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Abstract: The quantification of isoprene and monoterpene emissions at the ecosystem level with
available models and field measurements is not entirely satisfactory. Remote-sensing techniques can
extend the spatial and temporal assessment of isoprenoid fluxes. Detecting the exchange of biogenic
volatile organic compounds (BVOCs) using these techniques is, however, a very challenging goal.
Recent evidence suggests that a simple remotely sensed index, the photochemical reflectance index
(PRI), which is indicative of light-use efficiency, relative pigment levels and excess reducing power,
is a good indirect estimator of foliar isoprenoid emissions. We tested the ability of PRI to assess
isoprenoid fluxes in a temperate deciduous forest in central USA throughout the entire growing
season and under moderate and extreme drought conditions. We compared PRI time series calculated
with MODIS bands to isoprene emissions measured with eddy covariance. MODIS PRI was correlated
with isoprene emissions for most of the season, until emissions peaked. MODIS PRI was also able to
detect the timing of the annual peak of emissions, even when it was advanced in response to drought
conditions. PRI is thus a promising index to estimate isoprene emissions when it is complemented
by information on potential emission. It may also be used to further improve models of isoprene
emission under drought and other stress conditions. Direct estimation of isoprene emission by PRI
is, however, limited, because PRI estimates LUE, and the relationship between LUE and isoprene
emissions can be modified by severe stress conditions.
Keywords: drought; GPP; isoprene; LUE; MEGAN; MODIS; PRI; photorespiration; reducing power;
substrate availability
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1. Introduction
Isoprene comprises the largest fraction of globally emitted biogenic volatile organic compounds
(BVOCs). Isoprene emissions are of great importance in plant biology and ecology and they
can substantially influence atmospheric chemistry and composition, and processes of the climatic
system [1]. For example, isoprene plays a role in the formation of photochemical smog, ozone and
other secondary pollutants such as peroxyacyl nitrates and secondary organic aerosols [2–4] and has
implications for regional air quality and global climate change [5].
The quantification of isoprenoid emissions at the ecosystem level with available models and
field measurements is not entirely satisfactory. Isoprene emissions at canopy to regional levels can
be directly measured by applying techniques of eddy covariance [6–8], but these measurements are
limited to a few sites. Isoprenoid emissions can also be estimated using models based on capacities
of foliar emission, such as the Model of Emissions of Gasses and Aerosols from Nature (MEGAN)
model [9], with algorithms based on foliar emissions that are driven by temperature and light [10].
Model simulations, however, remain unsatisfactory because foliar-emission capacities are highly
variable and acclimate seasonally and over environmental gradients [11,12]. For example, MEGAN
was not able to detect the peak of emissions concurrent with episodic and extreme droughts [13,14].
A reassessment of current models is therefore required to better predict changes in the seasonal
dynamics of the capacities of both basal and total isoprenoid emissions, especially under the increasing
occurrence of drought stress [15]. Current efforts are now being made to base the modeling on a
fundamental understanding of the links between emissions and the biological processes that affect
these emissions [11,16–19], but uncertainty remains high [16,17].
Remote-sensing techniques have the potential to offer quick and intensive monitoring of spatial
and temporal isoprene emissions at the ecosystem level with global coverage. Various approaches
have been developed for remotely sensing isoprenoid emissions, such as indirect estimation by the
remote detection of formaldehyde, a product of isoprenoid oxidation, in the atmosphere [20–22].
This approach, however, is based on highly uncertain assumptions associated with the oxidant
chemistry of isoprenoids to formaldehyde [21,23] and require a model of atmospheric chemistry
to apply satellite observations to isoprene emissions. A new simple approach has recently been
suggested for estimating isoprenoids using remotely sensed data [24]. This approach is a descendant
of the model proposed by Niinemets et al. [18] that Grote et al. [19] adapted for implementation
into regional and global models. It is based on the unifying model for isoprene emission by
photosynthesizing leaves, which hypothesizes that isoprene biosynthesis depends on a balance
between the supply of photosynthetic reducing power and the needs of carbon assimilation [25].
Assuming that photosynthetic reducing power for isoprenoid production was higher under lower
light-use efficiencies (LUEs) [25–27], Penuelas et al. [24] found that the photochemical reflectance index
(PRI), a proxy of LUE, at the foliar level together with factors of basal emission could predict isoprenoid
emission similarly to some standard emission models, and combined with these models improved
their predictions of isoprene emission [24]. This remote-sensing capacity is based on the inverse
relationship between isoprenoid emission and LUE and because PRI has already been widely tested as
a good estimator of LUE at the foliar, canopy and ecosystem levels at different temporal scales [28,29].
PRI is also related to isoprene emissions because the pathways of both isoprene biosynthesis and
xanthophyll-cycle dissipation co-vary, both increasing when more reducing power is available [25],
and on the diurnal time scale, PRI measures reflectance changes caused by the interconversion and
dissipation of xanthophylls [30]. The next step is to test the ability of PRI to estimate isoprenoid
emissions at larger scales, e.g., canopy or ecosystem levels, and throughout the season. Adding the
temporal scale constitutes an additional challenge because the relationships of both PRI and isoprene
with LUE can vary throughout the season.
Diurnal PRI variation is mainly driven by changes in the xanthophyll cycle [30,31], which are
considered facultative changes in pigments. On seasonal time scales (over weeks and months),
PRI variation can be a combined function of the xanthophyll cycle and changes in the pools
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of carotenoids and chlorophylls [32–36], which are considered constitutive changes in pigments.
Recent studies have indicated these constitutive changes in pigment pool size have a dominant
influence on the Chlorophyll/Carotenoid Index (CCI, a modified PRI calculated using chlorophyll
absorption band as reference) over long time spans [36,37]. Similarly, the relationship between PRI
and isoprene emission is strongly influenced at longer timescales by constitutive changes in the size
of carotenoid pigment pools [38] presenting the interesting hypothesis that carotenoid pigments are
causally related to isoprene emissions over seasonal time spans. This relationship may be due to the
link (either direct, e.g., via substrate availability, or indirect, e.g., via complementary functionality)
between potential isoprenoid emission and carotenoid synthesis at timescales of days to weeks [39].
In addition, the ability of PRI to predict seasonal variations in isoprene emission due to environmental
factors other than light and temperature [40–42] and under stress conditions [13,14] remains unknown.
It is likely that over long time scales, PRI (or CCI) provides a general “stress indicator” that integrates
