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Abstract
Eucalyptus are trees sensitive to interference imposed by weeds mainly during the early 
growth phase. The repetitive use of herbicides with the same mechanism of action has 
led to the selection of resistant weeds, and Digitaria insularis stands out for its resist-
ance to glyphosate. Due to its occurrence in eucalyptus plantations, knowledge regard-
ing D. insularis interference in eucalyptus early growth is needed to develop management 
strategies. This study aimed to confirm D. insularis glyphosate-resistence; and also to 
evaluate the effect of densities and distances of glyphosate-resistant D. insularis, seeded 
and in regrowth, on the early growth of Eucalyptus urophylla × E. grandis (Clone AEC-
144). Prior to eucalyptus’ experiments, D. insularis glyphosate-resistance was confirmed 
through a dose–response curve experiment. After that, two experiments [one for weed’s 
first growth (seeded) and other for second growth (regrowth)] were carried out in an open 
area, in 700 L pots, for 105 days after planting eucalyptus seedlings. The treatments con-
sisted of increasing densities of D. insularis (0, 1, 2 and 3 plants  m−2) planted at 10, 20 or 
30 cm from the eucalyptus seedlings. Eucalyptus height, stem diameter, leaf area and dry 
matter were evaluated. The eucalyptus variables most sensitive to interference were leaf 
and stem dry matter, with reductions of 45% and 88.4%, respectively for weeds seeded 
and regrowth. Weed second growth (regrowth) interfered more aggressively in eucalyptus 
growth. The coexistence with D. insularis, regardless of density and distance, negatively 
interfered early tree growth.
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Introduction

Eucalyptus are the most important tree crop for the Brazilian plantation forest sector 
comprising a total planted area of 9.39 million hectares in 2021, in which 75.8% is made 
up of eucalyptus plantations (Ibá 2022). In the same year, Brazilian eucalyptus forests 
had an average productivity of 38.9  m3   ha−1   year−1, making them the most productive 
eucalyptus forests in the world (Ibá 2022), where the species (hybrid) mainly planted is 
Eucalyptus urophylla × E. grandis (Gonçalves et al. 2013). The high productivity of this 
crop in Brazil is due to the development of breeding programs, as well as crop manage-
ment strategies to optimise productivity, including weed management (Stape et al. 2004; 
Pereira et al. 2012; Gonçalves et al. 2013).

Planted forests can be negatively affected by interference from several ecological fac-
tors, which directly influence their development (Pitelli and Marchi 1991) and, conse-
quently, their productivity (Garau et  al. 2009; Cruz et  al. 2010; Tiburcio et  al. 2023). 
During the initial phase of eucalyptus growth, which is the period comprising the first 
year after planting the crop, the plants are more vulnerable to interference caused by 
abiotic (such as water and nutritional deficiencies) and biotic factors (Florentine and 
Fox 2003; Schaller et al. 2003; Coll et al. 2004; Garau et al. 2008; Bacha et al. 2018).

Among the biotic factors, the competition imposed by neighbouring vegetation 
stands out, since the lack of control of the on-site vegetation during the first six months 
after planting eucalyptus can cause losses of up to 38% in wood volume after 7 years 
of cultivation (Little and Staden 2005; Hunt et al. 2006a, b; Little et al. 2007; Qin et al. 
2018; Tiburcio et al. 2023). In addition to competing with the crop for water and nutri-
ents, weeds can also release allelochemicals into the environment, negatively affecting 
eucalyptus growth (Watt et al. 2003; Graat et al. 2018). Thus, studies to this effect have 
been developed around the world in recent decades (Sands and Nambiar 1984; Caldwell 
et  al. 1995; Adams et  al. 2003; Coll et  al. 2004; Garau et  al. 2008; Colmanetti et  al. 
2017; Tiburcio et al. 2023). Despite this, information about competition of eucalyptus 
with herbicide-resistant weeds is scarce (Braga et al. 2018), a notable gap in informa-
tion, especially due to the increase in cases of herbicide-resistant biotypes in Brazil and 
worldwide (Heap 2023).

Weed herbicide-resistance is defined as the ability of a plant to survive and repro-
duce after exposure to a dose of an herbicide normally lethal to wild individuals of this 
species (Powles and Yu 2010). Glyphosate is one of the most important herbicides in 
the world, being used to control annual or perennial weeds in several production sys-
tems (Blackshaw and Harker 2002; Hébert et al. 2019; Clapp 2021). The wide genetic 
variability of weeds allows their survival in different environmental conditions (Christ-
offoleti and López-Ovejero 2003); additionally, the selection pressure of resistant bio-
types, offered by the repetitive use of the same mechanism of action, has considerably 
increased the reports of herbicide-resistant biotypes around the world (Heap and Duke 
2018; Netto et al. 2021; Heap 2023).

