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ABSTRACT
The objective of this experiment was to determine the conversion efficiency of intercepted
photosynthetically active radiation into biomass of Acacia mearnsii De Wild. seedlings. A forest
species, plastic tubes (90 cm3), and 11 evaluation periods (up to 180 days after emergence) were
used in this study. The leaf area index (LAI), total dry biomass (BIO), global solar radiation (GSR),
cumulative intercepted photosynthetically active radiation (PARic), and conversion efficiency of
radiation (εb) were determined using a pyranometer (LI200X, LICOR). The value of εb in BIO
seedlings of Acacia mearnsii was 7.76 g MJ-1. LAI was directly related to the efficiency of PARic,
and this influenced the development, production potential and accumulation of BIO. The value
of GSR flow was 11.81 MJ m-2 day-1, while the value inside the greenhouse was 6.26 MJ m-2 day-1.
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1. INTRODUCTION

The association proposed by Monteith between
biomass yield and the amount of PAR is one of the
most simplified models to estimate plant growth and
yield, and is the basis for ecophysiological models
that take into account PARi on leaves (Landsberg
& Waring, 1997). This is very important for studies
related to forest ecophysiology (Binkley et al., 2004)
and has many applications.
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The success of forestry plantations depends on
numerous factors, such as quality of the seedlings
produced, seedling productivity and the techniques used
(Beadle et al., 2013). Thus, it is necessary to determine
suitable production methods for seedlings to have high
survival rates and excellent performance in the field.
Seedlings produced in plastic greenhouses have been
used for the propagation of forest plantations, especially
of the genus Acacia. However, cultivation in protected
environments causes changes in weather elements, such
as solar radiation. Within the greenhouse, this element
is one of the first to be modified (Caron et al., 2012),
and is therefore considered a determinant factor in
the growth and development of seedlings.
Solar radiation is an essential energy source for
the maintenance of any cultivated species whose
interactions with vegetation cover creates a microclimate
capable of affecting the quantity and quality of energy
available within the canopy, and consequently, the
physiological processes of plants (Albaugh et al.,
2014; Ehrenbergerová et al., 2016; Hung et al., 2016).
Solar radiation, when intercepted by a crop, plays
a fundamental role in the environment, and the
available energy balance is associated with biomass
production (Monteith & Moss, 1977). The amount of
radiation available for plants is a function of several
factors, including physiological and morphological
characteristics, such as growth pattern, leaf angle and
leaf position (Netto et al., 2015).
Plant growth depends on the dry matter accumulated
by photosynthesis (Taiz & Zeiger, 2013). Thus, the
amount of photosynthetically active radiation (PARi)
intercepted by the canopy and the efficiency of the plant
at converting this energy into dry matter, which is linked
to its nutritional status, determines the accumulation of
biomass by healthy plants that have received adequate
water and nutrients (Monteith & Moss, 1977). Thus,
the conversion of PARi into biomass indicates the
efficiency of the use of radiation by the species.
This mechanism has been demonstrated as a linear
function (Campoe et al., 2013), wherein the angular
curve between PARi and the accumulated dry matter
determines the efficiency of the use of radiation for
biomass production (Caron et al., 2003; Radin et al.,
2003; Raes et al., 2009).

The absorption of incident radiation by crops
depends on their leaf area index (Behling et al., 2015a),
solar angle or solar zenith angle, geometry, size, leaf
angle and leaf distribution, age, plant arrangement,
time of year, cloud cover (Varlet-Grancher et al., 1989),
meteorological conditions and crop management
practices (Quentin et al., 2011; Caron et al., 2012).
The efficiency of radiation use may vary, depending
on how the dry matter (air or total) and solar radiation
(incident, intercepted, and absorbed) are defined and
determined (Gallo et al., 1993).
Thus, quantitative approximation can be used to
determine the relationship between biomass production
and intercepted radiation. This information can be useful
for plant growth analysis, growth and development
forecasting and estimation of production potential
(Caron et al., 2012, 2014).
The conversion of photosynthetically active radiation
into biomass varies between species of economic
interest. In order to identify production potential
and the factors limiting productivity, it is necessary to
determine the conversion efficiency for each crop in
different production systems. Thus, this study aimed
to determine the efficiency of conversion of PARi in
biomass of Acacia mearnsii De Wild. seedlings.

