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Spatial  and  temporal  variations  in canopy  structure  and  leaf  biochemistry  have  considerable  influence
on  fluxes  of  CO2,  water  and  energy  and  nutrient  cycling  in vegetation.  Two  vegetation  indices  (VI),  NDVI
and  Macc01,  were  used  to  model  the spatio-temporal  variability  of broadleaf  chlorophyll  content  and  leaf
area index  (LAI)  across  a growing  season.  Ground  data  including  LAI, hyperspectral  leaf  reflectance  factors
(400–2500  nm)  and  leaf  chlorophyll  content  were  measured  across  the  growing  season  and  satellite-
derived  canopy  reflectance  data  was  acquired  for 33  dates  at 1200  m spatial  resolution.  Key  phenological
information  was  extracted  using  the TIMESAT  software.  Results  showed  that  LAI  and  chlorophyll  start  of
season (SOS)  dates  were  at day  of  year  (DOY)  130  and  157  respectively,  and  total  season  duration  varied
by 57 days.  The  spatial  variability  of  chlorophyll  and  LAI  phenology  was  also  analyzed  at  the landscape
scale  to investigate  phenological  patterns  over  a larger spatial  extent.  Whilst  a degree  of spatial  variability
existed,  results  showed  that  chlorophyll  SOS  lagged  approximately  20–35  days  behind  LAI  SOS,  and  the

end  of  season  (EOS)  LAI  dates  were  predominantly  between  20 and  30 days  later  than  chlorophyll  EOS.
The  large  temporal  differences  between  VI-derived  chlorophyll  content  and  LAI has  important  implica-
tions  for  biogeochemical  models  using  NDVI  or LAI  to represent  the fraction  of  photosynthetically  active
radiation  absorbed  by  a canopy,  in  neglecting  to account  for delays  in chlorophyll  production  and  thus
photosynthetic  capacity.

©  2014  Elsevier  B.V.  All  rights  reserved.
ntroduction

Spatiotemporal variation in ecosystem properties such as
anopy structure and leaf biochemistry has profound impacts on
O2, water and energy fluxes and nutrient cycling (Churkina et al.,
005; Richardson et al., 2009b; Zhang et al., 2006). Leaf biochem-

stry is an important indicator of forest health, vegetation stress
hrough disease or drought (Carter and Knapp, 2001) and is cru-
ial to monitoring vegetation response to climate change (Morin
t al., 2009) and for the inclusion within climate and ecologi-
al models (Morisette et al., 2009). Leaf area index (LAI), defined
s one half the total (all-sided) green leaf area per unit ground
urface area (Chen and Black, 1992), exhibits a major control on
ranspiration, CO2 uptake and the interception of light and water

y the canopy (Boegh et al., 2002; Houborg and Boegh, 2008).
cological systems are highly complex and dynamic, with tempo-
al variations in vegetation phenology and biophysical variables

∗ Corresponding author. Tel.: +1 4169783375.
E-mail address: holly.croft@utoronto.ca (H. Croft).

ttp://dx.doi.org/10.1016/j.jag.2014.06.005
303-2434/© 2014 Elsevier B.V. All rights reserved.
being far from uniform across space, both within and between
species (Richardson et al., 2006, 2009a). However, many ecological
studies use satellite-derived products to approximate vegetation
‘greenness’, as a composite of vegetation composition, structure
and function (Pfeifer et al., 2012). Whilst this amalgam of canopy
physical and biochemical properties implicitly assumes a corre-
lation in time and space, research has shown that in addition to
LAI, leaf structure and chemistry also vary across a growing season
(Demarez et al., 1999; Kodani et al., 2002). Consequently, tempo-
ral and spatial variations in reflectance factors can be attributed
to variations in vegetation properties at both canopy-level (LAI)
and leaf-level (chlorophyll) (Croft et al., 2013; Zhang et al., 2006).
Differences in the behavior of these physiological and biophysical
variables (Croft et al., 2014b), as a result of varying dependency on
different environmental drivers, may  have large implications for
the monitoring and parameterization of key terrestrial processes,
including gross primary production (GPP).
Remote sensing techniques have tremendous potential to
provide a cost-effective, spatially continuous means of monitoring
the dynamic properties of tree biophysical variables at a range of
different spatial and temporal scales. The estimation of vegetation

