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SUMMARY

Biomass yield is a function of the conversion efficiency of photosynthetically active radiation intercepted in photoassimilates and
varies depending on the conditions in which a plant is grown. Thus, this study sought to quantify the conversion efficiency of solar
radiation intercepted by photosynthetically active biomass (gb) in black wattle stands (Acacia mearnsii De Wild.). A study was therefore
conducted in 1-7 year-old stands of the species in two sites (to span one plantation cycle), in which intercepted photosynthetically active
radiation (PARI), leaf area index, light extinction coefficient and biomass yield were determined. A system of equations is proposed,
therefore, as photosynthetic radiation is intercepted and assimilates are converted, the system of equations estimates biomass yield,
and at the same time predicts the biomass partition within the tree. The biomass yield of black wattle was linearly related to PARi and
the b of the total biomass of black wattle is 0.0021 kg MJ™.
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RESUMEN

El rendimiento en biomasa es una funcién de la eficiencia de conversion de radiacion fotosintéticamente activa interceptada en
fotoasimilados y varia, dependiendo de las condiciones en que se cultiva una planta. Este estudio cuantifico la eficiencia de conversion
de la radiacion solar interceptada por la biomasa fotosintéticamente activa (eb) en rodales acacia negra (Acacia mearnsii). Se realiz6 un
estudio en rodales de 1-7 afios de edad en dos sitios (para abarcar el ciclo completo de cultivo de la especie), en que se determinaron la
radiacion fotosintéticamente activa interceptada (PARI), el indice de area foliar, el coeficiente de extincion de la luz y el rendimiento
de biomasa. Se propuso un sistema de ecuaciones que expresé como la radiacion fotosintética es interceptada y los asimilados se
convierten. El sistema de ecuaciones estima el rendimiento de biomasa y al mismo tiempo predice la particién de la biomasa dentro
del arbol. El rendimiento en biomasa de acacia negra se relaciono linealmente con RFAi y la eb de la biomasa total de acacia negra
fue 0,0021 kg MJ™.

Palabras clave: indice de area foliar, coeficiente de extincion de la luz, radiacion fotosintéticamente activa, compartimentos de la biomasa.

INTRODUCTION

Plant growth is a function of the balance of biomass
accumulated through photosynthesis. Thus, the dependen-
ce of photosynthetic processes on the environment is of
interest to professionals working in the agricultural scien-
ces, since plant productivity, and therefore crop yield, is
dependent on rates of photosynthesis in that environment
(Taiz and Zeiger 2004).

In this sense, the biomass yield of a plant depends on
the quantity of photosynthetically active radiation absor-

bed through the leaves and the efficiency with which it can
convert radiant energy into assimilates through the process
of photosynthesis. In experiments with agricultural crops,
Montheith (1965, 1972, 1977) noted that given adequate
amounts of water and nutrients in healthy plants, biomass
yield is governed by the intercepted photosynthetically acti-
ve radiation. This phenomenon was later observed in forest
species by several researchers (Linder 1985, Cannel 1989,
Landsberg et al.1997, Sinclair and Muchow 1999, Stape et
al. 2008, Caron et al. 2012, Campoe et al. 2013, Caron et
al. 2014, Sanquetta et al. 2014). Thus, photosynthetically
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active radiation intercepted that is converted into biomass
reveals the efficiency (eb) of radiation use by the species.

The relationship between eb and biomass production
has most often been shown to be linear in which the slope
of the relationship determines the efficiency of the radia-
tion use in producing biomass (Shibles and Weber 1966,
Tollenar and Bruulsema 1988, Caron et al. 2012, 2014,
Sanquetta et al. 2014).

The association proposed by Montheith between bio-
mass yield and the amount of intercepted photosyntheti-
cally active radiation is one of the most simplified models
to estimate growth and yield. It has formed the theoretical
basis for ecophysiological models that take into account
photosynthetically active radiation intercepted by leaves
(Wang and Jarvis 1990, Landsberg and Waring 1997). It is
highly important to studies related to forest ecophysiology
(Binkley et al. 2004) and can be used in many applications.

The study hypothesis is based on the fact that the con-
version efficiency of photosynthetically active solar ra-
diation intercepted in biomass is constant for varied en-
vironment conditions. This study sought to determine the
conversion efficiency of photosynthetically active solar
radiation intercepted in biomass in a stand of black wattle
(Acacia mearnsii De Wild.) in the state of Rio Grande do
Sul, Brazil.

