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ABSTRACT
The increase in demand for food and natural resources as well as the need to predict the
impact of warming climate on vegetation makes it critical to find the best tools to assess crop
production and carbon dioxide (CO2) exchange between the land and atmosphere. Both crop
production and CO2 exchange are tightly linked with plant photosynthetic activity. Chlorophyll
fluorescence (ChF) has been proposed as a direct indicator of photosynthesis, and several studies
have demonstrated its relationship with vegetation functioning at leaf and canopy level. Most
studies assessing the relationship between photosynthesis and ChF have examined leaf responses
to environmental stress conditions based on pulse-amplitude modulated (PAM) or laser-induced
chlorophyll fluorescence measurements (i.e., active techniques). Alternatively, passive
measuring principles retrieve ChF emission from the solar irradiance and the radiance emitted by
vegetation using the atmospheric absorption bands (termed Sun Induced Fluorescence, SIF).
Active measurements at leaf scale could provide a better understanding of the mechanisms that
control SIF, and its relationship with photosynthesis and plant physiological status. In this study,
three overarching questions about ChF were addressed: Q1) How water, nutrient and ambient
light conditions determine the relationships between photosynthesis and ChF? Which is the
optimum irradiance level for detecting water and nutrient deficit conditions with ChF?; Q2)
which are the spatial and temporal limits within which active and passive techniques are
comparable?; and Q3) What is the seasonal relationship between photosynthesis and ChF when
nitrogen is the limiting factor? To address these questions, two main experiments were
conducted: Exp1) Concurrent photosynthesis and ChF light-response curves were measured for
camelina and wheat plants grown under (i) intermediate-light growth chamber conditions and (ii)
high-light environment field conditions, respectively. Plant stress was induced by withdrawing
water in the chamber experiment, and applying different nitrogen levels in the field experiment;
and Exp2) coincident measurements of active and passive ChF measurements as well as
photosynthesis were made once a week from February to April 2012 in a wheat field under
different nitrogen treatments. The results indicated that when the differences between treatments
(water or nitrogen) drive the relationship between photosynthesis and ChF, ChF has a direct
relationship with photosynthesis. This study demonstrates that the light level at which plants
were grown was optimum for detecting water and nutrient deficit with ChF. Also, the results
showed that for leaf-average-values, active measurements can be used to better understand the
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daily and seasonal behavior of SIF. Further, the seasonal relation between photosynthesis and
ChF with nitrogen stress was not a simple linear function due to the complex physiological
relation between photosynthesis and ChF. Our study showed that at times in the season when
nitrogen was sufficient and photosynthesis was highest, ChF decreased because these two
processes compete for available energy. The results from this dissertation demonstrated that ChF
is a reliable indicator of crop stress and has great potential as a tool for better understand where,
when, and how CO2 is exchanged between the land and atmosphere.
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1. INTRODUCTION
1.1 Context of the problem
The increase in global human population is leading to an unprecedented demand on
agriculture and natural resources (Foley et al., 2011). To meet future needs, food production
must increase. To be most effective at meeting food demands, a reliable method to assess crop
production is needed (Lobell and Field, 2007). Crop production is known to be reduced by stress
factors, where stress is “any external factor that affects or blocks plant’s metabolism, growth, or
development” (Kranner et al., 2010) and such factors include extreme temperatures, direct
sunlight, or shortage of water and nutrients (Baligar, Fageria, & He, 2001; Jaume Flexas et al.,
2002). Information about crop production is also a key to understanding the Earth’s carbon
budget and predicting feedbacks in a warming climate. It is critical to know where, when, and
how carbon dioxide (CO2) is exchanged between the land and atmosphere (Le Quéré et al.,
2009). According to the Intergovernmental Panel on Climate Change report (IPCC June 2013),
“the future evolution of the land carbon uptake is uncertain, with a majority of models projecting
a continued net carbon uptake under all Representative Concentration Pathways (RCPs), but with
some models simulating a net loss of carbon by the land due to the combined effect of climate
change and land use change. In view of the large spread of model results and incomplete process
representation, there is low confidence in the magnitude of modeled future land carbon changes”.
In this context, a method is needed to study how climate-driven variability in crop biological
processes control this net flux (Friedlingstein et al., 2006), as the future trajectory of atmospheric
CO2 depends on the response of plants to climate change. Because crop production is tightly
linked with the global carbon budget through plant photosynthetic activity, it follows that we
need to have the best tools possible to measure and monitor this key process of the biosphere
(Table 1).
Stress conditions and stress-induced damage in plants can be detected by measuring the rate
of photosynthesis. At the leaf scale, photosynthesis and CO2 flux data can be easily obtained
using gas-exchange systems (i.e. Infra-Red gas analysers, IRGAs). This has resulted in a good
understanding of the mechanism of photosynthesis (Wong, 1979) and the effects of environment
on photosynthesis to improve crop production (Flexas et al, 2012). For example, Carmo-Silva et
al. (2012) used IRGAs to study how drought and heat stress limit photosynthesis in cotton plants.
However, to use photosynthesis as a rapid and reliable indicator of crop production, these leaf-

10

scale measurements are not appropriate. Instead, we need estimates of photosynthesis at the
plant, field and regional scales.
Table 1. A comparison of the main principles for remote sensing of photosynthesis. Adapted from
Flexas et al., 2012. EC = Eddy covariance tower.
Variable
Proximity to the
measured parameter to
actual photosynthesis
Spatial representation
of photosynthesis
Availability and
economic of adequate
instrumentation
Simplicity of required
software / data analysis

Gas-exchange
system

EC

Thermography

HIGH

MEDIUM

LOW

MEDIUM

HIGH

LOW

LOW

HIGH

HIGH

HIGH

HIGH

MEDIUM

HIGH

HIGH

(except contact
fluorometers)

HIGH

MEDIUM

LOW

MEDIUM

HIGH

Reflectance Fluorescence

LOW

An extensive network of eddy covariance towers has been established over the last few
decades, providing CO2 flux data from a wide range of plant ecosystems at high-temporal
resolution (Baldocchi, 2001; Damm et al., 2010). However, eddy covariance towers do not
provide reliable evidence of the magnitude and location of regional and global carbon sinks
because measurements are local and solely representative of the relatively small fetch of the
specific underlying ecosystem they are measuring (Drolet et al., 2008; Turner et al., 2003).
Furthermore, the method is limited to generally flat terrain with uniform vegetation (Watson,
2000), and it provides a measure only of net CO2 uptake (source – sink), not a direct measure of
photosynthesis.
Alternatively, Earth observation techniques, such as Normalized Difference Vegetation
Index (NDVI) and the Enhance Vegetation Index (EVI), have been used to estimated plant stress
over larger areas based on spectral reflectance (Eitel et al., 2008; Gamon et al., 1995).
Unfortunately, these indices measure only the “greenness” of the land cover and not
photosynthesis itself. Consequently they have little or no sensitivity to short-term leaf
physiological changes (Haboudane et al., 2004; Zarco-Tejada et al., 2013). Green leaves, in the
short term (hours or days), remain green but reduce photosynthesis when they are stressed. Only
at longer time scales, when prolonged stress causes premature senescence would stress therefore
show as change in NDVI or EVI. Undoubtedly, these indices are especially useful for picking up
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seasonal and interannual variations in the overall condition of the canopy. However, they are not
good for a rapid assessment of plant performance which is essential to improve crop production.
(Grace et al., 2007; Haboudane et al., 2004; Zarco-Tejada et al., 2013).
As another alternative, leaf temperature determined by infra-red thermography can be
used to estimate water-vapor loss by plants (gl, water vapor) (Miguel Costa, Grant, & Manuela
Chaves, 2013). Hence, it is potentially an indicator of stomatal opening, which in turn is strongly
correlated to photosynthesis (Chaves et al., 2003; Jones, 1992). An advantage of this approach is
that commercial systems for its measurements are common (Chaerle & Van Der Straeten, 2001).
However, in order to model stomatal conductance from infra-red thermography we also need to
know air temperature, vapor pressure deficit, and the net radiant-flux density absorbed by the
leaf as well as the boundary layer estimated (J. Flexas et al., 2012).
Perhaps a more promising alternative is the use of spectral physiological indices related
to chlorophyll content, light-use efficiency, and chlorophyll fluorescence (ChF). These indices
have shown a better agreement with photosynthesis (Zarco-Tejada et al., 2013) than spectral
reflectance and thermal indices. In particular, ChF has been proposed as a direct indicator of
photosynthesis (European Space Agency, 2008,Keck institute for space studies, 2013).
Chlorophyll fluorescence is light reemission in the red (690nm) and near
infrared (740nm) in response to absorbed
radiation (Figure 1) in plants. Sir David
Brewster (1834), a Scottish preacher, was the
first person to observe the red emission from
chlorophyll (Govindjee, 2004). While
discussing his concept of the color of natural

Figure 1. Chlorophyll fluorescence Spectrum.

bodies, he remarked ‘In making a strong beam of the sun’s light pass through the green fluid, I
was surprised to observe that its color was a brilliant red, complementary to the green’. The
green fluid in Brewster’s experiment was an alcohol extract of laurel leaves (Govindjee, 2004).
Almost twenty years later, Sir. G.G. Stokes (1852) defined this ‘brilliant red light’ as
fluorescence (Govindjee, 2004). Stokes first used the term dispersive reflexion, but quickly
added a footnote: ‘I confess that I do not like this term. I am almost inclined to coin a word, and
call the appearance fluorescence, from fluor-spar, as the analogous term opalescence is derived
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from the name of a mineral.’[Latin fluo = to flow + spar
= a rock).] Stokes was the first one to recognize this
phenomenon as light emission (Govindjee, 2004).
However, it was not until 1931 that Hans Kautsky and A.
Hirsch correlated ChF with photosynthesis (Kautsky &
Hirsch, 1931). Kautsky and Hirsch exposed a darkadapted leaf to a short and intense pulse of light finding
that (i) in a few minutes ChF reached a maximum, then
declined and finally reached a steady level and (ii) the
decline in the ChF curve was inversely correlated with
the increase in CO2 assimilation or photosynthesis
(Figure 2). This curve is known as the ‘Kautsky curve’.
Photosynthesis is initiated by light absorption.
Chlorophyll a is one of the central molecules that absorb

Figure 2. Kautsky curve: (upper)
Chlorophyll fluorescence changes with
time, (lower) plant CO2 uptake change
with time.

sunlight and this energy is used to synthesize
carbohydrates from CO2 and water. In terms of photosynthesis, it is the capacity of the
chlorophyll molecule to absorb light, reaching an excited state, and the following stability of the
excited molecule that are essential to understand how fluorescence is originated. Upon
absorption of a photon, a molecule in the ground state will become excited and have more
energy:
EXCITATION = Chlorophyll + photon  Chlorophyll*

(Eq.1)

where Chlorophyll* is an excited chlorophyll.
Once in the excited state, the molecule will return to the ground state via a variety of
routes. Since energy is a conserved property, the extra energy that was absorbed by chlorophyll,
but could not be used for carbon fixation, must go somewhere. Thus, the relaxation processes is
always accompanied by the formation of another product (or products) containing the energy of
exited state. This can be conversion to heat (non-photochemical quenching, NPQ), or release as
another photon (ChF).
RELAXATION = Chlorophyll*  Chlorophyll + x

(Eq.2)
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where ‘x’ is a product containing the energy of excited state. ChF is a relaxation pathway where
the ‘x’ of Eq. 2 is a quantum of energy.
FLUORESCENCE = Chlorophyll*  Chlorophyll + x

(Eq.3)

