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Abstract Forested ecosystems represent an important part of the global carbon cycle, with accurate
estimates of gross primary productivity (GPP) crucial for understanding ecosystem response to environmental
controls and improving global carbon models. This research investigated the relationships between leaf area
index (LAI) and leaf chlorophyll content (ChlLeaf) with forest carbon uptake. Ground measurements of LAI and
ChlLeaf were taken approximately every 9days across the 2013 growing season from day of year (DOY) 130 to 290
at Borden Forest, Ontario. These biophysical measurements were supported by on-site eddy covariance flux
measurements. Differences in the temporal development of LAI and ChlLeaf were considerable, with LAI
reaching maximum values within approximately 10 days of bud burst at DOY 141. In contrast, ChlLeaf
accumulation only reached maximum values at DOY 182. This divergence has important implications for
GPP models which use LAI to represent the fraction of light absorbed by a canopy (fraction of absorbed
photosynthetic active radiation (fAPAR)). Daily GPP values showed the strongest relationship with canopy
chlorophyll content (ChlCanopy; R

2 = 0.69, p< 0.001), with the LAI and GPP relationship displaying nonlinearity at
the start and end of the growing season (R2 = 0.55, p< 0.001). Modeled GPP derived from LAI × PAR and
ChlCanopy×PAR was tested against measured GPP, giving R2=0.63, p< 0.001 and R2=0.82, p< 0.001, respectively.
This work demonstrates the importance of considering canopy pigment status in deciduous forests, with models
that use fAPARLAI rather than fAPARChl neglecting to account for the importance of leaf photosynthetic potential.

1. Introduction

Terrestrial ecosystems absorb approximately 120Gt yr�1 of carbon, from the atmosphere by plants through
photosynthesis [Grace, 2004], which is the process by which solar radiation is converted into chemical energy
through chemical reactions in leaf chloroplasts. Forests represent an important part of the global carbon cycle
and of annual carbon budgets, with an estimated net global forest C sink of 1.1 (±0.8) Gt C yr�1 [Pan et al.,
2011]. Accurate estimates of gross primary productivity (GPP) at a range of spatial and temporal scales, and
for different vegetation types, are critical for understanding ecosystem response to increased atmospheric
CO2 levels and to improve carbon cycle modeling [Intergovernmental Panel on Climate Change, 2013]. The
importance of photosynthetic carbon uptake to carbon budgets means that any uncertainty in GPP is a
primary concern in global carbon cycle modeling. This uncertainty arises partly from a lack of mechanistic
understanding due to the difficultly in measuring photosynthesis continuously and over large spatial extents.
Currently, a unique GPP model that can be applied over different terrestrial ecosystems and wide-ranging
environmental conditions remains elusive [Coops et al., 2010; Hilker et al., 2008; Rossini et al., 2012]. Perhaps the
most widely used approach to model GPP from remote sensing data is the light use efficiency (LUE) concept
[Monteith, 1972, 1977], which incorporates the potential of converting the fraction of absorbed photosynthetic
active radiation (fAPAR) into biomass: GPP=LUE× fAPAR×PAR. LUE therefore represents the efficiency of the
conversion of absorbed energy to fixed carbon [Monteith, 1972]. Within satellite-based production efficiency
models [Ruimy et al., 1996; Running et al., 2004], fAPAR is often represented using a linear or nonlinear
function of a biomass-sensitive vegetation index (i.e., fAPAR=a+b×normalized difference vegetation index
(NDVI)), as a proxy for the total leaf area (leaf area index (LAI)) [Xiao et al., 2004]. However, not all absorbed
light results in carbon assimilation. In optimum conditions approximately 80% of absorbed light is used
in photosynthesis, although this can be as low as 0%, depending on light conditions, environmental
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factors (e.g., water and nutrient availability), and physiological status [Buschmann, 2007]. Leaf chlorophyll
content (ChlLeaf) is the “photosynthetic apparatus” of the plant [Peng et al., 2013], with only the PAR
absorbed by chlorophyll being used for photosynthesis [Zhang et al., 2009]. ChlLeaf is therefore related
mechanistically to vegetation productivity [Zhang et al., 2005]. As a consequence, it is important to
differentiate between canopy biomass and leaf function, particularly from remotely sensed products
where canopy “greenness” is an amalgamation of canopy structure and leaf pigment content. Research has
shown that in deciduous forests, while leaf expansion occurs very rapidly, with LAI reaching maximum values
within approximately 10days of bud burst, ChlLeaf takes longer to increase [Gond et al., 1999; Keenan et al.,
2014], lagging LAI by approximately 30 days [Croft et al., 2014b]. However, the consequence of this seasonal
divergence in LAI and ChlLeaf on the conversion of absorbed PAR to fixed carbon is largely unexplored. In
cropland environments, researchers have found a close relationship between canopy chlorophyll content
(ChlCanopy) and GPP [Gitelson et al., 2003, 2006; Peng et al., 2011]. However, crops have a different growth
cycle and phenology to deciduous forests, with planted crops experiencing coincident increases in LAI and
ChlLeaf as the plants grow. Using satellite data, Harris and Dash [2010] demonstrated that a chlorophyll-
sensitive vegetation index (Medium-Resolution Imaging Spectrometer (MERIS) Terrestrial Chlorophyll Index)
showed stronger correlations with daily GPP for a range of vegetation types than the biomass-sensitive
enhanced vegetation index (EVI).

