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Abstract

Photosynthesis, which describes the uptake of carbon from the atmosphere by vegetation, is
key to the natural mitigation of anthropogenic climate change. Its accurate assessment is
therefore of vital importance for correct estimates of the global carbon balance and the
understanding of global carbon dynamics. This uptake of carbon is referred to as the gross
primary productivity (GPP) and can be remotely sensed by utilising models that are based on
the concept of light use efficiency (LUE). However, LUE is difficult to derive directly from
remote sensing and therefore alternative approaches has been suggested for its derivation.
One such approach is the photochemical reflectance index (PRI) which measures the
reflectance signal of the photoprotective mechanism of the xanthophyll cycle. Even though
the PRI and LUE has been shown to be correlated, no generalised relationship has yet been
established and more research needs to be conducted for different species, climates and
temporal scales in order for this to be achieved. This report shows that for a birch forest in a
sub-arctic climate, PRI does not approximate LUE over diurnal and seasonal time scales. The
correlation between PRI and LUE were generally higher over the seasonal time scale
compared to the diurnal analysis, which exhibited varying correlations throughout the season.
The majority of these correlations were not significant (p<0.05), suggesting that PRI cannot
be considered as a proxy for LUE in these environments. This contradicts the few studies
conducted for other deciduous forests in sub-arctic climates and the research field of PRI as a
whole. Therefore, it is likely that it is the design of the study that gives rise to these results
and not that the relationship between PRI and LUE does not hold true. The findings of this
study therefore comply with and contribute to the body of evidence that suggest that PRI is a
sensitive index, highly influenced by external factors.



Sammanfattning

Fotosyntes, vilket beskriver upptaget av koldioxid fran atmosfdren av vegetationen, ér
nyckeln till den naturliga formildringen av den antropogena klimatférandringen. Dess
korrekta skattning dr darfor av avgdrande betydelse for korrekta beddmningar av den globala
kolbalansen och forstielsen av det globala kolets kretslopp. Detta upptag av kol kallas
bruttoprimarproduktionen (Gross Primary Productivity; GPP) och kan fjérranalyseras genom
att utnyttja modeller som dr baserade pd konceptet av fotosyntetisk effektivitet (Light Use
Efficiency; LUE). Det dar dock svart att hdrleda LUE direkt fran fjarranalys och dérfor har
alternativa metoder foreslagits for dess hirledning. Ett sadant tillvigagingssitt dr det
fotokemiska reflexions indexet (Photochemical Reflectance Index; PRI), som méter
reflexionen av den ljusskyddande mekanismen xantofyll cykeln. Trots att PRI och LUE har
visat sig vara korrelerade, har inget allmédnt samband dnnu faststéllts och mer forskning maste
genomforas for olika arter, klimat och tidsskalor for att detta skall kunna uppnés. Denna
rapport visar att for en bjorkskog i ett subarktiskt klimat, approximerar inte PRI LUE 6ver de
dagliga eller sdsongsmassiga tidsskalorna. Korrelationen mellan PRI och LUE var i allménhet
hogre for den sdsongsmaissiga tidsskalan jamfort med dygnsanalysen, som uppvisade
varierande korrelationer under hela sdsongen. Majoriteten av dessa korrelationer var inte
signifikant (p<0,05), vilket tyder pa att PRI inte kan betraktas som ett substitut for LUE 1
dessa miljoer. Detta motséger de fa studier som genomforts for andra 16vskogar i subarktiska
klimat och forskningsomradet om PRI som helhet. Darfor dr det troligt att det &r utformningen
av denna studie som ger upphov till dessa resultat och inte att forhdllandet mellan PRI och
LUE inte 6verensstimmer. Resultaten av denna studie bidrar darfor till den mingd bevis som
tyder pd att PRI &r ett kinsligt index som 1 hog grad paverkas av yttre faktorer.
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1.Introduction

There has been a large focus on the global carbon cycle, both publically and scientifically,
since the recognition of anthropogenic climate change (Ciais et al. 2013). There is a large
interest in the realistic quantification of each pool and flux of this cycle in order to evaluate
the current and future state of the carbon balance in an accurate fashion. Of particular interest
is the vegetation’s role in carbon cycling since primary producers naturally mitigate
atmospheric CO, levels through the process of photosynthesis. This uptake of carbon between
vegetation and atmosphere is termed the gross primary productivity (GPP).

As a result of this process, approximately 50% of anthropogenic CO, emissions released into
the atmosphere have been taken up by oceanic and terrestrial ecosystems for the last 50 years
(Ballantyne et al. 2012). In particular, the temperate and sub-arctic terrestrial biomes have
potentially acted as significant carbon sinks (Goodale et al. 2002; Pan et al. 2011). This
exemplifies the importance of vegetation in the global carbon cycle and thus further
highlights the need to estimate the global GPP more accurately.

There are several methods for the estimation of GPP. Ground observations are commonly
obtained through the use of the eddy covariance (EC) technique (Baldocchi 2003) where GPP
is partitioned from the sampled net ecosystem exchange (NEE) (Reichstein et al. 2005). NEE
is the balanced measure of carbon uptake and carbon loss in the form of plant respiration for
an ecosystem (Schlesinger and Bernhardt 2013). Even though measurements are point based,
the EC technique encompasses similar spatial scales to satellite imagery (~1 km?) (Turner et
al. 2003; Eklundh et al. 2011). But to establish new EC towers is expensive (Eklundh et al.
2011) and gives rise to errors when performed over heterogeneous surfaces (Baldocchi 2003).
As a result of all these factors, the EC technique lacks the spatial coverage needed for global
GPP estimates. Therefore, modelling methods exist which utilize remote sensing to overcome
these limitations.

Several models can be applied through the use of remote sensing to fulfil the limitations of
estimating GPP from EC towers (Landsberg and Sands 2011b). Most of these models are
alterations of the light use efficiency model (Monteith 1972, 1977), which describes GPP as
the product of the absorbed light by vegetation (APAR) and an efficiency factor termed LUE.
This factor describes how much of the absorbed light that is used for photosynthesis and
therefore the stress constraints limiting the assimilation of carbon (Goerner et al. 2011). This
model has been proven effective in uniform vegetation with stable (laboratory) conditions
(Russell et al. 1989). However, these settings are rarely found in nature and the specific LUE
for a given location is therefore difficult to derive with remote sensing (Hilker et al. 2008b).
Consequently, there is a need for an alternative method to derive a value for the constraints
limiting the efficiency of carbon assimilation.

