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Abstract

Purpose A long-term no-till study was conducted to determine whether offseason intercropping systems with maize as the
cash crop increase crop straw inputs and the yield of soybean as the main crop and alter soil P dynamics compared with
monocropped offseason maize. Methods The experiment was conducted between 2019 and 2021 in a randomized complete
block design with four replications and four cropping systems in the offseason (fall-winter): maize alone; maize + palisade
grass (U. brizantha); maize +sunn hemp (C. spectabilis); and maize+ palisade grass+sunn hemp. Leaf P content, crop
straw, and soybean and maize yields were analyzed, and chemical P fractionation was performed at soil depths of 0-0.05,
0.05-0.1, and 0.1-0.2 m. Results The intercropping systems affected the labile and moderately labile P pools at a depth
of 0-0.05 m. On average, the intercropping systems decreased soil inorganic P (Pi) extracted by anion exchange resin
(Pipgr) by 26% compared with monocropped maize. In addition, the intercropping systems increased moderately labile
organic P (Po) while simultaneously reducing the Pi pool. Intercropping palisade grass and/or sunn hemp with maize
increased the depletion of labile and moderately labile Pi pools due to higher plant P demand driven by plant biomass.
On the other hand, higher root exudates and root detritus enhanced the accumulation of moderately labile organic P under
highly weathered soils. Intercropping palisade grass enhanced the yield of the main crop, i.e., soybean, but limited maize
yield, presumably by creating an insufficient N supply for maize.
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1 Introduction

The main sources of phosphorus (P) for fertilizer production
are finite and non-renewable (Ashley et al. 2011), which
is a growing concern for crop and food security (Chowd-
hury et al. 2017). In weathered tropical soils, P is the most
limiting nutrient for crop production and cropping system
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sustainability (Pavinato et al. 2020). Forest conversion to
cropland mineralizes organic P (Po) species, which are read-
sorbed in non-labile forms, reducing P cycling in the system
(Rigon et al. 2024). Hence, improving P use in cropping
systems in tropical regions is essential.

Soil P cycling varies according to the crop species and
its straw production (Tiecher et al. 2015). One strategy for
enhancing soil P use efficiency (PUE) is to add cover crops
in rotation under no-tillage (NT) (Rodrigues et al. 2021;
Soltangheisi et al. 2018, 2019). Cover crop species vary in
their ability to acquire less labile soil P pools (Hallama et al.
2019; Tiecher et al. 2012). The release of P from crop straw
under NT management depends on the forms of P accumu-
lated in plant tissues (de Oliveira et al. 2017) and on straw
quality, such as nitrogen (N) content, carbon: nitrogen (C:
N) ratio, lignin: N ratio, and cellulose and hemicellulose
contents (Rigon et al. 2022). In general, legumes promote
the efficient utilization of P from the soil/fertilizer in acidic
soils (Hedley et al. 1995), whereas grasses can explore
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deeper soil layers and recycle more P in the whole system
(Almeida and Rosolem 2016). As a result, some cereal/
legume intercropping systems may substantially alter soil
P availability over time (Tang et al. 2021; Teles et al. 2017;
Tiecher et al. 2015).

The positive effects of intercropping on resource use effi-
ciency in agroecosystems (Tang et al. 2021) are driven by
two main processes: (i) resource partitioning between crops,
which reduces crop competition (Fridley 2001), and (ii)
positive interactions that alter the environment and enhance
resource availability (Callaway 2007). These processes vary
depending on differences in rooting pattern or depth inter-
actions between species or differences in P demand during
plant growth (Hinsinger et al. 2011; Yu et al. 2015).

Soil organic C cycling controls biological P availability
(Rheinheimer et al. 2019). Because soil microorganisms are
dependent on crop inputs, soil management practices and
C inputs might enhance biological activity and improve
soil P and Po availability (Cherubin et al. 2016; Frasier et
al., 2022; Rigon et al. 2022). There is conflicting evidence
on the relationships of Po with microbial biomass and soil
organic matter (Cherubin 2016). Changes in crop P uptake
and P return to soil affect the diversity of P species along
the soil profile (Ferrarini et al. 2021). Consequently, soil
P dynamics are expected to vary among crop rotation sys-
tems comprising different species alone and/or intercropped
under long-term NT. In this study, we hypothesized that (i)
soil P lability is influenced by intercropping systems and (ii)
intercropping maize with palisade grass or sunn hemp in the
offseason increases the soil Po pool. To test these hypoth-
eses, we assessed differences in soil P dynamics between
offseason intercropping systems under long-term NT.
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Fig. 1 Average monthly maximum (red line, °C), minimum (blue line,
°C), and medium temperatures (black line, °C) and monthly rainfall
(blue bars; mm) at the weather station located at Botucatu, Brazil
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2 Materials and methods
2.1 Site Characteristics