the influence of a number of environmental factors on plant biochemistry, photosynthetic physiology,
and isoprene emission.
The main aim of this study was to test the utility of PRI as an estimator of isoprene emissions at
the ecosystem level. To do this, we surveyed the isoprene emissions at the ecosystem level measured
by eddy covariance throughout two consecutive growing seasons in a temperate deciduous forest in
central Missouri, USA [13,14]. The site experienced a mild drought in 2011 and an extreme drought in
2012. Both droughts were concurrent with high isoprene fluxes. The occurrence of different drought
intensities during the measurement period added another important test for PRI. Accordingly, in this
work we had two additional aims, to study the utility of PRI as an estimator of seasonal isoprene
emissions and the sensitivity of PRI to the changes in isoprene emission caused by moderate and
extreme drought.
2. Materials and Methods
2.1. Site Description
The study was conducted in central Missouri (38◦ 44.650N, 92◦ 12.000W, 219 m a.s.l.) at the Missouri
Ozark Forest Flux Site (MOFLUX, [43]), a broadleaf deciduous forest dominated by isoprene-emitting
oaks, in the Baskett Wildlife Research and Education Area of the University of Missouri, which is
included in the AmeriFlux Network. The main tree species include white, post and black oaks
(Quercus alba L., Q. stellata Wangenh. and Q. velutina Lam., respectively), shagbark hickory (Carya ovata
(Mill.) K. Koch), sugar maple (Acer saccharum Marsh.) and eastern red cedar (Juniperus virginiana L.).
The area has a warm, humid, continental climate [44], with mean January and July temperatures of
−1.3 and 25.2 ◦ C, respectively, and a mean annual precipitation of 1083 mm (National Climatic Data
Center 1981–2010 Climate Normals, Columbia Regional Airport, Columbia, MO, USA). We compared
PRI time series derived from the Multi-Angle Implementation of Atmospheric Correction (MAIAC,
MODIS Terra, col. 6) product to measurements of isoprene emission based on eddy covariance (measured
continuously by proton transfer reaction mass spectrometry (PTR-MS) and a fast isoprene sensor (FIS)).
2.2. Flux Data
The study site has an eddy-covariance system for measuring the flux of CO2 between the
ecosystem and the atmosphere (see [13,14]). An additional system was deployed to measure BVOCs.
Isoprene was measured in 2011 by the eddy-covariance system based on the FIS [45]. Isoprene,
monoterpenes and methanol were measured by PTR-MS (Ionicon, Innsbruck, Austria) [46] in 2012
using virtual disjunct eddy covariance. The eddy-covariance flux and meteorological parameters were
measured on a 32-m walkup scaffold tower, approximately 10 m above the canopy. Complete details
of the eddy-covariance technique and BVOCs measurements are provided by Potosnak et al. [13] for
the 2011 campaign and by Seco et al. [14] for the 2012 campaign. Measurements were recorded from
May to September 2011 and from May to October 2012.
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CO2 -flux data were gap-filled and partitioned using marginal distribution sampling described
by [47]. The CO2 fluxes (net ecosystem exchange, NEE) were partitioned into two components:
gross primary production (GPP) and ecosystem respiration (Reco). This method is a nighttime-based
approach where Reco is estimated by nightitme data using a respiration model, and GPP is
then calculated as the difference between Reco and NEE. We considered only days with average
photosynthetically active radiation (PAR) between 10:00 and 12:00 (CST) higher than 600 µmol m−2
s−1 and calculated the average values for GPP and isoprene emissions between 10:00 and 12:00 (CST)
to coincide with the overpass of MODIS Terra to obtain daily flux data. LUE was calculated as:
LUE = GPP/Fapar × PAR
The fraction of absorbed PAR (fAPAR) was derived by [48]:
fAPAR = 1 − PARbc/PARin × e1.35
where PARbc is PAR below the canopy and PARin is incident PAR. e1.35 represents the mean effect of
the absorptivities in the spectral bands of PAR and global solar radiation.
Additional meteorological variables were measured continuously at the site. Incident PAR above
the canopy, air temperature and volumetric soil-water content (SWC) at 10 cm were also measured.
See [13,14] for details.
2.3. Satellite Data
PRI was derived from MODIS on-board the Terra satellite, and the data were processed using the
MAIAC algorithm. MAIAC provides a daily 1-km gridded terrestrial bidirectional reflectance factor
(BRF, also known as surface reflectance) for MODIS bands 1–12, which are derived from a time series
as long as 16-day moving windows of MODIS measurements. MAIAC uses a new cloud screening
technique and atmospheric correction procedure which are based on time-series and spatial analyses.
A time series of surface reflectance was extracted for the 1-km grid that included the location of the
flux tower. PRI was then calculated as the average of the nine closest pixels around the Missouri Ozark
site, all within 2 km of the study site. All high-quality cloud-free observations and view zenith angles
<45◦ were used. PRI from the MODIS satellite sensor (MODIS PRI, also known as the chlorophyll
carotenoid index (CCI) [37], and here on named PRI) was calculated as:
MODIS PRI (CCI) = (band 11 − band 1)/(band 11 + band 1)
where band 11 (526–536 nm) is the detection band and band 1 (620–670 nm) is the reference band.
PRI values were standardized as described by [49,50] to ensure positive values more comparable
to commonly used remotely sensed indicators such as the normalized difference vegetation index:
sPRI = (1 + PRI)/2
2.4. Statistical Analyses
The patterns of isoprene emission were hierarchically partitioned using the R ‘hier.part package’
version 0.5–1 [51] to determine the importance of the explanatory variables, temperature, LUE and
SWC, independently of the other covariates. We used the ‘visreg’ R package [52] to visualize this
relationship between isoprene emissions and each explanatory variable while the other variables
were held constant. We calculated the standardized regression coefficients from the linear-regression
model using the “lm.beta” function in the R package QuantPsyc. ANCOVAs were used to compare
slopes and intercepts of the relationships between LUE and isoprene emissions with PRI and between
PRI-estimated and MEGAN-estimated isoprene emissions. We used R to develop an empirical model
based on the relationship of isoprene emission with MEGAN data complemented with PRI data.
We cross-validated the model using 50% of the data as a sampling set and the remaining 50% as the
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testing set and repeated this procedure 1000 times, randomizing both subsets. All data treatments and
analyses were conducted using R statistical software (version 3.2.5) [53].
3. Results
3.1. Seasonal Variation in Isoprene Emissions, Water Availability, Temperature and LUE
SWC at a depth of 10 cm continuously decreased in 2011 from mid-July (day of the year (DOY)
190–195) to early August (DOY 215) from 0.5 to 0.25 m3 m−3 (Figure 1). This decrease coincided with
increases in water-vapor pressure deficit and decreases in predawn foliar water potential and net
ecosystem production [13], indicative of water stress. Temperature during the study period was higher
in 2012 than 2011, and SWC began to decrease from the beginning of the season (around DOY 140) to
its minimum (<0.23 m3 m−3 at 10 cm) at the end of August (DOY 243). Some indicators such as NEE,
SWC, atmospheric vapor-pressure deficit, predawn foliar water potential and ecophysiological data
indicated severe drought stress at the site during this period [14].