Tower-based eddy covariance measurements allow the investigation of carbon fluxes in forest ecosystems
across different time scales, in response to both meteorological conditions and biophysical drivers
[Baldocchi et al., 2001; Barr et al., 2007]. Accurate flux data are crucial to the understanding of forest
ecophysiological processes and for the development and validation of ecosystem models [Baldocchi, 2008;
Barr et al., 2007; Zha et al., 2013]. This study uses eddy covariance carbon flux measurements in
conjunction with ground-based sampling of LAI and ChlLeaf throughout the growing season at a
temperate mixed forest at Borden Forest Research Station, Ontario [Froelich et al., 2015]. The direct
assessment of the relationship between plant physiology and forest carbon assimilation will better refine
carbon modeling approaches and inform the integration of appropriate remotely sensed products in
carbon models. The objectives of this study were to (1) assess the differences between ChlLeaf and LAI
phenology and their impact on the seasonal dynamics of forest carbon uptake and (2) improve on LAI-
based GPP models through the integration of information on leaf physiological status.

2. Methods
2.1. Field Location

The Borden Forest Research Station is a mixed temperate forest located near the southern tip of Georgian Bay
in southern Ontario (44°190N, 79°560W) in the Great Lakes/St. Lawrence forest region [Froelich et al., 2015]. This
ecotone extends across eastern North America between 44 and 47°N and is a transition zone containing both
southern temperate forest species and northern boreal species [Goldblum and Rigg, 2010; Leithead et al., 2010].
The dominant species present are red maple (Acer rubrum), eastern white pine (Pinus strobus), large-tooth
aspen and trembling aspen (Populus grandidentata and Populus tremuloides), white and red ash (Fraxinus
americana and Fraxinus pennsylvanica), and American beech (Fagus grandifolia) [Lee et al., 1999; Teklemariam
et al., 2009]. Mean canopy height is 22m, and over the last 15 years mean annual temperature at the site was
7.4°C and mean annual total precipitation was 784mm.