The experiment was initiated in 2006 at the Lageado experi-
mental farm in Botucatu, Sao Paulo State, Brazil (48° 23’
W, 22° 51° S, 765 m above sea level). The soil is a clayey
Rhodic Hapludox (Soil Survey Staff 2014). The climate is
highland tropical with dry winters and wet rainy summers
(Fig. 1). At the time of the establishment of the experiment
in 2006, the chemical properties of the soil in the 0-0.2 m
layer as analyzed according to Raij et al. (2001) were as
follows: soil organic matter=18 g dm™3; pH=4.2 (1:2.5
50il:0.01 mol L~! CaCl, suspension); P resin=4 mg dm~?;
exchangeable K=0.8 mmol, dm~>, Ca=12 mmol, dm~3,
Mg=6 mmol, dm~?; total acidity at pH 7.0 (H+Al)=54
mmol, dm™%; and base saturation=24%.

2.2 Experimental Design

The experiment was arranged as a randomized complete
block design with four replications and four different crop-
ping systems cultivated from 2007 to 2017. In any given
year, the summer crop was the same in all treatments, but
the crop choices in the offseason/winter season differed,
as shown in Table 1. The summer grain crop choices were
chosen based on the major crops cultivated in the Cerrado
region.

In November 2018, soybean was sown in the total area. In
March 2019, the cropping systems, i.e., the treatments, were
updated to enhance the intensity of agricultural management
and match the current scenario of cropping systems in Brazil.
From 2018 to 2022, the offseason crops in the crop systems
were as follows: (I) monocrop maize; (II) maize + palisade
grass (U. brizantha); (III) maize +sunn hemp (C. spectabi-
lis); and (IV) maize + palisade grass+ sunn hemp. Soybean
was cropped as the main crop in the summer during this
period. A graphical scheme of the treatments is shown in
Fig. 2.

All cropping systems were managed under NT. Each plot
had an area of 54 m? (5.4 m x 10 m). One row on each side
of the plot and one meter at both edges were considered buf-
fer zones and were not sampled.

Over the first 11 years of the field experiment, the
soil was amended with calcium and magnesium silicate
(S810,=220 g kg~ 1 to increase the base saturation (BS) to
70%. The amendments were applied mechanically to the
soil surface in October 2006 (before sowing the first crop),
2011, 2015, and 2018 (before sowing the summer crop)
based on the results of BS determination (van Raij et al.
1997). Adequate rates of NPK fertilizers were applied to
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Table 1 Cropping rotations since 2007 in the offseason (fall-winter) and growing season (summer season)

Year Season offseason Season offseason Season offseason Season offseason
crop system | crop system II crop system III crop system IV
2006/07 Soybean Fallow Soybean Ruzigrass Soybean Pearl millet Soybean Oat
2007/08 Maize Fallow Maize Ruzigrass Maize Pigeon pea Maize Bean
2008/09 Rice Fallow Rice Ruzigrass Rice Sunn hemp Rice Castor bean
2009/10 Soybean Fallow Soybean Ruzigrass Soybean Pearl millet Soybean Sorghum
2010/11 Maize Fallow Maize Ruzigrass Maize Maize Crambe
2011/12 Bean Fallow Bean Pg Bean Pearl millet Bean Wheat
2012/13 Rice Fallow Rice Pg Rice Sunn hemp Rice Wheat
2013/14 Soybean Fallow Soybean Pg Soybean Fallow Soybean Fallow
2014/15 Maize Fallow Maize Pg Maize Oat Maize Triticale
2015/16 Bean Fallow Bean Pg Bean Pearl millet Bean Wheat
2016/17 Rice Fallow Rice Fallow Rice Fallow Rice Fallow
2017/18 Fallow Fallow Fallow Fallow Fallow Fallow Fallow Fallow
2018/19 Soybean Maize Soybean Maize + Pg Soybean Maize + Sh Soybean Maize +Pg+Sh
2019/20 Soybean Maize Soybean Maize + Pg Soybean Maize + Sh Soybean Maize +Pg+Sh
2020/21 Soybean Maize Soybean Maize + Pg Soybean Maize + Sh Soybean Maize+Pg+Sh
2021/22 Soybean Maize Soybean Maize + Pg Soybean Maize + Sh Soybean Maize+Pg+ Sh
Pg, palisade grass; Sh, sunn hemp
Fig.2 Schematic representation Fallow Summer crop = =3 Monocrop maize Soybean
of the.study timeline showing the 1 g@k $ )
cropping systems g _éf?‘ )
Crop system | i ‘- %\z 3 -%%:w.
o SR A,
Forage crop  Summer crop