dx.doi.org/10.1016/j.jag.2014.06.005
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2014.06.005&domain=pdf
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haracteristics from remotely-sensed reflectance data is often
chieved through the development of statistical relationships
etween canopy or leaf variables and spectral vegetation indices
VI). This approach can be subject to error and uncertainty in
patially heterogeneous regions, but is less of a concern in closed
roadleaf canopies, which essentially behave as a ‘big leaf’ (Gamon
t al., 2010). In order to investigate the temporal behavior of LAI
nd chlorophyll over a growing season at a landscape scale, the
iomass-sensitive, normalized difference vegetation index (NDVI)

s used to represent LAI, and a red-edge vegetation index (Macc01)
o represent leaf chlorophyll content. The widely used phenol-
gy software Timesat (Jonsson and Eklundh, 2002; Jönsson and
klundh, 2004) is used to extract phenological metrics from the
hlorophyll- and LAI-sensitive VIs, such as the start/end of growing
eason, in order to quantify differences in seasonal timings. The
pecific objectives of this study are to: (1) investigate the tem-
oral variations of chlorophyll content and LAI across a growing
eason; (2) assess the impact of the selected VI on differences in
etrieved key phenological metrics; (3) model spatial variations in
hlorophyll content and LAI at the landscape scale.

ethods

tudy site and data collection

Field sampling was conducted in 2004 in a mature sugar maple
Acer saccharum M.)  stand located in Haliburton Forest, Ontario,
anada (45◦14′16′′N, 78◦32′18′′W).  Haliburton forest falls within
he Great-Lakes – St.-Lawrence region (Rowe, 1972) and is dom-
nated by sugar maple but also contains beech (Fagus grandifolia
hrh.), eastern hemlock (Tsuga canadensis (L.) Carr.), and yellow
irch (Betula alleghaniensis Britt.) (Caspersen and Saprunoff, 2005).
he upland hardwood forests experience an average annual precip-
tation of approximately 1050 mm and mean annual temperature of
◦C (Gradowski and Thomas, 2006). The site is underlain by shallow
runisols or juvenile podzols, (pH 4.2–5.1); mainly silty sands from
recambrian Shield granite or granite-gneiss deposits (Gradowski
nd Thomas, 2006).

Leaves were sampled from the upper canopy of representative
rees using a mobile canopy lift 8 times throughout the growing sea-
on from May  27th to September 30th (Zhang et al., 2007), within

 50 m × 30 m area. On each date, three trees were sampled, from
hich three branches were selected and three leaves sampled from

ach branch, giving a total of 27 leaf samples per sampling date. The
ampled branches were tagged to ensure repeatable measurements
hrough the growing season. Leaf samples were sealed in plastic
ags and kept at a temperature of 0 ◦C for subsequent biochem-

cal analysis to extract leaf chlorophyll content (�g/cm2) (Zhang
t al., 2007). Leaf area index and canopy structural parameters were
easured 10 times across the growing season, along a 100 m tran-

ect. Effective LAI (Le) was measured by the LAI-2000 plant canopy
nalyser (Li-Cor, Lincoln, NE, USA), using the methods of Chen et al.
1997). The element clumping index was measured using the TRAC
Tracing Radiation and Architecture of Canopies) instrument (Chen
nd Cihlar, 1995).

