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of ecosystem services in ICLS. Our objective was 
to evaluate the monthly stem volume increment and 
productivity of Eucalyptus benthamii, at 7 years old, 
using metal dendrometer bands, for three different 
models of ICLS that integrate trees to the crop (crop–
forestry—CF), livestock (livestock–forestry—LF), 
or both (crop–livestock–forestry—CLF) in south-
ern Brazil. The form factor decreased while increas-
ing age, with 0.516 at 4  years and 0.437 at 6  years 
after planting. In ICLS, we found the productivity 
of E. benthamii similar to the national averages for 
monoculture forestry in the United States and Brazil. 
At 6.5  years after planting, the average annual stem 
volume increment was 22.7   m3   ha−1   year−1 (LF), 
24.6   m3   ha−1   year−1 (CLF) and 25.5   m3   ha−1   year−1 
(CF), respectively. The CF production system pro-
vided trees with greater accumulated stem volume 
within 7  years of age. The LF system, on the other 
hand, provided trees with an equal increment in 
diameter, but less accumulated stem volume, and, 
therefore, smaller heights, suggesting that there is 
interference from cattle and pasture management on 
the growth and productivity of E. benthamii. ICLS 
are configured as an excellent possibility for vertical 
expansion of agricultural frontiers, promoting sustain-
able intensification, as well as can prevent horizontal 
expansion into new areas, reducing pressure on native 
forests, and contributing to combating deforestation.

Abstract Integrated crop–livestock systems (ICLS) 
are production models that promote sustainable inten-
sification and integrate agricultural and forestry pro-
duction systems, generating a combination of eco-
nomic and environmental benefits. Knowledge is 
still scarce about the growth and productivity of the 
tree component in ICLS, and there is a lack of long-
term landscape-scale assessments about the provision 
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Introduction

Integrated crop–livestock systems (ICLS) are pro-
duction systems that combine crop, livestock, 
and forestry components and are recognized as an 
excellent strategy to intensify production accord-
ing to the principles of conservation agriculture in 
a sustainable way (sustainable intensification, FAO 
2010), and offer considerable promise for integrat-
ing agriculture and forestry production systems, 
generating a combination of economic and environ-
mental benefits (Cubbage et al. 2012). ICLS makes 
it possible to maximize the synergy between com-
ponents, mimic the natural environment, optimize 
land use, raise productivity levels, diversify pro-
duction and generate quality products (FAO 2010; 
Lemaire et  al. 2014; Moraes et  al. 2018; Embrapa 
Territorial 2020).

The growing demand for water, food, and energy 
puts pressure on natural resources, intensifies com-
petition for land use, and creates challenges for envi-
ronmental conservation (Lopes et  al. 2020). In this 
context, new agricultural areas can be occupied with 
the destruction of native forests. This characterizes 
a horizontal expansion of agricultural frontiers. On 
the other hand, it is possible to intensify the capital 
application, changing the technological standard, 
improving pastures, associating crops, or regenerat-
ing degraded areas, characteristics of vertical expan-
sion of agricultural frontiers (Rodrigues and Miziara 
2008; Oliveira et al 2014). ICLS can contribute to the 
verticalization of agricultural frontiers, and also avoid 
horizontal expansion since its benefits extend even to 
other locations because the increased production and 
productivity reduce the pressure on the opening of 
new areas (FAO and UNEP 2020; Embrapa Territo-
rial 2020).

ICLS optimize land use and provide positive syn-
ergistic effects on physical, chemical, and biologi-
cal soil properties, and help to decrease degradation 
compared to single land-use strategies (Lemaire et al. 
2014; Borges et al. 2019; Embrapa Territorial 2020). 
According to data from the rural environmental reg-
istry (Embrapa Territorial 2020), Brazil allocates 

30.2% of its territory to agriculture and of these, 6.6% 
(which corresponds to 2% of the Brazilian territory) is 
occupied by ICLS. Brazil has 178.6 million hectares 
of native and planted pastures (21.2% of the Brazil-
ian territory), 66.3 million hectares of crops (7.8% of 
the Brazilian territory), and 10.2 million hectares of 
planted forests (1.2% of the Brazilian territory).

