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Abstract: This study evaluated the change in nutritive value and in situ degradability of Desmanthus
spp. (desmanthus) cultivars JCU2; D. virgatus, JCU4; D. bicornutus and JCU7; D. leptophyllus harvested
at varying maturity stages to test the hypothesis that the nutritive value and in situ degradability of
desmanthus differ between cultivars and with maturity stage at harvest. In Experiment 1, desmanthus
was harvested at 11, 38, 72 and 103 days of regrowth (maturity), separated into the leaf and stem
portion, dried and analysed for dry matter (DM) and chemical composition. In Experiment 2,
desmanthus was harvested 78, 122 and 168 days after planting (maturity). Samples were dried, and
DM, crude protein (CP) and neutral detergent fibre (NDF) and acid detergent fibre (ADF) degradation
were determined using the in situ technique with three fistulated Droughtmaster steers. The results
showed an interaction between cultivar and maturity on the leaf to stem mass ratio, leaf CP, stem
NDF and the leaf ADF (p ≤ 0.04). The leaf-to-stem mass ratio declined more steeply with maturity
in JCU7 compared to JCU2 and JCU4 (p = 0.04), while there was a higher decline in leaf CP of JCU4
than JCU2 and JCU7 (p < 0.01). The total potentially degradable fraction of DM and CP did not
differ between cultivars (p ≥ 0.30) but declined with maturity (p ≤ 0.04). However, the effective
DM degradability at a high particle outflow rate was higher in JCU4 than in JCU7. Taken together,
these results indicate that differences exist between cultivars, and higher livestock production may
be achieved by utilising the different cultivars in a blend and at earlier maturity stages. Therefore,
the hypothesis that nutritive value and in situ degradability of desmanthus differ between cultivars
and with maturity stage at harvest was accepted.

Keywords: legume pastures; tropical livestock; pasture quality; leaf to stem mass ratio

1. Introduction

Seasonal fluctuations in pasture availability and nutritive value are major factors
limiting livestock production on tropical grass pastures [1]. This is primarily due to
declines in leaf-to-stem mass ratio (L/S), crude protein (CP) and soluble carbohydrates
that reduce the nutritive value and palatability of pastures [2]. Low nutritive value leads
to poor growth and reproductive performance, increased susceptibility to parasites and
diseases and increased enteric methane emissions [3–5]. The introduction of legumes
into tropical grass pastures provides high-quality forage to grazing livestock for longer
periods compared to grass-only pastures [6]. Augmenting low-quality grass pastures with
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forage legumes improves feed intake, rumen function and increases mineral and vitamin
availability [4]. In addition, legumes increase soil nitrogen by symbiotic nitrogen fixation
that improves the growth of associated grasses, and some legume species contain secondary
metabolites such as condensed tannins that minimise protein degradation in the rumen [7].

Research on suitable pasture legumes for the heavier textured soils of semi-arid
northern Australia, where a scarcity of adapted and productive legume species exists,
identified Desmanthus spp. (desmanthus) as a suitable candidate [8–12]. Desmanthus
is a forage legume of the tribe Mimoseae of the subfamily Mimosoideae native to the
Americas [13] and varies from prostrate to erect, herbaceous to suffruticose and early to
late maturing depending on the species [14,15]. Desmanthus grows in a wide range of soil
textures ranging from gravelly, sandy and loam to heavy clay soils of neutral to alkaline
pH [9,12,15]; it is highly palatable, withstands heavy grazing [16], reduces enteric methane
emissions [17,18] and is drought tolerant [9]. It can survive with as little as 300 mm annual
rainfall [15] and thrives with 500 to over 1000 mm average annual rainfall [8,9]. Studies
have reported improved livestock growth performance [19–21], wool growth [20] and
carcass loin eye muscle area [22] when grass-based diets are augmented with desmanthus.
However, there is a dearth of peer-reviewed literature evaluating the effect of cultivar and
maturity stage on nutritive value for ruminant livestock. Therefore, this study aimed to fill
this gap in the literature by evaluating the change in nutritive value and in situ digestibility
of three desmanthus cultivars (JCU2; D. virgatus, JCU4; D. bicornutus, JCU7; D. leptophyllus)
harvested at different maturity stages (days since desmanthus establishment or age of
regrowth). The criteria for cultivar selection was based on the ability of JCU2 to combine
well with grass pastures in moderate fertility soils of sub-humid environments, superior
drought and grazing tolerance of JCU4 and superior leafiness and bulk of JCU7 [15]. The
study tested the hypothesis that nutritive value and in situ degradability of desmanthus
differ between cultivars and with maturity stage at harvest.

2. Materials and Methods

This study was organised into two experiments: Experiment 1 evaluated the chemi-
cal composition, and Experiment 2 investigated the degradability of desmanthus forage
harvested at varying maturity stages.

2.1. Experiment 1

Desmanthus establishment and management were described previously [23]. In
summary, soil analysis was carried out before establishment to examine suitability for
desmanthus production. Pure stands of desmanthus species D. virgatus cultivar JCU2,
D. bicornutus cultivar JCU4 and D. leptophyllus cultivar JCU7 (Agrimix Pty Ltd., Wilsonton,
Australia) were established on 29 November 2019 at a sowing rate of 2 kg/ha with 60 cm
row spacing. Plots were not fertilised during desmanthus establishment but were top
dressed with Natramin S (Ag Solutions, Gympie, Australia) at 400 kg/ha and urea at
100 kg/ha. Weeds were controlled by spraying the plots with a herbicide (Roundup;
Monsanto, Kilda Road, Melbourne, Australia) mixed with 2,4-dichlorophenoxyacetic acid
(Titan Ag Pty Ltd., Sydney, Australia) four weeks pre-planting. Forage was slashed in
February, and sampling took place once a month after 11, 38, 72 and 103 days of regrowth
(Table 1). Samples were collected randomly by cutting 5 cm above the ground and bulked
to comprise eight samples per cultivar. Samples were transported in cooler boxes to the
laboratory, separated into stem portion (stems and branches) and leaf portion (consisting
of leaves, flowers and pods when present). Samples were dried in a forced-air oven at
55 ◦C for 48 h to determine the dry matter (DM) content. Samples were then ground to
pass through a 1 mm screen using a Cyclotec mill (Foss Tecator AB, Hoganas, Sweden) and
analysed for CP, neutral detergent fibre (NDF) and acid detergent fibre (ADF) using the
near-infrared reflectance spectroscopy (NIRS) technique described by Norman et al. [24].
The L/S was calculated as dry leaf portion weight divided by dry stem portion weight
in grams.
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Table 1. Physiological maturity phase of experimental forage at harvest.

