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A B S T R A C T

Livestock production in China is increasing to meet demands for animal products, but is limited by feed re-
sources. To explore additional forage options in north-west China, the biomass production and nutritive value of
nine spring-sown annual crops (maize (Zea mays), sudan grass (Sorghum sudanense), small millet (Setaria italica),
millet (Panicum milliaceum), soybean (Glycine max), common vetch (Vicia sativa), pea (Pisum sativum), oat (Avena
sativa) and spring wheat (Triticum aestivum)) were compared under rainfed conditions over two years. Water use
efficiencies for biomass (WUEDM) and nutritional yield indices, CP yield (WUECP) and relative feed value yield
(WUERFV), were calculated. Maize produced the highest biomass yields of> 10 t DM ha−1 and had the highest
WUEDM. Biomass production was next highest in the other warm-season grasses such as sudan grass and millet
species (6–9 t DM ha−1) and soybean (3–7 t DM ha−1), while spring wheat produced the most early biomass in
spring (P < 0.05). The legumes had higher crude protein concentration and produced equivalent or higher CP
yields and WUECP to the grasses (1.2–1.7 kg CP ha−1 mm−1). Maize and soybean had the highest WUERFV of
26.4 kg ha−1 mm−1 and 19.4 kg ha−1 mm−1, respectively. These integrated nutritional yield indices enabled
comparisons of water productivity and optimal harvest timing across a range of forage types with differing
nutritional characteristics and biomass production potential.

1. Introduction

Livestock is a vital source of income for the rural population in
developing countries, contributing to livelihoods through production of
meat, milk, leather and wool. The demand for livestock products will
double globally between 1993 and 2020, with demand for meat and
milk products in developing countries growing at annual rates of 2.7
and 3.2%, respectively (Delgado et al., 1999). In China, in particular,
demand for livestock products is growing rapidly. On the Loess Plateau
of China, the expansion of livestock production is being promoted to
enhance rural incomes with governmental programs aiming to double
small ruminant numbers in some regions (Brown et al., 2009). This
intensification of small farms, combined with a grazing ban that ne-
cessitates the pen feeding of animals, has meant that forage sources
produced in conjunction with cropping systems will be vital to meet
animal forage demand (Komarek et al., 2012).

Currently, livestock production in the Loess Plateau regions relies
predominantly on pen feeding collected crop residues (mainly maize
and wheat) and lucerne (Medicago sativa) (Nolan et al., 2008), but
forage shortages and their low quality particularly during winter and

early spring limit livestock production (Komarek et al., 2012). These
feed gaps can result in livestock weight losses of 20–30% in winter and
early spring (Kemp and Michalk 2011) and hence greatly restrict
farmers’ income and the subsequent economic development of a re-
gional livestock industry (Hou et al., 2008). Thus, it is necessary to
resolve the feed deficit in winter and early spring by supplementing
forage supplies with other feed sources. In order for farmers on the
Loess Plateau to meet the competing demands of increasing animal
intensity while maintaining sustainable grain production alternative
forage sources need to be identified.

Two significant opportunities exist to integrate annual forage crops
within the wheat–maize cropping system typically used in the region.
The first, and focus of this study, is to examine the potential of existing
spring-sown crops grown as forages (e.g. maize, soybean, spring wheat)
or partial replacement of these with alternative spring-sown forage
crops (e.g. millet, oats, vetch) after which a winter wheat crop is sown
in September and harvested between end of June and early July the
following year. The second is to sow an autumn forage crop following
wheat harvest instead of a short summer fallow prior to winter.

When selecting the most suitable forage species, firstly, it is

https://doi.org/10.1016/j.eja.2017.11.003
Received 16 June 2017; Received in revised form 24 October 2017; Accepted 5 November 2017

⁎ Corresponding author.
E-mail address: yy.shen@lzu.edu.cn (Y. Shen).

European Journal of Agronomy 93 (2018) 1–10

1161-0301/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/11610301
https://www.elsevier.com/locate/eja
https://doi.org/10.1016/j.eja.2017.11.003
https://doi.org/10.1016/j.eja.2017.11.003
mailto:yy.shen@lzu.edu.cn
https://doi.org/10.1016/j.eja.2017.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eja.2017.11.003&domain=pdf