According to Ferreira et al. (2020a), between 2010 
and 2018, there was a loss of 31.7 million hectares 
in Brazilian pasture areas, with 65.6% of these areas 
showing signs of degradation and, therefore, consid-
ered as low-productivity. However, new areas were 
converted to pastures (30.8 million hectares). During 
this period, there was a greater loss of pasture areas 
located in regions that have the ability and infrastruc-
ture to support agricultural systems, and there was 
greater area gain in regions with greater availability 
of low-cost land, characterized by agricultural fron-
tier regions, mainly constituted by native areas (Fer-
reira et al. 2020a).

Although pastures provide ecosystem services and 
have a high capacity to reduce environmental impacts, 
inadequate intensification to increase production can 
annihilate these ecosystem services (Lemaire 2012). 
Pasture areas carry the potential to cause or aggra-
vate environmental impacts (Ferreira et  al 2020a). 
Degraded pastures, due to the very low animal stock-
ing, contribute to the deforestation of native areas, 
because the farmer tries to keep the cattle population 
(Borges et al 2019). In this context, the ICLS are an 
alternative to recover degraded pastures, increase the 
animal stocking rate and prevent the advance into 
areas of native forest.

ICLS can mitigate the effects of climate change, 
such as in silvopastoral and silviagricultural systems, 
where trees protect pastures and crops from intense 
solar radiation and wind, reducing evapotranspiration 
and, consequently, improving the availability of soil 
water to the understory (Porfírio-da-Silva 2018; Bosi 
et al. 2020; Sheppard et al. 2020). Furthermore, ICLS 
have the potential to produce wood and tree biomass 
without the need for felling trees, by harvesting wood 
from branches that provides access to considerable 
amounts of lignocellulosic biomass, while leaving the 
tree standing (Bohn Reckziegel et al. 2022). However, 
in silviagricultural systems, shading can decrease 
grain yield while tree growth progresses (Franchini 
et al. 2014; Moreira et al. 2018). In contrast, trees in 
ICLS influence both soil carbon (C) accumulation 
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and tree biomass carbon accumulation (Douglas et al. 
2020). According to Souza et  al. (2020), the trans-
formation into soil organic matter is the main way in 
which atmospheric carbon  (CO2) can be captured and 
then stored, but it occurs more intensely through its 
transformation into plant biomass of the tree compo-
nent. Treeless agricultural systems hardly surpass C 
stocks when compared to adjacent native vegetation. 
In this way, a production system hardly obtains a 
positive balance of C without the insertion of the tree 
component, since a large part of the immobilized C 
is found in the trunk of trees (Souza et al. 2020). The 
ability to store C confirms the importance of agrofor-
estry systems against climate change.

Eucalyptus species are introduced worldwide to 
meet the world’s demands for fiber and energy, espe-
cially for being a woody crop of short rotation with 
rapid volume growth (Hall et  al. 2020). Native to 
Australia, Eucalyptus benthamii Maiden et Cambage 
is one of the few eucalyptus species recommended 
for temperate regions such as southern Brazil, South 
Africa, and subtropical regions of the United States 
and China, it has good tolerance to drought and cold 
(withstands temperatures of up to −10 °C), it grows 
fast and has a straight trunk (Paludzyszyn-Filho 
et  al. 2006; Arnold et  al. 2015; Yu and Gallagher 
2015; Hall et al. 2020). In ICLS, E. benthamii grows 
faster and has lower wood density when compared 
to forestry monocultures (Kruchelski et al. 2021). E. 
benthamii is considered promising for cellulose or 
as a bioenergy raw material (Dougherty and Wright 
2012; Hart and Nutter 2012; Yu and Gallagher 2015; 
Stanturf et al. 2018), for biofuel production with high 
ethanol yields (Castro et al. 2014), and the production 
of charcoal in short 5-year cycles (Nones et al. 2014).

