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Abstract The light-response curve of leaf net photo-
synthesis is an important tool for understanding the
photochemical efficiency of the photosynthetic process.
We measured the light-response of the photosynthetic rate
of Bidens pilosa L., when grown under high light of 100%
full sunlight (HL) and low light of 50% full sunlight (LL)
using a gas analyzer Li-6400. The measured data were
simulated by a modified rectangular hyperbola. The fitted
results showed that the modified rectangular hyperbola
described the part of the curve up to the light saturation and
the range of levels above the saturation light intensity in
Bidens pilosa L. well. It was used to directly calculate the
main photosynthetic parameters, including the light-
saturated net photosynthetic rate (Pmax), saturation light
intensity (Im), light compensation point (Ic), dark respira-
tion rate, and the initial slope of curve without any
additional hypotheses. Good agreement was obtained
between the modified rectangular hyperbola estimates
and observations of Pmax and Im of B. pilosa under LH and
LL conditions. Furthermore, the modified rectangular
hyperbola provided a very easy and simple method for
simultaneously simulating the data on the light-response
curve of photosynthesis at low irradiances, saturating
irradiances, photoacclimation and photoinhibition.

Keywords apparent quantum yield, initial slope, light-
saturated net photosynthetic rate, saturation light intensity

1 Introduction

Determining the light-response curve of leaf net photo-
synthesis is important for understanding the photochemical
efficiency of the photosynthetic process (Robert et al.,
1984). It is also fundamental to understanding the
relationship between irradiance and the photosynthetic
rate driven by photon energy. When leaves are exposed to
the Sun, as the light intensity increases, irradiance passes
through the light compensation point of photosynthesis
and the net photosynthetic rates (P(I)) will increase with
increasing irradiance. At higher light intensities, net CO2

uptake increases until light saturation is reached. There is
no further response of net photosynthesis to increasing
light. Under certain conditions, further increase in the light
intensity causes damage to the photosynthetic apparatus, or
photoinhibition (Long et al., 1994; Zhou et al., 2007).
Photoinhibition is associated with a partial deactivation of
key components of the photosynthetic apparatus. To
complicate matters, the various physiological responses
to varying intensities of light can occur interactively
(Zonneveld, 1998; Marshall et al., 2000).
The photosynthetic response of leaves to incident

irradiance has been described by many models and
equations (Baly, 1935; Thornley, 1976; Farquhar et al.,
1980; Bassman and Zwier, 1991; Prado and Moraes,
1997). These models and equations well describe the
process of photosynthetic responses to irradiance at the
range of levels below the saturation light intensity.
However, there are no available models or equations that
can describe the light-response curve of photosynthesis at
the range of levels above the saturation light intensity.
Furthermore, although these models and equations of the
light-response curve of photosynthesis are widely used to
simulate data on photosynthesis, they do not resolve
certain problems. For example, Pmax estimated by
rectangular hyperbola (Baly, 1935) and non-rectangular
hyperbola (Thornley, 1976) are higher than the actual
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measured values (Evans et al., 1993; Kyei-Boahen et al.,
2003; Yu et al., 2004; Leakey et al., 2006), and Im can not
be obtained directly by either of the two models (Ögren
and Evans, 1993; Yu et al., 2004; Leakey et al., 2006).
Although a good agreement for Pmax has been obtained
from two exponential equations (Bassman and Zwier,
1991; Prado and Moraes, 1997), Im can hardly be directly
estimated by either of the two exponential equations.
In order to resolve the problems mentioned above, we

propose a modified rectangular hyperbola of the light-
response curve of photosynthesis to describe the light-
response curve of photosynthesis of Bidens pilosa under
low and high light conditions, and estimate the photo-
synthetic parameters directly without any additional
hypotheses.
Our goals for this project were fourfold. The primary

objective of our study was to propose the modified model
of the light-response curve of leaf net photosynthesis from
rectangular hyperbola, followed by using the modified
model to fit the light-response curves of photosynthesis of
B. pilosa, grown under HL and LL. Our third goal was to
estimate photosynthetic parameters of B. pilosa grown
under HL and LL. Finally, we compare the results fitted by
rectangular hyperbola (Baly, 1935), non-rectangular
hyperbola (Thornley, 1976), exponential equations (Bass-
man and Zwier, 1991; Prado and Moraes, 1997) and a
modified model of the rectangular hyperbola in this paper,
to judge their disadvantage and advantage according to the
criterion of the ability to describe experimental data.