METHODS

To conduct this study we drew data from temporary
plots installed in commercial plantations of black wattle in
regions of high concentrations of the species in the state of
Rio Grande do Sul, Brazil, in the municipalities of Cristal
and Piratini. In each municipality stands were studied in an
age sequence: one, three, five and seven years to represent
the full cultivation cycle practiced by the foresters.

In the city of Cristal, central coordinates of stands are
located at 30° 55 “S and 52° 10’ W. In Piratini central coor-
dinates of stands are located at 31° 24 S and 52° 57° W.
Stands were planted using a 3 x 1.5 meter spacing (2,222
plants per hectare).

In each stand a North-facing slope was selected where
one plot was demarcated in each of the upper, middle and
bottom thirds of the slope. The size of the plots measured 9
x 16 meters for the one-year old stands and 9 x 14 meters for
all other ages, making four rows of 10 plants in each row.

The circumference at breast height was measured for
every plant in the plots using measuring tape with millime-
ter graduations. The two trees presenting averages for this
variable were selected in each plot to evaluate biomass and
leaf area. In each plot photosynthetically active radiation
incident on the ground was also evaluated.

The measurement of biomass was performed by tree
compartment: wood from bole + bark, live and dead bran-
ches, leaves, and flowers + fruits; each of which was separa-
ted and weighed to determine wet weight using a digital sca-
le (Portable Electronic Scale) with an accuracy of 0.5 grams.
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To determine dry biomass, samples of approximately
200 grams were collected including live and dead bran-
ches, leaves and flowers + fruits, which were immediately
weighed to determine wet weight. For the bole, five discs,
each 2 cm thick were removed at 0 %, 25 %, 50 %, 75 %
and 100 % of the commercial height (4 cm was assumed
for top diameter). These samples were dried in a convec-
tion and injection oven at 75 °C. After verifying that a
constant mass had been reached, the material was weighed
again to obtain moisture content and consequently the dry
biomass using the expression:

. WW1 * le

1
Bl = —ws, [1]

Where:

Bi = dry biomass of a given component in kg;
WW = wet weight of a given component in kg;
DW, = dry weight of the sample in kg;

WWs, = wet weight of the sample in kg.

Total biomass was determined by taking the sum of the
dry biomass of all compartments (bole = wood + bark, live
and dead branches, leaves and flowers + fruits).

To determine leaf area three 50 grams samples were
taken from the tree canopy. The leaflets were separated
from the petiole and rakus and spread flat with an ironing
board heated to 65 °C. Leaf area was determined using
an integrator (3000 Canopy Analyser Li-Cor). At the end
of the process all material (petiole, rakus and leaflet) was
dried in a convection and injection oven at 65 °C. When
a constant mass was reached, materials were weighed on
an analytical balance. Thus, the leaf area of the plant was
calculated by the expression:

LB* LA,
LA= ——* 2
DB [2]

Where:

LA = leaf area in m?;

LB = leaf biomass in kg;

LA, = leaf area of the sample in m?;
DB, = dry weight of leaf sample in kg.

Evaluating photosynthetically active radiation (PAR)
consisted on taking 225 readings using a piranometer (LI-
COR1600) during the day (7:30 am, 9 am, 12 pm, 3 pm,
4:30 pm) inside the stand in each age group and in each
region for a total of 450 measurements for each age group.

Evaluation points were installed systematically within
each plot in three orientations: one located in the planting
row (1), another in between the planting rows (2) and
a third at a 45° angle between points 1 and 2. For each
orientation in the evaluation, five stakes were fixed in the



ground (28 cm in height from the ground level) and 75 cm
from each other. The first stake was planted 38 cm from
the tree with average diameter in the plot.

Measurement readings were taken inside the stand 30
centimeter in height from the ground surface, while rea-
dings outside the stand, namely the PARs incident on the
stand, were carried out in the open in five measurements
before and five measurements after each evaluation within
the stand (according to the time of measurement).