Crop system Il

Cover crop ~ Summer crop

Crop system Il

Second crop  Summer crop

Crop system IV

2007 - 2017

the summer crops according to the results of soil chemical
analyses and crop recommendations.

2.3 Planting and Harvesting

At the time of installation of the experiment in 2018, the
chemical properties of the soil in the 0-0.2 m layer as

;(.

x%‘%

Soybean

2018 - 2021

analyzed according to Raij et al. (2001) were as follows: soil
organic matter=27 g dm~>; pH=4.5 (1:2.5 s0il:0.01 mol
L~! CaCl, suspension); resin P=20 mg dm~>; exchange-
able K =3.30 mmolc dm~3, Ca=31 mmolc dm~3, Mg=21
mmolc dm~?; total acidity to pH 7.0 (H+Al)=42 mmolc
dm™3; base saturation=57%, CEC =98 mmol dm™>
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The experiment began in November 2018 with the sow-
ing of soybean (CD 2728 IPRO) in the total area after the
application of calcium and magnesium silicate. The soybean
was harvested in March 2019, and soybean cultivar TMG
7062 IPRO was planted on 12 November 2019 and 26 Octo-
ber 2020 and harvested on 15 March 2020 and 25 February
2021. Both soybean crops were fertilized at sowing with
20 kg ha™' N, 50 kg ha™! P,05 and 150 kg ha™! K,O. After
the soybean harvest, maize hybrid P3707 VYW was sown
on 17 March 2019 and 23 March 2020 and harvested on §
May 2019 and 6 May 2020. For both maize crops, 22 kg
ha=!N, 78 kg ha~! P,O5 and 45 kg ha™! K,O were supplied
in the maize sowing furrow. When the maize plants had
six fully expanded leaves, N fertilization was performed at
90 kg ha™! with ammonium sulfate. In system I, maize was
not intercropped, and the area was fallow during the offsea-
son. In system II, forage was sown simultaneously with the
maize grain harvest at 8 kg of seeds ha™!; the seeds were
mixed together with the fertilizer a few hours before sow-
ing. To sow the green fertilizer Crotalaria spectabilis in sys-
tem III, the third box of the seeder (additional box of seeds)
was used, and the seeds were sown at 17 kg ha™! simultane-
ously with maize. In system IV, i.e., the maize+ palisade
grass +sunn hemp triple intercropping system, sowing was
performed under the same conditions as for maize alone.
Palisade grass was mixed with the fertilizer and sown at
8 kg ha™!, and sunn hemp was sown at 17 kg ha™! using the
additional seed box.

2.4 Crop Analyses

To evaluate the contributions of the crop straw from the
cover crops intercropped with maize, samples of the crop
straw were collected at the time of desiccation before soy-
bean sowing, i.e. 25 days before soybean sowing. Three
subsamples were taken randomly from each subplot using a
wooden square (0.25x0.25 m). The collected material was
dried in a forced-air circulation oven at 65 °C until reaching
a constant weight and was used to analyze dry matter and
cumulative P content (Malavolta et al. 1997).

During the flowering periods of soybean and maize, leaf
P levels were determined following the methodology pro-
posed by Malavolta et al. (1997). For soybean, 30 samples

Table2 Crop straw input, phosphorus (P) content and cumulative input

Cropping Crop straw input P content cumulative P input
System (kg ha™") (gkg™) (kgha™h
Maize alone 5,930 ¢ - -
Maize +Pgt 12,404 b 192a 23.82a
Maize + Shi 7,170 ¢ 1.70 a 12.19b
Maize+Pg+Sh 14,476 a 1.03b 1491b
Cropping system p value
<0.01 <0.01 0.01

@ Springer

of the third trefoil completely expanded from the apex were
collected from each plot in the R2 stage. For maize, 30 sam-
ples of the leaf below and opposite the main ear were col-
lected at the beginning of flowering.