Tree growth is an important indicator of forest 
health and productivity. Knowing precisely how trees 
grow monthly, instead of across years, can lead to a 
finer understanding of the mechanisms that drive 
these larger patterns, and the use of dendrometer 
bands in research forests allows measuring growth at 
resolutions finer than yearly measurement (McMahon 
and Parker 2015). Genotype, management, and envi-
ronment affect tree growth (Kirongo et  al. 2010) as 
well as edaphic and climatic conditions (Yu and Gal-
lagher 2015). However, the volumetric increment of 
eucalyptus is dependent on the planting spacing, and 
in forestry monocultures the increment per hectare is 
greater than in ICLS, but the tree individual volume 

increases the greater the spacing, as in the case of 
ICLS. (Paula et al. 2013; Ferreira et al. 2020b; Watz-
lawick and Benin 2020).

Reed et  al. (2017), in a large systematic review 
study, state that most studies with agroforestry are 
carried out within a period of less than or equal to 
3  years, and that there is a lack of long-term land-
scape-scale assessments of the provision of forest 
ecosystem services. We proposed a study with ICLS 
beyond 7 years, and our analysis here compared the 
variable effects of ICLS with independently fixed 
rotational ages. Integrated forestry and agricultural 
systems can influence tree growth according to the 
agricultural/animal component and its management.

We hypothesized that there are differences in E. 
benthamii growth and productivity between different 
ICLS. The objective was to evaluate the form fac-
tor, the monthly increment, and productivity of E. 
benthamii in three different ICLS models that inte-
grate trees with crops, livestock, or both in an experi-
mental area located in southern Brazil.

Materials and methods

The experiment was carried out in the Environmen-
tally Protected Area of the Iraí River Basin located 
in Pinhais, Paraná, Brazil (Fig. 1). This is an experi-
mental area, a long-term project that assesses ICLS 
(full description in Dominschek et  al. 2018, in Por-
tuguese). More details about climate, soil, and tree 
management can be found in Kruchelski et al. (2021). 
The experiment evaluates a land-use intensification 
gradient of agricultural systems under no-tillage. 
Land-use intensification was determined by levels of 
temporal and spatial diversity of agricultural com-
ponents including monoculture crop, pasture, and 
forestry, and integrated combinations of these land-
uses (integrated/mixed systems). We evaluated three 
treatments of this experiment, specifically: (1) live-
stock–forestry (LF): E. benthamii integrated to winter 
(Avena strigosa) and summer (Megathyrsus maximus 
cv. Áries) pasture with cattle grazing; (2) crop–for-
estry (CF): E. benthamii integrated with summer corn 
(Zea Mays) crop and winter cover of oat (A. strigosa) 
without grazing; (3) crop–livestock–forestry (CLF): 
E. benthamii integrated with a 3-years cattle and 
1-year crop rotation. Each treatment was replicated 
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three times, totaling 9 experimental units (Fig. 1 and 
Supplementary Information, table SI T1). We did 
keep all tree rotation times constant for all treatments. 
The experiment was carried out with a randomized 
complete block design, three treatments, and three 
replicates. The blocks were separated according to the 
variation of soil types and topography.

The planting spacing was 14 × 2  m with seed-
lings originating from seeds available from Embrapa 
Florestas. Fertilization was carried out in a system 
with two annual applications (winter and summer). 
Details on amounts and formulation as well as details 
of pruning and thinning up to 2019 can be found 
in Kruchelski et  al. (2021). During this period, two 
pruning and one thinning were carried out, remaining 
approximately 175 trees per hectare (Table  1). The 

continuity of this description, from 2019 until 2020 
(86 months after planting), is presented below.

