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ABSTRACT
The appropriate choice of tree species and planting arrangement for use in agroforestry systems is very 
important in order to maximize productivity and sustainability. The aim of this study was to evaluate the 
growth of five tree species and its effect on sugarcane yields in different planting arrays in agroforestry 
systems. The study was conducted from 2007 to 2011 in the city of Frederico Westphalen, RS, Brazil. 
The five studied tree species were: guapuruvu (Schizolobium parahybae), bracatinga (Mimosa scabrella), 
canafístula (Peltophorum dubium), angico-vermelho (Parapiptadenia rigida) and eucalypt (Eucalyptus 
urophylla S.T. Blake x Eucalyptus grandis Hill ex Maiden). Root collar diameter, diameter at breast height, 
plant height and mean diameter of crown were evaluated for four years with an interval of 90 days between 
assessments. Yield data for sugarcane were collected in June 2009, 2010, and 2011. Eucalypt presented 
the greatest root collar diameter values, diameter at breast height, crown development, and plant height. 
Angico-vermelho, canafístula and eucalypt presented a higher growth in the strip system, while guapuruvu 
presented the greater growth in the line system. Bracatinga was not influenced by an arrangement in the 
agroforestry systems. Sugarcane presented greater production in the understory of angico and bracatinga.
Key words: array of plants, competition, crown diameter, height.
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INTRODUCTION

Agroforestry systems consist of integrated land 
use for forestry, crops, and/or animal purposes. 
This integration often results in socio-economic, 
environmental and production benefits such as the 
recovery of degraded areas, reduction of production 
costs, and an increase input of organic matter which 

has been shown to improve the chemical, physical 
and biological properties of the soil (Tracy and 
Zhang 2008, Neves et al. 2009, Xavier et al. 2014).

To analyze the sustainability of an agroforestry 
system, it is important to understand factors and 
interactions between all species within it (Berlyn 
and Cho 2000, Ong et al. 2000), and therefore 
the choice of species which compose a system is 
a consideration of great importance (Bayala and 
Wallace 2015, Ong and Kho 2015). The growth and 
development of different types of plants (e.g. crops 
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and tree species) in the same area presupposes 
the existence of dynamic system interactions and 
change over time; this is especially true in areas 
where there are tree components, due to continued 
growth in height, crown projection, and leaf area of 
tree species. These factors can affect the distribution 
of existing resources which in turn can cause a 
constant change in the productivity of species in a 
system (Jose et al. 2004).

The study of the vegetative growth of 
woody plants in mixed systems is important 
when considering management practices; for 
example, the definition of plant spacing and 
planting arrangements. Similarly, meteorological 
elements directly influence morphological and 
physiological characteristics of the trees as well as 
the nutritional factors which can affect the growth 
of plants in the understory (Paciullo et al. 2011, 
Mendes et al. 2013, Machado et al. 2014). The 
viability of sugarcane in agroforestry systems in 
Brazil has been demonstrated by Pinto et al. (2003) 
and Elli et al. (2016). Several studies in Brazil 
and around the world demonstrate the viability of 
using annual crops such as maize and soybeans 
(Peng et al. 2009), wheat (Rivest et al. 2013), 
oat (Deiss et al. 2016) and ryegrass (Pilau et al. 
2015) in agroforestry systems. There is currently a 
lack of information regarding tree species and the 
performance of plants in agroforestry system when 
placed in different arrangements. Research needs to 
be conducted in order to examine the interactions 
between species and crops of interest, which in this 
case is sugarcane.

In addressing this lack of information, the 
proposed hypothesis is that tree species react 
differently depending on their arrangement. In order 
to test this hypothesis, the aim of this study was to 
evaluate the growth of the tree species: Schizolobium 
parahybae (Vell.) Blake (guapuruvu), Mimosa 
scabrella Benth. (bracatinga), Peltophorum dubium 
(Spr.) Taubert (canafístula), Parapiptadenia rigida 
(Benth.) Brenan (angico-vermelho) and Eucalyptus 

urophylla S.T. Blake x Eucalyptus grandis Hill ex 
Maiden (eucalypt), and its effect on the sugarcane 
(Saccharum spp.) yield in different planting arrays 
in agroforestry systems.