Harvest Day
Cultivar

JCU2 JCU4 JCU7

Experiment 1
11 Vegetative Vegetative Vegetative
38 Pre-bloom Pre-bloom Vegetative
72 Developing seeds Developing seeds Vegetative

103 Mid-mature seeds Mid-mature seeds Full bloom

Experiment 2
78 Vegetative Pre-bloom Vegetative

122 Full bloom Full bloom Vegetative
168 Fully mature seeds Fully mature seeds Early bloom

2.2. Experiment 2

Desmanthus was established in coastal north Queensland (19.21◦ S, 146.57◦ E) on
15 August 2020, after soil analysis to determine the suitability of the site for desmanthus
production. The soils were dark greyish brown 10YR 3/2, heavy sandy loam texture with
a pH of 6.3. The area receives 1136 mm mean annual rainfall with mean minimum and
maximum temperatures of 19.9 ◦C and 29.0 ◦C, respectively [25]. The plot was prepared
with a tractor and rotary hoe to create a weed-free seed bed. Single furrow per cultivar,
approximately 40 m long and 4 m between rows, were made using a hand hoe and
seeds sown by hand. The plots were rain-fed, but supplementary drip irrigation was
used to occasionally water the plants to avoid water stress. The plot was not fertilised
throughout the experiment. To mimic cattle grazing, approximately 300 g of the top
20–30 cm ‘grab’ samples of JCU2, JCU4 and JCU7 were collected randomly at 78, 122 and
168 days after establishment (Table 1) from three different locations and stored at −20 ◦C
prior to processing.

2.3. Animal Management

The animal use and management procedures were carried out according to the Aus-
tralian code of practice for the care and use of animals for scientific purposes [26] and were
reviewed and approved by the CSIRO Agriculture Animal Ethics Committee (Approval
number 21/05). Three rumina fistulated Droughtmaster steers weighing 550 ± 48 kg were
group housed in an open outdoor pen 18 m × 15 m. Steers were fed Rhodes grass (Chloris
gayana) hay of 13.8% CP, 66.2% NDF and 32.9% ADF ad libitum and had free access to shade,
water and a mineral block (Trace Element Northern, Ollson’s, Yennora, NSW, Australia)
throughout the study period. A 14-day pre-experimental period was observed to gradually
adapt the steers to the Rhodes grass hay diet. The adaptation period was followed by three
weekly experimental periods. The study was organised in a randomised split-plot design
with steers as the whole plots and cultivars as sub-plots to ensure that every steer received
all the cultivars and maturity stages.

2.4. In Situ Incubations and Chemical Analysis

Samples were dried at 55 ◦C for 48 h in a forced-air oven to determine the DM content
and ground to pass through a 2 mm screen with a Christy and Norris grinder (Christy
Turner Ltd., Suffolk, England). Approximately 5 g of ground desmanthus forage were
weighed into nylon bags measuring 9 cm × 14 cm and 45 µm pore size in duplicates. The
nylon bags were enclosed in retaining sacs constructed of a mesh (3 mm × 5 mm) material
that permits rumen fluid to percolate completely. The sacs were inserted into the rumen
and nylon bags added into the mesh sac using the sequential-in all-out method to ensure
0, 2, 4, 8, 12, 24, 48 and 72 h incubation periods. Each sample was incubated in duplicate
per steer to provide a total of six bags per sample. Rumen fluid pH was measured at every
incubation time to ensure an optimum rumen environment was maintained. All bags were
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removed from the rumen after the incubation period was completed and immediately
submerged in ice-cold water to stop further microbial activity. The zero h bags were
not incubated but were washed together with the incubated bags to determine the easily
degradable component of the samples. Bags were washed with cold water using a domestic
laundry machine with a short cycle and dried in a forced-air oven at 55 ◦C for 72 h. Dry
samples were weighed and duplicates combined and ground to pass through a 1 mm screen
using the Cyclotec mill before chemical analysis. The NDF (without heat-stable α amylase)
and ADF compositions were determined sequentially according to the methods of Van
Soest et al. [27], respectively, using an ANKOM 220 Fibre Analyser (ANKOM Technology,
Fairport, NY, USA). The nitrogen (N) component of 162 samples was determined by the
Dumas combustion method [28] with a Leco CN628 N Analyser (Leco, St. Joseph, MI,
USA). The N results were used to develop calibrations to predict the N composition of
the remaining 67 samples with the NIRS technique due to mechanical failure of the Leco
CN628 N Analyser. The CP composition of the samples was calculated as total N × 6.25.

2.5. Data Analysis
2.5.1. Calculations

The DM, CP, NDF and ADF degradability were calculated within steer and period.
Duplicate values at each time were averaged and then fitted using the revised nonlin-
ear regression equation of Ørskov and McDonald [29] (Equation (1)) or the Ørskov and
McDonald [30] (Equation (2)).

