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ABSTRACT. Sunflower growth is adversely impacted by both excess and insufficient water. Research on
root growth in this crop under water stress conditions remains limited and does not fully elucidate the
plant's response to varying soil and climatic conditions. This study aimed to determine root growth, depth,
and distribution of sunflower plants under different water stress conditions, such as deficit or excess, in
two soil classes and sown during two distinct periods. Experiments were conducted after sowing at the
beginning of September (first crop season) and at the beginning of January (second crop season) in an Ultisol
(Santa Maria, Rio Grande do Sul State, Brazil) and an Oxisol (Panambi, Rio Grande do Sul State, Brazil).
Water condition treatments applied from stage V6 included control, water deficit, and water excess. Roots
were collected using an auger drill during the first crop season. The variables analyzed comprised root
length density and accumulated root within the soil profile. During the second crop season, sunflower roots
were visually assessed in the soil profile after trench excavation. Root system depth and root dry mass were
evaluated during both sowing periods. Results indicated that sunflower root penetration is deeper in Ultisol
than in Oxisol. Water deficit promotes root depth, while water excess promotes root growth near the
surface. Sowing during the first crop season results in deeper root penetration and higher root dry mass
production compared to the second crop season.
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Introduction

Sunflower is an oilseed crop grown globally for its use in edible oil production, the pharmaceutical
industry, animal feed, and biodiesel production. Although not among the most popular crops in Brazil, where
annual grasses and leguminous crops dominate, sunflower serves as an alternative for crop rotation systems.
Water stress and diseases are the primary factors contributing to yield reduction in this crop (Loose, Heldwein,
Silva, & Bortoluzzi, 2019; Brand et al., 2020), with a national average yield of approximately 1,143 kg ha!
(Companhia Nacional de Abastecimento [CONAB], 2022). Such a stress leads to morphophysiological changes
in cultivated plants as they adapt to new conditions (Loose et al., 2019; Ni et al. 2019; Masalia, Temme,
Torralba, & Burke, 2018). This adaptive capability is called phenotypic plasticity and allows plants to respond
to environmental fluctuations (Sadras, Hall, Trapani, & Vilella, 1989).

Water is vital for plant physiological processes such as photosynthesis, nutrient and metabolite transport,
heat dissipation, and turgidity maintenance. Consequently, water deficit is a primary limitation to plant
biomass production (Taiz, Zeiger, Mgller, & Murph, 2017). Among plant responses to this stress, root
deepening is a general way to overcome it (Sharp et al., 2004; Masalia et al., 2018), as plants can access deeper
soil layers with higher water availability.

The primary roots of many plant species can penetrate soil even under water potential values lower than
-1.5 MPa, while shoot and secondary root growth are suppressed earlier (Sharp et al., 2004). Kage, Kochler,
and Stiitzel (2004) argued that additional energy is required to deepen the root system at the expense of shoot
growth. Therefore, the later the onset of water deficit occurs before anthesis, the lower the plant’s capacity
to morphologically adapt to such a condition (Asseng, Ritchie, Smucker, & Robertson, 1998).
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Conversely, during water excess, seminal root growth can halt within hours after soil waterlogging, leading
to root senescence in sunflower crops (Grassini, Indaco, Pereira, Hall, & Trapani, 2007; Loose et al., 2017).
Hence, plants begin producing adventitious and secondary roots near the soil surface. This capacity to
generate new roots to replace suffocated ones is a plant response developed to tolerate water excess (Loose
etal., 2017).

These above-mentioned responses are driven by plant hormones. Cytokinins promote primary root
penetration, while auxins enhance secondary root growth (Aloni, Aloni, Langhans, & Ullrich, 2006). Abscisic
acid may inhibit secondary root growth (Xiong, Wang, Mao, & Koczan, 2006), and ethylene gas encourages
the formation of adventitious and secondary roots and participates in the senescence of suffocated root
tissues (Acharya & Assmann, 2009).

