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Paraheliotropic Leaf Movements in Common Bean under Different
Soil Nutrient Levels

Qingnong A. Fu* and James R. Ehleringer

ABSTRACT

The primary objective of this study was to investigate the possible
physiological consequences of paraheliotropic leaf movements in re-
sponse to soil nutrient levels in well-watered common bean (Phaseolus
vilgaris L. cv. Cahone). In pot-grown plants, leaflets from low-fer-
tilizer treatment (LF) plants oriented away from the sun’s direct rays,
receiving a significantly lower photosynthetic photon flux density (PPFD)
than leaflets from high-fertilizer treatment (HF) plants, Leaf con-
ductance and transpiration rate were significantly lower in LF treat-
ment plants than in HF plants. Interactions among incident PPFD,
transpiration rate, and leaf area resulted in equivalent leaf tempera-
tures under different fertilizer levels. Leaf water potential was not
significantly different between these treatments Carbon isotope dis-
crimination of HF plants was significantly lower than that of LF plants,
indicating that intercellular CO, concentrations were lower and long-
term water-use efficiency higher for HI plants. The variations in water-
use efficiency most likely resulted from a lower ratio of photosynthesis
to leaf conductance in LI plants than in HF plants. Similar tendencies
were observed in field-grown plants. Photosynthetic light-saturation
point was lower for LF plants than for 1F plants. As a result of
paraheliotropic leaf movements, incident PPFD on leaflets remained
close to the photosynthetic light-saturation points in both treatments.

ARAHELIOTROPIC lcal movements, in which leaf
laminac actively orient obliquely to the sun’s di-
rect rays, have been observed in common bean (Dub-
etz, 1969; Wien and Wallace, 1973; Berg and Hsiao,
1986; Fu and Ehleringer, 1989, 1991) and other leg-
umes such as soybean [Glycine max (L.) Merr.] (Ka-
washima, 1969; Meyer and Walker, 1981; Wofford
and Allen, 1982; Qosterhuis et al., 1985; Berg and
Heuchelin, 1990), alfalfa (Medicago sativa L.) (Travis
and Reed, 1983), and cowpea [Vigna unguiculata (L.)
Walp.] (Shackel and Hall, 1979). These active leaf
movements result in changes in incident radiation lev-
els on a diurnal basis, thereby providing a mechanism
for regulating or optimizing radiation-dependent phys-
iological processes. Past studies have shown that par-
aheliotropic leaf movements could result in an
enhancement of water-use efficiency (Ehleringer and
Forseth, 1989), avoidance of photoinhibition during
water stress (Ludlow and Bjorkman, 1984), and in-
crease in leaf-level photosynthetic rate (Fu, 1990).
Soil nutrient levels may have an impact on leaf
orientation, since nutritional status affects photosyn-
thetic capacity and, therefore, the capacity of an in-
dividual leaf to utilize incident solar radiation. Forseth
(1987) observed that leaves of low-fertilizer treatment
plants were more vertical than those of high-fertilizer
treatment plants in soybean at midday, consistent with
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this expectation. However, little is known as to how
changes in leaf movement under different nutritional
levels interact with possible changes in gas-exchange
capacity, tissues temperatures, or integrated processes
such as long-term water-use efficiency (the ratio of
photosynthetic C gain to transpirational water loss).
This study was conducted to investigate paraheli-
otropic leaf movements and the cffects of leaf move-
ments on gas exchange activities in common bean under
contrasting fertilizer treatments.

Carbon isotope discrimination (A) by leaves of C,
plants is a measure of integrated values of the ratio
between intercellular CO, concentration (¢;) and am-
bient CO, concentration (c¢,) (Farquhar et al., 1982)
and was used to cstimate long-term water-use effi-
ciency (Farquhar et al., 1989). Long-term waler-use
efficiency is negatively correlated with A in C, plants
il v (leaf-to-air water vapor pressure difference di-
vided by total atmospheric pressure) is similar among
plants (Farquhar and Richards, 1984; Farquhar et al.,
1989). In this study, long-term integrated estimates of
¢/c, and water-use cfficiency of LI and HF plants
were determined with C isotope ratio analyses of leaf
tissues.

