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ABSTRACT 

Integration of forage grasses with grain crops, such as maize, allows maintaining soil 
cover. The objective of this study was to evaluate the tensile strength, friability, and 
stability of soil aggregates in the maize and forage grass intercropping under no-tillage 
system. The study used a completely randomized block design with seven treatments and 
three replications. Undisturbed soil samples were collected in two seasons (2015 and 
2016) at 0–0.10 m and 0.10–0.20 m soil depth. The following properties of soil aggregates 
were measured: tensile strength (TS), friability (F), gravimetric moisture (GM), weighted 
mean diameter (WMD), geometric mean diameter (GMD), and aggregate stability index 
(ASI). The intercropping of maize with Urochloa ruziziensis presented higher WMD and 
GMD at 0.10–0.20 m soil depth. Moreover, TS at 0.10–0.20 m soil depth was lower in 
maize without intercropping. The effects of the intercropping system on soil aggregates 
were better detected by aggregate stability than by TS or F. The intercropping of maize 
and U. ruziziensis improved soil aggregation to a higher extent than those systems with 
other forage grasses. 

 
INTRODUCTION 

 One of the main challenges of modern agriculture 
is producing food for a growing world population, which 
has become more demanding regarding reductions of 
external inputs and environmental impacts (Pittelkow et 
al., 2014). The no-tillage (NT) system is a conservative 
soil management capable of sustaining agricultural 
production and improve soil and environmental quality. 
One of its basic premises is maintaining crop residues on 
the soil surface, protecting natural soils, and recovering the 
production capacity of conventionally tilled soils (Blanco-
Canqui & Ruis, 2018; Garcia et al., 2014). 

In the Cerrado, one of the major obstacles to the 
consolidation of NT system is maintaining soil cover 
throughout the year. In this region, the climate is 
characterized by dry winters and high temperatures, which 
speed up the decomposition of organic matter, reducing 
permanence of straw in cultivated fields (Pacheco et al., 
2017). 

The integration of forage grasses to grain crops by 
intercropping of maize with some forage species allows 
maintenance of soil cover (Ceccon & Concenço, 2014). In 
addition to maize grain production, the integration of 

forage grasses improves land cover quality and quantity, 
besides increasing and maintaining organic matter (OM) 
contents and nutrient recycling for subsequent crops 
(Lemaire et al., 2014), reducing soil erosion and improving 
soil physical properties (Silva et al., 2015). 

Changes in soil physical structure due to 
management system can be measured by evaluating soil 
formation and structural stability (Ferreira et al., 2018). 
Aggregate stability index (ASI), tensile strength (TS), and 
friability have been used to assess structural variations by 
soil management (Tormena et al., 2008a) and are useful 
indicators of ecosystem recovery (Demenois et al., 2017). 

As maize intercropping with forage grasses has 
been widely practiced, it is essential to evaluate potential 
changes in soil structure after using these systems. The 
hypothesis of this study was that the intercropping of 
maize with forage grasses would improve soil structural 
quality when compared to maize without intercropping. 
Therefore, the objective of this study was to evaluate the 
aggregate stability, friability, and tensile strength of soil 
aggregates in the maize and forage grass intercropping 
under no-tillage system, in the Brazilian Cerrado. 
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MATERIAL AND METHODS 

The study was conducted in an experimental area of 
the Federal University of Mato Grosso (Universidade 
Federal de Mato Grosso–UFMT), in Rondonópolis, Mato 
Grosso state, Brazil (16° 28' S and 54° 38' W). The study 
area has been grown under a no-tillage system (NT) since 
2014, and the soil was classified as a Red Latosol 
(Embrapa, 2018). Soil physical properties at 0–0.20 m soil 
depth showed the following values: clay content 500 g kg-

1; silt content 100 g kg-1; sand content 400 g kg-1; particle 
density 2.60 Mg m-3; and organic carbon content 12.06 g 
kg-1. The mean annual rainfall in the region is 1800 mm. 
The local climate is type Aw according to the classification 
of Köppen. 