important to understand their biomass production but also their nu-
tritional value for livestock. In particular, key forage quality parameters
such as crude protein concentration (CP), fibre concentrations and
metabolizable energy are frequently used to assess the relative nutritive
value of forages for livestock (Stockdale 1999; Coleman and Moore,
2003). Biomass production and these forage quality attributes will
change throughout the growing season with stage of growth and as
plants increase the proportion of stem compared to leaf, with forage
quality typically declining as biomass yield approaches maximum
(Beever et al., 2000). Hence there is a trade-off between maximizing
biomass yield and forage quality attributes that requires both factors to
be considered in order to optimize timing of harvesting or grazing to
maximize nutritional yield (de Ruiter et al., 2002). Calculating indices
of nutritional yield, which integrate both biomass production and nu-
tritional value could provide a useful methods to compare a broad
range of forages with differing characteristics and identify optimal
forage harvest management for these species. Secondly, in water-lim-
ited environments, forages which have highest water productivity or
efficiency of converting available water resources into product (Water
use efficiency, WUE) is an important criterion (Neal et al., 2011;
Wallace 2000). This is particularly important to consider when com-
paring species which differ in their length of growing season or degree
that they extract soil water (Bell et al., 2012; Garcia et al., 2008). Many
studies have examined water use efficiencies for dry matter (WUEDM)
and grain yield (WUEGY) and the effects of agronomic management of
grain crops in the Loess Plateau (Huang et al., 2003; Deng et al., 2006;
Jin et al., 2007; Xu et al., 2008; Liu et al., 2010). However, to our
knowledge no other studies have examined WUE for these crops when
they are managed as a forage crop, where they are harvested before
maturity. Similarly, we are unaware of any studies which have ex-
perimentally examined WUE of dryland forage crops using indices
which integrate both biomass production and forage quality (as dis-
cussed above). We believe this approach could be applied more widely
in the evaluation of forage crops in water-limited environments.

In this paper we hypothesised that using integrated biomass-nutri-
tional value indices and water-use-efficiencies for these indices would
be valuable to identifying the most prospective annual crops for use as
forages and their optimal harvest timing for livestock production in the
Loess Plateau of north-west China. Therefore, the study compared nine
locally grown annual crops when grown for forage production in spring
over two growing seasons on the Loess plateau region of north-west
China. Measures of biomass production, crude protein and fibre

concentrations throughout the growing season were used to calculate
crude protein (CPyield) and relative feed value yields (RFVyield) and crop
water use was measured to calculate water use efficiencies for biomass
(WUEDM), CP yield (WUECP) and RFV yield (WUERFV) per mm of water.

2. Material and methods

2.1. Site description and experimental conditions

This study was conducted at the Lanzhou University Loess Plateau
Research Station (35°40′ N, 107°51′ E, elev. 1298 m), located in Xifeng
city, Gansu province, in northwest China during 2009 and 2010. The
region is in the rainfed agricultural production zone of the western
Loess Plateau. Average annual long-term precipitation is 561 mm,
varying from 320 to 820 mm in 50 years. The average annual tem-
perature is 8.3 °C. The average annual solar radiation is 5489 MJ m−2.
On average the growing season extends from March to October and
lasts around 255 days. The soil is a very deep loess silt-loam classified
as Heilu (Zhu et al., 1983) or Entisol in the US classification., The soil
has a uniform profile with the surface 0.2 m having a pH of 8.2, organic
carbon content 6.8 g kg−1, total N 0.84 g kg−1, and bulk density
1.30 g cm−3. The plant-available water-holding capacity is 419 mm to
a depth of 3 m.

Growing season rainfall between April and October was 385 mm in
2009 which is lower than the long-term average of 490 mm. Spring and
early summer and autumn 2009 were all significantly below average
rainfall. On the other hand, the 2010 growing season received above
average rainfall (650 mm) and had above average rainfall in spring and
summer (Table 1).

2.2. Experimental design and management

The nine annual crops suitable for spring sowing in the region were
assessed for their forage potential. These included maize (Zea mays),
sudan grass (Sorghum sudanense), millet (Panicum milliaceum), and small
millet (Setaria italica), soybean (Glycine max), common vetch (Vicia
sativa), pea (Pisum sativum), oat (Avena sativa), and spring wheat
(Triticum aestivum). The crops were sown by hand on the same date in
early spring (18 April 2009 and 17 April 2010) in 5 × 6 m plots in a
randomized complete block design with four replications. Crop culti-
vars, sowing rate and established plant density are shown in Table 2.
Maize and sudan grass were sown with 40 cm spacing while all other

Table 1
Monthly rainfall and total growing season (GS) rainfall (mm month−1) during experimental years of 2009 and 2010 and long-term mean (LTM, 1961–2008) rainfall (mm) at Xifeng
Research Station, Gansu, China.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec GS

2009 2 14 18 10 49 34 115 126 37 14 14 20 385
2010 0 10 97 116 39 47 106 205 37 100 3 17 650
LTM 4 6 20 38 53 65 109 102 90 42 17 4 498

Table 2
Details of crop cultivar and seeding rate used in experiments and established plant density in 2009. In 2010, seeding rates were the same with good establishment was observed but plant
density was not recorded.

