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Simple Summary: The potential use of exotic plants in animal feed provides a source of fiber for
grazing ruminants when there is a shortage of pasture. The objective of this research was to evaluate
the nutritional value, digestibility, and gas production potential of six exotic plants present in the
Azores. Samples of these plants were collected and their chemical composition and potential as
forage food were evaluated. Data analysis included univariate and multivariate methods. The results
obtained showed variations among the studied forages in terms of crude protein, and fibers: NDF,
ADF, and ADL. The gross, metabolizable, and digestible energy of E. globulus and C. japonica showed
higher values than the other plants. P. undulatum with a relative food value of 92.12% stood out from
the other plants. In gas production, the values of gas produced by A. donax stand out, as the species
that presented the highest gas production, observing a significant difference) for the other plants.
P. undulatum stands out for presenting good quality in the RFV index and A. donax for having good
digestibility, both can be used as forage in periods of greater scarcity of pastures.

Abstract: This study aimed to evaluate the nutritional potential of unconventional plants: Pittosporum
undulatum, Cryptomeria japonica, Acacia melanoxylon, Hedychium gardnerianum, Eucalyptus globulus, and
Arundo donax, as an alternative roughage for ruminants. Chemical composition, gross energy, in vitro
gas production, kinetics, and digestibility of dry matter and organic matter in vitro were determined
for each species. The obtained results showed variations between the studied forages concerning
crude protein, and the different fiber fractions: NDF, ADF, and ADL The P. undulatum with a relative
food value of 92.12%, showed a significant difference compared to the other species under study.
After 96 h of incubation, the plants that produced, on average, less in vitro gas were A. melanoxylon
and E. globulus. Among the studied species, A. donax stands out as the species that presented the
highest gas production, with 31.53 mL. 200 mg−1 DM, observing a significant difference compared
to the other plants. This is a reflection of it having the highest DMD (60.44 ± 1.22%) as well. P.
undulatum was the species with the longest colonization time (4.8 h). Among the plants studied, we
highlight P. undulatum as presenting a good quality in the RFV index and A. donax as having good
digestibility. Both can be used as roughage in periods of greater shortage of pastures.

Keywords: alternative forages; valorization forages; livestock; sustainability feed; animal nutrition;
climate change

1. Introduction

The forecasts of several climate change models for the Azores archipelago indicate
an increase in average air temperature and a decrease in average annual precipitation,
also foreseeing irregularity in the distribution of precipitation, i.e., the existence of periods
of heavy rainfall, alternating with long periods of drought [1]. Regions where animal
production systems are based on pasture, as is the case of the Azores, are highly depen-
dent on the climate for their production, and are very vulnerable to climate change, with
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these regions being the ones that suffer most from drought. As a result, the demand for
unconventional animal feed sources has been growing worldwide [2,3]. Given the current
economic scenario and the scarcity of food, which has displayed a tendency to worsen,
the importation of fiber to the outermost regions becomes unaffordable for most produc-
ers. Furthermore, from a resource optimization perspective, it is important to value the
endogenous resources of each region, especially those that do not compete with human
food [4]. In this context, the valorization of unconventional forages gains preponderance,
given the importance of shrub and tree foliage in the feeding of ruminants in extensive
systems [3]. The use of unconventional forages has been the subject of research, namely the
study of the forages’ chemical composition, nutritional value, and digestibility to enhance
these resources in the nutrition of ruminants. The valorization of these resources is an
opportunity to combat desertification in arid areas and to control invasive plants in native
forests [5], as it is possible to use some of these plants as roughage foods since they are rich
in fiber and generally present higher levels of protein and minerals than the straw supplied
to ruminants [6].The major handicap for the use of these unconventional forages is the
existence of some groups of secondary metabolites in the plants’ chemical composition,
of which the terpenoids, the flavonoids, the phenolic, and alkaloid compounds stand out.
These can interfere with digestibility [7]. In high concentrations, some secondary metabo-
lites can produce toxic effects in different systems, such as endocrine, immunological, and
reproductive [8]. However, the use of unconventional forages in ruminants’ feed can bring
benefits to the animal because they have secondary metabolites capable of binding proteins
in the rumen, making it escape ruminal degradation, and these metabolites can only be
digested in the intestine, increasing the amount of protein absorbed by the animal [6]. In
addition, secondary metabolites can alter the balance of microorganisms in the rumen
which will have a direct influence on the fermentative potential of the fiber present in the
food [9]. Thus, the use of unconventional plants in the feeding of ruminants can contribute
to a natural reduction in the production and enteric emission of greenhouse gases produced
by ruminant production systems; this change will, namely, reduce methane and lead to an
increase in rumen fermentation, through the decrease in the use of metabolizable energy
through the loss of gross energy, thereby increasing animal production [10].

However, it is first necessary to strengthen the knowledge of the nutritional properties
of these exotic species, as well as their capacity for digestibility and how they can adapt to
the regional model of livestock production. The objective of this study was to evaluate the
nutritional characteristics of six unconventional plants, Pittosporum undulatum, Cryptomeria
japonica, Acacia melanoxylon, Hedychium gardnerianum, Eucalyptus globulus, and Arundo donax
and their potential as nutritional alternatives for grazing ruminants.

2. Materials and Methods

The current study was conducted in the Animal Nutrition Laboratory, University of
the Azores, Portugal.

2.1. Forage Collection and Preparation

The plant materials (leaves) of six different plants, P. undulatum, C. japonica, A. melanoxy-
lon, H. gardnerianum, E. globulus, and A. donax were collected from the Terra Chã forest
(38◦41’ N 27◦14’ W, at 319 m altitude) on Terceira Island, Azores, between November and
February. All plants were harvested before flowering. Three different samples from each
plant were harvested manually, consisting of the parts of the plant animals normally eat.
Samples were chopped into small pieces, then dried at 65 ◦C in a forced air oven for 72 h,
ground through a 1mm screen using a Retsch mill (GmbH, 5657 Hann, Germany), and
stored in tightly closed bags till use.

