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Photosynthetically active radiation (PAR), gross ecosystem productivity (GEP) and net ecosystem productivity (NEP) are described for white pine plantations during the growing season at three sites of different ages. The fraction of absorbed photosynthetically active radiation (faPAR) was calculated in order to produce values for light use efficiency (LUE) in white pine at
all three sites. Age effects were also observed through GEP, NEP, and LUE. Yearly PAR is mostly constant for the duration of the
study at all of the sites with one exception at TP02 in 2013. GEP and NEP peak in stands that are of middle age, and decrease
in older stands. GEP at TP02 gradually increases over the six years as the stand matures. GEP and NEP often have an opposing
relationship, depending on the values of respiration (R) which are affected by temperature, water availability or other factors.
The relationship between GEP and NEP varies seasonally and is affected by local weather events, such as drought. During
drought, GEP and NEP decrease due to lower respiration. faPAR values increase as the stands aged, increasing from 0.94 at
TP02 to 0.97 at TP39. This is due to the incapability of younger trees to absorb as much light as older trees. Seasonal patterns
were difficult to deduce at TP02 and TP74 due to missing data. However, at TP39, faPAR clearly peaked during the summer
months and decreased in spring and fall months. LUE follows the pattern shown for GEP at all three sites. At TP02, as the stand
was maturing, the LUE increased over the six-year study period (2008–2013). LUE also increased at TP74 but decreased at TP39
over the study period. This means that LUE decreases in plantation stands over time. Age also affects the GEP and the NEP,
which both generally decrease as the trees age.
Keywords: net ecosystem productivity, gross ecosystem productivity, photosynthetically active radiation, white pine, light use
efficiency

Introduction

cluding extreme temperatures, water and nutrient shortage, and
exposure to high light intensities (Goerner et al. 2011). A better understanding of the factors that control LUE will result in
improved global estimates of carbon uptake from the terrestrial
biosphere. Studying LUE in white pine is especially important
due to its ability to flourish almost immediately after a disturbance (Restrepo and Arain 2005). Because of this ability, white
pine is a preferred succession and plantation species in eastern

Light use efficiency (LUE) is the ability of vegetated canopies to
use light for photosynthesis. LUE and the effect of age on trees
is an important topic in today’s world, especially with deforestation as a concern. LUE is the amount of atmospheric carbon uptake by vegetation per unit energy absorption (Asner et al. 2004)
and it decreases in relation to several environmental factors in-
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North America (Restrepo and Arain 2005). White pine is also an
economically valuable species as it grows efficiently on nutrient
poor, sandy soils where other deciduous and conifer species cannot survive (Parker et al. 2001).
Flux measurements such as gross ecosystem productivity
(GEP), net ecosystem productivity (NEP) and photosynthetically active radiation (PAR) can be measured by the eddy covariance technique and are important in assessing and monitoring
the wellbeing of white pine in order to study the longer term
growth of the species. GEP is controlled by shortwave radiation
emitted by the sun, air temperature, water stress, water vapour
deficit, leaf-area index and the distribution of leaves or needles
in the canopy (Wen et al. 2010). NEP is the net exchange of
carbon between the ecosystem and the atmosphere and it results
from the balance between carbon uptake through photosynthesis (GEP) and carbon release through respiration and decomposition (Barr et al. 2002). GEP, NEP and PAR measurements
provide information on the overall production of the forest.
From these measurements, faPAR and LUE can be derived. The
faPAR refers to the fraction of absorbed photosynthetically active radiation (Goerner et al. 2009) and describes the light absorbing properties of the vegetation in a region (Moreno et al.
2012). The faPAR is known to be strongly related to water stress
and it has been proposed as a drought indicator (Gobron et al.
2005; 2007).
In this study, the upwelling and downwelling PAR is measured in order to determine faPAR and in combination with GEP
these data are used to derive LUE patterns in white pine (Pinus
strobus L.). LUE is a critically important determinant of NEP in
ecosystems (Asner et al. 2004) and it varies in space and time
due to environmental stresses limiting the photochemical reaction process (Hilker et al. 2008). Therefore reliable estimation of
NEP requires a deep understanding of the environmental effects
on LUE and the acquisition of high-quality environmental data.
Alton (2008) showed that LUE of carbon uptake increases with
the ratio of diffuse to direct shortwave radiation reaching the
canopy by a factor of 1.12 to 1.80 and needle leaves orientation
within the canopy is the primary cause of LUE enhancement.
The objective of this study is to describe the daily variations
of GEP, NEP, PAR and faPAR for white pine during the growing season (April 1 to October 31), and to calculate the LUE for
white pine and describe the effect of stand age and drought on
the trends in GEP, NEP and LUE over the course of six years.