As the three energy dissipation processes compete for excitation energy, changes in one
will affect the other two. Hence, by measuring ChF, information can be obtained about changes
in NPQ and efficiency of photosynthesis (DeEll & Toivonen, 2003; Maxwell & Johnson, 2000).
Most studies assessing physiological plant status through ChF have examined leaf-level
responses based on pulse-amplitude modulated (PAM) or laser-induced chlorophyll fluorescence
measurements (i.e., active techniques). PAM-based measurements allow estimation of the
relative variation in the steady-state chlorophyll fluorescence yield (Fs) in light-adapted plants.
Alternatively, satellite-based sensors retrieve the ChF emission from the solar irradiance and the
radiance emitted by vegetation by using the atmospheric absorption bands (i.e., passive
techniques, see appendix B for further information), allowing measurements of absolute
fluorescence in the red and near-infrared regions that characterized the fluorescence spectrum,
687 nm and 760 nm respectively (termed Sun Induced Fluorescence, SIF). Both measures
provide information about ChF, however only passive techniques can be used at field scale.
(Amoros-Lopez et al., 2008; Damm et al., 2010; C. Frankenberg et al., 2012; Guanter et al.,
2012; Joiner et al., 2011; Meroni et al., 2009).
SIF is a non-invasive technique which provides a rapid assessment of plant performance;
since it is directly related to the efficiency of photosynthesis (Grace et al., 2007). However, a
major impediment to making this measurement is de-coupling the reflectance sunlight in the
spectral region where fluorescence occurs. In order to do that, a very stringent atmospheric
correction is required (Guanter, 2007; Davidson et al., 2003). The atmospheric effects in the
retrieval of SIF may be grouped into four main types: (i) attenuation of the signal; (ii) albedo of
the air column; (iii) scattering of the surrounding environment; and (iv) line filling of the
atmospheric absorption bands (Flexas et al., 2012). Several models have been developed for the
correction of the three first phenomena. For instance, the moderate resolution atmospheric
transmission model (MODTRAN, http://modtran5.com) accounts for multiple scattering and has
sufficient spectral resolution. On the other hand, line filling is due to different factors, including
Rayleigh-Brillouin scattering, Raman scattering, and aerosol fluorescence. These effects are
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described as the “ring effect” (Grainger & Ring, 1962). The most important contribution is
assigned to rotational Raman scattering by nitrogen and oxygen molecules. The line filling of the
atmospheric absorption bands can be modeled (Sioris & Evans, 1999; Vountas et al.,1998). Still,
it is important to consider a proper model, as raw spectral radiance data measured at top of the
atmosphere differ substantially from radiance measured on the ground (Flexas et al., 2012;
Guanter et al., 2010).
Several studies have demonstrated the application of ChF to improve crop production
strategies (Baker & Rosenqvist, 2004) as well as its relationship with photosynthesis at leaf and
field scales, and daily and seasonal temporal scales (Corp et al., 2009; Dobrowski et al., 2005;
Lee et al., 2013; Middleton et al., 2005; Schächtl et al., 2005; Zarco-Tejada et al., 2013). Baker
& Rosenqvist (2004) reviewed how ChF studies have been applied to investigate the effects of
major abiotic stresses on photosynthesis during crop production and to identify cultivars that are
tolerant to such stresses. In this review, active measurements of ChF were used to improve crop
management when plants were under drought, freezing, chilling, and high temperatures as well
as when plants growth in soils with excess of salts or deficit of nutrients. On the other hand,
relative to the relationship between ChF and photosynthesis, Zarco-Tejada et al. (2013) reported
that vineyard plants at the same growth stage under different water treatments exhibited a
positive relationship between ChF and photosynthesis (R2= 0.52 , p<0.001). Additionally, Lee et
al. (2013) postulated that the seasonal positive correlation found between ChF and gross primary
production (GPP) (R2= 0.43, p<0.001) with moderate water stress in the Amazonia forest was
due to changes in vapor pressure deficit. Interestingly, Dobrowski et al. (2005) in their study of
diurnal relationship between photosynthesis and ChF in grapevine canopy under water stress,
reported that ChF showed a direct and inverse relationship to photosynthesis depending upon the
intensity of the stress and suggested that it was not possible to estimate photosynthesis directly
from ChF without complementary information. Only a few studies have shown how
photosynthesis and ChF relate when nitrogen is the limiting factor. Middleton et al. (2005)
reported that in corn plants the red/far-red ChF ratio was positively correlated to the C/N ratio at
leaf and canopy level (R2= 0.89, p<0.001). Corp et al. (2009) and Schächtl et al. (2005) showed
that ChF was a good indicator of nitrogen status in corn and wheat plants, respectively. Because
of this discrepancy in the results of previous studies, more work is required to understanding
ChF and its relationship with photosynthesis.
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Questions related to our understanding of ChF and its relationship with photosynthesis
still include (i) what are changes in the relationship between photosynthesis, NPQ, and ChF with
water, nutrient and light availability? (ii) what is the optimum irradiance range for detecting
water and nutrients deficit using ChF?, (iii) which is the robustness of comparing ChF
measurements using active techniques with ChF measurements using passive techniques?, and
(iv) is ChF a good proxy for plant stress detection and photosynthesis at the seasonal scale when
nitrogen is the limiting factor?
Water, nutrient and light availability affect the relationship between photosynthesis,
NPQ, and ChF (Flexas et al., 2002; Rosema et al., 1998; van der Tol et al., 2009). The response
of NPQ to photosynthetic active radiation (PAR) is linear under low light and saturates at high
light; the saturation point depends on growth light conditions (Serôdio et al., 2011). Flexas et al.
(2002) reported that changes in ChF were governed by NPQ. Additionally, variations in water or
nutrients strongly affect photosynthesis as well as NPQ and ChF (Chaves, 1991; Corp et al.,
2009; Jaume Flexas et al., 2002). Understanding interaction between these three competing
process is of great importance, especially to define the optimum PAR range for detecting water
and nutrients deficit using ChF.
The measuring principles of active and passive techniques are very different: (i) active
techniques use an artificial light to excite a plant leaf in contrast to passive techniques which use
natural sun light; (ii) active techniques measure ChF in a broad band and passive techniques
measure ChF in a narrow band; (iii) active techniques provide a relative value of ChF that cannot
be related to absolute radiometric values in contrast to passive techniques which provide absolute
values of ChF (Quick & Horton, 1984); and (iv) both measure ChF at leaf scale, however only
passive techniques can be use at field scale. Despite these differences, limited studies have
evaluated these two techniques side-by-side (Amoros-Lopez et al., 2008; Liu, Zhang, Wang, &
Zhao, 2005; Moya et al., 2004; Perez-Priego et al., 2005; Rascher et al., 2009). Overall, these
studies have found that active and passive techniques showed a strong correlation when light was
the limiting factor and measurements were conducted in a single plot under the same treatment
(Perez-Priego et al., 2005; Rascher et al., 2009). However, a weak correlation was found when
measurements were taken in multiple study plots and water deficit drove changes in ChF (ZarcoTejada, Catalina, González, & Martín, 2013).
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Both active and passive measurements of ChF have been used to demonstrate the
relationship between photosynthesis and ChF. Previous studies assessing this relationship have
examined vegetation responses to (i) different water and nitrogen treatments, under constant
meteorological and phenological conditions where the differences between treatments drive
photosynthesis and ChF relationship (Corp et al., 2009; Lee et al., 2013; Middleton et al., 2005;
Moya et al., 2004; Rascher et al., 2009; Schächtl et al., 2005; Zarco-Tejada, Catalina, et al.,
2013), or to (ii) the same water and nitrogen treatments, under different meteorological and
phenological conditions where both meteorological conditions and the crop phenological cycle
drive the relationship between photosynthesis and ChF (Dobrowski et al., 2005; Lee et al., 2013;
Zarco-Tejada, Morales, et al., 2013). However, no study has shown the relationship between
photosynthesis and ChF with changes in nitrogen treatment, growth stage, and meteorological
conditions. Understanding this seasonal interaction is important for early detection of crop stress,
and subsequently, improving crop production.
To contribute to answering these questions, my doctoral research is focused on the study
of ChF response to water and nitrogen deficit at daily and seasonal scale using both active and
passive techniques. This research will result in three peer-reviewed research papers. My first
paper assessed the dynamic relationship between photosynthesis, NPQ, and ChF under different
water, nutrient and growing ambient light conditions. My second paper focused on the
relationship between active and passive techniques. Finally, in my third paper, I studied the
seasonal variation of photosynthesis and ChF under nitrogen treatments.
1.2 Objectives
The overall objective of this research is contribute a better understanding of ChF as a
plant stress indicator and its potential use to monitor CO2 exchange between the land and
atmosphere. This will improve not only the estimation of crop production but also ecosystem
production. Furthermore, this information can be used to better understand the spatio-temporal
variation in SIF measured from a tower (FUSION, NASA/GSFC) or aircraft (HyPlant, Rascher
et al., 2013) and will support the potential launch of the FLuorescence EXplorer (FLEX)
(European Space Agency (ESA), 2008). FLEX is an ESA Explorer 8 mission, selected for Phase
A/B1 in early 2011.
In this dissertation, there were three main investigations. Each investigation had its own
set of objectives. The following is a summary of those objectives.
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1) Understanding the relationship between photosynthesis, NPQ, and ChF with changes in
water, nutrient and light availability is especially important to determine the optimum PAR
for detecting water and nutrient deficit with ChF for application with satellite. In this first
investigation, we studied the light curves of photosynthesis, NPQ, and ChF for plants grown
under intermediate-light history (growth chamber experiment) and high-light history (field
experiment). An acute stress was induced by water treatments in the chamber experiment,
and a chronic stress was induced by nitrogen treatments in the field experiment.
2) ChF active measurements have been used to better understand the mechanisms that control
ChF passive measurements. However, the limits within which active and passive techniques
are comparable still unknown. In this second investigation, we studied the correlation
between both techniques from February to April 2012 in a wheat field treated with different
nitrogen fertilizer rates.
3) One major knowledge gap is the seasonal relationship between photosynthesis and ChF when
nitrogen is the limiting factor. In this third investigation, coincident measurements of
photosynthesis and passive ChF were taken once a week from February to April 2012, in a
wheat field under different nitrogen treatments.
1.3 Dissertation format
This dissertation includes a summary of the three studies appended as manuscripts. I
performed the field work and data analysis of the experiments conducted and was responsible for
the writing the papers appended to the dissertation. All three papers were completed under the
supervision of Dr. Susan Moran and Dr. Shirley Papuga.
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2. PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers appended
to this dissertation. The following is a summary of the most important findings in this document.
2.1 Summary of results
Paper No. 1 (Appendix A) will be submitted for publication to Physiologia Plantarum.
The results presented in this study corroborated the hypothesis that light environment drives the
shape of the light response curve of NPQ, which is linear for plants grown under high light and
hyperbolic for plants grown under light levels lower than those used in the light response.
Further, our results demonstrated that, like photosynthesis, light environment does not alter the
shape response of ChF curves. Stress modified the magnitude of NPQ, photosynthesis, and ChF.
Moreover, changes in the shape and magnitude of NPQ modulated the shape and magnitude of
ChF. Our study demonstrated that the light level at which plants were grown was optimum for
detecting both water and nutrient deficit with ChF. Interestingly, the stress signal was found to
modulate ChF via different mechanisms: through the action of NPQ in response to water stress,
or through the action of changes in leaf chlorophyll concentration in response to nitrogen deficit.
We concluded that day-to-day variations in ChF, registered under ambient illumination
conditions was a robust and versatile indicator of crop stress due to its capacity to discriminate
both water and nitrogen deficit. This study provided support for the use of remotely sensed ChF
as a proxy to monitor plant stress dynamics from space.
Paper No. 2 (Appendix B) will be submitted for publication to International Journal of
Remote Sensing. The results presented in this study showed that when leaf-to-leaf measurements
of ChF (leaf-SV) were analyzed, the seasonal relation between techniques was weaker but still
significant. The sources of uncertainty in leaf-SV were largely related to leaf heterogeneity
associated with variations in CO2 assimilation and stomatal conductance, and less so to leaf size
or measurement inputs (e.g., solar radiation). This uncertainty was exacerbated when the leafSV analysis was limited to a single day rather than the entire season. We concluded that daily
measurements of active and passive leaf-SV are not comparable. However, for leaf average
values (leaf-AV), active measurements can be used to better understand the daily and seasonal
behavior of passive ChF. In turn, this can be used to better design satellite missions to globally
monitor ChF and therefore, to provide improved information for crop producers.
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Paper No. 3 (Appendix C) will be submitted for publication to Remote Sensing of
Environment. The results corroborated that ChF is a good plant stress indicator, and further, that
ChF was better able to discriminate nitrogen treatments than was photosynthesis or other
physiological indices such as light-use efficiency (PRI) and chlorophyll content (NOAC).
However, the seasonal relation between photosynthesis and ChF with nitrogen stress was not a
simple linear function due to the complex physiological relation between photosynthesis and
ChF. Our study showed that at times in the season when nitrogen was sufficient and
photosynthesis was highest, ChF decreased because these two processes compete for available
energy. Finally, this study demonstrated that estimation of photosynthesis was improved by the
integration of the complementary information provided by physiological indices (ChF, PRI, and
NAOC) and meteorological parameters (vapor pressure deficit or Vpd). The results presented in
this manuscript show the potential of ChF as a key tool for crop management using remote
sensing techniques.
2.2 Summary of conclusions
The results from this dissertation demonstrated that ChF is a reliable indicator of crop
stress and has great potential as a tool for better understanding where, when, and how CO2 is
exchanged between the land and atmosphere. This study showed that when the differences
between treatments (water or nitrogen) drive the relationship between photosynthesis and ChF,
ChF has a direct relationship with photosynthesis. However, the seasonal relation between
photosynthesis and ChF with nitrogen stress was not a simple linear function due to the complex
physiological relation between photosynthesis and ChF. Our study proved that ChF shows a
direct and inverse relationship to photosynthesis depending upon the intensity of the stress and
growth stages. In addition, this study proved that at field scale active measurements can be used
to better understand the daily and seasonal behavior of SIF.
2.3 Future research opportunities
Here, I outline suggestions for future research opportunities that could follow research
results from my dissertation.
2.3.1 Impact of the illumination conditions and canopy structure in the estimation of
photosynthesis using chlorophyll fluorescence.
This dissertation showed that the light level at which plants were grown is critical
to understanding the relationship between ChF and photosynthesis. Many studies
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assessing ChF and photosynthesis have examined ChF response to changes in
temperature, water and nutrients availability (Baker et al., 2004; Cendrero-Mateo et al., in
prep; Corp et al., 2003; Flexas et al., 1999). However, it is still to be determined how the
illumination dynamics and canopy structure affect the relationship between ChF and
photosynthesis. In order to better understand this relationship, more work needs to be
done to assess how ChF varies depending on (i) the total available light at the time of
observation and (ii) the number of solar exposure hours for vegetation at given latitude
occurring before the satellite overpass (ESA Communication Production office, 2008,
Keck institute for space studies, 2013; Frankenberg et al., 2011; Joiner et al., 2011; van
der Tol et al., 2009; Zarco-Tejada et al., 2013).
2.3.2 Seasonal variation of net photosynthesis and chlorophyll fluorescence when both water
and nutrients are limiting factors.
Previous studies assessing the relationship between photosynthesis and ChF at
leaf and canopy scale have examined the vegetation responses to water or nutrient
treatments (Lee et al., 2013; Middleton et al., 2005; Schächtl et al., 2005; Zarco-Tejada,
Catalina, et al., 2013). However, no study has shown the seasonal relationship between
photosynthesis and ChF when both water and nutrients deficit are combined. More work
needs to be done to understand how ChF addresses photosynthesis changes under
different treatment, phenological, and meteorological conditions at both leaf and canopy
level.
2.3.3 Integrate the information provided by ChF with physiological, meteorological and
hydrological indices to improve photosynthesis estimation.
The work presented in this dissertation indicated that the integration of
physiological and meteorological indices improve the estimation of photosynthesis.
Working with Dr. Susan Moran and Dr. Shirley Papuga, I learned that a proper
understanding of the hydrological cycle could add critical information to our
understanding of key processes linked to plant photosynthesis. In the future, I would like
to work in a multidisciplinary group where I will integrate ChF with physiological,
meteorological and hydrological indices to help the scientific community to find the best
tools to monitor crop production and carbon dioxide exchanged between the land and
atmosphere.
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Abstract
Chlorophyll fluorescence (ChF) can be used at the field scale as an indirect measure of Anet in
both healthy and physiologically-stressed vegetation, and has the potential to facilitate the
assessment of net photosynthesis (Anet) over large areas using remote sensing sensors. The
objective of this study was to determine changes in the light-response relationships between Anet,
non-photochemical quenching (NPQ), and ChF in plants growing under different water, nutrient
and ambient light conditions to determine the optimum irradiance level for detecting water and
nutrient deficit with ChF. Concurrent gas exchange and ChF light-response curves were
measured for Camelina sativa plants and Triticum aestivum cv. Orita grown under i)
intermediate-light growth chamber conditions and ii) high-light environment field conditions,
respectively. Plant stress was induced by withdrawing water in the chamber experiment, and
applying different nitrogen levels in the field experiment. The results presented in this study
corroborate the hypothesis that light environment drives the shape of the light response curve of
NPQ; exponentially increase for plants grown under high light and hyperbolic for plants grown
under light levels lower than those used in the light response. Further, our results demonstrate
that, like Anet, light environment does not alter the shape response of ChF curves. Stress modified
the magnitude of NPQ, Anet, and ChF. Moreover, changes in the shape and magnitude of NPQ
modulate the shape and magnitude of ChF. Our study demonstrates that the light level at which
plants were grown was optimum for detecting both water and nutrient deficit with ChF.
Interestingly, the stress signal (decrease in Anet) was found to modulate ChF via different
mechanisms: through the action of NPQ in response to water stress, or through the action of
changes in leaf chlorophyll concentration in response to nitrogen deficit. We conclude that dayto-day variations in ChF, registered under ambient illumination conditions is a robust and
versatile indicator of crop stress due to its capacity to discriminate both water and nitrogen
deficit. This study provides support for the use of remotely sensed ChF as a proxy to monitor
plant stress dynamics from space.
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1. Introduction
Water and nutrient availability are two critical factors for plant photosynthesis and plant
productivity (Tezara et al., 1999; Tyner & Webb, 1946). Thus, early detection of water and
nutrient deficit is essential for sustainable crop management. Net photosynthesis (Anet) is strongly
affected by variations in any of these factors, providing a good indicator of plant stress (Chaves,
1991). However, it is difficult to measure Anet at the field scale for crop management.
Efforts to find a non-invasive measure of plant Anet using remote sensing have had mixed
success (Choudhury, 2001; Dobrowski et al., 2005; Gamon et al., 1995; Verma et al., 1993).
Most reflective vegetation indices are not sensitive to rapid changes in plant Anet status that result
from common environmental factors such as low or high solar radiation and drought stress. The
exception is the photochemical reflectance index (PRI) (Gamon et al., 1997). Over short time
scales, PRI can track adjustments in photosynthetic capacity by capturing reflectance changes
that are induced by rapid biochemical reactions of the xanthophyll cycle, the biochemical
mechanism that enhances thermal dissipation of absorbed light energy (Gamon et al., 1997).
However, over the long term (i.e., seasonal scale), changes in PRI are also controlled by slow
changes in leaf pigment pools (Filella et al., 2009; Porcar-Castell et al., 2012; Stylinsk et al.,
2002), and this can erode the general relationship between PRI and photosynthesis under severe
stress (Porcar-Castell et al., 2012).
The emission of plant chlorophyll fluorescence (ChF) provides a more direct measure of
Anet that has not been fully exploited by remote sensing. The principle underlying the use of ChF
as an indicator of plant physiological status is relatively straightforward. Absorbed light energy
excites chlorophyll molecules, and de-excitation of this energy is mainly attained through three
competing processes: photochemical electron transport, ChF, or non-radiative thermal
dissipation (non-photochemical quenching, NPQ) (Fig. 1). As the three energy dissipation
processes compete for excitation energy, changes in one will affect the other two (Fig. 2). Hence,
by measuring ChF, information can be obtained about changes in NPQ and efficiency of
photochemistry which drives Anet based on available internal CO2 regulated by stomatal
conductance (Maxwell & Johnson, 2000).
Most studies assessing physiological plant status using ChF have examined leaf-level
responses based in the variation of steady-state chlorophyll fluorescence (Fs). In those studies, Fs
was normalized by the minimal fluorescence yield in dark-adapted plants, Fo, to control for
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differences in chlorophyll content, leaf anatomy, or use of different instruments to measure Fs.
Flexas et al. (2002) reported that Fs in plants growing under a constant photosynthetic active
radiation (PAR) exhibited a positive relationship with Anet and a negative relationship with NPQ
and concluded that changes in Fs were governed by qE, the rapidly reversible quenching
component of NPQ.
The relationship between Anet, NPQ, and Fs changes with water, nutrient and light
availability (Jaume Flexas et al., 2002; Rosema, Snel, Zahn, Buurmeijer, & Van Hove, 1998; van
der Tol, Verhoef, & Rosema, 2009). Rosema et al. (1998) described how Anet, NPQ, and Fs
changed in response to PAR in well-watered plants growing under high ambient light (HLgrown). Under HL-grown conditions, i) Anet, shows a hyperbolic relationship with PAR, ii) NPQ
show an linear increase with PAR, and iii) Fs shows a hyperbolic relationship with PAR. These
changes in the shape of Anet, NPQ, and Fs with increasing light corroborate that three processes
are competing between them. NPQ drastically increase when Anet and Fs reach saturation (Fig.
2A-2C). Serôdio et al. (2011) proposed an analytical model for the quantitative description of the
light-response curve of NPQ, based on the close dependence of NPQ with the rapidly reversible
quenching, qE. They reported that HL-grown plants develop larger xanthophyll pools, to
dissipate more excess light energy, resulting in a positive relationship between NPQ and
increasing PAR up to certain levels (Serôdio et al., 2011). However, plants adapted to
intermediate-light levels develop smaller xanthophyll pools, resulting in a hyperbolic response of
NPQ to the same PAR levels. NPQ is a dominant mechanism used by plants to cope with stress
and depends on growth light conditions. In other words, NPQ increase with PAR under low light
and saturates at high light, and the inflection point depends on growth light conditions.
Consequently, we propose that induction of stress in plants adapted to intermediate irradiance
(i.e., intermediate-light history, IL-grown) will yield a hyperbolic response of Anet and NPQ to
PAR, resulting in a linear relationship between Fs and PAR at low light and in an exponential
increase of Fs when Anet and NPQ reach saturation (Fig. 2D-2F). Similar relationship between
NPQ and PAR should be found for HL-grown plants; instead of a constant linear relationship
between NPQ and PAR as described by Roseme et al. (1998) (Fig. 2B). Therefore, since light
environment does not alter the shape of the light response curve of Anet and yet is a key driver of
the shape of NPQ curves, it is NPQ that modulates the shape of the Fs curve with PAR. We
propose that, when plants with these light histories are exposed to nitrogen or water deficit, plant
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stress will modulate the magnitude of Anet, NPQ, and Fs but not the shape of the light curves,
maintaining the relationship between factors and favoring the use of Fs as proxy of Anet.
Our general hypothesis is that Fs is a good surrogate for Anet for monitoring crop stress
(water and nutrient), when Fs dynamics are compared at normal ambient PAR levels (i.e. PAR
levels that match growth-conditions). To evaluate this, we studied the light curves of Anet, NPQ,
and Fs for plants grown under i) intermediate-light history in Camelina sativa (L.) plants, an
oilseed species that is being developed as a source of biofuel (Carlsson, 2009; Carmo-Silva &
Salvucci, 2012; Fröhlich & Rice, 2005); and ii) high-light history in Triticum aestivum cv. Orita
cultivar, one of the most important food sources in the world (Rawson & Gómez Macpherson,
2000). An acute stress was induced by water treatments in camelina plants, and a chronic stress
was induced by nitrogen treatments in the wheat experiment. The ultimate objective was to
compare the efficacy of Fs as a proxy for plant stress detection and Anet under different levels of
PAR and in plants adapted to different light environments, in order to determine the optimum
irradiance for detecting water and nutrient deficit with Fs for application with satellite.
2. Material and Methods
2.1. Plant material, growth conditions and experimental design
Experiment I: Intermediate-light history & water deficit
Camelina sativa (L.) Crantz cv. Robinson plants were grown in a controlled-environment
chamber at 25/18°C with a 12-h photoperiod and PAR of 500 mol m-2 s-1 at the Arid-Land
Agricultural Research Center in Maricopa, AZ. All plants were grown from seeds in 4 L pots
containing a ready-made soil mixture (Sunshine mix#1, Sun Gro Horticulture, Canada). Plants
were kept well-watered by adding a nutrient solution containing 2 g L-1 of 20-20-20 Peters
professional water solution fertilizer (Scotts-Sierra Horticultural Products Co., USA) and 0.5 mL
L-1 micronutrient solution of 2 mM MnCl2, 10mM H3BO3, 0.4 mM ZnSO4, 0.2 mM CuSO4, 0.4
mM Na2MoO4, and 0.1 mM NiCl2, used at half-strength twice a week (Carmo-Silva & Salvucci,
2012).
After 4.5 weeks of plant growth, measurements were taken over well-watered control
plants, plants exposed to 7 d without watering, and plants that were also exposed to 7 d without
watering but were re-watered one day before starting the experiment (1 d re-water recovery).
Measurements were taken at Day 8 from the beginning of the watering treatments. For this,
twelve pots containing one plant each were divided into the three different treatments: well-
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watered, water-deficit and re-watered. For the control, 4 pots were kept under well-watered
conditions. Drought stress was imposed by withholding water from the other 8 pots, starting
three and a half weeks after planting. The day before starting the experiment, 4 of the 8 pots in
the drought treatment were re-watered with half-strength nutrient solution (treatment 3, rewatered).
Experiment II: high-light history & nitrogen deficit
We conducted a wheat experiment at the University of Arizona's Maricopa Agricultural
Center (MAC) near Maricopa, Arizona over the winter of 2011–2012. A split plot design with
three replicates of Triticum aestivum cv. Orita cultivar under three nitrogen fertilizer applications
levels was used for the experiment. Wheat was planted on December 9, 2011 with a row spacing
of 19.05 cm. A Sorghum × drummondii, Sudan grass, cover crop was grown in the summer of
2010 to remove excess nitrate from the soil. The field was irrigated based on periodic soil
moisture measurements and the AZSched irrigation scheduling software to ensure the crop was
free of drought stress (Martin, 2007). Nine flood irrigations were applied from early December to
the end of April. A total of 710 mm irrigation water was applied through flood irrigation.
Individual irrigations varied in amount from 40 to 100 mm. Precipitation amounted to 41 mm for
the 2011-2012 growing seasons (Wang et al., 2013).The soil texture at the site was
predominantly sandy loam and sandy clay loam, as determined by textural analysis of soil
samples collected after planting. After 129 days of planting, when plants where fully developed,
measurements were taken over plants exposed to high, medium, and low nitrogen fertilizer rates
(0, 90, and 202 kg/ha respectively). For this, three samples per nitrogen treatment were taken
from one same plot.
2.3. Light-response curves of gas exchange and fluorescence
In both Experiment I and Experiment II, gas exchange (net photosynthetic CO2
assimilation, Anet, and stomatal conductance to water vapor, gs) and fluorescence light-response
curves were measured using a LI-COR 6400XT portable photosynthesis system equipped with a
6400-40 leaf chamber fluorometer with a light-source of independently controlled LEDs (3 blue,
1 far-red, and 1 red, Li-COR Biosciences, Lincoln, NE, USA). Reference CO2 concentration was
380 mol mol-1 by mixing CO2-depleted external air with CO2 provided from a gas cylinder
injection system attached to the photosynthesis system. Leaf temperature was maintained at
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25°C, and the enclosed leaf area was 2 cm2 by ensuring that each leaf filled the entire sample
cuvette aperture.
Dark-adapted fluorescence and gas exchange measurements were taken before the
beginning of the photoperiod (at 05:00 am) and light-adapted measurements commenced 4 h
after the beginning of the photoperiod. All light-adapted measurements were concluded within
approximately 6 hours. The same leaf of each plant was analyzed for dark- and light-adapted
conditions. Light-response curves were generated by varying the incident PAR levels stepwise
from 1800, 1200, 800, 500, 300, 200, 100, 50, and 0 mol m-2 s-1. Leaves were allowed to
acclimate for 1 to 4 min at each PAR level; longer acclimation time was usually needed at the
lower PAR (i.e., 1, 2, and 3 min for PAR = 1800, 300, and 0 mol m-2 s-1 respectively).
Measurements were taken when Anet, gs, and internal CO2 achieve steady state conditions. Lightresponse curves in which PAR was increased incrementally from 0 to 1800 mol m-2 s-1 were
also measured on some of the plants to ensure that this procedure did not induce changes in the
magnitudes.
Measured chlorophyll fluorescence parameters included Fs, dark and light-adapted
maximal (Fm, Fm’) and minimal fluorescence (Fo, Fo’), maximum PSII photochemical efficiency
(Fv/Fm), and electron transport rate (ETR) (Table 1). Maximum fluorescence yields were
achieved by exposing the enclosed leaf to a 2 s flash of saturating light (3000 mol m-2 s-1).
Additionally, the relative rate constant of photochemistry or photochemical quenching (PQ), and
the relative rate constant of regulated thermal energy dissipation or non-photochemical
quenching parameter (NPQ) were calculated for each PAR level (Table 1). The traditional
parameter NPQ, as well as PQ, denotes the magnitude of the respective rate constant relative to
the sum of kf and kD, the first order rate constant of fluorescence emission and basal or
constitutive thermal dissipation, respectively (Laisk et al. 1997, Porcar-Castell 2011). For
instance, if NPQ equals 2, the rate constant associated to NPQ (kNPQ) equals 2(kf+kD), and the
same for PQ. The advantage of using PQ instead of the widely used qP or qL parameters (Krause
& Weis, 1991; Kramer et al.
Additionally in Experiment II, measurements of chlorophyll content were made from
February 24th to April 27th 2012 once a week using spectroscopy techniques (FieldSpec 3 HiRes, Analytical Spectral devices (ASD) Inc., Boulder, USA). The chlorophyll index used was the
Normalized Area Over reflectance Curve (NAOC, Delegido et al., 2010, Table 3).A total of 81
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leaves were measured in each nitrogen treatment and the mean values of the 81 leaves were used
for this analysis.
2.4. Statistical analysis
Statistical analyses were carried out using MATLAB 2011 (MathWorks Inc, Natick,
USA) and Statistix v8.0 (Statistical Analytical, Tallahassee, USA). Values presented in the
manuscript are means ± standard error of the mean (SEM) of all measurements taken for each
water and nitrogen regime (n as indicated). Linear regressions of Anet against Fs were fitted across
all PAR levels to determine the overall relationship between Anet and Fs, using an F-test to test if
slopes and intercepts differed between treatments (linear regression, Statistix v8.0). If slopes
were found to differ, pair-wise slope comparisons were made using Tukey’s test honestly
significant difference (HSD), with HSD exceeding 3.34 considered significant (p < 0.05; Zar,
1974). Differences in gs, Anet, ETR, Fs, Fo, Fs/Fo, Fv/Fm, PQ, and NPQ between plants in the
different treatments and light level (0, 50, 100, 200, 300, 500, 800, 1200 and 1800 mol m-2 s-1
incident PAR) were tested using one-way analysis of variance (ANOVA, Statistix).
3. Results
3.1. Light-response of fluorescence and gas-exchange parameters
Experiment I: intermediate-light history & water deficit
Camelina plants under water deficit had decreased rates of stomatal conductance and
photosynthesis (Fig. 3A, 3D). Plants that had been re-watered showed signs of recovery of their
photosynthetic capacity, but recovery to the level of control values was not completed in one day
(Fig. 3D). Notably, water deficit decreased the maximum photosynthetic rate. For three water
treatments, ETR increased while PQ decreased with PAR (Fig. 3B, 3C). It is important to note
that for camelina plants, a significant difference between water treatments for ETR and PQ was
observed when the PAR reached the light level at which plants were grown, 500 mol m-2 s-1,
and ETR slightly decreased when PAR reached 1800 mol m-2 s-1.
The NPQ and Fs light curves from PAR 0 to 500 mol m-2 s-1 (Fig. 3E, 3F) in camelina
under IL-grown showed a complex response to light: i) at low PAR levels (0 to 300 mol m-2 s-1)
NPQ remained close to zero while Fs increased steeply; and ii) at intermediate PAR (300 to 500
mol m-2 s-1) NPQ showed an abrupt increase. Combined with Anet reaching saturation, this led
to the Fs saturation and subsequent drop at PAR=300 mol m-2 s-1. When PAR exceeded the light
level at which plants were grown (500 mol m-2 s-1), NPQ reached saturation, and thus, Fs
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exponentially increases with decreasing PQ. The shape of the light-response curves of NPQ and
Fs obtained for camelina corroborate our hypothesis (Fig. 2E). In addition, the NPQ light-curve
shape agreed with those of Verhoeven et al. (1997), where spinach plants were exposed to
different nitrogen rates and constant growth light of 500 mol m-2 s-1. However, no Fs light curve
was published by Verhoeven et al. (1997).
It is important to note that i) water deficit induced an increase in NPQ magnitude at rewater and water-deficit treatments when PAR reach 300 mol m-2 s-1 (Fig. 3E); and ii) no
significant effect of watering treatment was observed for Fo (Table 2) or Fs when 300 < PAR >
500 mol m-2 s-1(Fig. 3F). Therefore water deficit did not induce changes in leaf structure or
degradation of photosynthetic pigments. However, between PAR 300 and 500 mol m-2 s-1, Fs at
re-water and water-deficit treatments decreased with increasing NPQ.
From the camelina light-response (Fig.3), it was apparent that there were significant
differences in Anet, Fs, and NPQ at the intermediate PAR level that was used for plant growth
(300-500 mol m-2 s-1).The average values of Anet, Fs and NPQ for each watering treatment at the
two intermediate PAR levels, 300 and 500 mol m-2 s-, are highlighted by the squares in Fig. 3DF. There was a consistently significant difference between the values of all three parameters for
the plants under well-watered and water-deficit conditions. The pattern was less consistent for
the re-watered plants; i.e., after one day of re-watering at PAR = 500 mol m-2 s-1, Fs was not
significantly different for the re-watering treatment compared to the well-watered or waterdeficit treatment.
Experiment II: high-light history & nitrogen deficit
Wheat plants under nitrogen deficit had decreased photosynthetic rates and lower
stomatal conductance with increasing PAR compared to the other nitrogen-treatments (Fig. 4A,
4D). Plants receiving medium fertilizer applications showed higher photosynthetic and stomatal
conductance than plants under high nitrogen treatment, when PAR > 300 mol m-2 s-1 (Fig. 4D).
Like camelina, ETR increased while PQ decreased with PAR (Fig. 4B, 4C). However, unlike
camelina, no difference between treatments for ETR and PQ was found for wheat, which was
growing in an open field under HL-grown. In both experiments, ETR slightly decreased when
PAR reach 1800 mol m-2 s-1.
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The NPQ and Fs light-curve shapes from PAR 0 to 500 mol m-2 s-1 for HL-grown wheat
were similar to those for IL-grown camelina (Fig. 4E, 4F). Unlike camelina, when PAR reached
500 mol m-2 s-1 NPQ did not reach saturation in wheat, and continued to increase, resulting in a
decrease in Fs (Fig. 4 E-F). Nitrogen deficit did not affect NPQ for the wheat. However, nitrogen
deficit limited chlorophyll, as indicated by the different magnitudes in chlorophyll content, Fo ,
and Fs between treatments. Chlorophyll content equal 0.33, 0.36, and 0.37 for low, medium, and
high nitrogen respectively; where low nitrogen is statistically different from medium and high
nitrogen, p=0.05 ). Fo equal 555,573, and 585 for low, medium and high nitrogen respectively; Fs
see Table 2 and Figure 4. It is important to note that NPQ at HL-grown plants like Fs at ILgrown plants showed an exponentially increase with PAR when Anet and Fs reached saturation. It
corroborates our hypothesis and added more detail to Rosema et al. (1998) description of NPQ
changes with increasing PAR.
Significant differences in Anet, and Fs, were observed over a broader PAR range (PAR =
100 to 1800 mol m-2 s-1) for HL-grown wheat (Fig.4D, 4F, outlined by squares). No significant
difference between treatments was found for NPQ (Fig. 4E). A consistent and significant
difference between low and both medium and high nitrogen treatments was observed for Anet, and
Fs. However, no difference between high and medium nitrogen treatments was found either for
Anet or Fs. Importantly, normalizing Fs by Fo (Fs / Fo) did not improve the results observed either
for the water nor nitrogen experiments (Table 2).

