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Elephant grass (Pennisetum purpureum Schum.) is a new fast-growing
alternative forage crop. However, salinity is a major concern for its
production in the arid south-western United States. This study was
conducted in the arid Imperial Valley of Southern California to evaluate
salt tolerance of elephant grass. Salinity treatments were created in field plots
irrigated with water possessing an electrical conductivity (ECiw) of 1?5, 5, 10,
15, 20, and 25 dS m�1, respectively. Canopy spectral reflectance, tempera-
ture, plant height, leaf area index (LAI), chlorophyll-SPAD meter readings,
and dry weights were measured over time. Results indicated that canopy
reflectance in the near-infrared spectral region was reduced incrementally
with increasing levels of salt stress. Canopy temperature increased with
increasing salinity, especially at longer times after salinity treatment. Plant
height and LAI were reduced with increasing salinity. Biomass accumulation
was reduced incrementally with increasing salinity. About 50% yield
reduction was found when ECiw increased from 5 to 25 dS m�1. The study
shows that elephant grass is sensitive to salt stress, and relatively low salinity
must be maintained to achieve a high rate of growth and biomass production.
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Introduction

Large growing day degrees associated with warm temperature and abundant solar
energy in the south-western United States promote crop productivity. However,
salinity has been a major concern for plant growth, and significant research has been
carried out on salt tolerance for many conventional existing crop species (Maas &
Hoffman, 1977).

Elephant grass (Pennisetum purpureum Schum.) is a tropical C4 bunchgrass with
high rates of growth and biomass production. It has been considered as a new
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alternative for animal feed in South America, and much effort has been devoted
to determine its palatability and nutritional values as an alternative forage crop
(Aroeira et al., 1999; Ebong et al., 1999). A recent feeding study conducted in
California indicated that the palatability of elephant grass was superior to that of
Sudan grass and alfalfa hay in finishing cattle (Alvarez et al., 2000). Therefore, there
exists a potential for elephant grass production in the south-western United
States. The high growth rate of elephant grass also requires large amount of nutrients
such as nitrogen, making it a potential border crop as a nitrogen scavenger. This is
especially effective in reducing nitrogen contamination to surface and ground-waters
for land application of animal wastes that contain high amounts of both nitrogen
and salts.

Very little information is available on water quality requirements or on soil and plant
interactions for elephant grass. A study by Imhoff et al. (2000) showed that animal
trampling increased soil bulk density in areas between the elephant grass plants
compared to areas directly below the grasses. The increased bulk density would exert a
mechanical stress for root expansion beyond the crop rows, and possibly enhance
denitrification. Martinez et al. (1994) reported that biomass production of elephant
grass was related to cutting frequency and varietal differences. Whereas investigations
were conducted to evaluate the suitability of using saline water to grow Atriplex
(Watson et al., 1994; Glenn et al., 1998) and some grass species (Ashour et al., 1997)
as alternative forage crops, no information is available in the literature on the potential
impact of salinity on elephant grass. Salinity is a main concern for potential
commercial production of elephant grass in the arid south-western United States, and
in other arid regions of the world. High levels of soil and water salinity can
significantly inhibit plant growth and reduce yield due to the combined effects of high
osmotic potential and specific ion toxicity (Greenway & Munns, 1980; Yeo & Flowers,
1989). The objectives of the study were (1) to characterize effects of salinity on
biophysical variables such as canopy spectral reflectance, temperature, leaf area index
and chlorophyll content, and to (2) determine the cumulative effect of salinity on
biomass production of elephant grass.

Materials and methods

Field experiments were carried out at the Imperial Valley Research Center at
Brawley, California (321 590N; 1151 560W). The desert climate is characterized
by hot, dry summers and mild winters with a mean annual temperature of 231C
and a mean rainfall of 60 mm per year. Daily maximum temperatures exceed
or equal 381C for more than 100 days per year (Spencer et al., 1985). This climate is
ideal for irrigated agriculture and allows a 365-day growing season. The soil at the
field site was Holtville silty clay (Typic, montmorillonitic, hyperthermic Torrifluvent)
(Perrier et al., 1974). Salinity is one of the major soil management concerns in
the area.

