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Life on Earth depends on photosynthesis. Photosynthetic systems evolved early in Earth history, providing
evidence for the significance of pigments in plant functions. Photosynthetic pigments fill multiple roles from
increasing the range of energy captured for photosynthesis to protective functions. Given the importance of
pigments to plant functioning, greater effort is needed to determine and quantify the relationship between
gross primary production (GPP) and canopy chlorophyll (Chl) content, the main photosynthetic pigment, as
well as its proxy, green leaf area index (GLAI), both used as quantitative measures of plant greenness. The objec-
tive of this study is to establish relationships for GPP vs. canopy Chl content and GPP vs. GLAI in maize. The main
focus of the paper is to reveal fine details of the relationships and understand their features in different stages of
maize development. Data onGPP, leaf Chl content andGLAIwere collected across ten years (2001–2010) at three
AmeriFlux sites in Nebraska over irrigated and rainfed maize. Relationships of GPP vs. total canopy Chl content
and GPP vs. GLAI were established for vegetative, tasseling and reproductive stages. In each stage, relationships
were closewith determination coefficients above 0.9; however, the shapes and slopes of the relationships in veg-
etative stageswere different from reproductive stages. This differencewasmore pronounced for the GPP vs. GLAI
relationship. In part, this difference is due to different leaf Chl contents in vegetative and reproductive stages.
Smaller but detectable differences in shape and slopewere also found for the GPP vs. canopy Chl relationship. De-
spite the differences in relationships for vegetative and reproductive stages, for the entire growing season, green
LAI (GLAI) explained 90% of GPP variation with a coefficient of variation (CV)= 17%, while total canopy Chl con-
tent explainedmore than 92% of GPP variation with CV= 15%. Quantitative characterization of relationships be-
tween GPP and such biophysical characteristics as GLAI and canopy Chl content underlines the role of chlorophyll
in photosynthesis and has significant implications on remote sensing of primary production.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Assessments of the exchanges of carbon between soil, vegetation,
and the atmosphere remain critically important for improving our
understanding of ecosystem functioning, for establishment of carbon
budgets, for agricultural management and for yield forecasting
among others. Terrestrial biosphere models improve the process
understanding and descriptions; however, the downside of the
enhanced complexity is that additional land-surface parameters are
challenging to define with acceptable accuracy over spatial and
temporal domains, hampering the ability to describe spatial and inter-
annual variability of terrestrial carbon fluxes (Schaefer et al., 2012).

Chlorophylls are vital pigments for photosynthesis; strong
correlations have been reported between leaf chlorophyll (Chl)
ghts reserved.
content and N content (Clevers & Kooistra, 2012; Houlès et al.,
2006; Sage, Pearcy, & Seemann, 1987; Schlemmer et al., 2013).
Baret, Houles, and Guerif (2007) found that canopy Chl content is a
close proxy of canopy level N content and claimed that N status
could be assessed through Chl content. The use of Chl as a proxy of
N is more convenient as it directly relates to the plant absorption of
photosynthetically active radiation (PAR) and photosynthesis.
Canopy Chl content is a physically sound quantity since it represents
the optical path in the canopy where absorption by Chl dominates
the radiometric signal. Thus, absorption by Chl provides the
necessary link between remote sensing observations and canopy
state variables that are used as indicators of photosynthetic activity.
Leaf and canopy Chl content can be retrieved from satellite observed
radiances by inversion of leaf optics and canopy reflectance models,
as well as with semi-analytical and empirical models.