Both stress types reduce biomass accumulation in sunflower plants, alter the shoot/root ratio, and
decrease leaf area and shoot growth under water deficit (Soares et al., 2019; Kage et al., 2004) or water excess
conditions (Paul et al., 2021). Thus, understanding plant responses to these conditions is crucial to mitigate
losses caused by water stress.

Roots are the first organs affected by extreme water conditions, and studies evaluating sunflower root
growth under field conditions remain scarce. Connor and Sadras (1992) asserted that sunflower roots can
penetrate deeper into the soil than other crops, such as maize, soybean, and sorghum, reaching soil depths of
up to 2.0 m. Rauf and Sadaqgat (2007) reported root depth values of up to 1.8 m for a sunflower cultivar.
However, these studies were conducted in soils with low clay content from Mediterranean regions.

Rigorous scientific investigation is essential for assessing the growth, penetration, and distribution of
sunflower roots in response to stress caused by water deficit and excess, particularly when plants are grown
in soils with high clay contents. Therefore, this study aimed to evaluate the root growth, penetration, and
distribution of sunflower plants cultivated under stress conditions induced by water deficit or excess in an
Ultisol and an Oxisol in the state of Rio Grande do Sul, Brazil.

Material and methods

The experiments were conducted in the experimental area of the Plant Science Department of the Federal
University of Santa Maria (UFSM), located in the municipality of Santa Maria, Central Depression Region of
Rio Grande do Sul (RS) State, Brazil - (latitude 29°43'23" S, longitude 53°43'15" W, and elevation of 95 m); and
in the municipality of Panambi, Middle Plateau Region of Rio Grande do Sul State, Brazil - (latitude 28°16'02"
S, longitude 53°34'43" W, and elevation of 419 m) (Figure 1). The climate in both regions is classified as Cfa,
according to Koppen's classification, characterized as humid subtropical without a defined dry season and
with hot summers (Alvares, Stape, Sentelhas, Goncalves, & Sparovek, 2013). The soil in the experimental area
of Santa Maria is an Ultisol with sandy texture in the first 0.50 m, with a textural B horizon below this level.
The soil in the Panambi experimental area is an Oxisol with a highly clayey B horizon.
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Figure 1. Map of the Rio Grande do Sul State (RS). Solid circles represent the locations of experimental areas. The inset map
shows the location of RS within Brazil.
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The experimental areas underwent soil correction in the previous autumn through NPK fertilization and
liming. NPK was incorporated into the first 40 cm of the soil profile via subsoiling and light harrowing, along
with simultaneous white oat sowing. Sunflower sowing during the first crop season was carried out after the
desiccation of the oat crop, using the early sunflower hybrid Helio 250, which is recommended for the entire
Brazilian territory. Fertilization with 300 kg ha! of NPK (5-20-20) and 30 kg ha! of Borax was conducted at
sowing, and 220 kg ha™! of urea was applied as topdressing at the phenological stage V10 (Schneiter & Miller,
1981), following the soil chemical analysis.

Sunflower seeds were directly sown into planting rows spaced 0.5 m apart. After thinning, the distance between
plants in the rows reached 0.45 m, resulting in a total population of 44,444 plants ha™!. This spacing was established
to optimize plant arrangement in the area, facilitating root collection and minimizing damage to the roots of
neighboring plants. Plant sampling was conducted in their respective plots, each covering 22 m2.

The experiment was conducted at two locations, with two sowing dates, and under three soil water
condition treatments. Sowing took place at the beginning of September (first crop season) and at the
beginning of January (second crop season) in both soils (Ultisol and Oxisol). The water condition treatments
included water deficit, water excess (rainfall plus irrigation above the maximum crop evapotranspiration
(ETc) to reach saturation), and a control treatment (rainfall and irrigation equal to the ETc). A randomized
block design was employed with four replications, resulting in a tri-factorial experiment (3 x 2 x 2). Factors
referred to three soil water conditions, two sowing times, and two edaphoclimatic conditions.

