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Abstract
Context. Near-infrared reflectance spectroscopy (NIRS) is a tool that permits rapid and inexpensive prediction

of the nutritional characteristics of forages consumed by ruminants.
Aim.Our aim was to investigate the feasibility of developing a NIRS calibration to predict the nutritional value of

the majority of grasses, legumes and forbs that are utilised for sheep and cattle production in southern Australia.
Methods.More than 100 annual and perennial forage species were grown in replicated plots at two locations over a

period of 3 years. Biomass was sampled every 3–6 weeks, dried, ground and scanned with a desktop NIRS machine
(n = 4385). One-quarter of these samples were subjected to laboratory analysis for calibration development or
validation.

Key results. Despite the large variation in the taxonomy and maturity of the plants when sampled, we successfully
developed broad calibrations that predicted key nutritional traits. We achieved excellent predictions for crude protein,
with a ratio of standard error of performance : standard deviation (RPD) of 5.3, and standard error of cross validation
(SECV) of 1.06%. Predictions of neutral detergent fibre were also excellent (RPD 4.3, SECV. 3.5%). For
pepsin–cellulase DM digestibility and acid detergent fibre, predictions were very good (RPD 3.7, SECV 2.6% and
RPD 3.9, SECV 2.1%). Predictions for organic matter were less reliable (RPD 2.2). We achieved very promising
predictions of methane production during batch culture fermentation (RPD 3.1, SECV 3.5 mL/gDM). Predictions of
ammonia and total volatile fatty acid concentrations in the post-fermentation substrate were poor.

Conclusions.We found that the broad calibrations predicted the nutritional traits of annual grasses, annual legumes
and forb species with greater accuracy than perennial grasses or legumes. This could be associated with the accuracy of
the wet chemistry methods. As a general rule, separating taxonomically similar species into groups before the
development of calibrations, did not lead to more accurate predictions.

Implications. If more spatial and temporal diversity can be built in without a large reduction in accuracy, these broad
NIRS calibrations represent a valuable tool for Australian researchers, feed testing agents and livestock producers, as
they encompass nearly all of the species that appear in monocultures or mixed swards.
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Introduction

Near-infrared reflectance spectroscopy (NIRS) is used to
predict nutritional characteristics that contribute to the
intake and utilisation of forages by ruminants. The method
relies on the development of mathematical relationships
between measured traits and light absorption properties
within the near-infrared region (wavelength range
700–2500 nm). Once calibration equations are developed,

predictions of nutritional traits using NIRS are faster and
less expensive than chemical analyses (Deaville and Flinn
2000). Therefore, NIRS is a powerful tool within forage
improvement programs, as a greater number of samples can
be assessed for nutritional value before narrowing down the
pool of candidate genotypes for selection.

There are many examples of NIRS calibrations to predict
the nutritional value of forages, such as whole cereal plants

CSIRO PUBLISHING

Animal Production Science, 2020, 60, 1111–1122
https://doi.org/10.1071/AN19310

Journal compilation � CSIRO 2020 Open Access CC BY-NC-ND www.publish.csiro.au/journals/an

mailto:hayley.norman@csiro.au
http://creativecommons.org/licenses/by-nc-nd/4.0/


(Deaville et al. 2009; Stubbs et al. 2010), lucerne (alfalfa,
Medicago sativa) (Halgerson et al. 2004; Brogna et al. 2009),
perennial grasses (Myer et al. 2011; Burns et al. 2013), forage
maize (Zea mays; Hetta et al. 2017) and even woody forage
shrubs, such as tagasaste (Cytisus proliferus; Flinn et al. 1996)
and sagebrush (Artemisia tridentata; Olsoy et al. 2016).
These examples are all characterised by narrow taxonomic
diversity with only one or two plant species within the
calibration set. It has been suggested that across NIRS
predictions of forage quality, species-specific calibrations
are more accurate than broad, taxonomically diverse
calibrations (Dryden 2003; Landau et al. 2006). Accurate,
species-specific calibrations are useful for single-species
forage improvement programs and assessment of widely
sown species, such as oaten or lucerne hays. These
calibrations are not feasible for forage testing laboratories
and researchers who work with a wide range of species,
mixed swards or have samples submitted with uncertain
identification.

There have been several studies exploring how much
diversity is required to develop robust multispecies NIRS
calibrations. Shenk and Westerhaus (1993) concluded that if
enough samples are utilised, broad multiforage species
calibrations can be nearly as accurate as those for single
species. Andueza et al. (2011) explored the development of
calibrations for single forage species and compared them with
mixed grass (comprising five species), mixed legume
(comprising three species) and a broad, global calibration
encompassing all eight species of grasses and legumes. For
predictions of crude protein, (CP), the ratio of standard error
of performance : standard deviation (RPD) value was higher for
the calibration developed for the most taxonomically diverse
data. Standard error of prediction values were similar for the
broad and grass-only calibrations (1.1%). For individual species,
some calibrations had lower errors of prediction than others,with
standard error of prediction values from 0.9 to 1.7%. There are
several other examples of mixed calibrations; however, the
taxonomic diversity rarely exceeds 15 species. In southern
Chile, a calibration was successfully developed for mixed
swards, comprising eight perennial grass and legume species
by using nearly 300 spectra/chemistry pairs (Lobos et al. 2013).
In Italy, calibrations have been developed for 13 species that are
endemic to native grasslands, including grasses and legumes
(Parrini et al. 2018). In southern Australia, calibrations were
successfully developed for eight woody shrub species (Norman
and Masters 2010). Furthermore, a team in Uganda developed
calibrations for 11 diverse species of herbs and trees that were
eaten by mountain gorillas (Rothman et al. 2009).