Forage species Cultivar Seed rate (kg ha−1) Plant density (plants m−2) ± standard error

Maize Cheng3395(2009), Denghai (2010) 44 29 ± 1
Sudan grass Caishi 23 23 ± 6
Small millet Long Gu 11 23 86 ± 8
Millet Long Mei 9 23 86 ± 4
Soybean Hei Feng 48 75 56 ± 1
Common vetch Long Jian 3 75 99 ± 1
Pea 9929 75 58 ± 3
Oat Qingyin 2 30 124 ± 10
Spring wheat Long Jian 150 191 ± 13
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species were sown on 20 cm row spacing. All species were sown at
30 mm depth, except for millet which was sown at 20 mm depth. Ac-
cording to local farmer practice for grain crops, all species were ferti-
lized at sowing with 450 kg P2O5 ha−1 (200 kg P ha−1). Grass species
were provided with 225 kg urea ha−1 (104 kg N ha−1) and legumes
with 75 kg urea ha−1 (35 kg N ha−1).

2.3. Biomass and forage quality measurements

Forage biomass was sampled at 21 day intervals following crop
emergence until maturity. For those species sown on 20 cm rows, three
adjacent crop rows of 0.5 m length were cut at ground level at 2 random
locations within each plot and bulked. For maize and sudan grass (sown
on 40 cm rows), two adjacent crop rows of 0.5 m length were sampled.
Plants were partitioned into leaf, stem and reproductive components
and dried at 80 °C for 48 h or until they reached constant weight.

For dried samples for each plant component at each cutting date we
measured neutral detergent fibre (NDF), acid detergent fibre (ADF)
using the method of (Goering and Van Soest, 1970) and the total ni-
trogen concentration (Bremner 1965). Crude protein (CP) concentra-
tion was calculated by multiplying the N concentration by 6.25
(Horowitz 1980). These data were then aggregated for the whole plant
based on the dry matter (DM) proportion of each component. In order
to integrate these forage quality traits into a measure of nutritive value,
several indices have been developed that account for differences in
forage intake and appraise the relative impact on animal performance
(Allen et al., 2011). The index of relative feed value (RFV) was calcu-
lated by integrating the formulae of Horrocks and Valentine (1999), to
allow for comparisons between the forage nutritive value using the
forage quality attributes measured here (Eq. (1)).

RFV (%) = [88.9 − (0.779 × ADF g g−1 DM)] × 120/NDF g g−1

DM × 0.775 (1)

In order to compare the relative nutrition yields amongst the forages
accounting for both biomass and forage quality attributes, crude protein
yield and relative feed value yield were calculated as the product of
biomass and CP concentration and RFV on each sampling occasion (Eqs.
(2) and (3)).

CPyield (kg CP ha−1) = DM (kg ha−1) × CP (g g−1) (2)

RFVyield (kg ha−1) = DM (kg ha−1) × RFV (g g−1) (3)

For each forage the maximum yields for biomass, CPyield and
RFVyield achieved across the various sampling times were compared
amongst the various forage species in each season.

2.4. Soil water use and water use efficiency

Soil water content was measured at sowing and again at the final

harvest in each plot to 2 m depth in 8 layers: 0–10, 10–20, 20–30,
30–60, 60–90, 90–120, 120–150, 150–200 cm. Samples were oven-
dried at 105 °C for 48 h for gravimetric soil water content and volu-
metric water content calculated using soil bulk density. Accumulated
evapotranspiration (ET) over the crop growing season was calculated
using the water balance Eq. (4).

ET (mm) = P-R-D-△S (4)

where P is precipitation (mm), R is surface runoff (mm), D is downward
drainage out of the root zone (mm), and △S is the change in stored soil
water of the soil profile (0–2.0 m) between sowing and harvest (mm).
Since the experimental field was terraced surface runoff was prevented
and insufficient rainfall occurred during the growing season to fill the
soil profile and hence, drainage below the crop root zone was also
negligible (Huang et al., 2005; Shen et al., 2009).

Water-use efficiency (kg/mm evapotranspiration (ET)) was calcu-
lated for biomass (WUEDM; Eq. (5)), crude protein yield (WUECP; Eq.
(6)), and relative feed value yield (WUERFV; Eq. (7)):

=WUE DM ET/DM (5)

=WUE CP ET/CP yield (6)

=WUE RFV ET/RFV yield (7)

2.5. Statistics

Statistical analyses were conducted to compare between forage
species treatments over time in each experimental year using an
ANOVA in GenStat Release 17.0 (Lawes Agricultural Trust, Roth
Amsted Experimental Station, Oxford, UK). The maximum yields of
biomass, crude protein and RFV measured for each forage crop in each
year was compared in a one-way ANOVA. Differences between biomass,
forage quality attributes and water use efficiencies amongst the various
forages grown within each season were compared using Tukey’s LSD at
P=0.05. Statistical comparisons were also made between years for each
attribute at the same sampling date..

