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ABSTRACT – The efficiency of solar radiation conversion is a variable often used in crop growth simulation
models in which the production of biomass and, consequently, carbon accumulation are related to the conversion
of radiant energy into chemical compounds by plants through the process of photosynthesis.  The goal of
this study was to determine the efficiency of conversion of intercepted photosynthetically active radiation
(PARi) into carbon accumulation in shoots of Ilex paraguariensis in intercropping (Ilex paraguariensis A.
St. Hil. and Pinus elliottii Engelm) and monoculture. The conversion efficiency of PAR in accumulated carbon
was calculated based on the ratio between the accumulated carbon and the PARi involved in the process.  Our
results demonstrate that the higher conversion efficiency (b) of photosynthetically active solar radiation
intercepted in carbon in yerba mate sprouts was obtained in the intercropping scenario.

Keywords: Ilex paraguariensis; Photosynthetically active radiation; Intercropping.

EFICIÊNCIA DO USO DA RADIAÇÃO SOLAR DE ERVA-MATE EM CULTIVO
CONSORCIADO E SOLTEIRO PARA O ACÚMULO DE CARBONO

RESUMO – A eficiência de conversão da radiação solar é uma variável frequentemente utilizada em modelos
de simulação do crescimento das culturas, pois a produção de biomassa, e consequentemente, o acúmulo
de carbono, estão relacionados com a eficiência de conversão da energia radiante em química pela planta,
através do processo da fotossíntese. Dessa maneira, o objetivo deste trabalho foi determinar a eficiência
de conversão da radiação solar fotossinteticamente ativa interceptada (RFAi) no acúmulo de carbono na
parte aérea de Ilex paraguariensis, em cultivo consorciado (Ilex paraguariensis A. St. Hil. e Pinus elliottii
Engelm) e solteiro. A eficiência de conversão da RFAi em carbono acumulado foi calculado a partir da
relação entre o acúmulo de carbono e a RFAi envolvida. A maior eficiência de conversão (b) de radiação
solar fotossinteticamente ativa interceptada no acúmulo de carbono na parte aérea em plantas de erva-
mate é obtida no sistema de cultivo consorciado.

Palavras-chave: Ilex paraguariensis; Radiação fotossinteticamente ativa; Consórcio.
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1. INTRODUCTION

Yerba mate (Ilex paraguariensis A. St. Hil.) belongs
to the Aquifoliaceae family, and is a native species
of the temperate and subtropical regions of South
America. Yerba mate is present mainly in Argentina,
Paraguay and Brazil (BRUNETON, 1993; ESMELINDRO
et al., 2002). This species occupies an area of 76,347
hectares in Brazil, producing about 513,256 tons (t)
of green leaves, which results in an average yield of
6,723 t ha-1 (IBGE, 2012).

The complexity of the chemical composition of
yerba mate is reported by numerous studies, since it
presents substances like alkaloids (caffeine, theobromine,
theophylline), alcohols, fatty acids, phenols, ketones,
saponins, methylxanthines, vitamins (A, B1, B, C, and E),
minerals, cellulose, gums, dextrin and saccharin (BORILLE
et al., 2005; BORTOLUZZI et al., 2006; KASPARY;
VALDUGA, 2008). The various compounds present
in the herb mate confer a high therapeutic value to
the plant, being used as an anti-inflammatory,
antirheumatic, stimulant and lipolytic, besides being
indicated in cases of occasional asthenia and being
an adjuvant in weight loss (GOSMANN, 1989;
BROMATOS, 2000). According to Mazuchowski et al.
(2003), Brazilian industries have favored shade-grown
and/or native yerba mate, as these are softer and more
accepted by their consumers. Due to these conditions,
yerba mate obtained under shading conditions has
generated better prices for the producer
(MAZUCHOWSKI et al., 2003).

