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Summary and thesis outline 

Resource scarcity and waste disposal are the challenges addressed by the Circular Economy 

(Araujo Galvão et al., 2018), therefore, innovative strategies must be implemented to management 

and use of waste to allow sustainable use of raw materials. The global food production is highly 

dependent on phosphorus fertilizers produced from phosphate rock (PR). Nevertheless, PR is a 

finite resource whose price has been increasing over the years,  additionally the biggest supplies 

are mined in politically unstable places, posing risks to many countries that have little or no 

reserves (Blackwell et al., 2019). In consequence, it is crucial to search for alternatives sources of 

phosphate from organic residues, such as animal manures or agroindustrial wastes, since they are 

important sources of nutrients for crops, and improve overall soil quality (Diacono and 

Montemurro, 2010). This doctoral thesis is structured as follows. Chapter I is a general 

introduction to this research and presents the hypotheses and aims of this study. 

Chapter II provides a brief literature review about the benefits of using cattle animal residues as 

nutrient source for improving soil quality and nutrient uptake by plants. Additionally, we explore 

the general background of citrus waste and its potential benefits to be used as an organic 

amendment. 

Chapter III describes the study of effect of citrus waste alone (lemon (L) and mandarin (M) fruit), 

or in combination with cattle manure, on soil phosphorus availability through controlled laboratory 

incubations. The results showed that the combined amendment with citrus wastes enhanced the 

positive effect of cattle manure on soil water-extractable phosphorus and liming effect, with only 

a small effect on phosphatase activity. 

Chapter IV presents the results of the study the combined effects of cattle manure (CM) and lemon 

peel (LP), on soil biological properties, plant nutrition and antioxidant responses in ryegrass grown 

under controlled conditions. The addition of both organic wastes improved both soil and plant 
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biochemical properties and caused a significant increase in P nutrition with a concomitant effect 

on ryegrass yields. 

Finally, in the fifth chapter we present a general discussion of the results obtained in this study 

along with final remarks on the contributions of this study and further research. 
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1.1 General Introduction 

The reserves of raw material to produce inorganic phosphorus (P) fertilizers are limited since they 

are mainly produced from mined phosphate rock - a non-renewable, finite and geographically 

restricted resource (Chowdhury et al., 2017). Furthermore, P is classified as an essential nutrient 

for plants, required  in the large amounts for suitable development and growth (Malhotra et al., 

2018). One important characteristic of P is its low availability due to its slow diffusion and high 

fixation in soils, limiting plant growth. At a local scale, around 60% of agricultural soils in southern 

Chile are Andisols, which are characterized by low pH and low available P concentrations, despite 

high total P contents (Mora et al., 2017; Gabriela Velásquez et al., 2016). This is because in 

Andisols P forms complexes between cations such as aluminium (Al) or iron (Fe) and with soil 

organic matter (SOM) causing the retention of huge quantities of P, reducing their availability in 

the soil (Borie and Zunino, 1983; Redel et al., 2016; Velásquez et al., 2016b) and limiting plant 

growth. 

To cope with limited P supplies, plants have evolved various strategies to increase P-use efficiency 

or help to extract more P from the soil (Richardson et al., 2011; Schachtman et al., 1998; Shen et 

al., 2011; Simpson et al., 2011). These strategies include changes to cellular metabolism and root 

development; initiation of mycorrhizal associations (Borie et al., 2010; Gianinazzi et al., 2010); 

acidification of the rhizosphere which can promote the release of nutrients from soil minerals; the 

exudation of organic anions to mobilize sparingly available P by chelation and ligand exchange, 

and release of phosphatases to mobilize organic P by enzyme-catalyzed hydrolysis  (Ryan et al., 

2001; Wang and Lambers, 2020; Zhang et al., 2010). Organic anions can also stimulate microbial 

activity in the rhizosphere, which could also influence the availability of other minerals and 

nutrients (Adeleke et al., 2017; Menezes-Blackburn et al., 2016; Shahzad et al., 2015). 
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Organic residues such an animal manure, biosolids from human wastes, biochar crop and agrofood 

residues are used as organic fertilizer alternative to reduce dependency on chemical fertilizer use 

(Alobwede et al., 2019). Of these, manures, crop and agrofood residues are potentially the most 

important nutrient sources and could be used as alternative sources of organic fertilizers to provide 

plants with an optimal combination of macro and micronutrients. In addition, these amendments 

would improve the physical structure of soil, and so would be hugely beneficial for the agricultural 

industry. In June 2016, the Chilean Ministry of Environment passed the law N° 20.920, that 

establishes a framework for waste management and promoting recycling as part of their Circular 

Economy Model. The same is happening in Europe through its Circular Economy Action Plan 

(European Commission, 2015), whose aim is to promote resource efficiency with regards to the 

fertilizer sector in order to create new business opportunities for farmers, as well as help them 

become more competitive in recycling organic nutrients compared to purchasing inorganic 

fertilizers (European Economic and Social Committee, 2016). 

One of the advantages of the use of organic residues is that they provide crops with nutrients over 

a long period of time in a slow and extended release process.  Among organic residues cattle 

manure is an important example, where phosphorus (P) is one of the essential nutrients, containing 

different forms P compounds (organic and inorganic) and total P concentrations ranging from less 

than 1% to more than 3% (Abdala et al., 2015; Fuentes et al., 2006; Pagliari et al., 2020). In this 

context, several studies have been carried out to enhance the bioavailability of P from manure 

using biotechnological strategies such as phosphate solubilizing bacteria (PSB) and phosphatase-

nanoclay complexes (Calabi-Floody et al., 2012; Fuentes et al., 2009; D. Menezes-Blackburn et 

al., 2016; Menezes-Blackburn et al., 2013).  Furthermore, cattle manure is a good source of organic 

matter, improving soil properties such as water-holding capacity, soil structure, and aggregate 
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stability. It also increases soil biota diversity and activity (Parham et al., 2003, 2002) improves soil 

sustainability and increases productivity of crop (Zhou et al., 2015).  

Other types of residues are citrus waste, which produces large quantities of solid pulp and peel 

wastes. Commonly, the composition of citrus peel includes carbohydrates, nitrogen compounds, 

volatile compounds, essential oils, enzymes, pigments, vitamins, and short chain organic acids 

(Sharma et al., 2017). The predominant acids are citric and malic, but tartaric, benzoic, oxalic and 

succinic acids (Ladaniya, 2008) are also found. Currently this residue is mainly used as an animal 

foodstuff, thanks to its nutritional capacity. In addition, citrus peel has been used as organic soil 

conditioner or as substrate for compost production, improving organic matter content of soil 

(Chaudry et al., 2004; Gelsomino et al., 2010; Tuttobene et al., 2009). 

 

1.2 Hypotheses and research objectives 

The continuous use of P fertilizer has resulted in a high accumulation of total P, most of it being 

sparingly available for plant nutrition. In addition, we know that Andisols exhibit high organic P 

(Po) content and high inorganic P (phosphate) fixation, and only a small proportion is immediately 

available to plants. In addition, animal wastes such as cattle manure contain high amounts of 

unavailable forms of inorganic and organic P that could be solubilized trough biotechnological 

strategies or agronomic management. On the other hand, the ability of low molecular weight 

organic anions to release inorganic anions such as phosphate from soil and agricultural waste is 

well established, but studies involving their influence on the release of P from cattle manure are 

scarce. Moreover, the citrus waste contains low molecular weight organic acids, and the use of this 

residue to improve P availability from cattle manure aimed to be used as biofertilizer in pastures 

have never been reported. With this background the following hypotheses are proposed: 
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1.2.1 Hypotheses 

1. The lability of phosphorus from cattle manure will increase in the presence of citrus waste 

because of the presence of organic acids (e.g. citric, oxalic and malic acids) from thus creating a 

possible new biofertilizer. 

2. The addition of citrus waste and therefore organic acids will mobilize sparingly soluble 

soil phosphorus and improve phosphorus acquisition by ryegrass. 

 

1.2.2 General Objective 

To evaluate the effect of citrus waste on P availability in soil and cattle manure and its potential 

use as a biofertilizer for ryegrass growing in volcanic acid soils. 

 

1.2.3 Specific Objectives 

 To evaluate the release of available P from soil and cattle manure following application of 

citrus wastes at different rates under controlled laboratory 

 To assess the effect of citrus waste alone or in combination with cattle manure on soil 

microbial biomass, enzymes activity and changes on soil community. 

 To evaluate the efficiency of combined cattle manure+citrus waste for improving P 

acquisition by ryegrass to assess its possible use as a biofertilizer 
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Improving phosphorus efficiency in soil using cattle manure and citrus residues: a review 

 

Abstract 

Phosphorus (P) is an essential input for many agricultural production systems, indispensable for 

plant, human and animal life and plays an important role in soil fertility and world food security. 

The major source of P in current use, phosphate rock, is a non-renewable resource. It is necessary 

to improve the sustainability of this resource and to increase the use of other P sources. Organic 

waste can be a valuable and inexpensive fertilizer and a source of plant nutrients. Animal manure 

is an organic waste that contains a large amount of in different forms with varying proportions of 

organic and inorganic forms of P which can be assimilated by plants. In addition, that the large 

organic matter content of manure leads to an increase in soil organic matter and various soil 

properties are improved including soil water-holding capacity, soil structure and aggregate 

stability, water infiltration rates, soil biota diversity and activity, and soil fertility and soil erosion. 

This review focuses on the chemistry of P in soils manures and on the benefits of manure use in 

soil and how its properties help to improve plant P uptake. The composition and agronomic 

potential of citrus waste is also reviewed. 

 

 

 

 

 

 

 



Chapter II: Improving phosphorus efficiency in soil  

 

8 
 

2.1 Introduction 

The application of phosphate fertilizers in agricultural practices has been used increasingly since 

the nineteenth century, these fertilizers are made from phosphate rock a non-renewable resource, 

therefore finite. Phosphorus (P) plays an essential role in agriculture and all forms of life: 

respiration, photosynthesis in green leaves, microbial turnover, and decomposing litter all require 

adequate levels of P in specialized forms (Haygarth et al., 2013). One of the main characteristics 

of phosphorus is its low availability due to slow diffusion and high fixation in soils. All of this 

means that P can be a major limiting factor for plant growth. Soil P exists under various chemical 

forms, including inorganic P (Pi) and organic P (Po), which differ widely in their behavior and fate 

in soils (Hansen et al., 2004; Shen et al., 2011), specifically about bioavailability, as various forms 

can undergo cycling at different rates, being retained in soils or made available to plants (Chen et 

al., 2003; Waithaisong et al., 2015).  

Organic phosphorus mineralization plays a key role in soil P cycling and may be involved in P 

availability to plants. This is especially the case in soils of forest and grassland in which the total 

soil organic P fraction can represent up to 70 to 80% of the total P (Achat et al., 2010; Foster et 

al., 2002; Redel et al., 2016, 2007). Soil organic P includes P in living soil organisms (microbial 

biomass) and P in dead soil organic matter (Nziguheba and Bünemann, 2005). Consequently, in 

addition to physical– chemical processes (e.g. adsorption–desorption), two biological processes 

(fluxes) may play a role in soil P availability to plants by supplying phosphate ions in solution, 

either by gross mineralization of microbial biomass or by gross mineralization of P from dead soil 

organic matter (Liu et al., 2020; Zhang et al., 2010). 