MATERIALS AND METHODS

STUDY AREA

The study was conducted in the city of Frederico 
Westphalen, RS (27°22’S, 53°25’W) at an altitude 
of 480 m. According to the Köppen climate 
classification, the climate of the region is Cfa, 
i.e. humid subtropical with an average annual 
temperature of 19.1 °C, varying with maximum 38 
°C and minimum of 0 °C, presenting an average 
annual precipitation of 1606 mm. The soil of the 
area is classified as a typical Entisol Orthents 
(Cunha et al. 2011).

DESIGN AND EXPERIMENTAL UNITS

The experimental design was composed of a 
complete randomized block, and study objects were 
characterized by a factorial scheme of 2x5x16, 
i.e., two planting arrays (strip and line), five tree 
species (angico, bracatinga, canafístula, eucalypt 
and guapuruvu) and three blocks were studied. 
Each species was measured 16 times in total, 
beginning 159 to 1509 days after planting (DAP) 
with an interval of 90 days between assessments 
and three replications. Ten experimental units were 
included in each block, and each unit was randomly 
distributed in the agroforestry system.

The arrangement of trees and sugarcane are 
shown in Figure 1. In the strip system, the forest 
species were divided into separate strips by 12m. 
Each strip was composed of three rows. Each row 
was composed of three trees which were spaced at 
3x3m. Sugarcane (Saccharum spp.) was distributed 
in six rows (between strips, within 12 m) and two 
rows between lines of trees. In the line system, 
forestry species were distributed with 6x1.5 m 
spacing or 6 m between lines and 1.5 m between 
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plants in line. Each line was composed of five 
trees. The sugarcane crops were distributed in 
three rows (between the lines of trees). The species 
were arranged in sequence, and not in a mixed 
distribution. Each block was composed of two 
systems and the five species, resulting in 165 total 
trees. In both systems, sugarcane was distributed in 
a spacing of 1.20 m and was an equal distance from 
the trees in this spacing. Both rows of sugarcane, 
as well as trees, were oriented in an East-West 
direction.

The field experiment began in Sep. 2007 with 
the manual planting of seedlings after subsoiling and 
harrowing of the area was completed. Fertilization 
was then performed according to recommendations 
for each species (CQFS 2004). 

Evaluations began on March 21, 2008, 159 
days after planting (DAP) in the early autumn 
season. From this point on, assessments were 
performed quarterly at the beginning of each season 

until the summer of 2011, at 1509 DAP, totaling 16 
instances of measurement.

ASSESSED TRAITS

The root collar diameter (RCD) was sampled 
immediately above the soil surface and diameter 
at breast height (DBH) measurements were 
obtained 1.30 m above the soil. Both variables 
were determined with the aid of a digital caliper 
until the values reached 6.00 cm, later a graduated 
diameter tape in millimeters was used to take 
measurements. The caliper was used to make two 
orthogonal measures and the arithmetic means of 
these measurements was recorded. 

For measurement of plant height (H), a 
graduated diameter tape measure was used until 
the values reached 2.00 m, at which point a Vertex 
Hypsometer III was used to make measurements 
greater than 2.00 m. This device was used to 
determine the distance from the ground surface to 
the highest leaf axils. The mean crown diameter 

Figure 1 - A sketch of an experimental unit of line and strip systems. Black circles represent the trees; 
continuous lines indicate where the sugarcane was planted. Each species presented three experimental 
units in each system.
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(MCD) was considered to be the distance between 
the projection lines of the outermost points of the 
crown. Data were obtained by taking two orthogonal 
measurements with the aid of a graduated tape and 
later calculating the arithmetic mean. 

Yield data for the sugarcane was collected in 
June 2009, 2010 and 2011, constituting the three 
years of sugarcane evaluation. In each experimental 
unit, six medium stalks for strip system and eight 
stalks for line system were collected and taken 
to the laboratory for evaluation. For the existing 
population in the experimental units, values were 
extrapolated for one hectare (ha). Stalk weight (SW, 
t ha-1) was determined with the aid of a digital scale.