Maize and soybean were harvested mechanically with
a plot combine (NM Elite, Wintersteiger Seed Mech), and
the crop yields were adjusted to 13% moisture. The P levels
in the harvested maize and soybean grains (2019/2020 and
2020/2021 harvests) were analyzed according to the meth-
odology of Malavolta et al. (1997). Soybean and maize grain
P outputs were calculated by averaging the grain yields from
both seasons (2019/2020, and 2020/2021) and multiplying
the average grain yield by the P content.

2.5 Soil Analysis

Three soil subsamples were collected in October 2021 from
each experimental unit at depths of 0-0.05, 0.05-0.1, and
0.1-0.2 m, air dried, and sieved (2 mm). Chemical P frac-
tionation was performed according to Hedley et al. (1982) as
modified by Rheinheimer et al. (2000), i.e., the original son-
ication step was replaced with extraction with 0.5 M NaOH.
The soil P fractions were grouped into pools according to
their potential lability (Cross and Schlesinger 1995): labile
P (Pigry + PiNaHCO;+PoNaHCOj;), moderately labile P
(Pigpo.1 + PoHipg ; + Piycy), and non-labile P (PiHp, 5 +
PoHyp 5 + P residual), and the data for the organic and inor-
ganic pools were plotted in graphs.

2.6 Statistical Analysis

All statistical analyses were performed using SAS (Inc.
2009). All data were tested for normality with the Shapiro—
Wilk test in the UNIVARIATE procedure. Data were ana-
lyzed using the MIXED procedure (mixed linear model),
while the Satterthwaite approximation was used to deter-
mine denominator degrees of freedom to test fixed effects.
The cropping system was considered a fixed effect. Blocks
were treated as a random effect. The least significant dif-
ference (LSD) test was used to separate means through the
LSMEANS procedure at p <0.1.

3 Results
3.1 Crop Straw Inputs from Intercropping

The cumulative crop straw on the soil surface and the straw
P content differed significantly (p <0.1) depending on the
crop species intercropped with maize (Table 2). The average
crop straw on the soil surface was 10 Mg ha™'. Surprisingly,
intercropping sunn hemp with maize did not significantly
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Fig. 3 Yields of soybean as the main crop and maize as the offseason
crop as a function of cropping system in the 2019 and 2020 seasons.
*Means followed by different letters differ by the t test (p <0.1). The
capital letters correspond to the cumulative data

affect the crop straw input on the soil surface, whereas inter-
cropping palisade grass with maize increased the crop straw
input by an average of 144% compared with maize alone.
Intercropping both palisade grass and sunn hemp with maize
increased the crop straw input by 109% (p <0.1) compared
with intercropping only palisade grass with maize.

*Means followed by different letters differed by the t test
(P<0.1).

1Pg: palisade grass; £Sh: sunn hemp.

On average, the crop straw P content was approximately
75% higher (p<0.1) when maize was intercropped with
palisade grass or sunn hemp than when maize was inter-
cropped with both crops. Intercropping maize and palisade
grass resulted in a cumulative P input of 23.82 kg ha™!,
76% higher than the average of the other two intercropping
systems.

3.2 Grain and Leaf P Contents

The cropping systems influenced grain and leaf P contents
only in the maize crop grown in 2020 (Table 3). In this sea-
son, the leaf P content in maize intercropped with palisade
grass was 31% higher than the average of the other inter-
cropped systems. By contrast, the grain P content in maize
intercropped with sunn hemp was 30% higher than the aver-
age of the other cropping systems.

3.3 Soybean and Maize Yields

The average maize yield was ~4,800 kg ha~! in 2019 and
2020. As the main crop, the average soybean yield was
3.547 and 5.084 kg ha™! in the 2019/2020 and 2020/2021
seasons, respectively. The long-term cultivation system
significantly affected (p <0.1) maize yield in the 2019 and
2020 offseasons, soybean yield in the 2019/2020 season,
and the cumulative yields of both crops (Fig. 3).