atellite data acquisition and processing

The MEdium Resolution Imaging Spectrometer (MERIS) on
oard the ENVISAT platform measures surface reflectance in fif-
een spectral bands from 415 to 885 nm,  with a temporal revisit

ime of 2–3 days. Thirty-three MERIS Reduced Resolution (RR)
evel 2 (1200 m)  images were used in this study, spanning the
rowing season from 28th March to 30th November, 2004. The L2
roducts contain geolocated geophysical parameters in addition to
ervation and Geoinformation 33 (2014) 312–320 313

surface reflectance, including terrain height, geometric informa-
tion, solar and viewing geometry, meteorological data and several
flags addressing image quality (Canisius et al., 2010). MERIS L2
products were radiometrically and atmospherically corrected to
account for Rayleigh scattering, ozone, water vapor absorption
and aerosol content. The MERIS images were reprojected to WGS
84 and coordinate system (UTM 18) and resampled using nearest
neighbor interpolation using the BEAM VISAT software application
(European Space Agency). The images were also co-registered and
geometrically corrected using a grid of tie points, which contained
geo-location coordinates and were distributed evenly throughout
the image.

Vegetation index selection

A large number of vegetation indices have been developed and
tested over a range of species and physiological conditions, using
empirical and simulated data (Blackburn, 2007). This study uses the
Macc01 vegetation index (Maccioni et al., 2001), calculated as:

Macc01 = R780 − R710
R780 − R680

(1)

based on the findings of a recent study (Croft et al., 2014a), which
tested the relationship between 60 vegetation indices and chloro-
phyll content at leaf and canopy scales. Macc01 displayed a very
strong relationship with chlorophyll content at the canopy scale
(R2 = 0.93; RMSE = 1.68 �m/cm2) and is one of several vegetation
indices based on reflectance from wavelengths along the red-edge
spectral region (Dash and Curran, 2004; Gitelson and Merzlyak,
1994; Vogelmann et al., 1993; Zarco-Tejada et al., 2001). Research
has shown that the red edge region is sensitive to a wider range of
chlorophyll content than chlorophyll absorption bands (680 nm),
which are more likely to saturate under high chlorophyll conditions
(Sims and Gamon, 2002).

Whilst interactions of chlorophyll with radiation are largely lim-
ited to optical wavelengths, ranging from 400 nm to 725 nm, LAI
impacts occur in the NIR, due to canopy structure and multiple
scattering which is particularly important at NIR wavelengths as
little radiation is absorbed (Asner, 1998). NDVI (Eq. (2)) has been
extensively used to estimate LAI, along with FAPARcanopy and gross
primary production (Potter, 1993; Running et al., 2004).

NDVI = NIR − red
NIR + Red

(2)

NDVI has a very long time record of data usage, dating from
early 1980s, and is very widely used and well documented in the
literature (Xiao et al., 2009). Some care has to be taken using NDVI
in regions of high LAI due to saturation and reduced sensitivity.
Nevertheless, Soudani et al. (2012) found a very close agreement
between NDVI measured using a network of ground-based sensors
and physical measurements of LAI in a number of different ecosys-
tems, which they used to monitor temporal dynamics in phenology
and canopy structure.

The relationships of NDVI and Macc01 derived from satellite
reflectance data with measured LAI and leaf chlorophyll content
respectively, are shown in Fig. 1. Where ground sampling dates did
not exactly coincide with remotely-sensed image dates, the values
of spectral indices were temporally linearly interpolated to give
results for the same ground date.

Fig. 1 demonstrates that both vegetation indices show a strong
relationship with their respective vegetation parameter (LAI:
R2 = 0.67; Chlorophyll: R2 = 0.97). Despite NDVI being prone to sat-

uration at high LAI values, Fig. 1a displays a linear relationship, with
the lower LAI values corresponding to the start and end of the sea-
son clearly identifiable and the NDVI values toward the middle of
the growing season relatively consistent, with little variation in LAI
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ig. 1. The relationship between satallite-derived vegetation indices and measure
epresent the standard error).

alues. Fig. 1 supports the use of both indices as a proxy for the
espective LAI or leaf chlorophyll content in this study.

omparison between MERIS reduced resolution and full resolution
ata

It was necessary to use MERIS RR images (1200 m)  in this study
ather than (FR) full resolution (300 m)  data due to the partial avail-
bility of FR images over North America before April 2008, as a
esult of the limited capacity for systematic archiving of MERIS
R imagery before this time. The reduced number of FR images
rchived during 2004 failed to capture important phenological
tages of the growing season and resulted in coarser time inter-
als. Nevertheless, the available FR MERIS images over the growing
eason were downloaded and the results compared to the RR data
Fig. 2) to investigate possible effects of spatial heterogeneity on
esults as a result of the differing spatial resolutions of the products.