The fact is that Poletto et al. (2010) observed that
the best growth and development of yerba mate occurred
at higher levels of shading. However, the cultivation
of yerba mate in intercropping systems is subject to
the limitation of the solar radiation due to the interception
of this climatic element by the plants of the superior
extract (in this case the pinus), considering that when
reaching the top of the population of the highest plants.
A fraction will be reflected to the atmosphere, absorbed
by the plant itself and another one transmitted to the
interior of the intercrop (MONTEITH; MOSS , 1977).

The growth of the yerba mate depends on the balance
of dry matter accumulated by photosynthesis. The
photosynthetically active radiation intercepted by a
crop that is converted into phytomass reveals the
efficiency of the use of radiation by the species
(MONTEITH; MOSS, 1977). This knowledge can be

applied to several research topics, such as analysis
of plant growth, prediction of growth and production
potential. According to Balbino et al. (2011), intercropping
has been a great alternative to reducing greenhouse
gas emissions, such as carbon dioxide (CO

2
). In the

same way, recent studies deal with carbon sequestration
in native forests (CUNHA et al., 2009; RIBEIRO et al.,
2010), in order to evaluate their potential for reducing
carbon emissions.

In this sense, the determination of estimates that
simulate biomass production and carbon accumulation
is an important tool, both for the planning of the forest
activities of yerba mate and for the environmental interest
by several entities in the sense of carbon sequestration.
In addition, the reduction of CO

2
 from the atmosphere

is a priority both under the United Nations Framework
Convention on Climate Change and the Kyoto Protocol
(UNFCCC, 1997). Thus, in addition to the use of the
leaves and branches of Ilex paraguariensis to give
rise to the product “yerba mate”, there is a new line
of research that identifies how the photosynthetically
active solar radiation is intercepted by the yerba mate,
and what is the resulting amount of accumulated carbon.

The objective of this work was to determine the
conversion efficiency of the intercepted
photosynthetically active solar radiation (PARi) in the
accumulation of carbon in the shoot of Ilex
paraguariensis, in intercropping (Ilex paraguariensis
A. St. Hil. and Pinus elliottii Engelm) and in monoculture
(monocropping).

2. MATERIAL AND METHODS

The experiment was developed in the geographic
coordinates 27º23’26"S, 53º25’43"W at 461 m altitude,
in the municipality of Frederico Westphalen- RS.
According to Köppen’s climatic classification, the
predominant climate in the study area is Cfa (average
air temperature of the three cooler months comprised
between -3 to 18°C, with the occurrence of precipitation
in all months of the year and average air temperature
in the hottest month greater or equal to 22°C). Frederico
Westphalen is about 30 km away from Iraí. According
to Maluf (2000), Iraí, a municipality considered as a
reference for climate classification data, presents a
subhumid subtemperate climate, with an annual average
temperature of 18.8°C and an average temperature of
the coldest month of 13.3°C.
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The experiment was carried out with two systems
of yerba mate cultivation: intercropping with pine (Pinus
elliottii Engel) and monocropping (cultivated in full
sun). In the intercrop, the pine plants were 34 years
old, with a height average of 25 m and a circumference
at breast height (CBH) with an average of 1.58 m, with
spacing of 8 x 8 m. The yerba mate plants were distributed
in a spacing of 4 x 4 m. In the monocrop, the spacing
was 3.10 x 3.10 m. In both systems, the herbs were
the same age, 22 years old.

In the intercrop, the yerba mate plants had an
average height of 2.49 m and an average CBH of 21
cm, while in the mono it presented 2.65 m and 26 cm,
respectively. In order to compare the two systems,
the plants in the mono system were managed with a
single trunk, as verified in the intercrop.

The determination of the biomass of leaves,
branches and total (leaves + branches) of three yerba
mate plants were carried out in each cultivation system
by season of the year, totaling 24 plants evaluated
during the course of the study. In December 2006 the
yerba plants were harvested, and this moment was
considered the starting point of the evaluations. From
this, the biomass collections started on the following
dates: June 21, 2007 (beginning of winter), September
21, 2007 (early spring), December 21, 2007 (early summer),
March 2008 (early fall) and the last assessment was
held on June 21, 2008 (early winter). In this way,
accumulated dry matter was obtained during the studied
period.