Soil water conditions comprised the following treatments: control, in which optimal water availability
conditions were provided to the plants to avoid water excess or deficit, maintaining water storage between 75
and 100% of the available water holding capacity (WHC); water deficit, with irrigation below crop
requirements, maintaining water storage between 40 and 60% of WHC; and water excess, characterized by
excess irrigation, maintaining water storage above 90% of WHC, where irrigation continued until soil
saturation (167 mm in the Ultisol, and 144 mm in the Oxisol). Accordingly, each time the treatments reached
the lower storage limit (40%, 75%, and 90%), the soil was irrigated until the upper storage limit (60%, 100%,
and the saturation point). These water level conditions were based on the results recorded for the maize crop
(Bergonci, Bergamaschi, Santos, Franca, & Radin, 2001). The treatments were applied from stage V6 onwards.

Cumulative thermal time was determined using three cardinal temperatures, considering the base
temperature for the sunflower crop (4.2°C) (Sentelhas, Nogueira, Pedro Jinior, & Santos, 1994) as well as the
optimum temperature (27°C) and the upper base temperature (34°C) (Maldaner et al., 2018).

The daily sequential water balance (Pereira, 2005) was adopted to determine soil moisture and the timing
and amount of irrigation. An initial WHC (WHCin) was set at 0.10 m depth, along with a final WHC (WHCf) at
0.60 m depth. The WHC was calculated daily according to the thermal time and the equation proposed by
Dourado-Neto, Garcia y Garcia, Fancelli, Frizzone, and Reichardt (1999), as follows:

- s F
WHCn = WWCy, + (F0) {1 — cos [(n@).%) ]} (1)

wherein: TT, is the cumulative thermal time until the day ‘n,” in °C day™'; TT is the cumulative thermal time
required to reach WHCI, in °C day!; F is the exponential coefficient, which is 0.80 for sunflower; WHCin is
the initial water holding capacity at 0.10 m depth, in mm; WHCf is the final water holding capacity at 0.60 m
depth, in mm; and WHCn is the water holding capacity on day ‘n,” in mm.

Reference evapotranspiration (ETo) was calculated using the Penman-Monteith method by adjusting the
rate of solar radiation for longwave radiation as proposed by Righi, Heldwein, Maldaner, Lucas, and Stiiker
(2015). The crop coefficient (Kc) values recommended by FAO for the sunflower crop were used to calculate
crop evapotranspiration (ETc) (Allen, Pereira, Raes, & Smith, 1998).

Meteorological data were collected by automatic weather stations belonging to INMET, which are in the
municipalities of Santa Maria (60 m from the experimental area) and Cruz Alta (the nearest station to the
Panambi experimental area: 45 km). Rainfall data were collected in the experimental areas using rain gauges.

The area designated for water deficit treatment was enclosed by a wooden structure similar to a Quonset-
type greenhouse. To prevent soil moisture levels from rising above 60% WHC, the structure was covered with
a low-density polyethylene film (LDPE) prior to each rain event. The film was then removed after the rain had
stopped. To improve drainage and reduce the risk of water entering the system through subsurface lateral
flow, trenches (0.3 m deep) were dug around the area. For irrigation, dripping tubes were installed between
the planting rows.
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At both locations and sowing times, root depth and dry mass were determined at stage R6. Additionally,
during the first crop season, root distribution in the soil profile was assessed using the auger method
employed by Kage et al. (2004) and Pivetta, Castoldi, Santos, and Rosolem (2011). We collected roots and soil
samples at 0.0, 0.12, and 0.24 m distances from the reference plant (with a row distance of 0.50 m), and
sampled soil layers every 0.1 m depth until no more roots were found. The roots were separated from the soil using
a sieve, and the root length was measured to determine the root length density (RLD). We also determined the root
percentage in the different soil layers by assessing the accumulated root variable in depth.