MATERIALS AND METHODS

For potted-plant observations, Cahone common bean was
grown individually in 5-L pots outdoors at the University
of Utah, Salt Lake City, UT, during the summer. The root-
ing medium (1:1:1 loam/vermiculite/perlite by volume) was
walered twice daily to saturation, and fertilized once a week
with 300 mlL. quarter-strength Hoagland solution (Hoagland
and Arnon, 1938) per pot. On the 4th wk after sowing, 30
plants were divided randomly into two fertilizer treatments.
In one of the treatments, plants continued to receive 300
mL quarter-strength Hoagland solution per pot weekly (HF),
while in the sccond treatment plants received no further
fertilization (LF). During the 7th wk after sowing, the fol-
lowing observations were made on two different days. Fully
expanded leaflets were randomly selected from terminal and
lateral positions on the top of canopics, where the leaf lam-
inac and pulvinus were not shaded. Air and leaf tempera-
tures were measured with 36 gauge copper—constantan
thermocouples connected to a datalogger (Model CR21X,
Campbell Scientific, Logan, UT). For measuring leaf tem-
perature, thermocouples were placed on the lower surface
of leaflets (n = 14) from both treatments. Maximum, in-
cident and diffuse photosynthetic photon flux density (PPFD,
400-700 nm) were measured with a photon sensor (Model
LI-185A, LI-COR Instruments, Lincoln, NE). For measur-
ing incident PPFD on individual leaflets, the photon sensor
was mounted on a Plexiglas plate (5 by 10 em) and this
plate was held parallel to the upper surlaces of leaflets. For
measuring diffuse PPFD, the photon sensor was held in a
shadow =10 ¢m from a shadow plate (a radius of 8 cm).

Abbreviations: ¢,, ambienl CO, concentration; ¢, intercellular
CO, concentration; HF, high-fertilizer treatment; LI, low-fertil-
izer treatment; PPED, photosynthetic photon flux density: v, leaf-
to-air vapor pressure difference divided by total atmospheric pres-
sure; A, carbon isotope discrimination.
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Fig. 1. (A) Cos(i) of pot-grown common bean in a high-fertilizer
treatment (HIF) and a low-fertilizer treatment (LF) from
mid-morning to mid-afternoon. (B) Maximum PPFD, incident
PPYFD on horizontal surface, and incident PPEFD on leaflets
of pot-grown HEF and LF plants from mid-morning to mid-
aflernoon. Vertical bars represent standard deviations. Both
cos(i) and incident PPFD were significantly different (P <
0.001) between HF and LF plants for the whole experiment
period.

A null-balance porometer (LI-COR Model LI-1600) was
used to measure leal conductance and transpiration rate.
Leaf conductance and transpiration rate were measured only
at 0930 and 1530 h solar time, since our preliminary cx-
periments had shown that these times were the times of
highest and lowest daylight leaf conductances, respectively.
Incident PPFD, leaf conductance, transpiration rate, and
leal’ temperature were measured on 14 10 60 leaflets from
both HF and LF plants during cach sample period. Water
potential of whole, unbagged, fully-expanded leaves (in-
cluding one terminal and two lateral leaflets) on the top of
canopies was measured (1 = 14) with a pressure chamber
(PMS Instruments, Corvallis, OR) lor both (reatments at
1500 h solar time. A leaf area meter (LI-COR Model LI-
3100) was used to measure leaf arca (n = 18) for plants
in both treatments. Fully expanded terminal and lateral leal-
lets (n = 5) from the top of canopics in cach treatment
were collected for analyses of C isotope ratio and N content.

In a separate experiment, plants were grown in the Bi-
ology Experimental Garden al the University of Utah (Par-
leys soil, a fine-silty, mixed, mesic Calcic Argixeroll in a
Calcie Argixeroll-Calcic Haploxeroll association) during the

summer. Plants were well watered daily by drip irrigation.
Three weeks after sowing, all plants were fertilized with 4
g of a multipurpose fertilizer [16—16-8 (N-P-K)] per plant.
The experimental design consisted of two fertilizer treat-
ments applicd to alternate rows of plants with eight rows
and =100 plants for cach treatment. The HF plants were
fertilized again with 4 g ol fertilizer per plant during the
4th wk, while LI plants did not receive any additional
fertilizer after the 3rd wk. During the 7th wk after sowing,
the following observations were made at 1400 h solar time.
Leaflets measured in this experiment were fully expanded,
and were randomly selected from terminal and lateral po-
sitions on the top of the canopies, where the leaf laminac
and pulvinus were not shaded. Incident PPFD on upper-
leaflet surfaces (n = 46) and leaf temperature (n = 9) from
each treatment were measured with the same methods as in
the pot experiment. Fully expanded terminal and lateral
leaflets (n = 3) on the top of canopies were collected from
cach treatment for analyses of C isotope ratio and N con-
tent.