In the 2019 and 2020 offseasons, maize yield was influ-
enced by cropping system. In both maize harvests, the grain
yield was highest when maize was intercropped with sunn
hemp; in this cropping system, grain production was 19%
and 53% higher than in the system with maize alone in 2019
and 2020, respectively. Compared with maize alone, inter-
cropping maize with palisade grass increased the cumula-
tive grain yield by 30%, and triple intercropping increased
the cumulative grain yield by 22%. However, compared
with the average of the other intercropped systems, triple
intercropping reduced the cumulative grain yield by 10%.

For soybean grown in succession to maize, the different
cropping systems influenced the grain yield in the 2019/2020
harvest and the cumulative grain yield. In the 2019/2020

@ Springer



Journal of Soil Science and Plant Nutrition

season, soybean grain yield was highest after maize inter-
cropped with palisade grass and maize intercropped with
sunn hemp; in these cropping systems, soybean grain yield
was 13% higher than in the system with maize alone and
15% higher than in the triple intercropping system. By con-
trast, the soybean grain yield in the 2020/2021 harvest did
not differ between cropping systems. Compared with the
system with maize alone, the cumulative soybean yield was
10% higher after maize intercropped with palisade grass.

3.4 Soil P Pools

The cropping systems affected most of the soil P fractions
in the labile and moderately labile pools at a soil depth of
0-0.05 m (Supplementary table). In the deeper soil layers,
the cropping systems only affected Poygpcos at 0.5-0.1 m
and Piypr and Piy,opo; at 0.1-0.2 m. On average, inter-
cropping maize with palisade grass and/or sunn hemp sig-
nificantly (p <0.1) decreased soil Piypr by 26% compared
with cropping maize alone. Interestingly, Piypg (» <0.1) and
Piyancos (p=0.21) decreased by 37% when maize was inter-
cropped with sunn hemp. Among the moderately labile frac-
tions, Piy,ono 1 decreased (p <0.1) by 25%, on average, at
a soil depth of 0-0.05 m when maize was intercropped, but
opposite trends were observed in deeper layers. Compared
with triple intercropping, cropping maize alone decreased
Pinaomo.1 by 35% and 25% at soil depths of 0.05-0.1 and

Fig.4 Soil P pools by (A) lability,  (A)
(B) labile organic and inorganic

[ Non-labile [ Moderately labile[ | Labile 150

0.1-0.2 m, respectively, but only the difference in the sur-
face layer was significant. At a soil depth of 0-0.05 m,
triple intercropping increased (p <0.1) ) Pon,omo by 22%
and 16% compared with intercropping maize with palisade
grass or sunn hemp, respectively, whereas Poy, o | did not
differ between maize intercropped with palisade grass or
sunn hemp. At this depth, Poy,opo ; Was significantly higher
when maize was intercropped with palisade grass or sunn
hemp than when maize cropped alone.

3.5 Soil P Lability

The total soil P content did not differ between the cropping
systems and averaged 936, 806, and 765 mg kg~! in the
0-0.05, 0.05-0.1, and 0.1-0.2 m soil layers, respectively.
In the surface soil layer, only 11.3% and 22.6% of the soil P
stocks were allocated in the labile and moderately labile P
pools, respectively (Fig. 4). As expected, the cropping sys-
tems impacted (p <0.1) soil P only in the upper soil layer
(0-0.05 m). Regardless of the cropping system, intercrop-
ping palisade grass or sunn hemp decreased (p<0.1) soil
labile and moderately labile P at a soil depth of 0-0.05 m
(Fig. 4A), driven mostly by decreases in the inorganic P
fractions (Fig. 4B). A similar trend was observed in the
inorganic non-labile pool (Fig. 4D) but was not significant
(»p=0.32). Overall, the effects of the cropping systems dif-
fered depending on P pool lability: intercropping increased
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(» <0.1) moderately labile Po but slightly reduced (p =0.12)
moderately labile Pi.

The contribution of soil labile P to P stocks was smaller in
deeper soil layers but was not affected by cropping system.
Intercropping maize with palisade grass reduced (<0.1)
the labile Po fraction by 58% at 0.05-0.1 m compared with
intercropping maize with sunn hemp (Fig. 5) and moder-
ately labile Pi by 30% at 0.1-0.2 m (Fig. 6) compared with
triple intercropping.