Figure 1. Seasonal variation of air temperature (T), SWC, GPP, isoprene emissions and LUE at the
MOFLUX site in 2011 and 2012.

The seasonal pattern of isoprene emission differed between the two years due to the marked
differences in water availability. Isoprene fluxes increased in 2011 from the beginning of May to a peak
at the end of July (around DOY 214) and then decreased. Isoprene emissions peaked a few weeks
earlier in 2012, at the end of June (DOY 175) (Figure 1). High isoprene emissions were concurrent with
the droughts in 2011 (moderate) and 2012 (more severe).
The temporal patterns of isoprene emission, temperature and LUE described two scenarios in both
years. Isoprene emissions initially increased to a maximum (increasing phase) as temperature increased
and GPP and LUE decreased. Emissions then began to decrease (decreasing phase) when GPP and
LUE remained low. Temperature decreased concurrently with emissions in 2011, but temperature
began to decrease later than emissions in 2012. Emissions in the decreasing phase were decoupled
from LUE in both years and also from temperature in 2012 (Figure 1).
3.2. Influence of Temperature, LUE and SWC on Isoprene Emissions
The patterns of isoprene emission were hierarchically partitioned to measure the importance
of the explanatory variables, temperature, LUE and SWC. The independent effects of temperature,
LUE and SWC predictors were statistically significant in both years (Figure 2). These variables together
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explained 88 and 89% of the variance in 2011 and 2012, respectively. Temperature had the highest
independent contribution to the total explained variance (48.9% for 2011, 49.4% for 2012), but the
contributions of LUE (20.8% for 2011, 31.7% for 2012) and SWC (30.3% for 2011 and 18.9% in 2012)
were also important.