The carbon exchange between the crop canopy and the atmosphere
is mainly controlled by the amount of solar radiation absorbed, the
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product of the incident photosynthetically active radiation (PAR) and
the fraction of PAR absorbed by photosynthetically active vegetation
(fAPARgreen, Hall, Huemmrich, Goetz, Sellers, & Nickeson, 1992), as
well as the efficiency of the plants in using this energy for photosynthe-
sis, the light use efficiency (LUE). According to Monteith (1972), GPP
can be expressed as:

GPP ¼ fAPARgreen � PAR � LUE ð1Þ

Canopy Chl content is closely related to fAPARgreen (Peng, Gitelson,
Keydan, Rundquist, & Moses, 2011). But, as canopy Chl exceeds
2 g m−2, the sensitivity of fAPARgreen to estimate Chl content drops
drastically and the fAPARgreen vs. Chl relationship becomes almost
flat (Peng et al., 2011). Despite the saturation of fAPARgreen vs. Chl rela-
tionship, GPP does remain sensitive to total canopy Chl content even
when it exceeds 2 g m−2. A significant sensitivity of GPP to moderate
to high canopy Chl content was explained by the increase of LUE that
follows an increase in total Chl canopy content (Gitelson et al., 2006;
Peng et al., 2011). This observation is supported by numerous studies.
Dawson, North, Plummer, and Curran (2003) showed that the variation
in foliar Chl content may account for some of the seasonal variability in
LUE. Houborg, Anderson, Daughtry, Kustas, and Rodell (2010) demon-
strated that variations in leaf Chl content were well-correlated with
temporal changes in LUE. Kergoat, Lafont, Arneth, Le Dantec, and
Saugier (2008) found that the foliar N content of the dominant plant
species, closely related to Chl content, explaining 71% of the variation
in LUE.

Therefore, two key physiological properties included in Eq. 1, i.e.,
light capture and the efficiency of the use of absorbed light, relate
closely to total canopy Chl content, which subsumes a broad range of
processes and can be applied as an integrative diagnostic tool (Peng
et al., 2011). This means that canopy Chl content is relevant for estimat-
ing GPP in both Production Efficiency Models, using fAPAR, and Canopy
Photosynthesis Models using leaf area index (LAI) as biophysical
properties of vegetation.

Gitelson et al. (2006) found a close, consistent relationship between
GPP and the product of canopy Chl content and incident PAR in maize
and soybean. Moreover, despite great differences in leaf structure
and canopy architecture in the C3 and C4 crops studied, the relationship
GPP vs. Chl ∗ PARin was found to be nearly non-species-specific. As a
result, a procedure was suggested to remotely assess GPP in crops
via estimation of canopy Chl content assuming (Gitelson et al., 2003,
2006):

GPP∝Chl� PARin ð2Þ

Based on this model, several approaches have been developed to
estimate GPP using remotely sensed data. Using Medium Resolution
Imaging Spectrometer (MERIS) data, the MERIS terrestrial chlorophyll
index (MTCI) was tested for evaluating GPP across a variety of land
cover and vegetation types. The results showed great potential
for estimating GPP in croplands, grasslands and deciduous forests
(Almond et al., 2010; Harris & Dash, 2010; Wu et al., 2009). Xiao et al.
(2004, 2011) assessed GPP of U.S. terrestrial ecosystems with a
Moderate Resolution Imaging Spectroradiometer (MODIS) vegetation
index (VI) products as indicators of vegetation Chl content and auxiliary
climate data. Gitelson, Viña, Masek, Verma, and Suyker (2008) estimated
crop GPP by employing Chl-related VIs calculated using Landsat ETM+
images. Further, this finding was used for estimating GPP in maize and
soybeans using close range (Peng & Gitelson, 2011, 2012; Peng et al.,
2011), Landsat (Gitelson et al., 2012), and MODIS (Peng, Gitelson, &
Sakamoto, 2013; Sakamoto, Gitelson, Wardlow, Verma, & Suyker, 2012)
data.