Solar insolation times were obtained from INMET
(National Institute of Meteorology - Brazil) at the Pelo-
tas Weather Forecast Station. This was the closest station
to the study site during the research period, located about
85 km from the municipality of Cristal and 70 km from
Piratini. Global incident radiation was estimated using
Angstrom’s equation and modified by Prescot and Pen-
man following the mathematical advancement described
by Vianello and Alves (2000) and with coefficients fitted
for the municipality of Pelotas by Steinmetz et al. (1999).

Biomass production was studied based on the model
proposed by Monteith (1977), where this is a variable de-
pendent on the amount of intercepted photosynthetically
active radiation multiplied by the conversion efficiency
(eb) of this radiation into biomass produced. Thus, &b can
be calculated from the ratio of the average biomass yield
to the cumulative intercepted photosynthetically active ra-
diation involved, i.e.:

B= ¢b*PARi [3]

Where:

B = dry biomass in kg m?;

PARI = intercepted photosynthetically active radiation in
MJ m?;

eb = conversion efficiency of PARi in biomass produced
in kg MJ .

Estimation of accumulated photosynthetically active
radiation was calculated based on the model proposed by
Varlet-Grancher et al. (1989):

PARi = 0.95%(PARinc)*(1-e(-k*LAI)) [4]
Where:

PARI = intercepted photosynthetically active radiation in
MJ m?;

K = coefficient of light extinction, dimensionless;

LAI = leaf area index, dimensionless;

PARinc = photosynthetically active radiation in MJ m?

The leaf area index (LAI) was calculated as the ratio of
the average leaf area per plot to the plantation spacing, i.e.:

LA [5]
LAI= ——
SAU
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Where:

LAI = leaf area index, dimensionless;

LA = mean leaf area of two plants measured per plot in m?
SAU = area of soil utilized by the plant, or the plantation
spacing in m2.

The light extinction coefficient was calcula-
ted from Beer’s law, which states that as sunlight passes
through the various juxtaposed leaf layers in the canopy,
the light intensity decreases exponentially as the level ve-
getation cover increases. Thus, the average extinction coe-
fficient (K) was obtained by:

_n (Pax) [6]

T LAI

Where:

K = light extinction coefficient, dimensionless;

PARt = PAR transmitted through the canopy that reaches
the soil surface, in pmoles s* m?

PARi = PAR incident on the stand, in umoles s m;

LAI = leaf area index, dimensionless; and

Ln = natural logarithm.

The fraction of photosynthetically active radiation
was estimated to be 45 % of the incident solar radiation.
This fraction represents the average of those found in Rio
Grande do Sul by Assis and Mendez (1989) and Pandolfo
(1995). The estimation of accumulated photosynthetically
active radiation was based on Monteith (1977) and Varlet-
Grancher et al. (1989).

The ratio of intercepted photosynthetically active ra-
diation to biomass yield was determined by a Pearson
correlation analysis, which in turn was qualitatively eva-
luated regarding intensity using the criteria proposed by
Callegari-Jacques (2003).

Values for conversion efficiency were calculated in
terms of total biomass for each compartment and for
each planting site. To verify whether the relationship bet-
ween biomass yield (total and per compartment) and pho-
tosynthetically active radiation intercepted was the same for
all planting sites, an analysis of covariance was performed.

The analysis of covariance (Snedecor method) revea-
led the need to use separate functions for each planting
site, I.e., to test the hypothesis of line slope. If the differen-
ce is not significant for the slope, a regression can be fitted.
The levels test was not performed, since the aim was to
verify only the slope, as it determines the value of the con-
version efficiency of intercepted photosynthetically active
radiation into biomass.

The values of eb were obtained through the least squares
method initially using independent fit (fit for total biomass
and individually for each compartment) and also by simul-
taneously fit, i.e., eb was calculated for each compartment
at once by a system of equations. Thus, &b for total biomass
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was considered to be the sum of the functions used for the
other compartments. The simultaneous fitting methodology
used was based on a work by Parresol et al. (2001).

RESULTS

The incidence of solar radiation averaged 14.49 MJ m?
day™, ranging from 3.28 to 28.63 MJ m? day™. In general,
solar radiation had the highest values in the first and last
month of the year (summer season) and diminishing du-
ring June and July (winter season). A similar result was also
found by Bergamaschi et al. (2003) for the municipality of
Eldorado do Sul and Cargnelutti Filho et al. (2004) in other
municipalities in the state of Rio Grande do Sul. According
to these authors, these conditions are the result of the sum-
mer solstice which occurs in the latter half of December,
with gradual reduction in insolation and increased solar de-
clination until the winter solstice, in the latter half of June.