Extensive grazing systems in southern Australia are based on
a diverse range of forage species, dominated by annual and
perennial grasses, legumes, and forbs. The aim of this project
was to investigate the feasibility of developing broad NIRS
calibrations to predict the nutritional value of the majority of
annual and perennial forage species in the feedbase of southern
Australia. We tested the hypothesis that it would be possible to
develop a global calibration that provides accurate predictions
across a diverse range of forage species for total nitrogen (N),
pepsin–cellulase dry matter digestibility (DMD), fibre fractions
(neutral detergent fibre (NDF) and acid detergent fibre (ADF)),

organic matter (OM), methane produced during 24-h batch
fermentation and subsequent fermentation products (ammonia
and volatile fatty acids). We also hypothesised that predictions
from the global calibration would be equally, or more, accurate
than those from calibrations derived fromgroups of species from
similar taxonomic groups.

Materials and methods

To test our hypotheses, we utilised 4385 plant samples
originating from 102 forage species (representing
150 accessions or cultivars). The experiment was designed for
a project to investigate the feeding value and antimethanogenic
potential of the Australian feedbase. The diversity of the
sample base included commercialised and experimental
accessions, comprising 50 species of annual legumes
(60 accessions), 20 species of perennial legumes
(30 accessions), nine species of annual grasses
(18 accessions), 13 species of perennial grasses
(25 accessions), seven species of annual forbs
(11 accessions) and three species of perennial forbs
(6 accessions; Table 1).

Plot management
The primary field site was located in Adelaide, at the
Australian Pastures Genebank field nursery, at the Waite
Institute in South Australia. The soil at the site consists of
fine, red–brown sandy loam with a pH (in CaCl2) of 6.2. The
site was rainfed with additional subsurface drip irrigation in
the first 12 months to match average monthly rainfall. The
long-term average rainfall in Adelaide is 528 mm. The
experimental site was split into five experimental units
within the same paddock for ease of management, namely:
(1) annual legumes, (2) annual grasses and forbs, (3) annual
grasses, (4) perennial grasses and forbs, and (5) chicory. The
annual legumes, grass and forbs were sown on 11 June 2012,
and the perennials were sown on 11 August 2012. Plots were 1
· 8 m in size, and forage yield was assessed every 3–6 weeks
after an initial establishment phase of 77 days. Each of the
150 accessions within the experimental cohort was replicated
across three plots, and material from each plot was analysed
separately. Basal fertilizer was applied (at recommended rates
for each cohort of plants within the five experimental units)
and the legumes were inoculated on the day before sowing
with the recommended class of rhizobia for the species. Plants
were sampled using quadrat cuts across all growth stages
(approximately every 3–6 weeks). Annual legumes were
allowed to set seed and regenerate in 2013, both perennials
and the regenerating annuals were sampled over two seasons.
When sampling, each quadrat cut was taken from a new part of
the plot, so regrowth after cutting was not sampled.

The field site in Western Australia was located on a
rainfed commercial farm near Brookton (mean annual
rainfall 430 mm). At this site, a subset of 16 annual
legumes, forbs and grasses were grown in two consecutive
seasons (Table 1). Each year, the plants were established from
seed in adjacent paddocks on 14 June 2013 and 28 May 2014.
The light brown sandy loam had a pH (in CaCl2) of 4.6. Basal
fertiliser was applied across all plots and the legumes were
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Table 1. Forage species and accessions or cultivars included in the study
All samples were grown at the primary research site is South Australia

Type Annuals or biannuals Perennials
Common name Scientific name Variety or entry Common name Scientific name Variety or entry

Forbs Forage turnip Brassica campestris Hunter Chicory Cichorium intybus Choice, Commander, Puna
Canola Brassica napus Hyola 50, Taurus, 43Y85 Plantain Plantago lanceolata Lancelot, Tonic
Rape Brassica napus ·

oleracea
Titan, Winfred Creeping saltbush Atriplex semibaccata APG 45507

Kale Brassica oleracea Kestrel
Forage turnip Brassica rapa New YorkA

Wild turnip Brassica tournefortii APG 42783
Chia Salvia hispanica Chia Black, Chia White

Grasses Forage oat Avena sativa WinterooA Tall wheatgrass Agropyron elongatum Dundas
Barley Hordeum vulgare Moby Ringed wallaby grass Austrodanthonia caespitosa Trangie
Ryecorn Secale cereale Sthn Green Wallaby grass Austrodanthonia racemosa Friend
Tritacale Triticosecale X Crackerjack2 Coloured brome Bromus coloratus Exceltas
Wheat Triticum aestivum WedgetailA Grazing brome Bromus stamineus Gala, Nandu
Italian ryegrass Lolium multiflorum

(diploid)
DargoA, Eclipse, Fesper,

Maverick GII, Turbo
Prairie grass Bromus willdenowii Matua

Lolium multiflorum
(tetraploid)

Feast ll, Tama Cocksfoot Dactylis glomerata Currie, Howlong, Megatas

Annual ryegrass Lolium rigidum
(tetraploid)

Sungrazer, Zoom Mediterranean
cocksfoot

Dactylis glomerata subsp.
hispanica

Uplands

Lolium rigidum(diploid) Progrow, Safeguard,
Wimmera

Perennial veldt grass Ehrharta calycina Mission

Tall fescue Festuca arundinacea Resolute, Fraydo, Quantum II
Perennial ryegrass Lolium perenne AberMagic HSG, Banquet II,