One such approach has been suggested to overcome the limitation of deriving LUE with
remote sensing. This approach is referred to as the photochemical reflectance index (PRI)
(Gamon et al. 1992). This index makes use of the reflectance signal of the specific
photoprotective mechanism termed the xanthophyll cycle which is initiated when the plant
experience stress from excessive light conditions (Demmig-Adams 1990). PRI has been
shown to correlate with LUE (Garbulsky et al. 2011) since they both describe the stress
factors limiting the efficiency of carbon assimilation. The value of PRI is therefore thought to
be interchangeable with the LUE parameter in Monteith’s GPP model, thus removing the
need to remotely sense the LUE directly.



However, there is still debate within the literature regarding PRI’s suitability as a substitute
for LUE since PRI has been shown to be sensitive to external influences (Barton and North
2001). As stated by Zhang et al. (2015) “It is still a challenge to derive a generalized
relationship between LUE and PRI”, which means that PRI cannot yet be applied with
confidence at a wider scale. In order to achieve this, more research needs to be conducted
regarding PRI and LUE for different species, climates and temporal scales (Busch et al. 2009;
Zhang et al. 2015) to expand the current knowledge of its functioning and variability.

Even though this is currently being done through the expanding interest in the research field
of PRI (Garbulsky et al. 2011), the PRI for many biomes and its temporal variability have not
yet been researched. Particularly little research has been done in sub-arctic environments. The
few studies that exist for this climate have mainly focused on coniferous forests (Nichol et al.
2000; Hilker et al. 2011; Porcar-Castell et al. 2012; Gamon et al. 2015; Wong and Gamon
2015b, a) and only a few include deciduous stands (Nichol et al. 2000; Drolet et al. 2005;
Hilker et al. 2011; Gamon et al. 2015). Thus, a limited number of deciduous tree species in
sub-arctic environments have as to date been researched. Therefore, there is a need to conduct
further research in these environments in order to assess the wider applicability of PRI.

1.1. Aim

The aim of this study is to evaluate the ability of PRI to approximate LUE of a sub-arctic
birch forest (Betula pubescens) at canopy scale. This relationship will be analysed over both
seasonal and diurnal time scales.



2. Background

This section will briefly develop the theoretical background governing the concepts that were
presented in the Introduction. First is a description of LUE, its application in GPP modelling
and its limitations. Second is a description of PRI, why it is considered to be an appropriate
substitute to LUE and what factors affect its application.

2.1. Light Use Efficiency (LUE)

As mentioned previously, LUE describes the efficiency of photosynthesis, i.e. how much of
the light that is absorbed by the vegetation that is used for photosynthesis (Monteith 1972).
This efficiency is governed by abiotic stress factors, which is determined by the access to
water, nutrients and sufficient lighting (Landsberg and Sands 2011a). These factors are hard
to separate into their individual components as they often act simultaneously. LUE overcomes
this by aggregating all of these stresses into a single parameter (Goerner et al. 2011).

Initially, the LUE was considered constant since plants and vegetation had been shown to
grow proportionally to the light absorbed by the canopy (Monteith 1972, 1977). However, this
relationship only holds true for uniform stands during vegetation growth and ideal
environmental conditions (Russell et al. 1989), which rarely exists in reality. Consequently,
the LUE has been observed to vary between biomes, days and seasons (Turner et al. 2003),
which complicates its derivation. Therefore, a single value of LUE cannot be attributed to a
specific species or environment.

It was Monteith (1972, 1977) that first proposed the concept of LUE in his light use efficiency
model of GPP. Here, the LUE is combined with the incoming light, also known as
photosynthetically active radiation (PAR), and the fraction of PAR that is absorbed by
vegetation (fAPAR). PAR includes the visible light between 400 and 700 nanometres and
fAPAR is considered as stable and not affected by stress factors. The model is denoted as
follows:

GPP = PAR - fAPAR - LUE Equation (1)

where GPP is the gross primary productivity (umol m~s™)
PAR is the photosynthetically active radiation (umol m™s™)
fAPAR is the fraction of absorbed PAR (umol m™ s™)
LUE is the light use efficiency

A direct measure of GPP from remote sensing is problematic since only two of the three
model components can be directly estimated with remote sensing. These components are the
fAPAR, which has been highly correlated with the normalised difference vegetation index
(NDVI) (Rouse et al. 1974; Running et al. 2000; Rossini et al. 2012), and the PAR which
can be estimated through satellite measurements (see Hilker et al. (2008b) for a good
summary). As of yet, the third component LUE is difficult to derive solely from remote
sensing (Hilker et al. 2008b) due to the complex factors governing LUE and their variability.

Modern remote sensing variations of Monteith’s GPP model attempt to incorporate the LUE
variation by basing the LUE on a biome specific theoretical maximum LUE. This factor is
then downscaled by the air temperature and vapour pressure deficit (Running et al. 1999) to
simulate the abiotic stresses. The need to know the specific theoretical maximums for a given
biome means that the method needs some predefined variables which are not remotely sensed



and still based on experimentation (Running et al. 2000). Such models are still too simplistic
to sufficiently quantify the LUE, which gives rise to errors in the estimation of GPP (He et al.
2013; Zhang et al. 2015). Therefore, there is an interest to investigate the use of PRI as an
estimate of LUE.

2.2. Photochemical Reflectance Index (PRI)

When a plant absorbs more light than can be utilised for photosynthesis, the redundant light
can cause damage to the plant (Demmig-Adams and Adams 1992). Several photoprotective
mechanisms operate simultaneously during these conditions in order to protect the plant from
photoinhibition (Kyle et al. 1987). One of these photoprotective mechanisms is the dissipation
of excessive PAR through the xanthophyll cycle, where the pigment violaxanthin is de-
epoxied by the excessive PAR into the pigment zeaxanthin through the pigment
antheraxanthin (Demmig-Adams 1990). The process is reversed during limiting light
conditions (see Figure 1). This cycling of pigments can be remotely sensed through the use of
PRI (Gamon et al. 1992) since the concentration of zeaxanthin generates a reflectance signal
centred around 531 nanometres. This reflectance is normalised by a reference wavelength that
is not affected by the reflectance signal of the xanthophyll cycle in order for the index to
measure the level of light stress.

PR] = Ps531 ~ Pref

Equation (2)
Ps31t Pref
where PRI is the photochemical reflectance index
Ps31 1s the reflectance at wavelength 531 (%)
Pret 18 the reflectance of the reference wavelength (%)

The index ranges between -1 and 1, with values decreasing with excessive sunlight (Pefiuelas
et al. 1995). The reference wavelength is typically centred at 570 nanometres but there is a
debate regarding the optimal reference wavelength since good results have been obtained at
wavelengths of 550 nanometres too (Gamon et al. 1992). Also, if PRI should be derived from
satellites other reference wavelengths has to be investigated since contemporary satellites are
not equipped with instruments that measure at the original wavelengths of PRI (Drolet et al.
2005; Drolet et al. 2008).

