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Abstract 

The addition of organic amendments and cover cropping on sandy soils are regenerative farming practices that 

can potentially enhance soil health. South Florida mineral soils present low soil quality due to their sandy texture 

and low organic matter (OM) content. Few studies have focused on evaluating the effects of farm-based 

management regenerative practices in this region. The objective of this study was to evaluate changes in soil 

properties associated with two regenerative farming practices - horse bedding application in combination with 

cover cropping (cowpea, Vigna unguiculata), compared to the practice of cover cropping only for two years. The 

soil quality indicators that were tested included soil pH, bulk density, water holding capacity, cation exchange 

capacity, OM, active carbon, soil protein and major nutrients (N, P, K). Results indicated no significant changes 

in soil pH, but a significant reduction in soil bulk density and a significant increase in maximum water holding 

capacity for both practices. Cation exchange capacity and the amounts of active carbon increased significantly 

after 1.5-year of the farming practices. Horse bedding application with cover cropping showed a significant 4% 

increase in OM during a short period. A significant increase in plant-available P was also observed under these 

two practices. Based on this study, horse bedding application as an organic amendment in conjunction with cover 

cropping provides an enhanced soil health effect compared to just cover cropping. As local growers explore 

farming option to improve soil health particularly during the fallow period using regenerative farming practices 

on sandy soils, these results will assist in their decision making. 
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1. Introduction 

Regenerative farming is an approach of farming that focuses on improving and revitalizing soil health. Enhanced 

soil health is the basis for soil to function sustainably, and to satisfy the needs of humans, support plants and 

animals, and maintain environmental quality. Regenerative farming aims at promoting productivity and 

environmental management simultaneously (Pretty, 1995). There is strong evidence that regenerative farming 

technologies and practices can bring both environmental and economic benefits to farmers, communities, and 

nations (Sherwood & Uphoff, 2000). For example, Leontino Balbo’s Native Farm in Brazil reported a 20% 

increase in sugarcane yield due to zero budget natural farming (ZBNF); integrated duck-rice model conducted in 

Takao Furuno’s farm in Japan reported a 20-50% rice yield increase as well as a tripling in revenue; and a farmer 

named Rodney Rulon spent about $100,000 on cover crop seeds on his farm in Indiana, but saved about $57,000 

on fertilizers and $107,000 in extra income because of greater yields (Nick, 2019). All of these regenerative 

approaches focus on soil health management, in an attempt to obtain a balanced relationship between the 

chemical, biological and physical aspects of a soil, which enhance soil fertility for increasingly productive and 

sustainable agriculture. The resulting healthy, balanced and mineral-rich soil, not only produces high quality 

nutritional food and higher crop yields, but also helps carbon sequestration. Conventional agricultural practices 

can lead to increased greenhouse gas emissions, while regenerative farming promotes an increase in soil organic 

carbon levels, which helps agriculture to serve as a carbon sink. 

Regenerative farming involves sustainable land management practices such as conservation tillage, enhanced 
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crop rotations, residue retention, cover cropping, and planned grazing (Rodale Institute, 2014). These farming 

practices focus on maximizing soil cover and maintaining active roots growing to support soil microbes, which 

promote an increase in soil organic matter (OM) content, provide benefits of increased productivity and greater 

resilience on farms, and contribute to soil health and carbon sequestration (Paul, 2013). The improved level of 

soil OM will result in a greater water-holding capacity and cation exchange capacity, lower soil bulk density, 

more effective nutrients cycling, increased microbial communities and activities, and improved farm profitability 

(Rodale Institute, 2014). 

1.1 Objective 

Despite the numerous benefits of regenerative farming practices observed, few studies have focused on 

evaluating the effects of farm-based management operations, especially in hot and humid southern regions of the  

United States. Thus, the objective of this study was to evaluate changes in soil health indicators associated with 

horse bedding application in combination with cover cropping (HB_CC) using cowpea (Vigna unguiculata) in 

South Florida, and compared to the practice of cover cropping only (CC_only) over a two year period (from 

January 2017 to January 2019). 