Bealey, Drylander, Victorian
Phalaris Phalaris aquatica Advanced AT, Australian 2,

Holdfast GT
Timothy Phleum pratense APG 38843
Puccinellia Puccinellia stricta Menemen

Legumes Biserrula Biserrula pelecinus CasbahA Milkvetch Astragalus cicer SA38091
Berseem clover Trifolium alexandrinum Memphis Tedera Bituminaria bituminosa Tedera
Eastern star clover Trifolium dasyurum Sothis Native scurf pea Cullen australasicum APG 4966
Diffuse clover Trifolium diffusum Tas 511/348 Hairy canary clover Dorycnium hirsutum Canaritas
Gland Clover Trifolium glanduliferum Prima Erect canary clover Dorycnium rectum APG 1231
Cluster clover Trifolium glomeratum Tas 1630/1807 Sulla Hedysarum coronarium Aokau, Moonbi, Wilpena
Rose clover Trifolium hirtum SARDI rose Running postman Kennedia prostrata APG 41710
Crimson clover Trifolium incarnatum Blaza Australian trefoil Lotus australis APG 45714
Moroccan clover Trifolium isthmocarpum APG 20009 Birdfoot trefoil Lotus corniculatus Lottas, APG 45718, Goldie
Lapp clover Trifolium lappaceum Tas 2129 n/a Lotus uliginosus Maku
Balansa clover Trifolium michelianum FrontierA Narrow leaf trefoil Lotus glaber LosBanos
Ball clover Trifolium nigrescens APG 15896 Lucerne Medicago sativa subsp. sativa Aurora,K202,WL925HQ, S7S2
Purple clover Trifolium purpureum Paratta Yellow sweet clover Melilotus officinalis Norgold
Persian clover Trifolium resupinatum Lightening; SARDI Persian Sanfoin Onobrychis viciifolia Othello, Shoshone
Bladder clover Trifolium spumosum BartoloA Caucasian clover Trifolium ambiguum Kuratas
Spike clover Trifolium squarrosum APG 36400 Strawberry clover Trifolium fragiferum Palestine
Striated clover Trifolium striatum Tas 1698 Alsike clover Trifolium hybridum Hytas
Subterranean clover Trifolium subterraneum AntasA, Clare, UranaA,

Denmark, Gosse, Trikkala
Red clover Trifolium pratense Tuscan, Rubitas

Woolly clover Trifolium tomentosum APG 35654 White clover Trifolium repens Storm, Quest
Arrowleaf clover Trifolium vesiculosum Cefalu Talish clover Trifolium tumens Permatas
Fenugreek Trigonella balansae APG 5045A; APG 32999

Trigonella caerulea APG 32200
Trigonella calliceras APG 32202
Trigonella coelesyriaca APG 19767
Trigonella foenum-

graecum
Wimmera SungoldA; Might

Hedysarum Hedysarum flexuosum APG 32504
n/a Lotus ornithopodioides ITA 8a
Spotted medic Medicago arabica APG 8774A; APG 36809
Strand medic Medicago littoralis Angel; Herald
Button medic Medicago orbicularis Bindaroo
n/a Medicago phrygia APG 32612
Burr medic Medicago polymorpha ScimitarA

Wheel medic Medicago rotate Highlander
Gama medic Medicago rugosa Paraponto

(continued next page)
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inoculated with appropriate rhizobia before sowing. Plots were
sampled with quadrats every 3 weeks through the growing
season, and for 2 months after senescence of all species.

Sample processing
The 4385 samples were either immediately frozen and
eventually freeze-dried (for the Adelaide site in the first
season) or placed in a paper bag then oven-dried for 48 h
at 60�C (for the Adelaide site in the second season and the
Brookton site in both seasons). Samples were ground to pass
through a 1-mm screen using either a Cyclotech (FOSS,
Hillerød, North Zealand, Denmark) or Cyclone Mill Twister
(RETSCH, Haan, North Rhine-Westphalia, Germany) grinder.
A preliminary study was conducted with unground samples
that were divided and subsequently ground in each of the
grinders to establish whether the type of grinder created any
spectral bias. There was no spectral bias associated with these
grinders detected. Across the 3-year project, a total of 1086 of
the 4385 samples were subjected to the full range of wet
chemical analyses in the laboratory (Table 2).

NIRS scanning, mathematical treatments and validation
Spectra were collected using a Unity Spectrastar 2500X
rotating top window system (Unity Scientific, Milford, MA,
USA). The spectrum file data from the NIRS machine were
converted to a multifile, and the chemometric software
package Ucal (Unity Scientific) was used to generate
predictions using partial least-squares regression methods.
We tested a range of pretreatment options including
standard normal variate detrending, scatter correction, and
derivatisation with different derivative gap and smoothing.
From this the best performing equations were selected. No
wave specification trims were utilised, the entire available
spectra from 680 nm to 2500 nm was employed. Critical levels
to remove outliers were left at default settings with the T limit
equalling 2.5. The GD limit was 3.0, and the neighbourhood
size was set to 0.20

In 2012, an initial cohort of 113 samples from the SA site
was subjected to wet chemistry. A total of 100 samples were
used to develop the first iteration of the global calibration, and
13 were set aside for immediate validation. A further 44
samples were selected (based on high standardised distance
from the mean, as indicated by global H and neighbourhood H
values) and subjected to wet chemistry, and added to the
independent validation set. Cross-validation was used to
calculate the standard error of cross-validation (SECV).
This “preliminary global” calibration was expanded over the
following 2 years.