Violaxanthin

Antheraxanthin

Limiting light Excessive light

Zeaxanthin !

Figure 1. A scheme of pigment concentrations in the xanthophyll cycle depending different light
regimes. Modified from Demmig-Adams (1990).

Excessive light conditions not only occur with increasing incoming light but can be caused
during stable light conditions through the increased occurrence of other abiotic stresses, e.g.
water or nutrient limitation, which limits the plant’s ability to photosynthesise (Demmig-



Adams 1990). It is on this basis that the xanthophyll cycle, through the use of PRI, is assumed
to be a useful proxy for the LUE. Based upon the assumption that fAPAR in the LUE model
remains constant and is only affected by the varying LUE.

2.2.1. Causes of spectral variability

Just as for other spectral indexes related to vegetation, the reflectance PRI measures are
influenced by a number of factors. These are mainly related to the physical properties and
constituents of vegetation but atmospheric conditions and instrumentation also impact the
observed reflectance.

2.2.1.1. Vegetation

When it comes to the vegetation itself, it is mainly the canopy structure and density that
contributes to the uncertainties of PRI. Intra canopy dynamics such as leaf orientation (Barton
and North 2001; Drolet et al. 2008; Suarez et al. 2008; Gamon et al. 2015), leaf shadowing,
occurrence of sun- and dark adapted leaves (Méthy 2000; Barton and North 2001; Stylinski
et al. 2002; Hall et al. 2008), and the visibility of soil and branches from above (Méthy 2000;
Stylinski et al. 2002; Sudrez et al. 2008), all contribute to the variation in reflectance used for
estimating PRI.

It has also been demonstrated that the factors controlling the PRI signal is altered temporally.
Over shorter time scales, i.e. days, PRI is controlled by changes in the xanthophyll cycle
(Gamon et al. 1992; Gamon et al. 2015). On seasonal time scales however, PRI is instead
controlled by changes to the concentrations of chlorophyll and carotenoid (Stylinski et al.
2002; Fréchette et al. 2015; Gamon et al. 2015; Wong and Gamon 2015b, a). These two
controls on PRI has been termed the facultative and constitutive PRI response, where the
facultative PRI is controlled by the xanthophyll cycle and the constitutive PRI is controlled by
changing pigment pool concentrations (Gamon and Berry 2012).

2.2.1.2. Atmospheric conditions

Atmospheric conditions influence PRI as these conditions both affect the physical state of the
vegetation and the composition of the atmosphere through which the reflection travels at the
point of measurement. The physical state of vegetation is mainly driven by meteorology and
will be discussed first while the atmospheric composition will be discussed later.

During extreme meteorological events that causes stress upon the vegetation, the relationship
between the xanthophyll cycle and PRI can be decoupled. This has been observed both in a
coniferous forest undergoing stress induced by cold temperatures (Wong and Gamon 2015b)
and for sunflower crops experiencing drought (Pefiuelas et al. 1994). This decoupling due to
meteorological events can therefore introduce uncertainty or outliers in the PRI measurements
when analysed over longer time periods.

When it comes to the composition of the atmosphere, PRI has been shown to be highly
sensitive to atmospheric scattering in the form of Rayleigh scattering (Barton and North
2001). Thus, when sampling PRI from a satellite, atmospheric corrections has to be performed
(Barton and North 2001). When sampling at ground level, the cloud cover has been seen to
affect the PRI signal as overcast conditions reduces the PAR. It has been observed that the
PRI fluctuates more with increasingly clear sky conditions (Hilker et al. 2008a) and stronger
correlations between PRI and LUE has been observed when no clouds are present (Soudani et
al. 2014). However, the exact effects of cloud cover on PRI, or rather the effect of decreasing



PAR, has still not been established. These effects are amplified when sampling is conducted
at large solar zenith angles (Barton and North 2001).

2.2.1.3. Instrumentation settings

PRI has been shown to vary significantly depending on the instrumentation used for sampling
(Castro-Esau et al. 2006; Harris et al. 2014) since the index is based upon narrow bandwidths
(Castro-Esau et al. 2006). Not only the instrument but how it is positioned effects the value of
PRI. As stated previously, the solar zenith angle amplify the effects of atmospheric conditions
on PRI when larger angles are employed (Barton and North 2001) and this also holds true for
larger view angles. This is the result of that larger view angles incorporates a higher
proportion of shaded leaves in the reflectance measurement, which affects the PRI negatively
(Hilker et al. 2008a). Thus, the use of near-nadir viewing angles would improve the
correlation between PRI and LUE (Goerner et al. 2011). The instrumentation and their
differing settings are therefore important to take into consideration when comparing results
in-between studies.

2.2.2. Alternative ways of calculating PRI

Due to the prosperous future use of PRI in GPP modelling, there is an interest from the
scientific community to further develop the PRI equation so that the effects of spectral
variability discussed above is reduced. Alternative ways of calculating PRI has therefore been
proposed, where only a few will be presented here. To account for differing view and solar
zenith angles when sampling, Hilker et al. (2008a) merged the PRI equation with the
Bidirectional Reflectance Distribution Function (BRDF) (Nicodemus et al. 1977). The
uncertainty arising from different canopy structures can be minimised by calculating the
canopy shadow-fraction and multiplying it with the PRI, which enables PRI comparison
between biomes (Hall et al. 2008; Hilker et al. 2010). It is also possible to remove the
reflectance originating from dark adapted leaves from the value of PRI by subtracting the so
called PRI, (Hmimina et al. 2014), which is the value at the intercept of PRI and APAR for
the dark adapted leaves in a forest stand. Due to time and data limitations, none of these
alternative PRI estimations have been included in the analysis of this study.



3. Materials and methods

3.1. Area of study

The data was obtained from Lars Eklundh and Honxiao Jin, Lund University. Sampling was
conducted at two sites located close to Abisko, Sweden (Figure 2) over the course of two
years, 2010 and 2011. The climate at the study area is classified as sub-arctic and between
1981 and 2010 it experienced a mean annual temperature of -0.14°C and an annual
precipitation of 332 mm (ICOS Sweden 2016). The area of study is dominated by birch
(Betula pubescens) which are on average four meters high and has a density of 1300 trees per
hectare (Eklundh et al. 2011). As seen in Figure 2, the two sites of sampling are located
adjacent to Lake Tornetrésk and are connected by the road E10 which runs between Luled,
Sweden and Narvik, Norway.