2. Material and Methods 

2.1 Study Area 

Parts of South Florida are comprised of sandy (mineral) soils, which are left over from the erosion of limestone 

and deposited from the shallow ancient sea. These mineral soils have developed under a sub-tropical climate 

with high average temperature and abundant rainfall that promoted microbial growth in soils and rapid OM 

mineralization over thousands of years. Typically, these mineral soils are of poor quality due to their sandy 

texture and low soil OM content, which ranges from 1 to 4% (Bhadha, Capasso, Khatiwada, Swanson, & 

LaBorde, 2017). Farming constraints are linked to the natural properties of these mineral soils with a wide range 

of limiting factors, such as, nutrient deficiencies, poor physical attributes and low water storage capacity 

(Bhadha, Capasso, Khatiwada, Swanson, & LaBorde, 2017). Conventional crop production systems on these 

mineral soils in South Florida rely on large amounts of external nutrients, which also have the potential to be lost 

via leaching. With these concerns in mind, regenerative farming practices are being developed and evaluated to 

improve the fertility of these mineral soils and decrease potential impacts on the environment. The use of soil 

amendments such as horse bedding associated with cover cropping is a management practice that offer 

alternatives for regenerative cropping production systems by reducing nitrogen fertilizer applications, enhance 

soil properties, while increasing crop yields. Horse bedding and cover crops could potentially be a good 

combination in providing nutrients, sequestering carbon, and increasing soil tilth. The practice combines 

nutrients recovery and protecting the environment, which fits the goal of regenerative farming very well. 

2.2 Horse Bedding Material and Study Plan 

Horse bedding was obtained from local equestrian facilities in Palm Beach County of Florida, which produces 

over 200,000 tons of bedding material annually. Several basic physiochemical properties of horse bedding 

material were analyzed in the Soil, Water and Nutrient Management laboratory at the Everglades Research and 

Education Center in Belle Glade, Florida. A combustion method was used to determine total carbon (C) and total 

nitrogen (N) percentage of the horse bedding material and calculate its C: N ratio. Table 1 shows the basic 

physiochemical properties of horse bedding.  

Table 1. Basic physiochemical properties of horse bedding (n=3) 
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Six 5-acre commercial farm fields in Clewiston, Florida were selected for the management practices. Horse 

bedding was applied at a depth of 6 inches to three of the fields while the other three went untreated. Three 

months after the application of horse bedding, Vigna unguiculata was planted at approximately 30 lb/ac rate and 

grown during the summer of 2017 in all six fields. The timeline of the management practices is shown in Figure 

1. 

 

Figure 1. Study timeline of the two regenerative farming practices, (i) Horse bedding + cover crop; (ii) Cover crop 

only 

 

Baseline soil samples were collected from all six fields in January 2017 prior to horse bedding application into 

the fields. Second soil sampling was conducted in September 2017, after the cover crop was cut and tilled into 

the soil, just before sugarcane was planted. A third set of soil samples were collected in January 2019, after the 

sugarcane was harvested. Five composite soil samples were collected from the top 15 cm from each field. One 

composite soil sample comprised of mixing ten soil samples collected along a transect from individual field. All 

soil samples were collected using 1-gallon Ziploc bags and transported to the Soil, Water and Nutrient 

Management Laboratory at Everglades Research and Education Center in Belle Glade, Florida for further 

analyses.  

2.3 Analytical Methods 

All soil samples were air-dried, passed through 2 mm sieve, and analyzed for soil health indicators, including 

soil pH, bulk density (BD), maximum water holding capacity (MWHC), organic matter (OM) content, cation 

exchange capacity (CEC), active carbon (Active C), soil protein, Mehlich 3 phosphorus (M3P) and potassium 

(M3K), total phosphorus (TP) and total Kjeldahl nitrogen (TKN). Soil pH was determined with a 1:2 soil to 

water ratio using Accumet AB250 pH meter. Bulk density was calculated by dividing soil mass in a fixed core 

volume. Maximum water holding capacity was determined by the saturation procedure, which is a modified 

method described in Jenkinson and Powlson (1976). Organic matter content was calculated through soil material 

loss on ignition (LOI). Cation exchange capacity was estimated using the ammonium acetate method (Sumner & 