4 Discussion
4.1 Crop Straw Inputs from Intercropping

Intercropping systems are widely used to increase biomass
production in the offseason in weathered tropical soil, espe-
cially in regions with dry conditions (Crusciol et al. 2015).
Under NT, crop straw on the surface of tropical soils decom-
poses quickly, which increases the importance of enhancing
crop biomass production (Ferrari Neto et al. 2020; Lal 2002;
Rigon and Calonego 2020). Palisade grass has high biomass
production capacity (Almeida et al. 2020; Capstaff and
Miller 2018), and in this study, intercropping with palisade
grass greatly increased crop straw inputs compared with
intercropping with sunn hemp. However, the legume sunn
hemp produces high-quality crop straw (Rigon et al. 2021a),
and intercropping sunn hemp with maize may increase the

supply of N to intensive production systems through bio-
logical fixation by the legume itself or the release of nitrog-
enous compounds from the decomposition of the legume’s
nodules and roots. However, legumes have low C: N ratios,
which leads to rapid decomposition of their plant straw and
less persistent soil cover (Rigon et al. 2021b).

The technical considerations for designing an inter-
cropping system include competition for light, water and
nutrients between plants, which can harm not only the pro-
ductivity of the main crop but also the development of the
cover crop (MacLaren et al. 2023). Because maize is a tall
C4 crop with rapid initial growth, it is highly competitive
with C3 species such as sunn hemp. In the intercropping
systems evaluated in this work, straw accumulation was
lowest when maize was intercropped with sunn hemp and
similar to that in the system with maize alone. The lower
accumulation of plant straw in the sunn hemp intercrop-
ping system may reflect not only competition with maize
for natural resources but also the sensitivity of sunn hemp
to photoperiod. For example, late sowing in the autumn—
winter period advances sunn hemp flowering by a few days
compared with summer sowing (Dzvene et al. 2022). Inter-
estingly, a similar study found that intercropping maize with
sunn hemp or palisade grass increased straw production
without reducing maize grain yield compared with mono-
cropping maize (Souza et al. 2022). In the present study,
biomass production was highest in the triple intercropping
system, i.e., maize intercropped with both palisade grass
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and sunn hemp. Intercropping two or more species, particu-
larly with legume species, may improve soil structure and
fertility (Garland et al. 2017) because the biological fixation
of atmospheric N increases the N supply and consequently
favors biomass production by grasses.

Although P content was high in both sunn hemp and
palisade grass tissues, palisade grass had the highest cumu-
lative P contribution due to its higher biomass production.
Palisade grass has high P uptake efficiency, particularly in
P-restricted soils, and improves plant-available P in long-
term cultivation systems (Almeida et al. 2019, 2020). Our
results show that plant P acquisition strategies and uptake
capacities differ between cover crop species. By clearly
highlighting the differences in P inputs between crop spe-
cies intercropped with maize, this study provides a better
understanding of the potential nutrient-cycling capacity of
intercropping systems in tropical soils.

4.2 Grain and Leaf P Contents

In the 2019 season, maize leaf P content was within the
range proposed for maize in all cropping systems and did
not differ between cropping systems (Raij et al. 2001). By
contrast, the cropping systems affected maize leaf P con-
tent in the 2020 season, but the values were below the ideal
range for maize. The differences between seasons are likely
attributable to differences in climatic conditions.

@ Springer

In 2020, maize leaf P content was highest when maize
was intercropped with palisade grass and differed signifi-
cantly between this cropping system and the other systems.
This result is consistent with the high P accumulation and
biomass production in this intercropping system. P is a
component of protein modifications, and a portion of the
P in soluble compounds may become available to succes-
sive crops, impacting leaf P levels (Hedley et al. 1995). The
P-cycling efficiency of palisade grass is further confirmed
by the marked decrease in P export in maize grains in the
system with maize intercropped with palisade grass. We
assume that P export was lowest in this system because leaf
P content was highest. However, increases in P content in
maize grain are not always accompanied by corresponding
increases in P content in straw (Xia et al. 2019).

4.3 Soybean and Maize Yields

In southern Brazil, dry conditions are typical during the fall/
winter offseason (Cunningham 2020). In the 2019 season,
water deficits may have intensified the competition between
maize and palisade grass, as these crops are physiologically
similar (Friedman 2024). Split application of N can increase
the responses of both maize and forage grasses to N fertil-
ization (Crusciol et al. 2020). Grass—grass rotations without
N fertilization can promote significant N immobilization
due to competition between plants and microorganisms
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(Kuzyakov and Xu 2013), resulting in an insufficient N sup-
ply for maize intercropped with palisade grass. These effects
may explain the increased yield of maize intercropped with
sunn hemp; the introduction of this legume may have guar-
anteed a greater supply of N through biological fixation,
ensuring greater N acquisition by the grass (i.e., maize).