The following exponential equations were used based on preliminary model fitting
(Figure 1);

P = A + B(1 − e−C(T−L)) for DM degradability (1)

P = A + B(1 − e−CT) for CP, NDF and ADF degradability (2)

where P is the proportion degraded at time T, A is the highly soluble fraction, B is the
potentially degradable fraction, A + B is the total potentially degradable fraction, C is the
rate of degradation of fraction B and L is the lag time.
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Figure 1. Nonlinear models for the estimation of degradation of (a) DM and (b) CP. A is the intercept
of the curve at 0 h representing the highly soluble fraction; B is the asymptote representing the
potentially degradable fraction; C is the fractional rate constant for degradation of B; L is the time lag.

The parameters (A, B, A + B, C, L) of degradation were estimated from the solution of
the exponential Equations (1) and (2) using the SAS procedure (PROC NLIN) from degrad-
ability data. Examples of the fitted segmented nonlinear (exponential) and exponential
curves for DM and CP are displayed in Figure 1. The effective degradable proportion (ED)
was calculated as:

ED = A + BC/(C + K) (3)

where K is the particle outflow rate from the rumen (/h). The ED was estimated with slow
and rapid outflow rates of 2%/h (ED2) and 6%/h (ED6), respectively.

2.5.2. Statistical Analysis

All statistical data analyses were implemented in SAS version 9.4 and R version
4.0.1. Plant component nutritive values (leaf to stem ratio, DM, CP, NDF and ADF) and
degradability variables (A, B, A + B, C, L, ED2 and ED6) were summarised as means and
standard deviations. Analysis of variance (ANOVA) was used to determine if the nutritive
values (4) and degradability (5) of desmanthus differ between cultivars and maturity stage
at harvest. In addition, post hoc pairwise comparisons were carried out with Tukey’s
adjusted p-Values.

The model for plant component nutritive values is of the form:

Yij = µ + Cultivari + Maturityj + (Cultivar × Maturity)ij + eij (4)

where:
Yij is the nutritive value (leaf to stem ratio, DM, CP, NDF or ADF) for ith cultivar at jth

maturity time;
µ is the overall mean;
Cultivari is the fixed effect of the ith cultivar (JCU2, JCU4, JCU7);
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Maturityj is the fixed effect of the stage of maturity (11, 38,72, 103 days);
(Cultivar × Maturity)ij is the interaction between cultivar and stage of maturity

(fixed effects);
eij is random error.
eij i.i.d ~N(0, σe2).
The model for degradability variables is of the form:

Yijk = µ + Cultivari + Maturityj + (Cultivar × Maturity)ij + αk + eijk (5)

where:
Yijk is a degradability variable (A, B, A + B, C, L, ED2 and ED6) for ith cultivar at jth

maturity time in steer k;
µ is the overall mean;
Cultivari is the fixed effect of the ith cultivar (JCU2, JCU4, JCU7);
Maturityj is the fixed effect of the stage of maturity (78, 122, 168 days);
(Cultivar × Maturity)ij is the interaction between cultivar and stage of maturity

(fixed effects);
αk is a random effect of the steer;
eij is a residual error.
αk i.i.d ~N(0, σα

2).
In addition, eij and αk were assumed to be independent. Inferences were based on a

5% level of significance.

3. Results
3.1. Experiment 1: L/S, DM and Chemical Composition

The effect of desmanthus cultivar, maturity stage at harvest and their interactions on
L/S, DM, CP, NDF and ADF are presented in Table 2, Figures 2 and 3.
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Table 2. Mean leaf to stem mass ratio (L/S), dry matter (DM; %) and chemical composition (% DM)
of desmanthus harvested at varying maturity stages.

Variable 1 Cultivar 2
Maturity at Harvest

Mean SEM 3
p-Value

11 38 72 103 C M C*M

L/S JCU2 2.2 0.60 0.74 0.89 1.1 a 0.09 <0.01 <0.01 0.04
JCU4 2.4 0.77 1.7 1.5 1.6 b

JCU7 3.5 0.82 1.1 1.2 1.7 b

Mean 2.7 0.73 1.2 1.2

Leaf
DM JCU2 22.8 28.5 33.5 42.4 31.8 0.99 0.14 <0.01 0.01

JCU4 24.0 27.8 31.0 53.6 34.1
JCU7 25.9 26.3 31.9 44.2 32.1
Mean 24.2 27.5 32.1 46.7

CP JCU2 28.1 23.5 23.7 19.5 23.7 0.57 0.12 <0.01 <0.01
JCU4 29.0 27.2 19.9 16.9 23.3
JCU7 24.3 23.4 23.0 18.7 22.4
Mean 27.1 24.7 22.2 18.4

NDF JCU2 47.1 49.6 51.5 38.2 46.6 b 0.74 <0.01 0.01 0.27
JCU4 45.4 39.2 37.9 41.4 41.0 a

JCU7 46.5 44.6 51.0 43.1 46.3 b

Mean 46.3 44.5 46.8 40.9

ADF JCU2 14.6 24.5 27.1 25.1 22.8 a 0.79 0.02 <0.01 0.03
JCU4 16.1 23.3 27.8 32.3 24.9 b

JCU7 18.0 27.7 26.5 29.6 25.5 b

Mean 16.2 25.2 27.1 29.0

Stem
DM JCU2 19.5 31.2 41.0 42.2 33.5 a 1.2 0.03 <0.01 0.02

JCU4 17.8 33.6 44.3 51.1 36.7 b

JCU7 18.9 32.3 35.8 48.9 34.0 a

Mean 18.7 32.4 40.4 47.4

CP JCU2 12.5 7.2 6.1 6.7 8.1 0.41 0.63 <0.01 0.29
JCU4 13.1 6.8 4.6 7.2 7.9
JCU7 11.6 6.2 8.4 7.9 8.5
Mean 12.4 6.7 6.4 7.3

NDF JCU2 54.2 65.6 68.8 67.1 63.9 0.92 0.88 0.01 <0.01
JCU4 53.9 67.3 72.8 64.2 64.6
JCU7 63.4 69.1 63.1 59.6 63.8
Mean 57.2 67.3 68.2 63.6

