
   

 

   

 

Increasing soil organic matter and short-term nitrogen availability by combining 1 

ramial chipped wood with a crop rotation starting with sweet potato  2 

 3 

Marina Pérez-Llorca a,b*†, Carolina Jaime-Rodríguez a,b†, Johana González-Coria a,b, 4 

Rosa Maria Lamuela-Raventós b,c,d, Maria Pérez b,c,d, Anna Vallverdú-Queralt b,c,d, 5 

Rocío Hernández e, Olivier Chantry e, Joan Romanyà a,b,d  6 

a Department of Biology, Health and the Environment, Faculty of Pharmacy and Food Sciences, 7 

University of Barcelona, Barcelona, 08028, Spain 8 

b Institute of Nutrition and Food Safety (INSA-UB), University of Barcelona, Barcelona, 08028, Spain 9 

c Polyphenol Research Group, Department of Nutrition, Food Science and Gastronomy XIA, Faculty of 10 

Pharmacy and Food Sciences, University of Barcelona, Barcelona, 08028, Spain 11 

d CIBER Physiopathology of Obesity and Nutrition (CIBEROBN), Institute of Health Carlos III, Madrid, 12 

28029, Spain 13 

eADV Horta del Baix Llobregat, El Prat de Llobregat, 8820, Spain 14 

*correspondence: marinaperez@ub.edu 15 

† 
equal contribution 16 

 17 

Abstract 18 

Increasing soil organic matter is essential for enhancing agricultural soil quality and 19 

ecosystem services, including crop yields. Ramial chipped wood (RCW), a pruning by-20 

product, has great potential in this regard, yet its short-term effects on soil organic carbon 21 

(C) retention, nitrogen (N) availability, and crop yields remain unclear. This study aimed 22 

to rapidly increase soil organic matter and nutrient stocks by applying RCW combined 23 

with sweet potato, a starter crop suitable for low-nutrient soils. We monitored soil organic 24 

C and N stocks, crop yields, and N use in soils recently enriched with high or low doses 25 

of RCW, comparing them to organically managed soils that were regularly tilled and 26 

fertilized with either organic granulate or plant residue compost. For the first time, we 27 

show that RCW application rapidly increased N stocks in the fine earth fraction, 28 

particularly at the high dose. At two months in high-dose plots, 61% of the remaining C 29 

was retained in the organic debris fraction, while 73% of N was incorporated into the fine 30 

earth. After one year, 22% of the added C was retained in soil with the high RCW dose, 31 

whereas neither the low dose nor compost application led to significant C increases. In 32 

contrast, N retention was nearly 100% for both RCW doses and compost. Agronomic 33 

production and crop performance were maintained or slightly improved with the high 34 

RCW dose, suggesting that the increased N stocks supported crop nutrition. Additionally, 35 

RCW enhanced biological N fixation in sweet potato. These results indicate that high-36 

dose RCW incorporation into soils with sweet potato cultivation is a promising catalytic 37 

strategy to boost soil organic matter and N reservoirs while achieving good crop yields. 38 
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This practice also promotes a circular economy by repurposing a locally available C-rich 39 

resource and aligns with sustainable agriculture principles.  40 

Keywords: Organic agriculture, wood by-products, carbon and nitrogen cycling, local 41 

resources 42 



   

 

   

 

1. INTRODUCTION 43 

Agricultural intensification is depleting soil organic matter (SOM) (Kopittke et al., 2019), 44 

a key driver of soil degradation (Gregory et al., 2015). Even with mineral fertilization, 45 

low SOM levels can limit crop yields (Loveland & Webb, 2003). In the face of ongoing 46 

climate change, most agricultural soils are of insufficient quality to meet the rising global 47 

food demand projected for the coming decades (FAO, 2015). Moreover, there is a 48 

pressing need to modify agricultural practices to achieve the United Nations Sustainable 49 

Development Goals for 2030 (Eyhorn et al. 2019). In this context, it has been proposed 50 

that the ecosystem services associated with increased organic matter in agricultural soils 51 

may help address the challenges of climate change and feeding a growing population 52 

(Sandhu et al., 2008).  53 

Zero-tillage and the application of organic amendments are among the most widely 54 

adopted practices for increasing SOM. In addition to mitigating climate change, 55 

enhancing SOM in agricultural soils can promote crop resilience to drought by improving 56 

water retention (Kallenbach et al., 2019; Tisdall & Oades, 1982) and nutrient availability 57 

(Chen et al., 2014; Wild et al., 2019). However, for SOM to improve soil function, it must 58 

be readily decomposed by microbial activity (Janzen, 2006). In agroecosystems, 59 

microbial activity can benefit C sequestration, nutrient cycling, and overall soil health 60 

(Banerjee & van der Heijden, 2022; Larkin, 2015). Plant residues provide energy for soil 61 

microorganisms, stimulating carbon (C) and nutrient cycling through a priming effect 62 

(Gunina & Kuzyakov, 2022). Although farming practices using organic materials as 63 

energy sources for microorganisms may temporarily reduce nitrogen (N) availability for 64 

plants, they ultimately increase soil organic N stocks (Coonan et al., 2020).  65 

In agricultural systems, organic N in soil is not considered an important nutrient source 66 

for crops. This aligns with the widely held view that plants primarily rely on inorganic N 67 

and compete poorly with soil microbiota for N (Schimel & Bennet, 2004). However, in 68 

conditions of low or moderate nutrient availability, soil microbiota can mobilize retained 69 

nutrients in SOM (Clarholm et al., 2015; Daly et al., 2021), especially in N-poor 70 

environments (Bonner et al., 2021). On the other hand, low N availability can enhance 71 

biological N fixation in legume nodules (Romanyà & Casals, 2019). Plant-associated 72 

nitrogen fixation can also occur in the rhizosphere and/or endophytically in non-legume 73 

crops (Kennedy et al., 2004; Yoneyama et al., 2017; Yoneyama & Suzuki, 2019); both 74 

processes involve a large number of bacteria, but little is known about how they are 75 

affected by N availability. A well-known non-legume N-fixing crop is sweet potato 76 

(Ipomoea batatas LAM.) (Terakado-Tonooka et al., 2008, 2013), which is suitable for 77 

horticultural rotations.  Due to its high vigor, sweet potato can mobilize large amounts of 78 

nutrients from the soil and significantly increase N input through biological nitrogen 79 



   

 

   

 

fixation. Indeed, sweet potato is considered a low nutrient-demanding crop in the 80 

Mediterranean region and is notably resilient to drought (Agili et al., 2012; Sapakhova et 81 

al., 2023). The use of N-fixing crops after the application of high-energy sources such as 82 

woody residues could be a strategy to counteract N starvation caused by increased 83 

microbial growth and activity.  84 

Ramial chipped wood (RCW), a pruning by-product, is reported to be suitable for soil 85 

conservation under field conditions (Gholami et al., 2016), including in horticultural 86 

practices that benefit soil aggregation (Tahboub et al., 2008). Its application also 87 

contributes to the circular economy by repurposing woody waste (Hague et al., 2023; 88 