2.2. Chemical Analysis

Chemical analysis was performed in triplicate. The dry matter (DM) contents in
forage were determined by the Weende system (DM, method 930.15)), crude protein (CP,
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method 954.01), ether extract (EE, method 920.39), and total ash method (942.05) were
determined according to the standard methods of AOAC [11]. The DM content of forage
was determined by drying the samples at 68 ◦C until a steady weight and placing them
in a forced air oven at 105 ◦C for 24 h. Crude protein (CP) was determined by a standard
micro-Kjeldahl method using digestion equipment (Kjeldatherm System KT 40, Gerhart
Laboratory Instruments, Bonn, Germany) and an automated Kjeltec 2300 Auto-analyzer
apparatus for distillation and titration (Foss Electric, Copenhagen, Denmark.) The CP was
calculated by multiplying the total nitrogen by 6.25. The ether extract was measured by
refluxing forage samples with petroleum ether in a Soxhlet system (Büchi B-810, Flawil,
Switzerland). The total ash was evaluated by igniting samples in a muffle furnace at 500 ◦C
for 12 h. Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL) were determined according to the method used by Goering and Van Soest [12].
In vitro digestibility was determined according to the method of Tilley and Terry [13],
modified by Alexander and McGowan [14]. The rumen liquid was obtained as described
by Borba et al. [15], from a local slaughterhouse bovine, where the following conditions
were observed: For each experiment, rumen were collected from 5 healthy dairy cattle
(Holstein-Friesian); the animals had been fed ryegrass. Rumen fluid was collected within
10 min of slaughter, filtered through cheesecloth, and preserved at 38 ◦C under anaerobic
conditions, being delivered to the animal nutrition laboratory within 30 min after it was
collected.

2.3. In vitro Gas Production

The in vitro gas production (IVGP) technique [16] was followed for ruminal fermenta-
tion determination in glass syringes (Model Fortuna from Germany); it was also used to
evaluate the potential of feeds to produce greenhouse gas. Rumen liquor was collected as
described by Borba et al. [15]. For each oven-dried sample, 200 mg was weighed, in tripli-
cate, for 100 mL calibrated glass syringes fitted with plungers. Three blank syringes were
incubated with only 30 mL of buffered rumen fluid. Blanks were used for each inoculum
to measure the fraction of total gas production due to the substrate in the inoculum, and
these values were subtracted from the total to obtain the net GP. All treatments for each
essay were incubated simultaneously in all runs. The preparation of buffer solutions and
the rumen inoculum was performed as described by Menke [17]. The initial gas volume
was recorded after 4, 8, 12, 24, 48, 72, and 96 h of incubation. To study the kinetics of gas
production used exponential equation (1) of Ørskov and McDonald [18], implemented in
the NEWAY computer package, was used:

p = a + b (1 − exp−ct), (1)

where: p represents the gas production at time t, the values of a, b and c represent constant
values in the exponential equation, a + b is the total potential gas production (mL g−1 DM),
and c the rate constant. This equation was chosen because its constants and derivatives
have been the object of constant study, and great results have been observed when applying
this equation to various unconventional forages [19].

2.4. Gross Energy Determination

The gross energy (GE) was determined using an adiabatic calorimeter bomb (IKA-
WERKE C5003, Staufen, Germany). All GE determinations were performed in triplicate.

2.5. Relative Feed Value Determination

The RFV of leaves was calculated according to Rohweder [20] using the following
equations (2):

RFV = (DMD × DMI)/1.29 (2)

This index is useful to evaluate forage quality since it combines both feed digestibility
(from %ADF) and the intake potential (from %NDF) [21]. In line with the Quality Grading
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Standard assigned by The Hay Marketing Task Force of the American Forage and Grassland
Council, the RFV was assessed as roughages based on: prime >151; 1st (premium)—151−125;
2nd—(good) 124−103; 3rd (fair)—102−87; 4th (poor)—86−75 and 5th (reject) < 75.

The formula based on NDF for the calculation of DMI (3) potential as a percent of
body weight is as follows:

DMI (%) = 120/(NDF%) (3)

The dry matter digestibility used in this equation was determined according to the
method of Tilley and Terry [13], modified by Alexander and McGowan [14].

2.6. Statistical Analysis

Assumptions of normality and homogeneity of variance were checked with Shapiro–
Wilk and Levene’s tests, respectively. The data were analyzed by one-way analysis of
variance and means. The means were compared for significance using Duncan’s Multiple
Range Test. When normal distribution or homogeneity of variances was not verified, the
statistical differences were determined using the non-parametric Kruskal–Wallis’s test being
adjusted using the Bonferroni correction. All statistical analyses were performed using
the IBM SPSS Statistics 27 program (SPSS Inc., Chicago, IL, USA). Values were expressed
as mean ± standard mean error (SEM) and comparisons were considered statistically
significant if the p-value was lower than 0.05.

3. Results
3.1. Chemical Composition, Nutritive Value, and Energy Contents

The results of the chemical composition and dry and organic matter digestibility are
presented in Table 1. It was observed that A. melanoxylon, A. donax, and H. gardnerianu
with 168.6 ± 3.6, 168.6 ± 1.2, and 120.3 g·Kg−1 DM, respectively, present higher values
of CP when compared to the remaining plants. The minimum value of CP registered
was 65.4 ± 2.1 g·Kg−1 DM for C. japonica. H. gardnerianum (715.5 ± 3.4 g·Kg−1 DM) and
A. donax (703.4 ± 1.4 g·Kg−1 DM) had high levels of NDF. On the other hand, E. globulus
and P. undulatum were, of the species studied, those with the lowest NDF values, with
307.9 ± 3.1 and 380.2 ± 8.2 g·Kg−1 DM, respectively.