Miller, 1996), and ammonium concentration was analyzed with flow injection analysis on a Lachat analyzer 

(QuikChem Method 10-107-06-2-A. Hach Company, Loveland, CO). Active C was determined based on 

potassium permanganate (KMnO4) oxidizable carbon using 0.02 M KMnO4 for mineral soils, in which 

approximately 2.5 g of soil was reacted with 20 mL of 0.02 M KMnO4 for exactly two minutes, filtered and 

supernatant solution was then analyzed using Thermo Scientific Genesys 30 spectrophotometer at 550 nm. Soil 

protein was determined by using a sodium citrate extraction method (Schindelbeck, B.N. Moebius-Clune, D.J. 

Moebius-Clune, Kurtz, & van Es, 2016) under autoclaving with high temperature and pressure. The extracted 

proteins were quantified by using the Thermo Pierce colorimetric bicinchoninic acid assay (BCA) as calibrated 

against protein standards of known concentration. The color development was read by using Thermo Scientific 

Genesys 30 spectrophotometer at 550 nm. Plant available P and K were determined using Mehlich-3 extraction 

method, and then analyzed using Agilent 5110 inductively coupled plasma-optical emission spectrometer 

(ICP-OES) (Santa Clara CA). Total P was determined by ashing samples for at least 5 hours (not to exceed 16 

hours) at 550°C in a muffle furnace followed by extraction with 6M HCl and analyzed using ICP-OES. TKN 

was determined using digestion method followed by colorimetric determination (EPA method 351.2). 

Analyses of variance for soil properties analyses were performed using a mixed model with treatment (horse 

bedding application) as the fixed main effects and blocks (plots) were considered as random effects. Statistical 

analyses were conducted using SAS/GLIMMIX in SAS 9.4 (SAS Institute, 2011). Least significant mean 

differences (p <0.05) were determined for significant treatment effects. 

 

 

Horse bedding + Cover crop 
(HB_CC)

Cover crop only 
(CC_only)
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3. Results 

3.1 Changes in Soil Health Indicators 

The mean value of pH for all soil samples were neutral to slightly alkaline and ranged from 6.71 to 7.50. There 

were no significant changes in pH between the two farming practices among the three sampling dates (Figure 2). 

 
Figure 2. Changes in soil pH between CC-only and HB_CC at all sampling dates (mean and standard deviation)  

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within the same dates are significantly different (p <0.05). Means for the same 

treatment with different upper case letters for different sampling time are significantly different (p <0.05). 

 

Bulk density of the soils ranged from 1.23 to 1.54 g cm-3 (Figure 3). Both HB_CC and CC-only practices 

showed a significant decrease in BD at the latter two sampling dates. 

There was a significant difference in BD observed between HB_CC and CC-only practices at the second 

sampling dates (September 2017). 

 

Figure 3. Changes in soil bulk density between CC-only and HB_CC at all sampling dates (mean and standard 

deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same date are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling date are significantly different (p <0.05). 

 

Both HB_CC and CC-only practices showed a significant increase in MWHC at the latter two sampling dates 

(Figure 4). There was a significant difference in MWHC observed between HB_CC and CC-only practices at the 

third sampling date (January 2019). The MWHC of all soil samples after the two farming practices conducted 

was in range of 49.64% to 59.24%. 
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Figure 4. Changes in soil maximum water holding capacity between CC-only and HB_CC at all sampling dates 

(mean and standard deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within the same dates are significantly different (p <0.05). Means for the same 

treatment with different upper case letters for different sampling date are significantly different (p <0.05). 