Throughout the second crop season, we visually assessed the root system and measured its depth by
opening trenches and sampling four plants per treatment, following the procedure described by Bohm (1979).
This was done at stage R6, during the plants' anthesis. The results were analyzed by variance analysis and
means compared using Tukey’s test (p < 0.05).

Results and discussion

The root dry mass at stage R6 did not show a significant interaction or difference between the two edaphoclimatic
conditions, but it did exhibit a significant difference between water condition treatments and sowing times (Table 1).
Plants grown under the control treatment had the highest values of root dry mass, while those treated with excess
water showed a significant decrease. The plants under water deficit had the lowest values of root dry mass.

Root dry mass was higher in the first than in the second season, showing an overall 23% reduction. These
results suggest that water deficit conditions lead to significant root biomass reduction compared to the
control treatment. Kuster, Arend, Giinthardt-Goerg, and Schulin (2013) stated that this is a plausible result
since water deficit promotes primary root penetration and drastically reduces secondary root formation.
Soares et al. (2019) also observed this reduction in root biomass in sunflower plants grown under water deficit
conditions, which was intensified by weed competition.

Table 1. Root dry mass and depth at stage R6 of sunflower plants grown in the first (sown on September 6 and 7) and second
(sown on January 6 and 7) crop seasons in Ultisol (Santa Maria/RS) and Oxisol (Panambi/RS) soils under control (Cont.), water
excess (Exc.), and water deficit (Def.) treatments.

Root Dry Mass (g m%) **Root Depth (cm)
First Crop Season
Water Cond. Mean Water Cond. ULt Oxi. Mean
*Cont. 112.07 a Cont. 89.0a 69.5b
Exc. 88.27b Exc. 70.5b 41.0c 76.1a
Def. 61.08 ¢ Def. 98.2 a 88.4a
Season Mean Water Cond. Second Crop Season
Ult. Oxi. Mean
First Crop Season 100.1a Cont. 55.0a 55.0a
Second Crop Season 76.6 b Exc. 47.5a 32.5b 53.8b
- - Def. 75.0b 57.5a
Mean 87.2 Mean 72.5A 57.3B
CV (%) 29.0 CV (%) 11.5

*Means followed by the same letter do not differ from each other in the column (lowercase letter) and in the row (uppercase letter) by Tukey’s test (p <
0.05). ** Significant interaction between the three factors. Treatments: control (soil moisture between 75% and 100% WHC); water excess (soil moisture
between 90% WHC and the determined irrigation point); water deficit (soil moisture between 40% and 60% WHC).

Differences in root dry mass between sowing times can be attributed to lower plant growth during the
second crop season. At the start of this second season, high atmospheric water demands may have led to
stress conditions earlier than in the first season, reducing CO2 assimilation and stomatal conductance
(Ghobadi, Taherabadi, Ghobadi, Mohammadi, & Jalali-Honarmand, 2013). Added to that, higher temperatures
at that season may have increased cell respiration and carbohydrate waste in the Krebs cycle, decreasing net
photosynthesis and root biomass (Taiz et al., 2017), which may have affected root depth.

Root depth varied across different sowing times, soil classes, and water condition treatments (Table 1),
with a significant interaction between the three factors. During the first crop season, plants exhibited 30%
deeper root penetration than during the second season. Mean root penetration depth reached 72.5 cm in the
Ultisol and 57.3 cm in the Oxisol. Plants grown under water deficit showed deeper root penetration, although
no significant difference was observed between the control in Ultisol and Oxisol during the first and second
crop season, respectively. Rauf and Sadaqat (2007) also recorded deeper sunflower root penetration under
water deficit conditions.
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In contrast, plants grown under water excess exhibited less root penetration in both soils and sowing
times. According to Grassini et al. (2007) and Yasumoto, Terakado, Matsuzaki, and Okada (2011), water excess
limits sunflower root penetration, with horizontal growth prevailing close to the soil surface.