3.2. Relationship between Anet and Fs
For IL-grown camelina plants under acute water deficit, a positive linear relationship was
observed between Anet and Fs for all the data across treatments and PAR levels (R2 = 0.57; F1,98 =
131.95; p < 0.01). The slopes of Anet/Fs were different between treatments (F2,93 = 8.33; p < 0.01),
as were the intercepts (F2,95 = 24.73; p < 0.01; Fig. 5A). Pairwise comparison of slopes showed
that control and re-watered plants had steeper Anet/Fs relationships compared to water-deficit
treated plants (Fig. 5A). On the other hand, when the average of Anet and Fs across all PAR levels
per each water treatment was computed, Anet was able to differentiate the three water treatments
(p<0.05), whereas Fs was not significantly different between treatments (Fig. 5B). It is important
to note that only at PAR levels of 300 and 500 mol m-2 s-1 did higher values of Anet and Fs
correspond to control plants and lower values correspond to plants under water deficit (Fig. 5B-
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J). Thus, Fs was a good indicator of Anet but only at the light level at which plants was grown.
The highest correlation coefficients for the linear regression between Anet and Fs was observed at
PAR 300 mol m-2 s-1 (R2=0.79). The regressions between Anet and Fs for other PAR levels,
below 300 and above 500 mol m-2 s-1, were not significant (p > 0.05).
Similarly, for HL-grown wheat plants under chronic nitrogen deficit, a weak positive
correlation was found between Anet and Fs for all the data across treatments and PAR levels (R2 =
0.11; F1, 80 = 9.51; p < 0.01). Unlike camelina no differences were observed between treatments
in the slope (F2,75= 0.53; p > 0.5) or intercepts (F2,77= 0.47; p > 0.5) of the obtained relationships
(Fig. 6A). However, the average of both Anet and Fs for plants under high and medium
fertilization rate differed significantly compared to under low fertilization plants (Fig. 6B). Like
IL-grown camelina, at the light level at which plants were grown, higher values of Anet and Fs
corresponded to high and medium nitrogen rates and lower values corresponded to plants under
nitrogen deficit (Figs. 6D-6J). However, since wheat plants were grown outdoors under HLgrown, a strong and significant (p<0.01) correlation between Anet and Fs was observed over a
broader PAR range (100 to 1800 mol m-2 s-1). Notably, only when PAR reached the light
compensation point (PAR = 100 mol m-2 s-1), Anet differentiated nitrogen treatments; and a
strong correlation between Anet and Fs was found. The highest correlation coefficients for the
linear regression between Anet and Fs was observed at PAR 500 mol m-2 s-1 (R2=0.92). Again,
Fs/Fo did not improve the correlation either for the water or nitrogen experiment; in fact, weaker
correlations were found between Anet and Fs/Fo than between Anet and Fs from PAR 100 to1800
mol m-2 s-1 for wheat (R2 < 0.35) (results not shown).
4. Discussion
The results of this study confirm that light history drives the shape of the light response
curve of NPQ; exponentially increase when non-saturating PAR levels are used and hyperbolic
when saturating PAR levels are reached (Serôdio et al., 2011). Further demonstrate that, like with
Anet, light history does not induce changes in the shape of Fs. This study also confirms that plant
stress modifies NPQ, Anet, and Fs magnitudes, be it acute stress, as under our water-deficit study,
or chronic, as under our nitrogen-treatments. It is important to note that although both NPQ and
PQ modulate Fs, it is NPQ that dominates at growing light conditions. Our study demonstrates
that the PAR level at which plants were grown was optimum for detecting water and nutrient
deficit with Fs. A positive relationship was found between Fs and Anet at PAR level at which
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plants were grown. However, depending on the type of stress different mechanism explains this
relationship: i) NPQ in the case of camelina, water deficit and ii) leaf chlorophyll content in the
case of wheat, nitrogen deficit.
Plants have evolved active mechanisms to coordinate Anet, and NPQ but not Fs.
Irrespectively of light history, at high PAR (PAR > 800 mol m-2 s-1 in both experiments), Anet
reached saturation because the electron transport capacity supporting Rubisco assimilation of
CO2 at high light became limiting. When light energy exceeds photosynthetic electron transport
capacity, the excess is dissipated via photorespiration, Mehler-ascorbate pathway, cyclic electron
flow around PSII, and mainly as NPQ (Flexas et al., 2002). The rapidly reversible NPQ
quenching (qE) is largely controlled by xanthophyll expoxidation/de-epoxidation cycling
(Serôdio et al., 2011). Consequently, the shape of the light response curve of NPQ differs
between leaves of plants adapted to intermediate- or high-light conditions, showing a hyperbolic
or linear relationship with PAR, respectively (Figs 3E-4E). The NPQ light curves of camelina
plants grown with IL under water stress had the same shape as light curve for spinach plants
grown with IL-grown under nitrogen stress (Verhoeven et al., 1997). In turn, the NPQ light
curves for wheat grown outdoors under nitrogen stress compared to published results from
grapevine plants grown under water stress conditions in the field (Jaume Flexas et al., 2002).
This corroborates previous assertions that light-exposure history determines the saturation or
non-saturation of NPQ light responses, not the induced drought or nutrient deficit stress. On the
other hand, plants did not develop any mechanism that directly drives the Fs light curve. Fs is a
de-excitation residual of the light not used for photosynthesis or dissipated thermally. Therefore,
since light history in our experiments does not alter the shape of Anet and yet is a key driver of the
shape of NPQ curves, it is reasonable to say that NPQ modulates the shape of Fs light curve once
photosynthesis is saturated.
On the other hand, the magnitudes of NPQ and Fs were modified by water and nitrogen
stress, respectively. For IL-grown camelina, water deficit induced changes in NPQ, and thus,
also in Fs, but only from PAR 300 to 500 mol m-2 s-1. Under water deficit, stomata close,
limiting CO2 availability in the chloroplast, reducing Anet and CO2/O2 ratios (Escalona et al.,
1999; Flexas et al., 1998). Increased O2 uptake potential under reduced CO2 assimilation has
been ascribed to either oxygenase activity or electron transport to O2 through a Mehler type
reaction. The Mehler reaction, linked to the ascorbate pathway, uses electrons without
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consuming ATP (Asada, 1999), thus increasing trans-thylakoid ∆pH (J. Flexas, Escalona, &
Medrano, 1999; Jaume Flexas et al., 2002; Schreiber & Neubauer, 1990). The increase in transthylakoid ∆pH mediates xanthophyll de-epoxidation, which increases qE quenching (Gilmore,
1997; Niyogi, 1999). Under growth-light conditions, thermal energy dissipation is within its
dynamic range (i.e. operative but not saturated) and therefore it is sensitive to changes in Anet. In
turn, because Fs is strongly controlled by NPQ at these light levels, a positive relationship
develops between Fs and Anet via NPQ (Fig. 5 G-H).
Additionally, nitrogen deficit for wheat induced changes in both Anet and Fs. Nitrogen
availability is known to be positively correlated with leaf chlorophyll concentrations (Niinemets
et al., 1999), and in turn, leaf chlorophyll content modulates light absorption and consequently
ChlF as described in Buschmann (2007). As a result, it is reasonable to assume that the sustained
differences in Fs observed between treatments in wheat were caused by differences in leaf
pigment concentrations and overall changes in light absorption. Interestingly, because nutrient
deficits did not induce significant differences in NPQ between treatments (Fig. 4E) it would
appear that differences in photosynthetic rate between treatments would be explained by
differences in light absorption capacity between treatments. As described before, changes in
NPQ modulate Fs. It is important to note that for camelina plants at 300 < PAR > 500 mol m-2 s1