Figure 2. The location of the study area and the two sampling sites. The cross to the left is the spectral
mast and the cross to the right is the EC tower. The map of Sweden is based upon the Swedish
municipality borders obtained from Statistiska Centralbyrdan (SCB) and the aerial photo of the study
site is the “GSD-Ortofoto Im” © Lantmditeriet.



3.2. Data

3.2.1. Sampling at the spectral mast

At the western site of sampling (68°21'36"N, 18°48'0"E), a spectral mast is present that is
situated at 340 meters above sea level (Eklundh et al. 2011). Spectral sensors are mounted 55°
off-nadir on the mast 8 meters above the canopy (Eklundh et al. 2011). The view azimuth
angle is 261° and in combination with a field-of-view (FOV) of 60°, the sensors sample an
area of 1961 m” at canopy level (Eklundh et al. 2011). With a four-channel SKR-1850A
spectral sensor, wavelengths centred around 529 and 569 nanometres was sampled every 10

minutes. The reflectance for each wavelength was calculated as follows (Lillesand et al.
2015):

py = Er() Equation (3)
AT B
where P, 1s the reflectance for a specific wavelength (%)

Egr(M) is the reflected energy at the specific wavelength (umol m™s™)
Ei()) is the incident energy at the specific wavelength (umol m™s™)

It should be noted that the wavelengths used in this study differ from those originally used by
Gamon et al. (1992) due to the properties of the sensor. However, since the reference
wavelength centre is within the range (~550 to ~570 nanometres) reported suitable for the
estimation of PRI (Gamon et al. 1992), the use of this reference waveband should be
sufficient to accurately estimate PRI. Also, the utilised sensor bandwidth of 10 nanometres
(Eklundh et al. 2011) is within the required sensor bandwidth range (3-10 nanometres) for
PRI estimation (Grace et al. 2007).

At the same sampling site, four additional PAR fluxes were sampled every 10 minutes, but
with a JYP-1000 PAR sensor. These PAR fluxes are incoming PAR above the canopy
(PARy), total reflected PAR (RPAR,,), canopy transmitted PAR below the canopy (TPAR)
and the ground reflection (RPAR,). These four fluxes were then combined in order to
estimate fAPAR. This estimation was done according to the methodology described in
Eklundh et al. (2011).

PARg+RPARg—TPAR—RPAReco
PAR,

fAPAR = Equation (4)

3.2.2. Sampling at the EC tower

At the eastern site of sampling (68°20'53"N, 19°02'59"E), an EC flux tower is present that is
situated at 397 meters above sea level (Heliasz et al. 2011). This tower is part of the
FLUXNET network (Baldocchi et al. 2001) and is located about 10 kilometres east of the
spectral mast (see Figure 2). A JYP-1000 PAR sensor and an EC system are here mounted 7.5
meters above the ground (Heliasz et al. 2011), which causes the instrumentation to rise 3.5
meters above the canopy. The incoming PAR was sampled at 30 minute intervals by the JYP-
1000 PAR sensor. The NEE was measured by the EC system and the GPP was partitioned
from the sampled NEE based on the methodology of Reichstein et al. (2005). The NEE was
also sampled in 30-minute intervals. A detailed description of the instrumentation used for the
sampling of NEE and PAR can be found in Heliasz et al. (2011).
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3.2.3. Calculation of LUE

The light use efficiency was estimated by combining the GPP and PAR sampled at the EC
tower and the fAPAR sampled at the spectral mast. LUE was estimated by rearranging
Equation 1:

GPP
LUE = ———— Equati
U PAR - FAPAR quation (5)
where LUE is the light use efficiency

GPP is the gross primary productivity (umol m~s™)
PAR is the photosynthetically active radiation (umol m™s™)
fAPAR is the fraction of absorbed PAR (umol m™ s™)

3.3. Temporal analysis
3.3.1. Seasonal analysis

To enable analysis over the course of a season, data harmonisation was conducted due to the
differences in sampling frequency between the different measurements. All variables were
averaged between 11:30 and 12:00 for each day since the solar noon fluctuated in-between
this time frame throughout both 2010 and 2011 (National Oceanic and Atmospheric
Administration). This was done in order to minimise the solar zenith angle and therefore
reduce its variation between days since PRI has been shown to be sensitive to varying
illumination conditions (Harris et al. 2014).

GPP and PAR was only sampled between May and September during both years, thus
limiting the seasonal analysis to this period. Further analysis was performed over a finer
temporal resolution based on the period of full leaf growth of the forest. This temporal
reduction was based on the period of NDVI stability for the sake of minimising the temporal
effects of leaf pigment concentrations during leaf maturity and senescence. This has been
done in other studies, e.g. Hmimina et al. (2014) and Soudani et al. (2014), as it is believed to
yield better estimates of PRI. When NDVT is stable, the canopy is also assumed stable, thus
the changes in PRI should in theory only be attributed to the xanthophyll cycle.

3.3.2. Diurnal analysis

For the diurnal analysis of PRI, five days were chosen for analysis, the 28" of May, the 15"
of June, the 24" of July, the 10" of August and the 3™ of September. These days were chosen
since they exhibited the highest daily average of PAR for their corresponding month, which
would ensure a high PAR and possibly result in better correlations between PRI and LUE
(Soudani et al. 2014). The extraction of one day per month were chosen in order to investigate
the seasonal variability of the daily correlations. The diurnal data sampled at 10 minute
intervals were then averaged over 30 minutes within 6 hours before and after the solar noon,
i.e. between 05:30 and 17:50, in order to analyse the data over a 12-hour period, i.e. a day.

3.3.3. Statistical analysis

The same statistical analysis was performed on the daily and seasonal datasets over the course
of the two years. Firstly, the correlation (expressed as the correlation coefficient ) between
the two variables were calculated to see the association between LUE and PRI. Secondly, the
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significance of this relationship was tested with the following equation (Smith and Smith
2007):

_ (n-2)r?
1-12

F Equation (6)

where n is the number of pairs being compared
r is the correlation coefficient

3.4. Estimation of uncertainties

For the entire season of 2010, a local sensitivity analysis was performed for PRI and LUE
separately in order to evaluate which input parameters that influence the two model outputs
the most. This was also conducted to see if both models were behaving as expected and how
the model outputs were generally affected by larger or smaller values in the distribution. Each
input parameter to the PRI and LUE models were changed based on the range of one standard
deviation from the seasonal sample mean. New PRI and LUE model outputs were then
calculated by running through the values of each input parameter one at a time while the other
input parameters were kept constant at their mean. This result was evaluated by plotting the
new PRI and LUE outputs against the range of values within one standard deviation of each
input parameter.