For analyses of C isotope composition, leaves were dried
at 75 °C for 48 I, and ground to a fine powder in a Wiley
mill. A 2 to 3 mg sample was combusted for 6 h at 850 °C
in a sealed, evacuated Vycor tube (Corning Glass Works,
Corning, NY) containing cupric oxide and silver foil, and
then cooled 1o room temperature (Ehleringer and Osmond,
1989). The C isotope ratio of CO, produced by combustion
was measured on an isotope ratio mass spectrometer (Fin-
nigan MAT delta E, San Jose, CA). Leal A values were
calculated assuming a C isotope ratio of CO, in air of — 8.0%0
(Mook ct al., 1983; Farquhar et al., 1989).

Leaf N content of LF and HF plants was analyzed using
the Kjeldahl digestion procedure. Leaf tissues were oven
dried, ground to a fine powder in a Wiley mill, and ana-
lyzed with an autoanalyzer (Technicon, Tarrytown, NY).

Leaf position in relation to the incident light beam was
quantified by cos(i) (the cosine of the angle between the
incident light beam and the vector normal to the leal lamina)
calculated as

s i _ﬂ._l’,—Pd
cos(i) = P - l-—,—_-*,
(] m d

where £ is direet PPFD incident on the leaf lamina, P, total
direcet PPFD on a perpendicular to the direct solar beam, P,
total incident PPFD (including direct and diffuse PPFD) on
the leaf lamina; P, diffuse PPFD; P, maximum PPFD (in-
cluding direct and diffuse PPFD) on a perpendicular to the
direct solar beam.

Photosynthetic rates on leaves from potted plants of both
fertilizer treatments were measured in response o changes
in PPFD with an open gas-exchange system (Ehleringer,
1983). Intact leallets were inserted into a cuvette, in which
leaf temperature was 30 °C, CO, concentration was 355 pL
L ', and v was 30 kPa MPa ', The PPID incident on
leaflets was increased gradually to 2.0 mmol m 2 s ' dur-
ing a period of 25 min, and photosynthetic ratc was mea-
surcd after a constant rate had been attained. Subsequently,
PPFD was decreased in steps and photosynthetic rate mea-
surcd after a constant rate was achieved.

Comparisons between treatments were analyzed using a
Student’s r-1est.

RESULTS
Pot Studies

The cos(f) values of both treatments were much
lower than 1.0 (Fig. 1A), indicating that leaflets were
oriented obliquely to the sun’s direct rays. Cos(f) was
significantly greater ( < 0.001) for HF plants than
for LF plants during the whole measurement period,



1194 CROP SCIENCE, VOL. 32, SEPTEMBER-OCTOBER 1992

40 T T T T
—o— HF plants
—e— LFplants
36 b g (AT Al i
(&)
[+]
E,
=
o 32 -
@
[« 8
E
Q
-
28
24 A A 'S A

800 1000 1200 1400 1600 1800

Solar time, h

Fig. 2. Air and leaf temperatures of pot-grown common bean
in a high-fertilizer treatment (HF) and a low-fertilizer
treatment (LF). Vertical bars represent standard deviations.
Air temperature was significantly different (P < 0.001) from
leaf temperatures of HF and LI plants for the whole
experiment period. Leafl temperature as not significantly
different (7 > 0.05) between HF and LF plants for the whole
experiment period.

but the shape of the cos(¢) curve in HF plants was
generally similar to that in LF plants (Fig. 1A). Leaf
laminae of LF plants were oriented more obliquely to
the sun’s direct rays than those of HF plants. The
shape of the incident PPFD curves in HF and LF plants
was different from that of incident PPFD on a hori-
zontal surface (Fig. 1B), but were generally similar
to those of typical paraheliotropic leaves (Ehleringer
and Forseth, 1989; Fu and Ehleringer, 1989). Leaflets
of HF plants received significantly greater (P < 0.001)
total incident PPFD than those of HF plants during
the whole measurement period (Fig. 1B). Despite ori-
entation differences, leal femperatures were not sig-
nificantly different between HF and LF plants; however,
both sets were significantly lower than air temperature
(” < 0.001), especially when air temperature was
high (Fig. 2). During the course of the measurements,
air temperature changed about 8 °C, while leaf tem-
peratures in both treatments changed <4 °C. The leaf
conductance and transpiration rate of HF plants were
significantly higher (P < 0.01) than those of LF plants
in the morning and afternoon (Table 1). However, the

leaf water potentials in HF and LF plants were not
significantly different in the afternoon (Table 1). The
A value of HF plants was significantly lower (P <
0.01) than that of LF plants (Table 1), indicating that
leaflets from HF plants had lower ¢j/c, ratio than that
of leaflet from LI plants. Integrated ¢; was therefore
lower in leaflets of HF plants than in leaflets of LF
plants since ¢, in both treatments was the same. Val-
ues of v were similar in both treatments, because of
similar air temperature, relative humidity, and leaf
temperatures. Thus, it was impossible to compare long-
term water-use efficiency levels in the different treat-
ments by comparing A values. Accordingly, long-
term water-use efficiency was higher in HF plants than
in LF plants.