3. Results

3.1. Biomass yield

Over the two growing seasons, most of the species produced higher
biomass yields in the wetter year of 2010 than in 2009; the exceptions
were maize and small millet (Table 3). The more favorable spring
growing conditions in 2010 resulted in much higher growth in the
temperate grasses and legumes, while the difference in biomass pro-
duction between the two growing seasons was less for the warm-season
grasses.

Maize had the highest maximum biomass production of the nine

Table 3
Maximum biomass growth (t ha−1), crude protein (CP) yield (kg ha−1) and relative feed value (RFV) yield (kg ha−1) of nine annual spring-sown forage crops in two growing seasons
(standard error in brackets).

Species Biomass (t ha−1) CPyield (kg ha−1) RFVyield (t ha−1)

2009 2010 2009 2010 2009 2010

Maize 13.57 (1.27) 10.84 (0.93) 916 (79) 903 (136) 8.87 (0.76) 9.45 (0.46)
Sudan grass 8.33 (0.70) 9.19 (0.28) 736 (144) 817 (88) 6.00 (0.53) 7.57 (0.30)
Small millet 8.01 (0.25) 6.26 (0.36) 768 (70) 594 (13) 5.43 (0.13) 4.99 (0.15)
Millet 7.61 (0.20) 8.39 (0.36) 698 (67) 576 (37) 4.46 (0.40) 5.28 (0.37)
Soybean 3.37 (0.25) 7.07 (0.65) 640 (68) 1231 (121) 3.78 (0.38) 7.84 (0.47)
Common vetch 1.11 (0.02) 2.5 (0.07) 244 (36) 377 (39) 1.63 (0.09) 2.07 (0.21)
Pea 1.61 (0.56) 2.08 (0.76) 356 (31) 324 (16) 2.28 (0.35) 2.23 (0.12)
Oat 1.38 (0.38) 3.73 (0.33) 189 (24) 403 (35) 1.14 (0.20) 3.46 (0.28)
Spring wheat 2.67 (0.19) 4.63 (0.27) 368 (81) 465 (40) 2.11 (0.23) 3.90 (0.31)
LSD0.05 3.15 0.89 245 194 1.47 1.42
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annual forages in both growing seasons (> 10 t DM ha−1). The other
warm-season grasses (sudan grass, millet and small millet) produced
more than the temperate cereals and legumes, between 6 and 9 t
DM ha−1 in both years (Table 3). Soybean had a significantly lower
maximum biomass than the warm-season grasses in 2009 (3.4 t
DM ha−1), but the more favorable conditions in 2010 enabled double
the biomass which was comparable to the production of the millets and
sudan grass. The temperate species produced lower maximum biomass,
but over a much shorter growth period, than the longer growing warm-
season species. Of the temperate species, spring wheat produced the
highest maximum biomass in both years while the two temperate le-
gumes (pea and common vetch) produced the least biomass in both
seasons (Table 3). Oats had low production (1.6 t DM ha−1) in 2009
due to low rainfall in the growing season, and poor adaptation of the
variety used in that year. In 2010, oat biomass yield was much higher
but still inferior to spring wheat (P < 0.05).

Differences in development rate amongst the various forages re-
sulted in the temperate grasses (wheat and oats) producing the highest
production early in the season (Fig. 1d). On the other hand, the longer
growing season of the warmer season species eventually yielded higher
maximum biomass (Fig. 1a & b). For example, in 2010 up until 63 days
after emergence (DAE) oats and wheat had the highest biomass of all
forages (P < 0.05), but at later sampling dates their growth slowed as
they approached maturity and the warm-season species rapidly over-
took the temperate species (Fig. 1c and d). All temperate species (oats,
wheat, peas, common vetch) had reached maturity at 84 DAE while
maximum biomass was measured 105 DAE in the other species.

3.2. Forage quality

Amongst the nine species, legumes consistently had the highest
forage quality with higher crude protein concentration, lower ADF and

NDF concentration throughout the whole growing season in 2009 and
2010.

All species showed a marked decline in CP through both growing
seasons, with little difference between seasons. In the legumes the de-
cline was less rapid than in the grasses; all legumes remained above
15% CP even up to maturity in both growing seasons (Fig. 2). Common
vetch typically had lower CP concentration than both soybean and pea
to 42 DAE (P < 0.05). In both growing seasons the warm-season
grasses (maize, sudan grass, small millet and foxtail millet) declined
rapidly in CP concentration, from around 25% at 42 DAE to 5–10% at
105 DAE (Fig. 2a and b). Sudan grass had higher CP concentration than
the other warm-season grasses at 63 and 84 DAE (P < 0.05). The de-
cline in CP concentration in the temperate grasses (oats and wheat) was
equally rapid between 42 and 63 DAE but did not decline below 8% at
84 DAE; in 2010 oats had a higher CP concentration than wheat at this
time (P < 0.05) (Fig. 2d).