Table 1. Chemical Composition of the unconventional forages.

Forages
Dry Matter

(g·Kg−1)
g Kg−1 DM %

DMD
%

OMD
GE

(MJ·kg−1 DM)CP NDF ADF ADL EE Ash

A. melanoxylon 395.1
(±9.3)

168.6
(±1.2)

640.8
(±4.3)

522.1
(±4.9)

464.9
(±7.7)

20.2
(±2.4)

52.2
(±0.0)

27.02
(±1.26)

24.58
(±1.18)

16.07
(±1.62)

A. donax 244.0
(±6.1)

168.6
(±3.6)

703.4
(±1.4)

334.4
(±6.4)

31.6
(±2.2)

20.3
(±1.3)

107.3
(±1.2)

60.44
(±1.22)

59.62
(±1.41)

16.96
(±1.18)

C. japonica 364.5
(±4.3)

65.4
(±2.1)

467.7
(±1.0)

334.3
(±5.2)

184.5
(±4.0)

63.6
(±5.9)

46.7
(±7.2)

30.81
(±0.49)

28.78
(±0.84)

19.5
(±1.90)

E. globulus 484.4
(±5.6)

81.0
(±2.2)

307.9
(±3.1)

288.7
(±3.2)

192.4
(±5.9)

80.4
(±3.2)

45.1
(±1.4)

23.11
(±1.74)

21.16
(±1.57)

19.93
(±2.09)

H. gardnerianum 134.0
(±3.6)

120.3
(±4.7)

715.5
(±3.4)

360.9
(±1.6)

91.3
(±9.7)

22.5
(±0.9)

113.3
(±2.2)

36.39
(±1.70)

29.19
(±1.49)

15.68
(±1.58)

P. undulatum 334.3
(±6.1)

79.6
(±2.0)

380.2
(±8.2)

355.9
(±6.7)

193.2
(±7.6)

30.2
(±4.1)

78.7
(±1.1)

37.65
(±0.91)

34.00
(±1.45)

18.63
(±1.28)

Results presented as a mean (± standard deviation.) CP—Crude Protein; NDF—Neutral Detergent Fiber;
ADF—Acid Detergent Fiber; ADL—Acid Detergent Lignin; EE—Ether Extract; DMD—Dry Matter Digestibility;
OMD—Organic Matter Digestibility; GE – Gross Energy. p-value significant at p ≤ 0.05.

A. melanoxylon was the plant with the highest ADF (522.1 ± 4.9 g·Kg−1 DM) and
ADL (464.9 ± 7.7 g·Kg−1 DM) content. The minimum value registered for the ADF was
288.7 ± 3.2 g ·Kg−1 DM for the E. globulus, while the lowest value registered for ADL was
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for the A. donax with 31.6 ± 2.2 g·Kg−1 DM. Regarding the ether extract (EE), E. globulus
was the plant that had the highest content with 80.4 ± 3.2 g·Kg−1 DM.

After determining the in vitro dry matter digestibility o (DMD) contents of the non-
conventional forages used in the experiment, it was found that they varied between
23.11 ± 1.74% and 60.44 ± 1.22% (Table 1). Regarding the values observed for the in vitro
organic matter digestibility in vitro (OMD), the maximum value was obtained for the
A. donax at 59.62 ± 1.41% while the E. globulus presented the minimum percentage of OMD
at 21.16%. We must highlight the A. donax which was the only plant that presented a
digestibility value ‘above 50%, in the DMD and the OMD, while in the other plants the
digestibility values were very low, never exceeding 40%.

The RFV of the unconventional forages in the study is presented in Table 2. The RFV
was lowest in H. gardnerianum and highest in P. undulatum. Based on the standards assigned
by the Hay Market Task Force of the American Forage and Grassland Council, most of the
forage understudy had a very low-quality roughage class, with an RFV below 75%. Only
two plants, P. undulatum, and A. donax had a grade 3 and 4, respectively.

Table 2. Relative feed values and qualities of the unconventional forages.

Forages DMD (%) DMI (%BW) RFV (%) Classification

Acacia melanoxylon 27.02 a 1.87 a 39.22 a 5
Arundo donax 60.44 b 1.71 a 79.94 b 4

Cryptomeria japonica 30.81 a 2.57 ab 61.29 ab 5
Eucalyptus globulus 23.11 a 3.90 b 69.82 ab 5

Hedychium gardnerianum 36.39 a 1.68 a 34.31 a 5
Pittosporum undulatum 37.65 a 3.16 b 92.12 c 3

SEM 2.62 0.33 7.23
p-value ≤0.05 ≤0.05 ≤0.05

Means with different letters in the same column are significantly different (p < 0.05); SEM—standard error of means.
p-value significant at p ≤ 0.05. According to the Quality Grading Standard assigned by The Hay Marketing Task
Force of the American Forage and Grassland Council, the RFV was assessed as roughages based on: prime >151; 1st
(premium)—151−125; 2nd(good)—124−103; 3rd (fair)—102−87; 4th (poor)—86−75 and 5th (reject) < 75.

The minimum GE value was 15.68 ± 0.09 MJ·Kg−1 for the H. gardnerianum and the maxi-
mum 19.93 ± 0.09 MJ·Kg−1 by E. globulus, which observed significative differences (p < 0.05)
to the other plants.

Average values of gross, digestible, and metabolizable energy of each species.

3.2. In Vitro Gas Production

The volume of gas produced in vitro from the different plants, during the 96 h of
incubation, varied between 1 mL at 4 h for all plants and 34 mL 200 mg−1 DM for A. donax
at 96 h, this being the plant that produced, on average, the highest volume accumulated over
time (95.7 mL 200 mg−1). A. melanoxylon was the plant that produced the lowest volume of
gas accumulated during the test with a volume of 21 mL 200 mg−1 DM accumulated gas.