The study was carried out in a completely 
randomized block design with three replications and seven 
treatments, as follows: maize + Urochloa brizantha cv. 
Marandú (UM), maize + U. ruziziensis (UR), maize + U. 
humidicola (UH), maize + U. decumbens (UD), maize + 
Panicum maximum cv. Tanzânia (PT), maize + P. 
maximum cv. Mombaça (PM), and maize without 
intercropping (WI), totaling 21 experimental plots, each 
plot with an area of 64 m2 (8 m × 8 m). 

Soybean was the first crop used in the study area 
and was planted in early November 2014. Before the study 
period, the area was composed of native Cerrado. Maize 
was sown in February 2015 and 2016, shortly after 
soybean harvest. Forage grasses were sown broadcast 
between maize rows in early March 2015 and 2016. Soil 
correction and fertilization in the cultivated crops were 
performed according to Boletim 100 (Raij et al., 1997). 
The sowing schedule and crop protection were defined 
according to technical recommendations for each crop. 

To determine tensile strength (TS) and aggregate 
stability (AS), undisturbed soil samples were collected at 
0–0.10 m and 0.10–0.20 m soil depth after forage 
desiccation in September 2015 and October 2016, and 
aggregates were manually crushed and dried in a 
greenhouse. The aggregates were sieved according to the 
method described in Imhoff et al. (2002). Aggregate size 
used for TS was between 9.5 and 4.75 mm. Yet, AS was 
calculated using aggregates retained between 4.75- and 
2.00-mm mesh sieves. 

Both TS and AS were measured at the Soil 
Laboratory of the Federal University of Paraná 
(Universidade Federal do Paraná–UFPR) at the Campus of 
Jandaia do Sul. TS was measured using a bench 
penetrometer with an adapted penetration needle (Imhoff 
et al., 2002). Aggregate samples were subjected to fracture 
at a constant speed with five replications of 10 aggregates 
per sample, totaling 50 aggregates per sample. Soil 
analyses were performed for the two sampled depths, each 
containing 21 samples, totaling 2,100 aggregates. Each 
aggregate was weighed before and after TS measurement. 
Soil moisture was determined gravimetrically after drying 
the samples in an oven at 105 ºC for 24 hours. 

Tensile strength was calculated according to Dexter 
& Kroesbergen (1985): 

𝑇𝑆 =  0.576 ×  (
௉

஽మ)                                                  (1) 

Where: 

0.576 is the coefficient of proportionality; 

P is the applied force (in Newton), 

D is the effective diameter (in mm). 

The effective diameter was calculated according to 
Watts & Dexter (1998): 

𝐷 =  𝐷𝑚 × ቀ
ெ

ெ௢
ቁ

భ

య                                              (2) 

Where: 

Dm is the mean aggregate diameter (in mm); 

M is the aggregate mass (in grams), 

Mo is the mean mass in an aggregate population      
(in grams). 
 
The mean aggregate diameter was considered equal 

to the mean size of the sieves [(9.5 + 4.75) / 2] used to 
select aggregates. 

Friability was estimated using the coefficient of 
variation method proposed by Watts & Dexter (1998): 

𝐹 =
ఙೊ

௒
±

ఙೊ

௒√ଶ௡
                                                      (3) 

Where: 

F is soil friability; 

σY is the standard deviation of TS values; 

Y is the mean TS, 

n is the number of replications. 
 
The second term of the equation corresponds to the 

standard error of the coefficient of variation. Friability was 
classified as proposed by Imhoff et al. (2002) as follows: 
non-friable (<0.10), slightly friable (0.10–0.20), friable 
(0.20–0.50), very friable (0.50–0.80), and mechanically 
unstable (>0.80). 

Aggregate-size distribution was determined by wet-
sieving. The diameters of sieves were 2.0, 1.0, 0.5, 0.25, 
and 0.105 mm (Embrapa, 2017). The sieves were operated 
for 15 min at 30 rpm in a vertical motion. The dry weight 
of the soils retained in each sieve was measured after 
drying the samples in an oven at 105 ºC for 24 h. AS     
was determined by measuring the weighted mean  
diameter (WMD), geometric mean diameter (GMD), and 
aggregate stability index (ASI) according to Castro Filho 
et al. (2002). 

