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Abstract

Light intensity (/) fluctuates rapidly and is the most important environmental factor affecting photosynthesis. Accurate
characterization of light-response curve of leaf-scale photosynthesis (Px—/ curve) is fundamental for understanding
Py~ relations at the whole-plant and ecosystem scales. A robust Px—/ model should be accurate in reproducing Pn—/
curves over light-limited, light-saturated, and photoinhibitory / levels, and ideally returning key quantitative traits
defining the curves, including initial slope of increase (o), dark respiration rate (Rp), the maximum net photosynthetic
rate (Pnmax), and the corresponding saturation intensity (/). We need to improve a model reproduction of
(1) Pn—Iresponses over low / levels and (2) the widely reported decline of Py at photoinhibitory /levels. Our observation—
modelling comparison, shown by the widely used non-rectangular hyperbolic model, led to (/) underestimation of
Rp, (2) overestimation of Pma, and (3) failure in reproducing the photoinhibitory response when / surpassed the
cultivar-specific /. In contrast, our model addressed the above limitations extremely well. The results highlighted the
accuracy and robustness of our model, especially in (/) returning key traits defining the curve and (2) reproducing the
curve over both low [i.e., 0—50 umol(photon) m~ s!] and photoinhibitory 7 levels (i.e., beyond Is).
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Introduction

Light intensity (/) changes rapidly and is usually viewed
as the most dynamic and significant environmental
variable affecting photosynthesis (Px) (Knapp and Smith
1987). Plants in most ecosystems experience rapid
short-term variability in light (Smith ez al. 1989), which
can cause continual transition of Py throughout the
growing season (Knapp and Smith 1990). Accurate and
rapid characterization of the light-response curve of
photosynthesis (Px—/ curve) at leaf scale can facilitate
assessment of the plant's potential photosynthetic capacity
over a wide range of ambient light intensities (Ogren and
Evans 1993), which is fundamental for Px—/ modelling at
the whole-plant and ecosystem scales.

The Pn—I curve is usually characterized by a collection
of quantitative traits, including the initial slope of increase
(o), the maximum net photosynthetic rate (Pama), and
the corresponding saturation light intensity (/), light-
compensation point (), and dark respiration rate (Rp).
These quantitative traits can (/) inform larger-scale
models on the species-specific and/or plant functional
type-specific adaptation to different light regimes and
(2) reflect the underlying biophysical, biochemical, and
metabolic processes that regulate plant photosynthesis
and/or vegetation fluxes under different environmental
conditions (Thornley 1998, Aspinwall e al. 2011, Wargent
et al. 2011, Xu et al. 2012a,b; Mayoral et al. 2015, Wang
et al. 2015, Yao et al. 2017).

The Px—I curve is usually sectioned into three distinct
parts depending on / levels — light-limited, light-saturated,
and photoinhibitory regions (Ralph and Gademann 2005).
Py increases with the increasing / over the light-limited
region until / reaches /., after which Py decreases with the
increasing / due to photoinhibition induced by high light
intensity (Ralph and Gademann 2005, Ye ef al. 2013).
A few models have been developed to characterize Pn—/
curves and extract key quantities for higher plants, such
as the rectangular hyperbolic model (Baly 1935), the
Smith's equation (Smith 1936), the Webb's, Newton's, and
Starr's equation (Webb et al. 1974), the non-rectangular
hyperbolic model (Ogren and Evans 1993, Thornley 1976,
1998), the negative exponential equations (Bassman and
Zwier 1991, Posada et al. 2009), biochemical model of
Farquhar et al. (1980), and so on. Among these models, the
non-rectangular hyperbolic model (hereafter, NH model)
is the most widely used model in characterizing Px—/ curve
over light-limited and light-saturated regions, estimating
quantitative traits, such as a, Pymax, Ic, and Rp (Zhu et al.
2004, Messinger et al. 2006, Gomes et al. 2006, Leakey
et al. 2006, Koyama and Kikuzawa 2010, Aspinwall ef al.
2011, Calama et al. 2013, Wang et al. 2014, Raj et al.
2016).