As we can observe in Figure 1, there were no significant differences between the plants
in the first 24 h of incubation. After 48 h of fermentation, we observed an increase in gas
production for A. donax compared and the other plants, with significant differences between
A. donax and A. melanoxylon, C. japonica, and E. globulus during the period between 48 and
96 h. At 72 and 96 h, P. undulatum and H. gardnerianum registered significant differences
between A. melanoxylon and E. globulus.
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Figure 1. In vitro gas production during incubation of unconventional feeds in buffered rumen fluid
at 96 h. Box-plot presentation showing the median, the middle 50% of the data (box), and gas volume
ranges. Error bars represent maximum and minimum values per sample, while different letters
indicate significant differences among the species, with the p-value significant at p ≤ 0.05.

The fitted values of in vitro gas production for these unconventional forages (Table 3)
show that the initial time of fermentation (Lag Time) varies significantly from plant to plant,
ranging between 0 h to 4.8 h.

Table 3. Fitted values and parameters of kinetics in vitro gas production gas after 96 h incubation of
the unconventional forages.

Forages Fitted Values of Gas Production (mL 200 mg−1 DM) Parameters of Gas Production

4 h 8 h 12 h 24 h 48 h 72 h 96 h a b a + b c Lag Time RSD

A. melanoxylon 0.98 A 1.37 A 1.74 A 2.71 A,D 4.18 A 5.17 A 5.85 A 0.56 A 6.72 A 7.28 A 0.016 A 0 0.31
A. donax 0.21 B 2.25 B 4.57 B,C 10.74 B 20.23 B 26.88 B 31.53 B −2.82 B 45.21 c 42.39 B 0.015 A 4.3 1.44

P. undulatum 0.34 B 1.42 A 3.09 B,C 7.53 C 14.4 C 19.24 B 22.65 C −2.21 B 33.00 B 30.79 B 0.014 A 4.8 1.1
E. globulus 0.99 A 1.34 A 1.69 A 2.71 A,D 4.65 A 6.46 A 8.16 A 0.63 A 31.88 B 32.51B 0.003 B 0 0.51
C. japonica 0.20 B 1.13 A 1.97 A 4.01 A,D 6.58 A 7.94 A,C 8.67 A −0.83 D 10.32 A 9.49 A 0.264 C 3.2 1.58

H.
gardnerianum 0.84 A 1.62 A 2.37

A,B,C 4.55 A,D 8.52 A,C 12.01 C 15.09 D 0.05 C 37.69
B,C 37.74 B 0.005 B 0 0.46

SEM 0.09 0.19 0.24 0.22 0.29 0.14 0.11 0.02 0.12 0.09 0.007
p-value ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05 ≤0.05

Means within a column with different capital letters differ significantly, p-value significant at p ≤ 0.05.a: gas
production from the immediately soluble fraction (mL); b: gas production from the insoluble fraction (mL);
a + b: potential gas production (mL); c: the gas production rate constant for the insoluble fraction (mL/h); lag
time expressed in hours.

The kinetics of gas production and the estimated parameters are given in Table 3. Gas
production at 96 h was lower in A. melanoxylon and higher in A. donax with 5.85 mL and
31.56 mL 200 mg−1 DM, respectively. The intercept value (a) from the soluble fractions
was lowest in A. donax and highest in E. globulus. In asymptote (b) which represents the
fermentation of the insoluble fractions, the minimum value obtained in A. melanoxylon
and highest in A. donax. The forage with the highest gas production potential (a + b)
was A. donax with 42.39 mL, while the lowest was 7.28 mL observed for A. melanoxylon, a
statistically significant (p < 0.05) difference. E. globulus (0.003 mL·h−1) was the plant that
presented the lowest fermentation rate (c).

4. Discussion

The collected samples were sufficiently representative of the individual species in
the sampling area to allow for the investigation of variability between species in terms of
chemical composition and food value.



Animals 2022, 12, 3587 7 of 11

4.1. Chemical Composition

The chemical composition of unconventional forages is influenced by several factors,
including genotype, stage of maturity, and harvest time [22]. DM represents the share
of plant cloth that remains after drying and is composed of carbohydrates (fibrous and
non-fibrous), proteins, fats, minerals, and pigments, among others [23]. In all the evaluated
plants, DM content varies between 134.0 and 484.4 g·Kg−1 DM.

H. gardnerianum showed considerably lower DM content compared to other species,
which can be explained by this being the only herbaceous species involved in the study.
Among the woody plants, DM varied between 334.3 and 488.4 g·Kg−1 DM, values below
those reported by other authors [24,25]. These values may be related to the period of
sample collection, since this test was carried out during the winter, when there is greater
availability of water in the leaves, decreasing the DM levels [26]. The CP results showed
that C. japonica and P. undulatum with 65.4 ± 2.1 g·Kg −1 DM and 79.6 ± 2.0 g·Kg −1

DM values of CP, respectively. These levels are insufficient for ruminal microorganisms
to degrade fiber at maximum capacity, as CP levels greater than 80 g·Kg−1 DM are re-
quired [27]. However, Van Soest [28] states that the minimum level of CP necessary for
normal rumen functioning is 70 g·Kg−1 DM. If we consider this the reference value, only
C. japonica is below this value. Only two plants, A. melanoxylon (168.6 ± 1.2 g·Kg−1 DM)
and A. donax (168.6 ± 3.6 g·Kg−1 DM) presented CP values above the 150 g·Kg−1 DM re-
quired for optimal growth and lactation for dairy cattle [29]. The CP values obtained
for H. gardnerianum (120.3 ± 4.7 g·Kg−1 DM) were higher than those found by [30] who
recorded protein levels of 77.53 g·Kg−1 DM but close to those reported by [31], which were
130.0 g·Kg−1 DM. Protein is one of the main limiting nutrients in livestock. Alternative
foods, for the most part, are used as roughage in the base diet, but as a rule, they have
low quality with low crude protein content. This situation reduces nitrogen retention in
animals and increases their demand, especially in tropical climates [32].