Lemieux, 1992). Nonetheless, increased microbial activity after the addition of these 89 

residues may transiently reduce nutrient availability for plants (Barthès et al., 2010). Even 90 

though the agricultural application of RCW was developed several decades ago to recycle 91 

woody residues, little research has been done on its effect on soil organic C dynamics 92 

(Lemieux, 1992; Lemieux G & Germain D, 2001). Most scientifically validated studies 93 

in this field have been performed in Canada, focusing on the burial of RCW in coarse-94 

textured soils, and some have been carried out in tropical areas (Barthès et al., 2010). 95 

While typical application rates of 1.2 and 15 kg/m2 improve soil quality, higher doses 96 

pose logistical challenges, including availability and the costs of chipping and 97 

transportation (Barthès et al., 2015). In temperate climate zones, such as the 98 

Mediterranean region, there is still a knowledge gap regarding the effects of RCW on 99 

agricultural systems. Although plant residues with a high C:N ratio are expected to 100 

decompose slowly (Berg, 2000, 2012), the incorporation of RCW can increase soil 101 

respiration due to favorable environmental conditions for microbial activity due to high 102 

carbohydrate contents. At the same time, this increased microbial activity promotes the 103 

retention of both organic and mineral N (Becker & Ladha, 1997; Homyak et al., 2008). 104 

This newly retained N may subsequently be remobilized by priming processes triggered 105 

by RCW-derived carbohydrates, potentially contributing to crop nutrition.  106 

We hypothesized that adding large amounts of RCW would rapidly increase soil stocks 107 

of organic C and N. By enhancing microbial activity and microbial demand for N, this 108 

practice would increase organic N mobilization and plant-associated biological N 109 

fixation. These processes could benefit the yield of N-fixing and non-fixing crops and 110 

potentially stabilize a significant proportion of SOM. The aim of this study was to monitor 111 

soil stocks of organic C and N, crop yields, and crop N use in soils recently enriched with 112 

RCW, comparing their agronomic performance with organically managed regularly tilled 113 

soils fertilized with either organic granulate or plant residue compost.  114 

 115 

2. MATERIAL AND METHODS 116 



   

 

   

 

2.1. Experimental design 117 

The study was carried out at Masia Cal Notari, an organic horticultural farm in the peri-118 

urban area of Barcelona (Sant Boi de Llobregat, Barcelona, Spain, 41°19’4.8’’ N, 119 

2°3’3.6’’ E, 2 m.a.s.l.). The soil is a silty clay loam (Sand:Clay (5.5:28.5)) with 36.17% 120 

of calcium carbonate and a pH of 8.6. The location has a typically Mediterranean climate. 121 

Average temperatures during the study were as follows: 17.0 ± 0.4ºC in May 2021, when 122 

the experiment began, 24.0 ± 2.5ºC in summer, 17.2 ± 1.8ºC in autumn, 9.6 ± 1.0ºC in 123 

the winter months, 15.2 ± 1.6ºC in spring 2022, and 25.7 ± 2.7ºC in summer. Accumulated 124 

precipitation for these periods was 32, 23, 179, 21, 138 and 92 mm, respectively. The 125 

meteorological data were obtained from the Servei Meteorològic de Catalunya 126 

(https://www.meteo.cat/). 127 

In May 2021, four organic management systems were established. The first system was 128 

an unamended control (Control), whereas the second system (Compost) involved the 129 

application of 1.28 kg/m2 of compost derived from woody plant residues with 2.2% N 130 

and a C:N ratio of 13. Both systems involved soil tillage. Subsequently, two other organic 131 

management systems were established using RCW with a C:N ratio of 40.5, applied in 132 

two doses: a low dose of 7.5 kg/m2 (RCW-LD) and a high dose of 15 kg/m2 (RCW-HD), 133 

following the recommendations of (Lemieux and Germain 2001). The RCW-LD was 134 

selected given the potential N shortages after the massive application of RCW (Barthès 135 

et al., 2010). In these two organic management systems, tillage was discontinued after the 136 

incorporation of RCW. The RCW material consisted of C-rich peri-urban pruning 137 

residues from the municipality of Sant Boi de Llobregat (Fig. S1). The experimental 138 

layout comprised 16 plots (1.5 × 7.5 m each), spaced 1 m apart, and located along two 2 139 

m-wide pathways. Management systems were interspersed so that in each pathway there 140 

were two replicates of each system. Thus, the plots were divided into four blocks, each 141 

with one replicate of the four management systems. At the start of the experiment, all 142 

plots were tilled twice with a rotary tiller to incorporate the organic amendments into the 143 

top 20 cm of soil. The soil surface was then covered with a plastic geotextile, and a drip 144 

irrigation system was installed. 145 

The cultivated crops were sweet potato (Ipomoea batatas cv Beauregard) as the starter 146 

crop for soil regeneration, followed by a combination of spinach (Spinacia oleracea L.) 147 

and faba bean (Vicia faba L.), and lastly tomato (Solanum lycopersicum L.). Sweet 148 

potatoes were grown from May to October 2021; four sweet potatoes were planted per 149 

square meter, which resulted in 45 sweet potato plants per plot. Two rows of spinach and 150 

one of faba bean were cultivated from October 2021 to April 2022 and then tomatoes 151 

from May 2022 to August 2022 (Fig. S1). In May 2022, prior to planting the tomatoes, 152 

210 kg of an N-rich commercial organic fertilizer (C:N of 4) was applied to the Control 153 



   

 

   

 

plots and 120 kg of N-rich fertilizer was added in the RCW management systems to 154 

ensure nutrient availability for tomato production. In the Compost system, an additional 155 

dose of compost was incorporated at this stage. At the same time, the Control and 156 

Compost plots were tilled once with the rotary cultivator according to local organic 157 

farming practices. Tomatoes were harvested from July to August 2022. See Table 1 for 158 

the fertilization schedule and the C and N inputs associated with each amendment. The 159 

RCW used in the experiment had a density of 181.8 kg / m3. The amount of air-dried 160 

RCW incorporated into the soils was measured by volume. From this, and the C and N 161 

content in air-dried RCW, the C and N inputs were calculated. 162 

 163 
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Table 1. Fertilization and crop rotation calendar. The amount of amendment used for each organic management system along with the corresponding C and N inputs are shown. 186 
 187 

Date Crop Intervention Amount of amendment C and N inputs Details 

May 2021 (0 

months) 
-- 

Application and 

incorporation of compost 

and C-rich residues 

Compost: 1.28 kg/m2 (C/N 

13); RCW-LD (C/N 40.5): 7.5 

kg/m2; RCW-HD (C/N 40.5): 

15 kg/m2 

Compost: 0.39 kg/m2 of C and 0.03 kg/m2 of 

N; RCW-LD: 3.6 kg/m2 of C and 0.09 kg/m2 

of N; RCW-HD: 7.1 kg/m2 of C and 0.18 

kg/m2 of N 

Incorporation with rotary tilling at a 

depth of 20 cm. 