WMD = ∑(xi. yi)                                                 (4) 
 

GMD =  exp ቄ
∑ ୵୧ ୪୬ ୶୧

∑ ୵୧
ቅ                                         (5) 

 

ASI (%)  =
୛ୣ୧୥୦୲ ୭୤ ୢ୰୷ ୟ୥୥୰ୣ୥ୟ୲ୣୱି୵଴.ଶହିୱୟ୬ୢ

୛ୣ୧୥୦୲ ୭୤ ୢ୰୷ ୟ୥୥୰ୣ୥ୟ୲ୣୱିୱ
       (6) 

Where: 

xi is the mean size of the aggregate classes (in mm); 

yi is the ratio of each of aggregate size class               
(in grams) relative to the total sample; 

wi is the weight of the aggregates of each class         
(in grams), 

w0.25 is the weight of the aggregates of the class 
smaller than 0.25 mm. 
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Granulometric fractions of clay, silt, and sand were 
determined by densitometry, according to the method 
described by Grossman & Reinsch (2002), to obtain the 
percentage of sand used for ASI calculations. 

Data were subjected to analysis of variance, and the 
means were compared using the Tukey’s test at a level of 
significance of 5%. All statistical analyses were performed 
using SAS software (SAS Institute, 2002). 

 
RESULTS AND DISCUSSION 

Aggregate stability (AS) and soil organic matter (OM) 

No significant differences were observed in WMD, 

GMD, and ASI among treatments at 0–0.10 m soil depth, 

in 2015 (Table 1). At 0.10–0.20 m soil depth, WMD (2.31 

mm) was higher in treatment UR; however, this value did 

not differ significantly from those of treatments PT, UH, 

PM, UM, and UD. GMD was higher (2.07 mm) in 

treatment UR but was not significantly different from 

those of treatments PT, UH, PM, UM, and UD. ASI 

ranged from 85.03% to 93.34%. ASI was highest in 

treatment UR but did not differ significantly from those of 

treatments UH, PM, UM, and UD (Table 1). 
 

TABLE 1. Mean values of weighted mean diameter (WMD), geometric mean diameter (GMD), aggregate stability index 
(ASI), and organic matter (OM) content at 0–0.10 and 0.10–0.20 m soil depth in the intercropping of maize with forage grasses 
in Rondonópolis, Mato Grosso, Brazil, 2015. 

Treatment 
0–0.10 m 0.10–0.20 m  

WMD GMD ASI OM (%) WMD GMD ASI OM (%) 

P. maximum cv Tanzânia (PT) 2.21 a 1.86 a  89.99 a 1.66a 2.14 ab 1.80 ab 85.39 b 1.58 a 

Maize without intercropping (WI)  2.15 a 1.80 a 88.05 a 1.64a 2.07 b 1.67 ab 85.03 b 1.61 a 

U. humidicola (UH) 2.14 a 1.79 a 86.61 a 1.58a 2.17 ab 1.83 ab 88.33 ab 1.42 a 

P. maximum cv Mombaça (PM) 2.21 a 1.91 a  90.29 a 1.62a 2.29 a 2.02 a  91.70 ab 1.50 a 

U. brizantha cv. Marandú (UM) 2.15 a 1.78 a 87.87 a 1.67a 2.24 ab 1.91 ab 90.04 ab 1.40 a 

U. decumbens (UD) 2.25 a 1.94 a 90.61 a 1.63a 2.23 ab 1.91 ab 89.16 ab 1.55 a 

U. ruziziensis (UR) 2.15 a 1.79 a 88.50 a 1.94a 2.31 a 2.07 a 93.34 a 2.05 a 

MSD 0.20 0.32 5.91 0.68 0.19 0.30 7.58 0.73 

CV 7.62 14.55 5.78 13.61 8.62 16.32 8.62 18.28 

Means followed by the same lower-case letters compare the treatments at 0.0-0.10 m and 0.10-0.20 m soil depth, and they do not differ from 
each other by the Tukey's test at 5% probability. MSD, minimum significant difference; CV, coefficient of variation. 