Data for Photosynthetically active radiation 
(PAR) in the understory of the agroforestry 
systems were obtained during the harvest of 
sugarcane over the three years of evaluation, with 
a quantum sensor LI-190-1 with a spectral strip 
of 400-700 nm coupled to a porometer dynamic 
balance LICOR-LI1600 model. The interception 
of photosynthetically active radiation (IPAR) was 
determined for canopy tree species, according to 
the equation used by Caron et al. (2012):

(%) 100 100in

abo

RIPAR
R

 
= − × 

 

Where Rin = photosynthetically active radiation 
inside the canopy of the tree species; Rabo = 
photosynthetically active radiation above the 
canopy of the tree species.

DATA ANALYSIS

The data were statistically analyzed with the 
software “Statistical Analysis System” (SAS 2003), 
and results were obtained through an analysis of 
variance, F test, and Tukey test (p > 0.05). The 
Bartlett test was used to verify the homogeneity of 
variances. In the strip system, a test of contrast was 
conducted between plants of the central and external 

lines, taking into account differing environmental 
systems. We plotted graphics demonstrating 
the variation of sugarcane production and the 
interception of photosynthetically active radiation 
of tree species throughout the years. We plotted the 
growth of tree species against evaluated periods and 
the mean annual increment (MAI) of the variables 
for each evaluation year; for the sugarcane, we 
plotted the yield and the IPAR against harvest years 
(2009, 2010, 2011).

CHARACTERIZATION OF WEATHER

Values for the climatic factors which occurred 
during the study were obtained through the weather 
station of National Institute of Meteorological, 
located at 1500 m from the study site, at coordinates 
27°39’S and 53°43’W. Average daily global solar 
radiation, average monthly maximum and minimum 
temperature, rainfall and sequential water balance 
during the years 2008, 2009, 2010 and 2011 is 
described in Figure 2. The water balance followed 
Thornthwaite and Mather’s (1955) approach, which 
has inputs rainfall, references evapotranspiration 
and water holding capacity. We estimated reference 
evapotranspiration by Penman-Monteith FAO 56 
method (Allen et al. 1998) and considered a water 
holding capacity of 150 mm.

RESULTS

The flux of global solar radiation during the years 
of evaluation was 16.70 MJ m-2 day-1 on average, 
with a variation of 8.7 to 25.5 MJ m-2 day-1 (Figure 
2). The average monthly temperature ranged from 
8.1 to 31.4 ºC. We observed negative minimum 
absolute temperatures (-1.54; -2.24; -1.13 and -1.76 
in 2008, 2009, 2010 and 2011, respectively), which 
resulted in the occurrence of frost in all years. 
Considering water balance, there were periods 
with water deficits in all years of evaluation. The 
accumulated annual water deficits were 186.69; 
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175.11; 28.43 and 93.27 mm in 2008, 2009, 2010 
and 2011, respectively.

An analysis of variance revealed a difference 
in RCD for interaction between agroforestry 
systems x tree species x DAP, for all variables of 
tree species x DAP and H, MCD and DBH in the 
interaction between tree species x agroforestry 
system (Table I). In the strip system, based on 

the analysis of contrast made between plants of 
the central and external lines, no differences were 
observed, therefore, tree lines were not analyzed 
separately in the interactions.

At 249 DAP, species began to show a 
stratification of RCD means (Figure 3). This 
became more evident at 429 DAP due to averages 
of eucalypt which were greater than all other 

Figure 2 - Average daily global solar radiation (a), average monthly maximum and 
minimum temperature (b), rainfall and sequential water balance (c) during the years 2008, 
2009, 2010 and 2011 in Frederico Westphalen, RS, Brazil. Bars indicate the standard 
deviation for each month.
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species in the strip system. In the line system, this 
trend was observed at 609 DAP, and remained 
until the last assessment (1509 DAP). Canafístula 
and guapuruvu presented RCD values greater than 
bracatinga and angico. This was mainly observed 
in the strip system at 1059 DAP. At 1509 DAP, 
these two species had the lowest values in the strip 
system, but this was only observed for angico in the 
line system.

Comparing agroforestry systems, the 
superiority of RCD was observed in the strip 
system for eucalypt from 429 DAP; this difference 
between systems remained until the last evaluation 
period. The evolution of RCD forest species studied 
over time in both agroforestry systems can be seen 
in Figure 3. In strip system (Figure 3a), one can 
see the eucalypt species more pronounced rate of 
growth when compared to other species. In the line 
system (Figure 3b) this difference was less evident.

