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 22 

Abstract. In face of the alarming world population growth predictions and its threat to 23 

food security, the development of sustainable fertilizer alternatives is urgent. Moreover, 24 

fertilizer performance should be assessed not only in terms of yield but also root system 25 

development, as it impacts soil fertility and crop productivity. Fertilizers containing a 26 

polysulfide matrix (PS) with dispersed struvite (St) were studied for S and P nutrition due 27 

to their controlled-release behavior. Soybean cultivation with St/PS composites provided 28 

superior biomass compared to a reference of triple superphosphate (TSP) with ammonium 29 

sulfate (AS), with up to 3 and 10 times higher mass of shoots and roots, respectively. 30 

Additionally, St/PS achieved a 22% sulfur use efficiency against only 8% from TSP/AS. 31 

Root system architectural changes may explain these results, with higher proliferation of 32 

second order lateral roots in response to struvite ongoing P delivery. Overall, the 33 

composites showed great potential as efficient controlled-release fertilizers for enhanced 34 

soybean productivity. 35 

 36 
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 38 

 39 
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1.Introduction 41 

Phosphorus (P) is vital for plant nutrition and growth, and one of the most limiting 42 

elements for crop production. Agriculture represents nearly 90% of P use worldwide, yet, 43 

its current consumption rate has been unsustainable and incompatible with the element 44 

natural cycle, as phosphate rocks are non-renewable resources.1–3 Moreover, the 45 

efficiency of P fertilizers is significantly restricted by soil immobilization processes of 46 

sorption and precipitation.4 Conventional P fertilizers are readily soluble and thus release 47 

P faster than plants can uptake, contributing to soil fixation. These sources are also highly 48 

susceptible to runoff losses, causing eutrophication of water bodies and associated 49 

environmental damages.5,6  50 

 Sustainable solutions for phosphorus fertilization are, therefore, an urgent concern 51 

facing food security. Struvite (MgNH4PO4·6H2O) is a promising alternative, recovered 52 

from municipal wastewater streams, which could reduce the P cycle gap.4,7–11 In addition, 53 

it serves as a source of nitrogen (N) and magnesium (Mg), essential macronutrients for 54 

plant development.7,11 Moreover, struvite is considered as a slow-release fertilizer due to 55 

its low water solubility, which leads to reduced losses and a prolonged residual value to 56 

crops.9 Nevertheless, low solubility may also result in an inadequate supply. Struvite 57 

dissolution can be significantly improved in acidic conditions and is highly affected by 58 

particle size, being much slower in granular form than as a powder.12–15 For field 59 

application, however, fertilizers are usually managed as granules or pellets, which are 60 

easier for handling and storing.16  61 

Therefore, by controlling local acidity and particle size, struvite can provide P 62 

fertilization more efficiently and safely. Recently, our research group accomplished both 63 

of these criteria with the development of fertilizer composites based on a polysulfide 64 

matrix containing dispersed ground struvite.17 Matrices are strategic for getting around 65 
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the particle size problem, as they can be processed as granules while, simultaneously, 66 

keeping small P particles from agglomerating.18 At the same time, the matrix acts as a 67 

barrier, preventing a fast P delivery.19 The studied polysulfide is an especially interesting 68 

material as it can provide sulfur to plants, an important macronutrient for plant growth 69 

that is frequently unavailable in agricultural soils.20–22 The polysulfide structure contains 70 

polymeric sulfur chains, obtained by inverse vulcanization of elemental sulfur (S8), a 71 

residue from oil industry.23–27 For plant uptake, both the polysulfide and pure S8 have to 72 

be oxidized in soil to sulfate, a slow rate process promoted by soil microorganisms.28,29 73 

The polysulfides from our previous studies displayed superior oxidation compared to S8, 74 

especially when combined with struvite. Additionally, sulfate formation lowered the local 75 

pH, assisting struvite dissolution.17,20  76 

Despite its potential as an environmentally friendly fertilizer, the struvite-77 

polysulfide effect on plants is still unknown, and its dynamics in a soil-plant system 78 

should be further investigated. Most importantly, we were interested in understanding the 79 

fertilizer influence on root development and spatial distribution of roots in the growth 80 

medium, as an indicative of how the fertilizer can be accessed by plants. In the current 81 

work we investigated the effect of struvite-polysulfide fertilizers on nutrient uptake, 82 

biomass formation, and root system architecture. Soybean (Glycine max L.) was selected 83 

for the study, as a plant with high protein content and high S demand.30,31 We 84 

hypothesized that soybean would respond differently to the struvite-polysulfide 85 

composites compared to a soluble reference, due to the controlled delivery of P. In 86 

addition, we hypothesized that the S chemical structure from the fertilizers would affect 87 