ADF JCU2 40.0 52.8 54.3 50.7 49.5 0.85 0.94 0.01 0.02
JCU4 40.4 52.9 56.3 49.3 49.7
JCU7 46.7 55.5 50.3 44.8 49.3
Mean 42.4 53.7 53.6 48.3

1 DM: dry matter, CP: crude protein, NDF: neutral detergent fibre, ADF: acid detergent fibre. 2 JCU2: D. virgatus,
JCU4: D. bicornutus, JCU7: D. leptophyllus. 3 SEM: standard error of the mean. C: cultivar effect, M: maturity effect,
C*M: cultivar by maturity interaction; p-Value based on ANOVA. ab Cultivar means with different superscripts
were significantly different (p < 0.05).
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Figure 3. Effect plots for the interactions between cultivar and maturity at harvest on desmanthus
leaf and stem portion dry matter (DM), crude protein (CP), neutral detergent fibre (NDF) and acid
detergent fibre (ADF) composition. All interactions were significant except the leaf NDF (p = 0.27)
and stem CP (p = 0.29).

3.1.1. Leaf to Stem Mass Ratio

There was an interaction between cultivar and maturity on the L/S (p = 0.04; Figure 2),
where the L/S of cultivar JCU7 declined more steeply than the other cultivars, JCU2 and
JCU4. The L/S was higher in JCU7 for young desmanthus forage and higher in JCU4 for
the mature forage, and L/S decreased linearly with maturity for all cultivars evaluated
(p < 0.01).

3.1.2. Dry Matter Concentration

Significant interactions between cultivar and maturity were observed for DM concen-
tration of both leaf and stem portions (p ≤ 0.02; Figure 3a,e). In both cases, there was a
higher linear increase in DM composition of JCU4 with maturity compared to JCU2 and
JCU7, which increased at a lower rate. Generally, the stem DM was highest in JCU4 and
lowest in JCU2.

3.1.3. Crude Protein Composition

As shown in Table 2, an interaction between cultivar and maturity was observed for
the leaf CP (p < 0.01) but not in stem CP (p = 0.29). There was a higher linear decline in leaf
CP of JCU4 with maturity than JCU2 and JCU7 (Figure 3b). The stem CP declined with
maturity for all cultivars (p < 0.01), but no significant difference between cultivar means
was observed (p = 0.63).

3.1.4. Fibre Composition

A significant interaction effect of cultivar and maturity on the stem NDF (p < 0.01)
was observed but not in the leaf NDF (p = 0.27). The stem NDF increased substantially
with maturity in JCU2 and JCU4 but not in JCU7 (Figure 3g). On the other hand, the leaf
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NDF declined with maturity (p = 0.01), and NDF was lower in JCU4 compared to JCU2 and
JCU7 (p < 0.01). There were significant interactions between cultivar and maturity on the
leaf and stem ADF (p ≤ 0.03). The leaf ADF increased more steeply with maturity for JCU4
compared to JCU2 and JCU7 (Figure 3d), while the stem ADF increased with maturity for
both JCU2 and JCU4 but not in JCU7 (Figure 3h).

3.2. Experiment 2: Forage DM and Chemical Composition

The forage DM, CP, NDF and ADF are presented in Table 3. These data were obtained
from composite samples, thus not statistically analysed. Generally, all the cultivars por-
trayed a numerical increase in NDF and ADF composition with an increase in maturity. In
contrast, the CP decreased with an increase in maturity for JCU2 and JCU7, but JCU4 CP
increased from day 78 to day 122, followed by a decline on day 168. The DM composition
for JCU2 and JCU4 increased with maturity, while JCU7 DM was lowest on day 122 and
highest on day 168. The mean DM, CP, NDF and ADF were similar across cultivars, with a
maximum difference of 3.3% in ADF observed between JCU4 and JCU7.

Table 3. Dry matter (%) and chemical composition (%DM) of desmanthus forage harvested 78, 122
and 168 days after planting.

Variable 1 JCU2 JCU4 JCU7

78 122 168 Mean 78 122 168 Mean 78 122 168 Mean

DM 26.1 29.4 33.2 29.6 27.4 26.6 34.3 29.4 28.3 28.1 30.3 28.9
CP 25.2 20.4 16.9 20.8 23.0 26.4 17.3 22.2 23.8 22.0 20.8 22.2

NDF 25.4 34.2 38.7 32.8 25.6 27.4 47.9 33.6 29.3 31.2 35.2 31.9
ADF 14.0 19.3 24.5 19.3 14.0 15.9 32.4 20.8 13.0 18.2 21.2 17.5

1 DM: dry matter, CP: crude protein, NDF: neutral detergent fibre, ADF: acid detergent fibre; JCU2: D. virgatus,
JCU4: D. bicornutus, JCU7: D. leptophyllus.

3.3. Dry Matter Degradation

Table 4 present the DM A, B, A + B, C, L, ED2 and ED6 of three desmanthus cultivars
(JCU2, JCU4 and JCU7) harvested 78, 122 and 168 days after establishment. There were no
significant interactions between cultivar and maturity for all variables evaluated (p ≥ 0.17).
The lowest degradation of instantly degraded A fraction was observed on day 168 for all
cultivars (p = 0.01), whereas degradation of A was lower for JCU7 than JCU2 and JCU4
(p < 0.01). The slowly degraded B proportion of DM was influenced by cultivar with the
highest degradation recorded for JCU7 followed by JCU2, and the least degradation was
in JCU4 (p < 0.01). However, degradation of the A + B component and the ED2 were not
significantly different between cultivars (p ≥ 0.25), although degradation declined with
maturity for all cultivars (p < 0.01; Figure 4c). The cultivar and maturity had significant
effects on the lag time (p ≤ 0.04). The lag time increased linearly with maturity (Figure 4e),
whereas JCU7 had the longest lag time. The ED6 was influenced by cultivar and maturity
(p < 0.01). ED6 declined linearly with maturity for all cultivars (Figure 4g), but JCU4 had
higher ED6 than JCU7.
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Figure 4. Effect plots for the change in in situ dry matter (DM) degradation of D. virgatus (JCU2),
D. bicornutus (JCU4) and D. leptophyllus (JCU7) with maturity. (a) A; highly soluble fraction, (b) B;
potentially degradable fraction, (c) A + B; total potentially degradable fraction, (d) C; rate of degrada-
tion of fraction B, (e) L; lag time, (f) ED2; effective DM degradability with particle outflow rate of
2%/h and (g) ED6; effective DM degradability with particle outflow rate of 6%/h. No significant
interactions between cultivar and maturity were observed (p ≥ 0.17).