Eucalypt showed the greater IMA for all 
evaluated years in both agroforestry systems 
(5.85; 6.01; 6.64 and 6.14 cm year-1 in the strip 
system; 4.51; 4.41; 4.92 and 5.00 cm year-1 in the 
line system, in the years 2008, 2009, 2010 and 
2011, respectively), compared to other species. 

Comparing the agroforestry systems, strip system 
provided greater MAI of the angico and eucalypt in 
all the evaluated years. Bracatinga and guapuruvu 
had greater MAI of RCD in the line system starting 
with the second year while canafístula did not show 
a trend in relation to the agroforestry system for 
this variable (Figure 3).

In general, the DBH values were higher for 
eucalypt (Figure 4a), followed by guapuruvu and 
later by the other three species (angico-vermelho, 
bracatinga and canafístula). The MAI of DBH were 
greater for eucalypt, reaching the highest values at 
three and four years of age (4.18 and 4.17 cm year-1, 
respectively). Regarding H, eucalypt demonstrated 
greater values than other species from 339 DAP. 
This trend continued through the last evaluation 
(Figure 4b). The MAI of H, on average, was higher 
for eucalypt, reaching its greatest values at 3 years 
of age (3.93 m year-1), followed by bracatinga, and 
then by the other three species.

Higher values were found for the MCD from 
eucalypt DAP 339, and remained superior until 
the last evaluation. The MAI of MCD was higher 
in the first evaluation year for all species. In this 
period, eucalypt showed the greater MAI (2.23 

TABLE I 
Analysis of variance of root collar diameter (RCD), diameter at breast height (DBH), plant height (H) and mean crown 

diameter (MCD) of five tree species evaluated in 16 periods after planting in two agroforestry systems, in the city of 
Frederico Westphalen – RS.

Source of variation DF
Mean square

RCD DBH H MCD
Days after planting (DAP) 15 754.97* 224.59* 231.60* 2140.18 *

Tree species (TS) 4 1946.23* 1388.06* 1363.26* 45886.67*
Agroforestry Systems (AS) 1 90.15* 22.08* 1.19ns 40.91ns

DAP x TS 60 59.70*  30.91* 39.61* 1815.18*
DAP x AS 15 1.39ns 1.02ns 1.09ns 188.85ns

AS x TS 4 147.95ns 82.68* 7.56* 1942.41*
DAP x ASx TS 60 5.24* 3.75ns 0.66ns 174.64ns

Coefficient of determination - 0.91 0.87 0.93 0.75
Coefficient of variation (%) - 26.59 33.55 26.53 23.4

*significant difference at p < 0.05 by Fisher test; nsnot significant difference at p < 0.05 by Fisher test; DF = degrees 
of freedom.
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Figure 3 - Growth and mean annual increment (MAI) of root collar diameter (RCD) of tree species 
angico (Ang), bracatinga (Brac), canafístula (Can), eucalyptus (Euc) and guapuruvu (Guap) in 
agroforestry systems strip (a and b) and line (c and d), from 159 to 1509 days after planting (DAP) 
of the seedlings in Frederico Westphalen - RS.

m year-1), followed by bracatinga (1.15 m year-

1), guapuruvu (0.84 m year-1), canafístula (0.79 
m year-1) and angico (0.64 m year-1). Except for 
eucalypt trees, guapuruvu demonstrated higher 
MCD than the other species; however, likely due 
to frost damage, this superiority of guapuruvu 
MCD was not observed in spring months after the 
occurrence of winter frosts (Figure 4c). Between 
winter and spring, the reduction of guapuruvu 
MCD was 1.06; 1.44; 0.81 and 0.61 m for the years 
2008, 2009, 2010 and 2011, respectively. One can 
identify a stagnant growth of bracatinga, observed 
in respective MCD values, from the DAP 699. 

The strip system demonstrated the highest 
values for all variables for eucalypt, of DBH and 
MCD for angico, and only DBH for canafístula 
(Table II). Guapuruvu presented an inverse 
behavior, where it benefited from the line system 
and had a greater average DBH and H, while 
bracatinga showed similar characteristics in both 
systems for all variables.