Root penetration was deeper in the Ultisol than in the Oxisol, which can be attributed to the fact that sandy
soils, like the Ultisol, offer less resistance to root growth than clayey soils, like the Oxisol, especially under
water deficit (Rosolem, Fernandez, Andreotti, & Crusciol, 1999). The sandy texture in the first 0.50 m depth
of the Ultisol results in an early water deficit that may stimulate root growth (D’angria, Chiaranda, Magliulo,
& Mori, 1995). Furthermore, sandy soils have more macropores, which are natural pathways for root growth
(Torres & Saraiva, 1999). Under water deficit conditions, resistance to root penetration increases, therefore,
plants grown in Ultisol show deeper root penetration than those grown in Oxisol. This result was also observed
in maize, which exhibited lower resistance to root penetration in sandy soils (Rosolem et al., 1999), as well as
in the same soil type with varying degrees of compaction (Stone & Silveira, 1999; Cardoso et al., 2006).

Our findings demonstrate that sunflower roots grow differently in the two soil types; however, roots
depths were not as deep as those found in sandy soils, where roots can penetrate depths of 1.0 to 2.0 meters
(Connor & Sadras, 1992; Rauf & Sadaqat, 2007). Therefore, sunflower roots can penetrate deep into the soil
but are influenced by the type of soil. Such finding has a direct impact on the water holding capacity of a plant
species for calculating soil water balance. Thus, the maximum depth of root penetration should be determined
for each soil type and water condition to establish accurate water balance parameters.

Sunflower root distribution varied with soil water availability during crop development. Figures 2 and 3
depict the root length density (RLD) and accumulated root variable (ARV) in the Ultisol and Oxisol soils,
respectively. Regardless of the water condition, most roots were found at a depth of 1.10 m, as this layer of
soil is more fertile than deeper layers. A study by Sadras et al. (1989) found that 90% of sunflower roots were
located at a depth of 0.20 m. Similarly, in soybean crops, most of the root number and mass, or root volume,
are found in the surface layer at depths of 0.15 to 0.20 m (Torres & Saraiva, 1999; Cardoso et al., 2006).

In the Ultisol, the accumulated root variable had lower values at a depth of 0.10 m in the three development
stages under water deficit conditions (Figure 2A, 2B, and 2C), indicating improved root distribution in deeper
layers. Conversely, higher values were observed under water excess in the same soil layer, indicating a less
favorable distribution in deeper layers (Figure 2G, H, and I). The control treatment exhibited an intermediate
distribution, with significant root penetration and lateral distribution (Figure 2D, E, and F).
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Figure 2. Horizontal and vertical distribution of sunflower roots under different water conditions at stages V10 (A, D, and G), R2 (B, E,
and H), and R6 (C, F, and I). Horizontal distances evaluated in relation to plant position are 0.00, 0.12, and 0.24 m. Vertical distribution is shown
through the accumulated root variable (ARV). The experiment was conducted in an Ultisol (Santa Maria/RS) and sown on September 6, 2013.
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Root length density varied from 4.0 to 0.5 cm c¢cm™ from the 0.0-0.10 to 0.10-0.20 m depth layers,
respectively. For Connor and Sadras (1992), it exponentially reduces as soil depth increases in sunflower
crops. Our findings followed the trend found by Pivetta et al. (2011) for soybeans. Conversely, Caires et al.
(2001b) found an average root length density of 1.7 cm cm™ for soybeans in soil depths below 0.10 m. Similar
values were recorded for barley, with means of 2.4 cm cm™ in the first 0.10 m of depth, 0.57 cm ¢cm™ between
0.10 m and 0.20 m, 0.35 cm cm™ between 0.20 m and 0.40 m, and 0.25 cm c¢cm™ between 0.40 m and 0.60 m
(Caires et al., 2001a). We noted a significant increase in root length density in stages V10 (Figure 2A, D, and
G), R2 (Figure 2B, E, and H), and Ré6 (Figure 2C, F, and I). Moreover, both root penetration and lateral
distribution were maintained until stage R6 after anthesis, and at the beginning of grain filling.