Fibre concentration (NDF and ADF) also varied amongst the various
forages and in most cases increased throughout the growing season
(Figs. 3 and 4). The legumes had the lowest NDF concentration
throughout in both growing seasons, though the differences in ADF
concentration between the legumes and the other species was less
pronounced. The temperate grasses (oats and wheat) started (42 DAE)
with lower NDF and ADF concentration than the warm-season grasses
but there was a rapid increase so that they had similar NDF and higher
ADF concentration at 84 DAE; at this time oats had lower NDF than
wheat. The two millet species also had lower ADF concentration than
maize and sudan grass at 42 DAE, but this rapidly increased so that they
had either similar or at some points higher ADF and NDF concentration
than maize and sudan grass. Maize and sudan grass had a similar ADF
concentration throughout the growing seasons but maize had a lower
NDF concentration up until maturity.

In some species (e.g. Sudan grass, maize, pea and small millet; NDF

Fig. 1. Biomass yield accumulation (t ha−1) of nine spring-sown annual forage crops throughout two growing seasons (2009 – left, 2010 – right); warm-season species are above (a & c)
and temperate species are below (b & d) (Note the different axis scales). Bars adjacent to each sample point indicate the least significant difference (P= 0.05) between species at each
sampling date in each growing season.
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of soybean and oats) there was very consistent changes in fibre con-
centration throughout both growing seasons, but in other species there
was a seasonal difference in the pattern of fibre concentration over the
growing season (Figs. 3 and 4). In the temperate and warm-season
grasses the NDF concentration was higher in 2009 at 90 DAE than in
2010 (Fig. 3). There was also significantly lower ADF concentration in
millet, the temperate grasses and common vetch in 2009 than in 2010
(Fig. 4). In soybean until 84 DAE, ADF concentration remained at about
300 g kg−1 in 2009 but increased to 400 g kg−1 in 2010; a result of the
differences in plant development between the two years (Fig. 4d).

3.3. Crude protein yield

CPyield was calculated from the product of shoot biomass and CP
concentration to estimate the total CP provided by the forages har-
vested at various times through the growing seasons (Eq. (4)). Amongst
all forages maize had the highest maximum CPyield in 2009 and the
second highest in 2010 (∼900 kg ha−1); soybean was higher in 2010
(1200 kg ha−1) (Table 3). Sudan grass and both millet species had
lower CPyield than maize throughout both seasons, and the two millets
reached lower maximum CPyield than sudan grass in both seasons
(Fig. 5a and b). Soybean had the highest CPyield in 2010, but lower than
the warm-season grasses in 2009 owing to the lower biomass produc-
tion in that year (Table 3). The temperate grasses, pea and common
vetch had lower maximum CPyield than the warm-season species and
soybean in both seasons. Spring wheat had higher CPyield than oats
throughout in both growing seasons (Fig. 5c and d), but maximum
CPyield was similar to pea in 2009. Oats, common vetch and pea had
similar maximum CPyield in 2010 (360–400 kg ha−1). The harvest
timing that maximized CPyield for the various the forages were: 1) for
maize, and sudan grass 84 DAE in 2010 and 105 DAE in 2009; 2) for
soybean 84 DAE in 2009 and 105 DAE in 2010; 3) for both millets 84

DAE in both years; 4) for oats and pea at 63 DAE in 2010 and 84 DAE in
2009; 5) for common vetch 63 DAE in both years; and 6) for spring
wheat 42 DAE in 2009 and 63 DAE in 2010 (Fig. 5)

3.4. Relative feed value yield

RFVyield (Eq. (5)) adjusts biomass yield according to the relative
value of the forages for livestock and hence allows comparisons
amongst forages and timing of harvest in terms of their relative capacity
to deliver animal production. Of all forages, maize achieved the highest
RFVyield in both seasons (8.9–9.5 t ha−1), followed by sudan grass
(6.0–7.5 t ha−1) (Table 3). In both seasons, millet species achieved
lower maximum RFVyield than sudan grass and maize (Table 3); there
was little difference between millet species and this was consistent
across the two growing seasons (∼5.0 t ha−1) (Fig. 6b). However, in
2009 at 84 DAE the millets had similar RFVyield to both Sudan grass and
maize (Fig. 6a and b), but did not continue to increase RFVyield to the
same degree after this time. Soybean achieved similar maximum
RFVyield to sudan grass in 2010 (7.8 t ha−1), but in 2009 it was less than
all warm-season grasses due to the low biomass production (Table 3).
The temperate grasses and legumes had lower maximum RFVyield than
the warm-season grasses and soybean (Table 3). Wheat and pea
achieved similar RFVyield in 2009 (∼2.2 t ha−1) which was higher than
common vetch (1.6 t ha−1) and oats (1 t ha−1). In 2010, oats and wheat
had similar maximum RFVyield (3.5 and 3.9 t ha−1, respectively), which
was higher than other forages at that stage of the growing season (63
DAE) (Fig. 6c). In 2010, common vetch and pea had lower maximum
RFVyield (2 t ha−1) than the temperate grasses (Fig. 6d).