, Fs had similar magnitudes between treatments because water deficit did not induce any

degradation of photosynthetic pigments (Table 2). However, at PAR range between 300 and 500
mol m-2 s-1 (growth light) at re-water and water-deficit treatments NPQ increased and as a
consequence Fs decreased. In addition, when PAR exceeded the growth light (> 500 mol m-2 s-1
in this case), NPQ reached saturation since intermediate-light-adapted plants likely possess
smaller xanthophyll pools (Serôdio et al., 2011, Fig. 3E-3F). This combined with Anet reaching
saturation increased the amount of excitation in the antenna and consequently Fs, (Fig. 3F). On
the other hand, for wheat, nitrogen deficit did not induce changes in NPQ. The light history did
affect the NPQ response. Leaves that grow in high light contain a substantially larger
xanthophyll pool, so they can dissipate higher amounts of excess energy (Serôdio et al., 2011).
This is why NPQ increased steeply from the low- to high-light levels for the three nitrogen
treatments with concurrent decreases in Fs. These results are clear examples of how changes in
NPQ magnitude and shape modulates Fs magnitude and shape.
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Finally, although for both experiments a linear relationship was observed between Anet
and Fs for all data across treatment and PAR levels (Figs. 5A-6A), when all light levels were
taken into account a consistent mechanism to detect stress was not found. For camelina, the slope
of Anet/Fs was different between treatments (Figs. 5A); however in our wheat experiment, this
was not the case (Figs. 6A). On the other hand, for field-grown wheat, the average of Fs across
all PAR levels was significantly different between treatments (Fig. 6B), in contrast to results
from camelina (Fig. 5B). Therefore, an optimum irradiance level for detecting water and nutrient
deficit with Fs should be defined. For IL-grown camelina, Fs between 300 < PAR < 500 mol m-2
s-1, could differentiate watering treatments (Fig. 3F). For HL-grown wheat, Fs differentiated
nitrogen treatments across a broad PAR range (100 < PAR <1800 mol m-2 s-1; Fig. 4F).
Significantly, for both experiments the optimum irradiance for detecting stress with Fs was close
to the PAR level at which the plants were grown (slightly below). However, depending on the
type of stress different mechanism explain this relationship: i) in camelina, water deficit, when
PAR levels approach growth-light conditions NPQ is the mechanism that dominates the
regulation of energy partitioning in the photosystems in response to stress. Accordingly, since
NPQ modulates also Fs, Fs present the same response to water stress as Anet (Figs. 5F-G). In turn,
ii) in wheat, nitrogen deficit, no differences in NPQ were observed between treatments in wheat,
instead the nitrogen had an effect on the absolute fluorescence levels (both Fo and Fs), which is
consistent with the modulation of leaf chlorophyll contents. Chlorophyll content modulates light
absorption, and light absorption modulates Fo and Fs levels (Figs. 6D-J). The NPQ and Fs light
curves presented by Flexas et al. (2002), where NPQ did not reach saturation since plants were
grown outdoors, may suggest that in the field NPQ will not saturate, and therefore, Fs will be
able to match the Anet response to water deficit over a large PAR range.
5. Concluding Remarks
Our study demonstrated that under growth PAR conditions ChF is a reliable indicator of
crop stress due to its versatility to discriminate both water and nitrogen deficit. Under water
deficit, NPQ modulates ChF and this drives its relationship with Anet. On the other hand, when
nitrogen is the limiting factor chlorophyll concentration modulates ChF and its correlation with
Anet. The results here provided support for the use of remotely sensed ChF as a proxy to monitor
plant stress dynamics from space because remote sensing of ChF will be done under growth light
conditions. Future work will focus on studies related to species and structure heterogeneity.
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More work needs to be done to extrapolate our results to a broad range of species, and to canopy
level measurements. Also, it is important to assess whether the results obtained with PAM
fluorometry can be extrapolated to the analysis of remotely sensed sun-induced fluorescence
estimated within narrow reflectance bands (Meroni et al., 2009).
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Fig. 1. The fate of incident light in leaves. The absorbed photosynthetically active radiation
(PAR) can be dissipated via photochemical electron transport to drive net photosynthesis (Anet),
constitutive thermal dissipation (D), regulated thermal dissipation widely addressed as nonphotochemical quenching (NPQ), and chlorophyll fluorescence (ChF).

Fig. 2. Representation of net CO2 assimilation (Anet, A and D), non-photochemical quenching
(NPQ, B and E), steady-state chlorophyll fluorescence (Fs) light-response curves (PAR =
photosynthetic active radiation) when plants are adapted to high (A-C) or intermediate (D-F )
light growth conditions.

Fig. 3. Light-response of gs , ETR, PQ, Anet, NPQ, and Fs in camelina plants under well-watered
conditions (closed circles), after 1 day of re-watering (open triangles), and after 8 days of
without watering (water-deficit, open circles). Conditions in the chamber of the photosynthesis
system were: reference CO2 concentration = 380 mol mol-1, PAR = 0-1800 mol m-2 s-1 and
leaf temperature set to 25°C. Significant differences in Anet, Fs, and NPQ were observed at the
two intermediate PAR levels, 300 and 500 mol m-2 s-1, highlighted by the squares. Different
letters denote significant differences at p<0.05 (ANOVA). Values are means  SEM (n=4).

Fig. 4. Light-response of gs , ETR, PQ, Anet, NPQ, and Fs in wheat plants under high-nitrogen
(open circles), medium-nitrogen (cross), and low-nitrogen conditions (open square). Conditions
in the chamber of the photosynthesis system were: reference CO2 concentration = 380 mol
mol-1, PAR = 0-1800 mol m-2 s-1 and leaf temperature set to ambient temperature. Significant
differences in Anet and Fs were observed from PAR 100 to 1800 mol m-2 s-1, highlighted by
the squares. Different letters denote significant differences at p<0.05 (ANOVA). Values are
means  SEM (n=3).
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Fig. 5. Relationship between net CO2 assimilation (Anet) and steady-state fluorescence (Fs) in
camelina plants under well-watered conditions (closed circles), after 1 day of re-watering (open
triangles), and after 8 days of without watering (water-deficit, open circles). (A) Anet versus Fs
across the full PAR range (p < 0.01). Different letters after R2 in the graph legend denote
significantly different regression lines at p<0.05 (ANOVA). (B) Anet and Fs average rate across
all PAR level per each water treatment, where W (well-watered), R ( re-watering), and D (waterdeficit). Different letters denote significant differences at the p<0.05. Values are means  SEM
(n=36). (C-J) Anet versus Fs at a PAR level of 0, 50, 100, 200, 300,500, 800, 1200, 1800 mol
m-2 s-1.

Fig. 6. Relationship between net CO2 assimilation (Anet) and steady-state fluorescence (Fs) in
wheat plants under high-nitrogen (open circles), medium-nitrogen (cross), and low-nitrogen
conditions (open square). (A) Anet versus Fs across the full PAR ranges. Different letters after R2
denote significantly different regression lines at p<0.05 (ANOVA). (B) Anet and Fs averaged
across all PAR level per each nitrogen treatment, where H ( high-nitrogen), M (medium-nitrogen
), and L ( low-nitrogen). Different letters denote significant differences at the p<0.05. Values are
means  SEM (n=27) (C-J) Anet versus Fs at a PAR of 0, 50, 100, 200, 300,500, 800, 1200, 1800
mol m-2 s-1.
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Table 1
Definitions of pulse-amplitude modulated (PAM) chlorophyll fluorescence parameters used in this study.
Parameter
Fs

Fo, Fo’

Fm, Fm’

Fv, Fv’

PQ

Definition
Fluorescence emission
yield from lightadapted leaves at
steady-state
Minimal fluorescence
from dark- and lightadapted leaves,
respectively
Maximal fluorescence
from dark- and lightadapted leaves,
respectively
Variable fluorescence
from dark- and lightadapted leaves,
respectively
Photochemical
quenching, or relative
rate constant of
photochemistry

Fv/Fm

Maximum quantum
efficiency of PSII

NPQ

Non-photochemical
quenching or relative
rate constant of
regulated thermal
dissipation