The sunflower plants showed less root penetration in the Oxisol than in the Ultisol, especially under water
deficit treatment (Figure 3G, H, and I). However, better lateral distribution in the first 0.10 m was observed
under the control treatment in stage R6 (Figure 3F). Despite showing deeper root penetration (Figure 3A, B,
and C), the plants subjected to water deficit exhibited a reduction in root length density down to 0.20 m
compared to plants under the control treatment. As discussed earlier, soils with higher clay content restrict
root penetration under water deficit conditions compared to moister soils (Rosolem et al., 1999; Kuster et al.,
2013), which is why root growth and distribution were better in the control treatment.
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Figure 3. Horizontal and vertical distribution of sunflower roots under different water deficit (A, B, and C), control (D, E, and F), and
water excess treatments (G, H, and I) at stages V10 (A, D, and G), R2 (B, E, and H), and R6 (C, F, and I). Horizontal distances evaluated
in relation to plant position are 0.00, 0.12, and 0.24 m. Vertical distribution is shown through the accumulated root variable (ARV). The
experiment was conducted in an Oxisol (Panambi/RS) and sown on September 7, 2013.

After analyzing the accumulated root variable (ARV) of the three treatments down to 0.10 m, the plants
under water excess conditions had the highest values, followed by the control treatment. This indicates that
under water excess, a larger percentage of roots concentrate in the surface soil layer, resulting in a
predominant horizontal growth. However, water excess can reduce oxygen levels in the soil, which can limit
sunflower root growth and even cause root senescence, depending on the intensity and duration of the water
excess (Grassini et al., 2007; Yasumoto et al., 2011; Loose et al., 2017). This can result in reduced water
availability due to the lower volume of soil exploited by the roots.

Table 2 shows the statistical analysis of root length density at different depths and distances from the
plant. The control treatment had a higher root length density in the Ultisol in the layer from 0 to 0.10 m,
which was significantly different from the water deficit and water excess treatments. In the Oxisol, the control
and excess treatments did not differ in the same soil layer, while the lowest root length density occurred in
the portions under water deficit. Regarding different depths, either in the Ultisol or in the Oxisol, root length
density was higher in the soil layer from 0 to 0.10 m, which was significantly different from the remaining soil
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layers, except for the control treatment in the Oxisol, where the layer from 0.10 m to 0.20 m had a higher root
length density than the deeper layers. The highest root length density in both soils occurred at 0.00 m from the
plant position, which was significantly different from the remaining distances. In the Oxisol, the plants under
water excess had a higher root length density at 0.12 m than at 0.24 m. At 0.00 m from the plant, root length density
was lower in the Oxisol subjected to water deficit than in treatments with higher water availability.

Table 2. Root length density at different soil layers and distances from the sunflower plant (0.00, 0.12, and 0.24 m) at stage R6, for
plants sown in the second crop season in an Ultisol (Santa Maria/RS) and an Oxisol (Panambi/RS).

Root Length density (cm cm™5)
Depth (m)** Distance (m)***
0-0.1 0.1-0.2 0.2-04 0.4-0.6 0.6 -0.8 0.8-1.0 0.00 0.12 0.24
Ultisol*
DEF 128 b A 0.10 aB 011 a B 009 a B 004 a B 002 a B 045 a
CONT 1.65a A 0.15 a 0.11 a 0.11 a B 0.07 a B 0.02 a 0.52 a
EXC 131 b A 020 aB 008 a B 0.12a B 008 a B 000 a B 0.57 a
Oxisol
DEF 093 b A 029 bB 009 a B 005a B 002 a B 000 a B 0.38
CONT 1.81 a A 0.73 a 0.12 a 0.03a C 001 a C 0.00 a 0.79
EXC 1.84a A 024 bB 003 a B 000a B 000 a B 000 a B 0.67 a
CV (%) 36.15
*Means followed by the same letter in the row (uppercase letter) and in the column (lowercase letter) did not differ from each other by Tukey’s test (p <
0.05). Sowing dates: September 6, 2013, in Santa Maria/RS; September 7, 2013, in Panambi/RS. Treatments: control (soil moisture between 75 and 100%

WHC); water excess (soil moisture between 90% WHC and the determined saturation point); water deficit (soil moisture between 40 and 60% WHC).
**Mean distance values. ***Mean depth values.