May 2021 Sweet potato Planting -- -- Nodal explants of cv Beauregard. 

October 2021 Sweet potato  Final harvest -- -- -- 

October 2021 
Spinach and faba 

bean 
Planting -- -- -- 

April 2022 
Spinach and faba 

bean 
Harvest -- -- -- 

May 2022 -- 

Application of compost, N-

rich fertilizer, and C-rich 

residues 

N-rich fertilizer (C/N 4): 

0.021 kg/m2 in Control; 

Compost: 1.28 kg/m2 (C/N 

11); 0.012 kg/m2 in RCW-LD 

and RCW-HD 

Control: 0.084 kg/m2 of C and 0.021 kg/m2; 

Compost: 0.33 kg/m2 of C and 0.03 kg/m2 of 

N; RCW-LD: 0.048 kg/m2 of C and 0.012 

kg/m2 of N; RCW-HD: 0.048 kg/m2 of C and 

0.012 kg/m2 of N 

In the RCW management systems, the 

material was applied as a mulch, 

whereas the N-rich fertilizer and 

compost were incorporated with rotary 

tilling. 

May 2022 Tomato Planting -- -- -- 

August 2022 Tomato Final harvest -- -- -- 

 188 
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2.2. Soil sampling and analysis 195 

2.2.1. Carbon and nitrogen balances 196 

In May 2021 (i.e., 0 months), before applying the management systems, two soil samples 197 

were collected from each plot using a volumetric soil sampling probe (5 × 5 cm section). 198 

Samples were taken at depths of 0 to 20 and 20 to 25 cm and bulked to produce one 199 

sample per plot per depth. Subsequent samples were taken at the end of July 2021 (i.e., at 200 

2 months, when sweet potatoes were flowering) and in July 2022 (i.e., at 14 months, 201 

before the tomato harvest). 202 

The bulk density of the soil was calculated by dividing sample weight by probe volume. 203 

The bulk density of fine earth (< 2 mm) was determined by separating it from larger 204 

elements, including organic debris, gravel, and stones. To evaluate the C balance, organic 205 

debris (> 2 mm) was included – this fraction contained the remaining woody plant 206 

residues, hereafter referred to as organic debris. The weight of organic debris per volume 207 

of soil was also calculated at this stage. Fine earth and organic debris were included in all 208 

soil analyses to assess the incorporation of the amendments into the soil. 209 

The bulk density of soil was calculated by dividing the weight of fine earth (g) by its 210 

volume (cm3). Fine earth was obtained by subtracting the volume of gravel and stones 211 

(assumed density of 2.65 g/cm3) from the total volume and the volume of the fine woody 212 

residues used (assumed density of 0.66 g/cm3).  213 

2.2.2. Equivalent-mass criterion 214 

Due to soil decompaction in the RCW management systems, the amount of fine earth 215 

sampled in the second sampling was significantly lower. To determine the C and N stocks 216 

of each plot, this difference was corrected using the equivalent-mass criterion proposed 217 

by Gifford and Roderick (2003) and Rovira et al (2015). Results were normalized by the 218 

amount of mineral matter (MM) in the initial fine earth and adding the amount of 219 

differential MM in the final samples. To calculate the MM of each sample, we subtracted 220 

the weight of organic matter from the fine-grained soil (weight of fine-grained soil – 221 

(1.724*%C of fine-grained soil). Additional MM was assigned the C, N, and woody plant 222 

residue content >2 mm of the 20-25 cm samples. 223 

The following equations were used to calculate C and N stocks in fine earth and organic 224 

debris contained in the equivalent mass of soil. This allowed us to quantify the changes 225 

in C and N stocks over time.  226 

 227 

 228 

 229 

 230 

 231 



   

 

   

 

 232 

 (1) 233 

C and N stocks (kg/ha)234 

= ((
g C or N

100 g dry soil
) × BDfe × (1-vGi) × 20 cm)235 

+ (ΔMM ×
%𝐶 or %Nfine earth 20-25 cm

100-(Cx1.724)20−25

) × 10000 236 

where: 237 

BDfe is the bulk density of fine earth (g/cm3) 238 

vGi is the fraction of the volumetric content of coarse fragments (mineral+organic) in 239 

the 0-20 cm layer.  240 

MM0-20 mineral matter at 0-20 cm depth (gMM/cm2 = g soil/cm2 – g organic C/cm2 × 241 

1.724) 242 

ΔMM0-20 cm is differential mineral matter between the initial soil (base line) and 243 

sample. 244 

 (2) 245 

C and N stocks (kg/ℎ𝑎)246 

= ((
g C or N

g organic debris
×

g of organic debris

cm3 of soil
)247 

+ (ΔMM ×
g C or N in organic debris

g MM20−25 

)) × 10000 248 

where: 249 

ΔMM is differential mineral matter between the base line and sample. 250 

To calculate C and N balances, the initial soils were used as a baseline. For the initial soils 251 

differential MM was zero. 252 

 253 

2.2.3 Soil organic carbon and total nitrogen analyses 254 

Organic C in the fine earth fraction was determined colorimetrically using the dichromate 255 

oxidation method (Walkley & Black, 1934) with some modifications (Heanes, 1984). 256 

Briefly, 50–80 mg of air-dried soil was mixed with 2 mL of 1/6 M potassium dichromate 257 

and 3 mL of concentrated sulfuric acid, followed by digestion at 155°C for 30 minutes. 258 

After digestion, 5 mL of distilled water was added, and the samples were allowed to cool 259 

before centrifugation. The supernatants were transferred to clean tubes, vortexed, and the 260 

absorbance was measured at 600 nm. The concentration of organic C was quantified by 261 

the spectrophotometric procedure using a glucose standard curve. 262 

 263 

Total N and C concentrations in the organic debris fraction and organic amendments, as 264 

well as leaf N content, were determined using an elemental analyzer coupled to an isotope 265 



   

 

   

 

ratio mass spectrometer (CF IRMS, Flash 2000 HT, Thermo Fisher Scientific Bremen, 266 

Germany).  267 

 268 

2.3. Crop sampling, agronomic production, leaf N content, and biological N fixation 269 

Sweet potatoes were harvested twice, at the end of September 2021 and in early October 270 

2021. In each harvest, a 2 × 2 m area was sampled, discarding shoot biomass, and 271 

harvesting tuberous roots with a pitchfork. Fresh and dry weights of shoot biomass were 272 

determined. Spinach and faba bean were harvested in March 2022 and April 2022, 273 

respectively. For both crops, two 2 × 0.5 m areas were sampled in each plot. Sample 274 

weight was recorded, and all remaining biomass was returned to the plots except for the 275 

faba bean biomass, which was commercialized. Tomatoes were harvested from July 2022 276 

to the end of August 2022. Tomatoes were sampled twice per week, and their weights 277 

were recorded. Tomatoes were commercialized and the shoot biomass was returned to 278 

the plots. In each harvest, the crops were classified as commercial or non-commercial. 279 