2.2. Ground Data Collection

Leaves were sampled from the upper canopy of trees directly from a 44m flux tower located at the site. Four
tree species were sampled (red maple, large-tooth aspen, trembling aspen, and white ash) from which five
leaves were selected per species on average every 9 days from day of year (DOY) 130 to 290. ChlLeaf was
measured from leaves sampled from the top of the canopy, and represents the maximum leaf chlorophyll
potential for a given date, with lower values expected in understory leaves [Zhang et al., 2007]. The
sampled branches were tagged to ensure repeatable measurements through the growing season. Leaf
samples were sealed in plastic bags and kept at a temperature of 0°C for subsequent biochemical analysis
to extract ChlLeaf. Foliar chlorophyll was extracted using spectranalyzed grade N,N-dimethylformamide, and
absorbance was measured at 663.8 nm, 646.8 nm, and 480nm using a Cary-1 spectrophotometer [Croft et al.,
2014a, 2013; Wellburn, 1994]. The measured leaf chlorophyll values for each species reported in this study
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were calculated as mean values from five leaf samples per species collected on each sampling date. Total leaf
chlorophyll (Chl a+ b) content (μg/cm2) was derived using the method reported by Moorthy et al. [2008]. LAI
and canopy structural parameters were measured on the same days as leaf sampling. Effective LAI (Le)
measurements were obtained using the LAI-2000 plant canopy analyzer (Li-Cor, Lincoln, NE, USA), following
the methods outlined by Chen et al. [1997], and converted to true LAI values as follows:

LAI ¼ 1� αð ÞLeγE½ �=ΩE (1)

where α is the ratio of woody area to total area, γE is the ratio of needle area to shoot area, and ΩE is the
clumping index. The ratio of woody area to total area (α= 0.17) accounts for the interception of radiation
by branches and tree trunks that would lead to artificially high LAI values, and was obtained from
previously published values for similar deciduous stands [Gower et al., 1999]. For broadleaf species,
individual leaves are considered foliage elements and γE is set at 1. ΩE was measured using the TRAC
(Tracing Radiation and Architecture of Canopies) instrument [Chen and Cihlar, 1995]. Both the LAI-2000
and TRAC measurements were collected at 10m intervals along a 300m transect extending from the flux
tower in a north-south orientation.

2.3. Meteorological Measurements

Meteorological and eddy covariance fluxes of carbon exchangewere obtained from a 44m tall tower (see Froelich
et al. [2015] for full details). Air temperature and relative humidity measurements were made on the tower at two
heights (33 and 41m) from a Vaisala HMP-45C sensor. Incoming photosynthetically active radiation (PARin) was
measured at 41m using Li-Cor LI-190SA sensor; downwelling PAR transmitted through the canopy (PARtrans)
was measured at 1.5m using an upward pointing Li-Cor LI-191 line quantum sensor. PAR reflected by the
canopy (PARout) was measured at 33m using a Li-Cor LI-190SA sensor. The fraction of absorbed PAR (fAPAR)
was calculated as follows:

fAPAR ¼ PARin � PARout � PARtransð Þ=PARin (2)

2.4. Eddy Covariance Measurements

Half hourly net ecosystem productivity (NEP) at Borden Forest was computed asNEP ¼ � FCO2 þ SCO2ð Þwhere
FCO2 is the covariance of vertical velocity fluctuations and CO2 fluctuations (measured, respectively, with a
sonic anemometer and a closed-path infrared gas analyzer inlet co-located at a height of 33m) and SCO2 is
the storage change of carbon in the volume below the 33m eddy covariance instruments [Froelich et al.,
2015]. Computation of the gas fluxes was performed as follows. Spikes that fall outside ±10 standard
deviations from the mean within each 0.5 h were identified and eliminated. Mean values of the six despiked
time series (three components of velocity, sonic temperature, and CO2 and H2O mole fractions) were
computed and subtracted from the 0.5 h time series to calculate perturbation values (w0, C0, etc.). The CO2 flux
(FCO2 [μmolm�2 s�1]) was calculated from the WPL-corrected vertical turbulent flux of the CO2 mole fraction

w0CO 0
2 WPL

� �
as

FCO2 ¼ ρairw
0CO 0

2 WPL=Mair (3)

where the WPL correction accounts for density effects due to water vapor fluctuations [Webb et al., 1980]. The

storage change, per unit area of ground in the layer below 33m, was estimated as SCO2 ¼ ∫
33m

