Environmental Management (2010) 46:599-609
DOI 10.1007/s00267-010-9496-0

Seedling Biomass Partition and Water Use Efficiency
of Switchgrass and Milkvetch in Monocultures and Mixtures
in Response to Various Water Availabilities

Bingcheng Xu * Xiping Deng - Suiqi Zhang -
Lun Shan

Received: 10 June 2009/ Accepted: 11 April 2010/ Published online: 1 May 2010

© Springer Science+Business Media, LLC 2010

Abstract Seedling biomass and allocation, transpiration
water use efficiency (TWUE), and species competition
between switchgrass (Panicum virgatum L.) and milkvetch
(Astragalus adsurgens Pall.) were investigated in a pot-
cultivated experiment under different levels of water avail-
ability. The experiment was conducted using a simple
replacement design in which switchgrass and milkvetch
were grown in growth chamber with ten seedlings per pot, in
three combinations of the two species (0:10, 5:5 and 10:0).
Five water treatments included sufficient water supply
(HW), gradual soil drying from HW (DHW), moderate
water stress (LW), gradual soil drying from LW (DLW), and
re-establishment of LW conditions after 12 days of drying
from LW (RLW). Water treatments were applied over a 15-
day period. Biomass production and its partitioning, and
TWUE were determined at the end of the experiment.
Species competitive indices (competitive ratio (CR),
aggressivity (A) and relative yield total (RYT)) were cal-
culated from the biomass dry weight data for shoots, roots
and total biomass. Water stress significantly reduced seed-
ling biomass production but increased root:shoot ratios in
both monocultures and mixtures. In the RLW treatment,
only switchgrass monocultures displayed compensatory
biomass production and TWUE, while both species
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demonstrated compensatory growth in the mixture.
Switchgrass was the dominant species and much more
aggressive than milkvetch in the LW treatment, while in the
other four treatments milkvetch was the dominant species as
measured by the positive value of aggressivity and higher
values of CR. The total biomass RYT values of the two
species were higher than 1.0, indicating some degree of
resource complimentarity. In the two-species mixture,
although the biomass production was lower than that of
milkvetch in the monoculture, there was better TWUE,
especially under low and fluctuating water availability.

Keywords Milkvetch - Seedling stage -
Species competition - Switchgrass - Water stress

Introduction

Water availability is a major factor limiting plant growth
and production in the semiarid Loess Plateau region of
northwestern China. Annual precipitation is relatively low
(300-500 mm) and seasonal distribution is highly variable
(June—September accounts for about 60-80% of the total
precipitation). The status of field soil water in the region
can be collectively described as low and highly variable
(Shan and others 2000a, 2000b). The establishment of
introduced grassland species is difficult because of the
adverse environmental conditions (Li and others 1999).
Furthermore, introducing grass monocultures or simple
species mixtures can cause problems because such
homogenization of ecosystems across the landscape wors-
ens the effects of ecosystem fragmentation and causes
convergent ecosystem properties, not only in species
assemblage but also in soil characteristics, nutrient and
water cycles, and the dampening of random events and
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perturbations (Western 2001). Approaches to solve these
problems include introducing appropriate grass varieties,
selecting and breeding improved cultivars, and determining
suitable combinations of grassland species that have
greater adaptability to such harsh environments (Xu and
others 2006b).

Switchgrass (Panicum virgatum L.) is a perennial warm-
season grass native to Central and North America, and can
be used as a forage or hay crop and/or for soil and water
conservation (Sanderson and others 1999; Ichizen and
others 2005). Much attention has been paid to switchgrass
as a potential bioenergy crop because of its ability to
produce high biomass yields under a range of different
conditions and because of its economical and ecological
advantages when compared with other bioenergy crops
(Vogel and others 2009; Pimentel and Patzek 2005; Nelson
and others 2006; Monti and others 2007; Varvela and
others 2008; Monti and others 2008). As an introduced
grass species, its ecological and biological characteristics
are well-suited to the low and hilly land of the hilly-gully
region on the Loess Plateau in China (Li and others 1999;
Xu and others 2007). Milkvetch (Astragalus adsurgens
Pall.) is a perennial legume that has been used in China as a
palatable forage crop and it is widely cultivated in diverse
environments in arid and semiarid areas of northern China.
In addition to its use as a forage crop and for soil and water
conservation, it is also used as an energy crop because of
its high eco-adaptability and biomass production (Shan and
Chen 1993).