Over the same period of time, i.e. the entire season, a global uncertainty analysis was
conducted to evaluate how the uncertainty of the input parameters generally propagate into
the uncertainty of the output. For each input parameter, a thousand random values were
generated within the range of uncertainty from the parameter’s seasonal mean. For the inputs
to PRI, i.e. the reflectance at 529 and 569 nanometres, the measurement uncertainty is £5%
(Skye Instruments Ltd). The measurement uncertainty for the inputs to LUE was not available
(Eklundh et al. 2011) but was assumed to be £10%. The randomly generated values were then
used simultaneously to calculate new PRI and LUE outputs, which were then plotted against
each input parameter to check the correlation between the variables. The input parameters
which exhibit high correlations with the output are termed important (Smith and Smith 2007)
since their uncertainty is propagated into the uncertainty of the output. A histogram was also
produced which shows the possible range and variability of the generated output values when
it has an unknown error within the given range in precision of the instrument. If the input
parameter had no uncertainty the output value would be a single number. Since the
uncertainty analysis was based on the mean of each input parameters, its results should only
be seen as an indicator of the uncertainty of PRI and LUE. If absolute results should be
obtained, this analysis should be performed for the specific measurement of interest.

3.5. Evaluation of the study design

In order to evaluate and justify the use of data from two different locations, the only data that
was sampled at both locations were plotted against each other. This was the PAR sampled at
the EC tower and the PAR(, which was sampled at the spectral mast and used as an input for
the estimation of fAPAR (Equation 4). The data was plotted over the five days used in the
diurnal analysis to see the variation over a short time scale. Paired t-tests were also performed
in order to see if the PAR measurements came from the same population.
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4. Results

4.1. Temporal analysis
4.1.1 Seasonal analysis

The period of NDVI stability, as defined by low variation around the seasonal maximum,
occurred between the 6™ of July and 24™ of August in 2010 and between the 20™ June and
29™ of August in 2011 (Figure 3). Between these dates, the NDVI reached above the index
value of 0.8 and will be referred to as the period of full leaf development from through the
rest of the report. As can be seen in the graph, the NDVI is increasing from the beginning of
May during both years, starts to decline towards the end of August/beginning of September
and then increases slightly again in the middle of September. The pattern for the two years is
similar, showing two plateaus, one in May/June and one in July/August. The difference
between the two years is that the second plateau occurs earlier in 2011 and expands for a
longer period of time, resulting in a longer period of analysis in 2011.

2010
1 - \
0.8 -
_ 06
>
[a)]
Z o4
0.2+
0 | | | - | | - |
Apr 26 May 24 Jun 21 Jul 19 Aug 16 Sep 13
Date
2011
1 Bl T
0.8 -
_ 06
>
a
Z 04t
0.2+
0 1 1 ] 1 1 : 1
Apr 26 May 24 Jun 21 Jul 19 Aug 16 Sep 13

Date

Figure 3. The seasonal pattern of NDVI during 2010 and 2011. The dotted vertical lines indicate the
beginning and end of full leaf development, which is the 6" of July and 24" of August in 2010 and the
20" of June and 29" of August in 2011.
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The temporal variability of PRI and LUE over the two years and different time periods can be
seen in Figure 4. PRI is approximately ten times as large as LUE and are both fluctuating in-
between days. From the middle to the end of September 2010 (Figure 4a) there is a sudden
drop of the PRI, with resulting values of around -0.9. Since this exceeds the range of observed
index values prior to the deviation, which had a minimum value of -0.14, the measurements of
roughly -0.9 are most likely erroneous and considered as outliers. Therefore, these
measurements have been removed from the further analysis.
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Figure 4. Time series of PRI and LUE between May and September 2010 (a) and 2011 (b) and during

full leaf development in 2010 (c) and 2011 (d).
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As seen in Figure 5a, the correlation between PRI and LUE is twice as large during 2010
(r=0.2990) compared to 2011 (r=0.1310) (Figure 5b). Over the period of full leaf
development (Figure 5c, d), the correlation between PRI and LUE is much higher compared
to the full season. The correlation between the years is similar where 2010 shows a higher
correlation (r=0.5981) compared to 2011 (r=0.5487). However, none of the observed
correlations are significant (p<0.05) except during May to September 2011 (Figure 5b).
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Figure 5. Correlation of PRI and LUE between May and September 2010 (a) and 2011 (b) and during

full leaf development in 2010 (c) and 2011 (d).
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4.1.2. Diurnal analysis

Just as over the seasonal time scale, the LUE and PRI fluctuates over the course of a day
(Figure 6). These fluctuations do not follow each other and vary to different extents, hence no
clear diurnal pattern of PRI or LUE can be observed. The order of magnitude is the same over
the diurnal time scale as for the seasonal time scale, i.e. the PRI manifests values about 10
times larger than LUE. The last record of PRI on the 3" of September (Figure 6¢) is
potentially an outlier but has not been removed from the further analysis.
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Figure 6. Diurnal variation of PRI and LUE during the 28" of May (a), 15" of June (b), 24" of July
(c), 10™ of August (d) and the 3" of September (e) in 2010.
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The correlation of PRI and LUE over the daily time scale, generates no general relationship
(Figure 7). On the 28" of May (Figure 7a) and the 24™ of July (Figure 7¢) the correlations are
negative (r=-0.2765 and r=-0.2492 for May and July respectively) and significant (p<0.05). In
June (Figure 7b) and August (Figure 7d), the correlation is close to zero (r=0.0229 and
r=0.0834 for June and August respectively), i.e. there is no correlation between the variables.
These relationships are both significant (p<0.05). The day in September (Figure 7¢), shows a
positive and the strongest correlation between PRI and LUE (r=0.4077) but this relationship is
not significant (p<0.05).
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Figure 7. Diurnal correlation between PRI and LUE during the 28" of May (a), 15" of June (b), 24"
of July (c), 10" of August (d) and the 3" of September (e) in 2010.
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The PAR curves in Figure 8, all follow the typical daily pattern where the PAR increases until
noon and then decreases. The PRI is weakly following the inverse of this pattern in the
morning and then deviates from being inversed and fluctuates throughout the day. On the 28"
of May (Figure 8a) and on the 3" of SeEtember (Figure 8e) the PRI increases again in the
evening whereas it decreases on the 15" of June (Figure 8b), the 24™ of July (Figure 8c) and
on the 10™ of August (Figure 8d).
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Figure 8. Diurnal variation of PRI and PAR during the 28" of May (a), 15" of June (b), 24" of July
(c), 10™ of August (d) and the 3" of September (e) in 2010.
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4.2. Estimation of uncertainties