Another important component of the ruminant diet is fiber. Fiber represents the
fraction that is partially digestible in the gastrointestinal tract of herbivorous animals and is
made up of complex polysaccharides, such as cellulose, hemicellulose, and pectin, as well
as lignin, which is rich in phenolic compounds [33]. Through the determination of NDF,
ADF, and ADL, we can obtain information about the different fractions of the cell wall
(cellulose, hemicellulose, lignin, silica, and insoluble nitrogen compounds). Cellulose and
hemicellulose contents are slowly fermented by the rumen microbiota and contribute as a
source of metabolic energy [34]. The NDF is composed of cellulose and hemicellulose and
lignin, which is an important parameter to stabilize the rumen pH, through the production
of saliva. When the NDF content of the diet is greater than 55%, there is evidence of a
reduction in food intake [35]. The results showed a great variability of NDF among the
plants., However, three of these species, C. japonica, E. globulus, and P. undulatum, have
NDF contents lower than 55%. This does not compromise the use of these plants in grazing
cattle, as they do not affect the digestibility of the diet. The value obtained for ADF in
P. undulatum was similar to that found by [36], while for A. melanoxylon the determined
ADF content obtained (522.1 g·Kg−1 DM) is higher than that presented by Dias et al. [37],
which was 311.8 g·Kg−1 DM. ADF is composed of cellulose, lignin, and proteins that limit
the degradation of carbohydrates in the cell wall at the rumen level [34], and this value is
used to estimate diet digestibility, energy availability, and consumption potential of forage
species. Thus, the lower the ADF content of the forage, the higher its nutritional quality
and energy levels [38].

The lignin content of 464.9 ± 3.8 g·Kg−1 DM present in A. melanoxylon stands out
among the various unconventional forages. The high value of ADL will correspond to a
low percentage of in vitro DMD (27.02 ± 1.26%), because lignin is difficult to digest, with a
negative correlation between lignin concentration and digestibility [39].

The fraction of ash present in plant tissues corresponds to the inorganic mineral
component (non-incinerated) that plants absorb the majority from the soil. H. gardnerianum
was the species that presented the highest ash content 113.3 g·Kg−1 DM, and this herbaceous
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plant has greater contact with the soil, with a greater probability of contamination since
some of the leaves may be in direct contact with the ground. For a better understanding of
the mineral part, it was necessary to determine the individual profile of the main minerals
present in the ash fraction.

In vitro DMD is an important metric as it represents the proportion of plant material
that can be digested by ruminants and is considered one of the main criteria for evaluating
the usefulness of food used in animal nutrition [40]. Except for A. donax, which presented
60.44% in vitro DMD, all the other plants presented in vitro DMD contents below 50%, the
minimum digestibility value for the animals’ maintenance needs [41]. However, authors
such as Nastis et al. [42] report that there is an underestimation of the digestibility of
shrubs and trees, which may be related to the presence of secondary metabolites, such as
saponins or tannins, which negatively influence the in vitro values of digestibility. Tannins
have also been associated with low levels of palatability, but low and medium levels can
be tolerated by ruminants [43]. The variation in in vitro DMD values is related to the
chemical composition of the plant and is generally greater in plants with high CP content
and lower fiber values [44]. The presented gross energy levels result in C. japonica with
19.5 ± 0.10 MJ·Kg−1 and E. globulus (19.93 ± 0.09 MJ·Kg−1), obtaining the highest levels of
gross energy. We can associate the GE levels these plants with the high content of essential
oils present in E. globulus and C. japonica.

4.2. Relative Feed Values

In this study, most of the studied unconventional forages studied were considered
of no interest to animal feed, according to the Quality Grading Standard assigned by The
Hay Marketing Task Force of the American Forage and Grassland Council. However, we
verified that P. undulatum presents a significant difference compared to the other plants in
relative values of feed (p < 0.05) and fits into a class of fair-quality roughage. Additionally,
according to the same scale A. donax, with 79.94%, is classified as a poor-quality feed.

4.3. Gas Production

The accumulated volume of gas production (Figure 1), the fitted values, and the
parameters of the gas production kinetics model (Table 3) showed a variation between
different samples, indicating differences in the rate of fermentation characteristics of the
feeds.

As expected, the foods with the highest %DMD, A. donax and P. undulatum, were
also the ones that showed the highest accumulated gas production at 96 h, with 31.53
and 22.65 mL 200 mg−1 DM, respectively. The observed low in vitro gas production in A.
melanoxylon and E. globulus (Figure 1) might be explained by the presence of high con-
centrations of total phenols or condensed tannins, as were referred to these plants by Lee
et al. [44], and could interact with the protein complexes, being a major cause of the resis-
tance of this species to bacterial decomposition. The biggest significant difference observed
in total in vitro gas production was between A. donax and A. melanoxylon, E. globulus, and
C. japonica (p < 0.05). Although A. donax has a high rate of ruminal degradation, several
authors argue that the palatability of A. donax is low, resulting in a low voluntary intake
even when ruminants ingest young plant leaves [45].

The negative “a” value observed in forages such as A. donax, P. undulatum, or C. japonica,
does not adapt to the concept of gas volume from the soluble and immediately fermentable
fraction, but it is due to a deviation from the exponential function in the initial phase of gas
production to the fitted data [46].

