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Abstract
Many factors such as climate and agricultural practices influence the ecophysiology of legume crops. As an
important legume crop, pigeonpea (Cajanus cajan) has been grown mainly in arid, semi-arid tropical and subtropical
regions of the World. However, performance of pigeonpea in southeastern United States has not been extensively
investigated. To test the effects of climate and agricultural practices on the ecophysiology of pigeonpea, we conducted
a two-year field experiment in Nashville, Tennessee. Precipitation during the growing season showed contrasting
patterns with fall drought in 2010 and frequent precipitation in 2011. Four pigeonpea varieties at three planting
densities were evaluated in both years. Measurements included maximum net leaf photosynthesis, stomatal
conductance, transpiration, water use efficiency (WUE), leaf area index (LAI), and soil respiration. We found strong
interannual variations in all variables investigated. Leaf photosynthetic rates, stomatal conductance, transpiration and
LAI were significantly higher in 2011 than in 2010. The high values observed in 2011 were mainly due to high
precipitation rates during and after the flowering time. Pigeonpea varieties G1 and W3 had higher photosynthetic
rates and LAI while variety W3 had the highest WUE. Planting density did not influence these ecophysiological
variables except for plant transpiration. Our results indicated that variety selection could improve pigeonpea
performance under varying climatic conditions. Although pigeonpea varieties are adaptable to drought, irrigation and
growing in moist climatic regions could significantly enhance its ecophysiological performance and yield.
Keywords: Density; Photosynthesis; Leaf area index; Soil Respiration; Transpiration; Variety; Water use efficiency.
Caribbean [13-15]. More recently it has been grown
in the drought-striken Karst regions of southwest
China [16], in Australia [17, 18], and in the US
[9,10,19]. Different pigeonpea varieties are tested for
grain and forage production in some southern states
including Georgia, Florida, Oklahoma, and Virginia
[9,13,20,21]. Incorporating pigeonpea into cropping
systems used in the southern Great Plains and
southeastern the United States could provide farmers
in those regions with a variety of new services such
as summer forage, biological nitrogen fixation, and
new grain crops [22]. Unfortunately, these regions
are often stricken with severe summer and fall
droughts.
As global warming continues, changes in
climate, particularly extreme temperatures and low
and variable precipitation rates are anticipated. These
changes will have pronounced influences on crop
ecophysiology and production. Few studies have
been conducted under field environments to compare
physiological responses of pigeonpea to climate
change. Foster et al. (2009) reported that inadequate
precipitation can delay the establishment of
pigeonpea [19]. Water stress has been reported to
decrease leaf-water status and stomatal conductance
in pigeonpea [1]. Critical knowledge gaps related to
the effect of climate and agricultural practices on
pigeonpea exist [22,23].

Introduction
Crop physiology, development and yield are
regulated by factors such as climate, varieties, crop
species, and management practices. For example,
crop species have been reported to differ in their
responses to climatic factors such as temperature,
precipitation and soil water deficits [1-3]. Crops that
were grown under drought conditions often perform
poorly in physiology and yields than those that were
grown in water stress-free environments [4]. Several
studies have been reported that periods of water
stress can adversely affect crop yields due to its
effects on physiological responses such as stomatal
conductance [4,5] and transpiration [6]. Drought and
heat waves in northern Italy in 2003 significantly
reduced maize productivity by 36% [7, 8]. Differing
agricultural practices can have significant influences
on crop physiology and growth. For example, the
selection of tolerant variety of crops has been shown
to be an effective way to improve plant
ecophysiology and yield [9, 10]. Planting density
may also influence crop yield [11, 12]. Thus,
understanding how a crop responds to climatic
stresses and agricultural practices is important for
improving yield and sustainability.
Pigeonpea [Cajanus cajan (L.) Millsp.] is
traditionally grown as a dryland grain crop in the arid
and semi-arid tropical and subtropical regions of the
world. It is mainly grown in India, Africa, and the