In agriculture, there is no known substitute for phosphorus. If the soil is deficient in phosphorus, 

food production will be limited unless this nutrient contribution is in the form of fertilizer (Balemi 

and Negisho, 2012). By, therefore, increasing crop yields is essential to an adequate supply of 
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phosphorus. Global crop production depends on fertilizers derived from phosphate rock to 

maintain high crop yields. Population increase, changing dietary preferences towards more meat 

and dairy products, and the continuing intensification of global agriculture supporting this 

expansion will place increasing pressure on an uncertain, but finite supply of high-quality 

phosphate rock (Cordell et al., 2011). 

To maintain soil fertility, it is necessary to add nutrients to agricultural systems; farmers use 

mineral fertilizers, organic waste, and various management techniques. Nowadays, recovering 

nutrients by reincorporating organic wastes in farming systems is a sustainable alternative that can 

contribute to restoring the natural environmental equilibrium (van der Wiel et al., 2019). Manure 

is used as a source of organic matter (OM) for improving soil quality properties, including water-

holding capacity, soil structure, and aggregate stability, water infiltration rates, soil biota diversity, 

and activity as well as the traditional source of crop nutrients (Hati et al., 2008; Sharpley et al., 

2004). 

 

2.2.- Nutrient composition of manure 

Throughout the history of agriculture, man has applied all kinds of organic residues to cultivated 

soils. A study, led by Bogaard et al. (2013), revealed that Europe's first farmers were fertilizing 

their crops with manure 8000 years ago, thousands of years earlier than previously thought. While 

in our continent, the Incans introduced natural fertilizers to maintain the fertility of the soil, without 

the use of fallow crop rotation. These fertilizers included camelid manure, island birds’ manure 

(guano), or some other form of nitrogen-rich organic material (www.stanford.edu).  

Animal manure is one of the most widely used organic sources of plant nutrients. It is one of the 

main land-applied organic sources of plant phosphorus (P) for crop production used globally. The 

gradual increase in intensive livestock production in the prairie regions has promoted the increased 
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use of animal manures as a P source for crop production (Zhang and Schroder, 2014). Manure is 

an abundant source of macro and micronutrients for crop and grass production. The most abundant 

macronutrient found in manure is nitrogen (He and Zhang, 2014; Pagliari et al., 2020). Nitrogen 

can exist in either mineral or organic form in manure. In fresh manure, nitrogen exists primarily 

in the organic form, although bacterial processes can convert one form of N to another. Phosphorus 

is another macronutrient present in manure that exists in both mineral and organic forms. The 

mineral form is readily available to plants. The organic form must be mineralized before it is 

available to plants. About 70% of the P in manure is in the organic, unavailable form (Sharpley et 

al., 2004; Turner, B and Leytem, 2004).  

About 90 % of the total Potassium (K) in manure is in a form that is available to the plant in the 

first year of application. About 75% of  K in manure is water soluble. Calcium (Ca), Magnesium 

(Mg) and Sodium (Na) are nutrients required for plant growth. They mainly exist as dissolved ions 

and as exchangeable cation adsorbed on clay minerals and organic matter. Sulphur (S) exists as 

both organic S and inorganic S. The organic S must be mineralized to the sulphate form before it 

is available to plants (Eghball et al., 2002) . 

Many different types of manure are available for crop production. The nutrient content of manures 

varies with animals, bedding, storage, and processing. The approximate nutrient composition of 

cattle manure samples is presented in Table 2.1. 

Manures supplies many macro- and micro-nutrients for crop production, and they are also valuable 

sources of organic matter. Increasing soil organic matter improves soil structure, increases the 

water-holding capacity of coarse-textured sandy soils, improves drainage in fine-textured clay 

soils, provides a source of slow release nutrients, reduces wind and water erosion, and promotes 

growth of earthworms and other beneficial soil organisms (Zhang and Schroder, 2014).  
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On the other hand, commercialized inorganic products can be blended in various proportions to 

achieve the desired nutrient balance required by plants. However, the nutrients in manure are not 

balanced for optimal crop growth as they are in commercial inorganic fertilizers. For example, 

cattle feedlot manure contains about four times more nitrogen (N) than P, while plants require 

about eight times more N than P (Qian et al., 2004). Therefore, when manure is applied based on 

plant requirement for one nutrient, other nutrients are usually either over-or under-applied. 

According to Whalen and Chang (2001), continuous application of manure-based on crop N 

requirement results in the accumulation of P in the soil increases the risk of P loss from the soil 

system, through erosion, runoff, and leaching processes. 
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Table 2.1. Selected chemical properties in cattle manure samples considered in this literature review 

Type of manure Element  References 

 N P Ca Mg K pH C:N  

 (g kg-1)    

Beef Manure 
5.9 0.57 - - 5.31 - 25-30 Rayne and Aula (2020) US 

 
3.18 0.79 - - 2.63 - - Sawyer, 2009, Iowa 

 
29 4.7 11 5 27 8.0 - Pagliari and Laboski 2012, Wisconsin. 

Cattle Manure 
14 6 - - 13 - 25 Lekasi et al., 2003, Kenya 

 - 7.6 9.9 - - 6–7 17.7 Fuentes et al., 2009, Chile 

 22.8 5.2 0.56 1.39 8.39 6.8 12 Whalen et al., 2000, US 

Dairy Manure 11 0.57 - - 4.14 - 25-30 Rayne and Aula (2020), US 

 7.37 1.97 - - 7.59 - 13.9 Houlbrooke et al., 2011, New Zealand 

 27 4.8 18 5 26 8 13 Pagliari and Laboski 2012, Wisconsin. 

 17 5 - - - - 24 Waldrip et al., 2012, US 

 4.54 0.59 - - 2.25 - - Sawyer, 2009, Iowa 

Farmyard manure 9 4 - - 8 6.8 12 Malik et al., 2013, Pakistan 

 7 1.8 - - 7 - 37 Ghosh et al., 2004, India 

 133 23 - - 202 - - Christensen and Sommer, 2013 
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2.3.- Manure application and its effects on the physical, chemical and biological soil 

properties 

 

2.3.1.- Effect on physical soil properties 

The incorporation of organic matter in the form of manures affects crop growth and yield either 

directly by supplying nutrients or indirectly by modifying soil physical properties such as stability 

of aggregates and porosity that can improve the root environment and stimulate plant growth (Jiang 

et al., 2018; Williams et al., 2017). Soil organic matter serves as a chelating agent and buffering 

material, affects the cation exchange capacity of soil, and is an important agent for soil aggregation 

(El-Nagar and Mohamed, 2019). A study of long-term manure application carried out by Arriaga 

and Lowery, (2003), showed that manure increased soil-water retention capacity and decreased 

differences in water retention between different erosion levels, concluding that manure application 

is a possible management alternative for restoring the physical properties of eroded soil. Hati et 

al., (2006) showed that application of 10 Mg ha-1 manure for three years in conjunction with the 

recommended rate of inorganic fertilizers to soybean in a soybean–mustard crop rotation improved 

soil physical conditions through better aggregation, increased saturated hydraulic conductivity, 

reduced mechanical resistance and bulk density, and enhanced root proliferation of soybean. 

Dunjana et al., (2012) evaluated the effects of cattle manure and inorganic N-fertilizer application 

on soil organic carbon, bulk density, macro-aggregate stability and aggregate protected carbon 

were determined on clay and sandy soils. These researchers that found the addition of cattle manure 

increased soil organic carbon, macro-aggregate stability and aggregate protected carbon in clay 

soils, nevertheless on the sandy soils only soil organic carbon increased with the addition of cattle 

manure, while bulk density, macro-aggregate stability and aggregate protected carbon were not 

significantly changed. Another study performed on a sandy clay loam soil showed that the 

utilization of cattle manure significantly decreased soil bulk density and particle density, and in 
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contrast, porosity, organic matter content and saturated hydraulic conductivity increased 

(Rasoulzadeh and Yaghoubi, 2010). After 71 years of manure application on fine sandy loam soil, 

Blanco-canqui et al., (2014) showed that manure application reduced compactibility and increased 

water retention in this semiarid soil. It has been shown that conventional tillage can lead to a 

reduction of soil organic carbon with consequent degradation in soil physical properties (Büchi et 

al., 2017). Hati et al., (2008) conducted a study to found the long-term effects of inorganic 

fertilizer, manure and lime application on organic carbon content and physical properties of an 

acidic Alfisol under an annual soybean–wheat crop rotation. They found that after 29 crop cycles, 

the application of balanced fertilizer along with manure or lime improved soil aggregation, soil 

water retention, microporosity and available water capacity and reduced bulk density. They 

suggesting that soil management practices in acidic Alfisols should include integrated use of 

mineral fertilizer and organic manure or lime to maintain soil organic carbon status. 

 

2.3.2.-Effect on chemical soil properties 

Animal manure can supply most of the nutrients required by plants for optimal growth, since 

manure is rich in nitrogen (N), phosphorus (P), and carbon (C)  and other secondary nutrients, such 

as calcium (Ca), magnesium (Mg) and potassium (K) (Pagliari and Laboski, 2012). In a long-term 

experiment, Liu et al., (2010), showed that manure application caused significant changes in soil 

chemical properties, increasing significantly nitrogen and total phosphorus, along with the content 

of  phosphorus and available potassium. Zhao et al., (2009) investigated the  changes of soil 

physical, chemical and biological characteristics in calcareous soil under a long-term field 

experiment. They reported that organic manures significantly influenced soil chemical properties 

increasing soil organic carbon, available nitrogen and available phosphorus. A liming effect can 

occur as a result of applied manure to soil because feed rations usually incorporate calcium 



Chapter II: Improving phosphorus efficiency in soil  

 

15 
 

carbonate (Eghball, 1999). So, Whalen et al., (2000) conducted a study to evaluated the effect of 

fresh cattle manure on soil acidity and nutrient availability in two acid soils. They reported that 

soils manure-amended significantly enhance the pH and this raised was attributed to buffering 

capacity from bicarbonates and organic acids in cattle manure. They also reported an increment 

on N, P, K, Ca, and Mg available, immediately after manure application and remained significantly 

high after the 8-week soil incubation. Additionally, others authors such as Tang et al., (2007), 

Naramabuye and Haynes, (2006) and Wong et al., (1998) have shown that addition of animal 

manures to acid soils increased pH. A long-term experiment was conducted in a sandy loam soil 

to study the effects of organic and inorganic sources of nutrients on grain yield (soybean and 

wheat) and nutrient soil status. The results indicated that combined use of inorganic fertilizer and 

manure increased soil organic carbon, total N, total P, Olsen P, and exchangeable K compared to 

the sole application of inorganic source (Kundu et al., 2007). Other study, carried out by 

Bhattacharyya et al., (2008), showed that the combined use of inorganic and organic fertilizer 

increased SOC, total N, Olsen P and exchangeable K, compared with data recorded under 

inorganic fertilizer alone. 

 

2.3.3.- Effect on biological soil properties 

Soil microbial biomass and its activity responds to soil management practices such as organic 

manure and inorganic fertilizers application (Böhme et al., 2005). It has been frequently reported 

that soil microorganisms and the processes that they control are essential in regulating soil 

properties because they mediated for example biological nitrogen fixation, residue decomposition, 

mineralization/immobilization turnover and, nutrient cycling (Schloter et al., 2003). 