The growth of MCD (Table II) of forest species 
along the time reduced the stalk weight of sugarcane 
(Figure 5a), due to an increase of intercepted 
photosynthetically active radiation (IPAR) by tree 
components (Figure 5b). The stalk weight in the 
understory of eucalypt was lower from the second 
evaluation year of sugarcane (2010), compared 
to the understory of other species. Eucalypt was 
also responsible for higher IPAR in 2009 and 2011 
(56.41 and 89.74%, respectively) and had a lesser 
amount of available photosynthetically active 
radiation for the sugarcane. Sugarcane yield and 
IPAR by the crown of angico were, on average, 
178% greater and 54% lower than the sugarcane 
yield, and the IPAR by the crown of eucalypt.

DISCUSSION

The superiority of RCD observed in the strip system 
for eucalypt from 429 DAP and the superiority 
of the IMA in all evaluation years (Figure 3) is 
justified by the greater plant spacing of this system 
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Figure 4 - Growth and mean annual increment (MAI) of diameter at breast height (DBH; a and 
b), height (H; c and d) and mean crown diameter (MCD; e and f) of tree species angico (Ang), 
bracatinga (Brac), canafístula (Can), eucalypt (Euc) and guapuruvu (Guap), from 159 to 1509 days 
after planting in Frederico Westphalen - RS. Vertical arrows indicate damage related to frost.

TABLE II 
Diameter at breast height (DBH), plant height (H) and mean diameter of crown (MCD) of tree species angico, bracatinga, 

canafístula, eucalypt and guapuruvu in strip and line agroforestry systems in the city of Frederico Westphalen – RS.

Variable System
Species

Angico Bracatinga Canafístula Eucalypt Guapuruvu

DBH (cm)
Strip 3.26 aD 2.95 aD 4.04 aC 11.16 aA 5.61 bB

Line 2.60 bD 2.60 aD 3.39 bC 8.64 bA 6.99 aB

H (m)
Strip 2.85 aB 3.14 aB 2.95 aB 9.30 aA 2.26 bC

Line 2.99 aB 2.91 aB 2.92 aB 8.90 bA 2.68 aB

MCD (m)
Strip 1.65 aC 1.51 aCD 1.44 aD 3.35 aA 1.93 aB

Line 1.41 bC 1.40 aC 1.35 aC 2.78 bA 1.86 aB

These values represent the mean of all periods to each variable (significate interaction between Agroforestry System 
x Tree species). Means followed by the same letter, lowercase in column and uppercase in line, do not differ among 
themselves, by Tukey test of probability at 5% of error.
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(3 x 3 + 12). In the line system, reduced spacing 
between plants in the row system (1.5 m) leads to 
competition for water and nutrients (Stape et al. 
2010). The mean annual increments of RCD found 
in this study are higher than the results found by 
Nicodemo et al. (2016) who studied the growth of 
native species in agroforestry systems in Brazil and 
found a growth rate of 0.10 cm month-1 (1.2 cm 
year-1) for canafístula at four years of age.

Regarding DBH (Figure 4a), our results are 
higher than those found by Ferreira et al. (2014), 
who analyzed the growth of clones Eucalyptus 
urophylla x Eucalyptus grandis in Avaré/SP, and 
found a mean DBH of 13.8 cm four years after 
planting using a spacing of 3.0 x 2.5 m. The highest 
values found in the present study were on 1509 
DAP, four years after transplantation, but smaller 
than what was observed by Ferreira (2014). The 
differences in RCD and DBH can be explained 
by different climate conditions between locations 
and the spatial distribution of species in the field 

(Nascimento et al. 2012). Oliveira et al. (2015), 
evaluating the growth of eucalypt in agroforestry 
systems, found DBH values around 9.5 cm at 25 
months of age. Lopes et al. (2017) found values 
of DBH ranging from 3.28 to 4.57 cm (in different 
clones) in the spacing of 3.0 x 1.5 m at 12 months 
of age. These results are in agreement with the 
results obtained in the present study.