Based on our previous experience with salt tolerance of grass species, six salinity
levels from 5 to 25 dS m�1, including a non-saline control with canal water or
1?5 dS m�1 treatment, were selected for the study. Elephant grass has been established
at the experimental location for over 5 years, and has been irrigated via furrow
irrigation using canal water possessing an electrical conductivity (ECiw) value of less
than 1?5 dS m�1. A new furrow irrigation system was installed at the experimental site
to impose the salinity treatment by selectively mixing the irrigation water between
direct intake from the canal and a brine mix (Fig. 1). Three-way valves were used for
adjustment of salinity levels. The experimental treatments were established in an
existing elephant grass field where each salinity treatment consisted of a four-row wide
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Figure 1. Schematic of the furrow irrigation system for implementation of six levels of
irrigation water salinities.
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(1-m row spacing)� 40-m long section. Prior to each irrigation event, concen-
trated solution mixtures of sodium chloride and calcium chloride (at 1:1 weight ratio)
were prepared to create the brine mixture. By adjusting the three-way flow
control valves the non-salinized canal water was mixed with the brine, to create the
irrigation water at the outlets with an ECiw value of 5, 10, 15, 20, and 25 dS m�1,
respectively. The non-saline control was irrigated with only the canal water
(ECiwo1?5 dS m�1).

To provide a correlation assessment between the saline irrigation water and
substrate salinity, the recently developed Geonics dual-dipole synchronized electro-
magnetic (EM) inductance meter or EM-38DD was used on a mobilized soil salinity
assessment platform, similar to the dubbed ‘Salt Sniffer’ of Corwin & Lesch (2001), to
collect soil vertical EM conductivity information in the experimental plots. Replicated
soil vertical EM readings (EMV) from each treatment were correlated against the
ECiw values. The EMV readings were also used to provide a relative assessment of
averaged rootzone salinity.

Salinity effects on plant biophysical variables related to canopy development can be
determined with remote sensing techniques (Wiegand et al., 1992; Peñuelas et al.,
1997). In this study, canopy reflectance of elephant grass was measured with a hand-
held Cropscans Multi-Spectral Radiometer (MSR) equipped with waveband sensors
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centered at 460, 560, 660, 710, 810, 830, 900, and 950 nm. Reflectance was
computed from simultaneous radiance measurements of paired sensors: one down-
ward-facing and one upward-facing for each band. The reflectance measurements
were made just prior to harvest on 17 July, 30 August and 18 October 2000,
respectively, to provide a temporal assessment. During each measurement, the MSR
was held 50 cm above the canopy at an angle perpendicular to the horizontal plane.
The reflectance measurements were made at five locations evenly spaced within each
treatment. Six replicated readings were taken at each location. Vegetation indices have
been widely used in remote sensing to describe the degree of plant cover and growth
conditions. A recent study indicated that the simple ratio vegetation index (SRVI) was
more sensitive than other indices to reflect salinity stress in soybeans (Wang et al.,
2002). In this study, SRVI was calculated as a ratio of the reflectance measurement
between 830 and 660 nm wavebands.

The osmotic effect of salinity on plant growth can reduce water transpiration
resulting in increased canopy temperature. Concurrent with the reflectance measure-
ment, an infrared thermometer was used to obtain temperature measurement of the
elephant grass canopy. Using air temperature measurement from an adjacent weather
station, temperature differences were obtained between the elephant grass canopy and
the ambient air. Plant height and leaf area index (LAI) were also measured for all
treatments. The LAI measurement was carried out with an LICORs LAI-2000 plant
canopy analyser. To assess the effect of salinity on leaf chlorophyll, a Minoltas hand-
held SPAD-502 meter was used to take replicated readings from each salinity
treatment. The SPAD meter readings have been found to correlate closely to leaf
chlorophyll content (Markwell et al., 1995), and a greater SPAD meter reading
corresponds to higher chlorophyll content per unit leaf area. For plant height, LAI,
and SPAD meter readings, two replications were used at each measurement location
within each salinity treatment.

Biomass dry weights were determined concurrently with cuttings on 17 July, 30
August and 18 October 2000. Total fresh weight was measured with a scale
immediately after each cutting. Subsamples were taken to determine the moisture
content and to calculate the total dry weight per sample.

Results and discussion

Soil EMV readings from the salinity plots correlated positively with the ECiw values
(r2 ¼ 0?996, Fig. 2). A slightly non-linear relationship was found in the 1?5–10 dS m�1

range. This confirmed that the actual substrate salinity that the elephant grass was
subjected to at each treatment plot was maintained at different levels that were
proportional to the imposed irrigation water salinity.