33

Wilson et al.,

The objective of this study was to evaluate
plant ecophysiology of pigeonpea in response to
naturally occurring climate change and agricultural
practices in Middle Tennessee. Since leaf
photosynthesis, transpiration, and water use
efficiency are important biological processes that
directly influencing plant growth and production,
these variables were investigated in this study. Four
varieties of pigeonpea were planted at three different
densities in a two years study.
Contrasting
precipitation patterns and quantified effects of
varieties, planting densities, and year (climate)
effects on eco-physiological responses of pigeonpea
were evaluated. The knowledge gained from this
study has improved our understanding of the
performance of pigeonpea variety under stressful
climatic changes for food production.
Materials and Methods
Experimental site, experimental design and
treatments
This field experimental study was conducted
in 2010 and 2011 at Tennessee State University
Agricultural Research and Demonstration Center
(Latitude 36.12’ N, Longitude 36.98′W, elevation
127.6 m) in Nashville, Tennessee. This center is
located at the north end of the campus. Soil of
experimental plots was an Armour silt loam soil,
slightly acidic (pH=6.2), low in both phosphorus and
potassium (see [10]).
Treatment factors used in this study were
varieties and planting densities. Four varieties of
pigeonpea were selected: two early maturing varieties
(G1: George One and G2: Georgia Two), and two
late maturing varieties (W1 and W3). Three planting
spacings were 5, 10, and 15 cm, equivalent to
295,500, 145,250, and 96,833 pants/ha, respectively.
Planting dates in 2010 were 9 June and 1 July, and in
2011, only one planting date (24 June) was applied.
In both 2010 and 2011, the density and
variety treatments were replicated four times (i.e. 4
blocks). In each block, varieties and densities were
randomly assigned. The total number of plots was 96
in 2010 and 48 in 2011. Plot size for both seasons
was 3m x 2m. Seeds were obtained from a private
company in Georgia. Fresh seeds were sown and
thinned to a pre-determined density. No nitrogen or
irrigation was applied. We applied 130 kg P2O5/ha
and 80 kg K2O/ha before seeds were planted. No
insect/disease problems was encountered, and weed
control was maintained by herbicides [10].
There were contrasting climatic conditions
during both growing seasons (Fig. 1). While the total
precipitation amounts were almost the same (1513.8
mm in 2010 and 1536.7 mm in 2011), a May flood
and a fall drought occurred in 2010 while frequent

precipitation occurred in 2011. The total amount of
precipitation between September and November was
only 230.48 mm in 2010, compared to 337.3 mm in
2011. Air temperature average during 2010 was 1oC
higher than in 2011.
Field measurements of leaf photosynthesis,
stomatal conductance, transpiration, leaf area
index and soil respiration
Leaf photosynthesis, stomatal conductance,
and transpiration rates were measured using a Li6400 Portable Photosynthesis System (Li-Cor Inc.,
Lincoln, NE, USA) [10]. Two fully expanded young
leaves of 2 to 3 selected plants in the center row of a
plot were measured between 10:00am and 3:00pm
during the peak flowering time in September and
October. The photosynthetically active radiation was
set at 2000 µmol photon /m2/s, and the CO2
concentration was set at ambient concentration
380~400 ppm for leaf photosynthesis measurements.
Water use efficiency was calculated as leaf
photosynthesis / transpiration.
Leaf area index
(LAI) was measured using LAI 2200 Plant Canopy
Analyzer (Li-COR, Inc., Lincoln, Nebraska, USA)
following the procedure used for row crops [10]. Soil
respiration was measured on two PVC soil collars in
each plot using a Li-Cor 6400 infrared gas analyzer
(Li-COR, Inc., Lincoln, Nebraska, USA) at the same
time that photosynthesis measurements were taken.
Statistical analysis
The effects of year, variety, and planting
density along with their interactions were analyzed
using Analysis of Variance (ANOVA) [24,25]. Only
when a significant effect was detected, least
significant difference (LSD) was used for multiple
comparisons. Data analysis was performed using
SAS software ([25], SAS Inc. Cary, NC).
Results and Discussion
Of all the ecophysiological variables (leaf
photosynthetic
rate,
stomatal
conductance,
transpiration, water use efficiency, LAI and soil
respiration) investigated in this study, there were
significant differences between the two years, caused
mainly by climatic differences (Table 1). Different
varieties showed significant effects on most
variables. Planting density did not have significant
effect on all variables. Block effect was significant
for all variables except for soil respiration. There was
no significant interactive effect between variety and
density or between density and year (Table 1). The
only significant interactive effect of variety and year
was on water use efficiency.
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Table 1. Results of Analysis of Variance (ANOVA) to detect the effects of planting dates, varieties and densities on maximum net leaf photosynthetic rate, stomatal conductance, leaf area
index and soil respiration of pigeonpea.
Source of Variance