The native grass species Digitaria insularis (L.) Fedde (sourgrass), whose resistance 
to glyphosate has already been proven in Brazil (Carvalho et al. 2011; Heap 2023), is 
now considered one of the main weeds of crops tolerant to this herbicide (Cerdeira et al. 
2011; Cesarin et al. 2019; Netto et al. 2021). This species was considered marginal in 
areas planted to eucalyptus, but recently it has been recorded in eucalyptus plantations 
(Barroso et al. 2021), a concern for Brazilian forest growers, given its rapid dispersion 
and the increase in reports of glyphosate-resistant biotypes (Heap 2023).
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In addition to the species of neighbouring vegetation that can co-occur with planted 
trees, other factors also directly affect the degree of interference of the neighbouring plant 
community in the crop (Bleasdale 1960; Pitelli 1985), such as: density and distance from 
eucalyptus plants (Dinardo et al. 2003; Graat et al. 2015; Costa et al. 2021); the period of 
coexistence between the neighbouring vegetation and planted trees (Toledo et  al. 2000; 
Adams et al. 2003; Tarouco et al. 2009); and also eucalyptus clone resistance to competi-
tion (Pereira et al. 2013; Resende et al. 2016; Colmanetti et al. 2017; Pavan et al. 2021). 
From this perspective, the amount of neighbouring vegetation plants per unit area, or 
density, is highlighted, since even at low density (3 plants  m−2) some species can lead to 
reductions of up to 48% in eucalyptus dry matter, such as Urochloa decumbens (Stapf) 
R.D.Webster (signal grass) (Bacha et al. 2016). Thus, as a result of the increase in cases 
of glyphosate-resistant D. insularis in eucalyptus plantations in Brazil, and also because 
there are no studies on the interference of this species on planted eucalyptus establishment, 
studies are needed to determine whether this could be a concern for forest growers. Fur-
thermore, glyphosate-resistance can result in inadequate chemical-control of this species, 
causing regrowth (or second growth) of plants after necrosis of leaves affected by the her-
bicide, which can also influence the degree of interference in the crop (Bacha et al. 2016).

Such information is necessary to support effective weed management strategies in 
Eucalyptus plantations, such as, for example, the timing of intervention or management 
and the width of the control strip to be adopted (Silva et al. 2012; Tiburcio et al. 2023). 
Thus, the present study aimed to: (i) confirm D. insularis glyphosate-resistence; (ii) evalu-
ate the effect of densities and distances of glyphosate-resistant D. insularis, seeded and in 
regrowth, on the early growth of Eucalyptus urograndis.

Materials and methods

Experiments 1 and 2—Digitaria insularis first growth (from seeds) and second 
growth (regrowth from first experiment’s plants)

Experimental area, plant material and treatments

Two experiments [one for the weed’s first growth (from seeds, i.e. weed seeded hereafter) 
and other for the second growth (after cutting, i.e. weed regrowth hereafter)] were con-
ducted in an open experimental area at Sao Paulo State University (UNESP), Jaboticabal-
SP, Brazil. The altitude of the site is 590 m and the geographic coordinates are: latitude 
21°15′17″ S and longitude 48°19′20″ W. The climate of the region, according to the Köp-
pen (1948) classification, is Cwa, subtropical, dry in winter, with summer rains, with an 
annual average temperature of 23.3 °C and precipitation of 1243.92 mm between 2018 and 
2022. The first experiment was conducted between September and December 2019, and the 
second experiment was conducted between April and July 2020.

In both experiments, 700 L pots were used (1 × 1 × 0.7 m), with a hollow bottom, filled 
with soil from a Dystrophic Red Latosol (physical–chemical analysis of the substrate in 
Table 1). For the first experiment, one week before eucalyptus planting, an amount equiva-
lent to 3 t  ha−1 of dolomitic limestone per pot was added. A planting fertilization was car-
ried out with the 27–00–10 formula (N–P–K) at the equivalent dose of 300 kg  ha−1.

For both experiments, regional representative commercial seedlings [E. urophylla × E. 
grandis (Clone AEC-144)], purchased from  Agriflora® (approximately 100 days old), were 
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transplanted in the center of the pots. Each pot, with one eucalyptus plant, was consid-
ered an experimental plot. For experiment 1, eucalyptus seedlings had an average height of 
35 cm and a stem diameter of 2.96 mm. In experiment 2, the average height was 32 cm and 
stem diameter of 2.85 mm.

For both experiments, a randomized block design was used, with treatments arranged 
in a 3 × 3 + 1 factorial scheme (double factorial plus one additional treatment), with 5 rep-
lications. The treatments consisted of the densities of 1, 2 and 3 D. insularis plants  m−2, 
planted at 10, 20 or 30 cm away from the eucalyptus seedlings, in addition to a weed-free 
control, totaling 10 treatments. For each experiment, a total of 50 pots were used (five for 
each treatment). The distribution of plants in the pots and the treatments’ layout are pre-
sented in the supplementary material (Figures S1 and S2).

In the first experiment, 15 days after planting the eucalyptus seedlings (DAPL), the D. 
insularis (Digitaria insularis) seedlings were transplanted to the pots, acquired from previ-
ous sowing in styrofoam trays with 128 cells filled with horticultural substrate. The seeds 
were collected at the UNESP Experimental Farm (Jaboticabal-SP, Brazil), where the case 
of glyphosate-resistant D. insularis has already been proven (Carvalho et  al. 2011). At 
the time of planting, seedlings were chosen according to their size uniformity (two fully 
expanded leaves and 5–7 cm height), and positioned in the pots according to the proposed 
treatments.

For the second experiment, the regrowth of weeds previously planted on Experiment 1 
was used, at the same pots, densities and distances aforementioned. Thus, the day before 
eucalyptus planting, all D. insularis plants were cut at 5 cm from the ground, so that plants 
were allowed to regrowth uniformly. At 75 DAPL, a cover fertilization was carried out, 
applying the same formulation and dose previously described.

Both experiments were conducted without water restriction, for 105 DAPL. In order to 
avoid the interference of any other weed species in the experiments, weekly manual weed-
ing was carried out in all experimental plots.

Assessed variables

For both experiments, fortnightly, eucalyptus height (from the base of the plant to its apex, 
with the aid of a 100 cm ruler) and stem diameter (measured at 5  cm from the ground, 
using a digital caliper) assessments were carried out up to 105 DAPL. In the second exper-
iment, at 75 DAPL, the relative total chlorophyll content was evaluated on the third fully 
expanded leaf, using a chlorophyll meter  (Falker®, mod. ClorofiLog CFL 1030).