Given the importance of photosynthetic pigments to plant
functioning and photosynthetic activity, greater effort is needed to
determine and quantify the relationship between GPP and two
biophysical characteristics of vegetation that are quantitative measures
of plant greenness, canopy Chl content and green LAI (GLAI).
The objective of this study is to establish relationships for GPP vs.
canopy Chl content and GPP vs. GLAI in maize. The main focus of the
paper is to reveal the fine details of the relationships and understand
their features in different stages of maize development. The results
have significant implications on understanding crop photosynthetic
processes and remote sensing of primary production.
2. Methods

2.1. Study area

Three AmeriFlux sites are located at the University of Nebraska-
Lincoln Agricultural Research and Development Center near Mead,
Nebraska, USA. They are all approximately 60-ha fields within 1.6 km
of each other. Sites 1 and 2 are equipped with a center-pivot irrigation
system, while site 3 relies entirely on rainfall for moisture. During
2001 through 2009, site 1 was planted in continuous maize, and sites
2 and 3 were both planted in a maize-soybean rotation with maize in
odd years and soybean in even years. In 2010, sites 1 and 2 were both
planted in maize, and site 3 was planted in soybean. More information
about the major crop management strategies at the study sites is
given in Suyker and Verma (2010).

Since 2001, each site has been equipped with an eddy covariance
tower and meteorological sensors to obtain continuous measurements
of CO2 fluxes, water vapor and energy fluxes, and field campaigns are
carried out once or twice per week to sample plants for measuring
crop parameters. In this study, ten-year-observations of maize sites
were analyzed (site 1 from 2001 to 2010, site 2 and site 3 in 2001,
2003, 2005, 2007 and 2009).
2.2. PARin observations and PARpotential calculations

Point quantum sensors (LI-190, LI-COR Inc., Lincoln, Nebraska) were
placed in each study site, 6-m above the surface pointing toward the
sky, to measure hourly incoming PAR (PARin). Daytime PARin values
were calculated by integrating the hourly measurements during a day
from sunrise to sunset (the period when instantaneous measurement
of PARin exceeded 1 μmol m−2 s−1). Daytime PARin values were
presented in MJ m−2 d−1 (Turner et al., 2003).

Incoming radiation is an important factor affecting crop production.
Under overcast conditions associated with low values of PARin, less
incoming radiation is available to be absorbed by the crop thus resulting
in lowproduction. However, when incoming light is high and the crop is
not under light-limited conditions, small variations of PARin do not
further affect crop production. Gitelson et al. (2012) suggested using
incident PAR under conditions when concentrations of atmospheric
gases are minimal (they called it PARpotential) in models for GPP
estimation. They showed that the model using PARpotential and Landsat
data was more accurate than the model using in situ measured PARin.
The models with PARin and PARpotential were also compared using
daily MODIS data including all-weather conditions, and it has been
shown that when the difference between PARpotential and PARin was
below 50%, the model with PARpotential was more accurate than the
model with PARin (Peng et al., 2013).

Unlike PARin measurements including high frequency variations
relating to fluctuations of daily weather conditions, PARpotential only
represents the seasonal changes in hours of sunshine (i.e., day length)
and it changes gradually throughout the growing season. In this study,
PARpotential was calculated as a function of the day of year (DOY)
calibrated based on PARin observations. Observations under good
weather conditions with (PARpotential − PARin) / PARpotential b20%
were selected in order to exclude crop light-limited conditions.



Fig. 1. Relationship of maize canopy Chl content and green LAI at the rainfed site in 2003.
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2.3. Eddy covariance GPP flux measurements

At each site, hourly CO2 fluxes were obtained from wind speed and
CO2 concentrations measured at 10 Hz. Daytime net ecosystem
exchange (NEE) values were computed by integrating the hourly CO2

fluxes collected during the day when instantaneous measurement of
PARin exceeded 1 μmolm−2 s−1. Daytime estimates of ecosystem respi-
ration (Re) were obtained from the night CO2 exchange–temperature
relationship (Xu & Baldocchi, 2003). Daytime GPP was then obtained
by subtracting daytime Re from daytime NEE as: GPP = NEE − Re.
GPP is presented with units of g C m−2 d−1, and the sign convention
used here is such that CO2 flux to the surface is positive (see Verma
et al., 2005 for further details of the eddy covariance measurements).