P. undulatum’s gas production from the insoluble fraction “b” observed in this trial
(33.33 mL) was identical observed by Dias et al. [37]. l. In a study carried out on A. donax
obtained a higher “b” was obtained (49.65 mL) [32] than that observed in this work
(45.21 mL). H. gardnerianum showed, in the same parameter, a value of 37.69 mL higher
than that obtained by Moselhy et al. [30] which was 35.30 mL, but significantly lower than
the 57.04 mL indicated by Dias et al. [37] for this species. This variation can be explained
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by the season of the year in which the samples were harvested, the state of maturity of the
plant, or the place where samples were collected.

The potential extent of gas production (a + b) was significantly different between C. japonica
and A. melanoxylon compared to other plants (p < 0.05). These plants showed lower gas
production. A. donax was the plant that showed the highest gas production potential,
contrary to what was reported by Cone et al. [47] that refer that roughages with a high
CP content normally produce less gas during fermentation, even if their gas production
extent (a+b) is high because the fermentation of the protein produces ammonia, which
influences the balance of the carbonate buffer by neutralizing the ions H+ of volatile fatty
acids without the release of CO2. In the fermentation parameter (a + b) we recorded a
volume of 37.74 mL for H. gardnerianum and 30.79 mL for P. undulatum, which differ from
the results obtained by Moselhy et al. [30] who obtained a potential for the gas production
of these plants of 25.32 and 37.28 mL, respectively. These authors say that these two plants
have an inhibitory effect on in vitro gas production.

This study focused only on the nutritional composition of plants and their digestibility;
however, further research is needed to identify the presence of secondary metabolites
before it is fully recommended. These plants must also undergo animal response testing
to assess their acceptability and the effect on animal performance and the quality of their
products.

5. Conclusions

After analysis of the different parameters under evaluation such as chemical composi-
tion, digestibility, and potential gas production, it was concluded that all the species under
study were nutritionally poor. However, among the six species studied two species stand
out, A. donax and P. undulatum. P. undulatum, despite having a low protein content, has
a fair rate of quality RFV forage, which allows it to be an alternative source of fiber for
ruminants. Overall, A. donax and P. undulatum showed the best results and can be supplied
to ruminants as roughage in periods of food scarcity. Nevertheless, before testing on ani-
mals in vivo, further studies will be needed to identify possible antagonist substances, and
physical and/or chemical treatments to the unconventional forages under study are also
needed to increase the exposure of fibrous components to ruminal degradability.

Author Contributions: Writing—original draft, methodology, formal analysis, research, H.P.B.N.;
Conceptualization and revision, A.E.S.B.; Laboratory analysis and revision. C.S.A.M.M.D. and S.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was developed and supported from the Institute of Investigation Agrarian
and Environmental (IITAA) by FCT project ref: UIDB/00153/2020 in collaboration with Marques
Ambiente, Lda company. The first author was also awarded a postdoctoral grant M3.1.a/F/024/2018
supported by the Regional Science and Technology Fund (FRCT)—Azores, Portugal.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Carvalho, F.; Meirelles, M.; Henriques, D.; Navarro, P. Alterações Climáticas e o Aumento de eventos extremos nos Açores. In

Boletim do Núcleo Cultural da Horta; Universidade dos Açores: Horta, Portugal, 2020; Volume 29, pp. 95–108.
2. Seidavi, A.; Tavakoli, M.; Rasouli, B.; Corazzin, M.; Salem, M. Application of some trees/shrubs in ruminant feeding: A review.

Agroforest Syst. 2018, 94, 1353–1364. [CrossRef]
3. Enri, S.R.; Probo, M.; Renna, M.; Caro, E.; Lussiana, C.; Battaglini, L.M.; Lombardi, G.; Lonati, M. Temporal variations in leaf traits,

chemical composition and in vitro true digestibility of four temperate fodder tree species. Anim. Prod. Sci. 2020, 60, 643–658.
[CrossRef]

http://doi.org/10.1007/s10457-018-0313-8
http://doi.org/10.1071/AN18771


Animals 2022, 12, 3587 10 of 11

4. Vandermeulen, S.; Ramírez-Restrepo, C.A.; Beckers, Y.; Claessens, H.; Bindelle, J. Agroforestry for ruminants: A review of trees
and shrubs as fodder in silvopastoral temperate and tropical production systems. Anim. Prod. Sci. 2018, 58, 767–777. [CrossRef]

5. Maestre, F.T.; Bautista, S.; Cortina, J.; Bellot, J. Potential of using facilitation by grasses to establish shrubs on a semiarid degraded
steppe. J. Appl. Ecol. 2001, 11, 1641–1655. [CrossRef]

6. Leng, R.A. Tree Foliage in Ruminant Nutrition. FAO Animal Production and Health Paper; Food and Agriculture Organization of the
United Nations: Rome, Italy, 1997.

7. Demirtas, I.; Erenler, R.; Elmastas, M.; Goktasoglu, A. Studies on the antioxidant potential of flavones of Allium vineale isolated
from its water-soluble fraction. Food Chem. 2013, 136, 34–40. [CrossRef]

8. Nunes, H.P.; Faheem, M.; Dinis, M.; Borba, A.; Moreira da Silva, F. Effect of feed with Pittosporum undulatum in vivo on bovine
progesterone levels and embryos produced in vitro. Can. J. Anim. Sci. 2016, 97, 14–18. [CrossRef]

9. Vasta, V.; Bessa, R.J.B. Manipulating ruminal biohydrogenation by the use of plants bioactive compounds. In Dietary Phytochemicals
and Microbes; Springer: Dordrecht, The Netherlands, 2012; pp. 263–284.

10. Reddy, D.V. Principles of Animal Nutrition and Feed Technology, 3rd ed.; Oxford & IBH Publishing Company Pvt, Ltd.: New Delhi,
India, 2018; pp. 165–186.