S supply and soybean root system traits, as polysulfides need to be biologically converted 88 

to sulfate. 89 

 90 
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2.Materials and Methods 91 

 2.1. Preparation of Composites 92 

Composite fertilizers containing a polysulfide matrix and dispersed struvite 93 

particles were prepared as described by Valle et al. (2021),17 illustrated in Figure 1. The 94 

polysulfide structure was obtained using the inverse vulcanization between elemental 95 

sulfur (S8; Synth, Brazil) and soybean oil (Liza, Brazil), each at 50 wt%. This method is 96 

solvent-free and has no byproduct formation. The reaction was conducted in the presence 97 

of ground struvite (Ostara Crystal Green®, UK), with different mass ratios (25, 50, and 98 

75 wt% of struvite in relation to the composite). All compounds were mixed in a flask, 99 

and the system was kept under constant agitation and heat, using a mechanical stirrer and 100 

oil bath. Temperature was kept at approximately 165ºC, allowing the ring-opening 101 

polymerization (ROP) of S8, followed by the reaction between bi-radical polymeric sulfur 102 

chains and unsaturated bonds from soybean oil, until a light brown material was obtained.  103 

 104 

 105 

Figure 1. Preparation of the Struvite-Polysulfide fertilizer composite (generic structure). 106 

Elemental sulfur undergoes ROP and reacts with alkene molecules (in this work, soybean 107 

oil), in the presence of ground struvite, producing the polysulfide matrix with dispersed 108 

phosphate particles. 109 

 110 

 111 
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2.2. Greenhouse Experiment 112 

To test the agronomic efficiency of the St/PS composite fertilizers and their effect 113 

on root and shoot soybean plant performance, an experiment was conducted at controlled 114 

greenhouse conditions at the Institute of Bio- and Geosciences, IBG-2: Plant Sciences, 115 

Forschungszentrum Jülich GmbH, Germany (50°54′36″N, 6°24′49″E), from May to July 116 

2020. An average temperature of 23ºC and air humidity of 48% were maintained at the 117 

greenhouse over this period. 118 

In order to evaluate the combined effect of struvite and the polysulfide, the 119 

following treatments were applied: no fertilizer (control); a positive reference with the 120 

highly soluble sources triple superphosphate for P and ammonium sulfate for S (TSP/AS); 121 

mixed pure struvite and elemental sulfur powder (St/S8); and ground fertilizer composites 122 

with different mass ratios of struvite and polysulfide – St 25/PS, St 50/PS, and St 75/PS 123 

(respectively with 25, 50, and 75 wt% of struvite). A fixed ratio of 50 g of S per kg of 124 

soil was established to all fertilized treatments. To achieve a P concentration of 200 mg 125 

per kg of soil, additional struvite was supplied with the composite treatments. Nitrogen 126 

was supplemented with ammonium nitrate in all fertilized treatments to complete 300 mg 127 

of N/kg of soil. Potassium, zinc, and copper were also supplemented to achieve 128 

concentrations of 200 mg/kg, 5 mg/kg, and 1.5 mg/kg, respectively, using a nutrient 129 

solution containing KCl, ZnCl, and CuSO4. Detailed information on nutrient content and 130 

supply can be found in Table S1. 131 

Peat substrate (“Nullerde”, Einheitserde/Patzer Erden, Germany) was selected as 132 

growth medium due to an assumed high microbial activity of organic-rich environments, 133 

which is necessary to promote S oxidation. The substrate consisted of a mixture of 30% 134 

clay and 70% white peat, with no prior addition of fertilizers. Detailed substrate 135 

characterization can be seen in Table S2. Before the experiment, the substrate was 136 
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shredded and sieved (< 0.7 cm) to remove coarse particles. Flat rhizotrons (60 x 30 x 2 137 

cm)32 were filled with 2 kg of substrate (approximately 3.36 dm3), with 10 replicates per 138 

treatment. Fertilizers were added eight days before sowing, placed on a fixed layer at 40 139 

cm from the bottom of the rhizotron (at approximately 16 cm from the substrate surface, 140 

20 cm from the rhizotron top), as illustrated in Figure 2a. After completely filling up the 141 

rhizotrons, 100 mL of tap water was added to moisten the medium and allow initial 142 

solubilization of the fertilizers. 143 

Soybean seeds (Glycine max L., Eiko cultivar; Asgrow, USA) were pre-144 

germinated in Petri dishes with moistened filter paper. The Petri dishes were sealed and 145 

covered with aluminum foil, and kept incubated for 48 hours in the greenhouse. Seedlings 146 

with equal radical sizes were then selected and transplanted, one seedling per rhizotron. 147 