0
ΔCO2

Δt
dz; this

estimate was made using gas profile measurements when available or using the single-point measurement
of CO2 from the eddy covariance sensor at 33m, when profile data were unavailable. The net ecosystem
exchange (μmolm�2 s�1) was calculated as the sum of FCO2 , the vertical CO2 flux at 33m, and SCO2 , the
change of CO2 storage. Horizontal turbulent fluxes and both vertical and horizontal advection of CO2 were
assumed to be negligible [Staebler and Fitzjarrald, 2004]. NEP data were filtered during periods of low
turbulence, as diagnosed using friction velocity [Barr et al., 2013]. In addition, NEP data were also filtered
when winds were from directions with short fetch [Froelich et al., 2015]. Following filtering, gaps in the flux
data set were filled using the method of Barr et al. [2004]. Respiration (RE) was computed during nights
or cold periods as RE =�NEP; daytime warm season RE and gaps in nighttime or cold season RE were esti-
mated using an empirical model based on air and soil temperature. Daytime gross primary productivity
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was computed during the daytime
growing season as GPP =NEP + RE;
gaps in this GPP were the estimated
using an empirical model based on
photosynthetically active radiation (PAR).

3. Results and Discussion
3.1. Daily Meteorological Variables
and Net Ecosystem Productivity

Key meteorological variables, along with
daily total NEP for the Borden Forest site
in 2013, are shown in Figure 1. In this
deciduous forest, moisture is not a limit-
ing factor and temperature is primary
control on carbon uptake and release
through respiration [Froelich et al., 2015].
PAR is needed as a source of energy and
to drive light-dependent reactions in
the chloroplasts which convert CO2

into structural carbohydrates [Ruimy
et al., 1994]. The availability of moisture
in the air indicated by the vapor pres-
sure deficit (VPD) can affect carbon
assimilation, with high VPD values

resulting in stomatal closure, limiting CO2 uptake and photosynthesis [Farquhar and Sharkey, 1982; Law
et al., 2002].

During 2013, Borden Forest experienced a minimum air temperature of�24.8°C on 23 January and amaximum
temperature of 32.8°C on 10 September. Average daily winter (January–March) temperature was �3.3°C, and
average daily midgrowing season (July–August) temperature was 19.8°C. PAR remained low until around
DOY 50, and reached maximum daily mean values of ~700μmolm�2 s�1 during the summer months,
although values show considerable variability due to the presence of cloud cover. VPD remained fairly
constant until around DOY 120, when an abrupt increase coincided with a corresponding drop in NEP. The
NEP figure indicates the start and end of the growing season and net carbon uptake period. The transition of
the forest from a carbon source in the winter (as respiration exceeds primary production) to a carbon sink
occurred around DOY 130, and the return to carbon sink in the fall occurred around DOY 280. There is
considerable variability in NEP values in the middle of the growing season, with some days representing a
carbon source, likely due to the inhibition of photosynthesis resulting from a reduction in incident PAR or
water availability constraints [Gonsamo et al., 2015].

3.2. Seasonal Dynamics of Leaf Chlorophyll Content and Leaf Area Index

The temporal differences in leaf chlorophyll content and LAI across the growing season are shown in Figure 2.
Chlorophyll content is shown as a weighted average of the four sampled species based on their relative stem
density in the forest (red maple 60.4%, large-tooth aspen 12.9%, trembling aspen 12.4%, and ash 14.2%). An
asymmetric Gaussianmodel fitted to the data highlights the differences in the LAI or ChlLeaf trends at the start
and end of the season. Canopy photographs from a camera mounted at the top of the tower are shown along
selected corresponding ground measurement dates for visual context.