The second thinning took place 78  months after 
planting with the removal of all trees from alternate 
rows, as well as some trees in remaining rows until 
the final average spacing of 28 × 6  m was reached 
(remaining approximately 53 trees  ha−1—Table  1). 
Tree mortality of 15.9% was recorded during the first 
3  years post-planting (year 2016—Table  1), result-
ing from falls by wind, and damage by regional ani-
mals (Lepus europaeus Pallas and sawing beetles of 
the Cerambycidae family), and other unidentified 
causes. Tree management over time, especially in the 
first thinning, corrected the differences caused by tree 
mortality (Table 1).

Fig. 1  Experimental area in the Environmentally Protected Area—Iraí River Basin, Pinhais, Paraná, Brazil and three evaluated treat-
ments: livestock–forestry (LF), crop–livestock–forestry (CLF), and crop–forestry (CF)
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For the present study, the monthly stem volume 
increment and productivity of E. benthamii were cal-
culated. For that, the total tree height, and the diam-
eter at breast height (DBH) were measured, and the 
monthly growth in circumference was registered 
using metal dendrometer bands. The evaluation was 
carried out during 3 periods: (1) 2016–2017: between 
January 2016 to February 2017 (14  months); (2) 
2018–2019: between September 2018 to September 
2019 (12 months); (3) 2019–2020: between Septem-
ber 2019 to November 2020 (14  months). Initially, 
2 evaluation periods were planned (2016–2017 and 
2018–2019), but it was decided to continue the exper-
iment in order to verify the growth of the trees also 
after the second thinning. Chronology of thinning and 
evaluations carried out in the 3 periods is available in 
figure SI F1, Supplementary Information. Raw data 
are available from Kruchelski (2021).

The dendrometer band was made manually with 
hardened steel tape AISI 301, shiny polished sur-
face, hardness 38 to 43 HC, 12.7  mm wide, and 
0.15  mm thick. A stainless-steel tension spring was 
installed, with a 0.80 mm wire, 9.2 mm outside diam-
eter, and 100 mm long, with a hook at both ends. At 
each monthly visit, the growth in circumference was 
recorded and a marking was made for each month 
recorded (figure SI F2, Supplementary Information).

A total of 180 dendrometer bands were installed, 
60 per treatment (20 trees per plot and three plots 
per treatment). For each treatment, five diameter 
classes were created based on the diameter distribu-
tion, and we selected a number of trees in each class 
proportional to the number of trees in each diameter 
class, adding up to 20 trees per plot. For the period 
2016–2017, 20 trees were selected in the center of 
each plot, divided into two subsequent rows with 10 
trees next to each other. For the periods 2018–2019 

and 2019–2020, the same criterion of 2016–2017 
could not be repeated due to the removal of trees in 
the two thinning, so the trees were randomly selected 
to be distributed as spaced as possible within each 
plot. It was also avoided to select trees with very 
apparent defects (crooked, bifurcated, and broken), 
since the dendrometer bands could rarely be installed 
at 1.3 m above ground level for these trees, and usu-
ally these trees were selected to be thinned. Dur-
ing 2019–2020 (in April 2020) the second thinning 
occurred, which implied a decreased number of trees 
per plot, and this period was completed with 11 trees 
per plot (n = 99), with the tree distribution strictness 
being maintained according to the diameter classes.

The tree total height was measured using a 
Haglof® model ECII clinometer, and the DBH was 
obtained by measuring the circumference at 1.30  m 
above ground level with a measuring tape. The tree 
height and DBH in 2016–2017 were measured at the 
end of the period, and tree height at the beginning 
of the period was calculated using a height-diameter 
equation obtained with the trees in the same experi-
ment, using the non-linear Gompertz model fitted for 
each system (Kruchelski et al. 2022):

where: h is the total height (m), DBH is the diame-
ter at breast height (cm), �

i
 are the model parameters, 

and � is the residual random error.
For the second and third periods (2018–2019 and 

2019–2020), tree heights at the beginning of these 
periods were measured on the field, and the tree 
heights at the end of these periods were obtained 
using the same equation as above, using the last diam-
eter measured by the dendrometer bands as input for 
the height-diameter equations. The root mean square 

h = �
0
.e

(

−e(�1−�2.DBH)
)