 280 

Biological N fixation (BNF) from atmospheric N2 (% Nderived from the atmosphere) was 281 

determined in sweet potato and faba bean based on the δ15N natural abundance method 282 

(Boddey et al., 2001; Unkovich et al., 2008).  283 

 284 

%Ndfa = 100 (δ15Nref – δ15Nfixing plant)/(δ15Nref – B) 285 

 286 

A mixture of weeds (Cyperus rotundus L., Amaranthus retroflexus L., Beta vulgaris L., 287 

Sonchus tenerrimus L., Sonchus oleraceus L., Portulaca oleracea L., Abutilion 288 

theophrasti MEDIK.) was used as a reference for sweet potato (collected in the same 289 

plots) using 0 as the b value as suggested by Boddey et al. (2001). Spinach was used as a 290 

reference for faba bean, for which a b value of -0.36 ؉ was used.  291 

2.4. RGB vegetation indices 292 

RGB (red, green, and blue) vegetation indices were calculated for each plot from 293 

conventional digital images using free-access BreedPix software (Casadesús et al. 2007) 294 

based on the methodology of Vergara-Díaz et al. (2016). The green area (GA), green 295 

green area (GGA), and crop senescence index (CSI) were assessed. Four pictures per plot 296 

were taken using a Canon EOS M5 camera (55 mm lens, 18 mm 1:3 5-6.3 IS STM) at ca. 297 

50 cm above the plant canopy. 298 

 299 

2.5. Statistical analyses 300 

Statistical analyses and graphs were produced using R (version 4.3.0) and R Studio 301 

(version 2023.6.0.421). Linear mixed models were used to assess organic management 302 



   

 

   

 

system effects on the response variables after 2 months and 14 months for the soil 303 

analyses. The lme function from the nlme package was used (Pinheiro & Bates, 2023), 304 

with ‘Organic management system’ fitted as a fixed factor and ‘Block’ as a random factor 305 

to account for any spatial variability. Maximum likelihood was used to fit the models 306 

during model selection and the model with the lowest Akaike information criterion was 307 

selected. Restricted maximum likelihood was used to fit the selected models. Effects of 308 

the organic management systems on crop production, biological N fixation parameters, 309 

and vegetation indices were analyzed by linear mixed models as described above. 310 

For all models, homoscedasticity and normality of residuals were checked visually (Zuur 311 

et al., 2010) and if necessary, the response variables were transformed to meet these 312 

criteria. The varIdent variance structure (nlme package) was used to account for variances 313 

in ‘Organic management system’ and was fitted in the model with the argument ‘weights’ 314 

if residual homoscedasticity could not be met by data transformations. The p-values for 315 

the effect of the response variables were obtained using the anova function. Significant 316 

effects were further analyzed by conducting post-hoc tests using estimated marginal 317 

means with the function emmeans using the Tukey adjustment (Lenth, 2023). All p-values 318 

were considered statistically significant at p ≤ 0.05. Differences between times within the 319 

organic management system were tested using a Welch Two Sample t-test with the 320 

function t.test. 321 

To further analyze the data of fine earth and organic debris, a factor analysis of mixed 322 

data was performed using the packages FactoMineR (Lê et al., 2008) and factoextra 323 

(Kassambara and Mundt 2020). Graphs with error bars were generated using ggplot2 and 324 

Rmisc (Hope, 2022). Correlation matrices were produced using the custom function 325 

corstars (Vallet, 2015). Spearman’s correlations were performed with scaled data. 326 

 327 

3. RESULTS 328 

3.1. Bulk density 329 

Two months after the addition of RCW, soil bulk density was lower compared to the 330 

Compost and Control organic management systems (Table 2), particularly in RCW-HD 331 

plots. A year later, however (July 2022), the bulk density in the RCW-HD system had 332 

slightly increased, although no significant differences among management systems or 333 

between sampling times were found (linear mixed effects model, Time: Fdf=15= 2.67, p > 334 

0.05).  335 

 336 

 337 

 338 

 339 



   

 

   

 

Table 2. Soil bulk density after 2 and 14 months in the different organic management systems. Different 340 

letters indicate statistically significant differences (if present) between groups at p ≤ 0.05. HD, high dose; 341 

LD, low dose; RCW, ramial chipped wood.  342 

Sampling Organic management system Bulk density (g/cm3) 

2 months 

Control 1.25 ± 0.06 a 

Compost 1.28 ± 0.02 a 

RCW-LD 1.14 ± 0.04 ab 

RCW-HD 1.07 ± 0.06 b 

14 months 

Control 1.28 ± 0.03  

Compost 1.25 ± 0.02  

RCW-LD 1.23 ± 0.03  

RCW-HD 1.17 ± 0.02  

 343 

3.2. Soil C and N content and stocks 344 

At two months, soil organic carbon (SOC) content in the fine earth fraction had increased 345 

only for the high dose of RCW, while the Compost system showed the lowest levels (Fig. 346 

1, % C). One year later, RCW-HD plots continued to maintain higher SOC contents than 347 

Compost and RCW-LD. In the organic debris fraction, both RCW systems showed higher 348 

SOC levels than Compost after 2 months (Fig. 1), with RCW-HD differing significantly 349 

from the Control. However, after one year, only RCW-HD maintained higher SOC levels 350 

in organic debris compared to the Control (Fig. 1).  351 

Regarding N content in the fine earth fraction, two months after amendment application, 352 

RCW-HD showed higher values than Compost (Fig. 1). After one year, N levels had 353 

increased in both Compost and RCW-HD, being significantly higher in Compost 354 

compared to the Control and RCW-LD. In the organic debris fraction, no differences in 355 

N content were observed among management systems at any time point. After two 356 

months, the Compost and Control management systems showed higher variability in N 357 

content compared to the RCW systems, which had lower N levels than the original fresh 358 

RCW material.  359 

The application of RCW increased the fine earth C:N ratio in the short term, but this effect 360 

was no longer evident after 14 months (Fig. 1). Compared to the organic debris from 361 

previous crops, the C:N ratio decreased in all management systems, with Compost 362 

showing the most pronounced reduction. Notably, in RCW systems, the C:N ratio of the 363 

organic debris fraction showed a transient increase during the first two months, followed 364 

by a return to near-baseline values (C:N of 40.5) the following year.  365 

 366 



   

 

   

 

 367 

 368 

Figure 1. Concentrations of C (%) and N (%), and the C:N ratio in fine earth and organic debris fractions 369 

in the different organic management systems at 2 and 14 months. Bars correspond to the mean ± SE of four 370 

replicates of soil samples. The green dotted line represents baseline levels (0 months), while the yellow 371 

dotted line indicates levels in RCW systems. Lower case letters (a, b, c) denote any significant differences 372 

between management systems at 2 months; upper case letters (A, B, C) indicate any significant differences 373 

at 14 months. Asterisks indicate differences between sampling times within an organic management system. 374 