The evaluations were carried out concomitantly
in the two cropping systems. All the biomass of branches
and leaves collected was dried in an oven with air
circulation at 60ºC until reaching constant weight, in
order to determine the dry matter.

The carbon content of the species can be obtained
by multiplying them by the carbon content of the species,
equivalent to 0.444 per unit of biomass (WEBER et
al., 2006). Therefore:

CA = DPP * 0.444

Where: CA = carbon accumulation, g.m-2; DPP =
dry phytomass production, g.m-2.

According to Monteith and Moss (1977), dry
phytomass production can be represented by the
equation:

DPP = b *PARi

Where: DPP = dry phytomass production, g.m-2;
b = efficiency of PARi conversion into dried phytomass
produced, g MJ-1; PARi = Photosynthetically active
solar radiation intercepted, MJ m-2.

However, the determination of åb as a function
of the accumulation of carbon and of the PARi involved
can be obtained by replacing the DPP with the CA,
expressed as follows:

CA = b *PARi

Where: CA = carbono accumulation, g.m-2; b =
efficiency of PARi conversion into dried phytomass
produced, g MJ-1; PARi = photosynthetically active
solar radiation intercepted, MJ m-2.

Thus, the values can be adjusted to models in
which the trend line passes through the origin, generating
only the angular coefficient (b) that corresponded
to the conversion efficiency value of PARi in accumulated
carbon. The photosynthetically active radiation
(VARLET-GRANCHER et al., 1989) can be obtained
by the equation:

PARi = 0.95*(PARinc)*(1-e(-k*LAI))

Where: PARi = photosynthetically active solar
radiation intercepted, MJ m-2; K = constant that depends
on the optimal properties of the leaves and the geometry
of the vegetal canopy, (0,8); LAI = leaf area index,
dimensionless; PARinc = incidental photosynthetically
active radiation, MJ m-2.

The leaf area index (dimensionless) was determined
from the total leaf area of each plant and the area of
soil used by it (which corresponded to the spacing
in meters of the crop), based on the equation:

LAI = LA/SL

Where: LAI = leaf area index (dimensionless); LA
= total plant leaf area, m2; SL = area used by the plant,
m2, being 64 m² (8 x 8m) for the intercrop system and
9.61 m² (3.1 x 3.1m) for the monocrop system.

The leaf area was estimated using the “disc method”
(BENINCASA, 1988). The method consisted in the
removal of leaf discs of known area (2.5446 cm², using
a template) of the leaf limb of all the leaves that were

(1)

(2)

(3)

(4)

(5)
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longer than five centimeters, avoiding the sampling
of the central vein as recommended by Gomide et al.
(1977). The number of discs varied according to the
number of leaves of each plant, collecting at least one
disk per sheet. Then, the leaf discs were placed in oven
and circulation and air renewal at 60°C to obtain the
dry matter. From this, the leaf area of each plant was
calculated by the equation:

LA = (number of discs*DA*DML)/DMD

Where: LA = leaf area, m2; DA = disk area, m2;
DML = dry matter of leaves, g; DMD = dry matter of
discs, g.

The estimated photosynthetically active radiation
accumulated was based on Monteith e Moss (1977)
and Varlet-Grancher et al. (1989).

The values of incidental global solar radiation (Rg)
in the monocrop system were obtained from the INMET
(National Meteorological Institute) Climatological Station
linked to the Laboratory of Agroclimatology. The station
is located about 150 m from the study site at coordinates
27.3956°S and 53.4294°W. In order to know the percentage
of incidental global radiation (Rge) that arrived in the
yerba mate plants in the intercrop system, a pyranometer
(LI200X, Li Cor) connected to Datalogger was used,

and data were recorded every hour. The appliance was
installed at level, in its own support built above the
canopies. In this way, the incidental solar radiation
above the canopy of the herbs was estimated according
to equation 5:

Rge = 0.15*Rg

Where: Rge = incidental solar radiation, MJ m-2;
Rg = global incidental solar radiation with the INMET
Climatological Station, MJ m-2.