In Figure 9a, PRI can be seen to be equally sensitive to the reflectance at 529 and 569
nanometres. When all other input parameters are held constant and the reflectance at 529
nanometres is increased, PRI increases exponentially. The opposite is observed for the
reflectance at 569 nanometres. The mirrored relationship of these two curves therefore
visualise the normalising behaviour of the PRI equation (Equation 2). When it comes to LUE
(Figure 9b), the output is also sensitive to all input parameters but mostly sensitive to the
value of GPP due to their linear relationship. Thus, a small change in GPP will give rise to a
large change in LUE. The PAR and fAPAR exhibit a similar trend in relation to LUE and
when these input parameters increase, the PRI decreases exponentially.
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Figure 9. Sensitivity analysis of PRI (a) and LUE (b) to their respective input parameters.
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The uncertainty analysis of PRI (Figure 10) shows that the input parameters psa9 (Figure 10a)
and pseo (Figure 10b) influence the output to an equal extent due to their similar correlation
coefficients (r=0.7075 and r=-0.6902 for ps;9 and pse9 respectively). The histogram (Figure
10c) shows that when the model is run with the seasonal means of the input parameters and
the error of £5%, the estimated PRI value could fall anywhere within the range of -0.03 and
0.07, resulting in a variation in PRI of 0.1

Uncertainty Analysis
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Figure 10. Uncertainty analysis of PRI and its input parameters psjo (a) and pseo (b). The histogram

(c) shows the possible range of PRI values based on the randomly generated input parameters within
+5% of the seasonal mean of each input parameter.
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The uncertainty analysis of LUE (Figure 11) also shows that its input parameters equally
contribute to the uncertainty in LUE. The correlation (r=0.5987) between LUE and GPP
(Figure 11a) is slightly higher compared to the correlation between LUE and PAR (Figure
11b) and LUE and fAPAR (Figure 11c), which exhibits r-values of -0.5596 and -0.5475
respectively. Here, the histogram (Figure 11d) show that when the model is run with the
seasonal means of the input parameters and the error of £10%, the estimated LUE could fall
anywhere within the range of 0.015 and 0.025, which results in a variation of 0.01.
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Figure 11. Uncertainty analysis of LUE and its input parameters GPP (a), PAR (b) and fAPAR (c).
The histogram (d) shows the possible range of LUE values based on the randomly generated input
parameters within £10% of the seasonal mean of each input parameter.
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4.3. Evaluation of the study design

When comparing the PAR measurements obtained at the two sampling sites, the values can be
seen to differ (Figure 12). The data sampled at the EC tower all show a similar pattern, where
the PAR increases until noon, reaching a value between a 1000-1500 umol m™? s™, and then
decreases. For the data sampled at the spectral mast, this feature is not as clearly visible
during all of the days. In July (Figure 12c) and September (Figure 12¢) the daily PAR values
follow the previous description of the incremental rise and decline. The days in May (Figure
12a), June (Figure 12b) and August (Figure 12d) however, do not. For these days the signal
appears noisy since the initial increase is followed by fluctuations during the middle of the
day. The PAR measurements obtained in May, July and September significantly differ
(p<0.05) from each other while the PAR values in June and August do not.
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Figure 12. A comparison of the PAR values measured at the EC tower (solid line) and the spectral
mast (dotted line) over the course of the 28" of May (a), 15" of June (b), 24" of July (c), 10" of August

(d) and the 3" of September (e) in 2010.
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5. Discussion
5.1. Temporal analysis

In this study, the analysis over the seasonal and diurnal time scales yield differing results. The
seasonal analysis generally yields higher correlations between PRI and LUE compared to the
diurnal time scale which exhibits varying correlations throughout the season that are generally
low. This is unexpected since PRI was developed for short time scales (Gamon et al. 1990;
Gamon et al. 1992) and weaker correlations are typically observed over the seasonal time
scale (Garbulsky et al. 2011). The following discussion will try to disentangle these findings
by firstly going through the results from the different time scales and then go on to discuss the
uncertainties in the measurements. This will then be followed by an evaluation of the
construction and design of the study and its future improvements.

5.1.1. Seasonal analysis

Between May and September and the period of full leaf development, both measurements of
PRI and LUE appear to be noisy. The correlations during May to September is therefore low,
with r-values ranging between 0.1310 (2011) and 0.2990 (2010) (Figure 5a, c). Over the
period of full leaf development, the correlation between PRI and LUE are higher compared to
the entire season, with r-values ranging between 0.5487 (2011) and 0.5981 (2010) (Figure 5b,
d). The correlations at this temporal scale are within the range of observed correlations for
PRI and LUE in other studies (Garbulsky et al. 2011).

Due to the large improvement of the relationship between PRI and LUE during the period of
full leaf development, the observed low correlation of PRI and LUE between May and
September are probably due to noise in the data. This noise is probably originating from the
exposure of soil and branches (Méthy 2000; Suarez et al. 2008) during the phase of leaf
growth in the beginning of the growing season and the peculiar PRI behaviour of senescent
leaves towards the end of the growing season (Nakaji et al. 2006), which both influence the
measured reflectance used in the estimation of PRI

The noisy data for May to September could also stem from the presence of snow, which a
number of authors have found to negatively affect the vegetation index NDVI (Gamon et al.
2006; Bradley et al. 2007). Since PRI is a spectral vegetation index just like NDVI, it could
be assumed that the same effects can be observed for PRI. The negative effect is a result of
the spectral distribution of snow, which differs from vegetation or soil (Wang et al. 2015) and
thus alters the measured reflectance. At least in 2010, snow was still present when the
analysis commenced since the end of snow melting occurred on the 10" of May (Eklundh et
al. 2011). It is thus highly likely that snow affected the PRI signal when sampling begun
during both years even though no data is available of the date of snow melting in 2011, which
would affect the correlation with LUE negatively.

The majority of the observed correlations between PRI and LUE on the seasonal scale (Figure
5), both between May to September and during full leaf development, are not significant. This
suggests that the use of PRI as a proxy of LUE over the seasonal scale fails and consequently
the findings of this study cannot be applied on other forests in similar climates.