It remains uncertain to what extent each of the above
models can be used to reproduce accurately the Pn—/
curves from 0 pumol(photon) m= s to high 7 levels and
realistically fit key quantitative traits. For instance, the
NH model, the rectangular hyperbola model, and the
exponential equation had been reported to produce biased
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estimates of Rp (dos Santos et al. 2013) and behave poorly
in reproducing the decline of Py at the photoinhibitory
region (Prado and Moraes 1997, Yu et al. 2002, Leakey
et al. 2006, Aspinwall et al. 2011, Xu et al. 2012a, dos
Santos et al. 2013, Mayoral et al. 2015, Ogawa 2015,
Bellucco et al. 2017). Meanwhile, overestimation of Pmax
by NH model had been widely reported (Calama et al.
2013, dos Santos et al. 2013, Jezilova et al. 2015, Mayoral
et al. 2015, Ogawa 2015, Park et al. 2016, Bellucco et al.
2017, Quiroz et al. 2017, Poirier-Pocovi et al. 2018).
The Px—I model developed by Ye (2007) and Ye et al.
(2013) (hereafter, Ye model), using a nonasymptotic
function, has been increasingly reported on its advantage
over NH model in returning accurate Pym.x value and the
corresponding Iy, value (Ye 2007, Lobo ef al. 2013, Ye
et al. 2013, Martinez-Garcia et al. 2017, Shimada et al.
2017, Liu et al. 2018).

Essentially, a robust Px—/ model should accurately
reproduce the leaf-scale Py responses across all [ levels.
The model performance at low 7 levels is of significance
for validating uncertainties of vegetation fluxes. This is due
to the fact that majority of vegetation worldwide is subject
to at least partial shade (Keenan and Niinemets 2017),
and also the small flux such as Rp plays an important role
when scaling-up at larger scales (Hanson ef al. 2016). On
the other hand, an ideal Px—/ model should also accurately
reproduce the decline of Py over the photoinhibitory region
(i.e., beyond I, which is important for modelling fluxes
of vegetation in high-light environments.

Before incorporating leaf-scale Py—/ model into plant-
and ecosystem-scale models, one important but largely
ignored step is to evaluate the behavior of potentially
promising leaf-scale models over a wide range of
light intensities — especially, the model representation
over low [ levels [i.e., 0-50 pmol(photon) m2 s'] and
photoinhibitory region (i.e., beyond I.). For instance,
experiment-based studies validating the performance of
NH model at the low end [i.e., close to 0 pmol(photon)
m? s7!'] and high end [i.e., close to 2,000 umol(photon)
m~ s7'] of I levels are scarce. The objective of this study
was to compare the performance of Ye model vs. the most
widely used NH model in reproducing Pn—/ curve over
light-limited, light-saturated, and photoinhibitory regions,
through evaluating the model behavior over / levels from
0 to 2,000 umol(photon) m? s against experimental
observations on three rice (Oryza sativa L.) cultivars.

Materials and methods
Description of NH model and Ye model: In brief, the

NH model characterizes the Py—I relationship as follows
(Thornley 1976, 1998; Ogren and Evans 1993):

a1+PNmax_\/(a[+PNmax)2 _49(XIPNmax
= — XD
20 M
where Py is net photosynthetic rate, 7 is light intensity,

Prmax 18 the maximum net photosynthetic rate, a is the
initial slope of Pn—/ curve, 0 is the convexity of the curve
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(dimensionless), and Rp, is dark respiration rate.
The first order derivative of Eq. 1 is as follows:

dPx a

dl 20

(OL] + PNmax) - zePNmax
\/(QI + PNmax)2 — 400 PNmax (2)

where dPn/dI equals to a when [ is zero, and dPn/dl > 0
when / > 0. Thus Eq. 1 is an asymptote which cannot be
directly used to calculate the /.

The Ye model characterizes the Pn—/ relationship as
follows (Ye 2007, Ye et al. 2013):

1_BII—RD
1+v1 (3)

Pr=a

where a is the initial slope of Py~ curve, Rp is dark
respiration rate, and B and y are the photoinhibition
coefficient and saturation coefficient, respectively (Ye
etal.2013).

The first order derivative of Eq. 3 is as follows:
dPx _OLl—ZBI—ByI2

dl (1+vI)° 4)

where dPy/dI decreases with increasing /. dPx/dl equals to
a when / is zero, and dPx/dI equals to zero when [ reaches
Ly dPx/dI will be negative when [ surpasses /s, which is a
key difference between Eq. 3 and Eq. 1.