Leat N content (expressed on both area and mass
bases) and leaf area were significantly greater (P <
0.01) for HF plants than for LF plants (Table 2).

Field Studies

Total incident PPFD on leaflets at 1400 h was higher
for HF plants than for LF plants, but leaf temperatures
were not different (Table 3). Leaf N content on a mass
basis was higher, and A value was lower for HF plants
than for LF plants (Table 3). The A values indicated
that HF plants had lower ¢; and higher long-term water-
use efficiency than those of LF plants. The patterns
of these parameters for field-grown plants were sim-
ilar to those for pot-grown plants.

Gas Exchange Measurements

Maximum photosynthetic capacity of HF plants was
approximately three times that of LF plants (Fig. 3).
Photosynthetic rate of HF plants was not saturated
until 1.3 mmol m—2 s—' PPFD, while LF plants were
light saturated by 0.8 mmol m 2 s~ ' (Fig. 3).

DISCUSSION

Results from both pot and field experiments showed
that, as a result of paraheliotropic leaf movements,
leaflets of common bean under low fertilizer regimes
received less incident PPFD. These observations agree
with the results of Forseth (1987), who show that leaf-
lets of soybean were more vertical for LF plants than
for HF plants at midday. Leaves of common bean
responded to nutrient stress in a manner analogous to
paraheliotropic responses to water-deficit stress (Dub-
etz, 199; Qosterhuis et al., 1985; Berg and Hsiao,
1986), high PPFD (Berg and Heuchelin, 1990; Fu and

Table 1. Leaf conductance, transpiration rate, leaf water potential, and C isotope discrimination (A) of common bean in a high-
fertilizer treatment (HF) and a low-fertilizer treatment (LF). Fully expanded terminal and lateral leaflets on the top of canopies

were measured on 7-wk-old plants grown in pots outdoors.

Leaf conductance Transpiration rate Leaf water
potential
Treatment 0930 h 1530 h 0930 h 1530 h 1500 h A
—— - mmol m~* 5! MPa oo
HF plants 508 (47)t 394 (25) 14.2 (0.6) 23.1 (2.2) —0.85 (0.05) 19.63 (0.10)
LF plants 388 (23) 308 (53) 10,7 (0.8) 18.1 (3.0) —0.90 (0.11) 22.67 (0.14)
Significance b L % . NS 2]

** Significantly different at P < 0.01; NS, not significantly different at P > 0.05.

1 Numbers in parentheses are * standard deviations.



U & EHLERINGER: PARAHELIOTROPIC LEAF MOVEMENTS AND SOIL NUTRIENTS 1195

Table 2. Leaf N contents and leaf size of common bean in a
high-fertilizer treatment (HF) and a low-fertilizer treatment
(LF). Fully expanded terminal and lateral leaflets on the top
of canopies were measured on 7-wk-old plants grown in pots
outdoors.

Treatment Leaf N content leaf area
T mgg! mg cm-? cm?
HF plants 46.2 (0.3)1 0.244 (0.008) 15.5 (2.4)
LF plants 23.1 (1.4) 0.115 (0.005) 10.8 (0.9)
Significance * i Ll

** Significantly different at P < 0.01.
1 Numbers in parentheses are * standard deviations.

Ehleringer, 1991), high temperature (Fu and Ehler-
inger, 1989), and low N (Kao and Forseth, 1991).
That is, the leaf-level response to such stresses is a
sun-avoiding reorientation, reducing incident solar ra-
diation and thermal loading.

The paraheliotropic response to soil nutrient varia-
tions may adjust microenvironmental and foliar con-
ditions. Low incident PPFD, low transpiration rate
and small leaf size for LF plants resulted in leaf tem-
peratures similar to those of HF planis having a larger
leaf size and experiencing both higher incident PPFD
levels and transpiration rates. Our pot and field studies
showed that the leaf temperatures of both treatments
were much lower than air temperature, and were near
the thermal optimum for photosynthesis for common
bean grown under similar environmental conditions
(Fu and Ehleringer, 1989). Leaflets from the different
fertilizer treatments oriented differently to the direct
sun’s rays. In both cases, the result was that incident
PPFD levels remained close to the photosynthetic sat-
uration point. Fu (1990) suggested that photosynthetic
rates of paraheliotropic leaves receiving PPFD levels
near the photosynthetic light-saturation points may ex-
ceed those of leaves having higher incident PPFD lev-
els, since the additional incident PPFD serves only to
increase leaf temperature and v, and may result in
decreases in leaf conductance. The canopy-level par-
aheliotropic response would allow for greater light
penetration into the canopy, potentially resulting in
greater photosynthetic rates by lower canopy-level
leaves (Travis and Reed, 1983; Fu, 1990).