2 Materials and methods

Experiments were conducted at Zhaoqing University,
which is located in Zhaoqing City, Guangdong Province,
China. B. pilosa is a Chinese herbal medicine with a good
curative effect against enteritis, diarrhea and hepatitis. Its
seeds were obtained in the field. The reason that we chose
B. pilosa to measure the light-response curve of photo-
synthesis was that this species, sensitive to photosynthetic
acclimation, could be readily obtained in the field and
easily managed.
Plants were grown from seeds germinated under

identical soil conditions. Seedlings were planted in pots
of 18 cm in height and 20 cm in diameter with a volume of
about 4.5 L. Twenty pots each were assigned to both fully
sunny and shady conditions. The shading treatment is
frequently used against strong solar radiation in South
China. Therefore, in our experiment, shade was created
using a black plastic net through which a light intensity of
50% sunlight was allowed. All specimens had been planted
for about four months and were just in florescence. The
leaves used were the seventh to ninth mature leaves. Field
experiments were conducted from July 14, 2005 to July 18,
2005.

Gas exchange was measured by a portable photosynth-
esis measurement system (LI-6400, LI-COR Inc., Lincoln,
NE, USA). Leaf gas exchange was determined using 11
levels of photosynthetically active radiation (PAR, in terms
of photons) (2000, 1500, 1000, 600, 300, 150, 100, 60, 30,
15 and 0 mmol$m–2$s–1) at 370 mmol$mol–1, with leaf
temperature at about 32.5°C, and 65.4% relative humidity
for the fully sunny conditions. Leaf gas exchange for the
shaded leaves was measured at the same PAR at 390 mmol
$mol–1, with about 27.3°C leaf temperature, and 70.6%
relative humidity. Measurements were taken on 5 con-
secutive sunny days. Five minutes were allowed to reach a
steady-state condition at each PAR prior to measurement.
Three measurements were recorded automatically at 60 s
intervals for each PAR. The leaf areas for the individual
leaves used for measurements were determined using a leaf
area meter (Li-300, LI-COR Inc., Lincoln, NE, USA). The
rate of CO2 emission at zero PAR was assumed to be the Rd

of the leaf.
For B. pilosa grown under low and high light conditions,

plots of net photosynthetic rate against PAR suggested a
modified hyperbola rectangular model, which was pro-
posed by Ye (2007) for modeling leaf photosynthesis as a
function of PAR. The general form of the modified
hyperbola rectangular model is:

PðIÞ ¼ α
1 – βI

1þ gI
I –Rd,

where P(I) is the net photosynthetic rate, I is PAR, Rd is the
dark respiration rate, α is the initial slope of the
photosynthetic light-response curve when I equals zero,
and b and g are two coefficients.
Fitting of model and method to the measured photo-

synthetic response to irradiance was completed using the
SPSS procedure (SPSS Inc. Chicago, IL, USA) of
nonlinear least-squares fitting using the Levenberg-
Marquardt algorithm. The program was used to estimate
the parameters and determination coefficient (r2). The latter
was used as an indicator of quality of fit of the fitted curve
through the measured points.

3 Results

3.1 Light-response curve of photosynthesis

The gas exchange of leaves of B. pilosa, grown under HL
and LL, was measured at two ambient carbon dioxide
(CO2) concentrations. Leaves growth in HL (Fig. 1a)
consistently had higher Pmax at Im, compared with the
leaves of B. pilosa growth in LL (Fig. 1b). P(I) in B. pilosa
grown under HL increased with irradiances below Im.
When above Im, the P(I) decreased as irradiances
increased. However, P(I) in B. pilosa grown under LL
decreased as irradiances increased while I was only above
655.40 mmol$m–2$s–1.
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The measured data of the photosynthetic light-response
of B. pilosa growth in HL and LL fit the modified model,
and the main photosynthetic parameters were calculated by
the model (Table 1). The fitted results showed that the
photosynthetic light-response curves of B. pilosa growth in
LH and LL could be best described by the modified model,
with corresponding coefficients of determination (r2) being
0.9993 and 0.9968, respectively. Calculations of Pmax by
the modified model for B. pilosa grown under HL and LL
were 24.57 mmol$m–2$s–1 and 6.49 mmol$m–2$s–1. The
saturation light intensity Im was 1773.26 mmol$m–2$s–1

for HL and 655.40 mmol$m–2$s–1 for LL. The measured
values of Pmax and Im were about 24 mmol$m–2$s–1 and
1800 mmol$m–2$s–1 (HL), respectively; the measured
values of Pmax and Im were about 6.5 mmol$m–2$s–1 and
650 mmol$m–2$s–1 (LL), respectively. Good agreement was
obtained between model estimates and observations of
Pmax and Im for B. pilosa growth in LH and LL conditions.
Pmax estimated by rectangular hyperbola (Baly, 1935)

and non-rectangular hyperbola (Thornley, 1976) is 33.62
and 28.61 mmol$m–2$s–1 for HL, respectively (Table 2). It
is obvious that those fitted values are more than the

measured values, about 24 mmol$m–2$s–1. Though Pmax

estimated by exponential equations (Bassman and Zwier,
1991; Prado and Moraes, 1997) is close to the measured
values, Im can not be calculated by exponential equations
(Bassman and Zwier, 1991; Prado and Moraes, 1997).