During the 2013 and 2014 seasons, the preliminary global
calibration, based on samples from the first year from one site,
was used to predict incoming samples. Samples that had either
high global H or high neighbourhood H values were prioritised
for chemistry. At the end of the project, approximately half the
dataset was used to develop the mature “global” calibration, and
the remaining spectra were used for independent validation
(Table 2).

During the project, a subset of 187 samples were subjected
to 24-h in vitro batch fermentation with sheep rumen fluid
(Durmic et al. 2010). A calibration was attempted for total
methane produced during 24-h fermentation, and both

Table 1. (continued )

Type Annuals or biannuals Perennials
Common name Scientific name Variety or entry Common name Scientific name Variety or entry

Snail medic Medicago scutellata Essex
Sphere medic Medicago sphaerocarpos Orion
Disc medic Medicago italica Tornafield
Barrel medic Medicago truncatula Caliph
White sweetclover Melilotus albus Jota
Elegant sweetclover Melilotus elegans APG 37228
Messina Melilotus siculus APG 40002A

Harrow Ononis alopecuroides APG 8577
Yellow seradella Ornithopus compressus SantoriniA

Slender seradella Ornithopus pinnatus Jebala
French seradella Ornithopus sativus Cadiz
Chickling Vetch Lathyrus cicera Ceora
European milkvetch Astragalus hamosus Ioman
Purple vetch Vicia benghalensis Popany
Subterranean vetch Vicia sativa LanguedocA

Large Russian vetch Vicia villosa Namoi

AThese samples were also grown at the field site in Western Australia.

Table 2. Numbers and types of samples scanned by near-infrared
reflectance spectroscopy and subjected to laboratory measurement of

dry matter digestibility, fibre, organic matter and nitrogen

Adelaide, South
Australia

Brookton, Western
Australia

Scanned Chemistry Scanned Chemistry

Annual Legume 1175 408 300 77
Forb 207 59 32 14
Grass 374 101 73 12

Perennial Legume 626 131
Forb 1111 136
Grass 487 88

Total 3980 923 405 103
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ammonia and total volatile fatty acid concentrations in the
fermentation liquor. A total of 17 samples were randomly
selected and kept aside for an independent validation set.

To investigate the value of lumping similar samples into a
dedicated calibration, we sorted the data into four groups: (1)
annual grasses, (2) annual legumes, (3) mixed perennial
grasses and legumes, and (4) forbs. The perennial grasses
and legumes were combined to allow for sufficient sample
numbers. For each of these groups, ~70% of the chemistry/
spectra pairs were used for calibration, and the rest were kept
for independent validation. The “group” calibrations were
developed according to the method described previously.

Assessing the predictive ability of equations
The performance of the preliminary global, global and group
calibration equations was assessed using several criteria,
including the coefficient of determination for a linear model
(R2 value), 1-VR (1 minus variance ratio) and SECV. To aid
interpretation of the data and to allow simple comparison with
other studies, we calculated RPD from R2 values using the
following equation:

RPD ¼ 1=ð1� R2Þ0:5

We adopted the guide of Williams (2014), who suggested
RPD values of 0–1.9 are very poor and not recommended for
forage testing;RPDvalues of 2.0–2.4 are poor and only of use for
rough screening; RPD values of 2.5–2.9 offer a fair screening
potential; RPDvalues of 3.0–3.4 are good (quality control); RPD
values of 3.5–4.0 are very good (suited to process control); and
RPD values >4.1 are deemed excellent. All RPD values that are
discussed in this paper are calculated from independent
validation statistics.

Wet chemistry
In vitro DMD was determined in duplicate using a modified
pepsin–cellulase technique described by Clarke et al. (1982).
Modifications include the use of ANKOMTechnology F57 filter
bags, plastic boxes as incubation vessels and the use of an orbital
mixer incubator (set at 48�C with dial set to 2RPM). Duplicate
samples of eight Australian Fodder Industry Association
standards (AFIA 2007), with known in vivo DMD, were
included in each batch to allow raw laboratory values to be
adjusted to predict in vivo digestibility using linear regression.
The AFIA forage samples had in vivo DMD values ranging
from 48 to 69%. The R2 value of a regression between mean
in vivo andmean in vitrodatawas0.986, and the average standard
error of the measured values of standards across the batches was
0.261%.

ConcentrationsofNDFandADF(onaDMbasis,withoutheat
stable a amylase for NDF) were measured sequentially,
according to operating instructions, using an ANKOM 200/
220 Fibre Analyser (ANKOM Technology, Fairport, NY,
USA). Duplicate samples were analysed, and an oaten hay
quality control sample (NDF of 30.19 � 0.1137% DM and
ADF of 19.71 � 0.0665% DM) was included in each of the
103 fibre analyses during the project. Total Nwas determined by
combustion using a Leco CN628 N Analyser (Leco, St. Joseph,
MI, USA) (Sweeney and Rexroad 1987). CP was calculated

using total N · 6.25. OM was measured by ashing duplicate
samples according to themethods of Faichney andWhite (1983).

Samples (n = 187) were analysed for in vitro fermentability
and methanogenic potential using an in vitro batch
fermentation system (Durmic et al. 2010). In each
batch fermentation, five controls, including a negative batch
control (rumen fluid only), positive batch control (oaten chaff
+ rumen fluid) and three AFIA pasture plant standards were
included in each run to correct for differences between rumen
fluid batch and run. The samples were fermented for 24 h
before gas pressure, methane, ammonia and VFA were
measured according to the methods described by Durmic
et al. (2010).