+ �

Table 1   Trees arrangement over 7 years of integrated crop–livestock systems

Production systems: livestock–forestry (LF); crop–livestock–forestry (CLF); crop–forestry (CF)

Produc-
tion 
systems

Population (trees  ha−1) Area per tree  (m2)

Start 2013 36 months 
after plant-
ing

After first 
thinning at 
44 months

After second 
thinning at 
78 months

Start 2013 36 months 
after plant-
ing

After first 
thinning at 
44 months

After second 
thinning at 
78 months

LF 357 303.7 177.1 54.0 28 32.9 56.5 185.3
CLF 357 320.1 174.7 52.3 28 31.2 57.3 191.2
CF 357 285.1 174.2 51.9 28 35.1 57.4 192.7
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errors for the models were 1.9899 m, 2.0697 m, and 
24,257 m for LF, CLF and CF, respectively.

Form factors were obtained by felling and meas-
uring 33 trees in 2015 (which provided the form fac-
tor for the period 2016–2017) and 89 trees in 2019 
(which provided the form factor for the periods 
2018–2019 and 2019–2020). Form factors are the 
ratio between the cone volume measured from the 
felled trees and the cylinder calculated using the DBH 
and total tree height. After calculating the form factor, 
a volumetric model was developed to calculate the 
stem volume of each standing tree. The entire diam-
eter distribution was considered on both occasions. 
From this information, it was possible to calculate 
the monthly stem volume increment of each tree, as 
well as the volume accumulation during the measure-
ment period with dendrometer bands. Consequently, 
monthly and annual stem volume increments and 
accumulations per hectare were calculated. Through 
analysis of variance, using the year of measurement 
and production systems as factors, the form factor, the 
annual stem volume increment, and volumetric pro-
duction were compared. Monthly volumetric incre-
ments per hectare of each treatment were compared 
using a paired t test (α = 0.05). All calculations were 
performed using the R language (R Core Team 2021).

Results

Through the volume measurements carried out in 
2015 and 2019, the calculated stem volumes and 
form factors had a similar value between systems, and 
only the year of measurement influenced the results 
(Table 2). The form factor for 2016–2017 was 0.513, 
and 0.437 for the years 2018–2019 and 2019–2020.

The average DBH and plant height at the end of 
the evaluation periods (86 months post-planting) was 

34.7 cm and 24.3 m for the CF, 34.2 cm and 24.3 m 
for the CLF, and 34.1 cm and 21.9 m for the LF pro-
duction system, respectively. The final distribution 
of diameters and heights, mean DBH, and mean tree 
height at 86 months post-planting are available in fig-
ure SI F3, Supplementary Information.

Among the analyzed periods, the CF and CLF 
systems presented a similar volumetric increment 
for 2016–2017 and 2018–2019, and the LF system 
had the lower increment (Fig. 2). Only for the period 
2019–2020, where thinning occurred, there was a dif-
ferent increment between all systems. There was a 
considerable difference in the increment between the 
2018–2019 and 2019–2020 periods, especially from 
June onwards.

Conversely, the accumulated stem volume (Fig. 3) 
was different in two of the three periods analyzed. For 
2019–2020, the accumulated volume did not differ for 
the CF and CLF systems.

The volumetric accumulation in the 2018–2019 
and 2019–2020 periods was lower in the LF system 
(Fig. 3), but the annual diameter increments in these 
same periods, as well as in 2016–2017, were similar 
to the other systems (Tables 3, 4). The accumulated 
stem volume of the CF system in 2016–2017 and 
2018–2019 was higher than the other two systems 
and in 2019–2020 higher than the LF system (Fig. 3), 
this pattern was not repeated in the diametric incre-
ment (Tables 3, 4).