Table 1  Chemical and granulometric analysis of soil (0–20 cm) collected in experimental plots after appli-
cation of dolomitic limestone

BS Base saturation; CEC Cation exchange capacity; O.M. Organic matter; SB sum of bases

pH  (CaCl2) O.M. (g  dm−3) P resin (mg  dm−3) K Ca Mg H + Al SB CEC %BS
mmolc/dm3

6.5 15 30 1.5 27 9 14 37.1 50.8 73

Clay (%) Silt (%) Sand (%) Texture class

20 13 67 Sandy clay loam
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At the end of both experimental period (105 DAPL each), the eucalyptus plants were 
cut at their base and the leaves detached for leaf area measuring  (LiCor®, mod. LI-3000A). 
Then, leaves and stems were dried in an oven with forced air circulation (~ 60  °C) for 
7  days, for subsequent determination of dry matter mass, after weighing on a precision 
electronic scale.

Experiment 3—dose–response curve for Digitaria insularis glyphosate‑resistance 
confirmation

In order to confirm D. insularis glyphosate-resistance, a third experiment was conducted.
When planting D. insularis seedlings in Experiment 1, the plants were also transplanted 

into pots with a capacity of 0.5 L, filled with a mixture of soil, river sand and horticultural 
substrate (1:1:1 v/v/v) and cultivated in open area, without water restriction.

When the plants reached an average of 15–20 cm in height and the beginning of tillering 
[stage 21 of the Bleiholder et al. (1991)], they were subjected to an application of glypho-
sate  (Roundup® Transorb R). Treatments consisted of doses equivalent to 0, 210, 420, 840, 
1680, 3360 and 6720 g a.e.  ha−1 of glyphosate, corresponding to 0%, 12.5%, 25%, 50%, 
100%, 200% and 400% of the recommended dose for D. insularis control in eucalyptus 
crop. A completely randomized experimental design was used, with seven treatments, in 
four replications.

The herbicide application was carried out with a backpack sprayer at constant pressure 
 (CO2), equipped with a bar with four XR11002 tips and regulated for a tank volume of 200 
L  ha−1. At the time of application, which was carried out in a spray room, the air tempera-
ture was 25 °C and the relative humidity was 76%.

Visual control evaluations were carried out according to the scale proposed by the Aso-
ciación Latinoamericana de Malezas (ALAM 1974), considering a score of 0 for absence 
of injury, up to 100% for plant death. These evaluations were performed at 7, 14, 21 and 
28 days after glyphosate application (DAA). At 28 DAA, the remaining green shoots of the 
plants were cut close to the ground and placed to dry in an oven with forced air circulation 
at 60 °C, for seven days, for subsequent determination of the dry matter mass after weigh-
ing on a precision scale.

Statistical analysis

For both eucalyptus competition experiments, the data obtained were submitted to analysis 
of variance (ANOVA) (Fisher 1925) by the F test and the averages compared by the Tukey 
test at 5% probability, using the  AgroEstat® software.

For the dose response study, the control scores data were graphically expressed, while 
dry matter results were submitted to non-linear log-logistic regression to determine the 
necessary glyphosate dose for a 10%, 50% and 90% reduction in dry matter (Eq. 1).

where Y is the dry matter reduction expressed in percentage of reduction compared to the 
untreated control; a represents the maximum asymptote, xc the necessary value for 50% of 
the dry mass reduction per biotype, and k a regression constant.

Furthermore, to identify the effect of all treatments (from the first and second weed 
growth) on the eucalyptus plants, a principal component analysis (PCA) was performed. 
The process was carried out by reducing the multivariate data matrix to an interpretable 

(1)Y = a(1 + exp(−k ∗ (x − xc)))
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two-dimensional biplot that explains the greater proportion of variation in the data obtained 
in both experiments. All graphics were made with  Origin® software.

Results

Experiment 1—Digitaria insularis first growth (from seeds)

For all variables (except for leaf area), the factorial differed from the control (additional 
factor) (Table 2). The competition with D. insularis plants, regardless of density and dis-
tance, reduced, on average, 14.4% eucalyptus height, 45% leaf dry matter (LDM) and 41% 
total dry matter (TDM) (Table 2).

Regarding eucalyptus height, there was no effect of D. insularis density. Plants at 10 
and 20  cm from the eucalyptus caused an 11.5% reduction compared to those grown at 
30  cm, considering the mean densities (Table 2). Compared to control, these treatments 
caused reductions of 17.9% to eucalyptus’ height (Table 2).

Next, emphazis will be given to the key outcomes regarding the interaction between 
the factors (densities × distances) for eucalyptus’ stem diameter, leaf area, leaf dry matter, 
stem dry matter and total dry matter (Table 3).

Considering plants grown 10 cm away from eucalyptus, the densities of 2 and 3 plants 
 m−2 reduced 15% eucalyptus stem diameter compared to 1 plant  m−2 (Table 3A). The high-
est density was the only treatment that showed no difference in relation to the evaluated 
distances (Table 3A).