Results

The preliminary global calibration, developed from a broad
range of species at a single site in a single season, was very
successful (Table 3), as evidenced by coefficient of
determination or RPD values from independent validation
(samples not used to generate the model) and SECV values.
Total N was predicted with an RPD of 18.3, falling into the
“excellent” category of Williams (2014). Predictions of DMD,
OM, NDF and ADF were also “excellent”, with RPD values
(validation) of 5.9, 6.5, 4.9 and 7.5 respectively. Total carbon
was predicted less successfully with a RPD value (validation)
of 2.6 (“fair screening potential” according to Williams
(2014)). The SECV values for total N, DMD, OM, NDF
and ADF were 0.14%, 2.4%, 1.2%, 2.9% and 1.7%
respectively.

The mature global calibration, based on samples across
seasons and sites, did not perform as well as the preliminary
calibration, as evidenced by the validation statistics
(Table 3). For validation samples, total N was predicted with
an RPD of 5.3, thus remaining in the “excellent”’ category of
Williams (2014). The SECV was 0.17% (equating to ~1.06%
CP). Predictions of NDF were also “excellent”, with an RPD of
4.3 and a SECV of 3.5%. The ADF predictions were “very
good”, with an RPD of 3.9 and an SECV of 2.1%. DMD
predictions were “very good”, with an RPD of 3.7 and an
SECV of 2.6%. The ability to predict OM seemed to decline
markedly after the first year, with an RPD of 2.2 and SECV of
0.85%.

Performance of the mature global calibration across
different taxonomic groups and within individual species

Using the validation dataset (n= ~500), we investigated errors of
prediction for the following groups: annual grasses, annual
legumes, perennial grasses, perennial legumes and forbs
(annuals and perennials combined). The R2 values calculated
from a linear regression of measured (laboratory) against values
that were predicted using the final global calibrations are
presented in Table 4. Graphs of DMD and NDF for four of
the taxonomic groups are shown in Figs 1 and 2 respectively.
As a rule, the broad calibration gave more accurate predictions
for the forbs, annual grasses and annual legumes than for the
perennial grasses and perennial legumes.

Across all taxonomic groups, predictions of total N were
“excellent”, with RPD values of 8.5, 7.1, 8.8, 5.5 and 7.9 for
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annual grasses, annual legumes, perennial grasses, perennial
legumes and mixed annuals, and perennial forbs respectively
(Table 4). Predictions of DMD from the global calibration were
“excellent’” for forbs, annual grasses and annual legumes, and
“very good” for perennial grasses, but not as accurate, with just a
“good” rating for perennial legumes (RPDvalues of 7.3, 5.3, 4.9,
3.7 and 3.0 respectively; Table 4, Fig. 1). Predictions ofNDF that
were derived from the global calibration were “excellent” for
forbs, annual grasses and annual legumes, and “poor or rough
screening potential” for perennial grasses and perennial legumes

(RPD values of 7.1, 4.5, 4.7, 2.3 and 2.1 respectively;
Table 4, Fig. 2). For ADF, predictions from the global
calibration were “excellent” for forbs, annual grasses and
annual legumes, and “very good” for perennial grasses and
“fair screening potential” for perennial legumes (RPD values
of 7.7, 4.8, 6.1, 3.7 and 2.9 respectively; Table 4). Predictions of
OM for the perennial legumes, annual grasses and annual
legumes were “very good” or “good” (RPD values of 3.8, 3.5
and 3.3 respectively). OM predictions for forbs and perennial
grasses were “fair” to “poor” (RPD values of 2.9 and 2.2).

Table 3. Performance statistics of the mixed species global near-infrared reflectance spectroscopy calibrations after the first year of data
collection from a single site (preliminary global) and after 3 years of data collection from two experimental sites (mature global)

Min, minimum; max, maximum, 1-VR, 1 minus variance ratio; SECV, standard error of cross validation; RPD, ratio of standard error of
performance : standard deviation; NDF, neutral detergent fibre; ADF, acid detergent fibre; DMD, dry matter digestibility; OM, organic matter; N,

nitrogen; C, carbon; VFA, volatile fatty acid

CalibrationA TraitB Reference data range Calibration Validation
Min Max R2 1-VR SECV RPD R2 RPD

Preliminary NDF (%DM) 15 61 0.961 0.947 2.90 5.1 0.959 4.9
ADF (%DM) 10 59 0.971 0.959 1.70 5.9 0.982 7.5
DMD (%) 33 83 0.967 0.947 2.40 5.5 0.971 5.9
OM (%) 72 97 0.914 0.863 1.20 3.4 0.976 6.5
N (%DM) 0.65 5.90 0.984 0.977 0.14 7.9 0.997 18.3
C (%DM) 33 49 0.891 0.835 0.67 3.0 0.853 2.6

Mature NDF (%DM) 15 78 0.941 0.918 3.50 4.1 0.945 4.3
ADF (%DM) 10 59 0.957 0.935 2.10 4.8 0.933 3.9
DMD (%) 33 84 0.937 0.916 2.60 4.0 0.926 3.7
OM (%) 69 97 0.905 0.851 1.50 3.2 0.794 2.2
N (%DM) 0.47 5.90 0.977 0.967 0.17 6.6 0.964 5.3
C (%DM) 32 49 0.713 0.634 0.71 1.9 0.495 1.4
Methane (mL/gDM) 19.4 54.3 0.889 0.849 3.50 3.0 0.908 3.1
Ammonia (mg/L) 58 525 0.888 0.810 37.90 3.0 0.845 1.4
VFA (mmol/L) 77 144 0.844 0.790 6.65 2.9 0.800 1.3

AThe Year 1 calibration was derived from samples grown in SA over a single season. Samples were freeze-dried. The mature calibration was developed from
forage samples grown in two sites over three seasons and included freeze-dried and oven-dried material.