The significance of water stress in plant physiology and
growth has been recognized for decades, particularly for
the growth and development of mature tissue, but much
less attention has been paid to water stress during seedling
development (Frank and Bauer 1991; Bi and Turvey 1994).
Yet, seedling survival in water stressed conditions is one of
the major limitations to crop establishment in many habi-
tats, especially in rain-fed areas (Olssen and others 1996).
In the semiarid hilly-gully region on the Loess Plateau,
grassland species, especially the gramineous ones, are
generally more difficult to establish and survival rates can
be reduced by severe drought occurring during the vege-
tative stage (Shan and Chen 1993). This leads to sub-
sequent serious yield reduction. Since switchgrass and
milkvetch are often planted in marginal land with minimal
fertilizer input and low rainfall, the early growth of these
species should be evaluated under water stressed condi-
tions. However, few studies on the growth and water use
characteristics of these two species in the seedling stage
have been reported. Therefore, the objectives of this study
were: (1) to characterize the differences in root and shoot
responses of the two grassland species in the seedling stage
under different soil water regimes; and (2) to investigate
competition between the seedlings of the two species when
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grown together. These characterizations will enrich
our knowledge and should have applications when pre-
dicting their field performance in natural environments, and
also improve the potential for seedling plantation in the
region.

Materials and Methods
Plant Materials

Switchgrass (cultivar = Alamo) and milkvetch (culti-
var = Super early) were used in a test of seedling growth
and competition in response to drought. Seeds of the two
species were obtained from the experimental fields at Ansai
Research Station (ARS) of the Chinese Academy of Sci-
ence (CAS). Seeds were stored in paper envelopes under
ambient conditions for two years. For all seed batches, seed
germination rates were >85% within 7 days as determined
by using a Petri dish method at 25°C when the experiment
was started.

Growing Conditions

The experiment was conducted in the State Key Laboratory
of Soil Erosion and Dryland Farming on the Loess Plateau,
Institute of Soil and Water Conservation, CAS, which was
about 300 km from ARS. A sandy loam soil was collected
from the upper 20 cm of a cultivated field at ARS. The soil
was air-dried, passed through a 2-mm mesh, and mixed
with 0.1 g pure nitrogen as urea, and 0.1 g P,Os5 as
KH,PO, per kg dry soil. The 2.5 kg air-dried soil was
packed in plastic pots (16 cm x 17 cm x 10.6 cm;
height x upper inner diameter x lower inner diameter)
with a bulk density of 1.2 g cm ™ and 55% porosity. Soil
gravimetric moisture content (SGMC) at field capacity and
wilting point was 18.4 and 3.8%, respectively.

All seeds were soaked in deionized water for 24 h, and
20 seeds from each species to be planted as a monoculture
and 10 seeds from both species to be planted in the mix-
tures were sown in the plastic pots. Each pot contained a
plastic pipe adjacent to the inner wall to supply water to the
base of the pot. The top of the soil in each pot was covered
with 15 g perlite, about 1 cm thick, to reduce evaporation
from the soil surface. The pots were placed in a growth
chamber (PGV36, Cmp3244, Conviron8601, Canada) for
germination. To ensure seedling emergence and avoid
seedling death induced by high temperatures and low sur-
face soil water contents due to evaporation, crop straw or
shade netting are commonly used to ensure grass species
seedling establishment in the region by reducing sunlight
intensity and/or increasing relative humidity (RH) around
the plants (Shan and Chen 1993). Thus, during the seedling
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establishment period we used a photosynthetic photon flux
density (PPFD) of about 250 pmol m~> s~' 1 m above the
grass canopy level and a temperature inside the chamber of
22°C (7:30-19:30 h) and 14°C (19:30-7:30 h). When the
water treatment commenced, the light was adjusted to
375 pmol m~2 s~ ' and the temperature to 26°C/18°C (day/
night). RH inside the chamber was controlled at 75 £ 5%
during the whole experiment.