Discussion

The form factor can vary between the same tree spe-
cies according to age (Gomat et al. 2011), according 
to silvicultural management (Azevedo et  al. 2011), 
or planting spacing (Souza et al 2016). In the present 
study, the form factor decreases while increasing age, 

Table 2   Analysis of 
variance of the effects of 
measurement year and 
production systems on form 
factor and total volume

* significant at 5%; 
**significant at 1%; nsnot 
significant

Source of variation Degrees of free-
dom

Mean squares

Form factor Volume

Year 1 0.1284** 8.7058**
System 2 0.0004 ns 0.0447 ns

Year * System 2 0.0027 ns 0.0532 ns

Block 2 0.0048* 0.7592**

Coefficient of determination (%) 57.71 54.24
Coefficient of variation (%) 7.65 50.97
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with 0.516 at 4 years and 0.437 at 6 years after plant-
ing. This corroborates the work of Soares (2018), who 
evaluated several trees’ spacing and concluded that 
the trunk tends to stay more conical, decreasing the 
form factor while advancing age, because, over time, 
there is a greater growth of the crown and, therefore, 
there is increased efficiency of the crown function, 
and on the other hand, the tree invests more in base 

growth (Larson 1969). Gomat et al. (2011) stated that 
eucalyptus trees become more and more cylindri-
cal as they grow to a certain age, at which point the 
dominant trees become tapered than the suppressed 
ones, and this explains the characteristics of the trees 
in this study because due to the planting spacing and 
forestry management, the trees had characteristics of 
dominant trees.

Fig. 2  Monthly volumetric increment  (m3   ha−1   month−1) 
(stem volume) of each integrated system. Uppercase letters at 
the end of each period and production systems indicate signifi-

cant differences between the systems evaluated based on the 
paired t test. CF: crop–forestry, CLF: crop–livestock–forestry, 
LF: livestock–forestry
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In 2019, Brazil had average productivity in mono-
culture eucalyptus plantations of 35.3  m3  ha−1  year−1, 
considering all eucalyptus species planted in the 
country (IBÁ 2020). In the present study, despite 
planting with larger spacing in ICLS, we found aver-
age volumetric increments for the 3 evaluation peri-
ods of 36.3  m3  ha−1  year−1 (LF), 39.1  m3  ha−1  year−1 
(CLF), and 37.6  m3   ha−1   year−1 (CF), respectively 

(see Table 3, values for each period). These were the 
stem volume gains when the trees were more than 
3  years old, however, considering the entire period 
since planting and ignoring the volume removed 
with the first thinning, as lower growing plants were 
removed, the stem volume accumulated at 6.5 years, 
before the second thinning, represented average 
annual increment of 22.7  m3   ha−1   year−1 (LF), 24.6 

Fig. 3  Stem volume accumulation  (m3   ha−1   month−1) 
observed in each measurement period for different ICLS. 
Uppercase letters at the end of each period and production 

systems indicate significant differences between the systems 
evaluated based on the paired t-test. CF: crop–forestry, CLF: 
crop–livestock–forestry, LF: livestock–forestry
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 m3  ha−1  year−1 (CLF), and 25.5  m3  ha−1  year−1 (CF), 
respectively. The values we found were lower than 
the results found by Watzlawick and Benin (2020), 
who evaluated E. benthamii at 6 years of planting and 
obtained increments greater than 50  m3   ha−1   year−1, 
in forestry monocultures, planted with a spacing of 
2 × 3, 3 × 3, 3 × 4, and 4 × 4 m. Although these authors 
evaluated the volumetric increment with 6-year-old 
trees, the greater spacing provided trees with greater 
individual volume and smaller volume per hectare 
after 38 months (Benin et al. 2014).

Eucalyptus volume per hectare increment is 
strongly dependent on the planting spacing and it 
is well known that forestry monocultures provide 
greater volumetric increments than ICLS, although 
tree individual stem volume in ICLS is greater (Paula 
et  al. 2013; Ferreira et  al. 2020b; Kruchelski et  al. 
2021). Hall et al. (2020), however, using growth and 
production models, in a large study with E. benthamii 
planted in monocultures in the Southeast of the 
United States found a wide range of productivity 
that, depending on edaphic and climatic conditions, 
ranged from 13.7 to 26.4  m3   ha−1   year−1. Hall et al. 