2. MATERIAL AND METHODS
The experiment was conducted in a greenhouse with
geographic coordinates of 27° 23’ S 53° 25’ W at 461 m
altitude. According to Köppen climatic classification
system, the climate was classified as Cfa (mean air
temperature of the three coldest months was between
-3°C and 18°C, with precipitation occurring during all
months of the year, and average air temperature in the
warmer months equal to or above 22°C). The municipality
of Frederico Westphalen is located 30 km from Iraí, in
the state of Rio Grande do Sul. The latter was taken as
a reference for climate classification data. As proposed
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by Maluf (2000), Iraí has a sub-humid sub-temperate
climate, with an annual average temperature of 18.8°C.
A randomized complete block design was used
for treatments. A forest species (Acacia mearnsii De
Wild.), one container size and 11 post-emergence
evaluation periods were evaluated; five replications
were performed. The experimental units consisted
of five plants in each evaluation period, using double
border, 25 plants per period. A total of 275 plants were
evaluated within all evaluated periods.
Seeds harvested during the previous year were
used; these had been stored for three months in a
refrigerated chamber. Sowing was carried out on
03/15/2010 in conical, open-bottomed polypropylene
tubes, with a volume of 90 cm3 packed in plastic trays
that contained 96 tubes arranged 1.0 m above ground
level. These were filled with commercial substrate
(Tecnomax) and slow release fertilizer (Basacote)
at a concentration of 10 grams per liter of substrate,
with an average of six seeds per tube container.
Once the seedlings were 10 days old, surplus
seedlings were removed from each container, and only
one high-quality seedling was left at the center of the
container. To maintain the moisture content throughout
the experiment, three irrigations (13 min each) were
conducted daily in the greenhouse with sprinklers.
Fortnightly evaluations were conducted. The first
evaluation was conducted at 30 days after emergence
(DAE) and the last one at 180 DAE. The total dry
matter of the plants was determined from the sum
of the components: leaf, stem, and root (Benincasa,
2003). Each component was packed in labeled paper
bags and placed in a forced air circulation oven at
60°C until a constant mass was achieved (Silva et al.,
2007; Resende et al., 2011). Subsequently, the material
was weighed on a precision scale to obtain the mass
of the dry matter.
The determination of dry biomass production was
based on the model proposed by Monteith & Moss
(1977); in this model, this is a variable dependent on
the amount of intercepted photosynthetically active
radiation and is multiplied by the conversion efficiency
of radiation into dry biomass. Thus, the conversion
efficiency of radiation can be calculated by the following
equation using the average dry biomass production and
intercepted photosynthetically active radiation involved in
biomass production BIO = εb × PARi: BIO = dry biomass
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production (g m-2); εb = conversion efficiency of PARi
in dried biomass produced (g MJ-1); PARi = intercepted
photosynthetically active solar radiation (MJ m-2).
The value of radiation conversion efficiency is
indicated by the angular coefficient, which represents
the amount of accumulated biomass for each intercepted
energy unit.
PARi was determined based on the model proposed
by Varlet-Grancher et al. (1989) as follows
PARi = 0.95 × (PARinc) × (1-e(-K × LAI)): PARi = intercepted
photosynthetically active radiation (MJ m -2);
PARinc = incident photosynthetically active radiation
(MJ m-2); K = extinction coefficient that depends on
the optical properties of the leaves and the geometry
of the plant canopy (0.8; dimensionless); LAI = leaf
area index (dimensionless).
The leaf area was determined using a leaf
area integrator (model LI-3000C). The leaf area
index was determined from the total leaf area of
each plant and the tray area using the following
equation LAI = LA/TAU: LAI = leaf area index;
LA = total leaf area of the plant (m2); TAU = tray area
utilized by the plant (m2).
The tray area utilized by the plant corresponds
to the useful space occupied, which is defined by the
spacing between the plants in the tray.
The overall solar radiation inside the greenhouse
was estimated based on the transmissivity of the plastic
covering of 53% of the global solar radiation incident
on the greenhouse cover, which was measured at the
beginning of the experiment using a pyranometer
(LI200X, LICOR). The values of incident global solar
radiation were obtained at the Meteorological Station of
the National Institute of Meteorology (INMET), which
was located approximately 100 m from the experiment
site. The global solar radiation inside the greenhouse
was calculated based on the following equation
GSRi = 0.53 × GSRc: GSRi = global solar radiation
inside the greenhouse (MJ m-2); GSRc = global solar
radiation incident on the greenhouse cover (MJ m-2).
The incident photosynthetically active radiation was
estimated to be 45% of the incident global solar radiation.
This fraction is similar to the average value obtained
by Rio Grande do Sul by Assis & Mendez (1989) and
Pandolfo (1995). The estimation of the accumulated
photosynthetically active radiation was based on
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Monteith & Moss (1977) and Varlet‑Grancher et al.
(1989).
The data were analyzed by conducting analysis
of variance, F-test, Bartlett’s test of homogeneity of
variances, normality of the distribution of residues
of analysis of variance and regression analysis using
the Statistical Analysis System (SAS Institute, 2003).