The very close agreement of data derived from MERIS RR and FR
roducts shown in Fig. 2 is due to the homogeneity of the broadleaf
orest site, and justifies the use of RR data in order to obtain the
enefits of the finer temporal resolution and greater number of

mages available for analysis.

eriving phenological metrics
The VI time-series data was processed using TIMESAT version
.1.1 software (Jönsson and Eklundh, 2002, 2004), which was  devel-
ped for fitting mathematical functions to satellite time-series data

Fig. 2. Comparison of MERIS reduced resolution and f
nd data for (a) NDVI and LAI; (b) Macc01 and leaf chlorophyll content (error bars

to extract seasonal parameters. TIMESAT has been used in a num-
ber of ecological applications, including mapping environmental
and phenological changes (Olsson et al., 2005), the development of
carbon models using satellite data (Olofsson et al., 2008) and forest
disturbances detection (Eklundh et al., 2009). VI time series data
can often contains spurious variation caused by atmospheric vari-
ability and bidirectional reflectance distribution function (BRDF)
effects which affect the monitoring of terrestrial ecosystems (Chen
et al., 2004). The logistic curve function has been widely used to
smooth the VI time series and extract key phenological metrics
(Fisher et al., 2006; Richardson et al., 2009a; Zhang et al., 2003).
We used a double logistic curve function (Eq. (3)), which Hird and
McDermid (2009) found maintained NDVI signal integrity (Jönsson
et al., 2010).

g(t; x1, . . .,  x4) = 1
1 + exp(x1 − t/x2)

− 1
1 + exp(x3 − t/x4)

(3)

where t is time in days, and x1 and x3 determine the position of
the left and right inflection point respectively, representing canopy
development and senescence, and x2 and x4 give the respective
rate of change. Key phenological metrics were extracted from the
fitted curve function, including start of season (SOS), end of season
(EOS), growing season duration (EOS-SOS), amplitude and slope of
right and left curve. The SOS and EOS were estimated as 30% of the

rising and falling limb, respectively. The amplitude is the differ-
ence between the maximum value and the base level. As Timesat
only works on multiple years, the growing season was duplicated to
make an artificial time-series spanning three years and extracted

ull resolution data, for (a) Macc01 and (b) NDVI.
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shows how chlorophyll content, derived from Macc01, varies spa-
tially on key dates across a growing season across a 72 × 72 km
spatial extent, centralized on the ground field site.
Fig. 3. Ground measurements and satellite-derived VI v

etrics from the middle season of the time-series (Eklundh and
önsson, 2010). Along with many smoothing functions, Timesat
nly accepts data sampled at uniform intervals, consequently the
I time series was resampled to regular 5-day intervals in order to
t the logistic curve. Only very negligible differences were present
etween the original and resampled time series. All figures in sub-
equent sections show the data as collected at original acquisition
imes with the exception of the logistic curve function.

esults

ariations in chlorophyll and LAI across a growing season

Prior to spatiotemporal analysis across broader spatial extents,
he correlation between ground measurements of leaf chlorophyll
nd LAI with satellite derived VIs across a growing season are first
nvestigated. The chlorophyll index (Macc01) was found to be a
op performing chlorophyll index at the canopy level (Croft et al.,
014a). The NDVI index used as a proxy for LAI and has been widely
sed to delineate plant growing season (Jenkins et al., 2002; Xiao
t al., 2009). Fig. 3 shows the satellite-derived VIs representing
hlorophyll (Macc01) and LAI (NDVI) for one pixel corresponding
o ground measurement locations and measured leaf chlorophyll
ontent and LAI.