(2020) evaluated E. benthamii at different planting 
densities, ranging from 732 to 2292 plants per hec-
tare, with ages ranging from 1 to 13 years old, how-
ever, the yield found was lower than what we evalu-
ated in ICLS (Table 3) with a lower density of plants 
(see Table  1). Yu and Gallagher (2015) also evalu-
ated E. benthamii in the southeastern United States 
(State of Alabama), in an environment considered 
by the authors as a “productive forest”, at 5 years of 
age, with a density of 1237 and 1650 trees per hec-
tare, and found an average annual increment of 22.29 
and 20.23  m3   ha−1   year−1 respectively, values very 
close to those found here. Probably the edaphic, cli-
matic, and management conditions in ICLS, such as 
those in the present study, provided a similar gain in 
productivity.

According to the study carried out in South-
ern Brazil by Paludzyszyn-Filho et  al. (2006), E. 
benthamii forestry monoculture with planting spacing 
of 2 × 3 m, at 8 years of age, had a diameter increment 
of 27  mm per year. Yu and Gallagher (2015) found 
a 25.4 mm increment per year in DBH in 5-year-old 
E. benthamii in the southeastern United States. Our 
evaluation found average diametric increments for the 
3 evaluation periods in the order of 44.8  mm (LF), 
42.8 mm (CLF), and 41.1 mm (CF) (see Table 3, val-
ues for each period). Tree growth is mainly affected 
by three factors: genotype, management, and environ-
ment (Kirongo et  al. 2010). Notably, larger planting 
spacing, as well as ICLS management, can provide 
trees with a greater diameter size when compared to 
monoculture (Kruchelski et  al. 2021). The data for 
all the systems evaluated here showed that the stem 
volumetric accumulation depends not only on the 
diameter increment but also on a balance between the 
height growth and diameter increment, since the trees 
of the CF system presented smaller diameters and 

Table 3  Annual increment in diameter at breast height and stem volume per hectare of the 3 integrated crop–livestock systems for 
each evaluation period

DBH diameter at breast height. Production systems: LF livestock–forestry, CLF crop–livestock–forestry, CF crop–forestry

Production systems Annual increment in DBH (mm  year−1) and volume  (m3  ha−1  year−1)

2016–2017 2018–2019 2019–2020

DBH Volume DBH Volume DBH Volume

LF 46.2 30.3 42.0 36.5 46.2 42.0
CLF 45.9 31.4 38.9 41.8 43.7 44.0
CF 42.6 33.3 39.5 39.9 41.1 39.4

Table 4  Variance analysis of average annual increment in 
diameter and stem volume between the year of measurement 
and production system

df degrees of freedom, ns not significant

Source of variation df Mean squares

Diameter 
increment (mm 
 year−1)

Volume 
increment 
 (m3  ha−1  year−1)

Year 2 50.06ns 253.62ns

System 2 24.77ns 17.94ns

Year * System 4 5.06ns 13.40ns

Residuals 18 19.43 73.76
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larger accumulated volumes, that is, the growth in 
height had a preponderant influence on the volumetric 
accumulation.