The seedlings were placed in a centralized position close to the transparent plate of the 148 

rhizotrons, at a depth of approximately 2 cm from the substrate surface. The rhizotrons 149 

were kept at 45º inclination in a fixed randomized position, with the transparent plates 150 

facing downwards, covered by black plastic sheets, as shown in Figure 2b.  151 

The growth medium was moistened throughout the experiment with 100 mL water 152 

supply two times per week. All plants were treated against downy mildew contamination 153 

with Ortiva® (Syngenta, Germany), applied at 19 days from sowing. Images of the visible 154 

root system were recorded two to three times a week, along with measurements of the 155 

number of leaves and plant height. Harvest was conducted after 40 days of cultivation in 156 

the rhizotrons. Prior to shoot harvest, SPAD values were measured from trifoliate leaves 157 

at the uppermost node with a Chlorophyll Meter SPAD-502Plus (Konica Minolta). The 158 

growth medium and the roots were collected in layers, cut as illustrated in Figure 2c: A 159 

(top layer, between 0-10 cm depth), B (middle layer, between 10-30 cm depth), and C 160 

(bottom layer, below 30 cm depth). Roots were separated from the substrate samples with 161 
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a sieve (9 x 5 mm mesh holes). 162 

 163 

 164 

Figure 2. (a) Rhizotron with a fixed layer of fertilizer and pre-germinated soybean 165 

seedling; (b) Rhizotrons during cultivation; (c) Substrate and root sampling in layers A 166 

(top layer, 10 cm), B (middle layer, 20 cm, including the fertilizer layer), and C (bottom 167 

layer, ~26 cm); (d) Flower bloom 30 days after sowing. 168 

 169 

2.3. Post-Harvest Analysis 170 

After harvesting, leaf area was determined with a leaf area meter (LI-3100, LI-171 

COR) and, subsequently, the shoots were dried in an oven at 60°C until constant weight 172 

to determine total dry biomass. Roots were immediately stored in flasks containing 50% 173 

v/v ethanol solution and kept in a dark cooling chamber at 4ºC until further analysis. 174 

Roots were carefully washed and scanned (Epson Expression 10000 XL) for 175 

measurements of total root length, average root diameter, and root surface area, using 176 

WinRHIZO Pro V.2009 2020a software, followed by drying in the same conditions as 177 

the shoots. Dry biomass of shoots and roots were measured, and shoot:root-ratio based 178 

on biomass was calculated.  179 

Chemical analysis of the ground biomass was determined by inductively coupled 180 

plasma optical emission spectrometry (ICP-OES; Thermo Scientific iCAP6500) for P, S, 181 

Mg, and K, and via CHN elemental analysis (Leco TCH 600) for N. Based on the 182 
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elemental analysis results, N:S ratio was calculated. Sulfur and phosphorus use efficiency 183 

(SUE and PUE, respectively) were estimated using the following equations:33 184 

𝑈𝑝𝑡𝑎𝑘𝑒 (𝑔 𝑝𝑜𝑡⁄ ) = 𝑆ℎ𝑜𝑜𝑡 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 (𝑔 𝑝𝑜𝑡⁄ ) ×
𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (%)

100
                      (1) 185 

𝑆𝑈𝐸 (%) =
𝑆 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑)−𝑆 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) (𝑔 𝑝𝑜𝑡⁄ )

𝑆 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑔 𝑝𝑜𝑡) ⁄
   × 100                                          (2) 186 

𝑃𝑈𝐸 (%) =
𝑃 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑑)−𝑃 𝑢𝑝𝑡𝑎𝑘𝑒 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) (𝑔 𝑝𝑜𝑡⁄ )

𝑃 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 (𝑔 𝑝𝑜𝑡) ⁄
  × 100                                         (3)                                         187 

 188 

Homogenized substrate samples from each layer were analyzed to determine 189 

nutrient concentrations. Available S (in sulfate form) was extracted with mono-calcium 190 

phosphate and the concentration was determined turbidimetrically with an UV-Vis 191 

spectrophotometer (Femto 600plus).34 Available P (phosphate in soil solution) was 192 

extracted with water and anionic resin, as proposed by Quaggio and Raij, and quantified 193 

in UV-Vis spectrophotometer (Femto 600plus).35 Mg was extracted using a cationic resin 194 

and estimated with atomic absorption spectrophotometer (Perkin Elmer 2380). Nitrogen 195 

(total) was determined by CHN elemental analysis with a Perkin Elmer 2400 analyzer. 196 

 197 

2.4. Rhizotron Image Analysis 198 

Rhizotron images were analyzed using the software GrowScreen-Root, according 199 

to Nagel et al. (2012).32 The roots were manually marked as primary roots or as first and 200 

second order lateral roots, labeled in green, red, or blue, respectively (Figures S2-S7). 201 

The length of each root type, total root length, root length density, root system depth 202 

(representing the maximal vertical distribution of a root system), and convex hull area 203 