Table 2  Height (Height), stem diameter (Diam), leaf area (LA), leaf dry matter (LDM), stem dry matter 
(SDM) and total dry matter (TDM) of E. urophylla × E. grandis (Clone AEC-144) after 105 days growing 
in competition with glyphosate-resistant Digitaria insularis first growth (seeded) at various densities (1, 2 
and 3 plants  m−2) and distances (10, 20 and 30 cm away from eucalyptus)

C.V. Coefficient of Variation
Means followed by different letters in the column differ by Tukey’s test at 5% probability. **Significant val-
ues at 1% probability by the F test. ns non-significant value at 5% probability by the F test

Treatments Height (cm) Diam (mm) LA  (cm2) LDM (g) SDM (g) TDM (g)

Density
1 plant  m2 194.1 25.6 2077.0 204.6 214.1 418.8
2 plants  m2 183.2 22.7 1595.3 172.7 171.0 343.7
3 plants  m2 192.2 23.1 1716.7 178.3 153.2 331.5
Distance
10 cm 185.9 B 24.7 1726.1 203.9 204.4 408.3
20 cm 178.0 B 22.2 1879.6 148.2 132.8 281.0
30 cm 205.6 A 24.5 1783.3 203.5 201.1 404.6
Control 221.6** 28.7** 1840.1ns 336.7** 277.6** 614.2**
F (Dens) 1.5ns 12.4 ** 24.8** 5.8** 62.5** 31.7**
F (Dist) 8.8** 9.8** 2.4ns 20.5** 103.9** 74.6**
F (Dens × Dist) 1.4ns 2.9 ** 4.7** 10.7** 36.3** 25.4**
F (Control × Factorial) 13.3** 36.4** 0.2ns 137.1** 183.8** 265.4**
C.V. (%) 9.56 7.09 10.8 12.24 7.25 7.46
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Table 3  Interaction between the factors ‘Densities × Distances’ of glyphosate-resistant Digitaria insularis 
first growth (seeded), on the stem diameter (A), leaf area (B), leaf dry matter (C), stem dry matter (D) and 
total dry matter (E) of Eucalyptus urophylla × E. grandis (Clone AEC-144), after 105 days of coexistence

Means followed by the same uppercase letter in the row and lowercase in the column, do not differ from 
each other by Tukey’s test at 5% probability. * and **Significant values at 5% and 1% probability by F-test, 
respectively. ns non-significant value at 5% probability by the F test

(A) Stem diameter (mm)

Distances Densities Control

1 plant  m−2 2 plants  m−2 3 plants  m−2 F

10 cm 27.5 Aa 23.8 Ba 22.7 Ba 10.9** 28.7**
20 cm 23.7 Ab 20.0 Bb 22.8 Aa 6.3** –
30 cm 25.4 Aab 24.2 Aa 23.9 Aa 1.1ns –
F 6.0** 8.9** 0.7 ns – –

(B) Leaf area  (cm2)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 2198.2 Aa 1552.5 Ba 1427.7 Bb 22.6** 1840.1ns

20 cm 2112.8 Aa 1683.9 Ba 1842.1 Aa 6.2** –
30 cm 1920.0 Aa 1549.5 Ba 1880.3 Aa 5.5** –
F 2.7ns 0.8ns 8.3** – –

(C) Leaf DM (g)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 243.2 Aa 218.4 Aa 150.2 Bb 15.4** 336.7**
20 cm 147.5 Ab 144.3 Ab 152.8 Ab 0.12ns –
30 cm 223.1 Aa 155.4 Bb 231.9 Aa 11.6** –
F 16.9** 10.6** 14.3** – –

(D) Stem DM (g)

Distances Densities Control

1 plant  m−2 2 plants  m−2 3 plants  m−2 F

10 cm 283.0 Aa 197.7 Ba 132.3 Cb 121** 277.6**
20 cm 136.2 ABc 116.6 Bb 145.6 Ab 4.6* –
30 cm 223.2 Ab 198.6 Ba 181.6 Ba 9.2** –
F 115.8** 47.0** 13.8** – –

(E) Total DM (g)

Distances Densities Control

1 plant  m−2 2 plants  m−2 3 plants  m−2 F

10 cm 526.3 Aa 416.2 Ba 282.5 Cb 70.6** 614.2**
20 cm 283.7 Ac 260.9 Ac 298.4 Ab 1.7 ns –
30 cm 446.3 Ab 354.0 Bb 413.5 Aa 10.4** –
F 73.4** 28.9** 21.2** – –
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With respect to leaf area—LA (Table 3B), for plants grown at 10 cm, the densities of 
2 and 3 plants  m−2 caused an average reduction of 32%, when compared to 1 plant  m−2. 
Considering the distances within the densities, there was a difference between the treat-
ments only for 3 plants  m−2, in which the cultivation of eucalyptus 10 cm from the D. insu-
laris caused a 23% reduction in the LA, compared to the average of the greatest distances 
(Table 3B).

Considering eucalyptus leaf dry matter (LDM) (Table 3C), the highest density was dif-
ferent from the others only when the plants were 10 cm away, causing an average reduction 
of 34.8%. For this density, the closest distances between the weed and eucalyptus (10 and 
20 cm) reduced the LDM by 34.9%, compared to those located at 30 cm (Table 3C). This 
response pattern was different for the densities of 1 and 2 plants  m−2, in which the closest 
proximity between the plants (10 cm) was the one that least affected the eucalyptus LDM 
(Table 3C). Compared to weed-free control, D. insularis grown 20 cm away from eucalyp-
tus caused reductions of 55.9% in this variable (means of all densities – Table 3C).

For the stem dry matter (SDM) (Table 3D), considering the distance of 10 cm, the inter-
ference in eucalyptus growth was progressive, being directly proportional to the increase in 
density. Thus, the densities of 2 and 3 plants  m−2 were responsible for reductions of 30% 
and 53%, respectively, compared to 1 plant  m−2 (Table 3D). Considering the higher den-
sity, the distances of 10 and 20 cm between plants caused greater reductions for eucalyptus 
in relation to cultivation at 30 cm. The other densities showed different responses regarding 
distances (Table 3D).

Eucalyptus total dry matter (TDM) indicated the same response pattern observed for 
SDM, considering both densities and distances. For 10 cm, there was a progressive increase 
in the interference of eucalyptus growth according to the increase in density (Table 3E). On 
that occasion, 3 plants  m−2 reduced eucalyptus TDM by 46.4%, compared to 1 plant  m−2. 
For the treatment with 3 plants  m−2, the cultivation at 30 cm obtained values 42% higher 
than 10 and 20 cm (Table 3E).