The average LAI was 5.35 with a confidence interval
ranging from 4.63 to 6.07. The minimum observed value
was 3.25 and the maximum was 9.10, with a coefficient of
variation of 31.80 %. The mean light extinction coefficient
(K) was 0.28, with a confidence interval ranging from 0.26
to 0.29. The coefficient of variation was 13.07 %, with a
minimum value of 0.21 and a maximum of 0.33.

Biomass yield showed a positive linear relationship
with the intercepted photosynthetically active radiation,
and was very strongly correlated (93.81 %). Similar con-
version efficiency (eb) values of the total biomass regar-
ding the amount of accumulated photosynthetically active
radiation intercepted were found between the two environ-
ments: 0.0021 kg MJ? in stands grown in the municipality
of Cristal: Southeast Slope and 0.0022 kg MJ* in stands
grown in the municipality of Piratini, Southeast Range.
The covariance analysis applied to the independent equa-
tions between the two plantation sites showed no differen-
ce among the efficiency values (table 1). The value of €b
for the total biomass of black wattle is 0.0021 kg MJ™.

The solar energy efficiency in black wattle trees was
also calculated for each biomass compartment (bole =wood
and bark, leaves, branches - live and dead and flowers +
fruits). The analysis of covariance applied to the indepen-
dent equations (table 1) revealed that for the same com-
partment, the slopes did not differ among plantation sites
(Southeast Slope, Cristal and Southeast Range, Piratini).

Results of the fit of independent models were not sa-
tisfactory, given that the sum of the eb biomass of each
compartment must be compatible with the eb of the total
biomass (figure 1A). The incompatibility caused by inde-
pendent fitting was resolved by fitting a system of equa-
tions (or simultaneous fitting) (figure 1B).

Thus, the conversion efficiency (gb) of bole biomass
(wood and bark) in relation to the amount of accumula-
ted photosynthetically active radiation intercepted was
0.001695 kg MJ! for bole biomass, 0.000266 kg MJ* for
branches, 0.000063 kg MJ? for leaves and 0.000018 kg
MIJ* for flowers and fruits.

In plantation forests, the most important product is
bole biomass; hence a system of equations that takes into
account the total biomass of bole and consequently the
canopy would seem appropriate, as it simplifies the res-
ponses of higher importance. Thus, the eb conversion va-
lues for total biomass and for the bole remained the same
(0.0021 kg MJ* and 0.0017 kg MJ 2, respectively) whereas
the canopy value was 0.0004 kg MJ ! (figure 2).

The ratio of the slopes for bole biomass was 80.95 %
and 19.05 % for the canopy. If total biomass yield given in
a rotation age, i.e., at age seven, is considered, the parti-
tion was 81.96 % for the bole and 18.04 % for the canopy.
Thus coefficient proportion results are consistent with the
observed partition of biomass at the end of the rotation.
However, it is important to note that for each point along
the estimate line, biomass partition ratios equivalent to ob-
served ones will be generated. This is as a consequence of
the different slopes and the compatibility of the system of
equations.

Table 1. Analysis of covariance of conversion efficiency of intercepted photosynthetically active radiation into biomass obtained in

stands of black wattle.

Analisis de covarianza de la eficiencia de conversion de la radiacion fotosintéticamente activa interceptada en biomasa

obtenida en rodales de acacia negra.

Compartment DF MQ F aF Equality between the group
Total 1 18.9133 1.8532 24.51% Yes
Bole 1 6.2073 0.6082 47.90% Yes
Branches 1 40.1762 3.9366 11.82% Yes
Leaves 1 40.6438 3.9824 11.67% Yes
Flowers and fruits 1 40.8151 3.9992 11.61% Yes
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Figure 1. Conversion efficiency of intercepted photosynthetically active radiation in total biomass, bole, branches, leaves and flowers +
fruits, obtained through independent fit (a) and simultaneous fit (b). Where: b = Conversion efficiency of intercepted photosynthetically
active radiation in biomass, PARiac = accumulated photosynthetically active radiation intercepted, and Ba = accumulated biomass.