(representing the surface area of a rhizotron covered by the whole root system) were 204 

determined. 205 

 206 
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2.5. Statistical Analysis 207 

All results were submitted to one-way statistical analysis (ANOVA) with Tukey's 208 

test at the significance level p < 0.05. 209 

 210 

3. Results and Discussion 211 

Fertilizer composites with a controlled-release dynamic were obtained as 212 

sustainable alternatives to P and S fertilization, consisting of a polysulfide matrix (PS) as 213 

support to dispersed struvite particles (St). The fertilizers were produced with different 214 

mass ratios of each component, namely 25, 50, and 75 wt% of the phosphate source. The 215 

same materials were studied in a previous work from our group, displaying a controlled-216 

release behavior for phosphate in citric acid solution and a synergistic dynamic between 217 

S and P in soil.17 Sulfur is partially polymerized in the composite, with a fraction 218 

remaining unreacted as re-crystallized elemental sulfur (S8).
17,20 Nevertheless, the 219 

achieved polysulfide formation sufficiently provides functionality to the material, as an 220 

easily processible matrix to support struvite. Chemical characterizations of the materials 221 

in Valle et al. (2021) also revealed that, during the preparation of the composites, struvite 222 

crystalline phase is converted to dittmarite (Mg(NH4)(PO4)·H2O), losing structural 223 

water.17 This phase transition does not significantly impact the fertilizer’s properties and, 224 

most importantly, it does not reduce the efficiency. Dittmarite has a similar P release 225 

profile to struvite, as it tends to rapidly re-hydrate when in solution, returning to struvite 226 

crystalline phase.36 Dittmarite is more thermally stable than struvite, which could be 227 

favorable for processing purposes.37 Moreover, dittmarite presents a higher nutrient 228 

concentration, which is more interesting for agronomic purposes.  229 

 230 

 231 



11 
 

Effect of different treatments on soybean development and root system architecture 232 

Soybean was cultivated in rhizotrons with different sources of S and P over 40 233 

days. Plants grown with no additional fertilizer (control treatment) remained relatively 234 

small and did not evolve significantly over time, unlike the fertilized treatments (Figure 235 

S1). It was possible to observe a rapid development after around 30 days of plant growth 236 

for TSP/AS, St/S8, and the St/PS composites, corresponding to the appearance of flowers 237 

(Figure 2d). As the reproductive stage starts, soybean tends to rapidly accumulate 238 

biomass to complete the vegetative development.38 239 

 240 

 241 

Figure 3. Average plant (a) height, (b) number of leaves, (c) total leaf area, and (d) SPAD 242 

value, measured before harvest, 40 days after sowing. Bars show mean values ± standard 243 

deviations. Indexes a, b, and c indicate significant differences between treatments (p < 244 

0.05). 245 

 246 

On the harvest day, measurements were carried out for the final plant height, 247 

number of leaves, total leaf area, and SPAD values (Figure 3). Plants under the 248 
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unfertilized control achieved a significantly lower performance than the others in all 249 

measurements. It is interesting to notice that the treatments containing struvite (with S8 250 

or PS) were statistically superior to the positive control (TSP/AS), reaching more than 251 

double the leaf area, for instance. While TSP/AS featured on average 30 leaves per plant, 252 

St/S8 and St 50/PS displayed nearly 50 leaves. The SPAD values, which estimate the 253 

chlorophyll content of leaves, were less divergent among fertilized treatments, as 254 

expected by their development. The results indicate an increased development of soybean 255 

in the presence of struvite, demonstrating that phosphate can be efficiently provided to 256 

plants in this form. The results might also be related to the co-management of struvite 257 

with sulfur (in S0 oxidation state) or to the additional Mg supply. Moreover, the relatively 258 

higher application of NH4NO3 with water-soluble sources in TSP/AS probably elevated 259 

soil salinity, which is limiting to plant growth.  260 

 261 

 262 

Figure 4. Original and analyzed color coded rhizotron images of (a) control with no 263 

fertilizer and (b) St 50/PS treatment, 40 days after sowing. Primary roots and first and 264 

second order lateral roots are represented by the colors green, red, and blue, respectively. 265 

 266 

Root system architecture of unfertilized control plants strongly differed from the 267 

fertilized treatments, which presented pronounced second order lateral root development 268 



13 
 

(Figure 4). Representative rhizotron images of all treatments over time can be found in 269 

SI (Figures S2-S7). Plants that showed greater vegetative development (i.e., struvite 270 

treatments) also featured greater presence of thinner roots and a more homogeneous 271 

distribution throughout the substrate volume. It is known that lateral roots contribute the 272 

most to the absorption of water and nutrients by plants, due to their activity and capillarity 273 

in soil.  274 

Visible root measurements from plants at 40 days of cultivation can be found in 275 