 
Santos et al. (2012) showed that Brachiaria grasses 

have an extensive and active root system and that the 

exudation of organic compounds from the roots may 

contribute to the formation of stable aggregates. However, 

at 0.0-0.10 m soil depth, these factors could not 

differentiate between the intercropping system Brachiaria 

species and the other treatments, probably due to the short 

time of experiment installation. On the other hand, at 0.10–

0.20 m soil depth, the results demonstrate the beneficial 

effect of intercropping, especially in treatment UR. The 

analysis of WMD, GMD, and ASI indicates that soil 

aggregates were formed and stabilized in treatments UR, 

UM, and PM due to the action of the root system, possibly 

contributing to the bonding of smaller aggregates to form 

larger aggregates. Pereira et al. (2010) observed that the 

higher was WMD and GMD, the greater was the 

contribution of intercropping for aggregate stabilization. 

Brandão & Silva (2012) observed that the root 
system of U. ruziziensis significantly affected the 
formation and stabilization of soil aggregates. The results 
obtained in layer 0.10–0.20 m soil depth using U. 
ruziziensis were not significantly different from those of 
the other treatments but presented a higher tendency of 
forming and stabilizing aggregates among the forage 
grasses evaluated. 

No significant differences were detected in OM 
among treatments in the first year of cultivation. However, 
the results suggest an increasing trend in OM in the 
intercropping of maize with U. ruziziensis, and this 
increase was observed in the next season. In addition, to 
the effect of the root system, the increase in OM favors the 
formation and stabilization of soil aggregates, improving 
soil structure (Araújo et al., 2013). 

No significant difference was noted for WMD in 
2016 at 0–0.10 m soil depth (Table 2). 
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TABLE 2. Mean values of weighted mean diameter (WMD), geometric mean diameter (GMD), aggregate stability index 
(ASI), and organic matter (OM) content at 0–0.10 and 0.10–0.20 m soil depth in the intercropping of maize with forage grasses 
in Rondonópolis, Mato Grosso, Brazil, 2016. 

Treatment 
0–0.10 m  0.10–0.20 m  

WMD GMD ASI OM (%) WMD GMD ASI OM (%) 
P. maximum cv Tanzânia (PT) 1.92 a 1.06 ab 79.82 a 2.22ab 2.33 a 1.14 a 85.10 ab 1.79a 

Maize without intercropping (WI) 1.61 a 0.99 b 69.04 b 2.12ab 1.90 c 1.05 b 76.57 b 1.92a 
U. humidicola (UH) 1.85 a 1.04 ab 74.98 ab 2.20ab 2.28 abc 1.13 ab 83.54 ab 1.81a 

P. maximum cv Mombaça (PM) 1.93 a 1.05 ab 76.69 ab 2.22ab 2.06 abc 1.08 ab 78.09 b 1.80a 
U. brizantha cv. Marandú (UM) 2.00 a 1.07 a 78.77 a 2.16ab 1.93 bc 1.06 b 77.42 b 1.92a 

U. decumbens (UD) 1.87 a 1.05 ab 76.99 ab 2.05b 2.19 abc 1.11 ab 82.28 ab 1.86a 
U. ruziziensis (UR) 1.90 a 1.05 ab 78.82 a 2.45a 2.32 ab 1.14 a  87.60 a 1.91a 

MSD 0.4 0.09 8.7 0.33 0.40 0.08 8.82 0.57 
CV 17.71 6.26 9.81 7.67 17.61 7.07 10.33 10.46 

Means followed by same lower-case letters compare the treatments at 0.0-0.10 m and 0.10-0.20 m soil depth, and they do not differ from 
each other by the Tukey's test at 5% probability. MSD, minimum significant difference; CV, coefficient of variation. 

 
Significant differences were observed in WMD, 

GMD, and ASI at 0.10–0.20 m soil depth in the year 2016 
(Table 2). Wendling et al. (2012) found that GMD and 
MWD were lower at 0.10–0.20 m soil depth in a Red-
Yellow Dystrophic Latosol in soils of the Cerrado, Pinus 
crops, pasture, and direct sowing. However, ASI values 
were similar to those found in this study (93%, 85%, 80%, 
and 69%, respectively). These authors observed that 
aggregate size was larger in soils with limited tillage, as in 
the case of the Cerrado, whereas the original structure of 
aggregates was lost in soils with more intense tillage. 