007 a B 010 a B
0.15 0.09 a
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Figure 4 shows the root growth and distribution in both soils during the second crop season. The Ultisol
soil subjected to water deficit treatment (Figure 4A) resulted in aggressive primary root penetration and better
root distribution in the soil profile. However, the control and water excess treatments also led to the
deepening of the root system, but there was a higher root volume in the initial layer, close to the surface
(Figure 4B and C). It should be noted that the treatments were applied from stage V6 onwards, indicating that
the levels of water excess or deficit were strong enough to change the balance between the plant hormones
and cause different root growth in each environmental condition. Plants subjected to water deficit treatment
may have had higher root concentrations of cytokinins and ABA, playing a role in root penetration (Aloni et
al., 2006; Xiong et al., 2006), while plants subjected to water excess may have had higher concentrations of
ethylene gas and auxins, which could cause the senescence of secondary root production close to the soil
surface (Acharya & Assmann, 2009).

The moisture difference in the soils subjected to the water condition treatments caused a change in the
root growth pattern (Figure 4). Under the control and water excess conditions, primary roots did not penetrate
as much as under water deficit. Moreover, there was no difference between the control and the water excess
treatments. This may be because the Ultisol has a higher sand percentage in the layers above the B textural
horizon, allowing faster water infiltration and drainage than soils with higher clay contents in the initial
layers (Alves, Suzuki, & Suzuki, 2007). Therefore, water excess is drained faster, causing fewer adverse effects,
and allowing even the roots subjected to this treatment to grow into deeper layers.

Under water deficit, primary roots penetrated less aggressively in the Oxisol than did in the Ultisol (Figure
4B). The difference between Figures 4A and B indicates that sunflower roots in the Oxisol under water deficit
are less deep and show lower dry mass growth than in the Ultisol. The root growth pattern in the Oxisol
highlights the difficulty of primary roots in penetrating the soil due to higher physical resistance. Rosolem et
al. (1999) suggested that penetration resistance increases as the soil dries, especially in soils with clay
contents higher than 40%, such as Oxisols. Nonetheless, some plants in the Oxisol showed considerable
deepening of the root system under water deficit conditions, reaching up to 0.70 m in the second crop season
(Figure 4B). In the control treatment, root distribution and formation were favorable in both horizontal and
vertical directions, occupying a larger soil volume (Figure 4D). Under water excess conditions, roots were
concentrated in the first 0.20 m, forming more superficial roots (Figure 4F). Compared to the Ultisol, the
Oxisol has less efficient drainage and requires a longer time to return to field capacity after saturation (Alves
et al., 2007). This is an important factor to consider regarding the sunflower root growth pattern under this
condition, especially during El Nino years when rainfall is more abundant in the two locations where data
were collected (Grimm, Barros, & Doyle, 2000).
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Figure 4. Root distribution of sunflower plants at stage R6 under water deficit (A and B), control (C and D), and water excess conditions
(E and F) in an Ultisol (A, C, and E) (Santa Maria/RS) and in an Oxisol (B, D, and F) (Panambi/RS) during the second crop season.

Conclusion

Regardless of the soil water condition, sunflower root penetration is deeper in the Ultisol than in the
Oxisol. Water deficit stimulates deeper root penetration in sunflower, while water excess promotes surface
root growth. Soil water content between 75 and 100% of the water holding capacity (WHC) provides a balanced
distribution of sunflower root system and enhances root growth in terms of dry matter mass. Sunflower plants
sown at the beginning of September (first crop season) exhibit deeper root penetration and greater root dry
matter mass compared to those sown at the beginning of January (second crop season).
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