Figure 2. Partial residual plots of the relationships between isoprene emissions and temperature,
soil-water content and LUE during the increasing phase of emissions. Shading represents the
95% confidence intervals. β is the standardized regression coefficient.

SWC was highly correlated with both LUE (R2 = 0.60) and PRI (R2 = 0.56). PRI was thus able to
detect the effect of low SWC on LUE and thus presumably on isoprene emissions.
3.3. Relationship between Isoprene Emission, LUE and PRI
Isoprene emission was negatively correlated with LUE during the increasing phase (Figure 3).
The seasonal pattern of variation in LUE was opposite to that of isoprene emission, peaking on the days
with lower emissions and being lower when emission was higher, but only until maximum emission,
and then remained low (Figure 1). LUE accounted for 50 and 67% of the variance in isoprene emissions
during the increasing phase in 2011 and 2012, respectively (Figure 3). The slope of the relationship was
the same in both years (ANCOVA, p > 0.05), but the intercept differed, with a lower emission for the
same LUE in 2012.

Figure 3. Relationship between isoprene emissions and LUE at the MOFLUX site during the increasing
phase for 2011 and 2012.
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PRI varied seasonally in parallel to LUE throughout the entire measurement period (Figure 4).
PRI accounted for 52% and 72% of the variance in LUE in 2011 and 2012, respectively. The relationship
between LUE and PRI had similar slopes and intercepts in the two years (ANCOVA, p > 0.05).

Figure 4. Relationship between light-use efficiency (LUE) and the photochemical reflectance index
(PRI) at the MOFLUX site for 2011 and 2012.

3.4. Estimation of Isoprene Emissions Using PRI and MEGAN
PRI was significantly and negatively correlated with isoprene emissions during the increasing
phase (Figure 5). PRI explained 39 and 63% of the variance in isoprene emissions in 2011 and 2012,
respectively. The slope of the relationship was similar (ANCOVA, p > 0.1) for both years but the
intercept differed, with lower emission for the same PRI values in 2012.