Table 4. Effect of cultivar and maturity stage at harvest of desmanthus on in situ dry matter (DM)
degradation. Data presented in fractions unless otherwise stated.

Variable 1 Cultivar 2 Maturity at Harvest p-Value 4

78 122 168 Mean SEM 3 C M C*M

A JCU2 0.30 0.27 0.26 0.28 b 0.00 <0.01 0.01 0.22
JCU4 0.28 0.30 0.26 0.28 b

JCU7 0.25 0.26 0.24 0.25 a

Mean 0.28 0.28 0.25

B JCU2 0.53 0.48 0.42 0.48 b 0.01 <0.01 <0.01 0.51
JCU4 0.49 0.54 0.31 0.45 a

JCU7 0.59 0.51 0.52 0.54 c

Mean 0.54 0.51 0.42

A + B JCU2 0.84 0.75 0.68 0.76 0.01 0.30 <0.01 0.66
JCU4 0.78 0.84 0.58 0.73
JCU7 0.85 0.78 0.76 0.79
Mean 0.82 0.79 0.67

C (/h) JCU2 0.13 0.11 0.08 0.11 ab 0.01 <0.01 0.03 0.48
JCU4 0.17 0.15 0.07 0.13 b

JCU7 0.06 0.07 0.04 0.06 a

Mean 0.12 0.11 0.06
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Table 4. Cont.

Variable 1 Cultivar 2 Maturity at Harvest p-Value 4

78 122 168 Mean SEM 3 C M C*M

Lag (h) JCU2 2.1 2.7 2.6 2.5 a 0.31 <0.01 0.04 0.17
JCU4 3.0 3.1 3.0 3.0 a

JCU7 4.0 5.7 6.1 5.3 b

Mean 3.0 3.8 3.9

ED2 JCU2 0.77 0.68 0.59 0.68 0.01 0.25 <0.01 0.55
JCU4 0.72 0.77 0.51 0.67
JCU7 0.71 0.66 0.59 0.65
Mean 0.73 0.70 0.57

ED6 JCU2 0.67 0.58 0.49 0.58 ab 0.02 <0.01 <0.01 0.53
JCU4 0.65 0.67 0.44 0.59 b

JCU7 0.56 0.54 0.46 0.52 a

Mean 0.63 0.60 0.46
1 A: highly soluble fraction, B: potentially degradable fraction, A + B: total potentially degradable fraction, C:
rate of degradation of fraction B, ED2: effective degradability with particle outflow rate of 2%/h, ED6: effective
degradability with particle outflow rate of 6%/h. 2 JCU2: D. virgatus, JCU4: D. bicornutus, JCU7: D. leptophyllus 3

SEM, standard error of the mean. 4 C: cultivar effect, M: maturity effect, C*M: cultivar by maturity interaction;
p-Value based on ANOVA. abc Cultivar means with different uppercase superscripts per variable were significantly
different (p < 0.05).

3.4. Crude Protein Degradation

The degradation of CP fractions and the degradation rate are presented in Table 5 and
Figure 5. The cultivar and maturity interaction were significant for the A and A+B fractions
(p < 0.01) but not for the B, C, ED2 and ED6 variables (p ≥ 0.11). Degradation of the A
component increased linearly with maturity for all cultivars (p < 0.01), but the increase
was higher for JCU4. The overall degradation was highest in JCU4 and lowest in JCU7
(p = 0.01). The A + B degradation was observed to decline with maturity for all cultivars
(p = 0.04; Figure 5c). JCU7 had lower C, ED2 and ED6 than both JCU2 and JCU4 (p < 0.01),
while the C and ED2 were observed to decline with maturity (Figure 5). The B component
degradation was influenced by cultivar effects, with higher degradation observed for JCU7
than JCU4 (p = 0.01), but JCU2 did not differ from either JCU4 or JCU7.

Table 5. Effect of cultivar and maturity stage at harvest of desmanthus on in situ crude protein (CP)
degradation. Data presented in fractions unless otherwise stated.

Variable 1 Cultivar 2 Maturity at Harvest p-Value 4

78 122 168 Mean SEM 3 C M C*M

A JCU2 0.16 0.20 0.23 0.20 ab 0.01 0.01 <0.01 <0.01
JCU4 0.13 0.22 0.32 0.23 b

JCU7 0.15 0.17 0.19 0.17 a

Mean 0.15 0.20 0.25

B JCU2 0.72 0.63 0.57 0.64 ab 0.01 0.01 <0.01 0.11
JCU4 0.66 0.70 0.44 0.60 a

JCU7 0.72 0.71 0.65 0.70 b

Mean 0.70 0.68 0.55

A + B JCU2 0.89 0.83 0.81 0.84 0.01 0.20 0.04 <0.01
JCU4 0.80 0.93 0.76 0.83
JCU7 0.88 0.89 0.85 0.87
Mean 0.86 0.88 0.81



Fermentation 2022, 8, 377 12 of 21

Table 5. Cont.