A field study was conducted by Liu et al., (2017), over two consecutive rice growing seasons to 

investigate the effect of applying inorganic and organic amendment on the soil nutrient status, 
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enzyme activities and rice yields. The results showed that the combined use of inorganic and 

organic amendment exhibited the highest levels of microbial biomass carbon (MBC) and the 

activities of most enzymes. Additionally, they showed through redundancy analysis that MBC and 

available N were the key determinants affecting the soil enzyme activities and microbial 

community. Chu et al., (2007) described the effects of balanced versus nutrient-deficiency 

fertilization on soil microbial biomass, activity, and bacterial community structure in a long-term 

(16 years) field experiment. They found that, organic manure had a significantly greater impact on 

the biomass C and its activity, compared with mineral fertilizers. In addition, phylogenetic analysis 

showed that the change of bacterial community in organic manure-fertilized soil might not be 

because of the direct influence of the bacteria in the compost, but because of the promoting effect 

of the compost on the growth of an indigenous Bacillus sp. in the soil. During the evaluation of 

the long-term cattle manure application in soil, Parham et al., (2003) found that cattle manure 

application promoted the growth of bacteria, but not fungi, when it was compared to control soil. 

Moreover, observed that application of chemical fertilizers enriched the K-strategist bacterial 

community, while application of manure enriched both r- and K-strategists. The richness and 

evenness of the bacterial community were enhanced by manure treatment and treatments that 

included N and P, which were positively correlated with soil productivity. Bowles et al., (2014) 

investigated microbial communities and soil carbon (C) and nitrogen (N) availability on 13 

organically-managed fields. Redundancy analysis showed distinct profiles of enzyme activities 

across the fields, such that C-cycling enzyme potential activities increased with inorganic N 

availability while those of N-cycling enzymes increased with C availability. In addition, fatty acid 

methyl esters (FAMEs) suggested that microbial community composition was less variable across 

fields than enzyme activities. Similarly, Zhang et al. (2012), investigated the effect of organic and 

inorganic fertilizers on microbial communities in alluvial paddy soil. They conclude that organic 
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manures enhance the bacterial and fungal communities rather than actinomycetes; whereas, impact 

of chemical fertilizers was vice versa indicating deficiency of organic carbon and nutrients in the 

soil. Further, actinomycetes and Gram-positive bacteria seem to be the indigenous microbiota of 

paddy soil, which was dominated by Gram-negative bacteria and fungi after the addition of organic 

manures. Table 2.2 shows a review with comparative effects between inorganic and organic 

fertilizers and its response on biological, chemical and physical soil properties. 
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Table 2.2: Comparative effects of inorganic and organic fertilizers on biological, chemical and physical soil properties 

Properties Treatments Effects Author(s)  

(year) Biological 

 

Cattle manure addition 

and rotation with green 

garlic to improve yield 

and reduce 

The populations of soil bacteria and actinomycetes and 

the bacteria/fungi ratio increased significantly and soil 

enzyme activities were generally enhanced under 

treatments. 

Yang et al. (2016) 

 

  Long-term annual 

application of farmyard 

manure (FYM) 

Manure addition enhanced microbial biomass, xylanase 

and invertase activity. In addition, FMY induced a shift 

of the microbial community towards a more bacteria-

dominated community in the coarse sand fraction 

Poll et al. (2003) 

 

 3 years poultry manure, 

FYM, sesbania and 

gliricidia residues, 

control 

 

Organic manures increased microbial biomass, activity, 

diversity, and C turnover 

Dinesh et al. 

(2000)  

 

 Long-term FYM, metal 

contaminated sewage 

sludge, NPK mineral 

fertilizer 

Microbial Biomass-C and total bacterial numbers greater 

in the FYM-treated soil than in NPK and sludge-amended 

soils. 

Abaye et al. 

(2005)  
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 9-year study of 

traditionally composted 

FYM, 2 types of 

biodynamically 

composted manure 

FYM increased microbial biomass, dehydrogenase 

activity, decomposition (cotton strips), but not saccharase 

activity, microbial basal respiration, or metabolic 

quotient. Biodynamic manure preparation decreased soil 

microbial basal respiration and metabolic quotient 

compared to non-biodynamic manure. 

Zaller and Köpke 

(2004)  

 

 Composts of soymilk 

residues, cow manure, 

poultry manure, and 

sewage sludge 

Soil respiration increased rapidly initially, but patterns 

differed among the composts. Composted soymilk 

treatment gave higher CO2-evolution and lower 

metabolic quotient than the other 

 composts. 

Miyittah and 

Inubushi (2003)  

 

 Cattle manure, P, NP, 

NPK, and NPK plus 

lime 

Effect on soil phosphorus levels, microbial biomass C, 

and dehydrogenase and phosphatase activities. Long-

term application of cattle manure promoted 

microbiological activities and P cycling in soil. 

Parham et al. 

(2002)  
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 Cattle manure, P, NP, 

NPK, and NPK plus 

lime 

Effect on soil microbial populations and community 

structure. The richness and evenness of the bacterial 

community were enhanced by manure treatment and 

treatments that included N and P, which were positively 

correlated with soil productivity. 

Parham et al. 

(2003)  

 

Chemical 

 

Swine and dairy 

manure 

The consecutive application of animal manures was 

shown to have an effect on the transformation of 

crystalline into amorphous Fe- and Al-containing 

minerals, as evidenced by ammonium oxalate extractions 

of Fe and Al and confirmed by visual inspection of P K-

edge XANES spectra, showing the presence of the 

diagnostic pre-edge feature of crystalline Fe (III)-

minerals in the adjacent area and its absence in manured 

soils. 

Abdala et al. 

(2015)  

 Chemical fertilizer, 

organic manure and 

straw 

The results demonstrated that continuous 17 year 

applications of manure significantly increased soil 

organic carbon and total nitrogen concentrations, 

microbial biomass carbon, microbial biomass nitrogen. 

He et al. (2015) 
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 Farmyard manure and 

mineral fertilizer 

Treatments affected the pseudo-total Al and Fe with 

higher contents in manure than mineral, whereas mineral 

induced higher oxalate/total ratios of both Fe and Al than 

manure and untreated. Treatment affected the P content 

with a pattern strongly influenced by soil type and depth. 

Pizzeghello et al. 

(2014)  

 

 Ten years of annual 

application Chemical 

fertilizer and organic 

manure 

 

A positive relationship between C sequestration and 

organic manure input indicates that the soil has not 

reached its maximum capacity of C sequestration. 

Application of organic manure with chemical fertilizer 

was found to produce greater size of both labile and 

recalcitrant pools than application of mineral fertilizers 

alone. 

Ding et al. (2012) 

 

Chemical and 

biological 

 

Cattle farmyard 

manure and ammonium 

nitrate 

The application of composted FYM with burnt lime 

added increased the content of available phosphorus. The 

application of FYM stored under aerobic conditions with 

burnt lime added resulted in a significant increase in the 

alkaline phosphatase activity in soil but a significant 

inhibition of acid activity. 

Lemanowicz et 

al. (2014) 
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Physical 

 

Inorganic fertilizers 

and combined 

application of farmyard 

manure 

The conjunctive use of recommended dose of fertilizer 

and farmyard manure (NPK + FYM) resulted in 

significant decrease of bulk density, soil penetration 

resistance and increase in hydraulic conductivity  and 

mean weight diameter of the water stable aggregates and 

soil organic carbon content compared to the sole use of 

fertilizer NPK. 

Bandyopadhyay 

et al. (2010) 

 

 Green manure, 

farmyard manure, crop 

residue and urea 

The use of green manure, farmyard manure and crop 

residues restore the damaged soil structure by increasing 

its organic carbon content, size and stability of 

aggregates, water retention and infiltration; and 

decreasing bulk density, dispersion ratio and soil 

strength. 

Singh et al. 

(2007) 

 

 Long-term manure 

applications 

After 10 years of annual manure applications, bulk 

density and hydraulic conductivity increased slightly 

with erosion level. Water retention decreased with 

increased erosion level at deeper. Manure increased soil-

water retention capacity and decreased differences in 

water retention between erosion levels, especially at low 

suctions (0 to 20 kPa). 

Arriaga and 

Lowery (2003) 
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 Long-term beef cattle 

manure  and inorganic 

N fertilizer application 

Manure application improved soil properties at the 0- to 

30-cm depth, but inorganic fertilization had no effects. 

Manure application reduced maximum Proctor bulk 

density by 6% and increased Proctor soil critical water 

content by about 17%. Manured plots also retained more 

soil water, resulting in about 16% more plant available 

water compared with nonmanured plots. 

Blanco-canqui et 

al. (2014) 

 Cattle manure 

application 

After Nine months of cattle manure applications, soil 

bulk density and particle density decreased significantly. 

While, porosity, organic matter content and saturated 

hydraulic conductivity increased with application of 30 

and 60 Mg ha-1 

Rasoulzadeh and 

Yaghoubi (2018) 

Physical and 

biological 

 

Chemical and manure 

fertilization 

Manure applications greatly increased the contribution of 

microbial residues to soil organic carbon in small 

macroaggregates and large microaggregate. We conclude 

that higher manure input may promote soil aggregation 

and higher SOC storage, which is closely related to a 

greater microbial residues-mediated improvement of soil 

aggregate stability. 

Ding et al. (2015) 
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2.4.-Phosphorus Compound in manure 

The application of manure to soil can increase P fertility. Manure contains organic and 

inorganic P compounds at total P concentrations ranging from lower than 1 to greater than 

3% (Abdala et al., 2015). The total P content in manure is very variable and nearly 70% of 

total P in manure is labile. The inorganic P pool in manures is large and has been reported to 

vary between 60% and 90%. It is essentially quite soluble and, therefore, readily available to 

plants (Sharpley and Moyer, 2000). In the fraction of inorganic P, are found calcium 

phosphates, phosphate ions in solution and phosphate ions adsorbed on the organomineral 

surface of the manure (Fuentes et al., 2006; Toor et al., 2006). 

Phosphorus in manures can vary widely depending on animal physiology, species and age, 

composition of diets, duration of manure storage, moisture content and type of bedding 

material (Mcdowell and Stewart, 2005). Furthermore, the main differences in P quantity and 

species in manures is the product of P content variation in the diet, where P is added as an 

orthophosphate supplement or a vegetable ingredient that contains P in ATP, nucleic acids, 

phospholipids, phosphoproteins and phosphoglucides, where, the phytic acid was the most 

important phosphoglucides, with percentages of 60-80% of total P in grain (Flachowsky and 

Hennig 1990). 

The water soluble P is the most available form, labile P, which is the next most available 

form, is easily liberated to be taken up by the plant, although some of the water soluble 

inorganic P is very mobile and thus susceptible to runoff in surface waters. This form is often 

referred to as the bicarbonate-extractable inorganic and organic P found in manure (Pagliari 

and Laboski, 2012).  The third most available form of P is the sorbed inorganic and organic 

P that is characterized by its solubility in sodium hydroxide solution. The most recalcitrant 

form of P, is acid-extractable and generally exists in a stable residual form in the soil 
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(Sharpley and Moyer, 2000). On the other hand, dairy manure contained the greatest 

proportion of the inorganic water soluble form of P, relative to the other species of livestock 

(Pagliari et al., 2020; Pagliari and Laboski, 2012). In poultry manure, the largest portion of 

P was found to be in the acid-extractable or most stable form, whereas in the swine slurry, 

the greatest portion of P was found to be in the inorganic hydroxide extracted P form (Table 

2.3). Since these forms have different plant availabilities, it could be inferred that dairy 

manure amended soil would have proportionately higher amounts of the readily available P 

form compared to swine manure amended soils. Likewise, the labile P, which is relatively 

more abundant in poultry manure than other manures would be available for plant uptake. 