Figure 5. Relationship between isoprene emission and the photochemical reflectance index (PRI) at the
MOFLUX site during the increasing phase in 2011 and 2012.

Midday isoprene flux estimated by the MEGAN model agreed well with the measured emissions
(Figure 6), but the model underestimated emissions during the onset of drought conditions in 2011
when the emissions were higher (Figures 6 and 7, [13]), and estimate errors were larger for 2012 when
drought conditions were stronger (Figures 6 and 7, [14]). Isoprene emissions were mostly higher than
predicted for both 2011 and 2012 after SWC decreased below 0.26 m3 m−3 . Emission began to decrease
in 2012 when SWC reached the wilting point for this ecosystem (0.23 m3 m−3 , [14]), earlier than the
MEGAN estimates.
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Figure 6. Relationship between isoprene emission and the results of the isoprene emissions estimated
by the MEGAN model for the MOFLUX site during the increasing phase for 2011 and 2012. The dotted
line is the 1:1 line.

Figure 7. Comparison of the seasonal variation of isoprene emissions, PRI, LUE, emissions estimated
by MEGAN and temperature for 2011 and 2012. The solid lines are spline fits. Vertical dotted lines
show the period of maximum isoprene emissions in 2011 and 2012.
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The seasonal PRI inflection point in the decreasing phase coincided with the emission peaks in
both 2011 and 2012 and was thus sensitive to the advance of the emission peak in 2012. The MEGAN
estimates and temperature coincided with the emission peak in 2011 but not 2012, when the measured
peak was earlier (Figure 7).
We randomly selected 50% of the data (n = 34) from the increasing phase for both 2011 and 2012
together as a training set for creating two models to estimate isoprenoid emission, one model using
MEGAN and another using MEGAN and PRI. The remaining 50% of the data (n = 33) was used for
validation. This procedure was repeated 1000 times. Complementing MEGAN algorithms with PRI
produced more precise estimates (slopes were 0.89 using MEGAN and 0.98 using MEGAN+PRI) of
isoprene emission (Figure 8). Both estimates had the same coefficient of correlation with measured
isoprene fluxes, but the model combining MEGAN and PRI was more sensitive to higher emissions,
indicated by the better adjustment of the model to the 1:1 line.

Figure 8. Measured versus estimated isoprenoid emissions using the MEGAN model and MEGAN
model+PRI with data from the increasing phase. The black line is the 1:1 line, and the shading
represents the 95% confidence intervals.