For eucalyptus height growth during the experimental period, evaluations prior to 90 
DAPL were not significant comparing treatments (p > 0.05—data not shown); from that 
date onwards, weed densities and distances interfered with crop growth (Fig.  1a and c). 
At 105 DAPL, 3 D. insularis plants  m−2 reduced, on average, eucalyptus height by 12.9% 
compared to control (Fig. 1a). The plants positioned at 10 and 20 cm caused an average 
reduction of 17.9% in relation to the control, differing from the 30  cm treatment which 
caused 7.22% reduction (Fig. 1c).

The stem diameter, on the other hand, proved to be more sensitive than height, regard-
ing the competition imposed by D. insularis, since at 75 DAPL the control reached the 
same values observed for treatments with 2 and 3 plants  m−2 (mean distances—Fig. 1b) 
and for 20 cm (density averages—Fig. 1d) at 105 DAPL. At the end of the experiment, the 
reductions compared to the control were 20.2% and 22.7%, respectively for the densities of 
2 and 3  m−2 and 20 cm (Fig. 1b and d).

Experiment 2—Digitaria insularis second growth (regrowth from first experiment’s 
plants)

For the second experiment, the factorial differed from the control (additional factor) for 
all evaluated variables (Table  4). The interference of D. insularis plants on eucalyptus 
growth was greater in regrowth (experiment 2), compared to the weed seeded (Experiment 
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1—Table 2). The coexistence with D. insularis, regardless of density and distance, reduced, 
on average, 44.5% eucalyptus height, 65% LA and 88.4% SDM (Table 4).

For the eucalyptus height and stem diameter, 2 D. insularis  m−2 caused mean reduc-
tions of 12 and 19%, respectively, compared with the density of 1 plant  m−2, regardless of 
distance (Table 4). The weeds positioned 10 cm from the eucalyptus caused the greatest 
interference in the stem diameter, compared to those positioned at 30 cm (Table 4). Con-
sidering the total chlorophyll content, all treatments obtained values 16% lower than con-
trol, regardless of densities and distances (Table 4).

With respect to LA of eucalyptus (Table  5A), the densities of 2 and 3 plants  m−2 
caused reductions of 57%, compared to 1 plant  m−2, when grown at 20 cm apart. At the 
lowest density, only the 10 cm treatment caused a reduction in the LA, while for 2 and 3 
plants  m−2, the 30 cm distance obtained higher values compared to the other treatments 
(Table 5A).

For LDM, SDM and TDM (Table  5B–D, respectively), the response pattern was 
the same as that observed for LA, in that the two highest densities caused greater 

Fig. 1  Effect of different densities of glyphosate-resistant Digitaria insularis first growth (seeded) on height 
(A) and stem diameter (B) of E. urophylla × E. grandis (Clone AEC-144) plants during 105  days after 
planting. Graphs C and D indicate the different distances considering the mean densities, for height and 
stem diameter of eucalyptus plants, respectively. For the densities (A and B), the indicated values are com-
posed by the average distances from the weed. Different letters indicate a significant difference by Tukey’s 
test at 5% probability
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interference in eucalyptus growth compared to 1   m−2, for 20  cm. Regarding the dis-
tances for the 1 plant  m−2, it was observed that the closer the weed was to the eucalyp-
tus, the lower the values obtained for LDM and TDM, with average reductions of 64.7% 
compared to 20 cm (Table 5B and D). As for the density of 3 D. insularis  m−2, the cul-
tivation at 30 cm provided values 86% and 73% higher than the other distances, respec-
tively for LDM and TDM (Table 5B and D). As for the SDM, considering 2 plants  m−2, 
the coexistence between the plants at 30 cm resulted in a stem diameter growth 174% 
greater than the other distances (Table 5C). Despite this, compared to control, the aver-
age reduction caused by coexistence with 2 plants  m−2 was 90% (mean of the distances) 
(Table 5C).

Although the first and second experiments were not compared by ANOVA’s test, the 
results indicate that Digitaria insularis regrowth was considerably more aggressive to 
eucalyptus growth compared to seeded plants, since before 60 DAPL, the control had 
already reached the same values as the treatments with higher densities and shorter dis-
tances at 105 DAPL (Fig. 2).

For eucalyptus height, at 60 DAPL the treatments already differed from the control 
(p < 0.05—data not shown), considering the mean densities and distances (Fig. 2a and c). 
At the end of the experiment, the densities of 2 and 3 plants  m−2 caused reductions of 
46.7% in eucalyptus height (average distances—Fig. 2a). The distances tested did not differ 
from each other, with reductions of 44.4%, on average, compared to control (Fig. 2c).

Regarding stem diameter, as early as 45 DAPL the treatments already differed from 
the control (p < 0.05—data not shown), regardless of density or distance (Fig. 2b and d). 

Table 4  Height (Height), stem diameter (Diam), leaf area (LA), total chlorophyll contente (Chl), leaf dry 
matter (LDM), stem dry matter (SDM) and total dry matter (TDM) of E. urophylla × E. grandis (Clone 
AEC-144) plants after 105 days growing in competition with glyphosate-resistant Digitaria insularis sec-
ond growth (regrowth) at various densities (1, 2 and 3 plants  m−2) and distances (10, 20 and 30 cm away 
from eucalyptus)

C.V. Coefficient of Variation
Means followed by different letters in the column differ by Tukey’s test at 5% probability. **Significant val-
ues at 1% probability by the F test. ns non-significant value at 5% probability by the F test

Treatments Height (cm) Diam (mm) LA  (cm2) Chl (UR) LDM (g) SDM (g) TDM (g)