Both the Macc01 and NDVI index show very close relationships
o changes over time in chlorophyll and LAI, respectively. Ground

easurements of chlorophyll (�g/cm2) and LAI exhibit a strong
emporal consistency with Macc01 and NDVI at the start and end
f the growing season. After the initial ‘greening up’ stage at the
tart of the growing season, the NDVI and LAI data both show rel-
tively stable values with time compared to the chlorophyll and
acc01 values. This strong correlation between the VIs and respec-

ive ground measurements demonstrates the suitability for each VI
o act as a proxy for its respective ecological variable. To investi-
ate the temporal nature of changes in chlorophyll and LAI across

 growing season, the two VIs are shown together in Fig. 4.
Clear differences can be seen in the temporal profile of chloro-

hyll and LAI across the season, particularly in the early stages,
ollowing bud burst (Fig. 4). LAI increases begin earlier and are

ore rapid than changes in chlorophyll content, with a start date
f approximately day of year (DOY) 132 and reaching maximum
alues by DOY 151. By contrast chlorophyll remains stable until
pproximately DOY151, and then begins to increase more gradu-
lly until DOY 185. Fig. 4 demonstrates that, whilst the leaves are
ut, the leaf chlorophyll content remains low for a period after this

vent, which may  impact photosynthetic rates. It is possible that
he sudden increase in NDVI values at DOY 132 is responding to
nderstory greening prior to the main canopy bud burst. However,

enkins et al. (2002) used a NDVI threshold of 0.45 to define the start
for (a) Chlorophyll and (b) LAI across a growing season.

of the plant growing season for forests in the eastern USA, which
corresponds to the results seen at a start DOY of 132 in Fig. 4.

In order to quantify variations in the temporal profile between
chlorophyll content and LAI, logistic curve functions were fitted to
the VIs using Timesat software (Jönsson and Eklundh, 2002, 2004),
to derive key phenological metrics. The logistic curve was  fitted to
temporally resampled data at 5-day intervals and is shown with
the VI at the original acquisition time intervals (Fig. 5).

The fitted curve functions in Fig. 5 show clear temporal differ-
ences, with the chlorophyll growing season appearing to be much
shorter in duration, both starting later and ending earlier. Whilst
the chlorophyll curve is relatively symmetrical, LAI shows a sharp
increase at the start of the season, following bud burst and a more
gradual decline at the end of the season, with senescence and leaf
fall, leading to a more asymmetrical temporal profile. Phenological
metrics were extracted from the logistic models to quantify impor-
tant phenological stages and compare with the two  VIs, including
start and end of season dates and season length (Table 1).

The apparent temporal differences in chlorophyll and LAI
indices seen in Fig. 5 are confirmed by the derived phenological
metrics (Table 1). The LAI season duration is 57 days longer than the
chlorophyll season, and begins 27 days earlier at DOY 130. Whilst
the SOS, EOS and season duration dates are very different, the peak
time for both VIs is only 4 days apart (DOY 221 and 217 for Macc01
and NDVI, respectively).

Spatial heterogeneity in temporal chlorophyll and LAI dynamics

Several studies have found that vegetation phenology is not
uniform across space and displays complex spatial patterns at a
number of different spatial scales (Richardson et al., 2009a). Fig. 6
Fig. 4. Temporal variations in Chlorophyll (Macc01) and LAI (NDVI) across a growing
season.
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Fig. 5. Differences in chlorophyll content (represented by Macc01) and LAI (represented by NDVI) across a growing season.

Table 1
Phenological metrics for chlorophyll content (Macc01) and LAI (NDVI).