I can be calculated when dPx/dI = 0, as follows:

_NB+Y/B-1
Y ©)

The maximum net photosynthetic rate (Pmax) can be
calculated as follows:

Prmax = 1 [M] —Rp
Y

Isat

(6)

Plant materials and growth conditions: Seeds of three
rice cultivars (Jifengyoul326, Wufengyoul326, and
JR1326) were provided by the Rice Research Institute
of Jiangxi Academy of Agricultural Sciences. Seeds
of the three cultivars were placed within Petri plates on
two layers of Whatman N° 5 filter paper rinsed with 7 ml
of carbendazim (0.025%, v/v) at 26°C in darkness until
emergence of the radicle. Seedlings were transplanted to
0.5-L plastic pots, containing sterile organic soil extract
as substrate. At the four-leaf stage, 20 plants of each
rice accession were transferred to 4-L pots and kept in a
greenhouse under a 26/17°C diurnal temperature cycle
and well-watered conditions for 12 d. Afterwards, plants
were transferred into the botanical garden of Jinggangshan
University and grown in the open air under well-watered
conditions for one month.

Px—I curve measurement and model fitting: At the
filling stage, Px—I curves of flag leaves were measured for
three plants of each rice cultivar (n = 3) using a portable

system (Li-Cor 6400; Li-Cor Inc., Lincoln, NE, USA).
All measurements were performed between 9:00 and
16:00 h, with consistent cuvette parameters set up as
follows: flow rate as 400 umol s, leaf temperature as
30.5°C, and relative humidity as 65%. Measurements were
conducted on sunny days between 1 and 9 September,
2014. Before each measurement, the leaf was acclimated
to irradiance of 2,000 umol(photon) m2 s for 30 min.
Py—I curve measurements were conducted in accordance
to a descending order of I levels: 2,000; 1,800; 1,600;
1,400; 1,200; 1,000; 800, 600, 400, 200, 100, 50, and
0 pumol(photon) m=2 s7!. At each [ level, leaf gas exchange
was monitored to ensure reaching steady-state plateau
before data-logging. Mitochondrial CO, release in the dark
(Rp) was determined when irradiance was zero.

NH model and Ye model were fitted to obtain the
key quantitative traits defining the Px—[ curves, using
the Photosynthesis Model Simulation Software (PMSS)
(http://photosynthetic.sinaapp.com, Jinggangshan Uni-
versity, Ji'an). The effects of parameter values (6 for NH
model; B and y for Ye model) on model simulations were
evaluated, using different values of 6 (1.00, 0.75, 0.50, and
0.25) for NH model and different values of 8 (0, 0.00005,
0.00015, and 0.0003 m? s umol™) and y (0.001, 0.002,
0.003, and 0.004 m? s umol™") for Ye model — all with
pre-set values of a (0.05 pmol umol™), Pmax (32 pmol
m~2s™), and Rp (3 pmol m=2 s!).

Statistical analysis: All statistical tests were performed
using the statistical package SPSS 18.5 statistical software
(SPSS, Chicago, IL). The analysis of variance (ANOVA)
was used to assess cultivar effects. Tukey's a posteriori
test was conducted to test whether there were significant
differences between fitted and measured values of
quantitative traits. Goodness of fit of the mathematical
model to experimental observations was assessed using
the coefficient of determination (R?> = 1 — SSE/SST, where
SST is the total sum of squares and SSE is the error sum
of squares).

Results

Performances of two models over light-limited, light-
saturated, and photoinhibitory regions: At the light-
limited region, the increase of / led to an immediate and
rapid increase of Py for all three cultivars — until reaching
the cultivar-specific Pxmax and the corresponding Z
(Fig. 14—C, Table 1). Pxmax and Iy were the highest for
Wufengyoul326 and the lowest for JR1326 (Table 1).
The Pnx—I curve of JR1326 exhibited the most distinct
separation among light-limited, light-saturated, and photo-
inhibitory regions (Fig. 14—C). Overall, both NH model
and Ye model showed high goodness of fit (Fig. 14—C,
Table 1). NH model can characterize Px—/ curve within
the light-limited region — except 0-50 pmol(photon)
m? s — and the light-saturated region before reaching
I, NH model can neither generate I value due to the
model's asymptotic function, nor reproduce the Px—/ curve
where the light intensity reached I, (when Py reached
Prmax) and surpassed I, (when photoinhibition occurred).
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Fig. 1. Light-response curves of photosynthesis at the / range from 0 to 2,000 pumol m? s™! (4—C) and from 0 to 200 umol m2 s™! (D-F)
for three rice cultivars — Jifengyoul326 (4,D), Wufengyoul326 (B,E), and JR1326 (C,F). In each subplot, the values are means +
standard errors (n = 3). In subplots D, E, and F, the black dash line connects the five Py values fitted by the NH model respectively at
0, 50, 100, 150, and 200 pmol m2 s™!, and the red dash line connects the two Py observations respectively at 0 and 50 umol m2 s!.