The abundance of the readily available forms of P in dairy and poultry manure should be 

considered when planning applications in areas where water quality may be at risk due to 

topographical limitations. 
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Table 2.3: Inorganic and organic P fraction concentration and percentages in dairy, poultry 

and swine manures (Sharpley and Moyer, 2000) 

P form Extractant Dairy Manure Poultry Manure Swine Slurry 

  mg P kg-1 % of 

Total P 

mg P kg-1 % of 

Total P 

mg P kg-1 % of 

Total P 

Inorganic Water 2,030 51 7,430 26 6,045 18 

 Bicarbonate 360 9 7,180 25 4,168 13 

 Hydroxide 70 2 320 1 16,620 50 

 Acid 60 1 9,320 32 3,294 10 

Organic Water 470 12 2,360 8 1,526 5 

 Bicarbonate 90  2 1,100 4 657 2 

 Hydroxide 420 11 470 2 281 1 

Total Inorganic 2,520 63 24,250 84 30,127 91 

 Organic 980 25 3,930 14 2,464 8 

 Residual 487 12 472 2 361 1 

 Total 3,987  28,652  32,952  

 

Manure also contains large amounts of Po, such as phospholipids and nucleic acids (Turner 

and Leytem 2004), which can be released to increase soil Pi concentrations by mineralization. 

The organic P in animal manure it can reach 40% of total P (Hansen et al., 2004). Within the 

fraction of organic P, inositol phosphate compounds are the most abundant and among them, 

it has been found mainly inositol hexakisphosphate or phytate, corresponding to the salt of 

phytic acid (Fuentes et al., 2009; Mcdowell and Stewart, 2005). These compounds are 

considered recalcitrant due to its affinity for the surface of colloids, which decreases the 

possibilities of degradation and subsequent release of ions phosphate (Turner and Leytem, 

2004). The fate of organic P in manure-amended soils is dependent on the chemical forms of 

the organic P. Orthophosphate diesters appear to be mineralized more rapidly than 
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orthophosphate monoesters (Condron and Newman, 2011; Turner et al., 2002). Within the 

orthophosphate monoesters, myo-inositol hexakisphosphate (phytic acid) has a higher charge 

density than other monoesters such as sugar phosphates or mononucleotides, allowing it to 

form relatively stable complexes in soil that are protected from microbial degradation 

(Fuentes et al., 2009, 2008; Gerke, 2015). In order to determine P from manure, Turner and 

Leytem (2004) used the Hedley fractionation procedure, which originally was developed for 

soils, but commonly applied to manures. 

Figure 2.1. Concentrations (mg P kg-1 dry wt) of phosphorus compounds in sequential 

extracts of cattle manure from the Hedley fractionation procedure determined by Solution 

31PNMR Spectroscopy and ICP-OES Spectrometry. Adapted from Turner and Leytem (2004) 

(ND: not detected; Tr: trace) 

 

2.5 The plant response to organic manure 

It is well known that organic manures are traditionally used for supplying plant nutrients 

along with improving the soil conditions. In agriculture systems where nutrient availability 

is a major constraint for agriculture and food production, this management is especially 

important (Jamraiz Kiani et al., 2005). Recently, in small farmer fields in Northern Rwanda, 

a field experiments were conducted to evaluate the effect of mineral fertilizers, alone or in 

combination with farmyard manure on nitrogen fixation and grain yields bean. The results 

showed that manure and fertilizer application led to greater yields in all fields, and the largest 

Total P
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yields were achieved when manure was combined with mineral fertilizer, increasing the grain 

yield and N and P uptake (Rurangwa et al., 2020). Other recent study of  Kandil et al., (2020) 

carried out to evaluated the response of maize to organic manure and different potassium 

sources. They showed that organic manure applied at increasing rate, increased plant height, 

ear length, grains number/row, grains number/ear and 100- grain weight of the maize. Their 

results coincided with those reported by Agegnehu et al., (2016) who found that organic 

amendment increased crop productivity in terms of the yield and yield component of maize. 

Conversely, Hijbeek et al., (2017) using data from 20 field experiments in Europe, reported 

that crop yields increased by 2.0 Mg ha−1 due to synthetic fertilization and had negligible 

change in response to manure. Nevertheless, Cai et al., (2019) suggest that manure acts as a 

better fertilizer than synthetic fertilizer because increasing crop yields by improving soil 

properties. They found that manure alone or combined with synthetic fertilizer significantly 

increased crop yields, SOC, soil nutrients and soil pH compared with non-fertilizer soil. 

Overall, the application of manure could provide not only carbon but also different nutrients 

for crop uptakes, which determine the benefits of agricultural SOC sequestration and nutrient 

release (Demelash et al., 2014). The residual effect of manure application was visible after 

many years, leading to higher nutrient availability for crop growth (Cai et al., 2018). 

 

2.6 Value-added products from agroindustrial citrus wastes 

Citrus production and consumption worldwide have increased hugely over the past few 

decades and citrus processing industry plays an important role in the agro-industrial sector. 

The main producers are Brazil, China, European Union, United States and Mexico. In 

2019/2020 more than 91 million Mg of citrus were produced, of which about 76% was 
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consumed as fresh fruit and the remaining 24% was destined to industrial processing (USDA, 

2020). 

The production and export of citrics of Chile is composed by mandarins, oranges, lemons 

and grapefruits. The citrus industry as export sector shows a clear trend towards 

consolidation, this is reflected in export value, since, the season 2014, Chile exported a value 

close to 157,000 tons.  

 

Figure 2.2: Evolution of citrus exports in Chile (Source www.comitedecitricos.cl/#) 

 

Amongst the different agro-industry wastes generated during harvesting or industrial 

processing, citrus fruit wastes are a source of abundant, low-cost and immediately available 

renewable energy (Lopez-Velazquez et al., 2013). These wastes are composed of seeds, peels 

and pulp and are the main by-product of juice industries, accounting for about 50 wt% of the 

raw fruit processed (Alvarez et al., 2018). Citrus peel wastes contains insoluble carbohydrates 

(cellulose, pectin), other sugars (glucose, fructose, sucrose, galactose), acids (mostly citric 

and malic acids, but also tartaric, benzoic, oxalic and succinic acids), lipids, mineral elements 
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(nitrogen, calcium and potassium), volatile compounds, flavonoids, limonoids, enzymes 

(pectinesterase, phosphatase, peroxidase), pigments and carotenoids, polyphenolics, nitrogen 

constituents and vitamins (Zema et al., 2018). In the last decades to avoid environmental 

pollution from citrus processing industry an alternative use of their residues have been 

evaluated (Alvarez et al., 2018; Sharma et al., 2017; Zema et al., 2018). Among the most 

traditional option for disposal is its application to soil, providing a source of slow-release 

nutrients and microelements, as substrate for compost production, as cattle feed, or in the 

cosmetic industry. Newly, these residues have been used in the energy industry for bio-

methane or bioethanol production, in the food industry; for production of pectin and dietary 

fibers and in the and pharmaceutic industries; for extraction of flavonoids, flavorings agents 

and citric acid (Rezzadori et al., 2012; Sharma et al., 2017) 

As mentioned above, the fresh citrus by-products have been used as livestock feed, due to 

contain high carbohydrate and low lignin, which is ideal for the digestion system of ruminant 

animals (Bampidis and Robinson, 2006). Moreover, its nutritive value, which is similar to 

that of barley grain or sugar beet pulp was used successfully as a substitute for alfalfa in 

guinea pig production (Mínguez and Calvo, 2018). On the other hand, one of the popular 

application of these residues in the pharmaceutical industry, is the use of citrus press cake 

extracts, on the cellular melanin content reduction in the human skin. Kim et al., (2013) 

reported that the ethylacetate extracts of citrus-press cakes is a potential anti-melanogenic 

agent and may be effective for topical application for treating hyperpigmentation disorders. 

Another by-product from citrus wastes are the essential oils, well known due to their strong 

antimicrobial, antioxidant, and anti-inflammatory properties and have a number of potential 

applications, such as ingredients in food additives, preservatives against spoilage, 

pharmaceuticals, and cosmeceuticals (Sharma et al., 2017) 
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Citrus waste is one of the most important sources of the lignocellulosic biomass because it is 

rich in carbohydrates and had low lignin content and other low molecular weight hydro-

carbons which contain many hydroxyl functional groups. Environment friendly biomaterials 

derived from the agricultural waste have emerged as a promising substitute for the removal 

of dyes and heavy metals (e.g. Zn, Ni, Cu, Pb and Cr) from wastewater effluents (Mahato et 

al., 2020). 

As a result of increasing amount of citrus fruits processed yearly and the environmental issues 

associated, composting of organic residues from the citrus processing industry, has been 

widely investigated in recent years due to have shown the positive agronomic effects.  

(Bernal-Vicente et al., 2008). Among agronomic uses of citrus wastes is the direct land 

spreading, improving organic matter content of soil and consequently enhancing its fertility. 

In addition, macronutrients such as N, P and K contained in the biomass can be releases. 

However, additional supply with mineral fertilizers is generally necessary to achieve the 

nutrient content required by crops (Zema et al., 2018). Guerrero et al., (1995), evaluated the 

industrial orange wastes as organic soil fertilizer in lettuce. The results showed that there was 

an increase in dry-matter at increasing doses of either pulp or peel wastes applied. In addition, 

a fairly strong positive relationship between nutrients obtained (N-P-K) and the type of 

wastes applied. Gelsomino et al., (2010) suggested that at field scale, orange compost can be 

used as organic fertilization; while in nursery crops it can be mixed with commercial potting 

substrates selected in relation to plant sensitivity, due to orange compost addition to nursery 

crops selectively induced pH and electrical conductivity increases, affected plant growth 

responses. 

Nevertheless, excessive citrus waste application rates to soil can have adverse impacts on 

soil biota and ecological functions, caused by toxic compounds that may directly affect soil 
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ecology, such as, limonene, tannins, flavonoids, and saponins (Abolusoro et al., 2010). These 

organic components could be released into the soil through leaching and decomposition and 

may pose direct ecotoxicological effects on soil fauna and flora (Ruiz et al., 2008). Several 

studies have demonstrated that the use of citrus peel or citrus extracts can be negatively 

affected soil biota.  Mvumi et al. (2017) showed that the citrus extract had adverse effects on 

the survival, fecundity, and avoidance behavior of earthworms. They attributed these adverse 

effects to acidic pH and potentially toxic organic compounds in citrus waste such as 

limonene. Other studies with D-limonene, have been demonstrated to be fatal against a 

variety of organisms which include ants, mosquitoes, flies, crickets, and termites (Abolusoro 

et al., 2010; Ware and Whitacre, 2004) 
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Citrus residue enhances the effectiveness of beef cattle manure improving the 

phosphorus availability in acidic Andisol 

Abstract 

Phosphorus availability and acid pH are major limiting factors for grass and crop production 

in the Andisols of Southern Chile. Sustainable management requires both the efficient use of 

fertilizers and the recycling of agricultural waste. The aim of this study was to investigate the 

effect of citrus waste, alone or in combination with beef cattle manure (CM), on phosphorus 

availability. Controlled laboratory incubations were carried out for up to six weeks. Lemon 

(L) and mandarin (M) fruit wastes were added to an Andisol, amended or not with dried CM. 