5.1.2. Diurnal analysis

Over the diurnal time scale, PRI and LUE exhibit low correlations during the majority of the
days (Figure 7). The diurnal correlations vary in-between the days through the season which
is to be expected since several studies have observed this variation in seasonal PRI and LUE
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correlations (Nakaji et al. 2006; Soudani et al. 2014; Zhang et al. 2015). The negative
correlations observed in May and July (Figure 7a, c) are peculiar and unexpected but could be
the result of rain as discussed in the study by Zhang et al. (2015). When GPP is sampled with
an open path EC system as in this study, the wetting of the sensor causes the accuracy of the
measured flux to decrease (Leuning and Judd 1996). This therefore affects the estimated LUE
value and consequently also the correlation between PRI and LUE. Additionally, the
accumulation of rain on leaves during rain events will affect the leaves’ reflectance signal
(Zhang et al. 2015), which in turn influence the PRI signal and its correlation to LUE. The
diurnal correlations of PRI and LUE are likely to be more sensitive to the rain since it
includes fewer observations, which would explain why the negative relationships only can be
observed over the diurnal time scale. Since no precipitation data was sampled, the effects of
rain on the measurements cannot be verified.

Due to the nature of the xanthophyll cycle, PRI is inversely related to PAR since the index
decreases with excessive sunlight (Pefiuelas et al. 1995). In this study, the diurnal variability
of PRI does not show as clear inverse relationships to PAR (Figure 8) as in other studies (e.g.
Louis et al. (2005) and Merlier et al. (2015)). Either, this indicates that the incoming light
never became excessive at the area of study or the PAR/PRI relationship is concealed due to
the definition of a day in the study (05:30-18:00). If all the hours between sunrise and sunset
would have been included in the diurnal analysis, the inverse pattern might have revealed
itself and been more clear.

On the diurnal time scale, the only significant correlations between PRI and LUE were
obtained during the days with the lowest correlations (Figure 7a, b, ¢, d). The PRI does
therefore not seem to be a suitable proxy of LUE over the diurnal time scale, which
contradicts the previous research conducted within the field (Grace et al. 2007). This either
means that the theoretical concept of PRI as a proxy for LUE does not hold true or that there
are errors in the measurements used in this study which gives rise to the observed results.

5.1.3. Comparison with other studies

In general, it is a difficult task to compare the results of PRI and LUE between different
studies. Not only does the species composition and climate need to correspond but the spatial
and temporal resolution as well as the instrumentation settings also need to be similar. Since
no other studies have been conducted for birch forests in sub-arctic climates, no direct
comparison is possible for the results in this study. Only two other studies for deciduous
forests in sub-arctic climates have been found that can be used as some sort of reference.
Unsurprisingly, they obtained significantly different results compared to the ones in this
study. In the first study, Nichol et al. (2000) observed a significant correlation between PRI
and LUE of 0.78 for an aspen stand in Saskatchewan, Canada. The temperature at the time of
sampling was similar to the daily temperatures in this study but the PAR was higher. For the
same aspen stand, Hilker et al. (2010) found a correlation between PRI and LUE of 0.88 when
sampling between June and November. Even though a direct comparison with these studies
are impossible as stated previously, the much higher observed correlations of PRI and LUE in
these studies compared to this one indicate that the design of this study has led to unexpected
results, not that the correlation between PRI and LUE does not hold true.

5.2. Estimation of uncertainties

Only a few values in this study were clear outliers and subsequently removed from the
analysis (Figure 4a). A much greater number of values are potential outliers but were not
removed since they did not exhibit as clear deviations as the removed outliers. Some
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examples of the more uncertain outliers are the two most negative PRI values during the
beginning of August in 2011 (Figure 4d and Figure 5d) and the last PRI value during the 3™
of September (Figure 6¢). If these values were to be removed, the analysis could potentially
have been improved and yielded more clear and strong results.

The results show that PRI is equally sensitive to its input parameters, the reflectance at 529
nanometres and the reflectance at 569 nanometres (Figure 9a). When the input parameters are
altered by a function of their standard deviation, both show a mirrored exponential
relationship. This mirrored relationship and the equal sensitivity is not unexpected as this
demonstrates the normalising behaviour of the PRI equation.

The uncertainty analysis of PRI based on the seasonal mean of all of the input parameters plus
or minus the stated uncertainty of 5%, shows that the uncertainty in both inputs propagates
equally (approximately r=0.7) into the output value of PRI (Figure 10). With high correlations
in both parameters they can be considered as important. Again, this is unsurprising as the PRI
equation is equally sensitive to both input parameters and the uncertainty is the same in both.
For this specific example, the PRI values ranges between -0.03 and 0.07 (Figure 10c). This
result gives some indication of the variability of a given PRI estimate.

For the LUE equation, it would appear that the resulting LUE value is most sensitive to GPP
as seen by the steep linear trend in Figure 9b. This trend is visible through the whole range of
values within plus/minus one standard deviation. PAR and fAPAR are approximately equally
sensitive with one another at plus one standard deviation. However, in the lower values this
similarity separates and PAR becomes the most sensitive parameter, i.e. a small change in
PAR will result in a large change in LUE at minus one standard deviation.

For the uncertainty in LUE (Figure 11), where the seasonal mean of each input parameter is
attributed an error of £10%, the expected result is found. As each of the inputs has the same
uncertainty, the uncertainty in the output is related to how the model is sensitive to its input
parameters. As GPP was the most sensitive parameter, most of the uncertainty in the LUE
value can be attributed to it (r=0.5987). Therefore, each of the remaining input parameters
propagates less uncertainty in the value of LUE with r-value of -0.5596 and -0.5475 for PAR
and fAPAR respectively. The strength of this correlation is relatively high and thus all of the
inputs can be considered important. As a result, in this particular case the maximum and
minimum value of LUE are 0.015 and 0.025 (Figure 11d).

Based on these findings from the sensitivity and uncertainty analysis for these test scenarios,
the approximate error or uncertainty in a given LUE or PRI value can be found. This error
estimate could be useful when trying to compare or correlate the LUE and PRI values as it
gives a range of values in which one should try to be within. Although this is a generalised
estimate, it gives an indication of which input parameters contribute mostly to the uncertainty
based upon the equations and highlights key areas where more precise input values should be
sought after. This indication shows that there is a potentially large variation or uncertainty in
the LUE values which may contribute to the reduced correlation with PRI. There are fewer
inputs to the PRI equation which are also more precisely known, suggesting that the
uncertainty in the PRI output is not as likely to effect the correlation with LUE.
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5.3. Evaluation of the study design

As stated previously, the weak and insignificant correlations between PRI and LUE obtained
in this study most likely stems from the utilised sampling strategy. The following section will
therefore go through the potential flaws of this strategy and what needs to change in order to

obtain more robust results, which evaluate the relationship between PRI and LUE that are not
a consequence of noise.