The horizontal dash dot line indicates when Py equals to zero.

At I levels between 0 and 200 pmol(photon) m=2 s/,
the NH model fitted a nearly linear Px—/ response for all
three rice cultivars, where the actual light-response curves
were non-linear (Fig. 1D-F). This bias was paralleled
with a notable underestimation of Rp for Jifengyoul326
(not significant), Wufengyoul326 (not significant), and
JR1326 (P<0.05) (Fig. 1D-F, Table 1). At the light-
saturated region, NH model overestimated Pnma for
Jifengyoul326 (not significant) and Wufengyoul326
(P<0.05), and failed to represent the Pmax Observation
for JR1326 (Fig. 14—C, Table 1). At the photoinhibitory
region (i.e., beyond cultivar-specific /), the fitted curves
by NH model consistently deviated from the observations,
without representing the decline of Py at all (Fig. 1D-F).
Ye model characterized the Py—/ curve over light-limited,
light-saturated, and photoinhibitory regions very well for
all cultivars (Fig. 1, Table 1), and returned accurate values
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of quantitative traits (e.g., Rp, lst, Pnmax, Ic) that were in high
agreement with the cultivar-specific values determined
from experimental observations over / levels from 0 to
2,000 umol(photon) m? s! (Table 1). When fitting NH
model and Ye model to all Py—/ observations by grouping
three rice cultivars together, Ye model also showed lower
SSE and higher R* — indicating its better performance than
NH model (Table 2).

Effects of parameter values on model simulations:
For NH model, the shape of function was exclusively
defined by convexity of the curve (0) when Pymax, 0, and
Rp were determined beforehand (Fig. 24). At the extreme
scenario when 0 = 1, Py = of — Rp when o/ < Prmax,
and Py = Pamax — Rp when o > Pumax (Eq. 1; Fig. 24).
No simulation exhibited photoinhibition at high 7 levels
(Fig. 24). For Ye model, the shape of function were defined



21.52+3.56*
1,133.23 + 66.49*
31.89£1.117
2.55+0.36°

Obs.

1,110.98 +103.70?

31.77£2.47°

(1.08 £0.57) x 10 -
213+ 0.61®

Ye model

0.069 +0.019*
(3.07+0.52) x 10+ -
21.20+£2.25°

0.922 +£0.034 0.979 + 0.004

NH model
0.963 £+ 0.029
0.049 +£0.012*
21.43 +£3.26°
3528 +£2.41*
1.69 +0.33°

JR1326

29.58 £ 0.68"
1,866.98 + 133.88* -
30.27 £1.52*
2.37+£0.24*

Obs.

1,629.51 +79.04*

32.70 £ 3.05°

(133 £0.31) x 10
2.46 +0.24°

Ye model

0.080 + 0.008*
(1.49+0.32) x 10°*
29.19+0.77°

0.998 + 0.002

Wufengyoul326
NH model
0.817 £ 0.046
0.061 + 0.006*
32.95+0.80°
2994 +3.17°
1.79 £0.23*
0.998 +0.001

25.63 +£2.56°
1,667.42 +133.02* -
40.05 +4.89¢
3.27+0.33¢

Obs.

1726.04 + 185.63*
44.41 £ 4.96°

(1.45£0.72) x 107 -
2.83+031°

Ye Model

0.071 £0.0132

(1.70 £ 0.35) x 10* -
24.80 &+ 2.44*

0.995+0.009 0.998 + 0.002

Jifengyoul326
NH model
0.795 + 0.088
0.055+0.010°
42.43 £ 4.89°
2.27+0.43*

[umol m= s7']), saturation irradiance corresponding to Pxmax (Jsat, [pmol m2 s71]), light compensation point (., [umol m™ s7']), dark respiration rate (Rp, [umol m~ s7']) and coefficient
28.36+1.27°

of determination (R?). Values are means =+ standard errors (n = 3). Different letters denote statistically significant differences (P<0.05) between measured values (Obs.) and fitted values

by NH model and Ye model within each quantitative trait.