3. RESULTS AND DISCUSSION
The values of global solar radiation flow were
within a range of 1.71 to 25.12 MJ m-2 day-1 with
an average value of 11.81 MJ m-2 day-1, while the
values inside the greenhouse were within a range of
0.91 to 13.31 MJ m-2 day-1 with an average value of
6.26 MJ m-2 day-1.
There was a positive linear relationship between
increase in dry biomass and accumulated intercepted
photosynthetically active radiation, with a high value
for coefficient of determination. The same was observed
for radiation conversion efficiency, leaf area, and leaf
area index (Figure 1). This trend was demonstrated
as a linear function and has been previously observed
in other forest species (Stape et al., 2008; Caron et al.,
2012, 2014; Campoe et al., 2013).
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The efficiency of the interception of the
photosynthetically active radiation is directly related
to the leaf area index (Figure 1), and an increase in this
parameter leads to an increase in radiation interception
(Caron et al., 2014). Thus, this factor directly influences
the development, leaf area and biomass production
potential (Mayers et al., 1991).
The efficiency of solar energy utilization by the
seedlings is indicated by the value of the angular
coefficient. The values obtained during this experiment
indicated that the higher the leaf area index, the greater
the efficiency of radiation use. The values for conversion
efficiency of intercepted photosynthetically active radiation
in total dry matter of Acacia mearnsii seedlings were
within the range of 5.45 g MJ-1 to 13.76 g MJ-1 and the
average was 7.76 g MJ-1 (Figure 1B). This conversion
efficiency accounted for 93% of the total dry matter
production; the standard error of the estimate was less
than 14% and the value of standard error was low (0.21).
Analysis of variance indicated that there were
significant differences in all the analyzed variables.
The values of the coefficients of determination
obtained for the regression equations were high;
these were 0.98 for leaf area, leaf area index, radiation
conversion efficiency, and total dry biomass, and 0.99

Figure 1. Relationship between cumulative intercepted photosynthetically active radiation (PARic) and the
production of total dry biomass (BIO) (A), radiation conversion efficiency (εb) (B), leaf area (LA) (C), and leaf area
index (LAI) (D) in seedlings of Acacia mearnsii.
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for accumulated intercepted photosynthetically active
radiation (Figure 2).
Because of the transmissivity of the plastic, the
amount of global solar radiation incident on the
greenhouse environment was low. However, this
decrease can be partially compensated by an increase
in the diffuse radiation fraction, which is important
because it is multidirectional and has better penetration
into the vegetative canopy (Buriol et al., 1995). As a
consequence, the values for radiation use efficiency are
higher for crops inside plastic greenhouses compared
to the external environment (Hammer & Vanderlip,
1989; Caron et al., 2012). Farias et al. (1993) observed
that the diffuse radiation in the external environment
was on an average 65% less compared to the interior
of the greenhouse.
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An increase in diffuse radiation promotes greater
uniformity of radiation inside the canopy, leading to
an increase in the interception and use of radiation by
lower leaves (Caron et al., 2012). In addition, leaves
subjected to high solar radiation intensities can lead to
light saturation and reduction in radiation use efficiency
(Jiang et al., 2004). Higher radiation use efficiency
can also be explained by an increase in the relative
contribution of shaded leaves to biomass accumulation
in Acacia mearnsii seedlings. A similar observation
was made for tomato plants by Radin et al. (2003).
The accumulation of dry matter is closely related to
the index of leaf area, because an increase in index of leaf
area leads to an increase in the amount of intercepted
photosynthetically active radiation consequently
resulting in biomass accumulation (Stewart et al., 2003).

Figure 2. Regression equations for days after emergence (DAE) in relation to leaf area (LA) (A), leaf area index
(LAI) (B), radiation conversion efficiency (εb) (C), total dry biomass (BIO) (D), and intercepted accumulated
photosynthetically active radiation (PARic) (E) in Acacia mearnsii seedlings.
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These observations indicate that plant arrangement
is an important management practice because the
interaction with the interception of solar radiation is one
of the main determinants of the growth and development
of a culture. The effect of light on seedling growth has
been observed by de Silva et al. (2007), Dantas et al.
(2009), Resende et al. (2011), and Caron et al. (2012).

controlled by the forester (Sanquetta et al., 2014). Based
on their observations, Caron et al. (2012) proposed that
biomass production is controlled by solar radiation.
Thus, the growth of Acacia mearnsii seedlings depends
on the amount of intercepted photosynthetically active
radiation and the efficiency of the use of this energy
in the photosynthetic process for biomass production.