Table S3. While the final primary root length was similar among treatments, lateral root 276 

development was more affected by the fertilizer source. St 50/PS featured the largest first 277 

and second order lateral roots, with respectively 565 cm and 1400 cm, which were 278 

significantly superior to TSP/AS (368 cm and 549 cm, respectively) and the unfertilized 279 

control (203 and 202, respectively). Moreover, struvite treatments achieved in general 280 

higher total root length than TSP/AS and control. 281 

Plant response to nutrient availability or deficiency can be indicated by the 282 

differences in growth and in spatial distribution of roots within the soil. In some plants, 283 

like common wallcress (Arabidopsis thaliana) and alfalfa (Medicago sativa), S 284 

deficiency has relatively little effect on root morphology and affects more negatively 285 

shoot biomass production, decreasing shoot:root ratio.39,40 Nevertheless, soybean plants 286 

treated with S8 in Zhao et al. (2008) displayed an increase in lateral roots compared to a 287 

control with no S supply.30 Phosphorus effect on root system architecture patterns is often 288 

more species-dependent. Gruber et al. (2013) reported that A. thaliana plants present 289 

shallower and branched root systems under insufficient P, for instance.40 According to 290 

López-Bucio et al. (2003), their root system senses and responds to P deprivation 291 

locally.41 Robles-Aguilar et al. (2019) found that lupine (Lupinus angustifolius L.), a 292 

leguminous plant like soybean, increased primary root elongation in unfertilized 293 
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treatments, compared to struvite fertilization.42 On the other hand, in a study with soybean 294 

cultivation by Milton et al. (1991), P supply promoted an increase in total root length.43 295 

In Watt & Evans (2003), soybean produced more branched roots with P addition, which 296 

grew more concentrated around the area where the fertilizer was applied.44  297 

 298 

 299 

Figure 5. Effect of treatments on visible total root length. Trends of root length density 300 

over the rhizotron depth are shown at harvest time point (40 days after sowing). The 301 

applied fertilizer layer is at a depth of 20 cm from top (marked with the grey line). 302 

 303 

Figure 5 illustrates the visible root length density profiles, indicating quite some 304 

variation in spatial root distributions across the different fertilizer treatments. A 305 

pronounced root development can be found in the region around the fertilizer layer (at 20 306 

cm from the top), except for the unfertilized control, highlighting the relation between 307 

root growth and the presence of nutrients, also noticed by Watt & Evans (2003).44 It 308 

should be noted that all treatments displayed an increased root length in the lowest 10 cm 309 

of the rhizotrons. Roots started to reach the bottom of the rhizotrons 10 days after sowing 310 

and, thereafter, an enhanced root development could be found along the bottom part of 311 

the rhizotrons as a consequence of the experimental design. 312 
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The lowest root length density is observed in the unfertilized control, compatible 313 

to its inferior shoot development. Unlike other treatments, the control presents a relatively 314 

larger root production closer to the substrate surface, which might be a response to P 315 

deficiency, as reported for A. thaliana plants.40 Struvite treatments achieved a higher 316 

apparent root accumulation than TSP/AS over the rhizotron volume, especially composite 317 

St 50/PS. While the results clearly differed between struvite and TSP, plant behavior did 318 

not vary between S8 and PS, indicating that soybean root distribution might be more 319 

strongly related to P supply than to the S source.  320 

 321 

 322 
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Figure 6. Effect of treatments on different root types: primary roots and first and second 323 

order lateral roots. Trends of root length density over the rhizotron depth are shown at 324 

harvest time point (40 days after sowing). The applied fertilizer layer is at a depth of 20 325 

cm from top (marked with the grey line).  326 

 327 

Root production around the fertilizer layer corresponded mainly to second order 328 

lateral roots, as can be seen in Figure 6. Primary root growth pattern was similar in all 329 

treatments, contributing less to the total root length density results. First order lateral roots 330 

showed a maximum around the fertilizer layer and a smaller peak of accumulation in the 331 

upper layer, probably from plant anchoring. Second order lateral roots occupied the 332 

largest volume of the rhizotron and could be found mainly in the fertilized region. The 333 

profiles were consistent with the data found in Table S3, with a superior second order 334 

lateral root production in struvite-treated plants than TSP/AS. 335 

Watt & Evans (2003) correlated soybean’s high development of thinner branched 336 

roots to plant P uptake. The continuous root growth across the soil volume allows the 337 

interception of labile P from soil solution before it becomes soil-bound.44 The different 338 

outcomes from TSP and struvite treatments could be related to their distinct phosphate 339 

release profiles. TSP has a fast initial release of P and, therefore, phosphate was probably 340 

highly available during the first days of soybean cultivation, before undergoing 341 

immobilization processes in the substrate. In contrast, struvite is a slow-release fertilizer 342 

with an ongoing dissolution. Phosphate from struvite treatments is delivered more 343 

steadily, and may be accessed by roots over a longer period of time. The increased 344 

development of thinner lateral roots in struvite treatments, highly concentrated around the 345 

fertilizer layer, are strong indications that roots continued to grow and occupy the 346 

rhizotron as a response to phosphate prolonged delivery. 347 
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It is interesting to notice that St/S8 had a comparable second order lateral root 348 

length to St 50/PS, but its first order lateral root was inferior to all polysulfide treatments 349 