Table 1. Fitted (NH model vs. Ye model) and measured values of parameters defining light-response curve of photosynthesis for three rice cultivars. The parameters are: curve convexity
(0, dimensionless) of NH model, initial slope of Px—I curve (o, [pmol pmol']), coefficient p [m? s pumol™'] and y [m? s pmol™'] of Ye model, the maximum net photosynthetic rate (Pxmax,

0

o

Y
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Lt

I

Rp
RZ

MODELLING OF PHOTOSYNTHETIC LIGHT-RESPONSE CURVE

Table 2. The error sum of squares (SSE) and coefficient of
determination (R?) of fitting NH model and Ye model to all light-
response of photosynthesis observations by grouping three rice
cultivars together (n = 9).

NH model Ye model
SSE 25.35 +8.35 11.34 £2.57
R? 0.971 £0.014 0.989 + 0.003

by both the photoinhibition coefficient (B) and saturation
coefficient (y) (Fig. 2B,C). The value of B largely defined
the photoinhibitory region of the curves (Fig. 2B). When
B =0, the shape of function degenerated to be a rectangular
hyperbolic function (Fig. 2B).

Discussion

Using a model-observation comparison approach, this
study contrasted the performances of Ye model and NH
model against experimental observations at cultivar-
specific leaf-scale Px—/ responses over a wide range of /
levels. The results draw caution on the limitations of the
widely used NH model, in particular: (/) the rarely reported
underestimation of Rp (Oryza sativa, cv. JR1326), (2) the
widely reported overestimation of Pxma (Oryza sativa,
cv. Wufengyoul326), and (3) the widely reported but
rarely resolved failure in reproducing the photoinhibitory
response when [ surpassed the cultivar-specific Iy (all
three cultivars).

The results demonstrate that Ye model can address
the above limitations of NH model very well. This study
highlighted the robustness of Ye model in accurately
characterizing the cultivar-specific Px—[ curves, con-
tributing to our understanding of leaf-scale modelling of
P\~ relations, especially in (/) reproducing the curve
over low [ levels [i.e., 0-50 pmol(photon) m2 s'] and
photoinhibitory region (i.e., beyond /i) and (2) fitting key
quantitative traits defining the curve (e.g., o, Rp, Pnmas
I, and I). These limitations of NH model at the leaf
scale, if ignored, will arise uncertainties when modelling
large-scale irradiance-driven vegetation fluxes (e.g., Rp).
The robustness of Ye model in reproducing the Pnx—/
response — in comparison with models widely used for
microalgae — has been validated also for a collection of
freshwater and marine microalgae species (Yang et al.
2020). These findings suggest Ye model can be applied for
species from very different light habitats.

We conclude that Ye model is a robust tool to quantify
the photosynthesis capacity of plants across a wide range
of ambient [ levels. The accurate and simple estimate of
cultivar-specific quantitative traits (e.g., o, Rp, Pxmax Lo,
and /) by the Ye model highlights the potential for which
should be incorporated within models at whole-plant and
ecosystem scales. This study highlights the significance
of Ye model for breeders, physiologists, and modelers —
helping them obtain key quantitative traits defining the
plant Py—I responses across light-limited, light-saturated,
and photoinhibitory [ regions. Further studies may work
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Fig. 2. Effects of parameter values on model simulations (8 — curve convexity for NH model; B — photoinhibition coefficient and
y — saturation coefficient for Ye model). In subplots 4—C, o = 0.05 pmol pmol™, Pxmax = 32 pmol m s7!, and Rp = 3 pmol m~2 s!, and
Pn—I curves were generated using NH model with different values of 6 (1.00, 0.75, 0.50, and 0.25) (4), using Ye Model with different
values of B (0, 0.00005, 0.00015, and 0.0003 m? s umol™') when y = 0.00143 m? s umol™' (B), and using Ye model with different values
of'y (0.001, 0.002, 0.003, and 0.004 m?> s umol™) when § = 0.00005 m?* s umol™" (C).

on (/) evaluating the performance of Ye model against
observations for species of different plant functional type
membership and/or climatic origin, (2) characterizing
leaf Py—I relations when plants are concurrently stressed
by other environmental drivers, and (3) exploring how to
drive the scaling of realistic Py—/ relations from leaves to
individual plants and terrestrial ecosystems.
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