The differences in the temporal development of LAI and ChlLeaf are striking, with LAI reaching maximum
values within approximately 10 days of bud burst and leaf expansion. In contrast, ChlLeaf accumulation
took substantially longer, not reaching maximum values until approximately 40 days after bud burst. The
largest differences between LAI and ChlLeaf occurred at DOY 141 at the start of the season. At DOY 141,
LAI values were at 98% of their seasonal maximum, but ChlLeaf was only at 32% of maximum values. This
discrepancy is supported by the canopy photographs, which clearly show full green canopy coverage at

Figure 1. Daily averages of meteorological variables and daily total NEP
for Borden Forest for 2013.
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DOY 141. However, ground measurements demonstrate that despite the presence of green leaves, ChlLeaf
was still accumulating. Chlorophyll reached within 5% of seasonal maximum values at DOY 182. The
temporal divergence at the end of the growing season occurred during leaf senescence, when the leaves
remain on the tree after chlorophyll production has abated and the chlorophyll present in leaves has
broken down.

3.3. Leaf and Canopy Chlorophyll and LAI Variations With Carbon Flux

Given the role that chlorophyll content plays in the light harvesting reactions during plant photosynthesis, it
is imperative to investigate the impact that the temporal trends of ChlLeaf and LAI (Figure 2) have on forest
carbon uptake, particularly at the start and end of the growing season. ChlLeaf, LAI, and canopy chlorophyll
(ChlCanopy) values are shown against daily GPP values (Figure 3), where ChlCanopy is calculated as LAI × ChlLeaf.

It is clear from Figure 3b that the abrupt increase in LAI at the start of the season following bud burst is not
matched by daily GPP values, which are much slower to increase at the start of the growing season. This is
replicated at the end of the growing season, when daily GPP begins to decrease much earlier than LAI, from
a maximum rate at around DOY 200. By contrast, the GPP values show a much closer correspondence to leaf
and canopy chlorophyll contents, which displays a slower increase at the start of season and declines at the
end of the season that occurs earlier than decreases in LAI.

Relationships between carbon uptake and leaf chlorophyll and LAI are shown in Figure 4. While LAI and
ChlCanopy are fairly static in the middle of the growing season (when not under environmental stress), GPP
responds to more dynamic meteorological variables, including PAR and temperature. To minimize these
dynamic effects, the GPP values used are 5 day averages taken around sampling date.

Figure 4 reveals a strong linear relationship between mean daily GPP and both ChlLeaf and ChlCanopy
(R2 = 0.65, p< 0.005 and R2 = 0.69, p< 0.001, respectively), confirming the trends in Figure 3. This result

Figure 2. Variations in leaf chlorophyll content and LAI across a growing season. Individual measurements are shown with
a fitted asymmetric Gaussian function. Top of canopy photographs are given alongside ground measurement dates.
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demonstrates the importance of considering leaf/canopy pigment status, as a proxy for photosynthetic
potential, when representing carbon assimilation. The central role that chlorophyll content plays in
photosynthesis means that the light absorbed by leaves during time periods with suboptimal amounts of
chlorophyll may not lead to carbon assimilation. Importantly, the unsuitability of using LAI as a parameter
to model GPP is also highlighted (Figure 4b). Due to a lack of a mechanistic relationship between LAI and
photosynthesis, the divergence between LAI and ChlLeaf at the start and end of the season results in a
weaker, nonlinear relationship of LAI with GPP (R2 = 0.55, p< 0.005).

Figure 3. Daily GPP totals (g Cm�2 d�1) alongside: (first panel) leaf chlorophyll content (μg cm�2), (second panel) leaf area
index (m2m�2), and (third panel) canopy chlorophyll content (μgm�2).

Figure 4. Mean daily GPP (gCm�2 d�1) calculated from a 5 day window around the ground sampling date, regressed
against (a) leaf chlorophyll content (μg cm�2), (b) LAI (m2m�2), and (c) canopy chlorophyll content (gm�2).
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3.4. The Fate of Light Absorbed by the Canopy

To further investigate the fate of light following absorption by a leaf, temporal trends in ChlCanopy and LAI
are compared with canopy biophysical variables used in gas exchange modeling. The fraction of absorbed
PAR (fAPAR) and light use efficiency (LUE) are shown in Figure 5 with ground-measured LAI and
ChlCanopy. fAPAR was calculated using above and below canopy PAR sensors, as the amount of incident
PAR that is absorbed by the canopy (APAR) expressed as a fraction of the downwelling radiation. fAPAR
thus denotes the light absorption capacity of the canopy [Fensholt et al., 2004; Ruimy et al., 1994].
Canopy light use efficiency (LUE) is a measure of the conversion efficiency of absorbed light into
photosynthetically fixed CO2 [Zhang et al., 2009], defined here as the ratio between CO2 assimilation
rate and APAR.