Experimental Design

During the 40-day seedling establishment, the SGMC was
maintained at about 80 £ 5% of FC in all pots by adding
sufficient water at 18:00 h everyday through the plastic
pipes. Plants were thinned twice to obtain ten similar
healthy seedlings in each pot before water treatments were
imposed. Three cultures were investigated, a switchgrass
monoculture, a two-species mixture, and a milkvetch
monoculture in which combinations of the two species
were 0:10, 5:5 and 10:0, respectively, and were each grown
in 50 pots. Switchgrass seedling growth stages were used
as the reference point by which to begin the water treat-
ments because the switchgrass seedlings grew more slowly
than the milkvetch seedlings. Thus, when the switchgrass
plants were at about the 3-leaf-stage, the SGMC of 30 pots
of each culture was adjusted to establish a low water
content treatment (LW) that was 50 £+ 5% FC (i.e. SGMC
of 9.2%). This was achieved by allowing them to dry to
that moisture content and then maintaining it by daily
watering as described above. The remaining 20 pots of
each culture continued to be watered daily to maintain the
standard high water treatment (HW), i.e. at 80 £+ 5% FC.
After 12 days, 10 pots from each culture in both the HW
and the LW treatments were selected to dry gradually for
15 days without watering (the drought period, DHW and
DLW, respectively). An additional 10 pots from each

Fig. 1 Scheme of water
treatments in the experiment

Young seedling

80%FC

50%FC

culture in the LW treatment were similarly dried for
12 days without watering and then the water treatment
level (LW) was re-established for three days (RLW). The
entire water-treatment experiment lasted 27 days, and is
depicted in Fig. 1.

Transpiration

Evapo-transpiration was assessed by weighing the pots
daily at 17:00 h and determining weight loss. For each
watering treatment three pots without plants were used to
estimate evaporation from the surface, and watered with
the same frequency as the pots with plants.

Shoot and Root Biomass

Plant biomass was determined for each of the three cultures
from all of the water treatments at the end of the experi-
ment. Roots were separated from the soil by washing. For
the mixture, the roots of switchgrass and milkvetch were
carefully separated by hand in the water. Shoots and roots
were then divided at the base of the stem, and the dry
weights were determined after oven-drying at 70°C for
48 h. The root:shoot ratio was calculated as the ratio of
root to shoot dry biomass.

Competition Indices

There are many indicators of species interaction used in
intercropping research (Connolly and others 2001; Ghosh
2004). Weigelt and Jolliffe (2003) summarized and divided
the indices into three categories by which to quantify the
intensity of competition, the effect of competition and the
outcome of competition. Here, two indices for studying the
intensity of competition (i.e. competitive ratio and aggres-
sivity) and two indices for analyzing competition effects (i.e.

80%FC ————>| HW
Soil drying gradually DHW

50%FC LW

> . .
Soil drying gradually DLW
Soil drying gradually RLW

Treatments
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relative yield and relative yield total) were introduced and
applied to the two-species mixture in this study.

The Competitive Ratio (CR) is proposed as a measure of
intercrop competition and could be used to compare the
competitive ability of different plants, to measure com-
petitive changes within a given combination, and to iden-
tify which plant characteristics are associated with
competitive ability (Willey and Rao 1980). In this study,
CR was calculated as:

Yab/Yaa

Rab = 20/ 144
CRab = S /Db

(1)
where Yaa and Ybb denote the shoot, root or total biomass
production of switchgrass and milkvetch per pot of the
monocultures and Yab and Yba are their corresponding
yields in a mixture of the two species, which were deter-
mined at the end of the experiment.

Aggressivity (A) is another index that represents how
much the relative yield increase in crop ‘a’ is greater than
that of crop ‘b’ in a mixture of crops ‘a’ and ‘b’ (Ghosh
2004). It measures the interspecies competition in inter-
cropping by relating the yield changes of the two compo-
nent plants (Willey and Rao 1980). In this article, we
employed the aggressivity concept to evaluate the differ-
ence between the extent to which intercropped species ‘a’
(switchgrass) and ‘b’ (milkvetch) vary from their respec-
tive monocultures:

Yab Yba
= Yaa  Ybb 2)

in which Yab, Yba, Yaa, and Ybb are as defined for Eq. 1.
The aggressivity, Aab, is regarded as the difference
between the relative change of yield of switchgrass in the
mixture and the corresponding value for milkvetch. If
Aab = 0, both species are equally competitive, and if Aab
is positive then switchgrass is the dominant species while,
if Aab is negative, switchgrass is dominated by milkvetch.