Eficiencia de conversion de la radiacion fotosintéticamente activa interceptada en biomasa total, tallo, rama, hojas y flores + frutas, obtenida
a través de un ajuste independiente (a) y simultaneo (b). Donde: RFAiac = radiacion fotosintéticamente activa interceptado acumulada y Ba = biomasa
acumulada.
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Figure 2. Conversion efficiency of intercepted photosynthetically active radiation in total biomass and canopy, obtained by simulta-
neous fit. Where: ¢b = Conversion efficiency of intercepted photosynthetically active radiation in biomass, PARiac = accumulated
photosynthetically active radiation intercepted and Ba = accumulated biomass.

Eficiencia de conversion de la radiacion fotosintéticamente activa interceptada en biomasa total y la corona, obtenida mediante el ajuste
simultaneo. Donde: RFAiac = radiacion fotosintéticamente activa interceptada acumula y Ba = biomasa acumulada.
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DISCUSSION

Biomass yield showed a positive linear relationship
with the intercepted photosynthetically active radiation.
This trend was demonstrated as a linear function, and has
been observed in other forest species by Landsberg et al.
(1997), Kiniry (1998), Sinclair and Muchow (1999), Stape
(2002), Stape et al. (2008), Caron et al. (2012, 2013) and
Campoe et al. (2013).

The dry biomass yield (B, kg m?) for black wattle can
be estimated from intercepted photosynthetically active
radiation (PARi, in MJ m?) using the equation:

B = 0.0021*PARi [7]

The fit resulted in a coefficient of determination of
86.67 % and standard error in the estimate of 30.46 %.
Stape (2002) applied the light use efficiency equations in
eucalyptus plantations in Brazil and also found satisfac-
tory results. By that same method, forest growth is propor-
tional to the photosynthetically active radiation intercep-
ted by the leaves, multiplied by the conversion efficiency
(Binkley et al. 1994).

The examples of conversion efficiency studies in fo-
rest species in the international literature greatly outnum-
ber the examples in Brazilian literature. This observation
underscores the importance of intensifying research on
sunlight use, since growth and yield of black wattle and
other forest species depend on the amount of radiation in-

tercepted and photosynthetic conversion efficiency of this
energy into biomass.

The conversion efficiency values of photosynthetica-
Ily active radiation in biomass in black wattle plantations
were higher than those observed by Linder (1985), Wang
et al. (1991), Saldarriaga and Luxmoore (1991), Lands-
berg and Hingston (1996), Landsberg et al. (1997), Kiniry
(1998), McCrady and Jokela (1998), Mariscal et al. (2000)
and Campoe et al. (2013) (table 2).

Based on a work published in Brazilian literature, the
conversion efficiency of black wattle was lower in yerba
mate plantations (llex paraguariensis A. St. Hil.) accor-
ding to Caron et al. (2013) (0.83 g MJ? in a system of
intercropping with Pinus elliottii Engelm and still lower
in a single-species system, 0.23 g MJ?) in seedlings of Eu-
calyptus grandis W. Hill ex Maiden (3.7 to 7.76 g MJ?).

Sinclair and Muchow (1999) emphasize that the conver-
sion efficiency is the result of several intrinsic and extrinsic
factors, among them: species, the photosynthetic process,
gas exchange, nutrient concentration in the leaves (especia-
lly nitrogen), soil resources, atmospheric vapor pressure de-
ficit, air temperature and solar radiation. Works by Warren
and Adams (2001), Close (2004) and Stape, Ryan and
Binkley (2004) demonstrated that photosynthetic capacity
is directly related to nitrogen concentration in the leaves.

In terms of nitrogen uptake, black wattle has the ad-
vantage of an association with bacteria of the genus Rhizo-
bium which fix atmospheric nitrogen in the soil (estimated
at 200 kg ha! year? as per Salas, 1987), thus removing this

Table 2. Conversion efficiency of intercepted photosynthetically active radiation into biomass for several species.

Eficiencia de la conversion de la radiacion fotosintéticamente activa interceptada en biomasa para varias especies.