All p values were considered significant at p ≤ 0.05). HD, high dose; LD, low dose; RCW, ramial chipped 375 

wood. 376 

 377 



   

 

   

 

The addition of RCW increased SOC stocks (Fig. 3), with the greatest increase observed 378 

in the RCW-HD system, as expected. It is noteworthy that at two months, most of the 379 

added C in the RCW systems was retained in the organic debris fraction, while most of 380 

the N had already been incorporated into the fine earth. Over the first year, substantial C 381 

losses were observed in both RCW systems due to decomposition, with only RCW-HD 382 

showing a net increase in C stocks. In contrast, N stocks remained stable across all 383 

systems. After one year, N increased significantly in both RCW and Compost systems, 384 

the latter having received two amendments by this time. In the RCW systems, N in the 385 

organic debris decreased significantly during the first year: by 460.7 kg N/ha in RCW-386 

HD and 247.7 kg N/ha in RCW-LD. In RCW-HD, this reduction closely matched the 387 

concurrent N increase in the fine earth fraction. After one year, the N content in organic 388 

debris in the RCW-HD system (145.7 kg N/ha) was still significantly higher than at 389 

baseline.  390 

 391 

Figure 2. Changes in C and N in fine earth and organic debris fractions in the different organic management 392 

systems at 2 and 14 months. Increments (kg/ha) at 2 months are the difference between values from July 393 



   

 

   

 

2021 and baseline values from May 2021, while increments at 14 months are the difference between values 394 

from July 2022 and May 2021. Bars correspond to the mean ± SE of four replicates of soil samples. Lower 395 

case letters (a, b, c) denote any significant differences between management systems at 2 months; upper 396 

case letters (A, B, C) indicate any significant differences at 14 months. Asterisks indicate differences 397 

between sampling times within an organic management system. All p values were considered significant at 398 

p ≤ 0.05. HD, high dose; LD, low dose; RCW, ramial chipped wood. 399 

 400 

3.4. Overall soil changes 401 

Two-factor analyses of mixed data were computed with the soil data of 2021 and 2022 402 

for fine earth and organic debris to further explore relationships and underlying patterns 403 

in the dataset, incorporating both categorical and continuous variables (Fig. 4A). In fine 404 

earth, dimension 1 accounted for 49.3% of the variance, while dimension 2 explained 405 

26%. Using the fviz_contrib function, we observed that C-related variables (e.g., 406 

increment of C mass per area, %C, and kg of C per area) contributed most to dimension 407 

1. In contrast, the C:N ratio and increment of N mass per area were the primary 408 

contributors to dimension 2 (Fig. 4B). 409 

The ellipses represent the estimated confidence interval with a probability of 95% for the 410 

dispersal of observations around group centroids. As shown by the separation along 411 

dimension 1, the management system with the higher dose of RCW stood out from the 412 

other groups, being positioned on the positive side of dimension 1, which indicates higher 413 

C-related variable values (Fig. 4B). Compost was on the negative side of dimension 2, 414 

indicating reduced C:N values and an increased kg N/ha.  415 

In the organic debris, dimension 1 accounted for 50.7% of the variance, whereas 416 

dimension 2 explained 18% (Fig. 4A). The primary contributors to dimension 1 were kg 417 

of C and N per area and the increments of C and N per area, whereas N concentration and 418 

the C:N ratio contributed most to dimension 2 (Fig. 4B). RCW-HD was distinctly 419 

separated from the other organic management systems, located on the positive side of 420 

both dimensions, indicating higher C and N contents. Compost was positioned on the 421 

positive side of dimension 2 and the negative side of dimension 1, reflecting positive 422 

values for the N concentration and C:N ratio but negative values for the kg of C and N 423 

per area and C and N increments per area. RCW-LD fell on the negative side of dimension 424 

2 and around 0 of dimension 1, indicating negative values for the N concentration and 425 

C:N ratio and either positive or negative values for the kg of C and N per area and C and 426 

N increments per area (Fig. 4B). 427 



   

 

   

 

 428 

Figure 4. Results of Factor Analysis of Mixed Data (FAMD) for fine earth and organic debris fractions of 429 

soil and variable contributions to the first two dimensions. A) Scatter plot showing the distribution of 430 

observations based on Dimensions 1 and 2. Each point represents an observation, with colors indicating the 431 

corresponding organic management system. Ellipses represent 95% confidence intervals, illustrating the 432 

dispersion within each group. B) Correlation plots showing variable contributions to Dimensions 1 and 2 433 

in the FAMD of fine earth and organic debris. Percentage contributions are displayed within the cells, with 434 

darker colors and larger circles indicating higher variable contributions to each dimension. Δ, increment; 435 

Dim 1, dimension 1; Dim 2, dimension 2; HD, high dose; LD, low dose; RCW, ramial chipped wood. 436 

 437 

3.5. Crop production, N requirements, and RGB indices 438 

Agronomic production varied significantly among organic management systems for 439 

spinach, but not for tomato (Table 3). Spinach yield averaged 3.9 t/ha and was highest in 440 

RCW-HD, where it reached a notable 5.1 t/ha.  The mean production of tomato was 16.4 441 

t/ha, with no significant differences among systems. The mean yield of sweet potato over 442 

two harvests was 52 t/ha, being lowest in the Control (42 t/ha), although the difference 443 

was not statistically significant. The average plant biomass of faba bean was 14.7 t/ha, 444 

with 8.0 t/ha of harvested beans. 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 



   

 

   

 

Table 3. Agronomic production of the crops cultivated during the experiment in the different organic 453 

management systems. Values correspond to the mean ± SE of four replicates. Different letters indicate any 454 

statistically significant differences between groups at p ≤ 0.05. HD, high dose; LD, low dose; RCW, ramial 455 

chipped wood. 456 

 Production (t/ha) 

Organic management 

system 
Sweet potato Spinach Faba bean Tomato 

Control 42.75 ± 2.07 2.88 ± 0.60 b 6.57 ± 1.10 79.47 ± 12.24 

Compost 46.08 ± 1.30 3.44 ± 0.85 ab 7.18 ± 2.37 60.33 ± 5.20 

RCW-LD 41.70 ± 3.47 3.71 ± 0.41 b 7.60 ± 2.19 53.70 ± 2.50 

RCW-HD 51.66 ± 3.86  5.09 ± 0.73 a 10.45 ± 2.26 69.40 ± 5.23 

 457 

Leaf N content ranged from 2 to 6% (Table S2) with no statistically significant differences 458 

among management systems in any of the crop species. On average, sweet potato had the 459 

lowest leaf N concentration at 2.38%, whereas faba bean had the highest at 5.21%, 460 

possibly due to its ability to fix N from the atmosphere (Klippenstein et al., 2022). Indeed, 461 

we found a correlation between leaf N and the kg of N derived from the atmosphere in 462 

faba bean (Table S5). 463 

Canopy RGB indices (GA and GGA) at the end of the harvest season varied among 464 

management systems for each crop (Table 4). In sweet potato, GA and GGA ranged from 465 