Formulation
-

-

-

Fv = Fm − Fo

Fm ′ = Fm ′ − Fo ′

Fm Fm
𝑃𝑄 =
−
Fs Fm ′

-

Fm
𝑁𝑃𝑄 =
−1
Fm ′

Physiological relevance
Provides information on
photosynthetic performance; it is
influenced by many factors (Baker,
2008)
Level of fluorescence when the
primary
quinone electron acceptor of PSII (QA)
is maximally oxidized (all functional
PSII centers open) (Baker, 2008)
Level of fluorescence when QA is
maximally reduced (All functional
PSII centers closed) (Baker, 2008)
Demonstrate the ability of PSII to
perform photochemistry (QA
reduction) (Baker, 2008)
Estimates the actual PQ capacity. Note
that the parameters PQ and NPQ have
the same relative range (PorcarCastell, 2011)
Maximum efficiency at which light
absorbed by PSII is used for reduction
of QA
Estimates the non-photochemical
quenching from Fm to Fm’. Monitors
the apparent rate constant for heat loss
from PSII (Baker, 2008)
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Table 2
Results of the repeated-measures ANOVA F-test comparing effects
of watering (well-watered, water-deficit, and re-water) and nitrogen
treatment (low, medium, and high nitrogen) on leaf-level gas
exchange and fluorescence parameters. Significant effects are
highlighted in bold; * and ** indicate significant effects at p < 0.05
and p < 0.01, respectively; F-test degrees of freedom are presented
parenthetically.
Treatment
Parameter Camelina(2,8) Wheat(2,6)
gs
1.50ns
9.66**
Anet
20.6**
16.2**
ETR
4.68 ns
22.1**
ns
Fs
0.28
21.3**
Fo
1.53ns
1.7E+31**
Fs/Fo
1.46ns
0.78ns
ns
Fv/Fm
2.04
6.7E+29**
PQ
1.03ns
7.41*
NPQ
0.08ns
5.18*
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Fig. 1. The fate of incident light in leaves. The absorbed photosynthetically active
radiation (PAR) can be dissipated via photochemical electron transport to drive net
photosynthesis (Anet), thermal dissipation widely addressed as non-photochemical
quenching (NPQ), and chlorophyll fluorescence (ChF).
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Fig. 2. Representation of net CO2 assimilation (Anet, A
and D), non-photochemical quenching (NPQ, B and E),
steady-state chlorophyll fluorescence (Fs, C and F)
light-response curves (PAR = photosynthetic active
radiation) when plants are adapted to high (A-C) or
intermediate (D-F ) light growth conditions.
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Fig. 3. Experiment I: intermediate-light history and water deficit.
Light-response of stomatal conductance ( gs, A), electron
transport rate (ETR, B), photochemical quenchin (PQ, C), CO2
assimilation (Anet, D), non-photochemical quenching ( NPQ, E),
and steady-state chlorophyll fluorescence (Fs,F) in camelina
plants under well-watered conditions (closed circles), after 1 day
of re-watering (open triangles), and after 8 days without watering
(water-deficit, open circles). Conditions in the chamber of the
photosynthesis system were: reference CO2 concentration = 380
mol mol-1, PAR = 0-1800 mol m-2 s-1 and leaf temperature set
to 25°C. Significant differences in Anet, Fs, and NPQ were
observed at the two intermediate PAR levels, 300 and 500 mol
m-2 s-, highlighted by the squares. Different letters denote
significant differences at p<0.05 (ANOVA). Values are means 
SEM (n=4).
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Fig. 4. Experiment II: high-light history and nitrogen deficit.
Light-response of stomatal conductance ( gs, A), electron
transport rate (ETR, B), photochemical quenchin (PQ, C), CO2
assimilation (Anet, D), non-photochemical quenching ( NPQ, E),
and steady-state chlorophyll fluorescence (Fs,F) in wheat plants
under high-nitrogen (open circles), medium-nitrogen (cross), and
low-nitrogen conditions (open square). Conditions in the
chamber of the photosynthesis system were: reference CO2
concentration = 380 mol mol-1, PAR = 0-1800 mol m-2 s-1 and
leaf temperature set to ambient temperature. Significant
differences in Anet and Fs were observed from PAR 100 to 1800
mol m-2 s-1, highlighted by the squares. Different letters denote
significant differences at p<0.05 (ANOVA). Values are means 
SEM (n=3).
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Fig. 5. Relationship between net CO2 assimilation (Anet) and steady-state fluorescence (Fs) in camelina
plants under well-watered conditions (closed circles), after 1 day of re-watering (open triangles), and after
8 days of without watering (water-deficit, open circles). (A) Anet versus Fs across the full PAR range (p <
0.05). Different letters after R2 denote significantly different regression lines at p<0.05 (ANOVA). (B)
Anet and Fs average rate across all PAR level per each water treatment, where W (well-watered), R ( rewatering), and D (water-deficit). Different letters denote significant differences at the p<0.05. Values are
means  SEM (n=36). (C-J) Anet versus Fs at a PAR level of 0, 50, 100, 200, 300,500, 800, 1200, 1800
mol m-2 s-1.
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Fig. 6. Relationship between net CO2 assimilation (Anet) and steady-state fluorescence (Fs) in wheat plants
under high-nitrogen (open circles), medium-nitrogen (cross), and low-nitrogen conditions (open square).
(A) Anet versus Fs across the full PAR ranges. Different letters after R2 denote significantly different
regression lines at p<0.05 (ANOVA). (B) Anet and Fs average rate across all PAR level per each nitrogen
treatment, where H (high-nitrogen), M (medium-nitrogen ), and L ( low-nitrogen). Different letters denote
significant differences at the p<0.05. Values are means  SEM (n=27) (C-J) Anet versus Fs at a PAR level
of 0, 50, 100, 200, 300,500, 800, 1200, 1800 mol m-2 s-1.
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Abstract
Due to increasing food demand, a rapid and reliable technique to detect crop stress at
field scale is needed. Photosynthesis is a good indicator of plant status; however, it is difficult to
measure at field scale. One promising approach is the use of chlorophyll fluorescence (ChF),
which is directly related to photosynthesis and can be measured at field scale with remote
sensing techniques. Most studies assessing ChF have examined leaf responses to environmental
stress conditions using active techniques. Alternatively, passive techniques are able to measure
ChF at both leaf and field scales. However, although the measurement principles of both
techniques are different, only a few datasets concerning the relationships between them are
reported in the literature. In this manuscript, we studied the spatial variability of active and
passive leaf scale measurements of ChF at different temporal scales. The ultimate objective was
to determine limits within which active and passive techniques are comparable. The results
presented in this study showed that both techniques were highly correlated over the growing
season across treatments when the daily average of ChF per each technique and nitrogen
treatment was computed (leaf-AV). When leaf-to-leaf measurements of ChF (leaf-SV) were
analyzed, the seasonal relation between techniques was weaker but still significant. The sources
of uncertainty in leaf-SV were largely related to leaf heterogeneity associated with variations in
CO2 assimilation and stomatal conductance, and less so to leaf size or measurement inputs (e.g.,
solar radiation). This uncertainty was exacerbated when the leaf-SV analysis was limited to a
single day rather than the entire season. We concluded that daily measurements of active and
passive leaf-SV are not comparable. However, for leaf-AV, active measurements can be used to
better understand the daily and seasonal behavior of passive ChF. In turn, this can be used to
better design satellite missions to globally monitor ChF and therefore, to provide improved
information for crop producers.
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1. Introduction
The rapid increase in food demand represents an important challenge for future
generations (Foley et al., 2011). To continue meeting this demand, crop yield must necessarily
increase. Therefore, the ability to assess crop production is of growing importance. Throughout
the world, various factors decrease crop yield, for example, water-deficit in arid regions to
nutrient-deficit in tropical regions (Baligar et al., 2001; Jaume Flexas et al., 2002). The success
of crop production is highly associated with plants status. Since plant photosynthesis is strongly
affected by variation in water and nutrients , it serves as a good metric of plant status, and
therefore of the success of crop production ( Chaves, 1991, Schlemmer et al., 2005).
Photosynthesis can be easily obtained at the leaf-scale through gas-exchange systems (i.e.
Infra-Red gas analysers, IRGAs). Gas-exchange measurements at leaf scale have allowed
research to understand the mechanism of photosynthesis (Wong, 1979) and to investigate
environment effects on photosynthesis to improve crop production (J. Flexas et al., 2012). For
example, Carmo-Silva et al. (2012) used IRGAs to study how drought and heat stress limit
photosynthesis in cotton plants. However, if we are more interested in the use of photosynthesis
as a rapid and reliable method to assess crop production, leaf-scale measurements are not
appropriate. We need estimates of photosynthesis at the plant, field and regional scales.
Direct measurements of photosynthesis are difficult to obtain at coarse spatial scales.
Because of this, ground-based measurements of biomass or LAI are commonly used to estimate
photosynthesis at the field-scale (Eitel et al., 2008; Gutierrez, Norton, Thorp, & Wang, 2012).
However, these methods are time-consuming, invasive, and costly (Eitel et al., 2008).
Alternatively, remote sensing indices such as NDVI provide a rapid and non-invasive estimation
of photosynthesis at regional scales (Daughtry et al., 2000; Gitelson & Merzlyak, 1996).
Unfortunately, these indices lack sensitivity to short-term vegetation physiological changes,
which is needed for and early detection of crop stress (Haboudane et al., 2004).Therefore, an
important challenge for crop management is to find a reliable, rapid, and non-invasive technique
to estimate crop stress over large areas.
One promising approach for obtaining global estimates of plant photosynthesis is the use
of chlorophyll fluorescence (ChF) (Baker & Rosenqvist, 2004). ChF is the energy absorbed by
chlorophyll that is not used by the plant for photosynthesis. Therefore, by measuring ChF,
information can be obtained about changes in the efficiency of photosynthesis, and therefore of
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the success of crop production (Maxwell & Johnson, 2000). ChF also has great potential as a tool
for better understanding the CO2 exchange between the land and atmosphere at regional scale,
allowing estimation not only of crop production but also ecosystem production. The use of ChF
to detect plant stress at leaf and field scale has been demonstrated in numerous studies ( (Corp et
al., 2009; Jaume Flexas et al., 2002; Schächtl et al., 2005; Zarco-Tejada, Morales, et al., 2013).
Flexas et al. (2002) and Zarco-Tejada et al. (2013) reported that ChF was a good stress indicator
of water deficit in vineyard plants. Additionally, Corp et al. (2009) and Schächtl et al. (2005)
showed that ChF was a good indicator of nitrogen status in corn and wheat plants, respectively.
These experiments were done using different measurements techniques, active techniques for
leaf-scale ((Corp et al., 2009; Jaume Flexas et al., 2002; Schächtl et al., 2005; Zarco-Tejada,
Morales, et al., 2013) and passive techniques for field-scale ((Corp et al., 2009; Jaume Flexas et
al., 2002; Schächtl et al., 2005; Zarco-Tejada, Morales, et al., 2013) measurements.
Major developments in the instrumentation for measuring ChF have been made in the last
decade. Active techniques, based on pulse-amplitude modulated (PAM) or laser-induced
chlorophyll fluorescence (LIF), allow the estimation of the relative variation in the steady-state
chlorophyll fluorescence (Fs) in light-adapted plants, which is related to actual plant
photosynthesis efficiency. In addition, active-based instruments also allow the calculation of
other ChF parameters, such as minimal fluorescence (Fo -- re-emitted in the absence of
photosynthetic light) and maximal fluorescence (Fm -- re-emitted after applying a short saturating
light pulse). Knowledge of these parameters is important to compute the maximal plant
photosynthetic capacity. On the other hand, because active technique use an artificial light to
excite the leaf, they are limited in application to ranges from several centimeters to some meters
(J. Amoros-Lopez et al., 2008). Alternatively, passive techniques retrieve the ChF emission from
the solar irradiance and the radiance emitted by vegetation by using the atmospheric absorption
bands (termed Sun Induced Fluorescence, SIF)). The Fraunhofer Line Discrimination (FLD)
principle (Plascyk & Grabriel, 1975; Plascyk, 1975) is the most widely method used to retrieve
ChF emission using passive techniques. These techniques allow the estimation of the absolute
variation in the steady-state chlorophyll fluorescence at leaf, field and regional scale. However,
the measuring principle of these techniques does not allow the estimation of Fo and Fm.
Both active and passive techniques provide information about ChF. However their
measuring principles are different: i) active techniques use an artificial light to excite a plant leaf
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in contrast to passive techniques which use natural sun light; ii) active techniques measure ChF
in a broad band and passive techniques measure ChF in a single band; iii) active techniques
provide a relative value of ChF that cannot be related to absolute radiometric values in contrast
to passive techniques which provide absolute values of ChF (Quick & Horton, 1984); and iv)
both measure ChF at leaf scale, however only passive techniques can be use at field scale.
Despite these differences, active measurements have been used to better understand the
mechanisms that control SIF and its relationship with photosynthesis and plant physiological
status (Keck institute for space studies, 2013). However, only a few datasets concerning the
relation between these two techniques have been reported in the literature. Most of those studies
have compared ChF measurements made using active and passive techniques through the diurnal
cycle. These measurements were done in a single day in one field plot under the same treatment
(well-watered or water limited). Diurnal cycle studies analyze how ChF changes with light
stress. In these experiments active measurements were performed at leaf scale and passive
measurements at field scale. Therefore, in order to compare both datasets, a representative
number of leaves were measured using the active technique and then averaged to a unique value
for the field. Under these conditions Perez-Priego et al. (2005) and Rascher et al. (2009) showed
a positive correlation between active and passive techniques (R2 between 0.6-0.9, Perez-Priego et
al., 2005). Another study investigated how ChF changes with water deficit. Zarco-Tejada et al.
(2003) compared active and passive measurements taken at midday (11:00–13:00 h) in several
study plots under different water treatments. Under these conditions, a weak but significant
correlation between Fs measured at leaf scale and airborne measurements of SIF was found
(R2=0.40, p<0.01, Zarco-Tejada et al. 2003).
Previous studies have reported that active and passive techniques showed a strong
correlation when light was the limiting factor and measurements were conducted in a single plot
under the same treatment. However when measurements were taken in multiple study plots, and
water deficit drove changes in ChF, a weak correlation was found. Our hypothesis is that the
spatial variability of photosynthesis and ChF is the reason why the correlation between
techniques decreases when multiple plots are considered. Because of this discrepancy in the
results of previous studies, more work is required to define the limits where it is possible to
extrapolate the knowledge acquired using active techniques to passive techniques. In this
manuscript, we studied the spatial variability of active and passive leaf scale measurements of
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ChF at different temporal scales. The ultimate objective was to determine limits within which
active and passive techniques are comparable. In turn, this can be used to better understand the
spatio-temporal variation in SIF measured from a tower (FUSION, NASA/GSFC) or aircraft
(HyPlant, Rascher et al., 2013) and will support the potential launch of the FLuorescence
EXplorer (FLEX) (European Space Agency (ESA), 2008). FLEX is an ESA Explorer 8 mission,
selected for Phase A/B1 in early 2011, which plans to utilize the atmospheric absorption bands
for chlorophyll fluorescence retrievals.
2. Materials and methods
2.1 Field experiment
A wheat experiment was conducted at the University of Arizona's Maricopa Agricultural
Center (MAC) near Maricopa, Arizona (33.067547°N, 111.97146°W) over the winter of 2011–
2012. A split plot design with three replicates of Orita wheat cultivar under three nitrogen
fertilizer applications rates was used for the experiment. Wheat was planted on December 9,
2011 with a row spacing of 19.05 cm. A Sudan grass cover crop was grown in the summer of
2010 to remove excess nitrate from the soil. The field was irrigated based on periodic soil
moisture measurements and the AZSched irrigation scheduling software to ensure the crop was
free of drought stress (Martin, 2007). Nine flood irrigations were applied from early December to
the end of April. A total of 710 mm irrigation water was applied through flood irrigation.
Individual irrigations varied in amount from 40 to 100 mm. Precipitation amounted to 41 mm for
the 2011-2012 growing seasons (Wang et al., 2013).The soil texture at the site was
predominantly sandy loam and sandy clay loam, as determined by textural analysis of soil
samples collected after planting. After 2 months of plant growth, ChF measurements were taken
once a week from February 24th to April 27th 2012, for a total of 9 days. Each day, three leaf
samples per nitrogen treatment and replicate were taken (n= 243). Active and passive techniques
were used to measure ChF. Herein, we studied the correlation between active and passive
techniques for i) single values of leaf measurements (Leaf-SV), where leaf-to-leaf measurements
per each technique and nitrogen treatment were compared; and ii) average values of leaf
measurements (Leaf-AV), where the daily averages of ChF per each technique and nitrogen
treatment were computed.
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2.2 Active technique: Laser-Induced Chlorophyll Fluorescence
Active measurements were performed with the Licor 6400-40 leaf chamber fluorometer,
referred to here as LCF (Li-COR Biosciences, Lincoln, NE, USA). Active techniques use a
modulated artificial light and a detector to measure relative Fs in arbitrary units (au).
Fluorescence at LCF is excited by a very brief but strong measuring red light (center wavelength
about 630 nm). The incident radiation causes an oscillation in fluorescence with a small
amplitude (< 1 mol photons m-2s-1); but because it is regular, it can be detected and
demodulated by circuitry in the LCF. The detector is filtered to measure radiation between 700715 nm (Fs700-715, Figure 1B), and the demodulated signal sent to the LCF is proportional to the
amplitude of the detected fluorescence oscillation (LCF manual, Li-COR Biosciences, Lincoln,
NE, USA) (Table 1). Importantly, at 700-715 nm, both PSII and PSI contribute to the ChF
measured by LI-6400 (Figure 1A). In addition, PAR and gas exchange parameters
(photosynthesis and stomatal conductance to water vapor) were measured in parallel with Fs by
the LCF. PAR measurements were used to compute the total fluorescence yield (Fs700-715 yield =
Fs700-715/PAR). Gas exchange parameters were used to estimate the variability of our
measurements due to leaf heterogeneity.
2.3 Passive technique: Sun-Induced Chlorophyll Fluorescence
Passive measurements were performed with a spectroradiometer (FieldSpec 3 Hi-Res,
Analytical Spectral devices (ASD) Inc., Boulder, USA). SIF was measured using two passive
approaches: indirect (FLD principle) and direct (short-pass filter). Measurements were done
under natural illumination with clear sky conditions. The FLD principle retrieves the steady-state
fluorescence emission from the solar irradiance and the radiance reflected by the vegetation
target at certain absorption bands. The most important bands in the ChF emission region, apart
from the hydrogen absorption in the solar atmosphere (H, 656.4 nm), are two of the oxygen
absorption bands: OA at 761nm and OB at 687 nm, both within a very narrow band (~2 nm and
~1nm respectively). Importantly, at OA (761nm) and OB (687nm) absorption bands ChF is mainly
re-emitted from PSI and PSII, respectively (Figure 1A). Due to the ASD spectral resolution (3
nm), in this experiment only the OA absorption band was used to calculate SIF. The OB
absorption band is too narrow and the radiometric difference at 3 nm broadband is too little to be
detected by the ASD. By comparing the depth of the absorption features of a reference target
with no fluorescence emission to the depth of a vegetation target with simultaneous
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measurements, it is possible to estimate the amount of SIF emitted by the plant and the actual
reflectance (R) (Meroni et al., 2009). The FLD basic concept has been upgraded with several
modifications and improvements by different research groups (Alonso et al., 2008; GomezChova et al., 2006; Meroni & Colombo, 2006; Maier et al. 2003) in order to increase the
accuracy of the methods and to exploit the current availability of hyperspectral high resolution
data (for a review of ChF retrievals methods see Meroni et al., 2009). In this study, two FLD
approaches were used to compute SIF at leaf scale, i) 3FLD method, which uses a total of three
bands to estimate SIF and R (3FLD763, Maier et al. 2003) and ii) iFLD method, which use the full
spectrum information around the absorption band to estimate ChF and R (iFLD763, Alonso et al.,
2008) (Figure 1B).
A alternative passive technique to measure vegetation fluorescence consists of acquiring
the ChF spectrum emission, coupling a spectroradiometer with the FluoWat leaf clip (Alonso et
al., 2007). This portable leaf clip is able to measure the whole ChF emission spectrum by cutting
off the incoming light spectrum with a short-pass filter (<650 nm). At wavelengths longer than
650 nm, only the SIF emission is recorded, as light in this region does not originate from
reflected light. From the ChF spectrum, SIF at 687nm and the area between 700 to 715 nm
(Fw683 and Fw700-715) were measured (Figure 1B). It is important to note that by measuring at
Fw683 and Fw700-715 we were trying to estimate the ChF measured at OB and by the Active
technique, respectively. The FluoWat leaf clip was also used to measure the reference and
vegetation targets needed to compute the FLD principle. PAR was measured as the reflected
radiance between 400 and 700 nm of a white reference (ODM-98, Gigahertz-Optik GmbH,
Türkenfeld, Germany), before and after each leaf measurement, with and without the filter.
3FLD763 and iFLD763 were normalized by PAR without filter to compute the total SIF yield
(3FLD763 yield and iFLD763 yield). Additionally, Fw687 and Fw700-715 were normalized by PAR
with the filter (Fw687 yield and Fw700-715 yield).
2.4 Uncertainty
The coefficient of variance (cv=standard deviation/mean) of the main factors affecting ChF
measurements was computed per each day. First the cv within replicates was estimated, followed
by the average cv between replicates per day. The authors determined that these factors are i) leaf
area, a bigger leaf area will lead in a higher ChF re-mission, therefore changes in leaf within
replicates will increase the cv for ChF measurements; ii) leaf heterogeneity, defined as stomatal
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conductance to water vapor and photosynthesis, stomatal conductance limit photosynthesis and
as described in the introduction any increase in the efficiency of photosynthesis will result in a
decrease in the efficiency of fluorescence; iii) measurements inputs, defined as PAR, reference
and vegetation target spectrums. Incoming light drive photosynthesis and therefore also modulate
fluorescence. In addition, reference and vegetation target spectra, are the main inputs used to
estimate ChF using passive techniques. Therefore, any changes in PAR, reference and vegetation
target spectra within replicates will also increase the cv for ChF measurements. Additionally, the
cv for active and passive ChF measurements was computed.
Finally, with the purpose of corroborating our results, we also computed the cv for leaf
heterogeneity, active and passive ChF measurements for a one-day experiment in cotton leaves
growing under controlled environment. Cotton plants were grown in a controlled-environment
chamber at 25/18°C with a 12-h photoperiod and PAR of 500 mol m-2 s-1 at the Arid-Land
Agricultural Research Center in Maricopa, AZ. All plants were grown from seeds in 4 L pots
containing a ready-made soil mixture (Sunshine mix#1, Sun Gro Horticulture, Canada). Plants
were kept well-watered by adding a nutrient solution containing 2 g L-1 of 20-20-20 Peters
professional water solution fertilizer (Scotts-Sierra Horticultural Products Co., USA) and 0.5 mL
L-1 micronutrient solution of 2 mM MnCl2, 10mM H3BO3, 0.4 mM ZnSO4, 0.2 mM CuSO4, 0.4
mM Na2MoO4, and 0.1 mM NiCl2, used at half-strength twice a week (Carmo-Silva & Salvucci,
2012).
After 20 days of plant growth, plants were moved to a greenhouse. Then 8 d later
measurements were taken outdoors over well-watered control plants and plants exposed to 7 d
without watering. Measurements were taken at Day 7 from the beginning of the watering
treatments. For this, fourteen pots containing one plant each were divided into the two different
treatments: well-watered and water-deficit, seven pots each. Two leaves per plant were measured
(n = 28).
2.5 Statistical analysis
Statistical analyses were carried out using MATLAB 2011 (MathWorks Inc, Natick,
USA) and Statistix v8.0 (Statistical Analytical, Tallahassee, USA). During the experiment 256
samples were collected; however after a detailed analysis of our dataset 87 samples were
eliminated, due to a bad spectroscopy measurement mostly at the low nitrogen samples. Our final
dataset was reduced to 156 samples.
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Differences between techniques in the different treatments were tested per each day using
one-way analysis of variance (ANOVA, Statistix). Linear regressions of Fs700-715 against 3FLD763
were fitted across all days to determine the overall relationship between Fs700-715 and 3FLD763,
using an F-test to test if slopes and intercepts differed between days (linear regression, Statistix
v8.0). If slopes were found to differ, pair-wise slope comparisons were made using Tukey’s test
honestly significant difference (HSD), with HSD exceeding 3.34 considered significant (p <
0.05; Zar, 1974).
In order to avoid confusions in nomenclature, we refer to Fs700-715 as the active technique.
Passive techniques are referred as 3FLD763, iFLD763, Fw687, and Fw700-715 depending on the
technique used for the retrieval. Finally, we refer to Fs and SIF as the not-normalized dataset, and
to Fs700-715 yield and SIF yield as the normalized dataset (ChF/PAR).
3. Results and Discussion
3.1 Leaf measurement average value at seasonal temporal scale
A daily average of the ChF and ChF yield per each technique and nitrogen treatment was
computed (Figure 2 A-H). A significant positive linear relationship was observed between active
and passive techniques across treatments in both normalized and not-normalized datasets (R2 >
0.55 and p<0.01). However, a constant bias between techniques was observed, and no zero
intercept was found. This was likely due to the important differences between both measuring
principles regarding i) the wavelength at which fluorescence is measured, and ii) the wavelength
and intensity used to excite fluorescence. That is, the active technique measures ChF between
700-715 nm where both PSII and PSI contribute to the ChF signal; and in contrast, most passive
techniques measure ChF in a single band where only PSII (3FLD763 and iFLD763) or PSI (Fw687)
contribute to the ChF signal (Figure 1 and Table 1). On the other hand, even if ChF had been
measured at the same wavelength (e.g., Fs700-715 and Fw700-715), it is known that changes in
excitation wavelength and light intensity produce differences in the fluorescence emission (Corp
et al., 2003; Louis et al., 2006). For the active technique, fluorescence was excited by a very
brief but strong light, whereas for the passive technique fluorescence was continuously excited
by sunlight (Table 1).
Notably, 3FLD763, and Fw700-715 presented the strongest correlation with Fs700-715
(R2=0.81 and R2=0.79 respectively, p<0.001, Figure 2A and 2G). Additionally, 3FLD763, and
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Fw700-715 also presented the same results as Fs700-715 in terms of differentiating between nitrogen
treatments at the seasonal scale; where low, medium, and high nitrogen were statistically
different. Interestingly, no differences between low and medium treatment were found using
iFLD763, and Fw683 approaches.
The results presented by 3FLD763, and Fw700-715 corroborate that at field scale active and
passive techniques show similar results (Amoros-Lopez et al., 2008; Liu et al., 2005; PerezPriego et al., 2005; Rascher et al., 2009).
The results presented by 3FLD763, and Fw700-715 corroborate that when the leaf-AV of
ChF per each technique is computed active and passive techniques show similar results
(Amoros-Lopez et al., 2008; Liu et al., 2005; Perez-Priego et al., 2005; Rascher et al., 2009).
However, the results presented by iFLD763, and Fw683 highlight that not all passive techniques
are able to discriminate between nitrogen treatments. For iFLD763 it was due to the permanently
high cv presented through the whole season (Figure 3). Both FLD approaches (3FLD763 and
iFLD763) presented the highest variability of all ChF measurements (Figure 3). However, the
3FLD763 coefficient of variance was consistently lower (5-10%) than iFLD763, which is likely the
main reason why 3FLD763 was able to differentiate between low and medium nitrogen treatments
while iFLD763 was not. On the other hand, for Fw687 despite it showed the lower cv of all ChF
measurements (Figure 3), in this experiment it was less sensitive to changes in nitrogen
treatments. The Fw687 average was 1.6, 1.6 and 2.0 for low, medium, and high nitrogen and the
standard error of the mean (SEM) was 0.1, 0.08, and 0.1 for the SEM respectively.
Finally, we also found that the not-normalized dataset presented a stronger correlation
between techniques than the normalized dataset. By normalizing ChF by PAR, we added the
PAR measurement error to the ChF estimation, and thus, the correlation between techniques
decreased. Therefore, for the rest of the study, we focused our analysis on the not-normalized
dataset.
3.2 Leaf measurement average value at daily temporal scale
A daily-scale ANOVA F-test comparing effects of nitrogen treatment on leaf-AV ChF
measurements between active and passive techniques was computed (Table 2). Similar to results
for the seasonal scale, 3FLD763, and Fw700-715 showed better agreement with Fs700-715 at daily
scale in terms of differentiating between nitrogen treatments (shaded columns in Table 2). In
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contrast, the results obtained by iFLD763 and Fw687 mostly mismatched with the results presented
by Fs700-715, 3FLD763, and Fw700-715.
It is important to note that later in the season the variability in leaf heterogeneity
decreased (days 83, 90, 97, 111, and 118, black line Figure 3), and this matches with the days for
which Fs700-715, 3FLD763 and Fw700-715 showed the same response to the nitrogen treatments
(Figure 3 and Table 2). In contrast, for the days with higher variability for leaf heterogeneity
(days 55, 62, 69, and 104, Figure 3), no match was found between techniques (Table 2).
The results obtained at daily scale corroborate the results showed at seasonal scale. The
higher variability of iFLD763 is likely the main reason why 3FLD763 was able to differentiate
between nitrogen treatments on days 90, 97, and 111, and iFLD763 was not (Table 2). Since both
approaches used the same inputs to compute SIF (reference and vegetation target spectrums), we
can support the assertion that for outdoor field experiments, the more simplistic mathematical
model used by 3FLD763 to estimate R and SIF is more robust than the mathematical model used
by iFLD763 (Zarco-Tejada et al. , 2013). Then again, Fw687 was less sensitive to changes in
nitrogen treatments; it was not able to differentiate between nitrogen treatments on days 90, 97,
and 111 (Table 2).
3.3 Leaf measurement single value at seasonal temporal scale
A weak but significant relationship was observed between active and passive techniques
across treatments when leaf-SV was computed (Figure 4). The four passive approaches were less
sensitive to changes in ChF when Fs700-715 reached 500 au. While Fs700-715 increased from 500 to
1000 au, passive approaches showed a small variation from 1 to 2 W/m2 m sr (Figure 4 A-D).
The coefficient of determination (R2) between active and passive techniques increase in a 30%,
23%, 4%, and 30% from 3FLD763, iFLD763, Fw687, and Fw700-715, respectively when values of
Fs700-715 > 500 were not taken into account in the study.
Similar to leaf-AV results, 3FLD763 and Fw700-715 offered the best correlations with Fs700715