2.4. Determination of leaf area index (LAI) and total canopy Chl content

Within each of three study sites, six small plot areas (20 m × 20 m)
were established, which represented all major occurrences of soil and
crop production zones within each field (Verma et al., 2005). LAI was
estimated from destructive samples at 10–14 day intervals during the
growing season from 2001 to 2010. On each sampling date, plants
from a 1-m length of either of two rowswithin each plot were collected
and the total number of plants recorded. Plants were kept on ice and
transported to the laboratory where they were separated into green
leaves, dead leaves, and litter components. All leaves were run through
an area meter (LI-3100, Li-Cor, Inc., Lincoln, Nebraska) and the leaf area
per plantwasdetermined. For each plot, the leaf area per plantwasmul-
tiplied by the measured plant population to obtain the total LAI. Total
LAI for the six plots were then averaged as a site-level value (details in
Viña, Gitelson, Nguy-Robertson, & Peng, 2011). Green leaves weremea-
sured in the same way to obtain the green LAI.

The total canopy Chl content was estimated as Chl = Chlleaf × green
LAI, where Chlleaf is the Chl content of the upper-most collared or ear
leaf in maize. Leaf Chl was calculated from leaf reflectance measured
by an Ocean Optics radiometer using a red-edge chlorophyll index (de-
tails in Gitelson et al., 2003, 2006; Ciganda, Gitelson, & Schepers, 2009).
Since green LAI and total Chl values change gradually during the
growing season, daily GLAI and total Chl values were obtained by linear
interpolation of sampling date measurements for each site in each year.

3. Results and discussion

3.1. Relationship between green LAI and Chl content

The GLAI is widely used for estimating the radiation absorbed by
plants. However, as the photosynthetic component of LAI, GLAI has
been traditionally determined using a visual (i.e., subjective) attribute
of leaf “greenness” (Boegh et al., 2002; Ciganda, Gitelson, & Schepers,
2008; Curran & Milton, 1983; Viña et al., 2011). Leaf senescence, and
concomitant changes in pigment composition, is a gradual process
that varies among and within leaves. Thus, deciding whether a leaf is
green or largely non-green is often subjective particularly when crops
are in reproductive stages (Ciganda et al., 2008; Peng et al., 2011). Ma-
ture dark-green leaveswith high Chl contents during vegetative growth
stages and leaves with lower Chl contents during reproductive stages
both may be designated as “green” leaves and thus contribute to the
same value of GLAI (e.g., Law et al., 2008).

Therefore, GLAI represents a subjective metric, as it depends on a
visual inspection, and interpretation, of leaf color. While a strong linear
relationship exists between canopy Chl content and GLAI obtained
using this subjective greenness attribute (Ciganda et al., 2008), this
relationship exhibits hysteresis due to the leaf Chl content varying
over a growing season (Fig. 1). For the same total canopy Chl content,
GLAI in a vegetative stage may be much lower than the GLAI in the re-
productive stage. In the maize studied, for the same total Chl content
of 1 g m−2, GLAI = 1.7 in the vegetative stage and GLAI = 2.75 in the
reproductive stage (differencewas 38%). The differencewas even great-
er for lower Chl content: for Chl = 0.5 g m−2, GLAI = 0.8 in the vegeta-
tive stage and GLAI = 2.0 in the reproductive stage (the difference was
60%).

During the vegetative stage, leaf Chl is almost constant and canopy
Chl content is linearly related to GLAI. During the reproductive stage,
leaf Chl is declining and contributes to the non-linear relationship.