Tensile strength (TS) and friability (F) 

The mean TS values were not significantly different 
among treatments at 0–0.10 m and 0.10–0.20 m soil depth 
in 2015 (Table 3). TS varied from 73.71 to 97.11 kPa at      

0–0.10 m and from 66.13 to 79.89 kPa at 0.10–0.20 m. At 
0.10–0.20 m soil depth, TS was lowest in treatment WI 
(66.13 kPa) and highest in treatment PT (79.83 kPa). The 
variation in TS at 0–0.10 m may have been influenced by 
the direct contact with OM, which can promote both either 
an increase or decrease in TS. The increase in TS is due to 
the cementing of OM to the mineral particles of the soil, 
and the decrease in TS is due to the increase in the number 
of pores and points of weakness inside the aggregates. In 
treatment WI, TS at 0–0.10 m was 92.12 kPa, demonstrating 
that the absence of cover crops promoted soil compaction by 
the direct contact with rainwater and machinery. 

Silva (2018 et al.) obtained similar mean values at 0–
0.10 m in soils under fallow, millet, and pasture, and 
corresponding to 74.73, 73.81, and 88.66 kPa, respectively. 

 
TABLE 3. Mean values of the tensile strength (TS), friability (F), and moisture (M) at 0–0.10 and 0.10–0.20 m soil depth in 
the intercropping system of maize with forage grasses in Rondonópolis, Mato Grosso, Brazil, 2015. 

Treatment 
0–0.10 m 0.10–0.20 m 

TS F M TS F M 
P. maximum cv Tanzânia (PT) 73.71 a 0.89 a  0.023 a  79.83 a 0.86 a 0.016a 

Maize without intercropping (WI) 92.12 a 0.76 a 0.018 a 66.13 a 0.98 a 0.017 a 
U. humidicola (UH) 89.47 a 0.90 a 0.016 a 68.55 a 0.86 a 0.016 a 

P. maximum cv Mombaça (PM) 93.97 a 0.72 a 0.016 a 83.34 a 0.79 a 0.016 a 
U. brizantha cv. Marandú (UM) 97.11 a  0.80 a 0.016 a 71.84 a 0.94 a 0.018 a 

U. decumbens (UD) 92.45 a 0.86 a 0.015 a 77.90 a 0.86 a 0.017 a 
U. ruziziensis (UR) 84.57 a 0.69 a 0.016 a 79.10 a  0.79 a 0.017 a 

MSD 31.85 0.29 0.013 27.43 0.29 0.003 
CV 32.4 33.34 71.87 33.33 30.19 15.97 

Means followed by the same lower-case letters compare the treatments at 0.0-0.10 m and 0.10-0.20 m soil depth,  and they do not differ from 
each other by the Tukey's test at 5% probability. MSD, minimum significant difference; CV, coefficient of variation. 

 
The mean values of TS at 0.10–0.20m soil depth 

were lower than those found by Reis et al. (2014) in a coal 
mining area at 0.10–0.15 m in soils cultivated with Bermuda 
grass, Tanzânia grass, and cover crops, corresponding to 
88.35, 125.92, and 98.43 kPa, respectively. The lower 
values found in the present study were caused by the short-
term effect (i.e., two harvests) of forage grasses. Nouri et al. 
(2019) showed that the physical properties of the soil do not 
change in NT systems after 2 years of implantation because 
few changes occur in the soil in this period. 

The intercropping systems used in 2015 were not 
significantly different from each other at 0–0.10 and 0.10–
0.20 m soil depth (Table 4). The soils in WI, PM, UM, and 
UR were classified as very friable, whereas those in the 
other treatments were classified as mechanically unstable 
at 0–0.10 m. At 0.10–0.20 m soil depth, only the soils in 
UR and PM were classified as very friable, and the other 
soils were classified as mechanically unstable according to 
the classification proposed by Imhoff et al. (2002). High 
friability values indicate that larger aggregates have lower 
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TS values than smaller aggregates, which explains the 
formation of easily-fractured aggregates when the soil is 
subjected to tillage, as in the case of treatment WI at 0.10–
0.20 m soil depth, which presented low resistance but high 
friability. The highest TS and lowest friability were 
obtained in treatments UR and PM at 0.10–0.20 m soil 
depth and can be justified by the absence of soil 
mobilization, which preserved the structural quality and 
bonding of the aggregates. 