Fruit parts (Peel, Juice or whole fruit), and for whole fruit the size of the fruit pieces added 

to soil, were compared. Water-extractable (WE) P, phosphatase activity (P-ase), and pH were 

monitored. In general, the size and distribution of the citrus fruit wastes gave similar trends 

in WE-P, P-ase, and pH. Lemon induced larger effects on WE-P and pH than did mandarin. 

CM caused sustained soil pH increment, increased soil WE-P and P-ase. Citrus addition 

produced short-lived acidification followed by soil pH elevation and immediate increases in 

WE-P and P-ase. The combined amendment with citrus wastes enhanced the positive effect 

of CM on soil WE-P and soil pH, with only a small effect on P-ase. These findings indicate 

that citrus wastes would intensify the beneficial effects of CM amendment on soil P 

availability and additionally the liming effect on acid soils. 

 

Keywords:  Organic residues, Cost effective soil amendment, Liming effect, Sustainable 

agriculture, Water-extractable phosphorus, Phosphatase activity  
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3.1 Introduction 

Phosphorus (P) is an essential element for plant growth and is important to guarantee crop 

quality and yields. Global crop production increased markedly during the 20th century largely 

because of the use of fertilizers derived from phosphate rock. However phosphate rock is a 

limited, non-renewable resource (Roberts and Johnston, 2015). There is an ongoing debate 

about the longevity of global P resources, particularly high-quality rock phosphate reserves. 

Some studies have suggested that global P production will peak in 2033 (Cordell et al. 2014; 

Cordell and Neset 2011; Cordell et al. 2009), whereas Van Vuuren et al. (2010) conclude that 

only about 40–60% of the available P resources would be extracted by 2100 and the 

International Fertilizer Development Center (IFDC) maintains that phosphate rock 

concentrate reserves will be available for the next 300-400 years (Van Kauwenbergh, 2010). 

Regardless of the precise chronology of a future shortage, a considerable improvement in 

phosphorus fertilizer use efficiency is required to maintain cost-effective agricultural 

productivity, environmental quality and food security. Among the strategies for improving P 

use efficiency, the implementation of best management practices (BMPs) (Roberts and 

Johnston 2015), the reduction of soil P leaching and erosion (Rittmann et al. 2011; Scalenghe 

et al. 2014), the recycling and recovery of materials containing P (Kratz et al., 2019), the 

optimization of manure application rates (Sattari et al., 2012) and understanding the P forms  

in manure to maximize its benefits (He et al., 2016; Pagliari et al., 2020; Pagliari and Laboski, 

2012) should all be considered.  

Acid soils are characterized by high organic P content, and sparingly soluble inorganic P with 

only a tiny fraction in soil solution as the orthophosphate anion. This anion is strongly 

adsorbed on organo-mineral surfaces, including oxides, allophane, and phyllosilicates or 

precipitated as inorganic salts principally with aluminium (Al) and iron (Fe) in acid soils 
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(Gérard 2016; Violante et al. 2002; Violante and Pigna 2002). Plants have developed several 

strategies in response to the P deficiency and Al toxicity in acid soils (Barra et al. 2018; Ma 

et al. 2001; Ryan et al. 2001; Wang et al. 2007). Root exudation of organic anions increase 

P availability to plants by mobilizing phosphate bound to sorption sites in soil (Bolan et al., 

1994) including Fe and Al-(hydr)oxides (Gérard, 2016; Gerke et al., 2000, 1994), or by the 

formation of complexes with Fe and Al in solution. Another strategy to contend with P 

deficiency, is the release of acid phosphatase by plants in response to P stress. These enzymes 

hydrolyze a range of organic-P forms thereby enhancing plant P uptake (Richardson et al., 

2011). 

Southern Chile is a region devoted to grassland production to support the beef and dairy cattle 

industry and more recently has seen the expansion of citrus orchards. Citrus production and 

processing for juice generate a large amount of waste (Sharma et al. 2017; Zema et al. 2018) 

mainly consisting of peel and pressed pulp or whole fruits discarded due to poor quality (e.g., 

damaged fruit) or to regulations to limit production (Ruiz and Flotats, 2014). Citrus fruits are 

classified as acid fruits as their juice has pH 2.0-3.0 due to citric and malic acids. Citric acid 

is the most abundant acid in the endocarp, whereas oxalic, malic, malonic, and citric acids 

are present in citrus peel (Ladaniya, 2008). Recycled citrus fruit processing waste could 

constitute a soil organic amendment in the context of sustainable and cost-effective 

management of P fertilization. It has been demonstrated that citrus waste, used as a soil 

amendment, improves crop yields (Guerrero et al. 1995; Tuttobene et al. 2009) however to 

date, no study has focused on its effect on soil P fertility. 

The importance of manure as a soil amendment has been known since ancient times. In 

organic and sustainable agriculture, cattle manure (CM) represents a source of macro and 

micronutrients for crop and grass production and simultaneously guarantees the 
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incorporation of organic matter improving physical, chemical and biological properties of 

soils (Fuentes et al. 2008; Diacono and Montemurro 2010; He and Zhang 2014; Liu et al. 

2017; Cai et al. 2019). According to Pagliari et al. (2020) most of P in cattle manure is 

inorganic and labile (with up to 48% being NaHCO3–extractable and 70% H2O–extractable) 

and should therefore be readily available for plants (He et al. 2016; Tiecher et al. 2014).  

Not only does manure provide available nutrients, but it may contribute to microbial and 

biochemical activity. Marinari et al. (2000) found that stabilized dairy cattle manure 

amendment led to large increases in acid phosphatase activity and this was attributed to a 

priming effect leading to the mineralization of soil organic matter thereby releasing nutrients. 

Waldrip et al. (2012) evaluated the effect of organic dairy manure on soil phosphatase activity 

in an acid silt loam soil and found a positive correlation between P-manure addition and acid 

phosphatase activity, although there were exceptions to this trend. The authors suggested that 

during early plant growth, the root induced the production of acid phosphatase or stimulated 

the extracellular soil phosphatase activity by rhizospheric processes to meet plant nutrient 

demand. In contrast, poultry manure was found to have little effect on phosphatase activity 

of the same soil (Waldrip et al. 2011). 

The objective of this study was to investigate the additional advantage of applying citrus 

waste along with cattle manure to assess whether organic matter, and in particular the organic 

acids, present in citrus wastes, could improve the P availability for crops in an acid soil of 

Southern Chile. Our starting hypothesis was that a combination of citrus wastes and cattle 

manure could be the basis of a cost-effective soil amendment improving the fertility of acid 

soils. We paid attention to the possibility that oxyanions present in citrus waste could inhibit 

phosphatase activity and hence limit the mineralisation or soil organic phosphorus. 
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3.2 Materials and methods 

3.2.1 Soil and beef cattle manure (CM) sampling 

The soil studied was an Andisol collected from Southern Chile, Barros Arana locality 

39º06'12"S, 72º37'42"W. The soil has silt loam texture and is classified as Andosol (IUSS 

Working Group, 2014) or Typic Hapludand (Soil Survey Staff, 2014). The soil was collected 

from 0 to 20 cm depth after removing a thin layer of surface litter, air dried and sieved <2 

mm. The non-composted beef cattle manure (cow-pats) was collected from Santa Elena farm 

where animals graze outside, located in the same locality. It was air-dried for 5 days, milled 

and sieved <2 mm for subsequent analysis and use.   

 

3.2.2 Chemical characterization of soil and CM 

Both soil and cattle manure were characterized using routine methods according to Sadzawka 

et al. (2006). Soil pH was determined by potentiometer in a soil: solution (H2O) suspension 

(ratio: 1:2.5). Soil extractable phosphorus was extracted with bicarbonate solution (Olsen-P) 

and quantified using the method of Murphy and Riley (1962). Total phosphorus was 

determined by alkaline digestion with sodium hypobromite (NaBrO) with the method of Dick 

and Tabatabai (1977). Total carbon and nitrogen were determined using an elemental 

analyser (CHN NA1500; Carlo Erba Elemental Analyzer, Stanford, CA, USA). 

Exchangeable cations (Ca, Mg, Na and K) were extracted with 1 M NH4Ac at pH 7.0 and 

quantified using flame atomic absorption spectrophotometry (FAAS, Unicam SOLAAR 

969). Exchangeable aluminium was extracted with 1 M KCl and analysed by flame atomic 

absorption spectrometry (FAAS). Selected physicochemical properties of the soils and cattle 

manure are shown in Table 3.1.  
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Table 3.1: Chemical properties of the Andisol Barros Arana from Southern Chile and beef 

cattle manure. Data are means ± SD of three replicates. 

Parameters Values 

 Barros Arana soil Beef cattle manure 

pH 5.6 ± 0.0 7.0 ± 0.0 

Total carbon (%) 11.7 ± 0.2 41.1 ± 0.2 

Total nitrogen (%) 0.9 ± 0.0 2.1 ± 0.0 

C/N 12.5 ± 0.2 19.2 ± 0.5 

Olsen P (mg kg-1) 6.0 ± 1 497 ± 10 

Total P (mg kg-1) 1981 ± 11 3710 ± 26 

K (mmol kg-1) 3.5 ± 0.1 45.2 ± 0.5 

Na (mmol kg-1) 1.8 ± 0.1 49.6 ± 0.1 

Ca (mmol kg-1) 40.7 ± 0.4 182 ± 1 

Mg (mmol kg-1) 9.3 ± 0.1 67.5 ± 0.2 

Al (mmol kg-1) 1.1 ± 0.1 1.2 ± 0.1 

Soil and beef cattle manure data are presented on a dry matter basis
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3.2.3 Characterization of lemon and mandarin fruits  

Fresh fruits of lemon (Citrus limon L. Osbeck) and mandarin (Citrus reticulata, Blanco, 1837) were 

purchased from commercial retailers and healthy fruits were selected for uniformity of shape and 

colour. The fruits were cut in half and squeezed to extract juice. The juice was filtered to remove pulp 

and seeds and then centrifuged at 3000 g for 10 min. Supernatant was diluted 1:50 for citrate 

determination and 1:10 for the other anions. The diluted samples were membrane filtered (Sartorius 

Minisart ®, 0.2 μm). The peels of the squeezed fruit samples were cut in small pieces. Ten grams of 

peel were put in a flask with 25 ml of ultrapure water, shaken for one hour then membrane filtered. 

Extracts were analysed using High Performance Liquid Chromatography (HPLC, Shimadzu LC 20, 

DAD SPD-M20A detector) using a 4.6 x 250 mm, 5 µm Symmetry C18 column.  

In order to determine the P content on lemon and mandarin peel, each fruit was washed with distilled 

water and then cut into small pieces, placed in paper bags and dried at 65 °C for 48 h according to 

Sadzawka et al. (2004). In addition, total carbon and nitrogen were determined using an elemental 

analyser (CHN NA1500; Carlo Erba Elemental Analyzer, Stanford, CA, USA). The pH was measured 

in juice and in the water extracts of peel by potentiometry. 