3.2. Hysteresis of GPP vs. GLAI ∗ PARin relationship

Temporal behavior of GPP and the product of GLAI and daytime
PARinwere quite similar: both increasing from the beginning of the sea-
son until day of year (DOY) 190, just before tasseling, almost synchro-
nously and then, while GLAI ∗ PARin continued to rise, GPP increased
at a much slower rate (around DOY 190 to 210) than in the beginning
of the growing season (Fig. 2). Both GPP and GLAI ∗ PARin reachedmax-
imal values almost at the same date and then synchronously decreased
during the reproductive stages toward the end of the season.

Relationships between GPP and GLAI ∗ PARin were found to be close
with coefficient of determination (R2) above 0.95; however, the slopes
of the relationships were very different in vegetative and reproductive
stages (Fig. 3), so for the sameGLAI ∗ PARin, GPP in vegetative and repro-
ductive stages were different.

3.3. Relationships between GPP and GLAI and GPP and Chl content

3.3.1. Vegetative stages
Vegetative stage was the period when GLAI increased to the maxi-

mal value and leaf Chl content was distributed almost homogeneously
along the canopy. Over eight years of observation in three sites, maize
GLAI varied from 0 to 6.6. Relationships for GPP vs. green LAI ∗ PARin

and GPP vs. canopy Chl ∗ PARin for 10 years of observation (2001–
2010) in irrigated and rainfed maize are presented in Fig. 4 for
days when the decrease of PARin from PARpotential was no more
than 20%. Relationships for GPP vs. green LAI ∗ PARpotential and
GPP vs. canopy Chl ∗ PARpotential were also established (Fig. 5).
The use of PARpotential instead of PARin reduced the uncertainties
of GPP estimates due to fluctuations of PARin that do not affect
plant photosynthetic activity appreciably (Gitelson et al., 2012;
Peng et al., 2013).

Despite large seasonal and inter-seasonal variations of GLAI in the
sites studied, the products of GLAI ∗ PARin and canopy Chl ∗ PARin in
the vegetative stages were related to GPP closely with R2 above 0.95
(Fig. 4). Note that the patterns of the two relationships were very simi-
lar since GLAIwas closely linearly related to canopy Chl in the vegetative
stage (Fig. 1). The same was the case when PARin was replaced by



Fig. 2. Temporal behavior of gross primary production and the product of green LAI (GLAI)
and incident photosynthetically active radiation (GLAI ∗ PARin) at the irrigated site 1
in 2003. Stages indicated: VN, where N is the number of fully expanded leaves; R1 —

silking; 216; R2 — blister; R5 — dent; R6 — physiological maturity.
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PARpotential (Fig. 5). GLAI and canopy Chl content times either PARin

or PARpotential explained more than 94% of GPP variation in 21
maize site-years with different treatments, climatic conditions,
maize hybrid varieties, etc. The slopes of the relationships were
much higher when GLAI, canopy Chl content, and vegetation frac-
tions were low and Chl worked more efficiently for absorbing light
for photosynthesis (Fig. 4). Overall, the light climate in the beginning
of the season was very different from that later in the season. For
GLAI below 3, the slope was 10 g C m−2 d−1 and declined to around
6 g Cm−2 d−1 when GLAI ranged from 3 to more than 6. Importantly,
while fAPARgreen was insensitive to GLAI above 4 (Fig. 2 in Peng et al.,
2011), GPP remained quite sensitive to changes in GLAI and canopy
Chl content over the whole range of absorbed PAR.
Fig. 4.Relationships betweenGPP andGLAI ∗ PARin (A) andGPP and canopyChl ∗ PARin (B)
in rainfed and irrigated maize during vegetative stages from 2001 to 2010.
3.3.2. Tasseling