(Table S3 and Figure 6). This could be related to the differences in S structure. Zhao et 350 

al. (2008) showed that S supply to soybean as S8 not only increased lateral root 351 

development, but also the amount of soil microorganisms and enzyme activity.30 Both PS 352 

and S8 require biological activity to be oxidized to sulfate, and roots may contribute to 353 

this by releasing organic compounds that stimulate soil microorganisms.45 Therefore, 354 

even though P supply appeared to contribute more significantly to soybean root system 355 

distribution, the S sources probably played a role in root traits as well.  356 

The dynamic trend of root development over time revealed an increased rate of 357 

second order lateral root growth after 30 days of cultivation (Figure S8). This result goes 358 

along with the enhanced plant height and number of leaves at the same period of time 359 

(Figure 3), corresponding to soybean reproductive period. Trends of root system depth 360 

and convex hull area can be found in Supplementary Information (Figure S9).  361 

Since rhizotron images only provide information regarding visible roots, the 362 

complete root systems were measured after harvest by washing and scanning the roots 363 

(Table 1). It should be noted that the data corresponds mostly to primary and first order 364 

lateral roots. The sampling method was not adequate to collect thinner roots, as a 365 

considerable portion of the second order lateral roots was not separated from the soil 366 

during sieving, hence not contributing to the root measurements. Following the same 367 

trend from rhizotron images, St 50/PS achieved the largest total root length (4291 cm) 368 

and root surface area (593 cm2, Table 1). The lowest values, however, were from 369 

TSP/AS, instead of unfertilized control plants, which could be attributed to the loss of 370 

second order lateral roots, more prominent in the fertilized treatments (Table S3).  371 
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Control plants with no fertilizer displayed a smaller average root diameter than 372 

struvite treatments (Table 1), which goes along with the reduced root and shoot 373 

development and biomass accumulation. Root diameter was also analyzed in the three 374 

different layers (Table S4). The average root diameter of unfertilized control plants was 375 

constant in all layers (in the range of 0.33-0.35 mm). In contrast to the control, plants 376 

grown in fertilized treatments produced thicker roots in the top layer (top layer: 0.58-0.72 377 

mm vs. bottom layer: 0.34-0.38 mm), possibly to support the higher biomass production. 378 

Plants under all treatments exhibited the highest proportion of roots in the root diameter 379 

class 0.2 and 0.3 mm (Table S5; around 30% of the total root length). In addition, plants 380 

treated with struvite had a high proportion of thicker roots (> 0.5 mm) which is less 381 

pronounced in control plants, reflecting the average results from Table 1. Nevertheless, 382 

thinner roots could be underestimated, especially in struvite treatments, which had a high 383 

second order lateral root development. 384 

 385 

Table 1. Effect of treatment on average total root length, root diameter, and surface area. 386 

Indexes a and b signal significant differences between treatments (p < 0.05). 387 

Root Measurements 

Treatment 
Total Length 

(cm) 

Diameter 

(mm) 

Surface 

Area (cm2) 

Control 1592.2 ab 0.34 a 167.0 a 

TSP/AS 982.2 a 0.42 ab 118.3 a 

St/S8 1571.9 ab 0.50 b 215.4 ab 

St 25/PS 1942.0 ab 0.48 b 256.1 ab 

St 50/PS 4290.6 b 0.49 b 592.6 b 

St 75/PS 3674.8 ab 0.48 b 481.5 ab 

  388 

 389 
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 390 

Figure 7. Effect of treatments on biomass from (a) shoots and (b) roots. For shoots, n=9 391 

(Control and St 50/PS), n=8 (St/S8, St 25/PS, and St 75/PS), and n=7 (TSP/AS). For roots, 392 

n=6 (Control and St/S8) and n=5 (TSP/AS, St 25/PS, St 50/PS, and St 75/PS). Bars show 393 

mean values ± standard deviations. Indexes a, b, and c indicate significant differences 394 

between treatments (p < 0.05). 395 

 396 

Dry biomass was measured both for shoots and roots (Figure 7). Shoot biomass 397 

was higher in treatments with struvite and significantly lower in the unfertilized control. 398 