The cumulative soybean yield was higher after maize
intercropped with palisade grass than after monocropped
maize, although soybean yield did not differ between the
intercropping systems. Higher biomass production and P
accumulation in straw were expected in the intercropping
systems because intercropping mutually improves crop P
nutrition for all crops (Duchene et al. 2017). According to
Yang et al. (2022), the crops in intercropping systems dif-
fer in their preferences for soil P pool composition, P bio-
availability, and P uptake. These differences lead to resource
partitioning of soil P (Turner and Lambert 2008). The con-
trasting effects of the cropping systems on the yields of
the offseason and main crops highlight the importance of
a holistic approach to cropping systems that does not focus
solely on a specific crop.

4.4 Soil P Pools

Long-term cropping with annual P fertilization (50 kg P
ha™') under NT in the weathered tropical soils of the Cer-
rado intensifies P stratification in topsoil, offsets the high P
immobilization potential (Withers et al. 2018), and ensures
adequate soil available P (P,pr averaged at a soil depth of
0-0.1 m) for main crops (Raij, B. et al. 2001; Souza et al.
2004). The soil P pools at the soil surface (0-0.05 m soil
depth) in this study confirmed the high soil P immobiliza-
tion in the upper layers and the lack of downward move-
ment (Soltangheisi et al. 2018). Compared with maize alone,
the intercropping systems depleted P, at a soil depth of
0-0.05 m, which is attributable to higher crop uptake of P
from fertilizer and temporary accumulation in crop tissues,
as confirmed by the crop straw inputs (Table 2). Increasing
P uptake reduces the availability of soil P forms (Rigon et al.
2022; Rodrigues et al. 2021). Hence, higher soil P availabil-
ity is associated with lower biomass production, as observed
in the straw input in the monocropped maize system. The
intercropping systems also depleted Piy,cos, indicating the
transformation of relatively labile Po into Pi (Almeida and
Rosolem 2016; Rodrigues et al. 2021). These results suggest
that the intercropping systems increased Pi immobilization
to aid straw decomposition, as confirmed by the low labile
Po (Rodrigues et al. 2016). Crop straw mineralization under
NT occurs via transient microbial immobilization, which
prevents rapid Pi adsorption (Martinazzo et al. 2007), an
important process in Oxisols.

Confirming our hypothesis, Po y,om 0.1 Was highest and
Pi \a0m 0.1 Was lowest when maize was intercropped with
palisade grass or sunn hemp. Maize leaf P content was also
highest in these two systems, demonstrating the influence of
P availability on P uptake. The accumulation of moderately
labile Po could be attributed to microbial immobilization
and the accumulation of root residues in Al and Fe oxides
present in highly weathered soils. Greater P immobilization
in microbial biomass is expected in weathered soils (Wait-
haisong et al. 2022). Organic acids exuded from the roots of
companion crops can promote the solubility of poorly labile
P forms (Pavinato et al. 2008). Intercropping perennial
grasses improves the Po pool by increasing root develop-
ment and the production of organic acid exudates (Almeida
et al. 2020; Almeida and Rosolem 2016). Organic acids
compete with P for adsorption sites on soil surfaces, reduc-
ing P adsorption (Sims et al. 2005). The addition of legumes
to rotation systems also affects the soil Po pool (Rigon et al.
2022). Consistent with the effects of intercropping maize
with sunn hemp in this study, cereal-legume intercropping
systems (Yang et al. 2022) promote P uptake by the inter-
cropped P-inefficient crop (Li et al. 2004; Yang et al. 2022).
Our results confirm that crop species impact soil P cycling,
P use efficiency, and organic P pools in cropping systems
(Hallama et al. 2019; Rigon et al. 2022, 2024; Soltangheisi
et al. 2018; Teles et al. 2017).

A low contribution of Ca-precipitated P (Py;) to total
soil P was expected because this P pool is more important
in temperate soils (Jin et al. 2021). P, q,.» Which has been
reported to function as a P input sink (Deiss et al. 2016;
Rigon et al. 2022; Rodrigues et al. 2021; Soltangheisi et al.
2018), accounted for almost half of the soil P stocks but was
not affected by the cropping systems. Similarly, the cropping
systems did not affect recalcitrant Pi and Poy,qyy 5 pools.