During this period, GPP decreased while GLAI and canopy Chl slightly
increased - DOY 206 - 210 (Fig. 6). Later, when GLAI and canopy Chl con-
tentwere still quite high (GLAI around5–6) and stable, GPPwas relatively
virtually invariant DOY 210 - 216. Note that the slight decrease in
GLAI ∗ PARpotential during tasseling (Fig. 7) was primarily due to the de-
crease in PARpotential as day length decreased (Gitelson et al., 2012; Peng
et al., 2013). The relationships between GPP vs. GLAI ∗ PARpotential and
Fig. 3. Relationships between maize GPP and GLAI ∗ PARin in vegetative and reproductive
stages at the irrigated site 1 in 2003.
GPP vs. canopy Chl ∗ PARpotential for vegetative and tasseling stages
remained close with coefficients of determination above 0.95 (Fig. 7).
3.3.3. Reproductive stages and whole growing season
In reproductive stages, GPP vs. GLAI ∗ PARpotential and GPP vs. canopy

Chl ∗ PARpotential relationships were close with R2 above 0.93 (Fig. 8).
However, these relationships were very different from those during
the vegetative stages with significant hysteresis of the relationship for
the whole growing season. For the same GLAI ∗ PARpotential value, GPP
was higher in the vegetative stages. The difference between GPP in the
vegetative and reproductive stages was minimal for GLAI above 4
(below 2% of GPP in vegetative stages) and increased significantly as
GLAI declined. It was 12% for GLAI = 3, 30% for GLAI = 2, and 73% for
GLAI = 1.

In vegetative and reproductive stages, GPP vs. canopy Chl ∗ PARpotential
relationships were closer (Fig. 8B) than GPP vs. GLAI ∗ PARpotential

(Fig. 8A). However, for the same Chl ∗ PARpotential value, GPP was still
higher in the vegetative stages. At the same GLAI ∗ PARpotential, the
maximal difference in GPP was 31%; however, for the same canopy
Chl ∗ PARpotential, the difference in GPP decreased to 16%. There was no
difference for canopy Chl content above 2 g m−2, the difference was
14% for Chl = 2 g m−2 and peaked at 25% for Chl below 0.2 g m−2.
It is worth mentioning that, in this study, the hysteresis of the GPP vs.
Chl ∗ PARpotential relationship was much more pronounced in irrigated
sites than in the rainfed site.



Fig. 5. Relationships between GPP and GLAI ∗ PARpotential (A) and GPP and canopy
Chl ∗PARpotential (B) in rainfed and irrigated maize during vegetative stages from 2001 to
2010.

Fig. 7. Relationships between GPP and GLAI ∗ PARpotential (A) and canopy Chl ∗ PARpotential
(B) in rainfed and irrigated maize during vegetative and tasseling stages from 2001 to
2010.
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Hysteresis of the GPP vs. GLAI ∗ PARpotential relationship (Figs. 3
and 8A) was discussed above (see Section 3.2). It became clear
that there are two reasons for that. The primary one is due to the
difference in leaf Chl content in vegetative and reproductive stages
that occurred for the same green LAI. The second reason is due to
Fig. 6. Temporal behavior of maize GPP during tasseling and early reproductive stages at
the irrigated site 1 in 2009.
hysteresis of the GPP vs. canopy Chl ∗ PARpotential relationship (Fig. 8B).
The causes for differences in the GPP vs. canopy Chl ∗ PARpotential rela-
tionship in different stages of development (Fig. 8B) are very important
to understand and, to the best of our knowledge, have previously been
neither reported nor explained.

The hysteresis indicates that the efficiencies of Chl in absorbing light
and contributing to GPP in the vegetative stages and in the reproductive
stages are different. In both stages, the maize canopy has vertically var-
iable GLAI and leaf Chl contents (Ciganda, Gitelson, & Schepers, 2012;
Ciganda et al., 2009). However, during the vegetative stages almost all
leaves are “green” with quite high Chl content (above 300 mg m−2).
During the reproductive stages, the greenest leaves are located around
the ear leaf (approximately 8th from the top of canopy for the hybrids
used in these studies) while leaves at the bottom of the canopy are
senescing and almost chlorophyll-free. Thus, during these two stages
of maize development the light climate inside the canopy is different.