The incidental photosynthetically active radiation
was estimated to be 45% of the global solar radiation.
This fraction represents the average value of those
found for Rio Grande do Sul (PANDOLFO, 1995).

To verify the dependence between carbon
accumulation with the PARi, the data were submitted
to Pearson’s linear correlation “Statistical Analysis
System” software (SAS, 2003).

3. RESULTS

The global solar radiation flux was on average
2.49 MJ m-2 day-1, with a variation of 0.01 to 5.57 MJ
m-2 day-1 for the intercrop system and an average of
16.60 MJ m-2 day-1, with a variation of 0.10 to 37.16
MJ m-2 day-1 for the monocrop system (Figure 1).

(6)

Figure 1 – Global solar radiation incident on the cultivation of Ilex paraguariensis single and estimated global solar radiation
incident within the consortium of Ilex paraguariensis and Pinus elliottii, during the period of 06/20/2007 to
06/20/2008 in the city of Frederico Westphalen – RS.

Figura 1 – Radiação solar global incidente no sistema de cultivo de Ilex paraguariensis solteiro e radiação solar global
incidente estimada dentro do consórcio de Ilex paraguariensis e Pinus elliottii, durante o período de 20/06/
2007 à 20/06/2008, no município de Frederico Westphalen – RS.

(7)
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The results demonstrate that the accumulation
in carbon in both culture systems is strongly correlated
with the photosynthetically active radiation intercepted
accumulated (PARiac), with correlation coefficients
equivalent to 0.96 and 0.98 for the intercrop and monocrop
system respectively (Figure 2).

The conversion efficiency (åb) in the accumulation
of carbon in yerba mate shoots in relation to the amount
of accumulated photosynthetically active intercepted
solar radiation was of 0.37 g MJ-1 for the intercrop system
and 0.10 g MJ-1 for the monocrop system (Figure 2).

4. DISCUSSION

Although the availability of global solar radiation
in the intercrop system (Figure 1) is smaller, due to
the interception of the pine plants (85%), it can be
compensated in part by the increase of the diffuse
radiation fraction that is transmitted to the plants, which
presents a trait of being multidirectional and better
at penetrating the vegetative canopy (BURIOL et al.,
1995). In addition, Aikman (1989) found that increased
diffuse radiation promoted greater uniformity of radiation
within the canopy, causing the lower leaves of the
canopy to increase radiation interception and its use.

This trait is responsible for the higher values of
åb for carbon accumulation found in the pine cultivation
system. This result is corroborated by Sinclair et al.
(1992), which demonstrated that in corn and soybean
crops, the increase in the diffuse radiation fraction
resulted in greater efficiency of the use of radiation
by plants.

The fact that the conversion efficiency of solar
radiation into carbon is higher in the pine-intercrop
cultivation reinforces what was reported by Carvalho
(2003), who indicated that the yerba mate is considered
a shaded plant, accepting shade at any age and tolerating
a higher light intensity in adulthood. However, although
the use of solar radiation was more efficient in the
intercrop system, the accumulation of carbon in the
shoot was approximately 35% larger in the monocrop
system. This result can be explained by the higher
photosynthetic rate (KASPARY, 1985), since there is
a greater availability of global solar radiation, which
leads to higher production of dry biomass and
consequently carbon. In addition, Taiz and Zeiger (2013)
emphasize that the yield of a crop depends on the
photosynthetic rates existing in an environment.