The harvest timing that maximized RFVyield was similar to those
that maximized CPyield, though the decline in RFV was less pronounced
than the decline in CP content through the growing season and hence
later harvest timings maximize RFVyield in some species and seasons

Fig. 2. Crude protein content (%) of nine spring-sown annual forage crops throughout two growing seasons (2009 – left, 2010 – right); warm-season species are above (a & c) and
temperate species are below (b & d) (Note the different axis scales). Bars adjacent to each sample point indicate the least significant difference (P = 0.05) between species at each
sampling date in each growing season.
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(Fig. 6). The harvest timing that maximized RFVyield for the various
forages were: 1) for sudan grass and both millets 105 DAE in both years;
2) for maize 84 DAE in 2010 and 105 DAE in 2009; 3) for soybean 84
DAE in 2009 and 105 DAE in 2010; and 4) for pea, common vetch, oats
and wheat no increase was measured after 63 DAE in both years
(Fig. 6).

3.5. Water-use-efficiencies of forage crops

Comparisons of water use efficiency amongst forages were made
based on measured crop water use at the time of maximum biomass
production (WUEDM), as well as maximum CPyield (WUECP) and RFVyield

(WUERFV) in order to capture differences in forage quality attributes
amongst the forage species (Fig. 7). In the warm-season grasses WUEDM,
WUECP and WUERFV were higher in the drier season of 2009 than 2010,
due to the lower rainfall and hence less evaporative losses than in the
wetter year. Seasonal differences in WUEDM, WUECP and WUERFV were
less pronounced and more variable amongst the temperate grasses and
legumes; soybean and oats had higher WUE in 2010 and pea, and wheat
had higher WUE in 2009.

WUEDM at maximum biomass was generally higher in the warm-
season grasses than the temperate species in both seasons, the only
exception was small millet in 2010 (Fig. 7a). WUEDM was highest in
maize in both growing seasons followed by the other warm-season
grasses (Sudan grass and both millets), spring wheat was intermediate,
and oats and the legumes had the lowest WUEDM. In 2010, WUEDM was
second highest in sudan grass followed by millet > soybean and
wheat > small millet and oat > vetch and pea.

In 2009, WUECP was highest for maize, sudan grass, both millet
species and pea, followed by soybean and spring wheat, and vetch and
oats had the lowest WUECP (Fig. 7b). In 2010, soybean had significantly
higher WUECP than the other species (3.0 kg CP ha−1 mm−1) and

differences in WUECP amongst the other species were small, ranging
from 1.1 to 1.7 kg CP ha−1 mm−1 (Fig. 7b).

In 2009, the warm-season grasses had the highest WUERFV; the
highest was maize, followed by sudan grass and small millet, and then
millet (Fig. 7c). Amongst the temperate species in 2009, pea and spring
wheat had the highest WUERFV, followed by soybean and vetch, and the
lowest was oats (Fig. 7c). In 2010, soybean, maize and sudan grass had
the highest WUERFV (∼19 kg ha−1mm−1), followed by the two millets,
spring wheat and oats, with the lowest WUERFV in vetch and pea
(Fig. 7c).

4. Discussion

4.1. Forage productivity of spring-sown annual forage crops

This research has found significant differences in the potential
forage production of several locally grown annual crops suitable for use
in arable farming systems in western China. These results indicate that
when sown in spring, the species tested here fall into two distinct ca-
tegories that differ in their growth pattern and potential suitability as
forage species. The first group are warm-season species (maize, sudan
grass, millet species and soybean), which accumulate growth over the
warmer summer conditions until 84–105 days after emergence to pro-
duce high forage biomass, CP and RFV yields. Maize provided the lar-
gest forage biomass yields, higher RFV yields and CP yields of the crops
tested here; in both seasons it produced more than 10 t DM ha−1 at
peak biomass, and CP and RFV yields of around 900 kg CP ha−1 and
9 t ha−1 respectively. Sudan grass provided the second highest forage
biomass (more than 8 t DM ha−1) and RFV yield in both seasons fol-
lowed by the two millet species (forage biomass of 6–8.5 t DM ha−1 and
RFVyield of 4.5–5.5 t ha−1). Soybean had large differences in pro-
ductivity between the two experimental years (3.4 and 7.1 t DM ha−1)

Fig. 3. Neutral detergent fibre (NDF) content (g kg−1) of nine spring-sown annual forage crops throughout two growing seasons (2009 – left, 2010 – right); warm-season species are
above (a & c) and temperate species are below (b & d). Bars adjacent to each sample point indicate the least significant difference (P = 0.05) between species at each sampling date in
each growing season.
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and total forage production approached the warm-season grasses and
CP yield was the highest ( > 1200 kg ha−1) in the wetter year of 2010.
This may indicate greater variability in forage production from soybean
than from the warm-season grasses and susceptibility to drier and
below-average rainfall conditions seen in the first experimental year
here.