posed largely of white pine (Pinus strobus L.) needleaf vegetation (i.e., coniferous trees). These trees can live approximately
350 to 400 years and may grow as tall as 60 m. White pine is
an important species in North America because of its ability to
adapt to dry environments (Arain and Restrepo-Coupe 2005).
The youngest of the three plantation stands (TP02) was
planted in 2002 on former sandy agricultural land with mostly
flat terrain. It is located at 42.66° N, 80.55° W at an elevation
of 265 m. The vegetation in this stand is 100% white pine. The
middle-aged stand (TP74) was planted in 1974 and is located at 42.71°N, 80.35° W at an elevation of 184 m. TP74 was
planted on sandy cleared oak-savannah land that is mostly flat
with slight undulations. The vegetation cover is 94% white pine
(Pinus strobus L.), 5% Jack pine (Pinus banksiana Lambert) and
1% oak (Quercus sp.). Lake Erie is 2 km south of the site. The
oldest stand (TP39) was planted in 1939 on sandy cleared oaksavannah. It is located at 42.71°N, 80.36° W at an elevation of
184 m. The land is flat with slight undulations. In the winter
of 2012, 30% of the trees in the stand were harvested as part
of a thinning treatment to improve light and water availability
(Thorne and Arain 2015). The trees in this location are 82%
white pine (Pinus strobus L.), 11% Balsam fir (Abies balsamea
(L.) Miller), 4% oak (Quercus sp.), 2% red maple (Acer rubrum
L.) and 2% wild black cherry (Prunus serotina Ehrhart). TP39
and TP74 are located approximately 0.8 km apart and 17 km
from TP02.

Study area and data manipulation

where for TP39 site,

Study area
The three plantation stands studied in this article are part of the
Turkey Point Flux Station network located in southern Ontario,
Canada (Figure 1). These stands are located within the boreal
evergreen needleleaf and broadleaf deciduous forest transition
zone (Arain and Restrepo-Coupe 2005). All three sites are com-

							
						
(2)

Data manipulations
Half-hourly GEP, NEP and PAR (incoming and outgoing) data
were derived from eddy covariance measurements at the meteorological towers in three Turkey Point study sites. These 48 daily measurements were averaged to produce daily averages. GEP
and NEP were recorded in mmol CO2 m-2 s-1 and then converted
to g C (carbon) m-2 day-1. Measurements of PAR were recorded
in mmol (photons) m-2 s-1 and then converted to MJ m-2 day-1.
Light use efficiency (LUE) calculation. LUE (g C MJ-1) is the ratio
of productivity (GEP) to the product of incident photosynthetically active radiation (↓PAR) and the fraction of ↓PAR absorbed
by vegetation (faPAR) (Goerner et al., 2009; 2011; Moreno et
al., 2012):
					

and for TP74 and TP02 sites,
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Figure 1
Map showing the locations of the three sites: TP02, TP74 and TP39 (image from Google Earth)

↓PAR refers to the downwelling PAR and ↑PAR is the upwelling
PAR measured at the top of the canopy. The height of the top of
the vegetation canopy at the site TP39 is 28 m (Equation 2). For
TP74 and TP02 sites the height of the top of the canopy is less
than 28m, therefore, ↑PAR and ↓PAR at the top of the canopy
were used (Equation 3).

At TP74, GEP increases by a lesser amount of 1.2 g C m-2 day-1
over the six years because this stand is more mature; the average value is 7.03 g C m-2 day-1. At TP39, the GEP is gradually
decreasing by approximately 0.2 g C m-2 day-1, with values averaging 6.58 g C m-2 day-1.
NEP in Figure 2 sits lower on the y-axis than GEP because
GEP is equal to the sum of NEP and respiration (R):

Results

								
						
(4)

Daily variation in GEP, NEP and PAR
Figure 2 shows daily values of GEP, NEP and PAR for the growing season (April to October) over the course of six years. The
coefficient of determination between the daily values of GEP (g
C m-2 day-1) and PAR (MJ m-2 day-1) for all years at TP02 is R2 =
0.608. The R2 value is 0.671 at TP74 and 0.604 at TP39. PAR
data exhibit a distinct seasonal pattern, however, yearly PAR is
relatively stable over six years at all the three sites; the only exception is at TP02 in 2013 (Figure 2). During this year, PAR is
significantly lower than the rest of the years at the same site, as
well as at the other two sites in 2013 by approximately 2.3 MJ
m-2 day-1. At TP02, the youngest stand, GEP can be seen to be
increasing gradually by approximately 2.5 g C m-2 day-1 as the
six years progress with the average GEP of 5.85 g C m-2 day-1.