4. Discussion
The relationship between isoprene emissions and PRI supported our hypothesis that estimates of
isoprenoid emission could be improved by using remotely sensed PRI at the ecosystem level, under
conditions of both moderate and extreme drought stress. This capacity of PRI, a good estimator of
LUE at foliar, canopy and ecosystem levels [28–31,54], is based on the inverse relationship between
isoprenoid emissions and LUE due to the higher availability of photosynthetic reducing power
for isoprenoid production under lower LUEs [25–27] and to the positive relationship between PRI
(via changes in the xanthophyll cycle and the carotenoid synthesis) and isoprene biosynthesis [25].
Additionally, PRI follows the seasonal change in carotenoid pigment pool sizes (relative to chlorophyll),
and these carotenoid pigments are possibly related to isoprene biosynthesis [38,39]. The emission peak
of isoprene coincided with an inflection point in the decreasing trend of the LUEs of the vegetation.
PRI was sensitive to the isoprene-emission peak coinciding with the drought in 2011, a peak that
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MEGAN underestimated. PRI was also sensitive to the advance of the emission peak due to severe
stress in 2012.
The highest isoprene emissions coinciding with the peak of the drought in 2011 in our study
(a decrease in SWC, predawn foliar water potential and net ecosystem production; [13]) were higher
than expected due solely to the conditions of light and temperature. This increase in isoprene emissions
could be partly due to an increase in foliar temperature caused by drought-induced reductions
in stomatal conductance [13,55], but it may also be due to the excess reducing power (Figure 1,
DOY 203–215). Isoprene emissions are not well explained by light and temperature under high
stress [56,57]. The stimulation of ecosystem isoprene emissions under various abiotic stresses reported
in some studies (see references in [11,26,57]) was likely associated with the excess reducing power
under stress conditions [17,25]. Residual reducing power not used by carbon assimilation can support
increased isoprene emission under drought [58]. LUE explained part of the variance in isoprene
emissions (Figure 2), and water stress and LUE were strongly correlated.
Increased emission under drought is sustained if the intensity of drought remains within
a species-specific tolerance threshold [59]. Under extreme stress conditions, isoprene emission
starts declining for a length of time, which depends on the species studied, until emissions are
fully inhibited. Isoprene emission in our study was mostly higher than predicted when SWC was
<0.26 m3 m−3 , and emission began to decrease when SWC reached the wilting point for this ecosystem
(0.23 m3 m−3 ; [14]). This seasonal decrease occurred earlier in 2012 than 2011 and earlier than modeled.
Carbon availability may have critically limited emission under the severe drought at the site in 2012.
Water limitation can override the physiological effects of high temperature on isoprene emission
during severe stress [60], perhaps due to a very limited amount of recently produced dimethylallyl
pyrophosphate (DMAPP), an isoprene substrate [56]. Isoprene is produced in the chloroplast via the
methylerythritol phosphate (MEP) pathway [61], which requires both reducing power and carbon
skeletons provided by photosynthesis [62]. Bruggemann and Schnitzler [63] attributed the decrease in
isoprene emission during drought to a limitation of the carbon supply rather than to a downregulation
of isoprene synthase, an enzyme used during isoprene production. PRI was, thus, not as good as an
estimator of isoprene emissions later in the season likely because isoprene emissions were decoupled
from excess reducing power. The decrease in emissions was likely caused by substrate limitation and
lower temperatures in 2011 and by substrate limitation in 2012.
Photosynthesis and isoprene emissions were decoupled seasonally, as previously described under
drought conditions (e.g., [13,56,57,60,64–69]). Isoprenoid emissions continued to increase concurrently
with a decrease in photosynthetic CO2 fixation (GPP) during the increasing phase. Mild stress may
decrease carbon assimilation, but isoprene emissions would not be affected, because the rate of electron
transport would be maintained and reserve carbon in the form of sugars and starch would support the
production of isoprenoids [55]. Isoprene might reduce cell oxidation and increase cell stabilization
in plants [70,71], so increasing the allocation of the recently assimilated carbon to isoprene would
constitute an additional mechanism of drought resistance [58].
The relationship of PRI with isoprene differed between the two years, as indicated by the different
intercepts in the fit (Figure 5). However, the PRI-LUE relationship followed the same regression line for
the two years (Figure 4), indicating the good performance of PRI in estimating LUE. The relationship
between isoprene emissions and LUE, however, was year-dependent even though the slopes were
similar (Figure 3), suggesting that the proportion of available photosynthetic reducing power for
isoprene formation differed between the two years. This difference might have been due to a higher
competition between photorespiration and the MEP pathway under drought stress as the rate of
photorespiration increases and reducing power and carbon supply for the MEP pathway decrease [55],
because carbon availability can limit emission rates under severe drought and photorespiratory
stresses [55] and isoprene emission may be regulated by substrate availability [67]. The residual
reducing power not invested in carbon assimilation is shared by non-photosynthetic sinks such as
photorespiration or the MEP pathway [55], and isoprene emission may be most strongly influenced by
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pathways co-located with the MEP pathway in the chloroplast, such as photorespiration, because they
compete directly for both reducing power and photosynthetic carbon [59].
In summary, we hypothesize that seasonal isoprene emissions would be primarily driven by
temperature but modulated by reducing power and substrate availability, based on observations
and previous conceptual models [13,59]. Photosynthesis, photorespiration and the MEP pathway
directly depend on reducing power and substrate availability. The availability of reducing power
and substrate for the MEP pathway is thus dependent on photosynthesis and photorespiration.
Isoprene emission would thus be stimulated by an increase in available reducing power when drought
conditions decrease photosynthesis but would begin to decrease later in the season, despite the high
availability of reducing power, because temperature would begin to decrease and substrate would
become limiting. Photorespiration increases under drought conditions, causing a decrease in isoprene
emissions, and photosynthesis (GPP) becomes minimal under severe drought, so the carbon supply
for the MEP pathway is exhausted earlier, advancing the seasonal decrease in isoprene emissions.
We summarize the feedbacks involved in the proposed conceptual model in Figure 9. Accordingly,
we also propose a model of the performance of PRI and isoprene emissions throughout the season
including the final decoupling between them (Figure 10). PRI is highly correlated with isoprene
emissions at the beginning of the season and can thus be used to estimate them. Emissions and LUE
become decoupled at the end of the season, when LUE (GPP) is lowest and stabilizes; LUE remains
low and isoprene emissions begin to decrease.