Variable 1 Cultivar 2 Maturity at Harvest p-Value 4

78 122 168 Mean SEM 3 C M C*M

C (/h) JCU2 0.09 0.08 0.08 0.08 b 0.00 <0.01 <0.01 0.47
JCU4 0.10 0.09 0.06 0.08 b

JCU7 0.05 0.03 0.03 0.04 a

Mean 0.08 0.07 0.06

ED2 JCU2 0.76 0.71 0.70 0.72 b 0.01 <0.01 0.01 0.71
JCU4 0.69 0.80 0.66 0.72 b

JCU7 0.67 0.64 0.60 0.64 a

Mean 0.71 0.72 0.65

ED6 JCU2 0.60 0.57 0.57 0.58 b 0.01 <0.01 0.16 0.43
JCU4 0.55 0.65 0.56 0.59 b

JCU7 0.48 0.45 0.42 0.45 a

Mean 0.55 0.56 0.52
1,2,3,4 Abbreviations and effects are the same as in Table 4; p-Value based on ANOVA. C*M: cultivar by maturity
interaction. ab Cultivar means with different superscripts were significantly different (p < 0.05).
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Figure 5. Effect plots for the change in in situ crude protein (CP) degradation of D. virgatus (JCU2),
D. bicornutus (JCU4) and D. leptophyllus (JCU7) with maturity. (a) A; highly soluble fraction, (b) B;
potentially degradable fraction, (c) A + B; total potentially degradable fraction, (d) C; rate of degrada-
tion of fraction B, (e) ED2; effective CP degradability with particle outflow rate of 2%/h and (f) ED6;
effective CP degradability with particle outflow rate of 6%/h. Cultivar by maturity interactions were
not significant except for the A and A + B proportions (p < 0.01).
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3.5. Fibre Degradation

The desmanthus potentially degradable fraction (B), rate of degradation of fraction
B (C) and effective degradability (ED2 and ED6) of NDF and ADF in response to cultivar,
maturity and their interactions are presented in Table 6 and Figures 6 and 7. There were
no significant effects of the cultivar and maturity interactions on all the NDF and ADF
variables evaluated (p ≥ 0.12). Components B, C, ED2 and ED6, declined with maturity
for NDF and ADF (p < 0.01). Significant cultivar effects were observed for B and C of NDF
(p < 0.01), and C in ADF component (p = 0.02). The degradation of the B component of the
NDF was higher in JCU7 than in JCU2 and JCU4. However, JCU7 had lower C for both the
NDF and ADF proportions.

Table 6. Effect of cultivar and maturity stage at harvest of desmanthus on in situ neutral deter-
gent fibre (NDF) and acid detergent fibre (ADF) degradation. Data presented in fractions unless
otherwise stated.

Variable 1 Cultivar 2 Maturity at Harvest p-Value 4

78 122 168 Mean SEM 3 C M C*M

NDF

B JCU2 0.77 0.62 0.43 0.61 a 0.03 <0.01 <0.01 0.12
JCU4 0.71 0.71 0.31 0.58 a

JCU7 0.96 0.82 0.88 0.89 b

Mean 0.81 0.71 0.54

C (/h) JCU2 0.05 0.04 0.03 0.04 b 0.00 <0.01 <0.01 0.99
JCU4 0.05 0.05 0.03 0.04 b

JCU7 0.03 0.02 0.01 0.02 a

Mean 0.04 0.04 0.02

ED2 JCU2 0.56 0.43 0.27 0.42 0.02 0.70 <0.01 0.75
JCU4 0.50 0.51 0.19 0.40
JCU7 0.57 0.41 0.39 0.46
Mean 0.55 0.45 0.28

ED6 JCU2 0.37 0.27 0.16 0.27 0.01 0.66 <0.01 0.77
JCU4 0.33 0.33 0.10 0.25
JCU7 0.32 0.20 0.18 0.23
Mean 0.34 0.27 0.15

ADF

B JCU2 0.71 0.60 0.38 0.56 0.03 0.09 <0.01 0.14
JCU4 0.64 0.69 0.32 0.55
JCU7 0.77 0.65 0.71 0.71
Mean 0.71 0.64 0.47

C (/h) JCU2 0.04 0.02 0.02 0.03 b 0.00 0.02 <0.01 0.47
JCU4 0.03 0.03 0.02 0.03 b

JCU7 0.03 0.02 0.01 0.02 a

Mean 0.03 0.02 0.02

ED2 JCU2 0.49 0.31 0.21 0.34 0.02 0.77 <0.01 0.29
JCU4 0.39 0.42 0.19 0.33
JCU7 0.46 0.34 0.31 0.37
Mean 0.45 0.36 0.24

ED6 JCU2 0.30 0.16 0.11 0.19 0.01 0.55 <0.01 0.28
JCU4 0.22 0.24 0.10 0.18
JCU7 0.26 0.17 0.15 0.19
Mean 0.26 0.19 0.12

1,2,3,4 Abbreviations same as in Table 4; p-Value based on ANOVA. C*M: cultivar by maturity interaction. a,b Culti-
var means with different superscripts were significantly different (p < 0.05).
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(JCU2), D. bicornutus (JCU4) and D. leptophyllus (JCU7) with maturity. (a) B; potentially degradable
fraction, (b) C; rate of degradation of fraction B, (c) ED2; effective NDF degradability with particle
outflow rate of 2%/h and (d) ED6; effective NDF degradability with particle outflow rate of 6%/h.
Cultivar by maturity interactions were not significant (p ≥ 0.12).
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Figure 7. Effect plots for the change in in situ acid detergent fibre (ADF) degradation of D. virgatus
(JCU2), D. bicornutus (JCU4) and D. leptophyllus (JCU7) with maturity. (a) B; potentially degradable
fraction, (b) C; rate of degradation of fraction B, (c) ED2; effective ADF degradability with particle
outflow rate of 2%/h and (d) ED6; effective ADF degradability with particle outflow rate of 6%/h.
Cultivar by maturity interactions were not significant (p < 0.14).
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4. Discussion