Regarding H (Figure 4b), our results supported 
similar findings by Nascimento et al. (2012), who 
also found different H values between tree species. 
The results of their study in the spacing of 3.0 x 2.0 
m at 22 months of age are as follows: 2.8 m for the 
angico-vermelho (Anadenanthera macrocarpa); 
4.1 m for guapuruvu (Schizolobium parahybae); 
2.7 m in arroeira (Schinus terebinthifolius); 4.1 m in 
aloe (Cordia sp.); 1.5 m for inga (Inga marginata) 
and 3.2 m for cotton tree (Chorisia speciosa).

The occurrence of frost resulted in a severe 
reduction of MCD of guapuruvu (vertical arrows 
in Figure 4c). These results are in agreement with 
Souza et al. (2011) who classified this species as 
highly sensitive to frost. Despite the high degree of 
frost damage, this species presented a high degree 
of regrowth. Augspurger (2011) found that the 
death of branches reduced the canopy percentage 
and contributed to early senescence and reduced 
growth, and led to the death of Aesculus glabra buds. 
The freezing of extracellular solutions determines 
the senescence of leaves and stems and result in 
an imbalance between the chemical potential of 
intra and extra-cellular water. This leads to outward 
water transfer and cellular dehydration, decrease 
cell turgor, and lad to solute accumulation and the 
eventual rupture of the plasma membrane (Heber 
and Santarius 1973).

The superiority of DBH in strip system in the 
most of forest species (Table II) agrees with the 
results found by several authors, which concluded 
that a large degree of spacing promotes greater 
diameter growth of trees (Clark et al. 2008, 
Harrington et al. 2009). Another key factor in the 

Figure 5 - Stalk weight (a) and Interception of 
photosynthetically active radiation – IPAR (b), of sugarcane 
grown in the understory of various tree species from 2009 to 
2011, in Frederico Westphalen - RS. Bars indicate the standard 
deviation for each evaluation year.
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growth of forest species is the arrangement in which 
trees are planted. The equidistance spacing of trees 
in center rows and the larger area of outer rows in 
strip systems contributed to the greater availability 
of resources thus allowing enhanced plant growth.

While eucalypt was observed to have higher 
growth rates compared to other tree species, less 
photosynthetically active radiation in its understory 
was available for the sugarcane (Figure 5b). This 
tree species, in the last cultivation year of the 
sugarcane (2011), intercepted more than 80% of 
photosynthetically active radiation and resulted in 
a reduction of 50% sugarcane stalk weight (Figure 
5a). This is a result of interspecific competition, 
primarily of solar radiation between tree species 
and the species growing in its understory, as also 
examined by Monteith et al. (1991), Knowles et. 
al. (1999), Gillespie et al. (2000) and Jose et al. 
(2004).

The observed results are in agreement with 
those of Hardy et al. (2004), who reported that 
the amount of radiation intercepted by the forestry 
species and consequently the radiation that 
reaches the ground level is determined by canopy 
characteristics, such as the MCD, which can be 
affected by plant arrangement.

IPAR values in this study are similar to those 
found by Caron et al. (2012) between forest 
planting lines from 42.3% in black wattle, 83.2% in 
bracatinga and 89.1% in one-year-old eucalypt trees 
with one year old. Our results agree with several 
studies (Keating et al. 1999, Inman-Bamber et al. 
2010, Cardozo and Sentelhas 2013), which show 
that the climate variables are the primary factors 
responsible for the yield and quality of sugarcane. 
A greater amount of intercepted solar radiation 
resulted in higher photosynthetic rates (Ribeiro et 
al. 2017), and consequently, a greater production of 
assimilates which can help determine the productive 
responses of sugarcane plants. Additionally, Elli et 
al. (2016) found that a reduction of solar radiation 
in agroforestry systems leads to greater stability 

in the metabolic activity and sucrose quantity of 
sugarcane throughout its cycle.

CONCLUSIONS

Among the studied species, eucalypt presented the 
greatest root collar diameter values, diameter at 
breast height, crown development, and plant height.

Angico, canafístula and eucalypt presented a 
greater growth in the strip system while guapuruvu 
presented greater growth in the line system. 
Bracatinga was not influenced by the agroforestry 
system. Sugarcane presented the greater production 
in the understory of angico and bracatinga. 
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