The light climate inside the canopy could play a role in the efficiency
of Chl to absorb light. Huemmrich (2013) used the SAIL model for
simulating reflectance in a canopy containing a few layerswith different
leaf angle distributions (LAD) and found that variation of LAD in each
layer affected the fraction of absorbed photosynthetically active
radiation (fAPAR). Using this model, Gitelson, Peng, and Huemmrich
(2013) found that the vertical distribution of Chl content greatly affect-
ed the PAR absorbed by plants. Thus, radiative transfer modeling could
probably provide a quantitative estimate of how the canopy light



Fig. 8. Relationships between GPP and GLAI ∗ PARpotential (A) and canopy Chl ∗ PARpotential
(B) in rainfed and irrigatedmaize during vegetative stage (before tasseling) and reproduc-
tive stage (after tasseling) from 2001 to 2010.
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climate affects fAPAR and whether differences in canopy structure,
vertical LAI and Chl content distributions during vegetative and
reproductive stages may be a reason for differences in GPP vs. canopy
Chl ∗ PARpotential relationships in these stages.

The hysteresis presented in the GPP vs. canopy Chl ∗ PARpotential

relationship in the later reproductive stages (Fig. 8B) may be due to
factors other than the canopy light climate. For example, the maximum
rate of carboxylation is directly related to the amount and activity of
photosynthetic enzymes (e.g., rubisco, PEP carboxylase) that act as cat-
alysts for carbon fixation within the leaf chloroplasts. Photosynthetic
enzymeproperties are, in turn, closely related to theN content of leaves.
At the same time, since chlorophylls are vital pigments for photosynthe-
sis, strong correlations have been reported between leaf Chl and N
Table 1
Best-fit functions, determination coefficients (R2), root mean square errors (RMSE) in g Cm−2 d
LAI ∗ PARpotential and GPP vs. canopy Chl ∗ PARpotential during vegetative and reproductive

Development stage Sample No. GP
GP

GPP vs. GLAI ∗ PARpotential Vegetative 518 y =
Reproductive 311 y =
Entire season 829 y =

GPP vs. Chl ∗ PARpotential Vegetative 518 y =
Reproductive 311 y =
Entire season 829 y =
contents. Thus, the availability ofN to the plant affects bothChl andpho-
tosynthetic enzyme kinetics. Moreover, it is well known that there are
differences in the ratio of Chl to photosynthetic enzymes in sun-
grown versus shade-grown leaves (e.g., Anderson, Chow, & Goodchild,
1988). It is also understood that fully developed leaves are able to
alter the ratio of Chl to photosynthetic enzymes within a few days in
response to changes in the canopy light environment (Björkman &
Demmig-Adams, 1994). Such changes in the ratio would be expected
to alter the GPP vs. canopy Chl ∗ PARpotential relationship.

Schlemmer et al. (2013) showed that the relationship between leaf
level N and Chl contents is strongly linear; however, the slope of this re-
lationship is two-fold higher early in the season than in the reproductive
stages. Thus, for the same leaf Chl content, N contentmay be different in
vegetative than in reproductive stages. Plants may also take up more N
than they need if it is available early in the season. Plant N concentra-
tions can also decrease if N uptake is reduced later in the season as
plant biomass increases; this likely happens when, as at the rainfed
sites in this study, all fertilizer N is applied at the time of planting.
Thus, the possibility exists that leaf N content could be one of the factors
influencing the hysteresis of the GPP vs. canopy Chl ∗ PARpotential rela-
tionship. Moreover, leaf N content also influences the rates of respira-
tion — a direct contributor to GPP. Clearly, further research in this area
is warranted.