As GEP and R increase in summer months, a decrease in NEP
is observed. The GEP and NEP curves almost converge at the
beginning and end of the growing season when respiration is
slowly increasing or decreasing, respectively. Similar to GEP,
NEP is also highest at TP74, the middle-aged site. The average
NEP value over the six years at TP74 is 2.32 g C m-2 day-1, compared to TP02 and TP39, which average 1.10 g C m-2 day-1 and
1.42 g C m-2 day-1, respectively.
Seasonal variation is also apparent at the three sites, where
the peak of PAR occurs in approximately June or July and the
peak of GEP follows in August. This is because GEP is strongly
dependent on light during the growing season when the temperature allows for growth (Falge et al. 2002). NEP is also strong-
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Figure 2
Daily values of gross ecosystem productivity (GEP), net ecosystem productivity (NEP), and photosynthetically active radiation (PAR) during the growing season (April to October) from the towers in
TP02, TP74, and TP39 for 2008–2013
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ly influenced by the length of the growing season (Falge et al.
2002) and is longer for conifers than for deciduous trees (Amiro
et al. 2006).
Figure 3 presents the ratio of GEP to PAR at the three sites.
At TP02, the trend is upwards because GEP increases by approximately 0.8 g C MJ-1. Again, TP74 and TP39, the more mature stands, show less increase over time. TP74 increased by
0.25 g C MJ-1 and TP39 increased by 0.05 g C MJ-1. Seasonal
variation is once again shown in Figure 3, presenting a similar
variation as in Figure 2. In TP74 and TP39, the seasonal variation is most prominent, peaking in the summer and dropping
over the fall. The maximum values of the ratio were observed in
summer. At TP39 in early 2012, one-third of the trees were cut
down as part of a thinning treatment (Thorne and Arain 2015).
The harvesting of the trees resulted in a decrease in GEP; the
average GEP/PAR ratio in 2012 is 0.8 g C MJ-1 compared to the
other years at this site which averaged 0.88 g C MJ-1.
The faPAR values calculated from Equations 2 and 3 are
displayed in Figure 4. faPAR measurement at TP39 is generally higher than at TP02 and TP74 and shows seasonal variation
prominently. At TP74, the middle-aged stand, the faPAR averages 0.96, which is slightly higher than at TP02 where the average
is 0.94. At TP39, the average is 0.97. At both TP02 and TP74,
there were many gaps in the data which reduced the expression
of seasonal variation when compared to that at TP39. At TP02
and TP74, missing values are recorded in 2008 and 2013. This
resulted in curves that did not produce an easily recognizable
pattern. TP39 had less missing data and therefore seasonal variation is visible.
Figure 5 shows the cumulative NEP values for each of the
six years. At TP02, the peak year-to-year NEP values fall between approximately 110–225 g C m-2. At TP74, the peak values
range between 300 g C m-2 and approximately 650 g C m-2. At
TP39, the values have decreased in comparison to TP74 and lie
between approximately 125 g C m-2 and 370 g C m-2. The highest
NEP was observed at TP74 on June 30, 2010 when maximum
daily values were up to 8 g C m-2 day-1 followed by 7.4 g C m-2
day-1 on June 18, 2011 at TP39 and 5.5 g C m-2 day-1 on May
12, 2012 at TP02. NEP decreased sharply in the fall (September
through October) especially at the TP02 and TP74 sites

in the growing season in approximately September. In Figure 6,
TP02 shows an increase in LUE over the six years of 0.75 g C
MJ-1. LUE increased by 0.25 g C MJ-1 at TP74 and by 0.02 g C
MJ-1 at TP39.