Regarding root biomass, both plants under no fertilizer and TSP/AS treatments achieved 399 

inferior results. Plants treated with St 50/PS reached 10 times the root dry matter of 400 

TSP/AS grown plants, for instance. The fertilized treatments had comparable shoot:root 401 

ratios, superior to the unfertilized plants (Figure S10). The relation shows that plant 402 

biomass production was predominantly directed to shoot development when additional 403 

nutrients were supplied, indicating that struvite and polysulfide were able to properly 404 

provide P and S.  405 

Soybean cultivation with the struvite-polysulfide composites not only displayed a 406 

significant biomass production, superior to the treatment with TSP and ammonium 407 

sulfate, but also a larger root proliferation. The intense root growth could be a response 408 

to the prolonged availability of phosphate due to struvite slow-release character. 409 
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Enhanced root growth can significantly benefit crop production, improving soil 410 

microstructure, soil porosity, and bulk density, among an overall enrichment of organic 411 

carbon in the soil. Most importantly, it implicates in an increased soil rhizosphere, with a 412 

more diverse microbial community and better nutrient mobility and bioavailability. In 413 

field conditions this is especially favorable, benefiting the following crop cultivations. 414 

 415 

Nutrient availability and uptake 416 

For a more accurate understanding of the relationship between plant development 417 

and the fertilizers, it is essential to determine the nutrient recovery, as well as P and S 418 

final concentrations in the substrate. The control plants with no fertilizer displayed a 419 

lower relative concentration of all elements in shoots compared to the other treatments, 420 

except for sulfur (Table S6). Sulfur uptake by control plants was probably obtained from 421 

mineralization of organic S, promoted by enhanced root growth.45 S plays a central role 422 

in the synthesis of proteins in plants, and also in symbiotic N2 fixation, a process which 423 

soybean uses to assimilate nitrogen when this nutrient is deficient in soil.46 However, 424 

nodule formation on roots was not observed, suggesting the unfertilized control plants did 425 

not fixate nitrogen. In addition, N uptake achieved by the control plant was critically low 426 

(0.74 wt%, Table S6), possibly due to low availability of N and other essential 427 

nutrients.47,48 Furthermore, the results indicate P deficiency in the unfertilized treatment 428 

(Table S6). Triple superphosphate provided the highest relative P concentration in shoots 429 

(1.15 wt%), although it did not outperform the other fertilized treatments for other 430 

elements. Root elemental analysis of the complete root system and from the three 431 

rhizotron layers can be found in the SI (Table S6-7). 432 

 433 
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Table 2. Nutrient uptake efficiency parameters from plant biomass: average N:S ratio, 434 

sulfur use efficiency (SUE, %), and phosphorus use efficiency (PUE, %). Nutrient 435 

concentration in the substrate after soybean harvest: available phosphate (mg/dm3), 436 

available sulfate (mg/dm3), total nitrogen (mg/dm3), and magnesium (mg/dm3). Indexes 437 

a, b, c, and d indicate significant differences between treatments (p < 0.05). 438 

  Nutrient Uptake Efficiency   Nutrient Concentration in Soil 

Treatment N:S SUE (%) PUE (%)   
P available 

(mg/dm3) 

S available 

(mg/dm3) 

N total 

(mg/dm3) 

Mg 

(mg/dm3) 

Control 2.2 a - -   16.5 a 14.3 a 2790.4 a 211.5 ac 

TSP/AS 15.5 b 8.1 a 10.7 a   74.5 b 53.1 b 3949.5 a 177.9 a 

St/S8 16.2 b 16.0 ab 11.4 a   95.7 b 37.4 c 3647.7 a 255.7 b 

St 25/PS 15.2 b 11.8 a 11.5 a   85.5 b 39.4 cd 3128.7 a 232.0 bc 

St 50/PS 15.8 b 22.0 b 14.1 a   93.9 b 51.3 b 2588.9 a 214.3 ac 

St 75/PS 16.2 b 16.2 ab 13.6 a   86.4 b 47.7 bd 3125.9 a 241.8 bc 

 439 

 440 

All fertilized treatments resulted in adequate N:S ratios (Table 2), essential for 441 

protein synthesis and for crop yields.31 The control plants with no fertilizer presented a 442 

low N:S relation due to insufficient nitrogen uptake. The highest sulfur use efficiency 443 

(SUE) was achieved by St 50/PS (22%), while the lowest efficiency was from the soluble 444 

form TSP/AS (8%). Furthermore, the triple superphosphate treatment featured the lowest 445 

phosphorus use efficiency (PUE), although at p <0.05 it was comparable to the other 446 

treatments. The results indicate an efficient S oxidation from the polysulfide and 447 

sufficient struvite solubilization. 448 

The concentration of available phosphate in the rhizotron was statistically similar 449 

between the different fertilized treatments, ranging from 75 to 96 mg/dm3 (Table 2). 450 