Aggregate moisture content varied from 0.016 to 
0.029 kg kg-1 at 0–0.10 m soil depth and was not 
significantly different among treatments. However, 
moisture content was significantly different among 

treatments at 0.10–0.20 m soil depth, varying from 0.015 
to 0.018 kg kg-1. Notwithstanding, this amplitude of 
variation was small and did not affect TS measurements. 

TS values at 0–0.10 and 0.10–0.20 m soil depth in 
2016 are shown in Table 5. TS values among treatments 
were not significantly different at 0–0.10 m but were 
significantly different at 0.10–0.20 m. In this analysis, 
aggregates presented morphological changes and difficulty 
in positioning for rupture force application, which may 
justify variability in TS measures. 

No significant differences were found for friability 
at both 0–0.10 and 0.10–0.20 m soil depth, among 
treatments (Table 4). 

 
TABLE 4. Mean values of the tensile strength (TS), friability (F), and moisture content (M) of soil aggregates at 0–0.10 and 
0.10–0.20 m soil depth in the intercropping system of maize with forage grasses in Rondonópolis, Mato Grosso, Brazil, 2016. 

Treatment 
0–0.10 m 0.10–0.20 m 

TS F M TS F M 

P. maximum cv Tanzânia (PT) 78.48 a 0.64 a 0.020 a 104.9 ab 0.93 a 0.018 a 

Maize without intercropping (WI) 78.44 a 0.63 a 0.016 a 71.29 b 0.87 a 0.015 c 

U. humidicola (UH) 92.84 a 0.75 a 0.018 a 127.04 a 0.85 a 0.016 abc 

P. maximum cv Mombaça (PM) 76.49 a 0.89 a 0.029 a 79.53 b 0.83 a 0.015 bc 

U. brizantha cv. Marandú (UM) 79.40 a 0.84 a 0.019 a 77.02 b 0.96 a 0.016 abc 

U. decumbens (UD) 84.40 a 0.66 a 0.020 a 100.10 ab  0.82 a 0.016 abc 

U. ruziziensis (UR) 97.95 a 0.72 a 0.022 a 99.76 ab 0.77 a 0.017 ab 

MSD 25.41 0.33 0.018 40.86 0.29 0.003 

CV 28.22 41.2 81.56 43.29 30.42 17.8 

Means followed by the same lower-case letters compare the treatments at 0.0-0.10 m and 0.10-0.20 m soil depth and they do not differ from 
each other by the Tukey's test at 5% probability. MSD, minimum significant difference; CV, coefficient of variation. 

 
Tormena et al. (2008b) observed that soil structure 

under NT was affected by climatic conditions and the 
cultivated crops. Therefore, the forage grasses used in the 
intercropping system were fundamental for soil 
structuring. The root system of these plants may have 
affected TS and friability, providing favorable soil 
structure for crop development. 

Jakšík et al. (2015) found that the ASI was 
influenced by OM content and the latter was the main 
cementing agent of soil aggregates. Tormena et al. (2008b) 
reported that the increase in OM content in the soil 
increased the porosity of aggregates, reducing the number 
of bonds between the particles and consequently reducing 
TS. This result may explain the fact that TS values were 
lower at 0–0.10 m when compared to 0.10–0.20 m              
soil depth. 

The mean TS values found by Reis et al. (2014) in a 
coal mining area were like those found in the present 
study, corresponding to 74.34 kPa and 90.33 kPa at 0.00–
0.05 and 0.05–0.15 m soil depth, respectively. Friability 
values in our study were like those found by these authors, 
ranging from 0.51 to 0.74 at 0.0–0.05 m and 0.53 to 0.77 at 
0.05–0.15 m soil depth. 
 
CONCLUSIONS 

Maize intercropped with forage grass improved soil 
structure and aggregation by increasing both aggregate 
stability and tensile strength. 

Aggregate stability was more sensitive in detecting 
the effects of an intercropping system than was tensile 
strength and soil friability. 

Maize intercropped with Urochloa ruziziensis 
improved soil aggregation to a greater extent than did 
those with other forage grasses. 

Soil structure at 0.10–0.20 m depth was the most 
affected by the intercropping system. 

Maize without intercropping was not a feasible crop 
option for the Cerrado region because of its high risks of 
soil structure degradation. 
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