
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nutritional value for monogastric animals, including pigs. Their digestive enzymes are not
well suited for the efficient breakdown of non-starch polysaccharides in fibre [71].

The improved digestibility observed in animals fed a diet supplemented with olive
oil can be attributed to high-fat diets passing more slowly through the gastrointestinal
tract than lower-fat diets. This slower transit time allows more time for the digestion
and absorption of nutrients, thereby enhancing digestibility [52]. Additionally, Bertol
and Ludke [74] noted that as animals age, the digestibility coefficient in trials involving
high-fibre diets tends to increase. This improvement is likely related to a better utilisation
of the fibrous fraction in the large intestine.

In summary, OC has been used in animal feed for many years, with no reports of
toxicity-related negative impacts. Research consistently shows no adverse effects on animal
health or performance when OC is included in diets up to certain levels (e.g., 10% for
poultry) [9,23,75-77]. In the present study, the first trial was designed to evaluate the
degree of acceptability of the pomace and any potential adverse effects on the animals’
productive performance. The results indicated that up to 15% inclusion in the diet did not
result in any negative effects, and at higher levels, animals even increased their feed intake.
Thus, considering that these pigs are destined for slaughter and that the incorporation
of pomace occurs only in the finishing phase, long-term adverse nutritional effects are
not anticipated.

The economic viability of using OC in animal feed depends on various factors, includ-
ing the proximity between olive oil mills and pig production units. In the Trds-os-Montes
region, which hosts a significant share of Portuguese mills and a high density of this pig
breed, the proximity between olive oil production and pig farming facilitates the practical
implementation of OC in animal feed. However, one of the main challenges of using po-
mace in animal feed is the dehydration process, which consumes large amounts of energy.
This factor presents a significant limitation, as compound feed factories do not use pomace
with high moisture content. Despite this limitation, dehydration of pomace is already
carried out in the subsequent process of extracting residual fat using chemical solvents [11].
Therefore, instead of following this industrial process, its direct use in animal feed could
represent a more economically advantageous alternative.

4. Conclusions

The results of this study suggest that incorporating different types of olive cake (OC)
into the diet of Bisaro pigs does not negatively affect key productive parameters, including
growth, ADFI, FCR, or digestibility. Up to inclusion levels of 15%, no negative effects were
observed, and animals showed increased intake with higher inclusion levels. This suggests
that OC is well accepted and safe for animal diets.

Integrating OC by-products into pig diets may offer several sustainability benefits,
reduced environmental emissions, and potential enhancements in intestinal health. Addi-
tionally, incorporating OC can help lower feed costs and contribute to more sustainable
livestock production. However, the economic viability of using OC depends on factors
such as proximity to production sites, drying costs, logistical efficiency, regularity, and
nutritional composition.

The possibility of using fresh or exhausted OC directly at production sites represents a
viable alternative, minimising costs and increasing practicality. Nevertheless, its impact on
nutrient digestibility and overall animal performance may vary. It is essential to carefully
select and optimise these by-products to balance economic advantages with potential effects
on nutrient absorption and growth performance.

Ultimately, the broader adoption of this practice could support more circular agricul-
tural systems, where agro-industrial waste is repurposed efficiently, reducing reliance on
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conventional feed sources and mitigating waste disposal challenges. Further comprehen-
sive studies are required to explore the full potential of OC in sustainable animal feeding
strategies and to optimise its use for maximum nutritional and economic benefits.
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