Figure 9. Schematics of the processes involved in the proposed conceptual model. The yellow arrows
indicate the two pathways of energy absorbed by the photosystem involved in the model, electron
transport and heat dissipation. The red arrows indicate the flux of reducing power. The blue arrows
indicate the flux of carbon. Changes in flux intensities in situations are symbolically represented by
changes in arrow width. Upward (downward) arrows indicate increases (decreases). The double
pointed arrow indicates correlation between isoprene and PRI (CCI). These schematics are illustrative
only and the arrows are not fitted to scale. The scheme does not include the effect of temperature that
is one of the main drivers of isoprene emissions.

The effect of photorespiration on the relationship between LUE and isoprene emissions under
severe drought conditions can likely disturb the ability of PRI to estimate isoprene emission and
can prevent the standardization of the PRI signal, even for the same species or the same ecosystem.
The lack of correlation between emissions and LUE late in the season also hinders the use of PRI as
a unique estimator for the entire season. Additionally, PRI measured from satellite data represents
conditions at the top of canopies, but estimates of GPP using eddy covariance are integrated over the
entire canopy [50], which, together with the scatter of eddy covariance measurements, could account
for some of the unexplained variability in the LUE-PRI relationship.
PRI, however, was more sensitive than the MEGAN model to temporal changes in isoprene
emissions, because it followed changes in LUE, so PRI could be used to improve MEGAN, consistent
with previous foliar level studies where PRI combined with basal emission factors was as good a
predictor of isoprenoid emissions as some standard emission models and where a combination of
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MEGAN and PRI provided the best predictions [24]. PRI was thus accounting for additional residual
variance not explained by the factors considered in MEGAN. Furthermore, the high temporal resolution
and spatially extensive nature of remotely sensed data can help the detection of some of the spatial
and temporal variability in emissions that other models may miss [24].

Figure 10. Conceptual model of the seasonal behavior of PRI and isoprene emissions, with the main
drivers that affect their relationship. The variables in red affect isoprene emissions independently of
LUE and thus alter the ability of PRI to estimate isoprene emissions.

In addition to the diurnal relationship between PRI and LUE mediated by the xanthophyll cycle
and indicating excess reducing power, seasonal changes in PRI are primarily influenced by carotenoid
pool sizes (relative to chlorophyll). The relationship between PRI and isoprene emissions is strongly
influenced by these constitutive changes in pigments [38], so understanding how the isoprene-PRI
relationship is affected by both long-term changes in pools of carotenoid pigments and short-term
dynamic adjustments of LUE is important in studies with seasonal temporal scales. MODIS PRI (CCI)
has been developed to assess shifts in the levels of chlorophyll and carotenoid pigments rather than the
xanthophyll de-epoxidation cycle per se, particularly when sampled over seasonal cycles in coniferous
forests [37]. Knowledge of the long-term pigment changes would add information for their effect on
isoprene emission, facilitating the interpretation of PRI for monitoring isoprene emissions.
5. Conclusions
This study demonstrates that a MODIS PRI (also called CCI), sensitive to carotenoid and
chlorophyll pool sizes, could be used to remotely assess isoprene emissions at the ecosystem level.
Complementing MEGAN with PRI improved MEGAN performance under drought conditions.
PRI was able to estimate isoprene emissions under standard and drought conditions, but only until
emissions reached their maxima. The subsequent decrease in isoprene emissions, likely related to the
lack of carbon substrates instead of reducing power, was not well assessed by PRI.
Direct estimation of isoprene emission by PRI is limited because PRI estimates LUE,
and the relationship between LUE and isoprene emissions can be modified by stress conditions.
Further research is thus needed to resolve this limitation. Additionally, further research is needed to
clarify the individual roles of xanthophyll cycle pigments versus other carotenoid pigments in the PRI
signals linked to isoprene emissions.
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