Density
1 plant  m2 49.9 A 6.6 A 838.0 32.9 8.9 5.2 14.2
2 plants  m2 43.6 B 5.3 B 498.2 33.2 4.8 3.4 8.3
3 plants  m2 45.2 AB 5.8 AB 564.2 30.5 5.6 3.3 9.0
Distance
10 cm 43.0 5.0 B 375.5 32.3 4.1 2.4 6.6
20 cm 47.8 5.9 AB 663.5 32.3 7.5 4.6 12.2
30 cm 47.8 6.8 A 861.4 32.0 7.7 4.9 12.6
Control 83.2** 13.1** 1826** 38.6** 38.9** 34.1** 73.0**
F(Dens) 3.5* 3.2* 18.4** 2.0ns 26.5** 13.8** 22.9**
F(Dist) 2.5ns 5.9** 33.8** 0.0ns 22.6** 22.0** 24.8**
F(Dens × Dist) 2.2ns 1.0ns 7.0** 1.0ns 17.6** 13.7** 15.8**
F(Control × Factorial) 134.1** 119.3** 242.4** 11.0** 1740** 3373** 2578**
C.V. (%) 13.5 21.0 21.6 12.3 16.9 15.6 15.5
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At the end of the experimental period, the highest densities reduced the eucalyptus stem 
diameter by 57.9% (mean distances—Fig. 2b), while plants at 10 cm caused a reduction 
of 61.5% in this variable, considering the mean from tested densities (Fig. 2d).

Principal component analysis (PCA) accounted for a total of 98.63% of the original 
information, corresponding to 95.4% for PC1 and 3.23% for PC2 (Fig. 3). This result 

Table 5  Interaction between the factors ‘Densities × Distances’ of glyphosate-resistant Digitaria insularis 
second growth (regrowth), on the leaf area (A), leaf dry matter (B), stem dry matter (C) and total dry matter 
(D) of Eucalyptus urophylla × E. grandis (Clone AEC-144), after 105 days of competition

Means followed by the same uppercase letter in the row and lowercase in the column, do not differ from 
each other by Tukey’s test at 5% probability. * and **Significant values at 5% and 1% probability by F-test, 
respectively. ns non-significant value at 5% probability by the F test

(A) Leaf area  (cm2)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 425.2 Ab 234.9 Ab 466.5 Ab 2.9ns 1826**
20 cm 1097.2 Aa 421.0 Bb 472.2 Bb 26.8** –
30 cm 991.5 Aa 838.7 Aa 753.9 Aa 2.7ns –
F 24.7** 18.0** 5.1* – –

(B) Leaf DM (g)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 4.7 Ac 2.7 Ab 5.0 Ab 2.8ns 38.9**
20 cm 14.0 Aa 4.8 Bab 3.8 Bb 57.9** –
30 cm 8.2 Ab 6.8 Aa 8.2 Aa 1.1ns –
F 40.8** 7.1** 9.4** – –

(C) Stem DM (g)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 3.4 Ab 1.9 Ab 2.1 Ab 2.6ns 34.1**
20 cm 8.9 Aa 2.4 Bb 3.6 Bab 35.8** ––-
30 cm 4.3 Ab 5.9 Aa 4.4 Aa 3.6 ns ––-
F 23.9** 20.0** 5.5** ––- ––-

(D) Total DM (g)

Distances Densities F Control

1 plant  m−2 2 plants  m−2 3 plants  m−2

10 cm 8.1 Ac 4.7 Ab 7.1 Ab 2.3ns 73.0**
20 cm 22.0 Aa 7.3 Bb 7.4 Bb 52.3** –
30 cm 12.5 Ab 12.8 Aa 12.6 Aa 0.35ns –
F 32.8** 12.6** 6.9** – –
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is in agreement with the criteria established by Sneath and Sokal (1973), in which the 
main components must explain at least 70% of the total variance of the presented data.

The PCA resulted in the formation of four treatment groups. The first group consisted 
of control plants, conducted in the experiment in regrowth (red dot); the second group was 
formed by treatments with D. insularis regrowth, regardless of density and distance, inversely 
correlated to PC1 (purple dots); the third group consisted of eucalyptus cultivated without 
weeds, in experiment 1 (green dot); and the fourth group was formed by treatments with D. 
insularis plants seeded, regardless of density or distance (blue dots) (Fig. 3). All evaluated 
variables showed direct correlation with PC1.

Fig. 2  Effect of different densities of glyphosate-resistant Digitaria insularis second growth (regrowth) on 
height (A) and stem diameter (B) of E. urophylla × E. grandis (Clone AEC-144) plants during 105 days 
after planting. Graphs D and D indicate the different distances considering the mean densities, for height 
and stem diameter of the eucalyptus, respectively. For the densities (A and B), the indicated values are com-
posed by the average distances from the weed. Different letters indicate a significant difference by Tukey’s 
test at 5% probability
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Experiment 3—dose–response curve for Digitaria insularis glyphosate‑resistance 
confirmation

Glyphosate was effective in controlling (at least 90% of control) the D. insularis genotype 
used in the experiments only with doses of 3360 and 6720 g a.e.  ha−1 (double and four 
times the recommended dose—Figs.  4a and S2C). The recommended dose and the oth-
ers (x/2, x/4 and x/8) obtained control scores lower than 70% at the end of the evaluation 
period, not being effective for control of D. insularis (Fig. 4a), thus demonstrating a pos-
sible herbicide-resistance.

To obtain a 50% reduction in dry mass  (LD50) of this D. insularis genotype, a dose of 
1045 g a.e.  ha−1 of glyphosate was needed (Fig. 4b), which possibly reveals a low resist-
ance factor of this plant material. For reductions of 10%  (LD10) and 90%  (LD90) in weed 
dry matter, glyphosate doses of 196 and 3360  g a.e.  ha−1 were required, respectively 
(Fig. 4b).