The differences in the monthly volumetric incre-
ment increased between the systems evaluated 
from June 2020 to December 2020 (Fig. 2). Possi-
bly, it is due to the thinning carried out two months 
before this period. This thinning may also have 
influenced the responses of volumetric accumula-
tions from that same period (Fig.  3), reducing the 
differences between the three systems. However, 
the results showed that the CF system was more 
productive than the other two production systems 
evaluated in at least two periods (2016–2017 and 
2018–2019), and in the period 2019–2020, it was 
more productive than the LF system (Fig. 3). Possi-
bly this occurred because the crop was managed in 
the first 2 years after planting the CF system when 
the pasture was not yet well-formed in the LF and 
CLF systems, and the trees did not have the neces-
sary diameter size (necessary DBH ≥ 6 cm, accord-
ing to Porfírio-da-Silva (2018)) for the entry of 
animals. Although the external input of nutrients 
is identical for all evaluated systems, in the LF sys-
tem the crop plantation does not occur, and in the 
CLF system, this phase only occurred in the first 
summer after planting (table SI T1, Supplementary 
Information). Thus, 2 years of planting in the ini-
tial phase may have made a difference for the CF 
system, making the trees more competitive with 
each other, with greater gains in height, which over 
the years provided a greater volumetric increment 
than CLF and LF. However, the LF system showed 
a similar diametric increment to the other systems 
in the three periods evaluated (Table 3). Despite the 
smaller accumulated stem volume (Fig.  3), that is, 
as all the systems evaluated contain the same plant-
ing spacing, there is an effect of the animal on the 
tree component, with trees of equal diameter, with 
lower volumetric accumulation and, consequently, 
with lower heights. Possibly, the trees of the LF 
system had this smaller accumulated stem volume 
due to the cattle presence and the perennial pasture 
that continuously extract nutrients and water from 
the site, as well as damage to trees caused by cattle 
(low and medium intensity damage, regardless of 
pruning, according to Triches et al. 2020).

However, further research efforts are needed to 
better understand how the animal ends up affecting 

trees in silvopastoral systems, as the effects of trees 
on animals are already well documented (Silva et al. 
2008; Abraham et al. 2014; Oliveira et al. 2018; Por-
fírio-da-Silva 2018; Chará et al. 2019). Also, recom-
mendations for future studies are: monitoring of tree 
crowns, whole tree biomass, as well as tree carbon 
stocks in ICLS, which are ongoing investigations in 
the experimental area of the present study.

The experimental area of the present study is not 
only focused on the tree component (this is an impor-
tant limitation of our studies), but on the systems as 
a synergistic set, and for this reason, it is necessary 
to keep the tree management identical between the 
systems. However, in ICLS we found the productiv-
ity of E. benthamii similar to the national averages 
for monoculture forestry in the United States and 
Brazil (this last country, including other Eucalyptus 
species). For this reason, producers can consider E. 
benthamii for longer rotations in colder places (down 
to -10 °C) by integrating: (1) with crops, especially in 
the initial tree growth phase, when there is no inter-
ference of trees on grain yield (Moreira et  al. 2018) 
and when the entry of animals is not recommended, 
and (2) later with livestock, creating a periodic source 
of income, according to the size of the intended rota-
tion, or even as a possibility of harvesting in  situa-
tions of property’s financial fragility. Furthermore, 
if not only tree production is considered, the ICLS, 
in addition to promoting sustainable intensification 
based on the synergistic interaction between trees, 
crops, and/or livestock, provide a broader range of 
agricultural products and ecosystem services (Shep-
pard et al. 2020). Based on this, ICLS are configured 
as a great possibility for vertical expansion of agri-
cultural frontiers, allowing the sustainable intensifica-
tion of agricultural areas, as considered by Rodrigues 
and Miziara (2008) and Oliveira et al. (2014), as well 
as avoiding horizontal expansion, reducing pressure 
on native forest, combating deforestation (Strassburg 
et al. 2014).

Conclusion

With advancing age, from 4 to 6 years after planting, 
E. benthamii in different integrated crop–livestock 
systems (ICLS) showed greater conicity, produc-
ing thicker trees at the base and, therefore, with the 
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smallest form factor, similar characteristics of domi-
nant eucalyptus in forestry monoculture.

There were differences between the evaluated pro-
duction systems. The CF production system provided 
trees with greater volumetric accumulation within 
7  years of age. The LF system provided trees with 
the same diameter increment as the other systems, 
but with a smaller accumulated volume, and, there-
fore, smaller heights, suggesting that there might be 
interference from cattle and pasture management on 
E. benthamii monthly stem volume increment and 
productivity.
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