In spite of the small amount of work that relates
the accumulation of carbon with the incidental
photosynthetically active radiation, the results observed
here are in agreement with those found by Tollenaar
and Bruulsema (1988) that emphasized the existence
of a linear relation between phytomass produced and
radiant energy intercepted over the course of a large
number of species. In healthy plants, which have adequate
amounts of water and nutrients available, dry phytomass
production is governed by photosynthetically active
radiation (PAR) (MONTEITH and MOSS, 1977).

It is important to note that solar radiation is important
for plant growth, not only for providing energy for
photosynthesis, but also for providing signals that
regulate its development through light receptors sensitive
to different intensities (ATROCH et al., 2001). Thus,

Figure 2 – Relationship between cumulative intercepted photosynthetically active radiation (PARiac) and carbon accumulation
in shoots in two cropping systems of Ilex paraguariensis: consortium and single in the city of Frederico Westphalen
– RS.

Figura 2 – Relação entre radiação fotossinteticamente ativa interceptada acumulada (RFAiac) e o acúmulo de carbono
na parte aérea em dois sistemas de cultivos de Ilex paraguariensis: consórcio e solteiro, no município de Frederico
Westphalen – RS.
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the ability of plants to grow in conditions of greater
or lesser luminosity depends on their morphological
and physiological structures, that is, on adaptive
strategies (TILMAN, 1988). In this sense, Coelho et
al. (2000) state that levels greater than or equal to 50%
reduction in natural light are sufficient to decrease
the phytomass production of yerba mate and
consequently the accumulation of carbon. This reinforces
that the availability of light (15% for the intercrop system),
limits the growth of shaded grasses, a fact that was
also verified by Gliessmann (2000).

In field conditions, the conversion efficiency of
solar radiation into phytomass was 7.33 to 3.26 g MJ-1

for eucalyptus, in high and medium density tubes,
respectively (CARON et al., 2012), from 2.46 g MJ-1

for sunflower (BARNI et al., 1995), from 2.60 g MJ-1 for
corn (FRANÇA et al., 1999), from 1.73 g MJ-1 for rice
(STEINMETZ; SIQUEIRA, 2001) and from 0.72 to 1.40
g MJ-1 for lettuce (CARON et al., 2003).

The higher efficiency for carbon accumulation
observed in intercropping, which is linked to the increase
of the diffuse radiation in this environment, is caused
by the interaction between global solar radiation and
the pine canopy. The incident radiation on the surface
of yerba mate leaves in intercropping arrives in several
ways: directly through the clearings of the canopy
and the margins of the settlement, and as diffuse radiation
from the reflection of the pine leaves and the surface
of the soil, or as radiation transmitted by the leaves
of this species. The fact is that there is an increase
in the relative contribution of the leaves of the lower
yerba mate extracts for phytomass accumulation, and
consequently carbon accumulation, as the diffuse fraction
increases, and this is higher in a intercropping
environment.

Considering the priority of reducing CO
2
 in the

atmosphere and the need to evaluate the potential of
forest species to reduce carbon emissions, this study
may contribute to direct new research with other forest
species in order to determine the amount of fixed carbon.

Since it has been shown that there is a difference
in the efficiency of the use of the radiation between
the monocropping and intercropping of mate, the results
obtained in this work contribute to the management
of herbs, mainly for producers that use intercropping,
with other forest species, in order to establish appropriate
management; so that the plants are partially shaded,

thus optimizing the efficiency of the use of radiation
by increasing the fraction of diffuse radiation but without
compromising productivity.

5. CONCLUSION

The highest conversion efficiency (b) of
photosynthetically active solar radiation intercepted
in the accumulation of carbon in the shoot of yerba
plants is obtained through the intercropping system
with Pinus elliottii.

The study of carbon sequestration in agricultural
and agroforestry systems (intercrops) by means of
estimates that take into account the intercepted
photosynthetically active radiation and the efficiency
in which it is used by the plants can be applied in several
research topics such as: analysis of plant growth, yield
prediction, and the potential for carbon sequestration
in the region.
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