11. AOAC—Association of Official Analytical Chemists. Official Methods of Analysis, 16th ed.; Association of Official Analytical
Chemists: Arlington, VA, USA, 1995.

12. Goering, H.K.; Van Soest, P.J. Forage Fiber Analyses. Agricultural Handbook No. 379; US Department of Agriculture: Washington,
DC, USA, 1970.

13. Tilley, J.M.A.; Terry, R.A. A two-stage technique for the in vitro digestion of forage crops. J. Br. Grassl. Soc. 1963, 18, 104–111.
[CrossRef]

14. Alexander, R.H.; McGowan, M. The routine determination of in vitro digestibility of organic matter in forages. An investigation
of the problems associated with continuous large-scale operation. J. Br. Grassl. Soc. 1966, 21, 140–147. [CrossRef]

15. Borba, A.E.S.; Correia, P.J.A.; Fernandes, J.M.M.; Borba, A.F.R.S. Comparison of three sources of inocula for predicting apparent
digestibility of ruminant feedstuffs. Anim. Res. 2001, 50, 265–274. [CrossRef]

16. Menke, K.H.; Raab, L.; Salewski, A.; Steingass, H.; Fritz, D.; Schneider, W. The estimation of the digestibility and metabolizable
energy content of ruminant feedstuffs from the gas production when they are incubated with rumen liquor in vitro. J. Agric. Sci.
Cambs 1979, 92, 217–222. [CrossRef]

17. Menke, K.H.; Steingass, H. Estimation of the energetic feed value obtained from chemical analysis and in vitro gas production
using rumen fluid. Anim. Res. Develop. 1988, 28, 7–55.

18. Ørskov, E.R.; McDonald, P. The estimation of protein degradability in the rumen from incubation measurements weighted
according to a rate of passage. J. Agric. Sci. 1979, 197992, 499–503. [CrossRef]

19. Bezabih, M.; Pellikaan, W.F.; Tolera, A.; Khan, N.A.; Hendriks, W.H. Chemical composition and in vitro total gas and methane
production of forage species from the Mid Rift Valley grasslands of Ethiopia. Grass Forage Sci. 2014, 69, 635–643. [CrossRef]

20. Rohweder, D.A.; Barnes, R.E.; Jorgensen, N. Proposed hay grading standards based on laboratory analysis for evaluating quality.
J. Anim. Sci. 1978, 47, 747–759. [CrossRef]

21. Reiné, R.; Ascaso, J.; Barrantes, O. Nutritional quality of plant species in pyrenean hay Meadows of high diversity. Agronomy
2020, 10, 883. [CrossRef]

22. Aumont, G.; Caudron, I.; Saminadin, G.; Xande, A. Sources of variation in nutritive values of tropical forages from the Caribbean.
Anim. Feed Sci. Technol. 1995, 51, 1–13. [CrossRef]

23. Al-Arif, M.A.; Suwanti, L.T.; Estoepangestie, A.S.; Lamid, M. The Nutrients Contents, Dry Matter Digestibility, Organic Matter
Digestibility, Total Digestible Nutrient, and NH3 Rumen Production of Three Kinds of Cattle Feeding Models. In Proceedings of
the Veterinary Medicine International Conference, Surabaya, Indonesia, 12–14 July 2017; KnE Life Sciences: Dubai, United Arab
Emirates, 2017; pp. 338–343.

24. Fasae, O.A.; Sowande, O.S.; Popoola, A.A. Evaluation of selected leaves of trees and foliage of shrubs as fodder in ruminant
production. J. Agric. Sci. Environ. 2010, 10, 36–44.

25. Zhou, H.; Li, M.; Zi, X.; Xu, T.; Hou, G. Nutritive Value of Several Tropical Legume Shrubs in Hai-nan Province of China. J. Anim.
Vet. Adv. 2011, 10, 1640–1648.

26. Apráez, E.; Gálvez, A.L.; Navia, J.F. Evaluación nutricional de arbóreas y arbustivas de bosque muy seco tropical (bms-T) en
producción bovina. Rev. Cienc. Agríc. 2017, 34, 98–107. [CrossRef]

27. Franco, M.; Detmann, E.; de Campos Valadares Filho, S.; Batista, E.D.; de Almeida Rufino, L.M.; Barbosa, M.M.; Lopes, A.R.
Intake, digestibility, and rumen and metabolic characteristics of cattle fed low-quality tropical forage and supplemented with
nitrogen and different levels of starch. Asian-Australas. J. Anim. Sci. 2017, 30, 797–803. [CrossRef]

28. Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in
relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef] [PubMed]

29. Poppi, D.P.; McLennan, S.R. Protein and energy utilization by ruminants at pasture. J. Anim. Sci. 1995, 73, 278–290. [CrossRef]
[PubMed]

30. Moselhy, M.A.; Nunes, H.P.; Borba, A.E.B. Effect of replacement of ordinary ruminant feed with Hedychium gardnerianum or
Pittosporum undulatum on in vitro rumen fermentation characteristics. Int. J. Adv. Res. Publ. 2014, 2, 91–104.

http://doi.org/10.1071/AN16434
http://doi.org/10.1890/1051-0761(2001)011[1641:PFUFBG]2.0.CO;2
http://doi.org/10.1016/j.foodchem.2012.07.086
http://doi.org/10.1139/CJAS-2016-0072
http://doi.org/10.1111/j.1365-2494.1963.tb00335.x
http://doi.org/10.1111/j.1365-2494.1966.tb00462.x
http://doi.org/10.1051/animres:2001113
http://doi.org/10.1017/S0021859600086305
http://doi.org/10.1017/S0021859600063048
http://doi.org/10.1111/gfs.12091
http://doi.org/10.2527/jas1978.473747x
http://doi.org/10.3390/agronomy10060883
http://doi.org/10.1016/0377-8401(94)00688-6
http://doi.org/10.22267/rcia.173401.66
http://doi.org/10.5713/ajas.16.0629
http://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://www.ncbi.nlm.nih.gov/pubmed/1660498
http://doi.org/10.2527/1995.731278x
http://www.ncbi.nlm.nih.gov/pubmed/7601744


Animals 2022, 12, 3587 11 of 11

31. Maduro Dias, C.S.; Vouzela, C.F.M.; Rosa, H.J.D.; Madruga, J.S.; Borba, A.E.S. Nutritional Potential of Some Invasive Species of
Macaronesia for Ruminants. Am. J. Agric. Res. 2020, 5, 102.