The strong temporal correlation between LAI and fAPAR (Figure 5b) indicates that light is absorbed by the
canopy the entire time that leaves are present on the tree, including during senescence and during
chlorophyll accumulation. However, due to the absence of chlorophyll at the start and end of the growing
season (Figure 5a), this absorbed light is not used for photosynthesis. The seasonal relationship between
LUE and canopy chlorophyll content illustrates the importance of the availability of the photosynthetic
pigment for CO2 fixation [Peng et al., 2011; Wu et al., 2009]. There is therefore an important distinction
between the fraction of light absorbed by leaf area (fAPARLAI) and of photosynthetically active leaf area
(fAPARChl) [Zhang et al., 2009]. fAPAR is currently a fundamental biophysical input variable in vegetation
productivity models [Fensholt et al., 2004]. However, while LAI is an important physical variable for modeling
water and energy fluxes and for scaling between the leaf and canopy, these results indicate that in order to
accurately model photosynthetic processes and thus carbon assimilation, leaf physiological status must
be considered.

3.5. Modeling Gross Primary Productivity

Currently, most plant production efficiency models predict GPP as a function of LUE, fAPAR, and incident PAR,
with NDVI or a similar vegetation index used to represent LAI as a proxy for fAPAR [Zhang et al., 2009]. Figure 6
investigates the midday relationship between GPP with LAI × PAR and ChlCanopy × PAR. LAI and ChlCanopy
were linearly interpolated to obtain daily midday values. Midday PAR and GPP values were calculated as
mean values between 11:00 and 01:00 P.M. The data are divided into the start, middle, and end of the
growing season to examine temporal effects on the relationship.

Figure 5. Temporal variation of canopy chlorophyll with (a) fAPAR and (c) LUE and LAI with (b) fAPAR and (d) LUE at
Borden Forest.
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Using all seasons combined, there is a stronger overall relationship between ChlCanopy × PAR and GPP
(R2 = 0.85, p< 0.001) than between LAI × PAR and GPP (R2 = 0.71, p< 0.001). The reason for the scatter in
the LAI × PAR-GPP relationship can be inferred from Figure 6a, which shows the variability in data by
season. In contrast to the ChlCanopy × PAR relationship, the use of LAI shows a stratification based on time
of year and an insensivity to LAI status. The same LAI × PAR values give a large range of GPP values,
indicating that LAI is not the primary biophysical canopy variable controlling GPP.

The actual magnitude of error that arises from modeling GPP from leaf area without accounting for leaf
physiology is investigated in Figure 7. The data were randomly divided equally into a calibration and
validation set, with the calibration regression for LAI × PAR: y = 0.001x0.81, R2 = 0.73, p< 0.001 and
ChlCanopy × PAR: y = 0.001x0.57, R2 = 0.82, p< 0.001. The start of season and end of season data points
are highlighted in blue and green, respectively.

The importance of a plant physiological control on GPP rates is confirmed in Figure 7, with errors in predicted
GPP from LAI inputs arising at the beginning and end of the growing season (Figure 7a). The average start
of season error from LAI-based midday GPP estimates is 0.27 gC m�2 h�1 and end of season error is
0.21 gC m�2 h�1. This is in comparison to the average Chl-based modeled midday GPP error, which is
�0.01 gC m�2 h�1 and 0.02 gC m�2 h�1 for the start and end of season time frames, respectively. The
integration of pigment content (ChlCanopy) consequently shows a marked improvement in GPP estimates,
with a very strong and linear regression (R2 = 0.82, p< 0.001), along the 1:1: line.

a) b)

Figure 6. Relationships between mean midday GPP (gCm�2 h�1) and (a) LAI × PAR and (b) ChlCanopy × PAR, according
to time of season.