Discussion

The reduction of some planted eucalyptus size variables evaluated in the present study, 
such as plant’s height, stem diameter and dry matter (Tables 2, 3, 4, 5 and Figs. 1, 2, 3), is 
a direct result of inter-specific competition between D. insularis and E. urograndis in the 
period following planting and corroborate results found by several authors (Toledo et al. 

Fig. 3  Principal Component Analysis (PCA) of growth variables of Eucalyptus urophylla × E. gran-
dis (Clone AEC-144) after 105 days of competition with glyphosate-resistant Digitaria insularis planted 
at different densities and distances, seeded or in regrowth. DM = dry matter. S or R = weeds seeded or in 
regrowth. 10, 20 or 30 = distance between eucalyptus plants and weeds. 1, 2 or 3 = D. insularis density 
(plants  m−2)
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Fig. 4  Dose–response curve for Digitaria insularis control with glyphosate (A) and for the weed dry mass 
at 28 days after herbicide application (B)
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2001; Hunt et al. 2006a, b; Garau et al. 2009; Bacha et al. 2016; Colmanetti et al. 2019). 
Eucalyptus plants tend to be highly sensitive to competition imposed by weeds in the first 
year after planting the crop, a period known as initial growth (Adams et al. 2003; Floren-
tine and Fox 2003; Garau et al. 2009). Such sensitivity in this period should be highlighted 
especially due to the fact that most commercial eucalyptus plantations in Brazil have short 
rotation cycles (approximately 7 years), which can considerably impact productivity (Gon-
çalves et al. 2013; Tiburcio et al. 2023). Despite the short term evaluation carried out in 
this study, others with longer periods of competition indicated response trends similar to 
those observed here. Thus, the lower difference between treatments with and without com-
petition found in experiment 1, for height and stem diameter (Fig. 1), may be due to this 
factor. Possibly the difference between these treatments would be increasingly greater as 
the period of coexistence was prolonged, similarly to those reported in studies longer than 
one year (Toledo et al. 2000; Adams et al. 2003; Garau et al. 2009; Tarouco et al. 2009). 
Thus, the lack of control of competing plants can cause eucalyptus early growth losses, as 
shown here (Tables 2, 3, 4, 5 and Figs. 1, 2, 3).

The distribution of weeds in the area is also a relevant factor to be considered in euca-
lyptus plantations. The results obtained for the D. insularis first growth showed that the 
leaf area did not differ from the control (additional factor) in realtion to the three dis-
tances tested, regardless of the densities (Table  2). However, in regrowth condition, the 
weed coexistence 10 cm away from eucalyptus resulted in reductions of 79.5%, whereas 
at 30  cm, the reductions were of 53% compared to control, regardless of the densities 
(Table  4). These data show that in the first weed growth (i.e., from seeds) distances of 
up to 30 cm from the planted eucalyptus equally interfere with crop growth, whereas in 
regrowth, the interference was more aggressive the closer the weed was to the eucalyptus 
plants. Corroborating these results for weeds’ first growth, Graat et  al. (2015) observed 
that only one plant of U. decumbens or Urochloa ruziziensis [(R.Germ. & C.M.Evrard) 
Crins (Congo grass)] grown at increasing distances of up to 40  cm from E. urograndis 
reduced crop growth. However, no significant differences regarding the tested distances 
were observed by the authors.

In addition to the distance between weeds and the crop plants, other biotic and abi-
otic factors can also affect the degree of competition from the weed community in euca-
lyptus establishment (Bleasdale 1960; Pitelli 1985), such as: region’s edaphoclimatic 
conditions, species or clone studied, and also weed species and density. In this context, 
Colmanetti et al. (2019) observed that a density of 33 plants  m−2 of Urochloa brizan-
tha [(A.Rich.) R.D.Webster (palisade grass)] caused reductions of approximately 42% 
in dry matter and 47% in eucalyptus leaf area. In the present study, three D. insularis 
 m−2 were necessary for the eucalyptus dry matter to be reduced by 46% (Table 2). This 
difference between the previously cited studies is possibly due to the different competi-
tive capacities intrinsic to the weed species, which can cause physiological changes in 
the eucalyptus, resulting in a decrease in plant growth. Such results are in agreement 
with those of Santos et al. (2015), who observed that the coexistence of eucalyptus with 
grasses resulted in decreases in stomatal conductance, transpiration rate and water use 
efficiency of E. urograndis. In fact, the increase in the number of specimens compet-
ing for the environmental resources (according to the increase in weed density) may 
result in a low supply of essential resources for eucalyptus growth (Adams et al. 2003; 
Bacha et al. 2016; Costa et al. 2021), causing deficiencies that result in changes of some 
parameters related to photosynthesis (Huang et al. 2008), like low intensity or quality of 
incident light (Red/Far red ratio) (Sharkey and Raschke 1981; Ma and Upadhyaya 2017) 
and water deficit (Grossnickle and Folk 1993; Lamhamedi et  al. 1998; Garau et  al. 
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2008). On the other hand, Galvan-Cisneros et al. (2023) emphasized that old eucalyp-
tus plantations can cause increased environmental filtering (by influencing shading, soil 
water availability and soil nutrients), which also influences the species composition of 
neighboring vegetation, given the different competitive abilities among different func-
tional vegetation types (woody, grasses and herbaceous species), evidencing that such 
ecological interaction has a mutual influence on competing species.