 

3.2.4 Treatments of CM-amended soil with chopped lemon or mandarin fruits  

Two series of incubation experiments were conducted to evaluate the effect of lemon or mandarin 

addition on the P release and the acid phosphatase activity (P-ase activity). In the first experiment, 50 

g of soil or a mixture of soil with 5% CM was placed in plastic pots of 100 ml capacity. The addition 

of this rate of manure represents about the same amount of total P and four times as much Olsen P as 

initially present in soil. Peel and adhering pulp (named Peel, P) were cut with a sharp knife into small 

pieces (< 5 mm). Peel, juice (J) or whole fruit (WF) were added to each pot and carefully mixed with 
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soil. There were two rates of addition of citrus to soil, either 20% or 40%, expressed as equivalent 

fresh mass of the whole fruit. Thus, for example, 20 g whole fruit was added to 50 g soil in the 40% 

treatments and this is equivalent to 12.2 g peel or 7.5 ml juice.  

The soil with or without cattle manure, but no addition of citrus, was incubated as a control. Each 

treatment was prepared in triplicate and samples were incubated at 25 °C, with moisture content at 

80% of soil water holding capacity and aerobic condition for up to 6 weeks. Moisture content was 

calculated considering both juice and added distilled water. Pots were loosely covered and opened 

daily to allow air exchange. The mass was monitored daily, but no water addition was required to 

maintain moisture content. 

At intervals during the 6-week incubation period (1 hour (h), 1 day (d), 3 d, 1 week (w) 2 w and 4 w) 

subsamples were taken from each container and analysed for P-ase activity (0.2 g), water extractable 

P and pH (0.3 g). There were 4 repetitions of each sample, and each of these was a composite sample 

of four subsamples. The P-ase activity was determined using the method of Tabatabai and Bremner 

(1969) modified by Rubio et al. (1990) for soil with high organic matter content. In brief, 200 mg soil 

sample was incubated with 200 µl of 30 mM p-nitrophenyl phosphate disodium (Sigma Aldrich), and 

800 µl of 0.1 M sodium acetate buffer, pH 5.5, at 25 °C for 30 hours. After incubation, the enzymatic 

reaction was stopped by adding 200 µl of 2 M CaCl2 and 800 µl of 0.2 M NaOH. The suspension was 

then centrifuged at 15 000 g for 5 min at 25 °C, and the absorbance of the supernatant solution at 405 

nm was measured in microplates using a UV-Vis spectrophotometer (Multiskan GO, Thermo 

Scientific). Water-extractable P was measured using the malachite green method (Ohno and Zibilske, 

1991). A soil suspension by adding 1.5 ml deionized water to 0.3 g of soil solid, shaking vigorously 

for 5 min and allowing to settle for 2 h. Finally, the pH of this settled soil suspension was measured. 
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Preliminary experiments showed that Olsen P was too large to be sensitive to changes in fractionation 

induced by incubation or citrus addition.  

Preliminary experiments showed that dilution was sufficient to ensure that there was no interference 

from citrate in the phosphate assay and that the addition of CaCl2 was sufficient to limit colour release 

when the enzyme assay was stopped with alkaline solution. 

 

3.2.5 Treatments of CM-amended soil with coarsely chopped lemon or mandarin fruits   

A second experiment was carried out using more coarsely chopped fruits (4-5 cm in size, ⅛ lemon or 

¼ mandarin) and the soil amended with 5% of CM. This scale was chosen to be intermediate between 

the controlled laboratory experiment and a future field study. In these experiments soil pots were set 

up in three layers: at the base, layer C with about 15 g of soil, or CM-amended soil, over layer B of 

approximately 20 g of soil, or CM-amended soil, plus chopped lemon or mandarin, and in the top 

layer A, with 15 g of soil or CM-amended soil. The layers were separated with a nylon mesh with 35-

µm pore diameter. Plastic pots with only soil were used as controls, following the same procedure 

described above. All samples were prepared in triplicate. The samples were stored for four weeks at 

25°C under aerobic conditions, and at 80% of soil water holding capacity. At the end of the incubation 

period, soil was collected from each layer to obtain composite samples and analysed to determine pH, 

water extractable P, P-ase activity 

 

3.2.6 Statistical analysis  

The statistical analysis was carried out using XLSTAT version 2016.02.284551 (Addinsoft, New 

York, USA). Data were first tested for deviation from normality using the Shapiro–Wilk test and the 

homogeneity of within-group variances was assessed with Levene´s test. Data collected were 
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subjected to analysis of variance (ANOVA) and the means were separated by the Duncan test at p≤ 

0.05. In the P-ase data the differences between control and CM was assessed by paired t-test (p ≤ 

0.05). 

 

3.3 Results  

3.3.1 Chemical characterization of soil and beef cattle manure samples 

Chemical properties of the Andisol Barros Arana are reported in Table 1. The soil had a total carbon 

content of about 12%, a moderate acidity (pH 5.6) and low levels of Ca, Mg, K, and Na. The Al 

content of exchange complex was low, with Al saturation less than 1%. The Olsen-P content in soil 

was very low (6 mg kg-1) despite the high content of total P (1981 mg kg-1).  

Beef cattle manure was characterized by neutral pH, 41.1% C, C/N ratio equal to 19.2, high total P 

(3710 mg kg-1) as well as Olsen-P (500 mg kg-1) and high exchangeable cations contents of but a low 

Al saturation (1.2 mmol kg-1). 

 

3.3.2 Characterization of lemon and mandarin fruits 

The organic anion contents of lemon and mandarin peel and juice are shown in Table 3.2. The amount 

of organic anion depended on both the fruit and fruit part. In lemon, citrate was the main organic 

anion found in juice and peel (21.0 and 8.1 g kg-1, respectively) followed by oxalate, malate and 

succinate. In contrast, malate was the main anion found in the peel of mandarin (3.6 g kg-1), and 

citrate in mandarin juice (2.4 g kg-1). The pH values of juice ranged between 1.9 and 3.6. Lemon juice 

had the lowest pH observed (1.9), whereas that of mandarin juice was slightly higher, 2.7. The pH 

values of lemon and mandarin peel were 2.9 and 3.6, respectively. The C/N ratio in lemon peel was 
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greater than in mandarin peel and the P contents of lemon and mandarin peel were 1.0 and 1.8 gkg-1, 

respectively. 

 

Table 3.2.- Composition of peel and juice of lemon and mandarin. For water-extractable organic 

anions (citrate, oxalate and malate) were quantified by HPLC 

Fruit 

Part Citrate Oxalate Succinate Malate P C/N pH 

of 

fruit 
                        g kg-1 of fresh mass                                   g kg-1 DW   

Lemon Peel 8.1 ± 0.0 0.5 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 1.0 ± 0.1 33.4 ± 0.9 2.9 ± 0.1 

 Juice 21.0 ± 0.0 0.1 ± 0.0 0.01 ± 0.00 0.3 ± 0.0 - - 1.9 ± 0.0 

Mandarin Peel 1.4 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 3.6 ± 0.2 1.8 ± 0.0 27.0 ± 0.3 3.6 ± 0.0 

  Juice 2.4 ± 0.0 0.1 ± 0.0 0.02 ± 0.00 0.9 ± 0.0 - - 2.7 ± 0.0 

 

3.3.3 Soil amended with finely chopped citrus 

3.3.3.1 Effect of amendments on soil pH 

Beef cattle manure (CM) addition led to an increase in soil pH. Although pH fluctuated during the 

incubation period, the manure amended soil was on average about 0.2 units more alkaline than the 

unamended soil. Citrus addition caused an initial acidification of both soil and manure-amended soil 

(Table 3). This decrease of pH was greater for lemon than for mandarin addition, and greater for juice 

than peel, and increased with increased addition of peel (Table 3.3).  

The lemon peel treatments, 20% and 40%, led to immediate (after one hour) decreases in pH of 0.8 

and 0.9 units, respectively, with respect to the soil control. Manure counterbalanced to some extent 

the initial acidifying effect of citrus addition. Soil amended with cattle manure plus 20% and 40% LP 

decreased the pH by 0.4 and 1.3 units, respectively, compared with CM-soil control. With the larger 

addition of peel, the liming effect of manure was cancelled. The greatest pH change occurred when 
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juice or whole fruit were added to soil or CM-amended soil. For soil, the addition of juice and whole 

fruit caused a decrease around 1.7 units, whereas for CM-amended soil this decrease was 1.5 for juice 

and 1.9 for whole fruit, and as for peel. After two weeks pH increased with all lemon treatments in 

both soil and CM-amended soil reaching in average a pH value of 6.2 (Table 3.3). The acidifying 

effect of lemon addition decreased with time, and indeed, after about 2 weeks, citrus amended soil 

were more alkaline than S or S+CM controls. 

Mandarin treatments had less impact on soil pH (S or S+CM controls), relative to lemon treatments, 

and so the range of pH values measured was smaller. Each of the mandarin additions caused a 

decrease in pH with respect to S and S+CM at each incubation time for the first 2 weeks (Table 3.3). 

For soil (without manure) the immediate (1 hour) decrease in pH was 0.26 units for 20% peel and 0.5 

units for 40% peel without significant (p ≤ 0.05) difference. Incorporation of juice and whole fruit led 

to larger decreases in pH, 0.5 and 0.6 units, respectively. The effects of mandarin additions to CM-

amended soil were very similar to those observed for soil, with a general pH increased caused by CM. 

The short-term acidification observed for citrus addition was delayed, in comparison with lemon, 

leading to a surprising net acidification of the CM-amended soils for the 1-day and 3-day incubation 

periods with respect to soil+mandarin. 
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Table 3.3.- Changes in soil pH recorded during incubation period after application of peel (P), juice(J) and whole fruit (WF) of lemon 

(L) or mandarin (M) to soils or soil amended with beef cattle manure (CM). Data are means ± SD of four replicates. Different lower 

case letters indicate significant differences among incubation times within the same lemon or mandarin treatment, whereas different 

capital letters indicate significant differences among lemon and mandarin treatments in the same incubation time at Duncan post-hoc 

test (p ≤ 0.05). 