Discussion
Effect of drought and stand age on GEP, NEP and faPAR
During the summers of 2011 and 2012, GEP and NEP decreases
briefly at all three sites due to a drought (Figure 2). This corresponds with results from studies by Law et al. (2001), Barr et
al. (2002), Asner et al. (2004), Arain and Restrepo-Coupe (2005)
and Moreno et al. (2012) that reported GEP and NEP decreases
in drought situations. Wen et al. (2010) stated that drought suppressed NEP by suppressing GEP and R.
In the summer of 2012, the water deficit was 0.4 for TP39
and TP74, and 0.3 at TP02. The drought persisted for almost two
months (July and August). Based on the Palmer drought severity
index (PDSI), Skubel (2015) reported that 2012 was the most
notably dry year in the Turkey Point region. The seasonal cycle
of PDSI showed negative values through the growing season,
with the highest value of -2.5 in July. Similar observations were
found by Sperry and Ikeda (1997), Claus and George (2005),
and Warren et al. (2007) which indicated that young forests have
smaller and shallow root systems than older sites, making them
more susceptible to drought. As forests grow older, it develops
a larger and deep root system to gain access to water during dry
periods (Sperry et al. 2002). Stomatal pores may also close during severe drought and therefore inhibiting photosynthesis, GEP
and NEP (Lorenz and Lal 2010).
Ryan et al. (2004) discuss factors such as nutrient limitation
and increased abrasion between tree canopies that may cause a
decline in GEP with age and state that while some factors may
slow a decline in GEP, none will offset a decline completely. At
TP39, it is noted that in 2012 the GEP is lower on average than
the rest of the years at that particular stand. This is likely a result
of the harvesting that occurred early that year as part of a thinning treatment (Throne and Arain 2015).
The GEP/PAR ratio is useful sign in studies of interannual
variability (Valentini et al. 2000). Figure 3 presents the ratios of
GEP to PAR from 2008 to 2013 at the three sites. The drought is
also shown as a slight decline in the summers of 2011 and 2012
in the months of July and August at all the three sites (Figure 3).
This is because GEP decreases in response to drought situations
(Barr et al. 2002; Asner et al. 2004; Wen et al. 2010).
Moreno et al. (2012) state that faPAR is strongly influenced
by canopy structure and green biomass. faPAR in evergreen forest ecosystems typically shows less seasonal variability than deciduous forests (Goerner et al. 2009; 2011; Moreno et al. 2012).
At TP02, the faPAR sits slightly lower than at TP74 or TP39
(Figure 4), which corresponds with its younger age, suggesting
that at a younger age, the trees in a stand cannot absorb as much
light as older stands due to smaller canopy cover. Although leaf
area index was not measured at the three sites, Skubel (2015)
showed that reflected PAR decreased and photosynthetic capac-

Light use efficiency (LUE) and stand age effects
Related to the faPAR shown in Figure 4, Figure 6 displays the
daily LUE values during the growing season calculated using
Equation 1. Goerner et al. (2011) define LUE as the effectiveness with which an ecosystem uses absorbed photosynthetically
active radiation to produce photosynthates which are recorded
as GEP. At TP02, similar to the previous figures, a gradual increase is displayed which corresponds with the new growth and
young age of the stand. This corresponds with Figure 2 and the
growth that is displayed at TP02 over the first six years. The
increase in LUE then would affect the increased GEP (or the
photosynthates produced). Seasonal variation is not yet prevalent at TP02. In TP74, a seasonal pattern has evolved. LUE at
TP74 peaks in approximately September each year. Similarly,
TP39 presents a seasonal variation pattern, which also peaks late
Prairie Perspectives: Geographical Essays 2017, 19: 1–11
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Figure 3
Ratio of GEP/PAR during the growing season for the three sites (Tp02, TP74, and TP39)

Prairie Perspectives: Geographical Essays 2017, 19: 1–11

6

ISSN 1911-5814

Examination of light use efficiency

Jacqueline Binyamin and Robyn Ploquin

Figure 4
Daily faPAR (the fraction of incident PAR absorbed by vegetation) during the growing season for the
three sites (Tp02, TP74, and TP39)

Prairie Perspectives: Geographical Essays 2017, 19: 1–11

7

ISSN 1911-5814

Examination of light use efficiency

Jacqueline Binyamin and Robyn Ploquin

Figure 5
Annual cycles of cumulative net ecosystem productivity (NEP) at TP02, TP74, and TP39

ity increased at TP02 as the size and density of the canopy increased over the study period (2008–2013). The faPAR at TP39
dips during April and October and peaks in approximately July
to August of each year. Binkley et al. (2004) and Gobron et al.
(2005; 2007) suggest that in times of drought, faPAR will decrease. Also Chan (2016) noticed significant decreases in faPAR
at TP02 caused by summer drought of 2012. This can be seen
especially well at TP39 in the summer of 2012 where a slight
depression occurs in the summer months (Figure 4). Drought
reduces the vegetation growth rate and consequently its capacity
to intercept solar radiation (Gobron et al. 2005). Further water
stress can be created by an increase of the vegetation temperature due to the decrease of evaporative cooling.
The cumulative NEP peak at TP74 and TP02 in 2013 (Figure
5), was likely caused by high GEP values from the middle-aged
and young stands compounded with increased vegetation canopy. A similar increase was described by Kljun et al. (2004; 2007)
in an aspen stand; however, the same study stated that conifers
were not severely affected by drought in the same way as deciduous trees. Positive values of cumulative NEP begin to appear
in April at each of the sites; this signals the onset of the growing
season (Arain and Restrepo-Coupe 2005). Positive NEP values
continue each year until approximately beginning of November,
which suggests a longer growing season that is typical of southern Ontario (Arain and Restrepo-Coupe 2005). Similarly long
growing seasons were also reported by Falge et al. (2002) in six
temperate conifer forests and Amiro et al. (2006) confirmed that
coniferous trees have longer growing seasons than deciduous
trees from the same region.
Interannually, differences in cumulative NEP at the three
stands became prevalent in approximately May to June, similar to Krishnan et al. (2009) findings in Douglas fir. According
Prairie Perspectives: Geographical Essays 2017, 19: 1–11