Model
Block
Year
Variety
Density
Variety*Density
Variety*Year
Density *Year
†∆

Leaf Photosynthetic
Rate
(μmol CO2 /m2/s) †
151.02**
39.78**
2871.95**
4.50**
1.38
0.98
0.29
1.25

Stomatal Conductance
(mol H2O /m2/s) †
194.38 **
71.73**
3650.49**
2.42∆
0.66
1.48
0.54
1.42

Transpiration (mmol
H2 O
/m-2/s) †
171.10**
89.86**
3109.49**
8.3**
0.58
0.86
2.03
2.84∆

Water Use Efficiency
(μmol CO2 /mmol
H2O) †
7.34**
11.15**
40.01**
14.59**
0.15
0.62
8.36**
0.29

Leaf Area
Index
(m2 /m2) †
21.10**
3.21*
371.49**
11.82**
0.87
0.09
0.67
0.52

Soil Respiration
(μmol CO2 /m2/s) †
4.59**
1.40
72.75**
2.04
0.80
0.88
0.15
0.72

indicates significant at 10% level; * indicates significant at 5% level; ** indicates significant at 1% level.

Table 2. Mean and significance of maximum leaf photosynthetic rate, stomatal conductance, leaf area index and soil respiration of pigeonpea between two years.
Year

Leaf Photosynthetic
Rate
(μmol CO2/m2 /s) †

Stomatal
Conductance
(mol H2O /m2 /s) †

Transpiration
(mmol H2O /m2/s) †

2010
2011

10.08 a
26.91 b

0.082 a
0.471 b

1.98 a
6.00 b

†

Water Use
Efficiency
(μmol CO2
/mmol H2O) †
5.18 a
4.64 b

Leaf Area
Index
(m2/
m2) †
2.19 a
4.15 b

Soil Respiration
(μmol CO2 /m2/s) †

3.23 a
2.25 b

Different letters denote significant differences among treatments.

Table 3. Mean and significance of maximum leaf photosynthetic rate, stomatal conductance, leaf area index, and soil respiration of pigeonpea among varieties.
Variety

Leaf Photosynthetic
Rate
(μmol CO2 /m2/s) †

G1
G2
W1
W3

17.62 a
16.89 b
16.11 b
17.36 ab

†

Stomatal
Conductance
(mol H2O
/m2/s) †
0.249 a
0.248 a
0.234 a
0.238 a

Transpiration
(mmol H2O /m2/s) †

Water Use
Efficiency (μmol
CO2 /mmol H2O)

Leaf Area
Index
(m2/m2) †

Soil Respiration
(μmol CO2
/m2/s) †

5.00 b
4.54 c
4.98 b
5.31 a

3.21 a
2.51 b
2.63 b
3.06 a

2.96 a
2.97 a
2.72 a
2.95 a

†

3.78 a
3.80 a
3.38 b
3.55 b

Different letters denote significant differences among treatments and same letter denotes no significant difference.
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that receive low to high annual precipitation,
indicating that irrigation applied during critical
growth stages may enhance leaf physiology and
production.
Soil respiration in pigeonpea plots was
relative higher in 2010 compared to that in 2011; but,
the absolute values were low in both years (3.23 and
2.25 μmol CO2/m2/s in 2010 and 2011, respectively).
The relatively low values obtained in 2011 might be
related to temperature. Mean air temperature in 2011
was lower than during 2010.