Relative Yield Total (RYT) gives an accurate assess-
ment of the greater biological efficiency of the intercrop-
ping situation. A RYT value of 1.0 implies that the two
species are making demands on the same limiting resources
of the environment. Values of RYT >1.0 suggest that,
although the species may still be competing for the same
resources, they also make demands on different resources.
Values of RYT <1.0 indicate a mutual antagonism (Bi and
Turvey 1994; Keddy and others 1994). In this study, RYT
was calculated as follows:

RYT = (RYa + RYb) = { (%) + (%) } (3)

in which RYa and RYb are the partial RYT values of
switchgrass and milkvetch, respectively, and Yab, Yba,
Yaa, and Ybb are as defined for Eq. 1. RYT values >1.0

Aab
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also indicate that the mixtures are advantageous for bio-
mass production compared to monocultures of the com-
ponent species.

Statistical Analysis

Pots were arranged in five blocks according to water
treatments and cultures were completely randomized in
each block. There were ten replicates, each represented by
an individual pot, for each culture and water treatment
combination. The data obtained were analyzed by standard
ANOVA using SPSS 11.0 and Excel 2003. Differences
were considered significant if P < 0.05. Mean values are
reported along with their standard errors (mean =+ s.e.).

Results
Seedling Biomass

The total seedling biomass production per pot within a
given culture was generally significantly greater in the HW
treatment (P < 0.05) (Fig. 2). Seedling biomass of the
milkvetch  monoculture was significantly  greater
(P < 0.05) than that of either the mixture or the switch-
grass monoculture in each of the five water treatments
(Fig. 2). Moderate water stress (LW) reduced biomass
production by about half for the three cultures (48.5, 49.7
and 46.2% for switchgrass, milkvetch and the mixture,
respectively) compared with the HW treatment. Compared
with HW treatments, DHW reduced the biomass of
switchgrass, milkvetch and the mixture by 5.1, 62.1 and
39.5%, respectively. Compared with LW treatments, DLW
reduced biomass yields by 2.1, 49.1 and 23.6%, respec-
tively. After the 12 days of drying and three days of
watering to re-establish the LW SGMC (RLW), the bio-
mass of switchgrass seedlings and the mixture seedlings
increased 2.1 and 7.5%, respectively, while the milkvetch
seedlings biomass decreased 27.8% (Fig. 2). In the HW
treatment, the biomass production ratio of switchgrass to
milkvetch in the mixture was 0.11, and was significantly
lower than in the other four treatments, where it ranged
from 0.16 to 0.19 and averaged 0.18, and among which
there were no significant differences (P > 0.05) (Fig. 3).

Root:Shoot Ratio

Switchgrass had a significantly higher (P < 0.05) root:-
shoot ratio than milkvetch in both the monoculture and the
mixture under any water treatment (Fig. 4). Milkvetch had
a higher (P < 0.05) root:shoot ratio in the monoculture
than in the mixture, and water stress increased the values.
Watering following the water stress conditions in the RLW
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Fig. 2 Seedling biomass of switchgrass and milkvetch in monocul-
tures and mixtures for each water treatment. Values are means with
standard error bars. Different small letters indicate significant
differences (P < 0.05) among water treatments in the same culture.
Different small letters in brackets indicate significant differences
(P < 0.05) among cultures for the same water treatment (Soil water
content conditions: HW high water, DHW soil drying from high water,
LW low water, DLW soil drying from low water, and RLW rewater to
LW after drying from LW for 12 days)

treatment significantly decreased the root:shoot ratio of
switchgrass and milkvetch in monocultures, while having
the opposite effect on the mixtures (Fig. 4). Soil drying in
the DHW treatment increased the root:shoot ratio for
switchgrass and milkvetch. In contrast, the root:shoot ratio
for switchgrass decreased significantly when soil dried in
the DLW treatment. In the mixture, the root:shoot ratio of

0.20
0.15

0.10 %

0.05

Switchgrass:milkvetch ratio

0.00
HW DHW LW DLW  RLW

Fig. 3 Switchgrass:milkvetch ratio of the total seedling biomass for
each water treatment. Values are means with standard error bars.
Different small letters indicate significant differences (P < 0.05)
among water treatments (Soil water content conditions: HW high
water, DHW soil drying from high water, LW low water, DLW soil
drying from low water; and RLW rewater to LW after drying from
LW for 12 days)

milkvetch was significantly lower (P < 0.05) than in the
monoculture, while switchgrass was significantly higher
(P < 0.05) except in the HW treatment (Fig. 4).