to Delucia et al. (2007), stand age contributes to the decline
in NEP; therefore TP39 should have lower NEP values than
TP74, as shown in Figure 5. Arain and Restrepo-Coupe, (2005)
agree that in plantation forests, GEP will decrease with stand
age, which will result in a decrease in NEP as well. Ryan et al.
(2004) and Skubel et al. (2015) also suggested that decreasing
GEP is likely a cause of age-related decreases in NEP which
corresponds with the decrease in GEP and NEP found at TP39.
The decline in NEP in aging forests is primarily determined by
GEP, which decreases more rapidly with increasing age than R
does (Tang et al. 2014).
Light use efficiency (LUE) and stand age effects
LUE decreased with stand age, which suggests that younger
stands have better light use efficiency than more mature stands
(Figure 6). This corresponds with Ryan et al. (2004) who found
that efficiency in the use of light declined with age in a eucalyptus plantation. Similarly, Martin and Jokela (2004) stated
that LUE declined rapidly as stands aged. The decrease in light
use efficiency with age occurs because of PAR saturation in the
canopy. Arain and Restrepo-Coupe (2005) reported that at TP39
(the older site) LUE decreases when PAR increases beyond 11.3
MJ m-2 day-1. Similar observations were found by Law et al.
(2001), Anthoni et al. (2002), Falge et al. (2002) and Turner et
al. (2003), which noted hyperbolic relationships between GEP
and absorbed PAR at old forests due to PAR saturation and photosynthesis increasing approximately linearly with irradiance in
young forests where the canopy is dense and a larger fraction
of leaves are shaded. Therefore, light saturation occurs at lower
PAR in the old forests than in young stands.
In 2011 and 2012 during the summer months, a decrease in
LUE can be seen due to the drought conditions. Wu et al. (2010)
8
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Figure 6
Daily light use efficiency (LUE) during the growing season for the three sites (TP02, TP74, and TP39)
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and Moreno et al. (2012) also found similar results that LUE is
affected by drought and will decrease in such conditions.
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Conclusion
In this study, the daily variations of GEP, NEP, PAR and faPAR
were presented for six growing seasons. These fluxes were used
to calculate LUE and to describe the effects of stand age and the
drought of 2011 and 2012 on trends in GEP, NEP and LUE over
the six years.
The PAR data showed a distinct seasonal pattern. However,
yearly PAR was found to be mostly constant for the duration
of the study at all of the sites with one exception at TP02 in
2013 where PAR decreased. GEP and NEP peak in middle-age
stands and decrease in older stands. GEP at TP02 gradually increases over the six years as the stand matures. The relationship
of GEP and NEP depends on the values of R, which are affected
by temperature and water availability. Therefore, the relationship between GEP and NEP varies seasonally and is affected by
local weather events, such as drought. During drought, GEP and
NEP decreased due to reduced vegetation growth rate and lower
respiration.
The faPAR values were found to increase as the stands aged,
increasing from 0.94 at TP02 to 0.97 at TP39. Seasonal patterns
were difficult to deduce at TP02 and TP74 due to missing data.
However, at TP39 faPAR clearly peaked during summer months
and decreased in spring months.
LUE and GEP are related in Equation 1 with LUE following
the pattern shown for GEP at all three sites. At TP02, as the stand
was maturing, the LUE increased over the six years. LUE was
stable and at its peak at TP74, and was stable but decreasing at
TP39. These observations mean that LUE decreases in plantation stands over time. Age also affected GEP and NEP which
both generally decrease as stands age.
Studying the whole year of flux measurements would be
beneficial, especially in stands with coniferous trees which typically display longer growing seasons than deciduous trees in the
same region. While the proximity of the stands used in this study
may have a regional bias, similar studies could be reproduced
in different regions with different species in order to compare
results and develop a larger understanding of LUE and stand
age effects.
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