(R2 = 0.23, R2 = 0.20, p<0.001, Figure 4A and 4D). Since 3FLD763 showed the best

correlation with Fs700-715 for both leaf-AV and leaf-SV, results presented from here on will focus
on this passive approach.
A large scatter was found when we analyzed leaf-to-leaf correlation between techniques
(Figure 4). To understand what is causing this dispersion, we compared the variation of the main
factors affecting ChF measurements - leaf area, leaf heterogeneity, and measurements inputs –
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with variation of active and passive ChF measurements (Figure 5 A-C). Leaf area and
measurement inputs presented a low cv for all the days (< 20%, Figure 5A), which mean that the
scattering observed was not due to the measurement protocol. In contrast, the parameters
associated to leaf-to-leaf variability (leaf heterogeneity and both active and passive ChF
measurements) presented a higher cv (20% < cv < 50 %) which changed through time (Figure
5A). As described before, on the days when leaf heterogeneity had lower cv, active and passive
ChF measurements also had low cv (days 83, 90, and 97). However, the cv for 3FLD763 was
consistently higher than Fs700-715. Additionally, irrigation and fertilizer input did not seem to
affect the leaf heterogeneity or ChF measurements (Figure 5B).
These results imply that the scattering observed in our measurements is mainly due to the
leaf-to-leaf variability. To corroborate our results, we compared the variations in wheat (grown
outdoors) with those in the cotton experiment (grown in a growth chamber, Figure 5C). For the
cotton experiment, the cv for leaf heterogeneity, active, and passive measurements was a 27%,
57%, and 4% lower, respectively, than the seasonal average cv for the wheat experiment.
Notably, the 3FLD763 cv was again higher than the cv of Fs700-715. These results confirmed that
the outdoor field measurements increased leaf-to-leaf variability. Still, the passive ChF
measurements were consistently more variable (higher cv) than leaf heterogeneity and active
ChF measurements for both growth chamber and outdoor experiments. These results make
evident the complexity of measure ChF using indirect passive techniques compare with active
techniques. However, it is important to note that passive technique allows the estimation of
absolute ChF instead of the relative value that is measured by active techniques. Further, active
techniques limits its application to ranges from several centimeters to some meters. In contrast,
passive techniques can be used at leaf and field scales.
3.4 Leaf measurement single value at daily temporal scale
A weak but significant relationship was observed between active and passive techniques
across treatments for leaf-SV for most of the days (p ≤ 0.05, Figure 6, days 55, 69, 83, 90,
97,111, 118). The best correlation between techniques (here Fs700-715 and 3FLD763) was found
toward the end of the season (day 111, R2=0.56, p< 0.01), where both techniques were also able
to differentiate between the three nitrogen treatments with leaf-AV. The accumulated nitrogen
stress resulted in lower chlorophyll content in the leaves in low and medium treatments causing
lower ChF. By day 111, substantive leaf yellowing was observed in the low nitrogen treatment.
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Pairwise comparison of slopes only showed no significant difference between day 55 and
111, day 55 and118, day 69 and 90, day 69 and 97 (p < 0.05). These results show that for this
experiment with leaf-SV at the daily scale, it was not possible to define a unique equation to
estimate SIF from active ChF measurements.
4. Conclusions
This manuscript presents the limits to which the knowledge acquired using active
techniques can be extrapolate to passive techniques. The authors have used passive techniques to
measure the absolute spectral radiance of ChF emission, which allowed a quantitative derivation
of the ChF instead of the relative value that is measured by active techniques. The results
presented in this study showed that passive and active measurements were highly correlated over
the growing season across nitrogen treatments for leaf-AV. However, a constant bias between
techniques was observed, and no zero intercept was found. For leaf-AV, 3FLD763, and Fw700-715
presented the best agreement with Fs700-715 in terms of differentiating between nitrogen
treatments at both the seasonal and daily scale. For leaf-SV, the seasonal relation between
passive and active measurements was weaker, but still significant. Where 3FLD763 showed the
best correlation with Fs700-715. The sources of uncertainty in leaf-SV were largely related to leaf
heterogeneity associated with variations in CO2 assimilation and stomatal conductance, and less
so with leaf size or measurement inputs (e.g., solar radiation). This uncertainty was exacerbated
when analysis was limited to leaf-SV on a single day, where our results showed that it was not
possible to define a unique equation to estimate SIF from active ChF measurements. We
concluded that it is not possible to compare leaf-SV measurements of active and passive and
passive techniques at daily temporal scale. However, we can use leaf-AV to improve our
understanding of the daily and seasonal behavior of SIF. In turn, this can be used to better design
satellite missions to globally monitor SIF and therefore, to provide improved information for
crop producers. Future work will focus on studies related to species and structure heterogeneity.
More work needs to be done to extrapolate our results to a broad range of species, and to canopy
level measurements.
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Figure 1. (A) Chlorophyll fluorescence spectrum where the red short-wavelength band is mainly
re-emitted from photosystem II (PSII) and the long-wavelength far-red band from photosystem I
(PSI) (adapted from Buschmann 2007). (B) Chlorophyll fluorescence spectrum measurements.
Active technique, Fs700-715, grey highlighted area between 700 and 715 nm. Passive technique,
Fluowat (Fw687 and grey highlighted area between 700 and 715 nm, Fw700-715,), and FLD
(3FLD763, iFLD763).

Figure 2. Leaf measurements average value (leaf-AV) relationship between (A) Fs700-715 and SIF
3FLD763, (B) Fs700-715 and SIF yield 3FLD763, (C) Fs700-715 and SIF iFLD763, (D) Fs700-715 and SIF
yield iFLD763, (E) Fs700-715 and SIF Fw687, (F) Fs700-715 and SIF yield Fw687, (G) Fs700-715 and SIF
Fw700-715, (H) Fs700-715 and SIF yield Fw700-715 in wheat plants under low (square), medium
(triangle), and high fertilization treatment (circle). Where normalized indicate that the measured
fluorescence signal was divided by the incoming photosynthetic active radiation (PAR). Each
point represent the leaves replicates fluorescence mean (n=2-9) per each day (day = 9). Black
line represent regression line between active and passive techniques (p<0.01). Note difference in
scale at G-H and A-F because Fw700-715 represents the area between 700 to 715 nm.

Figure 3. Coefficient of variations of active (Fs700-715), and passive (3FLD763, iFLD763, Fw687, and
Fw700-715) chlorophyll fluorescence measurements per day. Each bar represents the average
coefficient of variations per low, medium, and high nitrogen.

Figure 4. Leaf measurements single value (leaf-SV) relationship between (A) Fs700-715 and
3FLD763, (B) Fs700-715 and iFLD763, (C) Fs700-715 and Fw687, (D) Fs700-715 and Fw700-715 in wheat
plants under low (square), medium (triangle), and high fertilization treatment (circle). Black line
represent regression line between active and passive techniques (n=156, p<0.01). Note difference
in scale at G-H and A-F because Fw700-715 represents the area between 700 to 715 nm.
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Figure 5. (A) Coefficient of variations of the main factors affecting chlorophyll fluorescence
measurements: leaf area (white bar), measurements inputs (Photosynthetic active radiation,
reference and vegetation target spectrums – light grey bar), and leaf heterogeneity
(photosynthesis and stomatal conductance - line). Additionally, the coefficient of variation for
active and passive ChF measurements was computed: active technique (Fs700-715 – dark grey bar)
and passive technique (3FLD763 – black bar). (B) Irrigation (triangle) and nitrogen input (circle
and line). (C) Coefficient of variations, under control conditions, of leaf heterogeneity (line),
measurements inputs (light grey bar), active technique (Fs700-715 – dark grey bar), and passive
technique (3FLD763 – black bar).

Figure 6. Leaf measurements single value (leaf-SV) relationship per each day between Fs700-715
and SIF 3FLD763 in wheat plants under low (square), medium (triangle), and high fertilization
treatment (circle). Each point represent one leaf measurement (n=2-9) per day (day = 9). Black
line represent regression line between active and passive techniques (p<0.01). Bold highlighted
when p < 0.05.
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Table 1. Chlorophyll fluorescence (ChF) measurements techniques (adapted from (J. Amoros-Lopez et al.,
2008)).
Approach
Nomenclature (Figure 1A)
Measuring light
ChF spectrum
measurement wavelength
ChF measured mainly reemitted by
(Figure 1B)
Target distance
Measurement type

Active technique
PAM
(Licor 6400)

Fs700-715
Modulated artificial red LEDs
700 - 715 nm
PSII & PSI
cm
Relative fluorescence yield

Passive technique
FLD
Filtered illumination
(3FLD and iFLD)
(Fluowat)
3FLD763
Fw687
iFLD763
Fw700-715
Filtered artificial or Sun
Sun light
light
689 nm (O2-B band)
Whole ChF spectrum
763 nm (O2-A band)
PSI
cm/ground/airborne/satellite
observation
ChF emission radiance at the
absorptions bands

PSII
cm
ChF emission spectrum in
radiometric units
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Table 2. Results of the repeated-measures ANOVA F-test comparing effects of nitrogen treatment (low
(L), medium (M) and High (H)) on leaf measurements average value (leaf-AV) between Active (Fs700-715)
and Passive (Fw687, 3FLD763, iFLD763, and Fw700-715) techniques. Different letters denote significant
differences at p<0.05. Bold highlighted indicate that active and passive technique provided the same
results. Grey color highlighted the days when that happened.
Technique
Fs700-715

3FLD763

iFLD763
Fw687

Fw700-715

N
L
M
H
L
M
H
L
M
H
L
M
H
L
M
H

55
321a
380a
597b
1.63a
1.71a
2.28a
1.36a
1.49a
1.92a
1.54a
1.71a
1.83a
16.9a
17.8a
21.6a

62
312a
497b
555b
1.32a
1.60a-b
2.26 b
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Figure

1.

(A)

Chlorophyll

fluorescence spectrum where the red
short-wavelength band is mainly reemitted from photosystem II (PSII)
and the long-wavelength far-red band
from photosystem I (PSI) (adapted
from

Buschmann

2007).

(B)

Chlorophyll fluorescence spectrum
measurements.
Fs700-715,

grey

Active

technique,

highlighted

area

between 700 and 715 nm. Passive
technique, Fluowat (Fw687 and grey
highlighted area between 700 and 715
nm, Fw700-715,), and FLD (3FLD763,
iFLD763).
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Figure 2. Leaf measurements average value (leaf-AV) relationship between
(A) Fs700-715 and SIF 3FLD763, (B) Fs700-715 and SIF yield 3FLD763, (C) Fs700-715
and SIF iFLD763, (D) Fs700-715 and SIF yield iFLD763, (E) Fs700-715 and SIF
Fw687, (F) Fs700-715 and SIF yield Fw687, (G) Fs700-715 and SIF Fw700-715, (H)
Fs700-715 and SIF yield Fw700-715 in wheat plants under low (square), medium
(triangle), and high fertilization treatment (circle). Where normalized indicate
that the measured fluorescence signal was divided by the incoming
photosynthetic active radiation (PAR). Each point represent the leaves
replicates fluorescence mean (n=2-9) per each day (day = 9). Black line
represent regression line between active and passive techniques (p<0.01).
Note difference in scale at G-H and A-F because Fw700-715 represents the area
between 700 to 715 nm.
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Figure 3. Coefficient of variations of active (Fs700-715), and passive
(3FLD763, iFLD763, Fw687, and Fw700-715) chlorophyll fluorescence
measurements per day. Each bar represents the average coefficient of
variations per low, medium, and high nitrogen.
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Figure 4. Leaf measurements single value (leaf-SV)
relationship between (A) Fs700-715 and 3FLD763, (B) Fs700-715
and iFLD763, (C) Fs700-715 and Fw687, (D) Fs700-715 and Fw700715

in wheat plants under low (square), medium (triangle),

and high fertilization treatment (circle). Black line
represent regression line between active and passive
techniques (n=156, p<0.01). Note difference in scale at GH and A-F because Fw700-715 represents the area between
700 to 715 nm.
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Leaf area
Passive technique
(3FLD763)
Nitrogen input

Measurement inputs

Active technique
(Fs700-715)

― Leaf heterogeneity
Irrigation

Figure 5. (A) Coefficient of variations of the main factors affecting
chlorophyll fluorescence measurements: leaf area (white bar), measurements
inputs (Photosynthetic active radiation, reference and vegetation target
spectrums – light grey bar), and leaf heterogeneity (photosynthesis and
stomatal conductance - line). Additionally, the coefficient of variation for
active and passive ChF measurements was computed: active technique
(Fs700-715 – dark grey bar) and passive technique (3FLD763 – black bar). (B)
Irrigation (triangle) and nitrogen input (circle and line). (C) Coefficient of
variations, under control conditions, of leaf heterogeneity (line),
measurements inputs (light grey bar), active technique (Fs700-715 – dark grey
bar), and passive technique (3FLD763 – black bar).