32. Salah, N.; Sauvant, D.; Archimède, H. Nutritional requirements of sheep, goats and cattle in warm climates: A meta-analysis.
Animal 2014, 8, 1439–1447. [CrossRef]

33. Ramos, L.; Apráez, J.; Cortes, K.; Apráez, J. Nutritional, antinutritional and phenological characterization of promising forage
species for animal feeding in a cold tropical zone. Rev. Cienc. Agríc. 2021, 38, 86–96. [CrossRef]

34. Harper, K.J.; McNeill, D.M. The Role iNDF in the Regulation of Feed Intake and the Importance of Its Assessment in Subtropical
Ruminant Systems (the Role of iNDF in the Regulation of Forage Intake). Agriculture 2015, 5, 778–790. [CrossRef]

35. Van Soest, P.J. Development of comprehensive system of feed analysis and its application to forages. J. Anim. Sci. 1967, 26,
119–128. [CrossRef]

36. Nunes, H.; Falé, P.; Duarte, M.F.; Serralheiro, M.L.; Borba, A.; Moreira Da Silva, F. Pittosporum undulatum and Hedychium
gardnerianum nutritive value and secondary metabolites on cattle reproductive performances. J. Pure Appl. Sci. Technol. 2014, 22,
1–9.

37. Dias, C.M.; Ortiz, C.; Vouzela, C.F.; Madruga, J.; Borba, A. Characterization of Pico Island (Azores) wood-pastures. Afr. J. Agric.
Res. 2019, 14, 136–142.

38. Cortiana, T.A.A.; Regiani, S.M.; Cardoso, J.G.; Carvalho, F.J.L.; Henz, É.L.; Pedro, J.P. Production and chemical composition of
grasses and legumes cultivated in pure form, mixed or in consortium. Acta Sci. Anim. Sci. 2017, 39, 235–241.

39. Moore, K.J.; Hans-Joachim, G.; Jung, H.-J.G. Lignin and fiber digestion. J. Range Manag. 2015, 4, 420–430.
40. Leng, R.A. Evaluation of tropical feed resources for ruminant livestock. In Tropical Feeds and Feeding Systems; FAO: Rome, Italy,

1995; Available online: https://www.fao.org/ag/aga/agap/frg/econf95/pdf/evalu.pdf (accessed on 12 April 2022).
41. Arzani, H.; Basiri, M.; Khatibi, F.; Ghorbani, G.R. Nutritive value of some Zagros Mountain rangeland species. Small Rumin Res.

2006, 65, 128–135. [CrossRef]
42. Nastis, A.S.; Malechek, J.C. Estimating digestibility of oak browse diets for goats by in vitro techniques. J. Range Manag. 1988, 41,

255–258. [CrossRef]
43. Lamy, E.; Rawel, H.; Schweigert, F.G.; Capela, F.; Silva, A.; Ferreira, A.; Rodigues, C.C.; Antunes, A.M.; Almeida, A.; Coelho,

V.; et al. The effect of tannins on Mediterranean ruminant ingestive behavior: The role of the oral cavity. Molecules 2011, 16,
2766–2784. [CrossRef]

44. Lee, M.A. A global comparison of the nutritive values of forage plants grown in con-trasting environments. J. Plant Res. 2018, 131,
641–654. [CrossRef]

45. Ahmed, M.E.; El-Zelaky, O.A.; Aiad, K.M.; Shehata, E.I. Response of small ruminants to diets containing reed forage either as
fresh, silage or hay versus berseem hay. Egypt. J. Sheep Goats Sci. 2011, 6, 15–26.

46. Blümmel, M.; Becker, K. The degradability characteristics of fifty-four roughages and roughage neutral-detergent fibres as
described by in vitro gas production and their relationship to voluntary feed intake. Br. J. Nutr. 1997, 77, 757–768. [CrossRef]

47. Cone, J.W.; Van Gelder, A.H. Influence of protein fermentation on gas production profiles. Anim. Feed Sci. Technol. 1999, 76,
251–264. [CrossRef]

http://doi.org/10.1017/S1751731114001153
http://doi.org/10.22267/rcia.213801.152
http://doi.org/10.3390/agriculture5030778
http://doi.org/10.2527/jas1967.261119x
https://www.fao.org/ag/aga/agap/frg/econf95/pdf/evalu.pdf
http://doi.org/10.1016/j.smallrumres.2005.05.033
http://doi.org/10.2307/3899181
http://doi.org/10.3390/molecules16042766
http://doi.org/10.1007/s10265-018-1024-y
http://doi.org/10.1079/BJN19970073
http://doi.org/10.1016/S0377-8401(98)00222-3

	Introduction 
	Materials and Methods 
	Forage Collection and Preparation 
	Chemical Analysis 
	In vitro Gas Production 
	Gross Energy Determination 
	Relative Feed Value Determination 
	Statistical Analysis 

	Results 
	Chemical Composition, Nutritive Value, and Energy Contents 
	In Vitro Gas Production 

	Discussion 
	Chemical Composition 
	Relative Feed Values 
	Gas Production 

	Conclusions 
	References