Water Use Efficiency

Soil water evaporation was subtracted from total water
consumption to give the amount of water used by the
seedlings. From this, water use efficiency could be deter-
mined when taken to be the same as transpiration water use
efficiency (TWUE) and defined as the amount of biomass
produced per unit volume of water transpired by the plants.
In the HW and DHW treatments, the switchgrass mono-
culture had the highest TWUE (P < 0.05) of the three
cultures. The TWUE of the mixture was numerically, but
not significantly, greater than that of the milkvetch
monoculture (Fig. 5). In the LW, DLW and RLW treat-
ments, the TWUEs of the switchgrass monocultures were
significantly lower (P < 0.05) than the TWUEsSs of both the
milkvetch monoculture and the mixture. Mixtures had the
highest (P < 0.05) TWUE in the DLW and RLW treat-
ments, while under LW conditions, the milkvetch mono-
culture had a similar TWUE to the mixture (P > 0.05)
(Fig. 5). Soil drying from the HW moisture level (DHW
treatment) reduced the TWUE significantly of the milk-
vetch monoculture and the mixture, while for switchgrass
there was no significant change (P > 0.05). Soil drying
from the LW moisture level (DLW treatment) significantly
reduced the TWUE of milkvetch, but increased the TWUE
for the other two cultures and notably for the switchgrass
monoculture (Fig. 5). After re-establishing the LW mois-
ture content in the RLW treatment, the TWUE values for
switchgrass and the mixture increased by about 28 and
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14% relative to the LW treatment, respectively, but re-
watering did not affect the TWUE of milkvetch in the
RLW treatment (Fig. 5).

Competitive Indices

In the mixture in the LW treatment, switchgrass was the
dominant species (Aab positive) but in the other four treat-
ments it was the dominated species (Aab negative), espe-
cially under soil drying conditions (i.e. DHW and DLW,
Aab was more negative) (Table 1). Switchgrass also had
higher CR values in the LW treatment, while milkvetch in
the mixture had higher CR values for the other four water
treatments, indicating that milkvetch is generally more
competitive than switchgrass (Table 1). While the CR val-
ues for switchgrass decreased when soil water declined, the
CR values for milkvetch increased (Table 1). The partial
RYa for switchgrass was higher than for milkvetch in the
LW treatment, but lower in the other four water treatments.
The partial RYb of milkvetch was higher than 0.5 in the
mixture except when calculated for total biomass in the LW
treatment, and for root biomass in both the HW and LW
treatments. Most RYa values of switchgrass were lower than
0.5 except in the LW treatment (Table 2).

Discussion
Seedling Biomass and TWUE

Water stress was a very important limiting factor for plant
seedling growth. Plant responses to water deficits are
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dynamic and varied, requiring coordination between the
shoots and roots (Ranney and others 1990). The present
study was consistent with those on other species in that
water stress decreased total dry mass and altered biomass
allocation to root systems resulting in higher root:shoot
ratios in stressed seedlings (Figs. 2, 4) (Fotelli and others
2001; Li and others 2008). With the greater availability of
soil water (i.e. HW and DHW treatments), the two-species
mixture had a slightly higher (P > 0.05) TWUE than the
milkvetch monoculture (Fig. 5). Under low (and especially
changing) water conditions, the mixture had a higher
(P < 0.05) TWUE than either of the two species alone
(Fig. 5), implying that the mixture improved WUE under
low and fluctuating soil water conditions.