87

Figure 6. Leaf measurements single value (leaf-SV) relationship per each day
between Fs700-715 and SIF 3FLD763 in wheat plants under low (square), medium
(triangle), and high fertilization treatment (circle). Each point represent one leaf
measurement (n=2-9) per day (day = 9). Black line represent regression line
between active and passive techniques (p<0.01). Bold highlighted when p < 0.05.
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Abstract
Seasonal variations in plant water stress have a direct impact on both plant net
photosynthesis (Anet) and chlorophyll fluorescence (ChF), resulting in a positive relation between
Anet and ChF. However, no study has shown the seasonal relationship between Anet and ChF when
nitrogen is the limiting factor. In this study, coincident measurements of Anet and passive ChF
(termed solar-induced fluorescence or SIF) were made once a week from February to April 2012
in a wheat field under different nitrogen treatments. The results corroborated that ChF was a
good plant stress indicator, and further, that SIF was better able to discriminate nitrogen
treatments than was Anet or other physiological indices such as light-use efficiency (PRI) and
chlorophyll content (NOAC). However, the seasonal relation between Anet and SIF with nitrogen
stress was not a simple linear function due to the complex physiological relation between Anet and
SIF. Our study showed that at times in the season when nitrogen was sufficient and Anet was
highest, ChF decreased because these two processes compete for available energy. Finally, this
study demonstrated that estimation of Anet was improved by the integration of the
complementary information provided by physiological indices (SIF, PRI, and NAOC) and
meteorological parameters (vapor pressure deficit or Vpd). The results presented in this
manuscript show the potential of SIF as a key tool for crop management using remote sensing
techniques.
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1. Introduction
Seasonal changes in vegetation growth are one of the primary indicators of plant
physiological status. An early detection of plant stress is essential for sustainable crop
management. Nitrogen is involved in photochemical processes and is one of the primary
resources regulating plant growth (Corp et al., 2009). A rapid non-invasive assessment of plant
nitrogen would be useful in determining problem spots in the fields where a proper use of
organic or chemical supplements could improve soil fertility and crop yield while reducing the
soil and ground water contamination. Net photosynthesis (Anet) is strongly affected by variations
in nitrogen, providing a good indicator of plant status (Schlemmer, Francis, Shanahan, &
Schepers, 2005). However, it is difficult to measure Anet at the field scale for crop management.
Efforts to find a non-invasive measure of seasonal change in Anet using remote sensing
have had mixed success (Choudhury, 2001; Dobrowski et al., 2005; Gamon et al., 1995; Verma
et al., 1993). Most of the estimations of Anet from Earth observation techniques are based on
spectral reflectance indices. The Normalized Vegetation Index (NDVI), the Enhance Vegetation
Index (EVI), and other vegetation indices proposed to monitor Anet are considered structural
indices as they mostly track changes in canopy structure but have little or no sensitivity to shortterm leaf physiological changes that are independent from the structure (Haboudane et al., 2004).
On the other hand, physiological indices related to chlorophyll content , light-use efficiency, and
chlorophyll fluorescence (ChF) have shown a better agreement with Anet (Zarco-Tejada, Morales,
Testi, & Villalobos, 2013). Chlorophyll content and light use efficiency indices provide
information about potential photosynthesis; in contrast, ChF measures the actual photosynthesis
(European Space Agency (ESA), 2008). ChF has been proposed as a direct indicator of Anet , and
several studies have demonstrated its relationship with vegetation functioning at leaf and canopy
level (Corp et al., 2009; Jaume Flexas et al., 2002; Christian Frankenberg et al., 2011; Lee et al.,
2013; Zarco-Tejada, Catalina, González, & Martín, 2013). ChF represents energy that was
absorbed by chlorophyll but then discarded as fluorescence when it could not be used for carbon
fixation. Therefore, by measuring ChF, information can be obtained about changes in the
efficiency of Anet (Maxwell & Johnson, 2000).
Previous studies assessing the relationship between Anet and ChF at leaf and canopy scale
have examined the vegetation responses to i) different treatments under constant meteorological
and phenological conditions, where the differences between treatments drive Anet and ChF
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relationship, or ii) the same treatment under different meteorological and phenological
conditions, where both meteorological conditions and the crop phenological cycle drive the
relationship between Anet and ChF. Most of the studies assessing the relationship between Anet
and ChF have focused on water stress. For instance, Zarco-Tejada et al. (2013) reported that
vineyard plants at the same growth stage under different water treatments exhibited a positive
relationship between ChF and Anet (R2= 0.52 , p<0.001). On the other hand, Lee et al. (2013)
postulated that the seasonal positive correlation found between ChF and gross primary
production (GPP) (R2= 0.43, p<0.001) with moderate water stress in the Amazonia forest was
due to changes in vapor pressure deficit. Interestingly, Dobrowski et al. (2005) in their study of
diurnal relationship between Anet and ChF in grapevine canopy under water stress, reported that
ChF shows a direct and inverse relationship to Anet depending upon the intensity of the stress and
suggested that it was not possible to estimate Anet directly from ChF without complementary
information.
Only a few studies have shown how Anet and ChF relate when nitrogen is the limiting
factor.(Middleton, Corp, Daughtry, Entcheva Campbell, & Butcher, 2005)) reported that in corn
plants the red/far-red ChF ratio was positively correlated to the C/N ratio at leaf and canopy level
(R2= 0.89, p<0.001). Corp et al. (2009) and Schächtl et al. (2005) showed that ChF was a good
indicator of nitrogen status in corn and wheat plants, respectively. Nonetheless, all three
experiments were done under the same meteorological conditions and growth stage. Therefore,
no study has shown the relationship between Anet and ChF with changes in nitrogen treatment,
growth stage, and meteorological conditions.
This study was designed to assess the seasonal trends and relationship observed between
physiological indices (chlorophyll content, light-use efficiency, and chlorophyll fluorescence)
and Anet measured at leaf level in a well-watered wheat field growing under different nitrogen
treatments. The main objective of this study was to determine the relation between ChF and Anet
through the growing season when nitrogen was the limiting factor. The Gaussian process
regression method (GPR) was used to estimate how the use of complementary information
provided by both physiological indices and meteorological conditions can improve Anet
estimation.
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2. Materials and methods
2.1 Field experiment
A durum wheat experiment was conducted at the University of Arizona's Maricopa
Agricultural Center (MAC) at Maricopa, Arizona over the winter of 2011–2012. A split plot
design with three replicates of Triticum durum cv. Orita cultivar under three nitrogen fertilizer
applications levels (0, 90, and 202 kg/ha split-applied on Jan. 11, Feb. 28, Mar. 13, and Apr. 9 in
2012) was used for the experiment. Wheat was planted at a rate of 168 kg ha-1 on December 9,
2011 with a row spacing of 19.05 cm. A Sudan grass [Sorghum bicolor (L.) Moench
var. sudanense] cover crop was grown in the summer of 2010 to remove excess nitrate from the
soil. The entire experimental area was flood irrigated to avoid water deficits. The field was
irrigated based on periodic soil moisture measurements and the AZSched irrigation scheduling
software to ensure the crop was free of drought stress (Martin, 2007). Nine flood irrigations were
applied from early December to the end of April. A total of 710 mm irrigation water was applied
through flood irrigation. Individual irrigations varied in amount from 40 to 100
mm. Precipitation amounted to 41 mm for the 2011-2012 growing seasons (Wang et al.,
2013).The soil texture at the site was Casa Grande sandy loam and sandy clay loam (fine-loamy,
mixed, superactive, hyperthermic Typic Natrargid).After 129 days of planting, when plants
where fully developed, measurements were taken over plants exposed to high, medium, and low
nitrogen fertilizer rates (0, 90, and 202 kg/ha respectively). For this, three samples per nitrogen
treatment were taken from one same plot.
After 2 months of plant growth, coincident measurements of Anet and ChF were taken
once a week from February 24th to April 27th 2012, for a total of 9 days. Measurements were
always done during the morning hours (9:00 to 12:00 hours). Each day, three fully expanded flag
leaves per replicate and treatment exposed to direct solar radiation were selected for
measurements of Anet and ChF (n= 243). Additionally, meteorological information (vapor
pressure deficit, air temperature, solar radiation, wind speed) from the study site was collected
each day from the Arizona Meteorological Network (http://ag.arizona.edu/azmet/).
2.2 Field measurements of net photosynthesis
Measurements of the seasonal course of Anet were made using a gas exchange system
with infrared gas analyser (LI-COR 6400XT, Li-COR Biosciences, Lincoln, NE, USA). These
measurements were done at actual field irradiance, temperature, and air humidity. The leaves
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were kept inside the assimilation chamber under constant ambient CO2 concentration (400 mol
mol-1). Measurements were taken when Anet, stomatal conductance, and internal CO2 achieved
steady state conditions.

2.3 Field measurements of chlorophyll fluorescence
Most studies assessing ChF have examined leaf-scale responses based on pulseamplitude modulated (PAM) or laser-induced chlorophyll fluorescence (LIF) measurements (i.e.,
active technique) (Ciompi, Gentili, Guidi, & Soldatini, 1996; Jaume Flexas et al., 2002; Rosema,
Snel, Zahn, Buurmeijer, & Van Hove, 1998; Schächtl et al., 2005). The measuring principle of
active techniques allows the estimation of the relative variation in the steady-state chlorophyll
fluorescence (Fs) in light-adapted plants. However, the active measuring principle limits its
application to scales from several centimeters to some meters. Alternatively, the passive
technique, where the Fraunhofer Line Discrimination (FLD) principle (Plascyk & Grabriel,
1975; Plascyk, 1975) is the most widely method used to retrieve ChF emission, allows the
estimation of absolute ChF at leaf, field, and regional scales. The passive measuring principle is
based on the retrieval of ChF emission from the solar irradiance (termed Sun Induced
Fluorescence, SIF) and the radiance emitted by vegetation by using the atmospheric absorption
bands (Corp et al., 2003; Damm et al., 2010; Frankenberg et al., 2012; Guanter et al., 2012;
Joiner et al., 2011; Zarco-Tejada et al., 2003; Zarco-Tejada et al., 2013). In this study, the FLD
principle was used to compute SIF at leaf scale.
The FLD principle retrieves the steady-state fluorescence emission from the solar
irradiance and the radiance reflected by the vegetation target at certain absorption bands. The
most important bands in the ChF emission region, apart from the hydrogen absorption in the
solar atmosphere (H, 656.4 nm), are two of the oxygen absorption bands: OA at 761nm and OB
at 687 nm, both within a very narrow band (~2 nm). Due to the spectroradiometer spectral
resolution (3 nm, FieldSpec 3 Hi-Res, Analytical Spectral devices (ASD) Inc., Boulder, USA), in
this experiment only the OA absorption band was used to calculate SIF. The OB absorption band
is too narrow and the radiometric difference at 3 nm broadband is too small to be detected by the
ASD. By comparing the depth of the absorption features of a reference target with no
fluorescence emission to the depth of a vegetation target with simultaneous measurements, it is
possible to estimate the amount of SIF emitted by the plant and the actual reflectance (R)
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(Meroni et al., 2009). The FLD basic concept has been upgraded with several modifications and
improvements by different research groups (Alonso et al., 2008; Gomez-Chova et al., 2006;
Meroni & Colombo, 2006; Maier et al. 2003) in order to increase the accuracy of the methods
and to exploit the current availability of hyperspectral high resolution data (for a review of ChF
retrievals methods see Meroni et al., 2009). In this study, the 3FLD method was used to compute
SIF. The 3FLD uses a total of three bands to estimate SIF and R (Maier et al. 2003, Table 3). The
FluoWat leaf clip (Alonso et al., 2007) was used to measure the reference and vegetation target
needed to compute the 3FLD method.
In addition to SIF, other physiological indices were calculated from the leaf radiance
spectra related to vegetation greenness, chlorophyll concentration, and light use efficiency. The
Normalized Difference Vegetation Index (NDVI=(NIR-RED)/(NIR+RED)) is an estimate of the
photosynthetically absorbed radiation over the land surfaces, where NIR and RED are the sun
light reflected by the vegetation in the near infrared and red region of the spectrum respectively.
The chlorophyll index used was the Normalized Area Over reflectance Curve (NAOC, Delegido
et al., 2010, Table 3).Chlorophyll content is an indicator of photosynthesis activity. It is related
to the nitrogen concentration in green vegetation and serves as a measure of the crop response to
nitrogen application (Haboudane et al., 2002). The light use efficiency index used was the
photochemical reflectance index (PRI570, Gamon et al., 1992, Table 3). PRI570 can track
adjustments in photosynthetic capacity by capturing reflectance changes that are induced by
rapid biochemical reactions of the xanthophyll cycle, the biochemical mechanism that enhances
thermal dissipation of absorbed light energy (Peguero-Pina et al., 2008; Suárez et al. 2009;
Suarez et al., 2010; Thenot et al. 2002). Since NAOC and NDVI were highly correlated (R2=0.7
and p<0.01) across all days and treatments, results for NDVI are not shown in this manuscript.
2.4 Gaussian process regression
As described in the introduction both physiological and meteorological conditions drive
changes in Anet. Therefore in order to improve Anet estimation, this complex interaction should be
taken into account. The estimation of biophysical parameters has been approached with either
statistical, physical, or hybrid methods (Camps-Valls et al., 2011). In this manuscript, we will be
focus on statistical approximations. Statistical models can be either parametric or nonparametric.
Parametric models use the knowledge of plant physiological processes to build explicit
parametrized expressions to explain variation in Anet. Alternatively, nonparametric models are
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adjusted to predict a variable of interest using a training data set of input output data pairs, which
come from concurrent measurements of the parameter of interest (Anet) and the corresponding
independent parameters observations (i.e., physiological and meteorological parameters)
(Lázaro-Gredilla et al., 2014-accepted).
Recently the nonparametric method Gaussian process regression (GPR) has provided
excellent results in the estimation of leaf chlorophyll content, leaf area index, and fractional
cover using remote sensing images (Lázaro-Gredilla et al., 2014; Verrels et al., 2013; Verrels et
al., 2012). GPR techniques build a nonlinear regression model using as inputs the parameters
observed (i.e., physiological and meteorological parameters). In this manuscript, we used GPR to
study the combination of physiological indices (SIF, PRI, and NAOC) and meteorological
parameters (vapor pressure deficit, Vpd) to improve Anet estimation. A total of 15 models were
proposed (Table 9, for more information about GPR parameterization see Verrels et al., 2012 and
Lázaro-Gredilla et al., 2014-accepted). Vapor pressure deficit was selected as the meteorological
parameter based on results from a recent study by Lee et al. (2013).
2.5 Statistical analysis
Statistical analyses were carried out using MATLAB 2011 (MathWorks Inc, Natick,
USA) and Statistix v8.0 (Statistical Analytical, Tallahassee, USA). Differences in Anet, SIF, PRI,
and NOAC between plants in the different treatments were tested per each day and seasonal
periods, as well for the whole season using one-way analysis of variance (ANOVA, Statistix).
Linear regressions of Anet against the different physiological indices (SIF, PRI, and NAOC) were
fitted also across each day, seasonal courses, and the whole season to determine the overall
relationship between Anet and each physiological index. The coefficient of variance (cv=standard
deviation/mean) of Anet and physiological indices was computed per each day. First, the cv within
replicates was estimated, followed by the average cv between replicates per day. The cv was used
to estimate the spatial variations of each parameters through the season.
Finally, as described in Lázaro-Gredilla et al., 2014-accepted, the GPR method
performance was assessed in term of accuracy (coefficient of determination (R2), standard error
of the mean (SEM), p-value). We did a one-way analysis of variance (ANOVA) to compare the
coefficient of determination mean and squared errors of the different models proposed. In all
experiments, the available data were randomly split intro half-sets: 50% samples for training and
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50% samples for testing performance. Each experiment was repeated 10 times, and the average
results are provided.
3. Results
3.1 Seasonal dynamic of Anet, SIF, and physiological indices
Clear seasonal periods of Anet can be observed in all nitrogen treatments. From day 55 to
69, Anet was low and mostly stable; the exception was LN where a substantial decrease on Anet
was observed on day 69. Between days 83 to 97, Anet reached its maximum, then decreased from
days 104 to 118 (Fig. 1A-C). Through the manuscript, we will refer to these three seasonal
periods as, beginning of the season (day 55 to 69, BS), middle of the season (day 83 to 97, MS),
and end of the season (day 104 to 118, ES). Its correspond with the wheat growth stages of
jointing stage (BS), heading and anthesis (MS), and grain filling stage (ES).
By contrast, SIF, PRI, and NAOC did not present a similar trend between nitrogen
treatments like Anet (Fig. 1A-C). For LN, all three physiological indices were low and showed a
slightly decrease with time. For MN, SIF and PRI showed a trend similar to Anet at the BS and
ES. However, in the MS, three different patterns were observed. First, both SIF and PRI
decreased (day 83) presenting a trend opposite to Anet. Second, on day 90, both PRI and SIF
increased, and then both decreased until the ES. On the other hand, NAOC perfectly matched the
trend of Anet at MN. Finally at HN, as in MN, SIF presented a trend similar to Anet at the BS and
ES. However, PRI showed a trend opposite to Anet. Again at MS (day 83), both SIF and PRI
presented the opposite trend to Anet. However this time, SIF remain stable with a substantial
increase on day 104, showing again a trend opposite to that of Anet until the ES. PRI, in contrast,
slightly increased and also decreased after day 104. At HN, NAOC remained high and stable
through the whole season not matching the trend of Anet.
3.2 Relation between Anet, SIF, and physiological indices
3.2.1 Different treatment and same phenological and meteorological conditions.
Here we compare the effects of LN, MN, and HN on Anet, SIF, PRI, and NAOC (Table 4)
as well as how the relationship between Anet, SIF, PRI, and NAOC changed through the season
when the differences between treatments drive this relationship and not the phenological and
meteorological conditions (Table 5).
No significant difference between treatments was found for Anet on days 55 and 62. In
contrast, on day 69, the three treatments were perfectly distinguishable (Table 4). On the other
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hand, a consistent difference between LN and HN was observed for SIF, PRI, and NOAC at the
BS. However, at BS, no consistent differences between LN and MN or HN and MN were found.
From day 83 to 111, significant differences between LN and MN-HN where observed for both
Anet and NAOC. SIF also showed a difference between LN and MN-HN from days 83 to 104, and
on day 111, SIF was able to distinguish between LN, MN, and HN. Finally, on day 118, the three
treatment where significantly different for both Anet and SIF, but not for NAOC. PRI only
presented the same response as Anet on days 97 and 104.
Notably, when the relationship between Anet, SIF, PRI, and NAOC was analyzed, SIF
only showed a strong and significant relationship with Anet on days 62, 83, 111, and 118 (R2 >
0.5 and p<0.05, Table 5). NAOC presented a strong and significant correlation with Anet from day
69 to 118 (R2 > 0.5 and p<0.05, Table 5) and R2 between PRI and Anet was higher than 0.5 on
days 104, 111, and 118 (p<0.05).
Spatial variability in the measurements played a role in the inter-variable relationships.
The days where nitrogen deficit had the same effect on SIF and Anet but SIF did not show a
strong correlation with Anet (days 90, 97, and 104) agree with the days where SIF present the
highest spatial variability (Figure 2). This result indicated that though SIF was a good stress
indicator, its high spatial variability decreased its correlation with Anet.
3.2.2 Same treatment and different phenological and meteorological conditions.
We compared the seasonal relationship between Anet, SIF, PRI, and NAOC (Fig. 3 and
Table 6) when both meteorological and phenological conditions drive the relationship between
Anet and SIF and not the differences between treatments. In this case, a weak and not significant
relationship was observed between Anet and SIF for LN and MN (R2 < 0.1 and p>0.05, Fig. 3 AB). Notably, Anet and SIF showed a weak but significant negative relationship for HN (R2 = 0.31
and p<0.05, Fig. 3 C). Similar results were observed for PRI and NAOC (Table 6). As described
in section 3.1, NOAC only presented a strong and significant relationship with Anet for MN. The
results did not improve when the three seasonal periods, BS, MS, and ES, were individually
analyzed (Table 6). This result showed that SIF was not a good indicator of Anet seasonal trend
when nitrogen was the limiting factor.
3.2.3 Different treatment and different phenological and meteorological conditions.
Here we compare the seasonal relationship between Anet, SIF, PRI, and NAOC (Fig. 4 and
Table 7) as well as the seasonal effects of LN, MN, and HN on Anet, SIF, PRI, and NAOC (Table
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8) when changes in nitrogen treatment, phenological, and meteorological conditions are
considered. A weak and significant seasonal relationship was observed between Anet and SIF
when all nitrogen treatments where analyzed together (R2 < 0.1 and p<0.05, Fig. 4A). The
correlation between Anet and SIF improved when the different seasonal periods (BS, MS, and ES)
were individually analyzed (Fig. 4B-D). The best correlation was found at ES (R2 =0.55 and
p<0.05, Fig. 4D). Similar results were found for PRI and NOAC where both indices showed a
strong and significant correlation with Anet at the ES (R2 >0.55 and p<0.05, Table 7). NOAC was
the only index to present a good correlation with Anet at the MS (R2 = 0.69 and p<0.05, Table 7).
When the seasonal effects of LN, MN, and HN on Anet, SIF, PRI, and NAOC were
analyzed, a consistent agreement between Anet and NOAC was observed across the entire
growing season and each of the three seasonal periods (Table 8). SIF responded similarly with
Anet in the MS, and was able to discriminate between LN, MN, and HN over the growing season
and during the BS and ES periods. These results corroborate that SIF is a good stress indicator;
however it was not able to match the Anet trend when nitrogen was the limiting factor.
3.3 Gaussian process regression
We used the GPR method to build a nonlinear regression model with the objectives of
establish how much of the seasonal Anet variability it is explained by i) each physiological indices
(SIF, PRI, NAOC), ii) meteorological conditions (Vpd), and iii) the combination of both
physiological indices and meteorological conditions.
As expected from previous results, chlorophyll concentration (NAOC) explained 43% of
Anet variability (Table 9, model 3), whereas, SIF and PRI explained only 9% and 11%,
respectively (model 1 and model 2). A full 27% of Anet variability was explained by vapor
pressure deficit (Vpd, model 4). Significantly, when SIF and PRI were combined together, the R2
did not improve over the results for PRI alone (R2=0.11, model 5), which mean that both indices
contain similar information about Anet. The coefficient of determination between SIF and PRI
was equal to 0.66 with p<0.05. A similar response was found when either SIF or PRI were
combined with NAOC (model 6 and model 8); the coefficient of determination did not improve
with respect to model 3. However, when SIF or PRI were grouped with Vpd, the R2 reached 0.44
(model 7 and model 9). The combination of NAOC and Vpd notably increased the correlation
between observed and estimated Anet to R2=0.65 (model 10, Fig. 5). Finally, when all four
parameters (SIF, PRI, NAOC, and Vpd) were included in the model, the best correlation with the
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minimal SEM was found (R2=0.67, SEM = 0.36, model 15). However, the results were not
significantly different from model 10, where only two parameters NAOC and Vpd were used.
4. Discussion
The results of this study corroborate that SIF is a good nitrogen stress indicator (Corp et
al., 2009; Middleton et al., 2005; Schächtl et al., 2005). However, in this study where nitrogen
was the limiting factor, SIF was not able to track the seasonal dynamics of Anet. Our study
demonstrated that, at the seasonal scale, Anet changes could be better explained when both
physiological indices and meteorological conditions are taking into account to estimate Anet.
Nitrogen deficit induced changes in Anet, SIF, PRI, and NAOC. Low nitrogen led to lower
chlorophyll concentration and thus lower, photosynthetic rate, fluorescence yield, and light-use
efficiency. SIF was not only able to mach Anet response in terms of nitrogen discrimination, SIF
was able to improve upon it. SIF was able to distinguish between LN, MN, and HN when Anet,
PRI, and NAOC were only able to differentiate between LN and MN-HN (day 111, Table 4; and
BS and ES, Table 8). We found that SIF was able to discriminate LN, MN, and HN for the BS
and ES periods, when factors other than chlorophyll concentration affected plant physiological
status. For instance at the BS the plant size was notably different between treatments and at the
ES crops in the LN and MN mature and translocate nutrients from leaf to grain earlier than HN.
PRI was also able to distinguish between LN, MN, and HN for the BS and ES. However,
although PRI obtained good results in this seasonal study, careful attention will be required to
extrapolate this results at canopy level. As discussed at Zarco-Tejada et al. (2013), several
studies have shown the very strong impact of canopy structure, illumination, shadows,
observation geometry, and other leaf pigments such as chlorophyll and carotenoid content have
on PRI when calculated at the canopy level. No studies have shown these problems with SIF.
Although SIF was able to match the Anet response in terms of nitrogen discrimination, it
did not capture Anet seasonal dynamic for LN, MN, and HN (Figure 3). However, neither PRI nor
NOAC were able to capture it. Only, NAOC for the MN period had a strong, significant relation
with Anet (R2 > 0.5, Table 6). Based only on the coefficient of determination between Anet and
SIF, we would conclude that SIF was not a good parameter to track Anet seasonal changes.
Instead, if we pay attention to the physiological relationship between Anet and SIF, we understand
the results of this study. As described in the introduction, SIF represents energy that was
absorbed by chlorophyll but then discarded as fluorescence when it could not be used for Anet.
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These are competing processes. Severe stress (LN) induced drastic reductions in both Anet and
SIF (Figure 1A). Under LN, most of the absorbed energy is used for carbon fixation and
therefore less energy is re-emitted as SIF, this is the reason why SIF presented a small variation
through the season. For MN and HN, Anet and SIF showed a similar trend during the BS and ES
periods. However, in the MS period, three different patterns were observed: i) on day 83, plants
achieve their maximum photosynthetic efficiency, most of the energy absorbed is used to do Anet
and therefore SIF drastically decrease, ii) on day 90, again Anet and SIF presented similar
increasing trend, and Anet achieved its maximum rate, and finally iii) on day 97 for MN and day
104 for HN, Anet drastically decreased and consequently SIF increased. The pattern just described
is the same observed between Anet and SIF through the diurnal cycle, where i) for plants under
severe stress, SIF presents low and stable values, and ii) for plants under no stress, Anet and SIF
showed similar trends in the morning and afternoon but an opposite trend at noon when plants
reached their maximum photosynthetic efficiency (Amoros-Lopez et al., 2006; Dobrowski et al.,
2005; J. Flexas, Escalona, & Medrano, 1999). Therefore, by analyzing the physiological
relationship between Anet and SIF, we have a better understanding of how SIF is related to the
seasonal dynamic of Anet.
On the other hand, the patterns just described explain why SIF was not able to explain
Anet changes at seasonal scale when all treatment, phenological, and meteorological conditions
were combined (Figure 4A and Table 7) (R2 = 0.06, Figure 4), and why NAOC was more
successful (R2 = 0.44, Table 7). NAOC, like SIF, is affected by nitrogen stress, where low
nitrogen led to lower chlorophyll concentration. However, in contrast to SIF, NAOC did not
present the opposite trends of Anet during the MS period (Figure 1C). Therefore although the
coefficient of determination between NAOC and Anet at LN was low (R2=0.16, p>0.05) and
NAOC was not able to explain Anet seasonal dynamic HN (Table 6), the fact that it was able to
discriminate nitrogen stress explains the coefficient of determination found between Anet and
NAOC (R2 = 0.44, Table 7). For the same reason, when the seasonal periods were individually
analyzed, SIF did not show a good correlation with Anet in MS. In contrast, a strong and
significant correlation was found for the ES period when SIF and Anet followed similar trend (R2
= 0.55, p < 0.01, Figure 3C). During the BS period, the weak correlation found between Anet and
all the physiological indices was due to the small changes in Anet observed between treatments
(Table 2 – day 55 and 66, Figure 4B, and Table 7). The fact that the coefficient of determination
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between SIF and Anet was consistently lower than the one between NOAC and Anet when both SIF
and NAOC presented a similar trend as Anet (Table 5 and Table 7, HN) was due to the high spatial
variability presented by SIF (Figure 2). Similar results were also reported by Zarco-Tejada et al.
(2013).
Finally, this study corroborated the finding that is not possible to estimate Anet seasonal
changes directly from NOAC, PRI or SIF without complementary information. Lee et al. (2013)
postulated that the seasonal changes in GPP in a moderate water stress area in the Amazonia
forest were due to changes in vapor pressure deficit. We used the GPR method to build a nonlinear regression model in which the complementary information about Anet provided by Vpd
improved Anet estimation. The coefficient of determination between Anet estimated and observed
increase from 0.43 to 0. 65 when Vpd was combined with NAOC and from 0.09 to 0.44 when
Vpd was combined with SIF (Table 9, models 10 and 7 respectively). In this study, for the reason
explained above, the combination of NAOC and Vpd provided better estimation of Anet (Fig.5).
However, the results presented by Leet et al. (2013) and Zarco-Tejada (2013) may suggest that,
when water is the limiting factor, the combination of SIF and Vpd will also improve Anet
estimation.
5. Conclusions
This study assessed the seasonal trends and relationship observed between
photosynthesis, chlorophyll fluorescence, light-use efficiency, and chlorophyll content when
nitrogen is the limiting factor. The results presented in this manuscript corroborated that SIF is a
good stress indicator, and further, demonstrated that SIF is better able to discriminate nitrogen
treatments than Anet or other physiological indices as light-use efficiency (PRI) and chlorophyll
content (NOAC). However, this study also showed that SIF has high spatial variability, and
because of that, its correlation with Anet decreased compared to NOAC. On the other hand, this
study demonstrated that seasonal changes in SIF are directly linked with Anet. However, the
seasonal relation between Anet and SIF with nitrogen stress is not a simple linear function due to
the complex physiological relation between Anet and SIF. Our study showed that at times in the
season when nitrogen was sufficient and Anet was highest, SIF decreased because these two
processes compete for available energy. Finally, this study demonstrated that the integration of
the complementary information provided by physiological indices (SIF, PRI, and NAOC) and
meteorological parameters (vapor pressure deficit or Vpd) improve Anet estimation. The results
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presented in this manuscript showed the potential of SIF as a key tool for crop management
using remote sensing techniques. Future work is focused on studies of species and structure
heterogeneity to extrapolate leaf level results to canopy level.
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Table 1. Nitrogen fertilizer rate schedule (kg/ha).
Day of year
11
41
75
106
Total