Along with the rapid closure of the vegetative
canopy of the seedlings in the tray, there was an increase
in radiation as well as better utilization. This led to
greater uniformity of radiation inside the canopy,
causing the lower leaves to increase the interception
and use of radiation. These results are in agreement
with those obtained by Sanquetta et al. (2014) when
working with Eucalyptus dunnii seedlings. There, they
observed better radiation use efficiency in plants that
were more densely packed in the tray, indicated by
the increase in the relative contribution of the shaded
leaves to biomass accumulation. Moreover, Caron et al.
(2012) observed that an increase in seedling density of
Eucalyptus grandis increased radiation use efficiency
by 44%.

Sinclair & Muchow (1999) suggest that conversion
efficiency is the result of several intrinsic and extrinsic
factors, including species, photosynthetic process,
gas exchange, nutrient concentration in the leaves,
soil resources, atmospheric pressure deficit steam, air
temperature and solar radiation. Research conducted by
Close et al. (2004) and Stape et al. (2008) demonstrated
that photosynthetic capacity is directly related to the
concentration of nitrogen in the leaves.

The values obtained for conversion efficiency of
photosynthetically active radiation into biomass of
Acacia mearnsii seedlings were higher than those
observed in greenhouse cultures of tomato (2.5 g MJ-1) by
Heuvelink (1995), of melon (2.21 g MJ-1) by Caron et al.
(2002), and of lettuce (1.28 g MJ-1 in the summer crop
and 1.8 g MJ-1 in the spring crop) by Caron et al. (2003,
2012) obtained a value of 6.88 g MJ-1 in the production
of Eucalyptus grandis seedlings, and Sanquetta et al.
(2014) obtained a value of 7.75 g MJ-1 in the production
of Eucalyptus dunnii seedlings. Depending on the pea
genotype, the values for non-greenhouse crops ranged
between 1.52 and 2.99 MJ m-2 (Lecoeur & Ney, 2003).
The highest conversion efficiency values observed
in the evaluated periods were related to the faster
occupation of the space between the seedlings by leaf
area, which can be verified by the high values for leaf
area index obtained during these periods (Figure 2).
The surface area for radiation absorption as well as the
accumulation of photosynthetically active radiation
increased along with an increase in leaf area index;
consequently, the biomass production was also higher
(Figure 1).
Water and nutrients are not limiting factors in
seedling cultivation because these elements can be

Acacia mearnsii is associated with bacteria belonging
to the genus Rhizobium that fixes atmospheric nitrogen
in the substrate. Therefore, this element is not likely
to be a limiting growth factor (Behling et al., 2015b).
Leguminosae accumulate nitrogen in their biomass
more easily, consequently, they have higher conversion
efficiency, which affects photosynthesis and productivity
rates (Green et al., 2003; Dewar, 2003).
The modeling of the efficiency in the use of
incident solar radiation in the seedling accumulation
is shown to be consistent in potential models and
appropriate for the analysis of seedling growth (Müller
& Bergamaschi, 2005). However, technical criteria,
such as the space available in the nursery, cost of tube
container (Gomes et al., 2003), substrates and seedling
management, should also be taken into account for
the production of seedlings that would be suitable
for planting.
The values obtained for the coefficients of
determination were high. Hence, the planning of
the production of Acacia mearnsii seedlings can be
reliably carried out. In order to this, it is necessary to
have information regarding the transmissivity of the
greenhouse plastic (which can be obtained from the
manufacturer) and the global solar radiation values,
which can be obtained from nearby meteorological
stations or from solar radiation charts.
The results of radiation use efficiency obtained
from this study can be applied to several research topics
(Manzanares et al., 1993), such as the analysis of plant
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growth, prediction of cultivation time, competition
between plants, and estimation of production potential.
This study highlights a new field of forestry research.
It presents a reliable model to estimate the production
potential of Acacia mearnsii seedlings and highlights
the importance of understanding the conversion
efficiency of radiation.

4. CONCLUSIONS
The conversion efficiency of accumulated intercepted
photosynthetically active radiation in total dry biomass
of Acacia mearnsii seedlings was 7.76 g MJ-1.
The total global solar radiation flow was
11.81 MJ m-2 day-1 and the value inside the greenhouse
was 6.26 MJ m-2 day-1.
Leaf area index was directly related to the efficiency
of incident photosynthetically active radiation, which
directly influences the development and potential of
total dry biomass production and accumulation.
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