Treatments  pH 

Incubation Period 1h 1d 3d 1w 2w 4w 6w 

S 6.0 ± 0.0 
aA

 6.2 ± 0.1 
aA

 6.3 ± 0.1 
aA

 6.4 ± 0.0 
aA

 6.1 ± 0.0 
aA

 5.5 ± 0.0 
bB

 5.5 ± 0.0 
bB

 

S,CM 6.2 ± 0.0 
aA

 6.2 ± 0.2 
aA

 6.3 ± 0.1 
aA

 5.9 ± 0.1 
bB

 6.2 ± 0.0 
aA

 6.0 ± 0.0 
aA

 6.2 ± 0.0 
aA

 

    Lemon    

S, 20% LP 5.2 ± 0.0 
cB

 5.6 ± 0.0 
bB

 5.6 ± 0.0 
bB

 5.7 ± 0.1 
bBC

 6.0 ± 0.0 
aA

 6.3 ± 0.0 
aA

 6.3 ± 0.0 
aA

 

S, 40%LP 5.1 ± 0.0 
bC

 5.4 ± 0.1 
bB

 5.2 ± 0.1 
bBC

 5.5 ± 0.0 
bC

 6.0 ± 0.0 
aA

 6.3 ± 0.0 
aA

 6.3 ± 0.0 
aA

 

S, 40% LJ 4.3 ± 0.1 
dD

 4.8 ± 0.1 
cC

 5.0 ± 0.1 
cC

 5.5 ± 0.1 
bC

 6.3 ± 0.1 
aA

 6.1 ± 0.0 
aA

 5.7 ± 0.0 
bB

 

S, 40% LWF 4.3 ± 0.0 
cD

 4.5 ± 0.1
 cC

 4.6 ± 0.0 
cC

 5.0 ± 0.1 
bD

 6.2 ± 0.0 
aA

 6.3 ± 0.0 
aA

 6.3 ± 0.0 
aA

 

S, CM, 20% LP 5.9 ± 0.1 
cB

 5.7 ± 0.1 
cB

 6.0 ± 0.1 
bA

 6.0 ± 0.1 
bB

 6.4 ± 0.0 
aA

 6.3 ± 0.0 
aA

 6.2 ± 0.0 
aA

 

S, CM, 40% LP 5.1 ± 0.1 
cC

 5.3 ± 0.1 
bcB

 5.5 ± 0.1 
bB

 5.7 ± 0.0 
bBC

 6.3 ± 0.0 
aA

 6.4 ± 0.0 
aA

 6.3 ± 0.1 
aA

 

S, CM, 40% LJ 4.8 ± 0.1 
cC

 5.0 ± 0.1 
cBC

 5.5 ± 0.1 
bB

 5.9 ± 0.0 
aB

 6.3 ± 0.0 
aA

 6.1 ± 0.0 
aA

 6.2 ± 0.0 
aA

 

S, CM, 40% LWF 4.3 ± 0.1 
cD

 4.6 ± 0.1 
cC

 4.7 ± 0.1 
cC

 5.5 ± 0.1 
bC

 6.2 ± 0.1 
aA

 6.3 ± 0.0 
aA

 6.3 ± 0.0 
aA

 

    Mandarin    

S, 20% MP 5.7 ± 0.1 
bB

 5.6 ± 0.0 
bB

 5.1 ± 0.0 
cC

 4.9 ± 0.0 
cD

 5.7 ± 0.0 
bB

 6.2 ± 0.0 
aA

 6.0 ± 0.0 
aA

 

S, 40% MP 5.5 ± 0.1 
bB

 5.5 ± 0.0 
bB

 4.7 ± 0.1 
cC

 4.9 ± 0.0 
cD

 5.7 ± 0.0 
bB

 6.2 ± 0.0 
aA

 6.0 ± 0.1 
aA

 

S, 40% MJ 5.5 ± 0.1 
bB

 5.4 ± 0.0 
bB

 5.1 ± 0.2 
bC

 4.7 ± 0.0 
cD

 5.4 ± 0.0 
bC

 5.9 ± 0.0 
aA

 6.1 ± 0.0 
aA

 

S, 40% MWF 5.4 ± 0.0 
cB

 5.2 ± 0.0 
cB

 5.3 ± 0.1 
cC

 5.2 ± 0.1 
cD

 5.8 ± 0.0 
bB

 6.1 ± 0.0 
aA

 6.1 ± 0.1 
aA

 

S, CM, 20% MP 5.9 ± 0.1 
bB

 5.6 ± 0.1 
cB

 5.9 ± 0.1 
bA

 6.1 ± 0.0 
abA

 6.3 ± 0.0 
aA

 6.2 ± 0.0 
aA

 6.1 ± 0.0 
aA

 

S, CM, 40% MP 5.8 ± 0.0 
bB

 5.3 ± 0.1 
cB

 5.7 ± 0.0 
bB

 5.6 ± 0.0 
bBC

 6.0 ± 0.1 
aA

 6.4 ± 0.0 
aA

 6.1 ± 0.0 
aA

 

S, CM, 40% MJ 5.7 ± 0.1 
bB

 5.2 ± 0.0 
cB

 5.6 ± 0.1 
bB

 6.2 ± 0.0 
aA

 6.3 ± 0.0 
aA

 6.2 ± 0.0 
aA

 6.1 ± 0.0 
aA

 

S, CM, 40% MWF 5.5 ± 0.0 
bB

 5.1 ± 0.0 
cB

 5.0 ± 0.0 
cC

 5.7 ± 0.0 
bBC

 5.9 ± 0.1 
bB

 6.3 ± 0.0 
aA

 6.3 ± 0.0 
aA
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3.3.3.2 Effect of amendment on water-extractable phosphorus  

The extractable soil P content was significantly (p ≤ 0.05) affected by the incorporation of citrus fruits 

and cattle manure (Figure 3.1). There was an initial flush of P solubility at the start of the incubation 

experiment, and manure addition increased this flush. Thereafter P tended to decrease with time, but 

remained on average larger in manure amended soil. Citrus amendment caused large flush of P. 

Lemon addition led to larger increases in P than did mandarin. In general, the greatest increase of WE 

P content was observed when whole fruit was added, followed by peel.  

When whole fruit was added to CM-amended soil WE P content increased 7-fold with respect to 

control (from 180 to 1230 µg kg-1), indicating a synergistic effect between citrus and manure 

additions. It must be noted that a different scale had to be used to present data with CM amendment 

after 1 hour, because of the magnitude of this flush. Lemon peel addition (20% and 40%) increased 

P content approximately 2.5-fold on control soil; meanwhile for CM-amended soil, P increased 

approximately 3-fold. Interestingly, the lowest phosphorus values were obtained when juice treatment 

was applied, but the effects of juice and peel were additive. After the initial flush of P, extractable P 

levels fell back rapidly, but remained greater in citrus-amended soils throughout the incubation 

period. 

The mandarin treatments led to smaller enhancements of water-extractable P; the incorporation of 

40% peel or whole fruit increased the WE P content of both control and CM-amended soil (1.8-fold 

and 2.5-fold respectively). No particular differences were found when 20% peel was added. The 

whole fruit treatment produced slightly greater increases, 2.3 fold on S and 2.9-fold S+CM. Although 

the P content fell markedly after 1 day, both the CM and 40% whole fruit additions maintained large 

increases in the P content, 8.0 and 17.9-fold respectively. At the end of the 6-week incubation, the 



Chapter III: Citrus residue enhances the effectiveness of CM  

 

48 

highest P contents were found in the CM-amended soil with lemon treatments containing peel (either 

peel or whole fruit) 

 

Figure 3.1. Water extractable P content after lemon amendment (A, B) and mandarin (C, D) of 

incubation experiment for different incubation periods. Different letters indicate statistically 

significant differences (p ≤ 0.05) lower case letters, between lemon or mandarin treatments; upper 

case letters, between soil and CM treatment for the same lemon or mandarin treatments. A different 

scale is used for data with CM amendment and a 1-h incubation period, and this is emphasised using 

hatched filling of the bars. 

 

3.3.3.3 Effect of amendment on phosphatase activity 

Phosphatase activity in soil was fairly constant and showed no consistent variation during the 

incubation period with little effect of manure addition (Figure 3.2). Citrus fruit treatments containing 
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peel significantly (p ≤ 0.05) increased acid phosphatase activity in soil, with or without cattle manure, 

at each stage of the incubation (Figure 2A). After 1 hour, treatments containing lemon peel (peel and 

whole fruit) increased acid phosphatase activity that reached on average values of about 1.7 nkat PNP 

g soil-1, which were maintained until the end of incubation period. In contrast, the juice treatment 

caused a marked, but short-lived decrease in phosphatase activity from 1.0 to 0.6 nkat PNP g soil-1. 

Similar behaviour was observed for mandarin treatments, where the incorporation of peel and whole 

fruit tended to enhance the phosphatase activity in both soil and CM-amended soil. The initial (1-

hour) increases due to peel or whole fruit addition were small and not always significant (p ≤ 0.05) 

in soil, but more marked for CM-amended soil (1.9 and 1.8 nkat PNP g soil-1 for Peel and WF, 

respectively). Mandarin juice, in line with lemon juice, led to decreased phosphatase activity, that 

was particularly marked after 1 hour. In contrast to lemon juice, the decrease in P-ase activity induced 

by mandarin juice was observed throughout the incubation period. 
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Figure 3.2. Changes in acid phosphatase activity in soil and CM-amended with addition of lemon (A, 

B, C) and mandarin (D, E, F) after three different incubation periods (1 hour, 1 week, 6 weeks). 

Different letters indicate statistically significant differences (p ≤ 0.05) lower case letters, between 

lemon or mandarin treatments; upper case letters, between soil and CM treatment for the same lemon 

or mandarin treatments. 

 

3.3.4 Soil amended with coarsely chopped fruit 

3.3.4.1 Effect on water-extractable phosphorus  

The trends in WE P were remarkably similar to those measured in the first incubation experiment 

(Figure 3.1), but with greater amount of extractable P in layer B, suggesting a scaling-up effect. The 

highest WE P content was observed in the soil surrounding the fruit (layer B) in both soil (S) and 
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CM-amended soil (CM-S) (Figure 3.3). For S, WE P increased from 170 to 240 µg kg-1 with chopped 

lemon and from 43 to 110 µg kg-1 with chopped mandarin. For CM-amended soil, the WE P content 

increased from 250 to 450 µg kg-1 in the lemon treatment and from 50 to 250 µg kg-1 in mandarin 

treatment (Figure 3).  

 

Figure 3.3. Water extractable P content from coarsely chopped lemon (A) and mandarin (B) 

incubation experiments, for each of the layers, from top to base. Different letters indicate statistical 

significant differences (p ≤ 0.05). Lower case letters, between layers for the same soil; upper case 

letters, between soil and CM. 

 

3.3.4.2 Effect on pH 

Soil amendment was also performed using larger pieces of chopped fruit (>4-5 cm) to be closer to 

real conditions. Soil pH in the top layer (A) most closely resembled the control soil and greatest 

effects were observed for the middle layer (B), where soil was in direct contact with chopped fruit. 

Soil pH in layer B increased by 0.7 and 0.6 units following lemon- and mandarin- chopped fruit 

amendments, respectively, compared with the layer A (Table 3.4). The incorporation of lemon and 

mandarin also increased pH of the CM-amended soil by 0.5 unit, respectively. In layer C the increase 

in pH was significant (p ≤ 0.05) but smaller than in layer B. Thus in soil amended with lemon and 
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mandarin, pH increased by 0.4 and 0.6 units, respectively, while the pH increases in CM-amended 

soil were smaller, 0.3 units for lemon and not significant (p ≤ 0.05) for mandarin (Table 3.4). 

 

3.3.4.3 Effect on phosphatase activity 

Phosphatase activity tended to be increased by fruit addition, and as observed for pH and WE P, the 

effects were greatest in layer B (Table 3.4). Values in the top layer were least influenced by citrus 

addition, and the effect was intermediate in the lowest layer. Activity was lower in CM-amended soil, 

and the increase induced by citrus was greater for lemon than mandarin. 

 

Table 3.4: Values of pH and phosphatase activity of the soil collected from three layers in pots of the 

second experiment. Different letters indicate statistical significant differences (p ≤ 0.05). Lower case 

letters, between layers for the same soil; upper case letters, between soil and CM. 