3.2 Light-response curve of photosynthesis at low
irradiances

The modified model could best describe the light-response
curves of photosynthesis of B. pilosa, grown under HL and
LL when irradiance was at lower levels (Fig. 2). P(I) in B.
pilosa grown under LL was higher than that under HL
when I was below 100 mmol$m–2$s–1. When at levels
above 100 mmol$m–2$s–1, P(I) growth in LL was less than
that in HL (Fig. 2).
In most cases, apparent quantum yield (AQY) can be

taken as an indicator to reflect the utilization efficiency of
light energy of the plant and also as a powerful tool to
assess photosynthetic characteristics of plants (Olsson et
al., 1994). The more AQYa plant has, the more utilization
efficiency of light energy it has, even at low irradiances. In

Fig. 1 Photosynthetic light-response of curves of B. pilosa grown under high light (a) and low light (b)

Table 1 Results fitted by the modified rectangular hyperbola and measured values of B. pilosa grown under low light (LL) and high light (HL)

conditions

photosynthetic parameters HL LL

modified model measured value modified model measured value

light-saturated photosynthetic
rate (Pmax)/(mmol$m–2$s–1)

24.59** & 24.54 6.49** & 6.5

light saturation point (Im)
/(mmol$m–2$s–1)

1773.26** & 1800 646.75** & 650

light compensation point (Ic)
/(mmol$m–2$s–1)

31.78** & 32 3.17* & 3

dark respiration rate (Rd)
/(mmol$m–2$s–1)

– 2.12** – 2.15 – 0.22* – 0.15

initial slope (a) 0.070** – 0.071** –

determination coefficient (r2) 0.9993 – 0.9968 –

Note: ** and * stand for significance at 0.01 and 0.05 probability levels, respectively.
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order to calculate the apparent quantum yield, the general
method is to fit the measured data by line equation at low
irradiances (£200 mmol$m–2$s–1) (Walker, 1989). In
actual conditions, however, AQY differed significantly
when irradiances were under different fitted irradiance
scopes (Table 3).
In Table 3, it is obvious that AQYof B. pilosa grown in

LL was less than that of B. pilosa grown in HL. However,
the initial slope (α) of B. pilosa grown in LL was higher
than that of B. pilosa grown in HL (Table 1). When using
AQY as an indicator to assess the utilization efficiency of
the light energy of plants, we would draw a conclusion that
the efficiency of B. pilosa grown in LL was lower than that
under the HL condition. This conclusion conflicts with
other experimental results (Murchie et al., 2002; Walters et
al., 2003; Amiard et al., 2005). Additionally, no matter
what the response of B. pilosa grown in LL and HL was,
the light-response of photosynthesis was non-linear at low
level irradiances (Fig. 2).

4 Discussion

The differences in the investigated Pmax for B. pilosa
between growth in HL and LL observed in this study were
very similar to those reported earlier for different plants
(Murchie et al., 2002; Walters et al., 2003; Amiard et al.,
2005; Boonman et al., 2008). Leaves exposed to HL had
greater photosynthetic capacity than shaded leaves (Lam-
bers et al., 1998). This is true in comparison with whole
plants exposed to different irradiances (Evans and Poorter,
2001).
The modified rectangular hyperbola could best describe

the light-response curves of photosynthesis of B. pilosa
grown in HL and LL, including at low level irradiances and
above the saturation light intensities (Figs. 1 and 2). The
rectangular hyperbola (Baly, 1935), non-rectangular
hyperbola (Thornley, 1976) and exponential equations
(Bassman and Zwier, 1991; Prado and Moraes, 1997) did
not describe the light-response curve of photosynthesis of
B. pilosa grown in LL (Fig. 1(b)) because they were four
asymptotes without extreme values.
Though P(I) in B. pilosa grown under LL was higher

than that under HL when I was below 100 mmol$m–2$s–1

(Fig. 2), at levels above 100 mmol$m–2$s–1, the P(I) grown
in LL was less than that in HL. Additionally, Ic and Rd in B.
pilosa grown in LL were much lower than those in HL,
indicating that it is beneficial to B. pilosa growth and
matter accumulation in LL when irradiances are at low
levels. However, at the saturation light intensity, Pmax in B.
pilosa grown in HL condition was about 3.78 times higher
than that in LL; and the Im of B. pilosa grown in HL was
about 2.71 times higher than that in LL, with 655.40 mmol
$m–2$s–1Im of B. pilosa grown under LL. This showed that
B. pilosa grown in LL was easily affected by irradiance.