0.70 to 0.98, with RCW-HD showing the highest values: its GA was higher compared to 466 

Compost and GGA higher compared to the Control and Compost, indicating that RCW-467 

HD induced a bigger and greener canopy. In spinach, GA and GGA were higher in 468 

Compost compared to RCW-LD, which had a smaller canopy and more yellow leaves. 469 

For faba bean, GA and GGA ranged from 0.79 to 0.97, both indices being higher in RCW-470 

HD and RCW-LD versus the Control, with statistically significant differences. In tomato, 471 

the lowest GA and GGA values were observed in RCW-LD, whereas Compost showed 472 

the highest GA, with statistically significant differences from RCW-LD, and RCW-HD 473 

had the highest GGA.   474 

CSI, an indicator of senescence, varied among management systems in each crop except 475 

for faba bean (Table 4). CSI values ranged from 13 to 25 in sweet potato, 36 to 50 in 476 

spinach, and 30 to 35 in tomato. The high dose of RCW reduced CSI compared to the 477 

other management systems, although statistically significant differences were not 478 

observed between RCW-HD and RCW-LD in sweet potato or between RCW-HD and the 479 

Control in spinach (Table 4). 480 

 481 

 482 

 483 



   

 

   

 

Table 4. RGB-image-based vegetation indexes for the crops cultivated during the experiment in the 484 

different organic management systems. Values correspond to the mean ± SE of four replicates. Different 485 

letters indicate any statistically significant differences between groups at p ≤ 0.05. CSI, crop senescence 486 

index; HD, high dose; GA, green area; GGA, green green area; LD, low dose; RCW, ramial chipped wood. 487 

 Sweet potato  Spinach 

Organic  

management 

system GA GGA CSI  GA GGA CSI 

Control 0.95 ± 0.02 ab 0.75 ± 0.10 b 21.91 ± 8.46 a  0.72 ± 0.17 ab 0.45 ± 0.23 ab 39.82 ± 15.99 ab 

Compost 0.94 ± 0.47 b 0.70 ± 0.12 b 25.44 ± 9.22 a  0.80 ± 0.10 a 0.51 ± 0.14 a 36.84 ± 10.81 b 

RCW-LD 0.97 ± 0.02 ab 0.79 ± 0.05 ab 18.39 ± 4.10 ab  0.63 ± 0.08 b 0.32 ± 0.07 b 50.03 ± 5.82 a 

RCW-HD 0.98 ± 0.01 a 0.85 ± 0.04 a 13.28 ± 3.88 b   0.66 ± 0.05 b 0.39 ± 0.06 ab 41.08 ± 6.77 b 

        

 Faba bean  Tomato 

Organic  

management 

system GA GGA CSI  GA GGA CSI 

Control 0.92 ± 0.05 b 0.79 ± 0.12 b 13.94 ± 8.15   0.92 ± 0.05 ab 0.61 ± 0.07 ab 33.29 ± 5.40 a 

Compost 0.94 ± 0.06 ab 0.84 ± 0.12 ab 10.82 ± 8.24   0.90 ± 0.08 a 0.59 ± 0.75 ab 34.67 ± 6.35 a 

RCW-LD 0.97 ± 0.02 a 0.91 ± 0.03 a 6.42 ± 1.40   0.88 ± 0.06 b 0.58 ± 0.05 b 34.08 ± 5.15 a 

RCW-HD 0.97 ± 0.02 a 0.92 ± 0.05 a 5.99 ± 2.98    0.90 ± 0.06 ab 0.63 ± 0.05 a 30.02 ± 6.48 b 

 488 

3.6. Biological N fixation 489 

Both sweet potato and faba bean fixed atmospheric N in their aerial tissues (Table 5). 490 

Sweet potato averaged 12.5% of N derived from the atmosphere, fixing 10.5 kg of N per 491 

hectare, while faba bean had 97% of Ndfa, fixing an average of 157 kg of N per hectare 492 

(considering both plant biomass and beans). The faba bean Control resulted in higher Ndfa 493 

compared to RCW-amended soils (regardless of dose), whereas Ndfa in sweet potatoes 494 

grown with a high RCW dose was higher compared to the Control (Table 5).  495 

 496 

Table 5. Biological N fixation in sweet potato and faba bean expressed as the concentration of N derived 497 

from the atmosphere (%Ndfa) and kg of Ndfa per hectare. Values correspond to the mean ± SE of four 498 

replicates. Different letters indicate any statistically significant differences between groups at p ≤ 0.05. dfa, 499 

derived from the atmosphere; HD, high dose; LD, low dose; RCW, ramial chipped wood. 500 

 501 

Organic  

management 

system 

Sweet potato  Faba bean 

 %Ndfa kg Ndfa/ha  %Ndfa kg Ndfa/ha plant biomass kg Ndfa/ha beans 

Control 8.92 ± 1.66 b 7.47 ± 1.86  98.22 ± 0.34 a 169.09 ± 30.54 91.12 ± 16.27 

Compost 12.51 ± 0.91 ab 11.88 ± 2.23  97.26 ± 0.46 ab 189.17 ± 63.13 103.69 ± 34.93 

RCW-LD 13.47 ± 3.07 ab 9.49 ± 2.27  96.00 ± 0.71 b 194.21 ± 55.52 102.96 ± 29.01 

RCW-HD 14.91 ± 1.21 a 12.97 ± 1.75   96.38 ± 0.46 b 261.22 ± 60.52 143.45 ± 30.85 

 502 

 503 

 504 



   

 

   

 

4. DISCUSSION 505 

The high-dose application of RCW was the only organic management system that 506 

increased both soil C and N pools in both fine earth and organic debris fractions. In 507 

contrast, compost amendments had a positive effect only on N pools. At 14 months, C 508 

recovery in the RCW-HD system was much lower than N recovery, indicating increased 509 

respiration during this period and N enrichment in SOM. Two months after RCW 510 

application, most of the added N was recovered in the fine earth fraction, whereas most 511 

of the added C remained in the organic debris. Shortly after the incorporation of RCW, 512 

we also observed improved crop growth, enhanced plant-associated N fixation, and no 513 

signs of N limitation in spinach, a high N-demanding crop. After one year, most of the N 514 

recovered in the organic debris had transferred to the fine earth fraction, with no apparent 515 

N losses during this period. This suggests rapid N mobilization from RCW, contrasting 516 

with the conventional view that N retained in SOM contributes minimally to crop 517 

nutrition (Schimel & Bennett, 2004).         518 

4.1. Effects of RCW on soil characteristics  519 

RCW incorporation influenced soil physical properties by reducing bulk density, as 520 

reported in other studies (Barthès et al., 2010; Fontana et al., 2023). Given that bulk 521 

density is an indicator of soil compaction (Blake & Hartge, 1986), its reduction implies 522 

improved soil aeration, which can enhance root development and water infiltration 523 