Increasing the irrigation water salinity reduced canopy reflectance in the near-
infrared (NIR) spectrum region for the 30 August harvest (Fig. 3(b)) when the grass
was in the fastest growing period and the maximum reflectance in the NIR reached
about 80% in the control plot. The largest difference was in the 830 and 900 nm
bands. Less separation was found in the NIR reflectance for the 17 July and 18
October harvests when the maximum reflectance in the NIR reached only about 50%
(Fig. 3(a, c)). Salinity-induced reflectance reductions in NIR were also observed in
other crops such as in barley (Peñuelas et al., 1997) and in soybean (Wang et al.,
2002). In the NIR spectrum domain, differences in canopy reflectance have been
attributed to variations in leaf anatomical structure such as the number of palisade cell
layers, cell sizes and orientation (Gausman, 1974). Further, it has been found that the
transmissivity-related leaf absorbance at 1000 nm is positively correlated to increases
in specific leaf mass or total dry matter per unit surface area (Méthy et al., 1998).
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Figure 2. Comparison between average in situ soil vertical electromagnetic conductivity
(EMV) and the electrical conductivity of irrigation water (ECiw). Error bars represent standard
errors (n ¼ 15).
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Therefore, reductions in NIR would indicate more dry materials per unit
leaf area. This is often a result of reduced growth in cell expansion that concen-
trated the cell and cell wall materials. Based on the reflectance measurement
at the 830 and 660 nm wavebands, large reductions were found in SRVI
with increasing salinity from 5 to 10 dS m�1and 20 to 25 dS m�1 (Table 1). Because
of a lack in spatially randomized replications, no formal statistical tests were
performed for mean comparisons. Reflectance in the red (660 nm) band became
substantially higher in the 25 dS m�1 treatment and to some extent in the 20 dS m�1

treatment just before the 18 October harvest (Fig. 3(c)). This resulted from
the cumulative effect of salinity on overall growth and size reductions in the elephant
grass.

The temperature of elephant grass canopy on 17 July was about 2–31C below the
ambient air temperature (41?31C) for all salinity treatments at the time of
measurements (Fig. 4(a)). The undistinguishable temperature differences between
different levels of salinity were attributed to the extremely high air temperature. The
extremely high air temperature would result in stomata closures regardless of the
degree of salt stress. In addition, the cumulative time after salinity treatment was likely
insufficient to show significant differences among treatments. Canopy temperatures of
the elephant grass on 30 August were much higher in the 15, 20 and 25 dS m�1 plots
than those of the ambient air (32?41C), the ontrol, or in the 5 and 10 dS m�1 plots
(Fig. 4(b) and Table 1). High salt input in the 15, 20 and 25 dS m�1 plots likely
resulted in significant reductions in transpiration. By 18 October (Fig. 4(c)), the
cumulative effect of salinity had created a gradual temperature increase above the
ambient air temperature (33?21C).

On 30 August, consistent reductions in plant height (PHt) were found with
increasing salinity from the control to the 25 dS m�1 treatment (Table 1). A similar
linear decreasing trend was observed for plant leaf area index (LAI) with increasing
salinity (Table 1). Both variables indicated a size reduction in elephant grass, and the
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Figure 3. Spectral reflectance of elephant grass canopy on (a) 17 July, (b) 30 August, and (c)
18 October 2000 for six irrigation water salinities.
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degree of reduction was related to the severity of the salinity stress. The size
reduction is consistent with the reduced SRVI computed from the reflectance
measurements.

The lowest SPAD meter readings were found at ECiw ¼ 10 and 15 dS m�1 (Table 1).
The SPAD meter readings reflect chlorophyll content per unit leaf area (Markwell et
al., 1995). The total chlorophyll content on a per plant basis can be described on a
relative basis as a product of the LAI and SPAD reading. This product decreased from
181 for the control, to 125 for ECiw ¼ 10 dS m�1, and to 91 for ECiw ¼ 20 dS m�1.