Start End Length Base value Peak DOY Peak value Amplitude Left derivative Right derivative

c
s
e
l

Macc01 157 278 121 0.63 221 

NDVI 130 308 178 0.28 217 

Even within a 72 × 72 km region, Fig. 6 shows that chlorophyll
ontent varies considerably across space throughout the growing

eason. Notably, whilst spatial differences in chlorophyll are
vident, they appear to be relatively stable with time, with the
ocalized higher Macc01 values at DOY 199 (circa 0.79), also

Fig. 6. Spatial variability of chlorophyll cont
0.78 0.15 0.017 0.024
0.86 0.58 0.063 0.050

persisting later in the growing season at DOY 262. Broadly the
same areas of lower chlorophyll contents are also present from

DOY 157 to DOY 214, after which they become integrated into
coarser patches of more spatially continuous chlorophyll content.
There is a slight decrease in chlorophyll from DOY 132 to DOY 151,

ent (Macc01) across a growing season.
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Fig. 7. Spatial variability of L

elative to the DOY 128 results. This apparent decrease could be a
alse signal at DOY 128, as a result of understory growth or canopy
ud burst, and temporally corresponds to the increase in NDVI
alues relating to LAI. The spatial variability visible in Fig. 6 may
e due to differences in forest species or differences in chlorophyll
ontent within species.

The spatial distribution and temporal dynamics of LAI (NDVI)
hown in Fig. 7 reveal contrasting results to those of leaf chlorophyll
ontent. The spatial representation of the LAI time-series confirm
he findings in Fig. 5; illustrating an abrupt change in LAI across
pace for the start of the growing season and a slower change at
he end of the growing season, with relatively consistent overall
alues for the remainder (approximately NDVI = 0.9).

In contrast to chlorophyll content, the spatial scales of LAI vari-
bility appears to change with time, with spatial variations in NDVI
n the middle of the growing season being more localized, with
maller patch sizes and greater extreme differences in value. At
he start and end of the season, coarser scales of spatial variabil-
ty were also present. This is in contrast to chlorophyll distribution

hich displayed larger, more coherent structures, the length-scale
f which did not generally appear to change with time.

patial variability in the start and end of the growing season
The modeled phenological metrics for the start and end of the
rowing season for LAI and leaf chlorophyll are shown spatially in
ig. 8, along with the difference in days between the chlorophyll
nd LAI SOS and EOS (Fig. 8c and f). A double logistic model was
VI) across a growing season.

used; following the methods used previsouly, with SOS and EOS
metrics extracted at 30% of the rising and falling limb, respectively.

The modeled SOS and EOS days shown across a 72 × 72 km spa-
tial extent confirm the results shown in Table 1 for one pixel, with
Macc01 SOS occuring around DOY 155–160, and NDVI SOS predom-
inately occurring between 132 and 138. The EOS occured between
DOY 267–275 for Macc01 and DOY 290–310 for NDVI. Whilst there
is spatial variation across the landscape in phenological metrics for
each VI, the temporal range is relatively small, particularly at the
SOS where most variation for both indices was  within ±5 days. The
spatial variation in leaf chlorophyll (Macc01) SOS  onset was com-
prised of coarser-scale patches across the lansdcape, in comparison
to NDVI, where more fine-scale dissimilarity was visible. Fig. 8c and
f also show the large discrepencies between leaf chlorophyll and
LAI SOS and EOS that exist spatially, with chlorophyll SOS occur-
ing approximately +20–35 days after LAI SOS, and chlorophyll EOS
occuting approximately −20–30 before LAI EOS.

Discussion

Spatio-temporal variations in LAI and chlorophyll content

The main phenological phases can be seen in the growth curve
of both chlorophyll and LAI VIs (Figs. 3 and 4), including a first phase
of growth related to budburst, leaf development and maturation in

spring and senescence and leaf fall in autumn (Soudani et al., 2012).
However, results indicate the timing of changes in chlorophyll and
LAI (as represented by Macc01 and NDVI) across a season are very
different. LAI increased earlier in the season and more rapidly than
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ig. 8. The start of the growing season for (a) NDVI, (b) Macc01, by day of year, (c) t
or  (d) NDVI, (e) Macc01, by day of year, (f) the difference in days between Macc01 

hlorophyll content, which took a longer period of time to reach
aximum values (Fig. 4). Extracted phenological metrics indicated