Species eb (g MJ?) Author
Eucalyptus sp. ~1.00 Linder (1985)
Pseudotsuga menziesii ~1.90 Wang et al. (1991)
Amazon forest up to 10 years old (successional stage) 0.23 Saldarriaga and Luxmoore (1991)
Amazon forest up to 50 years old (successional stage) 0.07 Saldarriaga and Luxmoore (1991)
Olea europaea L. 1.35 Mariscal et al. (2000)
Crops 2.80 Landsberg et al. (1997)
Rain forests 0.20 Landsberg et al. (1997)
Other forests 1to2 Landsberg et al. (1997)
Juniperus virginiana L. 1.60 Kiniry (1998)
Prosopis glandulosa var. glandulosa Torr. 1.61 Kiniry (1998)
Pinus taeda L. 1.33-1.48 McCrady and Jokela (1998)
Eucalyptus globulus Labill. 0.93 t0 2.23 Landsberg and Hingston (1996)

0.67 Henskens (2001)

Eucalyptus grandis W.Hill ex Maiden. 0.75 to 1.03 Campoe et al. (2013)
Acacia mearnsii De Wild. 2.10 This work
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element from among the limiting growth factors. Binkley
and Giardina (1997) emphasize that tree legumes accu-
mulate nitrogen in their biomass more readily due to this
fixation capacity, supplying between 40 % and 80 % of
the nitrogen used by these trees. Therefore, nitrogen con-
centration in the leaves of black wattle is expected to be
higher than in leaves of species in which conversion effi-
ciencies were compared. This finding corroborates reports
of the highest conversion efficiency values obtained, since
according to Evans (1989), Dewar (1996), Landsberg and
Gower (1997), Green et al. (2003) and Dewar (2012), the
nitrogen content in canopy affects rates of photosynthesis
and hence forest productivity.

The solar energy efficiency in black wattle trees was
also calculated for each biomass compartment (bole =wood
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and bark, leaves, branches - live and dead and flowers +
fruits). Conversion efficiency of leaf biomass was repre-
sented by a model different from that used for the other
compartments; one which represents not only a slope but
also a significant intercept. This means that at the outset of
stand establishment, biomass yield in leaves is prioritized
to increase photosynthetic area and intercept more light,
which is converted into assimilates and distributed to other
tissues. Kozlowski et al. (1991) report that the proportion
between the biomass compartments varies with tree age,
and this is due to changes in the partition of assimilates as
the plant grows. In young trees, the distribution is priori-
tized for canopy formation, while with increasing age the
trunk is prioritized, a pattern also observed in the biomass
partition of the black wattle (figure 3).
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Figure 3. Partition of biomass throughout the growing cycle in stands of black wattle.

Particion de la biomasa a lo largo del ciclo de cultivo del acacia negra.
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The use of simultaneous fitting was adequate for esta-
blishing the conversion efficiency values of photosyntheti-
cally active radiation in biomass per compartment. For total
biomass the simultaneous fit resulted in eb value of 0.0021
kg MJ%; the same as that obtained by independent fitting.
However, ¢b values in all biomass compartments, namely
bole, leaves, branches and flowers + fruits, underwent mi-
nor changes and at a point that made the whole system
compatible. Conversion efficiency values are shown in fi-
gure 2. Thus, the estimate can be performed for each com-
partment, and simultaneously for all compartments, since
the simultaneous fit guarantees overall quality. That is, the
sum of equations for each compartment is the same as the
result from the equation for total biomass. This condition is
adequate and was also presented by Parresol et al. (2001).

Moreover, this situation is also suitable for determi-
ning conversion efficiency values, since as photosynthetic
radiation is intercepted and assimilates are converted, the
system of equations estimates biomass yield, and at the
same time predicts the biomass partition within the tree. It
is a fact that throughout the growth cycle, biomass parti-
tion is not uniform in the compartments (figure 3). Howe-
ver, these differences are intrinsically modeled concerning
the slope values obtained. Therefore, the estimated propor-
tions along the line are induced by two factors: different
slopes among the compartments and the compatibility of
biomass estimates generated by the simultaneous fit. This
same situation applies to the system of equations that takes
into account the total biomass, bole and canopy.

CONCLUSIONS

The b for the total biomass of black wattle is 0.0021
kg MJ2.

The use of simultaneous fitting is adequate for establis-
hing the conversion efficiency values of photosynthetica-
lly active radiation in biomass per compartment.

The €b is not influenced by planting location; hence the
observed values are intrinsic to the species.

Biomass yield in black wattle is linearly related to the
photosynthetically active radiation intercepted.
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