 

The CEC of the soil samples collected at the third sampling date (January 2019) of both HB_CC and CC-only 

practices showed a significant increase compared to the former two sampling dates (Figure 5). However, a 

significant decrease in CEC was observed at the second sampling date (September 2019) compared to our 

baseline soil samples collect in January 2017. There was no significant difference in CEC observed between 

HB_CC and CC-only at all sampling dates. The CEC of the soil samples collected at January 2019 was 

approximately 4.5 cmolc kg-1 for both HB_CC and CC-only practices, while the CEC at January 2017 ranged 

from 2.09 to 2.36 cmolc kg-1 and the CEC at September 2017 ranged from 1.46 to 1.71 cmolc kg-1. 

 

Figure 5. Changes in soil cation exchange capacity between CC-only and HB_CC at all sampling times (mean and 

standard deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same time are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling time are significantly different (p <0.05). 

 

Organic matter content of the soils ranged from 3.04 to 7.64% (Figure 6). There was a significant increase of 

approximately 4% OM of soil samples collected at the second sampling date (September 2017) for HB_CC 

practice compared to the other two sampling dates. There was a significant difference in OM observed between 

HB_CC and CC-only practices at the second sampling date (September 2017), whereas no significant difference 
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between the two practices at the other two sampling times. This increase in OM observed in the HB_CC 

treatment during September 2017 could be because the OM input to the soil from the newly terminated cover 

crop. 

 

Figure 6. Changes in soil organic matter between CC-only and HB_CC at all sampling dates (mean and standard 

deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same date are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling date are significantly different (p <0.05). 

 

Both HB_CC and CC-only practices showed a significant increase in Active C at the third sampling date 

(January 2019) compared to the former two sampling dates (Figure 7). A significantly higher amount of Active C 

in HB_CC than CC-only practice was observed in January 2019 as well. 

 

Figure 7. Changes in soil active carbon between CC-only and HB_CC at all sampling dates (mean and standard 

deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same date are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling date are significantly different (p <0.05). 

 

Soil protein of the soils ranged from 334.9 to 458.36 mg kg-1 (Figure 8). No significant changes were observed 

for both HB_CC and CC-only practices among all the sampling dates. At the second sampling date (September 

2017), a significantly higher amount of soil protein was observed in HB_CC than in CC-only. 
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Figure 8. Changes in soil protein between CC-only and HB_CC at all sampling dates (mean and standard 

deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same date are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling date are significantly different (p <0.05). 

 

In terms of nutrient contents, there were no significant changes in TKN for both HB_CC and CC-only practices 

among all the sampling times. No significant differences in TKN between HB_CC and CC-only were observed 

at all the sampling times as well. The range of TKN of all soil samples was from 1119 to 1614 mg kg-1 (Figure 9). 

Soil samples for both HB_CC and CC-only practices had a significant increase in Total P at the second sampling 

time (September 2017) compared to the other two sampling times. The soil samples collected at the latter two 

sampling times for both HB_CC and CC-only practices had significantly higher Mehlich 3 P concentrations than 

our baseline soil samples collected at January 2017. The Mehlich 3 P concentrations of soil samples for both 

HB_CC and CC-only practices ranged from 94.5 to 110.7 mg kg-1 after the two practices were conducted. There 

were no significant changes in Mehlich 3 K in soil samples for HB_CC among all the sampling times, while a 

significant change in Mehlich 3 K in soil samples for CC-only was observed at the third sampling time (January 

2019) compare to the second time (September 2017). At the second sampling time (September 2017), a 

significant higher Mehlich 3 potassium concentration was observed in soil samples for HB_CC than for 

CC-only. 
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Figure 9. Changes in soil TKN, TP, Mehlich 3 P, and Mehlich 3 K concentrations between CC-only and HB_CC at 

all sampling dates (mean and standard deviation) 

HB_CC = Horse bedding application with cover cropping, CC-only = Cover cropping only. Means followed by 

different lower case letters within same date are significantly different (p <0.05). Means for the same treatment 

with different upper case letters for different sampling time are significantly different (p <0.05). 