BTraits include neutral andacid detergentfibre, pepsin-cellulaseDMdigestibility (calibratedwith sampleswithknown in vivodigestibility), organicmatter, total
nitrogen, and total carbon. Fermentation traits includemethane produced during 24-h batch culture fermentation in buffered rumen fluid and the ammonia and
volatile fatty acid concentrations in the post-fermentation media.

Table 4. Validation of the mature global calibration with validation samples separated into groups
RPD, ratio of standard error of performance : standard deviation; NDF, neutral detergent fibre; ADF, acid detergent fibre; DMD, dry matter digestibility;

OM, organic matter; N, nitrogen

Group Annual grasses
(n = 88)C

Annual legumes
(n = 218)

Perennial grasses
(n = 28)

Perennial legumes
(n = 73)

Annual and
perennial forbs

(n = 64)
TraitA R2B RPD R2 RPD R2 RPD R2 RPD R2 RPD

NDF (%DM) 0.951 4.5 0.955 4.7 0.818 2.3 0.767 2.1 0.980 7.1
ADF (%DM) 0.956 4.8 0.973 6.1 0.927 3.7 0.880 2.9 0.983 7.7
DMD (%) 0.964 5.3 0.959 4.9 0.927 3.7 0.887 3.0 0.981 7.3
OM (%) 0.920 3.5 0.907 3.3 0.790 2.2 0.930 3.8 0.880 2.9
N (%DM) 0.986 8.5 0.980 7.1 0.987 8.8 0.966 5.4 0.984 7.9

ATraits include neutral and acid detergent fibre, pepsin–cellulase dry matter digestibility (calibrated with samples with known in vivo digestibility), organic
matter and total nitrogen.

BR2 values derived from a liner regression of predicted and fitted values in the validation set and ratio of standard error of performance : standard deviation was
calculated from R2.

CThe number of plant samples in the validation set.
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We developed a very promising global calibration that
predicted total methane produced during 24-h fermentation in
rumen fluid (RPD 3.1, SECV 3.5 mL/gDM; Fig. 3). Calibrations
to predict ammonia (RPD 1.4) or total VFA (RPD 1.3)
concentrations in the fluid after fermentation were less
successful (Table 3).

Fig. 4 presents measured versus predicted DMD values
(using the global calibration) for four species where we had the
greatest numbers of samples represented in the validation set.
They include canola (Brassica napus; an annual forb),
biserrula (Biserrula pelecinus; an annual legume), forage
barley (Hordeum vulgare; an annual grass) and sainfoin
(Onobrichis viciifolia; a perennial legume). For canola,
sainfoin and barley, the RPD values placed them in the
“excellent” predictive category (RPD of 15.8, 4.6 and 6.4).
The R2 value for biserrula was 0.93, placing it in the “very
good” categories of Williams (2014).

Calibrations generated with species that have been split
and grouped by taxonomic and life history traits

The performance statistics of four NIRS calibrations that were
generated using data for species that had been arbitrarily
grouped by taxonomy and life cycle before calibration
development are presented in Table 5. Perennial legumes

and perennial grasses were grouped to ensure enough
samples. For predictions of total N, the RPD values
indicated stronger predictions were generated using the
mature global calibration rather than the group calibrations.
Only annual legumes were predicted with a higher RPD using
an annual legume-only calibration (RPD 8.8), compared with
the global calibration (RPD 7.1). SECV values indicate that
the mature global calibration tended to give lower errors of
prediction (SECV of 0.17% DM for the mature global
calibration compared with 0.15–0.33% DM for the group
calibrations).

For NDF, the mature global calibration resulted in similar or
higher RPD values compared with RPD values from the group
calibrations for annual grasses, annual legumes and forbs.
Restricting a calibration set to just perennial legumes and
grasses led to an improvement in RPD values (RPD for the
group calibration was 4.15, compared with calculated RPD
values of 2.3 and 2.1 for perennial grasses and perennial
legumes that were predicted with the global calibration). The
SECV value for the mature global calibration (calculated across
groups)wasgenerally lower thanSECVvalues for the four group
calibrations.

The mature global calibration generally gave ADF
predictions with similar or higher RPD values than the group
calibrations. The SECV value of the mature global calibration
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Fig. 1. (a–d) Linear regression of pepsin–cellulase drymatter digestibility (%) that has beenmeasured in a laboratory compared
with values that were predicted during validation with the global near-infrared reflectance spectroscopy (NIRS) calibration.
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(2.1% DM) was higher than the SECV generated for a group
calibration for annual grasses, and perennial grasses and legumes
(2.0% DM and 1.7% DM respectively), but equal to or lower

than the SECV values from group calibrations for annual
legumes and forbs (2.1% DM and 3.3% DM respectively).