Table 2 Results fitted by three models of light-response curve of photosynthesis and measured values of B. pilosa grown under high light (HL)

conditions

photosynthetic
parameters

α Pmax/(mmol$m–2
$s–1) Im/(mmol$m–2

$s–1) Ic/(mmol$m–2
$s–1) Rd/(mmol$m–2

$s–1) determination
coefficient (r2)

rectangular hyperbola 0.086 33.62** – 24.54** – 2.53** 0.9962

non-rectangular
hyperbola

0.058 28.61** – 31.71** – 1.84** 0.9998

Prado-Moraes model 0.066 24.81** – 32.08** – 2.05** 0.9998

exponential equation 0.061 24.81** – 32.79** – 2.08** 0.9998

modified model 0.070 24.59** 1773.26** 31.78** – 2.12** 0.9995

measured data – � 24.54 & 1 800 &32 – 2.15 –

Note: ** means significance at 0.01 probability level.

Fig. 2 Photosynthetic light-response curves of B. pilosa grown
under high light (HL) (a) and low light (LL) (b) at low irradiances

Table 3 AQY in B. pilosa grown under low light (LL) and high light (HL) conditions when irradiances were under different fitted irradiance scopes

PAR £150 mmol$m–2$s–1 £100 mmol$m–2$s–1 £60 mmol$m–2$s–1

AQY (LL) 0.033** 0.039** 0.048**

AQY (HL) 0.056** 0.060** 0.063**

Note: ** means significance at 0.01 probability level.
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Therefore, growth under LL was not beneficial to B. pilosa
compared to growth under HL.
At present, rectangular hyperbola (Baly, 1935), non-

rectangular hyperbola (Thronley, 1976) and exponential
equations (Bassman and Zwier, 1991; Prado and Moraes,
1997) have been most frequently used in studies like ours,
and these models and exponential equations can well
describe the light-response curve of photosynthesis when
the light intensity is below the saturation light intensity.
However, the process of photosynthetic response to
irradiance over saturation light intensity can not be
described accurately by these models and exponential
equations. Additionally, these Pmax values fitted by
rectangular hyperbola and non-rectangular hyperbola
models were higher than the measured values (Evans et
al., 1993; Kyei-Boahen et al., 2003; Yu et al., 2004; Leakey
et al., 2006), and Im could not be obtained directly by the
two models (Kyei-Boahen et al., 2003; Yu et al., 2004;
Leakey et al., 2006). To estimate Im, the two models must
be coupled with other methods (Walker, 1989; Richardson
and Berlyn, 2002). However, Im estimated by this method
is much less than any of the measured values. Also,
exponential equations (Bassman and Zwier, 1991; Prado
and Moraes, 1997) can not estimate Im directly because
they are also asymptotes without the extreme value. Im can
be estimated only if P(I) equals 99% Pmax, and the
corresponding light intensity is Im. It is obvious that Im
estimated by this method does not have the real values of
saturation light intensities of plants.
AQY is a powerful tool for assessing the utilization

efficiency of light energy of plants (Olsson et al., 1994). It
should be noted that the values fitted by linear equations
are not unique (Table 2). The initial slope (α) in B. pilosa
grown under LL was higher than that of the plants grown
under HL, whereas AQY of plants grown under LL was
less than that of the plants grown under HL when
irradiance was below 150 mmol$m–2$s–1. These results
contradict themselves.
In conclusion, the modified rectangular hyperbola which

can accurately describe the photosynthetic light-response
of B. pilosa, grown under HL and LL, contains three
parameters. It is known that B. pilosa grown in LL and HL
has similar light-response curves of photosynthesis
(Fig. 1), with their main photosynthetic parameters, e.g.
Pmax, Im, Rd, Ic and α differing significantly. The Pmax in B.
pilosa grown in LL is much lower than that in HL despite
P(I) in LL being higher than that in HL at low irradiances
(100 mmol$m–2$s–1). Furthermore, in Fig. 1b the modified
model has more advantages than any one of the non-
rectangular hyperbola, rectangular hyperbolas, Prado-
Moraes model and exponential equation because the
modified model can accurately describe B. pilosa grown
under HL and LL in a wide range of irradiances, including
low irradiances, and over saturation light intensities under
different environmental conditions. The rectangular hyper-
bola, non-rectangular hyperbola and exponential equations

do not describe the light-response curve of photosynthesis
when irradiance is over the saturation light intensities. The
fitted results of B. pilosa, grown under HL and LL showed
that the modified model can, in a more simple and accurate
way, describe the photosynthetic light-response curve of a
leaf containing three parameters in a wide range of light
intensities, which is a general model of great value for
application to photosynthesis and plant physiology.
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