Root growth is largely controlled by carbohydrate sup-
ply from the shoot, and is substantially influenced by soil
environments such as soil water, nutrients, temperature and
species interaction (Fotelli and others 2001; Weih and
Karlsson 2001; Zobel and Zobel 2002). Higher root:shoot
ratios in the mixture may have compensated for some of
the negative effects of the drought conditions and may have
enabled the plant to maintain much of its water uptake
under moderate drought conditions (Susiluoto and Bern-
inger 2007). Mixed cropping reduced the milkvetch root:-
shoot ratios in each water treatment, but increased those of
switchgrass except in the HW and DLW treatments
(Fig. 4). Despite lower seedling biomasses, switchgrass
had the highest root:shoot ratios under each water treat-
ment when considering either the two monocultures or in
the mixture. This would benefit the growth of the plant
under dry conditions once the seedling was established (Xu
and others 2006a, 2006b). In the LW treatment, the
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Fig. 5 Transpiration water use efficiency (TWUE) of switchgrass
and milkvetch in monocultures and mixtures for each water treatment.
Values are means with standard error bars. Different small letters
indicate significant difference (P < 0.05) among water treatments in
same culture. Different small letters in brackets indicate significant
difference (P < 0.05) among cultures under same water treatment
(Soil water content conditions: HW high water, DHW soil drying from
high water, LW low water, DLW soil drying from low water, and RLW
rewater to LW after drying from LW for 12 days)

root:shoot ratio of switchgrass in the mixture was about 1.2
times that in the monoculture, and that of milkvetch was
about half that of the milkvetch monoculture, which may
have enabled switchgrass to dominate the mixture resulting
in the higher degree of competition between the two spe-
cies. This may also induce the compensatory growth of
milkvetch when rewatered after a short period of drought

(i.e. RLW treatment) (Fig. 2). Although in the monocul-
tures milkvetch had a higher biomass accumulation rate
than switchgrass in all the water treatments (Fig. 2), the
relative biomass contributions of switchgrass and milk-
vetch were nearly the same in the mixtures under the water
stressed conditions (Fig. 3), indicating that the changes in
the seedling biomass of both species were, for the most
part, directly and similarly affected by the water treatment.
However, the root:shoot ratio values of both species did not
conform to the total biomass changes (Figs. 3, 4), because
changes in root:shoot ratios depended on a number of
factors, including the intensity of competition and the
particular plant species (Zobel and Zobel 2002).

Compensatory Effect

Switchgrass alone and the two-species mixture performed
better in terms of seedling biomass production and TWUE
in the RLW treatment when compared with the LW
treatment (Figs. 2, 5), which is normally called the com-
pensatory effect (Huang 2000; Zhao and others 2004; Hu
and Kang 2005). Compensation is a common phenomenon
following environmental stresses such as drought, anoxia,
salinity, or nutrient stresses, and also mechanical damage
(Bai and others 2004; Zhao and others 2004). Greater
biomass production and WUE following short periods of
drought stress have been reported in several annual crop
species such as winter wheat (Triticum aestivum L.) (Shan
and others 2000a, 2000b; Zhao and Deng 2002), maize
(Zea mays L.) (Guan and others 1997; Huang 2000), potato
(Solanum tuberosum L.) (Shan and others 2000a, 2000b)
and foxtail millet (Setaria italica L.) (Guo 1999; Xu and
others 2007). Compensatory growth has also been found in
some perennial species such as perennial ryegrass (Lolium
perenne L.), tall fescue (Festuca arundinacea Schreb.),
white clover (Trifolium repens L.), Leymus chinensis and
Stipa krylovii when relieved from drought stress (Karsten
and MacAdam 2001; Dong and Shen 2002; Staalduinen
and Anten 2005; Zhao and others 2004). In this study,
milkvetch did not exhibit compensatory biomass produc-
tion and TWUE in the monocultures, but in the mixtures its
biomass increased 8% relative to the LW treatment when
rewatered (RLW). In contrast, switchgrass biomass only
increased 5% in the mixture, and TWUE of the mixture
increased by about 15% (Figs. 2, 5). Various mechanisms
are attributed to explain the compensatory growth and
water use efficiency in plants after recovering from drought
(Wang and Huang 2004; Zhao and others 2004; Hu and
Kang 2005), with the magnitude of the compensatory
effects dependent on factors such as drought stress stage,
degree and duration, and species-specificity (Zhao and
others 2004; Hu and Kang 2005; Zewdie and others 2007).
Plants with high osmotic adjustment ability during drought
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stress, especially those with above average carbohydrate
stored in stubble or root reserves, exhibited rapid growth
when droughts were relieved in controlled experiments or
when rain returned in natural environments (Staalduinen
and Anten 2005). However, in this study, there was no
direct evidence of a mechanism to explain the observed
compensatory growth.