The quality of forage for livestock is a function of nutrient concentration, DM intake
and nutrient availability [31]. Diet digestibility influences digestible energy intake and nu-
trient supply in ruminants fed forage-based diets due to the close interconnection between
diet digestibility and intake [32]. Thus, diet chemical composition analysis and biological
assays that simulate ruminal conditions for feed digestibility analysis are employed to
evaluate forage quality for livestock feeding [33], and the in situ technique is one such
approach that is widely used [34]. Ruminants derive approximately 60–70% of digestible
energy from fermentation in the rumen [35]. The rumen accounts for up to 97% of total
gastrointestinal tract NDF digestion [36] and 50–80% of CP degradation [37]. Therefore, this
study evaluated the chemical composition and in situ degradability of three desmanthus
cultivars harvested at varying maturity stages.

4.1. Leaf to Stem Mass Ratio

The leaf proportion of forage contributes critically to the forage nutritive value because
a decrease in leaf proportion is associated with increased forage NDF and ADF, which are
inversely correlated with digestibility [38]. The L/S ranged between 0.7 and 3.5 in this
study, and this range was wider than the 0.9–1.3 range reported for unidentified species of
desmanthus in Brazil [39]. In this study, there was a decrease in the L/S with advancing
plant maturity. These results concur with findings reported previously for D. virgatus
and several other forage legumes such as Medicago sativa, Trifolium repens and Desmodium
intortum [40–42]. The decline in L/S with maturity is attributed to the decreasing leaf
proportion due to senescence and increasing stem proportion as the plant matures [43].
The finding that cultivar JCU7 had the highest L/S in this study was expected since JCU7
is described to be among the highest performing cultivars of desmanthus in leafiness [15].
The slower decrease in L/S of JCU4 with maturity may be due to an increase in leaf mass
and production of pods that might have offset the increase in the proportion of stem.
Calado et al. [39] reported an increase in both leaves and stem yield with the maturity of
desmanthus harvested at three pod stages.

4.2. Chemical Composition

The lower leaf NDF in JCU4 than JCU2 and JCU7 in this study agree with findings
reported by Vandermeulen et al. [18] but contrast with the results of Durmic et al. [44], who
reported higher NDF in JCU4 than JCU2. The discrepancies may be due to differences in
the growth stage at harvest, plant part analysed or environmental factors [42,45,46]. This is
because Durmic et al. [44] analysed the leaves and young stems up to 5cm long, propagated
in an open environment, while Vandermeulen et al. [18] analysed whole plants grown in a
semi-enclosed greenhouse and harvested from 10 cm above the ground. Dietary digestible
fibre is the main source of digestible energy in beef cattle-fed forage diets, and NDF provides
physically effective fibre that stimulates rumination, salivation and reticulorumen motility
which help elevate ruminal pH [35]. An increase in dietary fibre is usually associated with
a reduced concentration of fermentable carbohydrates [47]. Rumen microbial population
growth is highly dependent on fermentable carbohydrates for energy. An insufficient
supply of fermentable carbohydrates in relation to nitrogen reduces microbial protein
synthesis and increases nitrogen loss through urine [48]. Therefore, the increase in ADF
and decrease in CP with maturity observed in this study may reduce rumen microbial
protein synthesis. Generally, the ADF increased with maturity in both the leaf and stem
proportions, while NDF increased with maturity only in the stem proportion in this study.
Structural carbohydrates are reported to increase with maturity for both leaf and stem
proportions in desmanthus [42], but the increase is less in leaves and higher in the stem
because of lignin accumulation within cell walls during stem diameter expansion through
cambial activity [38]. The accumulation of structural carbohydrates in the lower stem
internodes is accelerated as the plant stem height increases to provide plant support [38].
The CP was higher in the leaf portion at ≥16.9% compared to ≤7.9% in the stem on day 103.
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In addition, the NDF was below 47% in the leaf and above 55% in the stem. Since grazing
livestock select plant parts based on their nutritive need and availability [49,50], these
findings indicate that animals can access high-quality diet later in the pasture growing
season from desmanthus leaves when the stems have declined in quality.

The observed similar CP composition between cultivars in this study agrees with the
findings reported by Suybeng et al. [51] for JCU2, JCU4 and JCU7, and Amben et al. [52] for
JCU2 and JCU4. The decrease in desmanthus CP with an increase in maturity for both leaf
and stem proportions observed in this study agree with findings reported by Suksombat
and Buakeeree [42] for D. virgatus harvested at 30, 40 or 50 days regrowth and may be due to
an increase in the fibre portion of the plant [53]. Except for the JCU4 stem portion on day 72,
the forage CP was above the 5% to 5.6% threshold reported to prevent digestive disruption
and body protein catabolism in cattle [44,54]; this suggests that desmanthus can be used as
a high-quality forage to prevent weight loss of cattle grazing low-quality grass pastures.
Since forage yield and quality are inversely correlated as maturity advances [42,55], there
is a need to determine the optimum harvesting stage for desmanthus.