hat the start of season dates varied by 27 days (DOY 130 and 157 for
AI and chlorophyll, respectively). This finding confirmed previous
esearch by Kodani et al. (2002) on a Japanese beech (Fagus crenata)
tand, who found that start of season changes in LAI preceded those
or chlorophyll content. The results follow physiological develop-

ent of the canopy, where in spring, leaves are first formed and
hlorophyll accumulated, and in the autumn the chlorophyll is
ecomposed and nitrogen withdrawn before leaf fall (Kodani et al.,
002). This pattern was also shown by Nagai et al. (2011) who
tudied Betula ermanii, Quercus crispula and Acer rufinerve, find-
ng that in all cases LAI was characterized by a sharp increase on
ud expansion, with chlorophyll measured by SPAD displaying a
ore gradual increase, taking longer to reach maximum values.

his relationship varied between species, with the chlorophyll in A.
ufinerve trees showing the greater lag and slowest development.
urthermore, the decline in values at the end of the season occurs
ooner for the chlorophyll VI, indicating the breakdown of chloro-
hyll and cessation of photosynthetic processes can be captured
rior to leaf fall. The nature of the relationship between chloro-
hyll and LAI development during leaf expansion and senescence
or different species and under different environmental conditions
equires further research. The difference in growing season metrics
ndicates that the choice of spectral index is crucial to obtaining
ccurate information on the processes of interest, e.g. in relation
o canopy structure or to leaf function. The phenological met-
ics for both LAI and chlorophyll also displayed distinct spatial
ariations at the landscape scale (Fig. 8), which may  be related
o differences in drainage patterns, water availability and local
opography.

I derived LAI or chlorophyll content for estimating GPP
This research has shown clear differences in the spatial
nd temporal dynamics of chlorophyll and LAI, retrieved from
atellite-derived VIs. The findings have potentially far reaching
ference in days between Macc01 and NDVI SOS, and the end of the growing season
DVI EOS.

implications in the estimation, monitoring and parameterization of
key terrestrial processes, including gross primary production (GPP).
The fraction of photosysnthetically active radiation (400–700 nm;
FAPAR) is an important variable in the estimation of GPP, and is
commonly used in satellite-based Production Efficiency Models
(Ruimy et al., 1996; Running et al., 2004). FAPARcanopy is usually
estimated as a function of NDVI represented by the empirical
relationship NDVI–LAI–FPARcanopy (Zhang et al., 2005). However,
as chlorophyll is the ‘photosynthetic apparatus’ of the plant (Peng
et al., 2013), only the PAR absorbed by chlorophyll is used for photo-
synthesis (Zhang et al., 2009). Research by Zhang et al. (2005) found
differences between FAPARcanopy and FAPARchl and suggested that
using FAPARchl to estimate GPP in biogeochemical models would
be better representative of plant photosynthesis processes. Studies
have also demonstrated that leaf chlorophyll content was well
correlated with temporal changes in light use efficiency (LUE)
(Peng et al., 2011; Wu  et al., 2009). In crop studies, researchers
have also found a close relationship between canopy chlorophyll
content and GPP, where total chlorophyll content appeared to be
a good proxy of maize GPP (Gitelson et al., 2003, 2006; Peng et al.,
2011).

Conclusion

This research investigated differences in temporal and spatial
variation of chlorophyll content and LAI at the landscape scale. It
sought to begin to address the need for better understanding of
the relationships between phenology and ecological functionality
called for by Liang and Schwartz (2009) and demonstrated that
phenology, both in terms the timing of bud burst and leaf develop-
ment, vary spatially over a landscape. In addition to differing spatial
distributions, chlorophyll and LAI VIs also displayed extremely dif-
ferent temporal profiles, with the duration of the LAI season was

found to be 178 days in length, compared to chlorophyll, which
was 121 days. The LAI season also preceded the start of the chloro-
phyll season by 27 days (DOY 130 and 157, respectively). This study
highlights the differences that exist between chlorophyll (Macc01)
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