Competitive Effect

There was no obvious trend in competitive aggressivity for
the two species under the various water treatments
(Table 1). Switchgrass was the dominant species and much
more aggressive than milkvetch at the seedling stage in the
LW treatment, while in the other four treatments milkvetch
was the dominant species as measured by the positive value
of aggressivity (Dhima and others 2007). Results also
showed that aggressivity scores were driven by the roots
under relatively stable water conditions (i.e. HW and LW
treatments), but driven by the shoots with changing soil
water contents (Table 1).

Milkvetch had higher competitive ratios (CR) than
switchgrass except in the LW treatment (Table 1). The CR
and aggressivity values clearly show that milkvetch was
more competitive in the mixtures (Dhima and others 2007).
Soil drying decreased the CR of switchgrass but increased
that of milkvetch. This indicated that milkvetch was more
competitive because switchgrass was affected more as the
water deficit increased (Table 1). The aggressiveness of
one species towards another may depend on a number of
genetic and physiological attributes that facilitate the cap-
ture of resources in competition (Bi and Turvey 1994).
Greater competitive ability of milkvetch to exploit
resources, especially soil water, has been reported (Shan
and Chen 1993; Xu and others 2006a, 2006b). Root:shoot
ratio values of switchgrass were greater than those of
milkvetch in both the monocultures and the mixtures
(Fig. 4). For the same amount of root mass, milkvetch was
able to support more shoot growth (Figs. 2, 4). This may
indicate that the milkvetch seedlings were more efficient in
taking up water and nutrients than the seedlings of
switchgrass, and the ability to fix atmospheric nitrogen may
also have added to the competitive advantage of milkvetch
(Bi and Turvey 1994). These differences in water uptake or
competitive ability for water could also be attributed to
differences in the root structures of the seedlings (i.e.
taproot in milkvetch and fibrous roots in switchgrass).

Root RYT values lower than 1.0 in the HW and DHW
treatments suggested that competition occurred under-
ground in the mixtures (Bi and Turvey 1994; Jose and
others 2006). The RYT values of the mixtures of the two

species under low water availabilities were normally >1.00
indicating that, while the two species competed for
resources, there was also some degree of resource com-
plementarity between them (Bi and Turvey 1994; Fetene
2005). The aggressivity (Aab), CR and partial RY values
were consistently greater for switchgrass than for milk-
vetch in the mixture in the LW treatment and indicated that
switchgrass was the more competitive species (Table 1 and
2). The differences found between mixtures in our study
may be attributed to the soil water conditions and also to
other factors such as morphology, physiology and the dif-
ferent nutrient requirements as also reported by Dhima and
others (2007).

On the semiarid Loess Plateau of China, finding sus-
tainable and rational cropping patterns of various grass
species is among the cardinal goals of research and
extension systems (Shan and Chen 1993). Due to the low
and highly variable annual rainfall patterns, it is essential to
choose appropriate species or species combinations that
have desirable performance traits such as superior biomass
production and water use efficiency in response to fluctu-
ating soil water conditions. Seedling growth, particularly of
switchgrass, is often limited by moisture availability in the
area. Results of this study show that soil water conditions
have significant effects on biomass production of both
species whether grown alone or in mixtures. The greater
biomass production and TWUE with sufficient water sup-
ply suggests that planting should be carried out during the
rainy season, which is from July to September. Although
biomass production of the mixture was less than the
milkvetch monoculture, the two species combination dis-
played an advantage in water use efficiency, especially
under low and fluctuating water availability. Moreover,
although switchgrass biomass was inhibited in the mixture,
the presence of milkvetch can significantly increase the
switchgrass root:shoot ratio in mixtures during the seedling
stage. Thus, a possible strategy would be to plant both
species in the first year and then harvest milkvetch while
leaving switchgrass, which would be the better adapted
perennial plant in latter stages. However, since our exper-
iments were based on pot-grown seedlings using one
planting density, extrapolation of the results to mature
plants in the field may be limited, and the physiological
mechanisms behind these results remain to be described.
Further studies are needed to evaluate the performance of
the two species in various mixture ratios under field situ-
ations throughout their entire growth periods.
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