Interannual variations in ecophysiology of
pigeonpea
The mean maximum leaf photosynthetic rate
in 2011 was 26.91 μmol CO2/m2/s, significantly
higher than that in 2010 (Table 2). Stomatal
conductance and transpiration were also greatly
enhanced in 2011 compared to 2010. LAI increased
to 4.15 m2/m2 in 2011 from 2.19 m2/m2 in 2010.
Compared to leaf photosynthesis and transpiration,
WUE was relative stable during the two year study.
Because more water transpiration occurred in 2011
than that in 2010, WUE was slightly lower in 2011.
Soil respiration was lower in 2011 compared to 2010.
The strong interannual variations in these
ecophysiological variables could be mainly regulated
by differences in climatic factors between the two
years. We applied the same routing field maintenance
in both 2010 and 2011 and used the same varieties
and planting densities. However, the planting dates
were different. Later planting tended to increase leaf
photosynthesis and transpiration [10]. Since the
planting date used in 2010 was between the two
planting dates in 2011, we believe that this planting
date change would not dramatically influence these
ecophysiological variables. The most likely cause
would be the differences in climatic factors,
particularly precipitation. A severe fall drought that
occurred in 2010 might have decreased leaf
photosynthesis and transpiration resulted in reduced
LAI. Precipitation rates during and after flowering
were much higher and more frequent in 2011 than in
2010. This provided adequate soil moisture for
pigeonpea plants to grow, resulting in large changes
in pigeonpea ecophysiology.
Pigeonpea is a plant species adapted to
semi-arid and arid environments. Thus, it can
maintain a relatively high leaf photosynthesis rate
under drought conditions, as demonstrated in 2010
[10]. However, under adequate water conditions
these plants could significantly enhance leaf
photosynthesis. We found that mean leaf
photosynthetic rate was 26.91 μmol CO2 /m2 /s in
2011. This value is consistent with that reported by
Lopez et al. (1988) for potted pigeonpea plant [26].
Very high leaf photosynthetic rates have also been
reported for legume crops. For example, leaf
photosynthesis rates for field-grown soybean were
over 40 μmol /m2/s [27]. Leaf rates at or above 30
μmol /m2/s have also been reported for field-grown
peanut [5,28]. High leaf photosynthesis for pigeonpea
in 2011 also came with high water use. In 2011,
plants used 3.0 times more water than in 2010. Our
result is comparable with soybean [22]. Soybean
used 2.0 to 2.5 times more water during wet years
than in dry years in the SGP. Thus, our results
indicated that pigeonpea may be able to grow in areas

Effect of variety on pigeonpea ecophysiology
Among the four varieties evaluated, the
photosynthetic rate of G1 was significantly higher
than G2 and W1, but not significantly different from
W3 (Table 3). Net leaf photosynthetic rates varied
from 16.11 to 17.62 μmol CO2/m2/s among four
varieties. No interactive effect between variety and
year was detected. This indicates that all four
varieties performed equally better in 2001 than in
2010 (Fig. 2). No difference in stomatal conductance
was observed. In both years, G1 and G2 had higher
transpiration rates than W3 and W1. Leaf
transpiration varied from 3.38 mmol H2O/m2/s for
W1 to 3.80 mmol H2O/m2/s for G2.
Variety W3 had a significantly higher WUE
than the other varieties (5.31 μmol CO2/mmol H2O).
The lowest WUE obtained was for G2 (4.54 μmol
CO2/mmol H2O). WUE of pigeonpea was relative
lower compared to sorghum, but comparable to
cotton and soybean [29,30]. For LAI, G1 and W2 had
higher LAI than W1 and G2. G1 and W3 also grew
taller than G2 and W1 in both years. The lowest LAI
was 2.51 m2/m2 for G2 and the highest one was 3.21
m2/m2 for G1. These values were comparable to
findings reported by others [31,32]. We did not find
any significant differences in soil respiration among
the varieties. The soil respiration rates were relative
low in both years.
Effect of planting density on ecophysiology of
pigeonpea
Plant densities did not influence the leaf
photosynthetic rates, stomatal conductance, WUE,
LAI, or soil respiration. Only transpiration was
significantly influenced by planting density. Plants
being grown in the highest density used less water
than those in the middle density. Tayo (1982) also
observed a similar trend on pigeonpea physiology by
planting density in their study [33]. It appears that
pigeonpea could be grown at different densities
without influencing its ecophysiology and
production.
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the ecophysiology of pigeonpea plant. Large
precipitation during and after flowering in 2011
enhanced
pigeonpea
leaf
photosynthesis,
transpiration, and improved plant growth and LAI.
Different varieties had significant differences in
maximum net leaf photosynthesis, stomatal
conductance, transpiration, WUE, and LAI. G1 and
W3 performed better than other two varieties in both
years while planting density only influenced plant
transpiration. These results indicated that although
pigeonpea is adapted to arid and semi-arid
environments, more precipitation can enhance its
ecophysiology and production. Irrigation at critical
growth stages might increase pigeonpea performance.
Selection of drought resistant varieties could also
improve the stability of ecophysiology and
production in the southeastern US where summer and
fall drought are frequent.
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Fig. 1. Monthly mean temperature and total precipitation
in Nashville. Data source: NOAA National Weather
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Forecast
Office,
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