The second group includes the temperate grasses (spring wheat and
oats) and legumes (pea and common vetch), which provided quick early
spring growth (e.g. by late May at 42 days after emergence) but quickly
matured in summer and didn’t continue to accumulate biomass. Of
these we found spring wheat produced the most early forage biomass
(up to 4 t DM ha−1) which was> 1 t DM ha−1 higher than oats, vetch
and pea in both years. During late May to early June this was the
highest biomass of all the forages and wheat also had high quality
forage at this time with a relative feed value of> 1.0. Oats, pea and
common vetch had higher forage quality than spring wheat throughout,
with maximum CP yields approaching spring wheat, and the RFVyield of
pea and oats was similar to spring wheat in 2009 and 2010, respec-
tively.

In these experiments the variable climatic conditions impacted the
production of the various forages. The sometimes dry growing condi-
tions during early spring greatly reduced the productivity of the tem-
perate species; this was particularly evident in 2009. On the other hand
the longer growing season of the warm-season grasses allowed them to
utilize later and more reliable rainfall from June to September. These
differences in growth patterns and development suggest that spring
sowing may expose temperate species to more risk than the longer
season species. One niche in the cropping system that could be explored
further is sowing temperate species after the harvest of winter wheat in
July, allowing better establishment and early growing conditions and
decreasing temperatures which may slow crop development in order to
accumulate more vegetative biomass production from species such as

oats, pea and vetch.

4.2. Forage quality attributes of the annual forages

As expected as the crops developed towards reproductive stages
they all showed significant increases in fibre concentration and de-
clining CP concentration. This reduction was less in the legumes which
had higher levels of CP and lower levels of NDF than the grasses
throughout the growing season. This means that the RFV of legumes
remained above 1.0 except in vetch in 2010, while the grasses were
reduced below 1.0 once they had initiated reproductive development.
Initially, spring wheat and oats had lower NDF than all the warm-
season grasses and lower ADF concentration than maize and sudan
grass, so that their relative feed value was>1.0 up until 63 days after
sowing. But as they quickly matured the fibre concentration and forage
quality of the temperate grasses declined rapidly. Calculated indices
that integrated forage quality and biomass yield accumulation, that is
CPyield and RFVyield, indicate that the harvesting times that optimized
these were often earlier than the time when biomass was maximized.
This corresponded with the onset of flowering in all species except for
soybean.

4.3. Water use efficiencies of spring-sown annual forages

Crop production in the Loess Plateau region of Northwest China is
typically water-limited with high levels of inter-annual variability in
production. The availability of water is a key driver for crop and forage
production (Nolan et al., 2008). In this study we found differences
amongst the crop in the efficiency they converted stored soil water and
in-crop rainfall to biomass and their nutritive yields. As would be ex-
pected the warm-season grass species that use the C4 photosynthetic
pathway also had higher WUEDM than the temperate grasses and

Fig. 4. Acid detergent fibre (ADF) content (g kg−1) of nine spring-sown annual forage crops throughout two growing seasons (2009 – left, 2010 – right); warm-season species are above (a
& c) and temperate species are below (b & d). Bars adjacent to each sample point indicate the least significant difference (P = 0.05) between species at each sampling date in each
growing season.
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legumes which use the C3 photosynthetic pathway (Way et al., 2014).
Maize had the highest biomass WUE of the forages in both seasons.
Other studies comparing biomass WUE of a similar range of crops have
also found maize to have the highest WUEDM (Li et al., 2000; Neal et al.,
2011). Also in north-west China, Li et al. (2000) report similar WUEDM
to the present study; maize (26–46 kg ha−1 mm−1), millet
(25–42 kg ha−1 mm−1), soybean (11–13 kg ha−1 mm−1) and vetch
(15–28 kg ha−1 mm−1). Higher WUEDM have been reported under ir-
rigation in Australia (Neal et al., 2011) presumably because irrigation
can be scheduled to match of water supply and crop demand better than
under dryland conditions here. Nonetheless the relative WUEDM
amongst millets, sorghum, winter cereals (oats and wheat) and winter
legumes remain consistent.