(Dexter, 1988; Logsdon & Karlen, 2004). Compared to the initial values (see Table S1 524 

and Fig. 1), RCW-HD reduced soil compaction by 17%, suggesting that RCW is an 525 

effective organic amendment for improving soil physical properties. 526 

4.2. High-dose RCW application increases soil organic C and N reservoirs 527 

Although most of the C added through RCW was respired, RCW application still led to 528 

an increase in SOC, an indicator of soil quality (Reeves 1997). While SOC had increased 529 

after two months with both RCW doses, only the high-dose RCW system maintained 530 

elevated SOC levels after one year (2022). A rapid increase in SOC following plant litter 531 

application is commonly observed in low-C soils (Han et al., 2016; Larney & Angers, 532 

2012), particularly when incorporated at high doses (Arona & Samba, 2001). For 533 

example, a recent study on a Swiss cereal cropping system in Switzerland using lower 534 

doses of woodchips than in our experiment found a 10% SOC increase five years after a 535 

single application, while the control showed no change (Fontana et al., 2023). In our 536 

experiment, the high-dose RCW application increased SOC by 7.8% after one year, 537 

corresponding to a 22% retention of the added C, 17% of which was retained in the fine 538 

earth fraction. Fontana et al. (2023) reported slightly higher retention in fine earth after 539 

five years. Our lower retention may reflect more rapid mineralization due to warmer 540 

climatic conditions and intensive summer horticultural crop production. Our C retention 541 



   

 

   

 

rates are much higher than the general litter-derived C sequestration index reported in 542 

another study, which ranged from 0.4 to 5% per year (Gunina & Kuzyakov, 2022), likely 543 

due to the high lignin content in RCW. 544 

The 0.74 kg C/m2 supplied with compost did not  lead to a measurable increase in SOC 545 

stocks. This aligns with findings in other studies, which report short-term increases in 546 

SOC only when compost is applied at significantly higher doses (Tambone et al., 2007). 547 

Additionally, tillage in the Compost system failed to enhance SOC, consistent with 548 

observations by Haddaway et al. (2017). 549 

In the RCW management systems, we observed highly dynamic N cycling between 550 

organic debris and fine earth fractions. Notably, N was incorporated into the fine earth 551 

more rapidly than C. For both sampling periods, the low RCW dose resulted in the highest 552 

proportion of the added N being incorporated into the fine earth, suggesting that lower 553 

application rates accelerate N transfer to this soil fraction. Such rapid incorporation of N 554 

from high C/N ratio materials contrasts with previous findings in studies where surface-555 

applied litter retained N in the decomposing material for at least two years (Montané et 556 

al., 2010). However, our results are consistent with other research using buried leaf litter 557 

or roots, which similarly found rapid N migration from litter bags into fine earth (Garcia-558 

Pausas et al., 2012; Rovira & Ramón Vallejo, 2002). These studies also noted that N 559 

incorporation was faster in the subsoil, likely due to differing environmental conditions. 560 

In our experiment, the low-dose RCW application may have improved direct contact 561 

between organic residues and fine earth, thereby accelerating N incorporation into this 562 

soil fraction.  563 

These outcomes indicate that RCW incorporated into the soil may accelerate N 564 

mobilization significantly more than mulching materials incubated aboveground. A meta-565 

analysis found that the use of RCW increases cereal yields, suggesting that high inputs of 566 

organic C stimulate soil microbiota and enhance soil fertility (Félix et al. 2018). 567 

Nevertheless, a transient reduction in N availability may occur during the initial months 568 

after RCW incorporation (Barthès et al., 2010). During this period, complex organic 569 

molecules in the wood by-products are broken down into simpler forms by microbes such 570 

as saprotrophic fungi (Clocchiatti et al., 2020). These smaller C compounds are then 571 

transformed into more stable molecules (humic substances) that will eventually enrich 572 

the soil, improving its structure, water retention, and nutrient availability (Adams, 1973; 573 

Murphy, 2015; Saxton & Rawls, 2006).  574 

4.3. The N reservoir increases in the short-term after RCW application and then stabilizes 575 

Two months after RCW application, a substantial increase in N was observed, most of 576 

which was recovered in the fine earth fraction (Fig. 2). In contrast, the application of 577 

compost did not increase soil N at this stage. One year later, after the second compost 578 



   

 

   

 

application, N levels in both compost- and RCW-amended soils were higher compared to 579 

baseline values (Fig. 3). Although N exports in subsequent harvests were 270 kg N/ha, 580 

the increase in soil N was comparable to the amount of N added through RCW or 581 

compost, primarily retained in fine earth (see Fig. 2 and Table 1). This indicates a rapid 582 

incorporation of N into fine earth and a high N retention capacity of the studied soils, 583 

which is in line with our hypothesis. Organic N from materials with a high lignin:N ratio, 584 

such as RCW, is expected to be largely retained in the soil (Becker & Ladha, 1997). Our 585 

data show that N applied through compost with a much lower C:N ratio was also retained 586 

in the soil.  587 

Changes in the N cycle following the addition of organic amendments are associated with 588 

shifts in the microbial community (González-Coria et al., unpublished). These shifts are 589 

driven by alterations in soil physicochemical conditions, particularly SOM stocks and 590 

composition (Siedt et al., 2021). In our study, high doses of RCW resulted in high C 591 

stocks that were sustained until the end of the experiment (14 months post-application). 592 

Although the C:N ratio at that point was similar to the Control, the presence of a 593 

significant amount of cellulose-rich organic debris may have promoted saprophytic 594 

fungal activity, thereby boosting long-term soil fertility (De Vries et al., 2011; Ning et 595 

al., 2021). 596 

4.4. Agronomic performance is maintained with RCW 597 

Overall, agronomic production was maintained following the addition of RCW, which is 598 

consistent with the results of Fontana et al. (2023). In our RCW management systems, no 599 

additional N was applied for the first two crops (sweet potato and faba bean/spinach), 600 

while a 57% dose of N relative to the Control was used for the third crop (tomato). 601 

Fontana et al. (2023) also incorporated supplementary fertilizer after a wood chip 602 

application. For spinach, the high RCW dose resulted in higher yields compared to RCW-603 

LD and the Control. Spinach production correlated positively with soil C and N stocks 604 

(Table S4), demonstrating the beneficial effects of RCW on crop yield. While various C-605 

rich amendments have been shown to promote spinach growth (Liu et al., 2022), we found 606 

that RCW application negatively affected spinach crop cover, greenness, and senescence. 607 

This was reflected in lower GA and GGA values, and a higher CSI compared to the 608 

Compost system (Table 4). Specifically, the lower RCW dose resulted in the highest 609 

senescence index, although this did not correlate with either spinach production or leaf N 610 

content (Table S4). As a leafy green, spinach has high N requirements, and potential N 611 

immobilization due to woody organic amendments could affect its growth (Bourdon et 612 

al., 2024). However, in our study, higher N immobilization due to RCW can be ruled out, 613 

as leaf N content was consistent across all organic management systems (Table S2) and 614 

the high RCW dose resulted in the highest yield. 615 



   