As mentioned in the Background, PRI varies depending on which instrumentation that is
used. A study conducted by Harris et al. (2014) found that the SKY 1800 sensor (which is
similar to the SK'Y1850A sensor used in this study) performs badly at tracking the diurnal
variations of the xanthophyll cycle. This sensor was concluded to be better at tracking the
seasonal variability of PRI which could explain the observed higher correlations between PRI
and LUE over the seasonal scale as found in this study. Thus, if the correlations between PRI
and LUE should be improved over the diurnal time scale, other types of instrumentation have
to be utilised when sampling.

It is also possible that the bandwidth used in this study, 10 nanometres, is too large. Grace et
al. (2007) states in their study that the required bandwidth when sampling the reflectance for
the estimation of PRI lies between 3-10 nanometres as mentioned in the Materials and
methods. However, Nichol et al. (2000) find in their study that even though a bandwidth of 10
nanometres is sufficient to use when sampling PRI, it does introduce significant scatter in the
data. Thus, if more accurate estimates of PRI should be obtained in the future, the sampling at
smaller bandwidths should be investigated and applied if possible.

It is likely that it is the large view angle utilised in this study (55° off-nadir) that gives rise to
the low diurnal correlation between PRI and LUE. When sampling off-nadir, a higher
proportion of dark adapted leaves are included in the reflectance measurement (Hilker et al.
2008a). Since dark adapted leaves are more susceptible to excessive light, they will alter the
PRI signal when they are included in the measurement. Since the diurnal values were
obtained during varied illuminations hitting the canopy at different angles as compared to the
seasonal values which was sampled around solar noon, more errors were probably introduced
in the diurnal measurements as a larger portion of dark adapted leaves were included. This
could therefore explain the low correlations observed between PRI and LUE at the diurnal
time scale and a smaller view angle should be employed if these results should be improved.

In order to correct for the varying solar angles over the diurnal time scale as discussed in the
previous paragraph, a BRDF-model can be integrated into the PRI estimate as suggested by
Hilker et al. (2008a). When doing so the authors improved their observed correlation of PRI
and LUE from r=0.37 to r=0.82. Even though the view angle was held constant throughout
the period of sampling in this study, the low diurnal correlation between PRI and LUE
suggests that the variation of the solar angle is large enough to introduce errors. The
integration of a BRDF-model is therefore advisable and should be applied in future studies.

As seen in the comparison of the PAR measurements sampled at the two different locations,
the majority of the PAR measurements differ significantly (Figure 12). During all of the days,
the values at least follow similar trends but they are rarely compatible and can therefore not
be assumed equal. This is either an effect of that the distance between the two sampling sites
is large enough to give rise to differing local meteorological conditions or one of the PAR
sensors is not sampling correctly. Regardless, it is highly likely that the way in which the data
from the two masts has been used in this study gives rise to errors which cannot be neglected.
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Considering the observed difference in the PAR measurements, the estimation of LUE is
particularly dubious since the PAR data from both masts is combined in its estimation. Not
only is the data originating from the two masts combined in this equation, but the two
different PAR measurements are used simultaneously, which might actually be faulty since
they do not exhibit the same values. It would have been more correct to use the PAR obtained
at the spectral mast in the estimation of LUE rather than from the EC tower. This does not
however remove the errors that exists as a result of the data being used from two locations
since the GPP still would be included. In order to remove this error, GPP has to be sampled at
the same location as the spectral measurements.

As discussed in this section, there is a number of factors that can have affected the observed
results. Since no quantification of these errors have been done, it is not possible to pin point
which of these factors that has had the largest impact on the measurements. What can be said
is that the fundamental assumption of the study, i.e. that the data from the two sampling sites
are equal, does not seem to hold true. Since the way in which the data has been combined and
compared influences the results regardless of its quality, the assumption of equality should be
regarded as the most serious flaw of this study.

5.4. Further improvements of the study

As stated above, it is likely that the relationship between LUE and PRI in this study is a
consequence of the study design. The flaws of the current sampling settings therefore need to
be improved in order to obtain results that describe this relationship adequately. A good start
in doing this would be to implement the suggested improvements to the study design as
presented in the previous section.

Possible improvements can also be achieved by changing the way in which some of the data
was handled before analysis. For example, the data used for the seasonal analysis was
extracted and averaged within the temporal range of the annual fluctuations of the solar noon.
For future improvements, the extracted data should be linked to the specific solar noon for
each individual day. This would help to further minimise the solar zenith angle and reduce its
variation between the days and thus also reduce the errors introduced from it.

Similarly, the true diurnal variation could have been analysed if data had been available on
each day’s sunrise and sunset. The values for the diurnal analysis could then have been
extracted based on these times and analysed over the entire course of a day rather than during
a 12-hour period. By including more values, the diurnal patterns of PRI, LUE and PAR might
have been more clear and the correlations might have been more robust.

Figure 5c, which displays the correlation between PRI and LUE during May to September
2011, show that there are a number of values included in the analysis which are widely
spread, i.e. that the data is noisy. From this figure it is difficult to attribute the deviations to
the correct variable and to a specific point in time and thus removing them as outliers. Instead,
it could have been a good idea to smooth the data by performing a moving average. The
smoothed output could then have been used as the input to the analysis in order to improve
the relationship between PRI and LUE. Another method of doing this could have been by
only conducting the analysis on cloud free days as done by Drolet et al. (2005).
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6. Conclusion

The ability of PRI to approximate LUE, was in this study found to differ depending on the
scope of the temporal analysis. The seasonal analysis generally yielded higher correlations
between PRI and LUE compared to the diurnal analysis, which varied throughout the season.
The majority of these correlations were not significant which suggests that PRI cannot be
considered as a proxy for LUE in these environments. Since, this contradicts the few studies
conducted for other deciduous forests in sub-arctic climates and the research field of PRI as a
whole, it is likely that the it is the design of this study that gives rise to these results and not
that the relationship between PRI and LUE does not hold true. The insignificant low
correlations of PRI and LUE are probably a result of the utilised instrumentation, its
positioning in relation to nadir, the sampled bandwidth, the lack of correction for differing
solar angles during the diurnal analysis and the interchangeable usage of data from two
locations. The latter should be considered the largest flaw of this study since the fundamental
assumption of data equality between the two sampling sites were proven not to be true. The
findings of this study therefore contribute to the body of evidence that suggest that PRI is a
sensitive index, highly influenced by external factors.
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