Considering that TSP/AS is readily soluble, this result indicates the immobilization or 451 

loss of P from this source, reducing the expected fertilizer efficiency. Struvite treatments, 452 
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on the other hand, have a controlled-release behavior, and may have not fully solubilized 453 

up to that point. In a long-term assessment with ryegrass, Bogdan et al. (2021) found that 454 

significant struvite dissolution and phosphate release was only observed after four months 455 

of cultivation.49  456 

In the unfertilized control, available P presented no distinction between the three 457 

soil layers (Table S8). This shows that phosphate mobilization from the substrate by root 458 

exudates occurred equally over the rhizotron profile, as root length was relatively similar 459 

in all layers of the unfertilized control. In contrast, the middle layer (B) from TSP/AS and 460 

struvite treatments featured a significantly higher available P concentration, ranging from 461 

164 to 237 mg/dm3, while values from the top and bottom layers (A and C) were closer 462 

to the unfertilized control (around 20 mg/dm3). This result shows the typical low mobility 463 

and diffusion of phosphate, observed in agricultural soils in general. Furthermore, it is 464 

consistent with the assumption that root proliferation in the middle layer (Figures 5 and 465 

6) was associated to struvite ongoing dissolution. 466 

The highest available sulfur concentration in the substrate was from TSP/AS and 467 

St 50/PS, while St/S8 achieved the lowest (Table 2). Since phosphate presence tends to 468 

block soil SO4
2- adsorption sites, this explains why sulfate from the soluble source (AS) 469 

remains highly available.22 The results also reveal that S oxidation into sulfate was more 470 

effective from the composites with higher PS content (St 50/PS and St 75/PS) than from 471 

S8, which is compatible to the hypothesis that S8 and PS different S forms could have 472 

altered effects on the substrate microbial activity and plant growth dynamics. Sulfate 473 

concentration in the unfertilized control indicates S mineralization by root exudates, as 474 

discussed in the shoot recovery results. Contrary to phosphate, the middle and bottom 475 

layers have similar soil S contents (Table S8), indicating sulfate had a better 476 

transportation over the substrate depth.  477 
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High N values reveal a low incidence of N volatilization and high organic N 478 

content (Table 2). St/S8 achieved a superior Mg concentration by the end, which was 479 

expected from struvite composition. The other treatments displayed significant Mg 480 

concentrations, including the unfertilized control and TSP/AS, indicating a great 481 

mobilization from the organic fraction of the substrate. Moreover, this suggests Mg 482 

content in struvite was not decisive for the better performance and vegetative 483 

development of St/S8 and St/PS treatments. Based on these results, the lower Mg and N 484 

uptake by the unfertilized control plant was mostly related to insufficient P on the 485 

substrate. 486 

 487 

4.Conclusion 488 

 The elucidation of plant-soil dynamics and roots growth patterns under struvite-489 

polysulfide fertilization is important to understand and validate the agronomic efficiency 490 

of this new class of controlled-release fertilizers. Hence, sustainable fertilizers with a 491 

polysulfide matrix and dispersed struvite (containing 25, 50, or 75 wt% of struvite) were 492 

prepared, using the simple and green method of inverse vulcanization. The effect of P and 493 

S supply from this system on soybean cultivation was compared both to the co-494 

management of soluble commercial sources (TSP and (NH4)2SO4) and to pure struvite 495 

mixed with S8. The results revealed a superior performance due to the combined 496 

application of struvite with S0 sources (polysulfide or S8), featuring a significantly higher 497 

biomass production than TSP/(NH4)2SO4 treatment. Struvite achieved a similar 498 

phosphorus use efficiency as the TSP reference, proving its controlled-release behavior 499 

can properly provide P to plants in the studied conditions. The composite St 50/PS 500 

displayed the greatest sulfur use efficiency, superior to the fine particles from S8 powder 501 

and to ammonium sulfate, which reached the lowest SUE. Root system architecture 502 
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analysis using rhizotrons revealed an intense accumulation of second order lateral roots 503 

around the fertilizer layer, especially in struvite treatments. The higher development of 504 

thinner roots was attributed to the controlled-release and continuous availability of 505 

phosphate from struvite, in contrast to TSP quick solubilization and P losses. Although 506 

root traits were more significantly influenced by the P source, differences in first order 507 

lateral root lengths from PS and S8 could be related to the S structure and its influence in 508 

the local microbial activity. The final concentration of sulfate in the growth medium also 509 

indicated a superior oxidation of S from the polysulfide than S8. In summary, the 510 

controlled-release struvite-polysulfide composites proved to be efficient fertilizer 511 

alternatives to soluble commercial sources, and beneficial to soybean development. 512 
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