 

   

 

Although not statistically significant, higher yields were also observed for sweet potato 616 

and faba bean with the RCW-HD amendment. The production of sweet potato has been 617 

shown to increase when the soil is covered with a woody mulch compared to bare soil 618 

(Richardson et al., 2023), whereas faba bean yields were unaffected by woodchip 619 

mulching (Xu et al., 2018). However, other studies have reported improved legume 620 

production when using wood-derived mulches compared to bare soil (e.g. (Gruda, 2008). 621 

Wood-chip mulching has also been found to positively affect tomato yield (Horimoto et 622 

al., 2022), although Soumare et al. (Soumare et al., 2002) observed reduced tomato 623 

growth in the first cropping season. In our study, the highest tomato yield was obtained 624 

with the application of an N-rich fertilizer, consistent with the high N requirements of this 625 

crop (Zotarelli et al., 2009). However, neither tomato production nor leaf N content in the 626 

Control system were statistically different from those of RCW-HD, suggesting that 627 

sufficient N was available with the high RCW dose. This is further supported by 628 

consistent crop cover and GGA values (Table 4 and Table S2). Tomatoes grown with 629 

RCW-HD showed a lower CSI, and we notably found a negative correlation between 630 

tomato CSI and kg of C in the soil (Table S6). Moreover, there was a positive correlation 631 

between soil C stocks and GGA (Table S6), suggesting that RCW can improve tomato 632 

plant growth conditions. 633 

Altogether, these results alleviate concerns that growing crops such as sweet potato, 634 

spinach, faba bean, and tomato with high doses of RCW will lead to lower yields 635 

compared to soils amended with N-rich granulate fertilizer or compost. However, our 636 

findings suggest that low RCW doses may potentially limit the growth and/or yield of the 637 

spinach and tomato cultivars used in this study. Further research is needed to determine 638 

the optimal RCW dosage, nutrient richness, and application methods to maximize the 639 

benefits of RCW while minimizing any negative effects on crop productivity. 640 

4.5. Addition of RCW increases N fixation in sweet potato and reduces it in faba bean 641 

Sweet potato can fix N2 with the help of diazotrophic endophytes (Terakado-Tonooka et 642 

al., 2013; Ueda & Yano, 2023), which allows it to thrive in low-nutrient soils. Our results 643 

showed that higher atmospheric N fixation was correlated with increased sweet potato 644 

production (Table S3). We also observed positive correlations between GA and GAA 645 

values and soil C stocks, and a negative correlation between soil C stocks and the CSI 646 

(Table S3). Additionally, a positive relationship was found between Ndfa and soil N stocks.  647 

Although the proportion of N derived from N2 was highest in soils amended with RCW, 648 

the values were rather low (less than 20% Ndfa), suggesting that sweet potatoes mainly 649 

used soil-derived N. Unlike legumes, biological N fixation (BNF) of pot-grown sweet 650 

potato has been shown to increase with the addition of readily available N and other 651 

nutrients (Ueda & Yano, 2023). Thus, it is likely that the application of large amounts of 652 



   

 

   

 

RCW contributed to soil nutrient mobilization. In fact, increases in leaf P content have 653 

been observed in sweet potato fertilized with RCW (Jaime-Rodríguez et al., 2025), in 654 

agreement with Fontana et al. (2023), who reported the remobilization of P, N, and Mg. 655 

The rapid incorporation of N into the fine earth fraction within two months of RCW 656 

application may have enhanced nutrition availability for sweet potato and increased its 657 

BNF capacity. These results indicate that high doses of RCW helped meet the N 658 

requirements of sweet potato, allowing for optimal overall crop performance in the short 659 

term. 660 

 661 

Unlike sweet potato, legumes primarily rely on BNF to obtain N (Kebede, 2021; 662 

Vasconcelos et al., 2020). The amount of N fixed per hectare varies depending on the 663 

legume species, climatic conditions, soil characteristics, and soil management. Among 664 

legume crops, faba bean stands out for its high BNF capacity. Vasconcelos et al. (2020) 665 

reported BNF rates ranging from 118 to 300 kg of N/ha, which is consistent with the 203 666 

kg of N/ha found in our study for aboveground faba bean biomass. Generally, the lower 667 

the N input in a cropping system, the higher the BNF in legumes (Preissel et al. 2015). 668 

However, in our experiment, RCW application reduced BNF in faba bean, leading to an 669 

increased use of soil-derived N. This could be an indicator of enhanced N availability in 670 

the RCW management systems, consistent with the higher amount of applied N (Table 671 

1). Interestingly, the lower BNF in RCW systems did not negatively impact crop 672 

production or leaf N content (Table 3 and Table S2). In fact, RCW-amended plots showed 673 

improved crop cover and greenness compared to the Control (Table 4), suggesting a better 674 

crop performance after the addition of RCW. 675 

 676 

In this work, we addressed a complex agronomic challenge through a focused case study 677 

involving a single soil type, a defined RCW source, a specific crop rotation, and consistent 678 

climatic conditions, including the season of RCW application. We assessed the combined 679 

effects of RCW application and no-till management within a single treatment over one 680 

year. While this approach captures short-term responses to RCW, it limits our ability to 681 

isolate RCW-specific effects. Nevertheless, despite these limitations, the study provides 682 

valuable insights. To better understand the synergies and trade-offs among these 683 

interacting factors, future research should investigate different RCW by-products, 684 

application timings, and crop combinations over an extended experimental timeframe. 685 

 686 

5. CONCLUSIONS 687 

The incorporation of high doses of RCW into a crop rotation starting with sweet potato, 688 

without subsequent tillage, enhanced soil organic matter. For the first time, we show that 689 



   

 

   

 

RCW application rapidly increased N stocks in the fine earth fraction. N accumulation 690 

continued over the following year, especially at the high RCW dose, due to the N 691 

contribution from the added organic debris. Crop performance indicates that these N 692 

stocks improved crop nutrition, resulting in good yields. At the end of the experiment, 693 

only high RCW doses significantly increased SOC (by 22%), with 5% recovered as > 2 694 

mm RCW (i.e., organic debris) and a C:N ratio very close to that of the original material. 695 

Conversely, low RCW doses or compost amendments resulted in negligible C retention.  696 

We propose that combining high RCW doses with sweet potato as a starter crop is an 697 

effective strategy for rapid soil regeneration due to their synergistic effects. Immediately 698 

after RCW incorporation, sweet potato showed adequate leaf N levels and enhanced BNF. 699 

All rotation crops performed well, although spinach showed reduced canopy cover, 700 

especially at low RCW doses. The implementation of RCW amendments aligns with 701 

sustainable agricultural practices and supports the circular economy by using a locally 702 

available carbon- and nutrient-rich resource. Further research should elucidate the 703 

specific mechanisms underlying these effects and evaluate broader ecosystem and 704 

economic impacts. 705 
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