DMD predictions for annual legumes had higher RPD
values when they were generated from the mature global
calibration (RPD of 4.9) than the group calibrations (RPD
of 4.1). For the forbs, the global and group calibration had
similar RPD values. For annual grasses, and mixed perennial
grasses and legumes, the group calibrations yielded
predictions with higher RPD values than the global
calibration (6.3 compared with 5.3 for annual grasses, and
4.2 compared with 3.7/3.0 for perennial grasses and legumes).
Grouping annual legumes before development of the
calibration tended to give a lower SECV value (2.0% DM)
than the SECV value for the mature calibration (2.6% DM).
For all other groups, the SECV value generated from a global
calibration was lower than those generated from group
calibrations.

Across all groups, the global calibration gave predictions of
OMD with equal or higher RPD values.

Discussion

The data presented in this paper suggest that a large,
multispecies NIRS calibration to predict the nutritional
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Fig. 2. (a–d) Linear regressionof neutral detergentfibre (NDF;%drymatter (DM)) that has beenmeasured in a laboratory compared
with values that were predicted during validation with the global near-infrared reflectance spectroscopy (NIRS) calibration.
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batch culture with rumen fluid that has been measured in a laboratory
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Fig. 4. Measured versus predicted pepsin–cellulase dry matter digestibility (%) values for four species, including
(a) canola (an annual forb), (b) biserrula (an annual legume), (c) sainfoin (a perennial legume) and (d) forage barley
(an annual grass). NIRS, near-infrared reflectance spectroscopy.

Table 5. Performance statistics of four near-infrared reflectance spectroscopy calibrations that were generated using data for species that had
been grouped by taxonomy and life cycle prior to calibration development

Min, minimum; max, maximum, 1-VR, 1 minus variance ratio; SECV, standard error of cross validation; RPD, ratio of standard error of
performance : standard deviation; NDF, neutral detergent fibre; ADF, acid detergent fibre; DMD, dry matter digestibility; OM, organic matter; N, nitrogen

Calibration TraitA Reference data range Calibration Validation
Min Max R2 1-VR SECV RPD R2 RPD

Annual grasses (9 species) NDF (%DM) 31.2 76.4 0.961 0.908 3.4 5.1 0.952 4.6
ADF (%DM) 18.2 41.9 0.961 0.878 2.0 5.1 0.959 4.9
DMD (%) 38.7 78.6 0.971 0.931 2.9 5.9 0.975 6.3
OM (%) 88.2 95.9 0.880 0.707 0.1 2.9 0.916 3.5
N (%DM) 0.49 4.57 0.954 0.854 0.33 4.7 0.963 5.2

Annual legumes (50 species) NDF (%DM) 18.4 66.3 0.944 0.911 3.4 4.2 0.934 3.9
ADF (%DM) 13.8 58.1 0.969 0.935 2.1 5.7 0.970 5.8
DMD (%) 44.0 78.8 0.975 0.942 2.0 6.3 0.940 4.1
OM (%) 74.3 95.1 0.882 0.808 0.1 2.9 0.682 1.8
N (%DM) 0.97 5.18 0.973 0.954 0.20 6.1 0.987 8.8

Perennial grasses and legumes (23 species) NDF (%DM) 20.0 62.3 0.920 0.885 3.7 3.5 0.942 4.2
ADF (%DM) 13.2 33.6 0.921 0.834 1.7 3.6 0.851 2.6
DMD (%) 47.1 79.3 0.921 0.818 3.1 3.6 0.944 4.2
OM (%) 83.0 93.0 0.852 0.769 0.1 2.6 0.724 1.9
N (%DM) 1.34 3.90 0.981 0.928 0.15 7.3 0.945 4.3

Annual and perennial forbs (10 species) NDF (%DM) 15.3 68.4 0.923 0.872 4.9 3.6 0.963 5.2
ADF (%DM) 9.8 51.3 0.956 0.905 3.3 4.8 0.978 6.7
DMD (%) 39.9 86.3 0.974 0.939 2.9 6.2 0.981 7.3
OM (%) 78.0 95.9 0.951 0.890 0.1 4.5 0.840 2.5
N (%DM) 1.26 5.64 0.968 0.925 0.24 5.6 0.927 3.7

ATraits include neutral and acid detergent fibre, pepsin–cellulase dry matter digestibility, organic matter, and total nitrogen.
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value of forage species within the southern feedbase of
Australia is feasible, supporting our hypothesis. With the
inclusion of 102 annual and perennial species across several
plant families, the taxonomic diversity in this data is
considerably larger than the diversity reported in other
studies that we identified in the literature. After comparing
performance statistics for the global and group calibrations, we
found that there was rarely any value in splitting the samples
into groups, based on taxonomic and/or life cycle traits, before
calibration development. For total N, OM and ADF, the mature
global calibration consistently outperformed calibrations that
were developed for groups of plants with similar taxonomy or
maturity. Restricting the dataset to just perennial legumes and
grasses before calibration yielded an improvement in the RPD
values for this group of plants for both NDF and DMD.

Throughout the project, total N was the trait that was
predicted with the highest RPD values and lowest errors.
With a RPD value for validation of 5.3, our prediction of
CP (total N · 6.25) using the global calibration was
comparable to RPD values reported in the literature. Studies
with narrow taxonomic diversity report RPD values for CP of
1.8 and 2.2 for cereals (Deaville et al. 2009; Stubbs et al.
2010), 3.5 for sagebrush (Olsoy et al. 2016), 5.0 for barley hay
(Durmic et al. 2010), and 7.1 for lucerne (Hsu et al. 2000). In
studies where there were more than five species from at least
two plant families, the RPD values for CP include 4.5
(Rothman et al. 2009), 6.6 (Andueza et al. 2011) and 10.3
(Lobos et al. 2013). Our results were consistent with those of
Andueza et al. (2011), who also demonstrated that increasing
diversity in the reference samples led to improved predictive
capacity for CP.