 

4. Discussion 

The pH of soils, which ranged from neutral to slightly alkaline, is a result of years of mixing with the underlying 

limestone (high calcium carbonate) bedrock in South Florida (Bhadha, Khatiwada, Galindo, Xu, & Capasso, 

2018). The large fraction of Ca and Mg-based minerals within the limestone has the potential to raise pH in the 

topsoil. In our experimental trail the pH showed no statistically significant changes after horse bedding 

application and cover cropping practice since the pH of horse bedding material is slightly alkaline (7.37). Results 

indicate no obvious effects on pH due to the two regenerative farming practices (horse bedding application with 

cover cropping and cover cropping only). The significant decrease in bulk density (BD) at the two latter 

sampling dates (September 2017 and January 2019) for the two farming practices maybe due to the addition of 

OM from horse bedding materials and cover crops residues to the topsoil. The higher amounts of OM of horse 

bedding application with cover cropping practice (HB_CC) resulted in a significant lower BD than cover 

cropping practice only (CC-only) at the second sampling date (September 2017). It appears that HB_CC could 

do a better job than CC-only in lowering BD in a short period (few months). This lowering of soil bulk density is 

preferred since it’s good for root growth, movement of air and water through soil, and alleviation of soil 

compaction. There was a significant increase in maximum water holding capacity (MWHC) after the two 

farming practices were applied. This increase in MWHC is probably due to the increase of OM content of the 

topsoil. Hudson (1994) reported that as OM content increased in sandy soils from 0.5% to 3%, the available 

water holding capacity of the soil could be more than doubled. Bhadha et al. (2017) also demonstrated that 

growers could increase the MWHC of their soils by adopting farming practices that increase soil OM on mineral 

soils. HB_CC had a significantly higher MWHC than CC-only at the third sampling date (January 2019), which 

may be due to the higher amounts of organic matter remaining in the topsoil, which means HB_CC practice 

could have a long-term effect on MWHC than CC-only during our study period. Cation exchange capacity (CEC) 

significantly increased at the third sampling time (September 2017) for the two farming practices which maybe 

because of the addition of OM from horse bedding materials, cover crops and sugarcane residues left to the 
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topsoil. Soil organic carbon content and clay-size particle fraction of soils are two primary factors to control 

CEC of soils (Parfitt, Giltrap, & Whitton, 1995). The sandy soils inherently have a low organic carbon content in 

our study region (< 4%), hence the CEC values are low (< 3 cmolc kg-1). Even in our experimental study after 

the CEC increased significantly, CEC values were still less than 5 cmolc kg-1. However, this increase in soil CEC 

is considered as a positive change since high CEC helps to retain more essential nutrients for plant uptake, and 

keep non-foliar fertilizer and pesticides absorbed in the soil longer (Bhadha, Khatiwada, Galindo, Xu, & Capasso, 

2018). Interestingly, we observed a significant decrease in the CEC at the second sampling date (September 2017) 

after the two farming practice were applied. This decrease in soil CEC maybe because of the base cations being 

leached due to heavy precipitation. According to the data obtained from the Florida Automated Weather Network 

(FAWN), there was 12.90-inchs of rainfall in September 2017. Fang et al. (2017) demonstrated that the decrease 

in CEC was positively related to extreme precipitation since it led to base cations leaching. Increasing soil 

organic matter (SOM) content is the key to soil health improvements (Doran & Zeiss, 2000). Organic matter 

improves soil structure, which reduces compaction, and minimizes erosion by binding soil particles into 

aggregates and increasing water infiltration into soils. Organic matter also serves as a reservoir of nutrients and 

water in the soil. Organic matter enhances soil microbial biodiversity and activity as well, which helps to reduce 

disease and pest damage to crops. Results indicated that HB_CC could be a beneficial practice to increase soil 

OM in a short period of time. Active C is considered a “leading indicator” of soil health (Schindelbeck, B.N. 