Relationships GPP vs. GLAI ∗ PARpotential and GPP vs. canopy Chl ∗
PARpotential for vegetative, reproductive stages and the entire season
were shown in Table 1. Despite the hysteresis effect, the GPP vs.
GLAI ∗ PARpotential relationship for the whole growing season was
close with R2 = 0.90 and coefficient of variation, CV = 17%. The
GPP vs. canopy Chl ∗ PARpotential relationship for the entire growing
seasonwas also closewith R2=0.92 and CV= 15.3%. Thus, the product
of canopy Chl content and PARpotential, which represents the seasonal
change of incident radiation, explained about 92% of GPP variation
in rainfed and irrigated maize grown across very different weather
conditions. Note that the scatter within this relationship included
uncertainties in measuring GPP, leaf area index, and leaf Chl content in
very vertically heterogeneous maize canopies.

Canopy Chl content is a more objective biophysical characteristic
than GLAI in quantifying the amount of absorbed radiation, LUE and pri-
mary production. Therefore, the use of canopy Chl content instead of
GLAI can decrease uncertainties in Canopy Photosynthesis Models due
to the subjectivity involved in determining GLAI. Canopy Chl content,
which has been related with the GPP of vegetation canopies (Gitelson
et al., 2003, 2006, 2008; Harris & Dash, 2010; Hilker, Gitelson, Coops,
Hall, & Black, 2011), may actually provide a more accurate representa-
tion of the photosynthetically active component of the GLAI.

4. Summary

Close relationships were found between GPP of maize and GLAI as
well as between GPP and canopy Chl content. The shape of the GPP vs.
GLAI relationship demonstrated hysteresis: for the same GLAI, GPP
was higher in vegetative stages than in reproductive stages. In part,
this hysteresis is due to hysteresis of the GLAI vs. canopy Chl content
−1, coefficients of variation (CV) and sample number for the relationships GPP vs. green
stages and for the entire season.

P vs. GLAI ∗ PARpotential
P vs. Chl ∗ PARpotential

R2 RMSE CV,
%

31.5− 13472 / (1 + e(x + 265) / 43.4) 0.95 1.92 11
0.38x + 0.06 0.93 1.81 12
−0.0016x2 + 0.455x + 1.844 0.90 2.41 15
28.7− 44016 / (1 + e(x + 111.7) / 15.1) 0.95 2.02 12
= 0.01x2 + 1.09x + 1.01 0.93 1.83 13
−0.014x2 + 1.17x + 2.126 0.92 2.25 13
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relationship, since for the same GLAI, leaf Chl content in the vegetative
stage is higher than in the reproductive stage. Detectable hysteresis,
while less pronounced, was also observed in the GPP vs. canopy Chl
relationship. This implies that the efficiency of canopy Chl content
in photosynthesis was different during vegetative and reproductive
stages. Among likely factors causing the hysteresis is the very different
light climate inside the canopy in vegetative stages, when almost all
maize leaves are green,while in the reproductive stages,when leaf incli-
nation changes drastically due to leaves breaking and hanging free and
the vertical distribution of leaf Chl content becomes very heterogeneous
with completely chlorophyll-free bottom leaves. Another possible
reason may be the documented higher leaf N content in vegetative
stages compared to reproductive stages. This may have an effect
on the ratio of Chl to photosynthetic enzymes in the canopy. Further
study is required to understand the reasons for thedifferent Chl efficien-
cies in photosynthesis during vegetative and reproductive stages
in crops. Despite hysteresis, during the whole growing season,
GLAI ∗ PARpotential was found to be responsible for 90% of GPP variation
and the coefficient of variation in GPP estimation via GLAI was below
17%. The product of canopy Chl content and PARpotential explained
more than 92% of GPP variation and the coefficient of variation of GPP
estimation via canopy Chl was below 15.3%. The results underline the
role of Chl content in photosynthesis and have great implications for
remote estimation of primary production because canopy Chl content
may be retrieved from satellite observed radiances by inversion of leaf
optics and canopy reflectance models as well as semi analytical and
empirical models.
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