For in vitro DMD, the broad calibration gave a RPD and
SECV values (3.7 and 2.6%), suggesting better predictive
ability than many others have reported in the literature. For
mixed swards comprising eight species, Lobos et al. (2013)
reported RPD and SECV values of 3.0 and 3.1%. Norman and
Masters (2010) achieved RPD and SECV values of 3.5 and
2.5% for eight woody shrub species. It appears from the
literature that calibrations based on a narrow range of
species tend to have lower RPD values. Examples include
1.7 for grass silages (De Boever et al. 1996), 1.8 for sagebrush
and 2.3 for forage maize (Hetta et al. 2017). In the present
study, the RPD values for in vitro DMD of annual grasses, and
mixed perennial grasses and legumes could be further
improved with grouping before calibration development.

Although it would be better to develop calibrations with
samples of known in vivo digestibility, these samples are
expensive to generate. It is also difficult to produce samples at
the extreme ends of the spectrum due to welfare concerns with
ruminants offered very poor or extremely fermentable diets. We
feel that our approach, by using a broad range of samples with
known in vivo digestibility to calibrate our laboratory in vitro
enzymatic digestibility, is a good compromise.

The broad calibration offered comparable RPD validation
values for fibre fractions as other studies reported in the
literature. For ADF, our RPD value of 3.9 was similar to
numbers reported in the literature. For NDF, the broad
calibration gave RPD and SECV values of 4.3 and 3.5%.
This RPD value is higher than some (e.g. 3.5 and 3.4; Hsu et al.

2000; Stubbs et al. 2010) and lower than others (e.g. 4.5;
Rothman et al. 2009; Parrini et al. 2018). For perennial
legumes and grasses, we were able to achieve higher RPD
values for NDF after restricting the calibration set to just
perennial legumes and grasses. Abrams et al. (1987) also
suggested that for NDF, species-specific models may
improve the prediction of samples. Our inability to develop
good predictions for NDF in perennial legumes is not
surprising. Perennial legume samples consistently have
much greater variances between replicates in the laboratory
than annual legume or grass samples. This variance is
associated with the ANKOM method, and is not discernible
after the subsequent ADF phase. Others have reported that the
ANKOM NDF method is problematic for samples with high
starch, protein or other mucilaginous materials (Goering and
Van Soest 1997; McRoberts and Cherney 2014). Addressing
this laboratory analysis issue is critical if we desire better
calibrations for NDF in perennial legumes.

This study provides greater confidence in the ability to
predict methane production during fermentation of forage
using rumen fluid. The majority of studies to date have
involved methane produced by grass samples fermented in
bioreactors with a manure-based inoculum, rather with rumen
fluid. RPD values from these studies include 1.75 and 2.49
(Raju et al. 2011; Triolo et al. 2014). In this study, we achieved
an RPD value of 3.1, indicating that NIRS does have
significant potential as a screening tool for methanogenic
potential of forages. Unfortunately, despite 170 samples, we
could not develop calibrations to predict ammonia or volatile
fatty acid content of the fermentation liquor.

The accuracy of predictions from the calibrations declined
after the first year, as we increased the temporal diversity of the
sample range with a second season in South Australia and the
spatial diversity with a new site in Western Australia. The
preliminary global calibration was generated with just 100
samples with matched NIR spectra and chemistry. The RPD
values declined when new samples were added, even though
the new samples were from the same species that featured in
the preliminary calibration and the reference data range was
not extended markedly. This highlights the need to include
spatial, temporal and management diversity within the dataset
if calibrations are to be used beyond the reference sample
collection sites. This would be especially important for feed
testing laboratories where the diversity of growing sites and
seasons for forages – and forage management regimes – would
be very high. This outcomewas expected, as several authors have
stated that calibration populations must encompass all sources of
variation likely to be found in future unknown samples of similar
material (Windham et al. 1989; Deaville and Flinn 2000).

A critical factor leading to the success of this work has been
the quality of the laboratory data behind the calibration. Not all
differences between NIRS predictions and reference values
can be ascribed to NIRS prediction error (Coates 2002), as the
error sources of the reference method are incorporated into the
model (Murray 1993). By using a single, highly trained
laboratory operator and adoption of a broad range of quality
control samples, we kept laboratory errors to a minimum
(in vitro pepsin–cellulase DMD 0.23%, NDF 0.11% and
ADF 0.7%).
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The current dataset with >1000 samples of a very diverse
range of species,withmatching scans and chemistry, provides an
excellent platform for future refinement or generation of
calibrations for new traits. If more spatial and temporal
diversity can be built in without a large reduction in accuracy,
these broad NIRS calibrations represent a useful tool for
researchers, feed testing agents and livestock producers in
Australia, as they encompass nearly all of the species that
appear in monocultures or mixed swards. Inexpensive and
rapid prediction of the nutritional value of forages assists
producers to optimise livestock management and productivity.
This may lead to increased profitability and reduced methane
emissions intensity if maternal stock have higher reproductive
rates and young stock reach slaughter weight faster, with fewer
feed inputs. Development of accurate calibrations can also be
very useful in plant breeding and selection programs where
large numbers of plants require assessment of their nutritional
value. The NIRS database also provides an opportunity for
producers to measure improvements in the feedbase (or
estimate total methane outputs from the feedbase) for future
carbon reduction schemes.
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