Moebius-Clune, D.J. Moebius-Clune, Kurtz, & van Es, 2016), which is useful in early detection of changes in 

crop and soil management practices. It measures the fraction of soil OM that can be easily mineralized for soil 

microbial communities as available food and energy. A significant increase in Active C was observed after 

approximately 1.5-years for both HB_CC and CC-only practices.This indicated well decomposed organic matter 

maybe starting to build up. In addition, HB_CC did a better job in building up this active labile C pool than 

CC-only at the third sampling date (January 2019) since there was a significant higher amount of active C 

present in HB_CC treatment. Soil protein is an effective soil health indicator of bioavailable N that specifically 

indicates the quality of soil OM. It represents the large pool of organically bound N in soil OM, which measures 

the size of the pool being depolymerized, and serves as a reservoir of N that can be mineralized by soil microbial 

communities (Roberts & Jones, 2008; Schindelbeck, B.N. Moebius-Clune, D.J. Moebius-Clune, Kurtz, & van Es, 

2016; Hurisso et al., 2018). Roper, Osmond, Heitman, Wagger, & Reberg-Horton (2017) demonstrated that soil 

protein was positively related to corn grain yields (r=0.94). Results did not show any statistically significant 

changes in soil protein for both HB_CC and CC-only farming practices during our study period, which indicated 

this organic form of N may require a longer time to be detectable in soils. However, we observed a significant 

higher amount of soil protein in HB_CC than in CC-only at the second sampling date (September 2017), which 

indicated HB_CC could be more likely to increase the soil protein level in mineral soils. 

Total Kjeldahl N quantifies the total organic nitrogen plus ammonia in soils. No statistically significant changes 

in TKN for both HB_CC and CC-only were observed among the three sampling times. It indicated these two 

farming practices may not have obvious effects on increasing TKN level in soils. However, this may be 

beneficial from an environmental point of view since no excessive N was applied on the soils. In terms of P, we 

observed an increase in total P at the second sampling time (September 2017). From a soil health perspective, it 

was a great find because it indicated larger amounts of P would be available for subsequent crops. Mehlich-3 P is 

a good indicator of bioavailable P in mineral soils, and Mehlich-3 P showed significantly higher amounts of 

Mehlich-3 P after these two practices were applied. In terms of K, results indicated that HB_CC could do a better 

job than CC-only since there was a significant higher amount of Mehlich-3 K for HB_CC than for CC-only at 

the second sampling time (September 2017). 

5. Conclusions 

Based on the research results, both horse bedding application with cover cropping using Vigna unguiculata and 

the practice of cover cropping only in general had a positive effect on enhancing soil properties in mineral soils 

of South Florida. Especially, horse bedding application in combination with Vigna unguiculata had a more 

obvious effect on soil health. Both these practices did not show any significant effects on soil pH, which was 

considered as a positive response since soils in South Florida are high in calcium carbonate with pH inherently 

higher than 7.2 already. Significant reduction in soil BD and increase in MWHC for both of these two practices 

are preferred from a soil health point of view since they are favorable conditions for plant growth. Horse bedding 

application with Vigna unguiculata had more obvious effects on soil BD in a short period and longer effects on 

MWHC. Significant increases in CEC observed in both of these practices suggest that the soils could have a 

greater ability to retain more essential nutrients, pesticides and insecticides within the topsoil. An increase in soil 

OM from horse bedding application with Vigna unguiculata in a short period of time is a beneficial practice 
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from a soil health perspective. Active C results showed well decomposed organic matter started to build up after 

1.5 years of these two farming practices being applied. The cover cropping only practice had limited influence 

on building up soil protein while horse bedding application with cover crops had a more obvious effect on 

increasing soil protein level over a short period of time. Nutritionally, the amounts of TKN stayed stable over the 

duration of the study period, which is beneficial from an environmental perspective since excessive amounts of 

N application would have otherwise contributed to surface and groundwater pollution. Both of these two 

practices have the potential to increase the P availability for subsequent crops. 

In summary, horse bedding application with Vigna unguiculata may be a more effective practice since it showed 

more positive impacts on soil health parameters when compared to cover cropping alone. In addition, longer 

term field studies compared to fallow, environmental impacts especially from greenhouse gas emissions 

perspective, and economic analyses of horse bedding material and cover crops warrants investigation to gain a 

deeper understanding on the effects of these regenerative farming practices on improving soil quality of sandy 

soils. Results from this study will provide research-based information to local growers that will enable them to 

select appropriate regenerative farming practices that deliver the best results. 
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