Table 1. Salinity effects on biophysical properties of elephant grass harvested on 30
August 2000 at Brawley, California, U.S.A*

ECiw

(dS m�1)
SRVI
(�)

Tc�Ta

(1C)
PHt
(m)

LAI
(�)

SPAD
(�)

1?5
13?6 (0?2) �0?2 (0?2) 1?11 (0?02) 5?2 (0?4) 34?9 (0?6)

5
13?3 (0?2) �0?7 (0?5) 0?99 (0?02) 5?6 (0?3) 32?3 (0?6)

10
11?3 (0?4) �2?2 (0?3) 0?74 (0?03) 4?2 (0?4) 29?7 (0?6)

15
10?6 (0?2) 3?4 (0?3) 0?58 (0?03) 4?0 (0?3) 29?7 (0?7)

20
10?1 (0?3) 4?7 (0?4) 0?51 (0?01) 2?8 (0?2) 32?4 (0?9)

25
8?9 (0?3) 6?5 (0?6) 0?43 (0?02) 3?0 (0?4) 32?7 (0?5)

*Values are means (S.E.) of 30 replications of simple ratio vegetation index (SRVI ¼ r830/r660) and the
temperature difference between elephant grass canopy and the ambient air (Tc�Ta); and 10 replications of
Plant Height (PHt), leaf area index (LAI), and SPAD meter readings under six levels of electrical
conductivity for irrigation water (ECiw).
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The total chlorophyll content on a per plant basis is more important because it is
directly proportional to the rate of plant photosynthesis for biomass production.

Yield reductions started to occur at the 5 dS m�1 level, where biomass dry weight
decreased from about 5?2 for the control to 3?5 Mg ha�1 averaged over the July and
August cuttings (Table 2). Less difference was found for the October harvest when the
grass did not achieve as much growth as the first two harvests. Yield reduc-
tions continued when increasing salinity from 10 to 15 dS m�1 or higher levels.
Average dry weight at 25 dS m�1 was only 35% of that at 1?5 dS m�1 for the first
two cuttings. About 50% yield reduction occurred when salinity increased from 5 to
25 dS m�1.

The effect of salinity on yield reductions of elephant grass was further analysed
using the exponential model of van Genuchten (1983) in the form of Y ¼ Ym exp(a
ECar�b ECar

2 ), where Y was the actual yield, Ym was the maximum yield under non-
saline conditions, ECar was the average rootzone salinity, a and b were empirical
parameters. ECar was related to in situ EM readings in the form of ECar ¼ 1?1 ECiwf;
ECiwf ¼ (2?54+(SQRT(2?542�4*0?32*(105?6-NEMVavg))))/0?64, where NEMVavg
was the average of the three EMV measurements normalized for temperature. The
low-end EM data from the control treatment was normalized with respect to
temperature between the three surveys, so that the treatment data would be more
directly comparable. The coefficients found for elephant grass were
Ym ¼ 4?771 Mg ha�1, a ¼ �0?028, b ¼ 0?0006, and the least-squares non-linear test
indicated that the model prediction was highly correlated to the measured yield data
((Pr4F)o0?0001).

In summary, field experiments were conducted to evaluate salt tolerance of
elephant grass and to determine its production potential in the arid south-western
United States. Salinity reduced elephant grass canopy reflectance in the near-
infrared spectrum region, which resulted in reduced simple ratio vegetation index
values. Canopy temperature of the elephant grass under saline conditions, in
general, was much higher than the control. Plant height and leaf area index
were reduced by the salinity treatments, and the degree of reduction was proportional
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Figure 4. Temperature differences between elephant grass canopy and the ambient air on (a)
17 July, (b) 30 August, and (c) 18 October 2000 for six irrigation water salinities. Bars
represent7S.E. (n ¼ 15).
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to the levels of salinity. Total plant chlorophyll was also reduced by the
salt stress. Under non-saline conditions, elephant grass produced about 5?2 Mg ha�1

dry matter per cutting in July and August. The yield was reduced more than half
when salinity increased from 5 to 25 dS m�1. However, the high rate of biomass
production may still justify it as a viable forage crop to grow under moderately saline
conditions.
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experiment, data collection, and general field assistance.



Table 2. Salinity effects on biomass production of elephant grass from three
cuttings in year 2000 at Brawley, California, U.S.A*

ECiw

(dS m�1)
17 July

(Mg ha�1)
30 August
(Mg ha�1)

18 October
(Mg ha�1)

1?5
5?1 (0?2) 5?3 (0?3) 1?6 (0?3)

5
3?2 (0?1) 3?9 (0?2) 1?8 (0?3)

10
3?9 (0?1) 3?3 (0?1) 1?5 (0?3)

15
2?1 (0?1) 2?5 (0?1) 1?1 (0?1)

20
2?4 (0?1) 2?0 (0?1) 1?1 (0?2)

25
2?0 (0?1) 1?6 (0?03) 0?6 (0?1)

*Values are means (S.E.) of five samples.
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