Both pot and field studies indicated the same tend-
ency of paraheliotropic response to soil mineral nu-
trition. However, the average values of incident PPFD
in the HF treatment at 1400 h were ~1.2 mmol m ?
s~ ! in pot-grown plants, and = 1.4 in field-grown plants;
the average values of incident PPFD in the LF treat-
ment at 1400 h were =0.7 in pot-grown plants, and
~1.2 in field-grown plans. Since types and amount
of fertilizers, and other environmental conditions were
not the same in pot and field studies, the difference
between incident PPFD in pot-grown plants and field-
grown plants probably resulted from the variations in
soil water availability (Dubetz, 1969; Oosterhuis et
al., 1985; Berg and Hsiao, 1986), air temperature (Fu
and Ehleringer, 1989), or soil mineral nutrition.

The available data evaluating A and mineral nutri-
tion are limited. In a recent study, Hubick (1990)
showed that A was not significantly affected by ni-
trogen treatments in peanut (Arachis hypogaea 1..),
while both our pot and field studies showed that HF

Table 3. Incident PPFD, leaf temperature, carbon isotope
discrimination (A), and leaf N content of common bean in
a high-fertilizer treatment (HF) and a low-fertilizer treatment
(LF). Fully expanded terminal and lateral leaflets on the top
of canopies were measured on 7-wk-old plants grown in a
field. Incident PPFD and leaf temperature were measured
at 1400 h solar time.

Leaf Leaf N

Treatment Incident PPFD  temperature A content
mmol m-2 5! °C Goc mgg!
HF plants 1.38 (0.24)F 283 (0.4)  19.60 (0.17) 44.1 (0.1)
LF plants 1.18 (0.26) 285 (0.2)  20.24 (0.20) 39.2 (2.5)

T Numbers in parentheses are * standard deviations.

plants (with higher leaf N content) had significantly
lower A values (i.e., lower integrated ¢; and higher
long-term water-use efficiency) than those of LF plants
(with less leaf N content). Our results of estimated
integrated ¢, are in agreement with an observation by
Kao and Forseth (1991) that ¢;, measured with a gas-
exchange system, in soybean plants was higher in low-
N treatment than in high-N treatment. In an analysis
of some chaparral species, Field et al. (1983) observed
tradeoffs between water-use efficiency and N-use ef-
ficiency (photosynthesis per unit N) that were consis-
tent with our observations. Increasing c; for a given
leaf N level (for instance by increasing leaf conduct-
ance) will result in an increased N-use efficiency, but
a lower water-use efficiency. Von Caemmerer and
Farquhar (1981) and Fu (1990) showed that photo-
synthetic rate was positively associated with ¢; for a
given leaf N level in common bean, leading one to
conclude that increased photosynthetic rate by increas-
ing ¢; was associated with a decreased water-use ef-
ficiency (as a trade-off). Changing leaf N levels will
complicate this pattern, e.g., our results indicated that
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Fig. 3. Dependence of photosynthetic rate of pot-grown common
bean in a high-fertilizer treatment (HF) and a low-fertilizer
treatment (L¥) on incident PPFD. Vertical bars represent
standard deviations.
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LF plants had higher ¢; values and lower water-use
efficiencies (higher A values) than HF plants. These
results suggest that a marginal increase in photosyn-
thetic rates of LF lcaflets resulted from the higher ¢;
values. However, cven though ¢; was higher in LI
plants than in HF plants, photosynthetic rate was still
much higher for HF plants. Leaf N content of HF
plants was about double that of LF plants, and pho-
tosynthesis is often positively associated with N con-
tent (Field and Mooney, 1986; Evans, 1989). The
lower water-use efficiency for LF plant most likely
resulted from a lower ratio of photosynthesis to leaf
conductance in LF plants than in HF plants. It seems
that the stress response to low nutrient levels in our
study is consistent with general response patterns for
a large number of environmental stresses (Chapin,
1991).

Kao and Forseth (1991) showed that leaves of soy-
bean from a low N treatment oriented more obliquely
to a light beam than those from a high N treatment.
We suggest that paraheliotropic response to fertilizer
levels may be linked with N deficits. However, the
mechanism of this phenomenon is not known.
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