4.5 Soil P Lability

Our results show that long-term cropping systems can
effectively change soil P lability, mainly at a soil depth of
0-0.05 m, thus partially confirming our hypothesis. We
anticipated that after 14 years, the cropping systems under
NT would substantially increase the labile P pool at the soil
surface (~ 11%). This expectation was based on the ability of
crop straw on the soil surface to reduce P fixation and stim-
ulate P cycling and crop uptake. Presumably, these effects
are restricted to the soil surface (Rigon et al. 2022, 2024,
Soltangheisi et al. 2018; Tiecher et al. 2017) and are smaller
or absent in deeper layers (Rodrigues et al. 2021; Soltang-
heisi et al. 2018; Teles et al. 2017). Tropical weathered soils,
which are dominated by kaolinite, gibbsite, and hematite
(Rigon et al. 2022), have high P adsorption (Schaefer et al.
2008), and most of the P added by fertilization accumulates
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in moderately labile and non-labile forms (Rodrigues et al.
2016; Withers et al. 2018), as observed in our study. It is
possible to infer that the effects of P fertilization under NT
and crop straw from intercropping systems are limited to the
upper soil layers (Teles et al. 2017).

The higher crop straw inputs from the intercropping
systems compared to maize alone explain the temporary P
accumulation in tissues and the reduced labile Pi (Rodrigues
etal. 2021), which had cascading effects on the labile P pool.
In weathered tropical soils, soil P lability depends more on
biologically mediated Po turnover processes than on Pi
adsorption (Oberson et al. 2001). The organic pool is second
only to mineralization as an important source of P for crops
in these soils (Vincent et al. 2010), and growing crops in the
fall-winter season under NT enhances the importance of the
organic pool for P cycling (Rigon et al. 2022; Tiecher et al.
2012). Urochloa grasses, particularly palisade grass, may
increase moderately labile Po (Almeida et al. 2019, 2020;
Almeida and Rosolem 2016). Under low-P conditions, the
roots of Urochloa species exude organic acids, which may
affect agronomic PUE. These processes help explain the
effects of the intercropping systems, particularly the effects
of intercropping maize with palisade grass, on the moder-
ately labile Po fraction. In addition, our results confirm that
intensive cropping systems under NT stimulate microbial
Po cycling to enhance the biological P pool (Cherubin et
al. 2016). The Po pool plays an essential role in soil P bio-
availability because it is less susceptible to soil adsorption
in tropical soils (Damodar Reddy et al. 2000; Pavinato et
al. 2017; Shears and Turner 2007). Although organic P has
received little attention, it is essential for P availability to
plants in the rhizosphere (Zhang et al. 2023).

Clay minerals strongly adsorb non-labile P fractions
with low reversibility; consequently, the cropping systems
did not impact this soil P pool. The contribution of the non-
labile P pool to the total soil P in tropical weathered soils is
greater than those of the labile and moderately labile P pools
(Pavinato et al. 2009; Rigon et al. 2022; Rodrigues et al.
2016, 2021; Soltangheisi et al. 2020; Teles et al. 2017). The
contribution of this inaccessible pool to soil P in the surface
soil layers despite long-term NT demonstrates the ability of
soil management strategies to increase the efficiency and
sustainability of cropping systems in tropical soils.

5 Conclusion

The differences in crop straw inputs between crop species
intercropped with maize in the offseason under long-term
NT affected soil P pools and P lability, but these effects
were limited to the soil surface. By contrast, the high soil P
immobilization capacity of weathered tropical soils did not
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permit changes in soil P stocks and the non-labile P pool.
Intercropping palisade grass and/or sunn hemp with maize
increased the depletion of labile and moderately labile Pi
pools due to higher plant P demand driven by plant biomass.
On the other hand, higher root exudates and root detritus
enhanced the accumulation of moderately labile organic P
under highly weathered soils of Brazil where the concentra-
tions of Al and Fe oxides are high. The intercropping treat-
ments had opposing effects on crop yields: palisade grass
enhanced the yield of the main crop, soybean, but limited
maize yield, suggesting that intercropped maize requires a
higher N supply.
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