While the relative WUE of biomass amongst the variety of crops
tested here seems now to be well understood, in this study the in-
tegration of forage quality attributes to calculate and compare WUE of
various species provides an enhanced understanding of the relative
efficiency for their use as forages. While the WUEDM of maize and the
other warm-season grasses was higher than other species, once WUE
was calculated to account for forage value the differences amongst
species were less evident. Several species had similar WUECP to the
warm-season grasses in both seasons and soybean had significantly
higher WUECP in 2010, nearly double that of maize and the other
forages (Fig. 7b). Similarly by adjusting biomass yield by calculating
relative feed value of the various species, the differences in WUE be-
tween species is also reduced, so that soybean has the equal highest
WUERFV in 2010 and the WUERFV of pea and vetch are similar to oats
and spring wheat. This demonstrates the importance of applying such
WUE indices to compare amongst forages which differ in their forage
quality and biomass production potential in water limited environ-
ments. Using these WUE indices calculated for the forages here we

found benchmarks for WUE of CP yield were around 3.0 kg CP
ha−1 mm−1 and 26 kg ha−1 mm−1 for RFV yield. Unfortunately few if
any other studies have calculated similar indices or report integrated
data required to compare these benchmarks with results from else-
where. We suggest that wider application of similar approaches might
enable forage production benchmarks to be developed and applied in a
similar way to those developed for grain crops (Sadras and Angus,
2006).

In this study there was significant seasonal effects on WUE amongst
the forage crops. This variation is also commonly reported in other
studies examining WUE of crops (Zwart and Bastiaanssen, 2004;
Gheysari et al., 2015) and is a result of seasonal growing conditions
such as the timing of rainfall as well as crop management. Between the
two growing seasons reported here, the first year (2009) had drier
spring conditions, which hindered the growth of the temperate species
but the timing of rainfall more closely matched the water demand for
the warm-season grasses resulting in higher crop WUE. The second
season had a wet August period where rainfall may not have been as
efficiently utilized by the warm-season crops and hence caused a lower
WUE in that season. Further work is required in this environment to
examine how the WUE of these forages might be enhanced through
changes to management such as sowing date.

4.4. Implications for crop-livestock farm systems in China

In China, livestock development strategies are being promoted as a
means of improving rural livelihoods (Brown et al., 2009). Other stu-
dies have demonstrated that a lack of available suitable forage re-
sources are a significant constraint to increased livestock production
and economics (Komarek et al., 2012). Lucerne is a major forage re-
source in the region and some increases in production and quality are

Fig. 5. Crude protein yield (kg CP ha−1; i.e. biomass yield × CP content) of nine spring-sown annual forage crops throughout two growing seasons (2009 – left, 2010 – right); warm-
season species are above (a & c) and temperate species are below (b & d) (Note the different axis scales). Bars adjacent to each sample point indicate the least significant difference
(P= 0.05) between species at each sampling date in each growing season.
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possible (Robertson et al., 2015), however, lucerne is also typically
harvested fresh during summer and early autumn, which means live-
stock systems typically experience a severe feed gap during winter and
early spring when only poor quality crop residues are available. Hence,
other forages are needed to overcome shortages in feed supply parti-
cularly in late winter and early spring. The annual crops tested here
could enable forages to be produced in rotation with existing grain
cropping systems. Opportunistic or planned early harvest of crops
commonly grown for grain and conservation of this as hay or silage
could provide an additional resource to help overcome periods of feed
shortage. Our study here demonstrates that several annual crops offer
good opportunities for forage production that can be integrated into/
with grain production systems. The timing of the forage production is
important information. For example, spring wheat might be used in
livestock production system by direct cutting and carry or grazing to
provide highly valuable forage in early spring when few other forage
sources are available. Maize and sudan grass would require forage
conservation as hay and silage in order to provide forage at a time of
greatest value in winter and early spring. However, maize and sudan
grass had CP content under 10% which is not sufficient to target high
livestock growth rates and hence would need to be complemented with
a high protein source such as forage legumes. Whole-farm modelling
has demonstrated that using annual forage crops in rotations with
staple grain crops can provide opportunities to maintain household
food security whilst enhancing potential livestock production, but sa-
crificing these staple crops to grow forages can be detrimental for
household food security and economics(Komarek et al., 2015). For this
reason shorter season crops like oats, vetch and pea may fit into cur-
rently fallow periods in cropping rotations without negatively im-
pacting household food security.

5. Conclusions

This study has found that there are significant prospects to utilize
spring sown crops as forage sources to enhance livestock production
systems in north-west China. Our results show that maize and sudan
grass had the highest yield and water use-efficiency of biomass in both
experimental seasons. Under favorable growing conditions soybean had
higher protein content and feeding value, and hence, using indices that
incorporate both forage quality and biomass production, achieved si-
milarly high yields and water-use-efficiencies. Temperate grasses such
as spring wheat or oats provided early forage, but had lower maximum
forage yields and water-use-efficiencies than the warm-season grasses
and soybean. In this research we also applied the novel approach of
calculating indices of forage nutritional yield that account for forage
quality (e.g. crude protein and/or forage value) in order to make more
helpful comparisons amongst various forage with different attributes.
This also enabled the time when net forage value is optimized by bal-
ancing declining forage quality and accumulating biomass over a
growing season. We are unaware of other studies that have applied
similar approaches to calculate integrated yield-quality water-use-effi-
ciencies for forages in dry-land farming systems, but suggest such ap-
proaches might be applied more widely when evaluating the perfor-
mance of various forage types.
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