4.3. Dry Matter Degradability

The total potentially degradable DM (A + B) in this study (0.58 to 0.85) was within
the values reported for tropical legumes [56,57]. The DM ED6 was lowest for JCU7 in this
study though the total potentially degradable proportion did not differ between cultivars.
In agreement with these findings, Vandermeulen et al. [18] reported lower in vitro organic
matter digestibility of JCU1 (D. leptophyllus) compared to JCU4 and JCU2 harvested in
summer. The authors attributed the findings to higher polyphenolic secondary compounds
in JCU1. Significantly higher total tannins were recorded for JCU1 compared to JCU2
and JCU4 [18], while total phenolics were reported to be higher in JCU7 compared to
JCU2 [51]. The potentially degradable DM (B) proportion declined by 36.7%, 20.8% and
11.9% for JCU4, JCU2 and JCU7, respectively, from day 78 to day 168 in this study resulting
in the overall highest B degradability in JCU7. These results are plausible since the forage
NDF composition had increased by 87.1%, 52.3% and 20.1% for JCU4, JCU2 and JCU7,
respectively. An increase in dietary NDF results in a reduced concentration of the rapidly
fermentable carbohydrates and consequently less energy for microbial growth and DM
digestibility [40,47]. However, the effective degradability with a low particle outflow rate
(ED2) from the rumen was not higher for JCU7 compared to other cultivars in this study
due to the low degradation rate and the long lag time. Hence, the findings of this study
suggest that the three desmanthus cultivars should be utilised when they are immature
(below 168 days growth for JCU2 and JCU4, and below 122 days growth for JCU7) to
achieve high effective DM digestibility.

4.4. Fibre Degradability

The rumen is the main site for fibre digestion since dietary fibre digestion is solely
dependent on microbial fermentation as a function of the rate of degradation (C), the
proportion of the total potentially degradable fraction and the rate of feed passage from
the rumen [58]. Dietary fibre is hydrolysed and fermented to produce volatile fatty acids
that are a major metabolic energy source for the animal and rumen microbial cells [59].
Although the potentially degradable fraction (B) of NDF was higher in JCU7 compared
to JCU2 and JCU4, there was no significant difference in the ED2 and ED6 fractions of
NDF between cultivars. This may be due to the slow degradability rate and long lag time
observed for JCU7 limiting the fermentation time of fibre in the rumen [60]. The decline
in NDF and ADF effective degradability with maturity is conceivable due to the increase
in lignification of plants with advanced maturity [38]. Jung et al. [61] reported a −0.93
correlation between lignin composition and NDF digestibility of 36 forages.
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4.5. Crude Protein Degradability

In the rumen, proteins are hydrolysed to peptides and amino acids which are incorpo-
rated into microbial cells or deaminated to form carbon dioxide, volatile fatty acids and
ammonia [35]. Greater ruminal ammonia nitrogen accumulation can compromise microbial
fermentation and result in a reduced total volatile fatty acids concentration [47]. The rumen
degradable protein fraction provides nitrogen supply for rumen microbial activity and
microbial protein synthesis, which is the main protein source for ruminants [62]. The rumen
undegraded protein may be degraded post-rumen to provide a source of amino acids in the
small intestines [63]. Higher rumen undegraded protein is associated with higher animal
performance due to increased influx of essential amino acids into the small intestine and
absorption into the bloodstream [64]. There were low ED2 and ED6 of CP for JCU7 that may
have been caused by the low degradability rate, possibly from direct inhibition of microbial
activity [65] and formation of tannin–protein complexes or higher ADF-bound protein that
may protect diet protein from degradation in the rumen [66,67]. The low ED2 and ED6
of CP indicate that JCU7 may supply more rumen bypass protein to the grazing livestock
compared to JCU2 and JCU4. An increase in the A fraction of CP with maturity observed in
this study concurs with previous findings reported for temperate legume forages; Medicago
sativa, Lotus corniculatus, Trifolium ambiguum, Trifolium pratense and Trifolium repens [46]. The
author attributed the findings to the accumulation of assimilates characterised by increases
in carbohydrates and reserve proteins after the high demands for self-replication or when
growth declines. The increase in A fraction of CP with maturity may also be due to the
accumulation of CP with seed growth [68].

The utilisation of forages with CP and digestibility below 8% and 55%, respectively, is
restricted by low DM intake caused by physical fill limits and slow digestion [2,31]. Thus,
the high CP in the leaf portion in Experiment 1 and the ‘grab’ samples in Experiment 2
for all cultivars and maturity stages ranging from 16.9–29.0% and 16.9–26.4%, respectively,
and the total potentially degradable DM ranging between 0.58 and 0.85, suggesting that
desmanthus can be utilised as a high-quality forage legume for grazing cattle in northern
Australia. Since desmanthus is available in the market as a blend of several cultivars in
Australia (e.g., Progardes ®), grazing ruminant livestock may benefit from both the highly
rumen degradable CP of JCU2 and JCU4 for microbial protein synthesis and the higher
bypass protein from JCU7 for post rumen amino acids supply, more so from desmanthus
forage grazed at an earlier maturity stage. However, grazing is influenced by endogenous
animal characteristics such as body condition, age and experience in addition to diet
factors [69]. Therefore, in vivo studies are required to evaluate the effect of desmanthus on
rumen fermentation and the growth performance of ruminants.

5. Conclusions

This study evaluated the leaf to stem mass ratio, chemical composition and in situ
degradability of three desmanthus cultivars harvested at varying maturity stages. The leaf-
to-stem mass ratio of desmanthus regrowth was highest on day 11, and the ratio declined
more steeply in JCU7 compared to JCU2 and JCU4. The CP was similar between cultivars
and higher in the leaf than the stem portion, while fibre content was higher in the stem
portion. The overall effective DM degradability at a high particle outflow rate (ED6) was
observed to be higher in JCU4 than in JCU7. Therefore, the hypothesis that nutritive value
and in situ degradability of desmanthus differ between cultivars and with maturity stage
at harvest was accepted. These results indicate that differences exist between cultivars, and
higher livestock production may be achieved by utilising the different cultivars in a blend
and at early maturity stages. The high CP composition of the leaf portion in late maturity
stages indicates the potential of desmanthus to produce a high-quality protein source later
in the growing season when the quality of grass pastures has declined. However, there
is a need to determine the optimum harvesting stage for desmanthus since forage yield
and quality are inversely correlated as maturity advances. In addition, in vivo studies



Fermentation 2022, 8, 377 18 of 21

are required to evaluate the effect of desmanthus on rumen fermentation and the growth
performance of ruminants.
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