Comparing the planting conditions of both experiments, considering the means of all 
densities and distances, it was observed that for D. insularis seeded (Experiment 1), the 
reductions of TDM and LDM were 45% and 41%, respectively; whereas for regrowth 
(Experiment 2), the values reached 85.7% and 83.5% of reduction for the same vari-
ables (Tables 2 and 4, respectively). Such results demonstrated that the reduction rates 
of both characteristics were greater in the regrowth condition, corroborating those of 
Bacha et al. (2016). Those authors elucidated that U. decumbens competed for nutrients 
more effectively in regrowth, possibly because the weed roots were already fully devel-
oped when E. urograndis was planted, which may have conferred a competitive advan-
tage to the weed, especially regarding nutrient absorption. Nitrogen is a key nutrient 
for chlorophyll formation, and its availability in soil may directly affect leaf chlorophyll 
concentration (Donahue et al. 1990), as well as tree growth under competition (Adams 
et al. 2003). This statement can be illustrated by the highest values of total chlorophyll 
concentration obtained by control plants not subjected to coexistence (Table  4). As 
highlighted by several studies (Porra et  al. 1989; Chappelle and Kim 1992; Ripullone 
et al. 2003), the amount of chlorophyll is directly related to the photosynthetic rate and 
consequently, plant growth, supporting the results observed in this study (Figs. 2 and 3). 
For E. globulus, Adams et al. (2003) demonstrated that nitrogen fertilization lessen the 
negative effect from coexistence with grasses, suggesting that the availability and the 
competition for nitrogen were limiting tree growth.

The four groups formed on PCA analysis showed considerable distinction among them-
selves, in which the regrowth experiment indicated the most severe impacts on growth of 
planted eucalyptus, regardless of density and distance. This response is due to the fact that 
the D. insularis plants already had their root system fully established when the eucalypt 
was planted, which possibly guaranteed them a greater competitive advantage. In contrast 
to the regrowth group, the weeds’ first growth also formed an isolated group, but directly 
related to PC1 and also to the evaluated variables (Fig. 3). Thus, regardless of density and 
distance, the weed in regrowth clearly caused greater interference in eucalyptus growth, 
corroborating the results obtained by Bacha et al. (2016), who evaluated the competition 
between E. urograndis (clone GG-100) and another common brazilian grass weed species 
(U. decumbens) in a short-term response.

With respect to D. insularis resistance to glyphosate, several authors reported that when 
an allele of resistance to herbicides confers an adaptation-cost to the plant, these biotypes 
tend to present less competitive aggressiveness. As a result, the limitation in herbicide-
binding to the site of action, caused by a structural modification in the target enzyme, can 
compromise the efficiency of the enzymatic function, resulting in the cost of resistance 
(or “fitness”) (Powles and Yu 2010; Vila-Aiub et al. 2011, 2015). However, as this type of 
comparison between resistant and susceptible biotypes was not carried out in this study, 
such information cannot be conclusive based on what was exposed here. Despite this, the 
possibility is suggested that biotypes of D. insularis susceptible to glyphosate present an 
even greater competitive capacity than those observed in this work (Yanniccari et al. 2016; 
Braga et al. 2018; Barroso et al 2022). However, other studies should be carried out in this 
sens in order to confirm such hypothesis.
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In the present study, the eucalyptus variable most affected by the weed’s first growth 
interference was the SDM (Table 2); the D. insularis planted at a density of 3 plants  m−2 
reduced the eucalyptus SDM by 45%, compared to the control, regardless of the distance 
(Table  2). Graat et  al. (2015), studying increasing distances between signalgrass (U. 
decumbens) and eucalyptus, also reported that the characteristic that most affected by com-
petition was SDM, with reductions of approximately 51%. Similarly, several studies with 
other weed species [Panicum maximum Jacq. (Guinea grass) (Dinardo et al. 2003), Com-
melina benghalensis L. (Bengal dayflower) (Costa et al. 2021) and U. brizantha (Colman-
etti et al. 2017)] have elucidated that the stem dry mass is the variable most sensitive to 
interference imposed by weeds. On the other hand, the eucalyptus height was the charac-
teristic that showed less sensitivity to the effects of competition imposed by D. insularis in 
regrowth (Table 4). These results corroborate those obtained in several studies, with dif-
ferent eucalyptus clones and grasses weed species (Toledo et al. 2001; Cruz et al. 2010; 
Braga et  al. 2018; Tiburcio et  al. 2023). Thus, the information that eucalyptus height is 
the least sensitive characteristic to interference imposed by weeds (and SDM is the most 
sentsitive) is essential for eucalyptus producers, since the non-destructive evaluations com-
monly performed throughout the crop cycle in commercial areas (e.g., height of eucalyptus 
plants) may demonstrate interference values lower than those observed for real productiv-
ity (in wood mass). Taken togheter, these results indicate that adequate control of the weed 
community must be paramount, since the real loss in biomass will possibly be greater than 
those indicated by the height assessment (Tiburcio et al. 2023).

Conclusions

The coexistence with Digitaria insularis plants, regardless of density and distance, had a 
negative effect on the Eucalyptus urophylla × E. grandis (Clone AEC-144) early growth.

After cutting, the second growth (regrowth condition) of D. insularis interfered more 
aggressively in the early growth of eucalyptus plants, compared to the weed’s first growth 
(seeded), possibly due to the root system already established at the moment of eucalyptus 
planting.

Due to D. insularis competitive aggressiveness as well as glyphosate resistance, it is 
important that forest growers consider its management with pre-emergence herbicides. 
In case of not-suficient pre-emergence control (due to high infestation, and/or also due to 
a possible herbicide’s short residual effect, considering eucalyptus as a perennial crop), 
the use of post-emergence herbicides with different mechanisms of action must be car-
ried out (e.g., graminicides utilization). As a result, these management strategies will may 
avoid weed regrowth, as well as ensure that these plants do not spread seeds, avoiding the 
increasing areas with glyphosate-resistant D. insularis.
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