Figure 7. Modeled versus measured GPP results, according to (a) LAI × PAR and (b) ChlCanopy × PAR. Start of season and
end of season data points are highlighted in blue and green, respectively.
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4. Discussion

This study demonstrates the strong influence of leaf physiology on forest carbon assimilation throughout a
deciduous forest growing season. However, further work is required to assess the scalability of relationships
shown in this paper, across different plant functional types and varying environmental conditions. Errors in
the LAI-modeled GPP would be expected to be more apparent in water-limiting environments, where water
stresses in the growing season would restrict GPP (and reduce chlorophyll content), but not provoke an
immediate proportional response in LAI values. Further, while leaf chlorophyll content may serve as a proxy
for plant photosynthetic potential, the respective response times of leaf chlorophyll content and vegetation
productivity to environmental drivers and plant stress is an important factor. Mechanistic investigations
between leaf chlorophyll content and photosynthetic parameters, such as maximum rates of carboxylation
(Vcmax) and electron transport (Jmax) may further our ability to integrate leaf chlorophyll content into
advanced ecosystem models developed for regional and global applications. Currently, a major limitation to
the incorporation of leaf chlorophyll content into carbon models is the lack of accurate regional or global
leaf chlorophyll products. There have been a large number of publications that have produced local-scale
assessments of chlorophyll, using both empirical vegetation indices [Croft et al., 2014c; Wu et al., 2008] and
physically based models [Croft et al., 2013; Houborg et al., 2009; Zhang et al., 2008], that have been well
validated using ground measurements. The lack of progress at the global scale has largely been due to the
lack of spectral bands sampled by existing satellite sensors that are sensitive to chlorophyll content,
along the red-edge portion of the electromagnetic spectrum. However, recent work has indicated that
physically based radiative transfer models can accurately model leaf chlorophyll content using a
reduced number of spectral bands [Croft et al., 2015]. Furthermore, an increasing number of sensors are
beginning to contain the “red-edge” bands that are highly sensitive to chlorophyll content, including
Envisat MERIS (from 2002 to 2012), the forthcoming European Space Agency Sentinel-2 mission, and the
Vegetation and Environment monitoring New MicroSatellite (Venus) platform. These upcoming missions
will play an important role in making spatially distributed chlorophyll measurements across global scales
more achievable.

5. Conclusion

The results of this study highlight the consequences of differing temporal behavior between ChlLeaf and LAI
on carbon uptake in a mixed temperate forest. Ground measurements indicated that LAI reached within 5%
of seasonal maximum values by DOY 141, compared to ChlLeaf at DOY 182. The implications of this temporal
divergence in canopy physical and biochemical properties for carbon assimilation are seen in the respective
relationships with daily GPP, where ChlCanopy showed the strongest correlation (R2 = 0.69, p< 0.001). The
nonlinear behavior of LAI with GPP at the start and end of the growing season led to a weaker relationship
with GPP (R2 = 0.55, p< 0.001), suggesting potential errors in production efficiency models that predict
GPP using LAI as a proxy for fAPAR. Modeled GPP from LAI × PAR and from ChlCanopy × PAR (R2 = 0.63,
p< 0.001 and R2 = 0.82, p< 0.001, respectively) establishes the importance of considering canopy pigment
status (ChlCanopy), as a proxy for canopy photosynthetic potential when modeling carbon assimilation.
These results demonstrate that at the start of the growing season, while LAI correlates well with light
absorption (fAPAR), the lack of ChlLeaf means that the light is not used for photosynthesis. This will lead to
errors in GPP estimates for models that use FAPARLAI, particularly during the early stages of the growing
season, when divergence between LAI and ChlLeaf is greatest.
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