Low
0
0
0
0
0

Medium
34
22
34
34
123

High
90
45
67
67
269
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Table 2. Irrigation rate schedule (mm).
Day of year
13
37
59
73
87
101
112
121

Irrigation
87.5
32
60.75
31.5
31.5
31.5
87.5
31.5
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Table 3. Physiological indices used in this study
Index

Equation

Reference

FLD method using 3 reference bands

Maier et al., (2003)

Fluorescence retrieval
FLD3 (755; 763; 775)
Chlorophyll index
NAOC

𝑁

−

∫

(Delegido et al., 2010))

Light-use efficiency
𝑃

𝑃

(
(

−

)
)

(J.A. Gamon, Peñuelas,
& Field, 1992))
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Table 4. Results of the repeated-measures ANOVA F-test comparing effects of nitrogen treatments (low
(LN), medium (MN) and high (HN)) on photosynthesis (Anet), Sun induced fluorescence (SIF), light use
efficiency (PRI), and chlorophyll content (NAOC) under the same meteorological and phenological
conditions. Different letters denote significant differences at p<0.05. Bold values indicate that the
different physiological indices provided the same result as Anet. Grey shading indicates the days when SIF
provided the same result as Anet. n=9 per treatment and day.
Index
Anet

SIF
PRI
(x10-3)
NAOC

N
LN
MN
HN
LN
MN
HN
LN
MN
HN
LN
MN
HN

55
15.3a
14.4a
18.4a
1.08a
1.80a-b
2.20b
-14.1a
-0.80b
5.6b
0.34a
0.35a-b
0.37b

62
14.1a
13.6a
15.0a
1.08a
1.65a-b
2.21b
-13.2a
2.00b
13.0c
0.33a
0.35b
0.36c

69
8.31a
13.1b
17.2c
1.18a
1.61a
2.73b
-16.4a
-12.4a
11.7b
0.33a
0.34a
0.37b

83
17.9a
25.0b
27.0b
0.92a
1.48b
1.40b
17.5a
11.9a
17.9a
0.34a
0.36a-b
0.36a

Days
90
16.5a
28.8b
29.7b
0.68a
1.49b
1.62b
-13.5a
-4.40a-b
7.10a
0.33a
0.37b
0.38b

97
16.5a
23.4b
28.7b
0.64a
1.4b
1.8b
-17.3a
8.30b
-0.40b
0.32a
0.37b
0.38b

104
15.1a
23.3b
23.2b
0.65a
1.96b
2.72b
-20.2a
4.10b
16.2b
0.32a
0.37b
0.38b

111
11.9a
18.8b
19.3b
0.69a
1.52b
2.34c
-17.6a
0.40b
16.7c
0.31a
0.36b
0.37b

118
10.8a
15.2b
20.6c
0.60a
1.61b
2.20c
-27.5a
-1.70b
10.8b
0.29a
0.35b
0.37b
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Table 5. Coefficient of determination (R2)
between photosynthesis (Anet), Sun induced
fluorescence (SIF), light-use efficiency
(PRI), and chlorophyll content (NAOC) in
wheat plants under different nitrogen
treatment (low, medium, and high) and the
same meteorological and phenological
conditions. Bold values indicate when p <
0.05. n=9 per treatment and day.
Day of the year
55
62
69
83
90
97
104
111
118

SIF
0.05
0.50
0.36
0.83
0.37
0.21
0.38
0.58
0.86

PRI
0.02
0.26
0.49
0.38
0.19
0.25
0.71
0.61
0.79

NAOC
0.00
0.11
0.56
0.84
0.60
0.72
0.92
0.70
0.76
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Table 6. Coefficient of determination (R2) between photosynthesis (Anet), Sun induced
fluorescence (SIF), light-use efficiency (PRI), and chlorophyll content (NAOC) in
wheat plants under the same treatment condictions low (LN), medium (MN), and high
(HN) nitrogen and different meteorological and phenological conditions (All days).
Also the R2 under different meteorological and same seasonal period (BS - day 55 to 69,
MS - day 83 to 97, and ES - day 104 to 118) was shown. Bold values indicate when p <
0.05. n=9 per treatment and day.

SIF

PRI

NAOC

N

All days

BS

MS

ES

LN

0.00

0.22

0.34

0.29

MN

0.00

0.23

0.06

0.14

HN

0.31

0.05

0.20

0.04

LN

0.02

0.33

0.21

MN

0.16
0.11

0.00

0.03

0.63

HN

0.33

0.00

0.11

0.00

LN

0.16

0.01

0.41

0.30

MN

0.59
0.05

0.00

0.37

0.78

0.05

0.60

0.16

HN
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Table 7. Coefficient of determination (R2) between photosynthesis (Anet), Sun induced
fluorescence (SIF), light-use efficiency (PRI), and chlorophyll content (NAOC) in
wheat plants under the diffetent nitrogen, meteorological, and phenological conditions
(All days). Also the R2 under different meteorological and same seasonal period (BS day 55 to 69, MS - day 83 to 97, and ES - day 104 to 118) was shown. Bold values
indicate when p < 0.05. Grey shading indicates when R2 > 0.5. n=9 per index and
day(s).
Index

SIF

PRI

NAOC

Day of the year

R2

All

0.06

BS

0.16

MS

0.35

ES

0.55

All

0.13

BS

0.21

MS

0.20

ES

0.64

All

0.44

BS

0.23

MS

0.69

ES

0.74
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Table 8. Results of the repeated-measures ANOVA F-test comparing effects of nitrogen treatment (low
(L), medium (M) and high (H)) on photosynthesis (Anet), Sun induced fluorescence (SIF), light-use
efficiency (PRI), and chlorophyll content (NAOC) under different nitrogen, meteorological, and
phenological conditions (All days). Also the ANOVA F-test was done under different meteorological and
same seasonal period (BS - day 55 to 69, MS - day 83 to 97, and ES - day 104 to 118). Different letters
denote significant differences at p<0.05. Bold values indicate that the different physiological indices provided

the same result as Anet. Grey shading indicates the days when SIF provided the same result as Anet. n=9 per
treatment and day(s).

Index
Anet

SIF
PRI
(x10-3)
NAOC

N
LN
MN
HN
LN
MN
HN
LN
MN
HN
LN
MN
HN

All
14.0a
19.9b
21.9b
0.83a
1.66b
2.12c
-17.5a
-0.05b
6.10c
0.33a
0.36b
0.37b

BS
12.3a
13.5a
16.9b
1.11a
1.68b
2.38c
-15.0a
-4.60b
1.01c
0.34a
0.35a
0.27b

Days
MS
17.3a
26.1b
28.4b
0.79a
1.53b
1.61b
-14.9a
-1.20b
5.60a-b
0.34a
0.37b
0.37b

ES
12.5a
19.1b
21.3b
0.65a
1.70b
2.45c
-21.6a
-1.00b
14.5c
0.31a
0.36b
0.37b
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Table 9. Results of the repeated-measures ANOVA F-test comparing effects of Sun
induced fluorescence (SIF), light-use efficiency (PRI), chlorophyll content (NAOC), and
vapor pressure deficit (Vpd) on the estimation of photosynthesis (Anet) using Gaussian
process regression method (GPR). Different letters denote significant differences at p<0.05.
Bold values indicate when R2 > 0.5. Grey shading indicates the most parsimonious model
to estimate Anet. n=10 repetitions per model.

Model
(1) - Anet=f(SIF)

f

(2) - Anet =f(PRI)

f

(3) - Anet =f(NAOC)
(4) - Anet =f(Vpd)

c

e

(5) - Anet =f(SIF,PRI)

f

(6) - Anet =f(SIF,NAOC)
(7) - Anet =f(SIF,Vpd)

c

(8) - Anet =f(PRI,NAOC)
(9) - Anet =f(PRI,Vpd)

c

c

d
a-b

(10) - Anet =f(NAOC,Vpd)
c-d
(11) - Anet =f(SIF,PRI,NAOC)
(12) - Anet =f(SIF,PRI,Vpd)

c-d

(13) - Anet =f(SIF,NAOC,Vpd)
(14) - Anet =f(PRI,NAOC,Vpd)

a
a-b

(15) - Anet =f(SIF,PRI,NAOC,Vpd)

b

Number inputs

R2

Stdv R2

SEM

p-value

1

0.09

0.29

0.61

0.17

1

0.11

0.29

0.58

0.17

1

0.43

0.00

0.40

0.00

1

0.27

0.00

0.49

0.00

2

0.11

0.08

0.58

0.08

2

0.44

0.00

0.43

0.00

2

0.44

0.00

0.47

0.00

2

0.46

0.00

0.41

0.00

2

0.44

0.00

0.47

0.00

2
3

0.65
0.44

0.00
0.00

0.36
0.41

0.00
0.00

3

0.48

0.00

0.43

0.00

3

0.64

0.00

0.38

0.00

3

0.68

0.00

0.38

0.00

4

0.67

0.00

0.36

0.00
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Figure 1. Seasonal variation of photosynthesis, Anet, with (A) Sun induced fluorescence, SIF, (B) light-use
efficiency, PRI, and (C) chlorophyll content (NAOC), where n=9 per day. Variation of (D) vapor pressure
deficit (Vpd), and (E) irrigation (triangle) and nitrogen input (circle and line) in wheat plants under low
(LN), medium (MN), and high nitrogen (HN) conditions.
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Figure 2. Seasonal trend of the coefficient of variance (cv %) calculate from
photosynthesis (Anet), Sun induced fluorescence (SIF), light-use efficiency
(PRI), and chlorophyll content (NAOC).
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Figure 3. Relationship between photosynthesis (Anet) and Sun induced fluorescence (SIF) in wheat plants
under the same treatment condictions (A) low (LN - open square), (B) medium ( MN - cross), and (C)
high nitrogen conditions (HN - open circles) and different meteorological and phenological conditions.
n=9 per treatment and day.
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Figure 4. Relationship between net photosynthesis (Anet) and Sun induced fluorescence (SIF) in wheat
cultivar plants under different treatment, meteorological, and phenological conditions, (A – All days).
Also the relationship between Anet and SIF under different meteorological conditions but same seasonal
period was shown (B) BS - day 55 to 69, (C) MS - day 83 to 97, and (D) ES - day 104 to 118.
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Figure 5. Relationship between observed and estimated photosynthesis
by model 10 – Anet=f(NOAC,Vpd).