Treatment Layer pH Phosphatase activity 

(nkatal PNP g soil-1) 

S+L A 5.4 ± 0.0 cB 1.5 ± 0.1 bA 

 B 6.1 ± 0.1 aB 2.0 ± 0.1 aA 

 C 5.8 ± 0.0 bB 2.0 ± 0.1 aA 

S+CM+L A 6.1 ± 0.1 cA 1.2 ± 0.1 cB 

 B 6.6 ± 0.1 aA 2.1 ± 0.1 aA 

 C 6.3 ± 0.0 bA 1.7 ± 0.1 bB 

S+M A 5.4 ± 0.0 bB 1.7 ± 0.1 abA 

 B 6.0 ± 0.1 aB 1.9 ± 0.1 aA 

 C 6.0 ± 0.0 aB 1.7 ± 0.1 bA 

S+CM+M A 6.1 ± 0.0 bA 1.0 ± 0.1 cB 

 B 6.5 ± 0.1 aA 2.0 ± 0.1 aA 

 C 6.1 ± 0.0 bA 1.4 ± 0.1 bB 

L: lemon; CM: beef cattle manure; M: mandarin 
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3.4 Discussion 

Applications of citrus fruit (all treatments) caused an initial decrease in soil pH. However, with 

increasing incubation time, pH rose to an average of 6.10. The initial soil pH decrease can be 

explained by the acidity per se of the amendment. The subsequent increase in pH may be attributed 

to the decomposition of organic matter, including the decarboxylation of the organic anions 

(Naramabuye and Haynes, 2006a). Large increases in pH have been reported during the composting 

of citrus wastes (between days 45 and 50) (Van Heerden et al., 2002). Several studies have shown an 

increase in pH following crop residue addition to soil, particularly in acid soil (Butterly et al. 2013; 

Vanzolini et al. 2017; Xu et al. 2006; Xu and Coventry 2003; Yan et al. 1996). For example, 

Mokolobate and Haynes (2002) compared the liming effect of four organic residues applied to an acid 

soil and concluded that addition of organic residues to acid soils could be a practical strategy to 

increase soil pH, thus decreasing concentrations of phytotoxic Al without lime applications. In 

addition, the application of manure to soils also supplies large amounts of organic matter, containing 

carboxyl and phenolic hydroxyl groups, that play essential roles in buffering soil acidity and 

increasing the pH of acid soils (Whalen et al., 2000). We observed increased soil pH in both 

incubation experiments, caused by both cattle manure and citrus residue additions.  

One concern with the addition of citrus fruits to these soils was that the oxyanions they would release 

could inhibit phosphatase activity, thereby reducing the availability of organic P to crops. The 

observations of this study allow us to dismiss these fears: in the long term phosphatase activity was 

enhanced by both amendments. This finding contrasts with the observation of Waldrip et al. (2012) 

that cattle manure had large effect on acid phosphatase activity, and is closer to the finding of Waldrip 

et al. (2011) who report no significant effect of poultry manure on phosphatase activity. In our case, 

the acid phosphatase activity was found to be more strongly influenced by the citrus treatments than 
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by cattle manure addition in both incubation experiments. There was no synergistic effect between 

manure and citrus fruit on phosphatase activity. The greater effect of citrus in comparison with 

manure could be explained by the stimulation of microbial growth due to the incorporation of readily 

degradable organic substrates (Wang et al. 2012; Intanon et al. 2015; Dumontet et al. 2017). As in 

this study, Pascual et al. (2002) report that phosphatase activity was highest in soil amended with 

fresh organic wastes, rather than with composted organic wastes, at least in the short term.  They 

attributed this increase to increases in microbial biomass and activity. This observation is coherent 

with the relative effects of citrus and manure additions since cattle manure was stabilized prior to 

incorporation into soil, whereas citrus residues were applied fresh. Several studies have found high 

phosphatase activity during the first month of composting of organic wastes, however at the end of 

the process it is drastically decreased, which could be attributed to a reduction in easily degradable 

compounds (Ros et al. 2006; Raut et al. 2008; Albrecht et al. 2010). However, even though 

phosphatase activity indicates the potential for mineralization of organic P, we found no correlation 

between enzymatic activity and water extractable phosphorus in soils (data not shown). This could 

be explained by increased microbial activities, involving a higher P demand and release of 

phosphatases when organic waste, rich in easily available C and N, is incorporated. However, as the 

organic matter is consumed, microbial activity would decrease, decreasing both P demand and 

phosphatase activity (Criquet and Braud, 2008).  

It is well known that cattle manure amendments can increase P availability along with the 

improvement of various soil physical, chemical and biological properties (Parham et al. 2002, 2003; 

Ros et al. 2006; He and Zhang 2014; Tiecher et al. 2014; Cai et al. 2019). In this study, the use of CM 

increased not only the WE P content but also increased the phosphatase activity and soil pH. This 

study shows that the use of citrus residues also improved these soil properties. The relationship 
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between low-molecular-mass organic anions and inorganic phosphorus release from soils has been 

widely investigated  (Kpomblekou-A and Tabatabai 2003; Harrold and Tabatabai 2006; Kizewski et 

al. 2010; Taghipour and Jalali 2013; Wang et al. 2015; Santos, Hesterberg, et al. 2017; Santos, Silva, 

et al. 2017). It is generally assumed that the mechanisms of release inorganic phosphorus involving 

low-molecular-mass organic anions include the dissolution of sparingly soluble minerals containing 

phosphorus, the change pH of soil solution and the capacity to chelate metal cations, notably Fe, Al, 

or Ca, and the blocking of P-adsorption sites on soil (Jones 1998; Ryan et al. 2001; Bais et al. 2006). 

In both incubation experiments increased WE P content after addition of citrus fruit was observed. 

We know of no studies on the use of citrus residues for mobilizing soil-P, nevertheless it is reasonable 

to suppose that the organic acids released from citrus lead to increased P solubility (Table 3.2). In the 

first incubation experiment, treatments with L-WF and CM, increased soil P release 7- fold respect 

to control after 1 hour. However, a marked decrease after one day was observed; this is probably due 

to the rapid microbial degradation of organic anions (Jones, 1998; Daniel Menezes-Blackburn et al., 

2016).  

Most importantly, in the medium term, after six weeks’ incubation, treatments with cattle manure, 

40% peel, and whole fruit always showed the largest WE P content. Similarly, a 2-fold increase of 

soil WE P with respect to control soil was observed in the incubation experiment with coarsely 

chopped fruit (Figure 3.2). This is coherent with reported increases in biomass production after 

addition of orange waste, for example that of durum wheat and lettuce, (Tuttobene et al. 2009;  

Guerrero et al. 1995) and points to improved P nutrition as a major. 
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3.5 Conclusions 

Our findings showed that the addition of citrus residues in combination with beef cattle manure to 

soil had a sustained positive effect on phosphatase activity and an additional synergistic effect on soil 

P availability, assessed as WE P. The increase in phosphatase activity caused by organic residues 

used in this experiment could indicate an enhancement of soil fertility and thus the sustainability of 

agricultural production. There was no evidence that increased solubility of soil P inhibited 

phosphatase activity, even during the short-term flush of P solubilization due to citrate and other 

oxyanions in the citrus amendment. The addition of citrus waste enhanced the liming effect of manure 

throughout the 6-week experiment, a positive effect in this acid soil. The time trends observed 

demonstrate the importance of medium term experiments to avoid hasty conclusions based on short-

lived flushes (<1 week). Furthermore, the "liming effect" produced by this type of residues could be 

used as a biotechnological strategy to decrease the lime requirements in such acid soils. 

This controlled laboratory study is a promising basis for further longer-term and field based 

investigations of a mixed citrus-manure amendment. Furthermore, it is necessary to evaluate 

composting the organic matrices used for amplifying the obtained advantages, as well as, assess 

phytotoxicity reduction, stability of the organic substances in the soil and its effect on soil chemistry 

and microbiology.  
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Assessment of the combined effects of cattle manure and lemon peel waste on soil-plant 

biochemical properties and phosphorus acquisition by ryegrass 

Abstract 

Agro-industrial waste-derived amendments may be used as substitutes for synthetic fertilizers to 

improve soil physicochemical and biological properties and crop production. Microbial activity plays 

an essential role in the beneficial effects or organic amendments on soil quality. In this study, we 

investigated the combined effects of two different agro-industrially derived amendments, cattle 

manure (CM) and lemon peel (LP), on soil biological properties, plant nutrition and antioxidant 

responses in ryegrass to evaluate their putative use as organic phosphorus fertilizers. A combined 

amendment of CM+LP was more effective than each one used separately. For example, microbial 

biomass was more than 4 times that of the control. This can be largely attributed to the fungal 

community because the richness biodiversity index was greater than that of the bacterial and fungal 

biomass was greater than bacterial biomass. The bacterial biodiversity index of the treated soils was 

lower than that of the control but was less dominant and more changeable with soil chemical 

parameters such as Al and pH. Interestingly, ryegrass yield and phosphorus uptake significantly 

increased with the addition of combined CM+LP (43% and 44%, respectively), as observed from 

treatments with synthetic triple superphosphate fertilizer (TSP). Less oxidative stress was observed 

in treatments with CM+LP supplementation than in treatments with TSP. In conclusion, the combined 

application of CM+LP showed a beneficial effect on P uptake and oxidative stress with a concomitant 

increase in plant productivity, indicating that both amendments could be used as organic fertilizers to 

improve the soil fertility and sustainability of agricultural production systems. 

 

Keywords: organic residues; synergistic effect soil health; plant nutrition; oxidative stress 
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4.1. Introduction 

Currently, worldwide, awareness is rising on the reuse, recovery and recycling of materials from the 

agricultural industry due to their ability to improve soil physical, biological and chemical 

characteristics and to supply an optimal combination of macro- and micronutrients for crops 

(Cercioglu, 2017; Diacono and Montemurro, 2010; Gopinath et al., 2008). In particular, the 

phosphorus scarcity has promoted changes in agricultural processes, since both prices and demand to 

meet food security needs, have increased since the mid-20th century (Neset et al., 2016). The use of 

organic fertilizers, including crop residues, cattle manure and biochar, can reduce the dependence on 

inorganic fertilizers. Furthermore, the sustainable management of wastes reduces waste levels and is 

a strategy of the circular economy, encouraged by the European Commission through its "Circular 

Economy Action Plan" (European Commission, 2015). 

Livestock industry is a major activity in southern Chile, accounting for 79% of the national total head 

of livestock (ODEPA 2019), with an annual production of 42 million tons of manure (SAG 2006). In 

addition, approximately 90% of phosphorus contained in cattle manure is inorganic , which is the 

principal reason for its use as a source of P to compensate for the scarcity of phosphate rock (Cordell 

and Neset, 2014). This is especially important in soils where P is a limiting factor for plant production, 

as is the case for Andisol soils. In southern Chile, approximately 60% of agricultural soils are classed 

as Andisols, which are characterized by low pH and low available P concentrations, despite high total 

P levels (Borie et al., 1989; Escudey et al., 2001; Mora et al., 2017; Redel et al., 2016). 

It is known that organic anions compete with phosphate on the soil anion exchange complex (Jara et 

al., 2006; Violante, 2013; Violante et al., 2002) and this is one of the reasons that plant roots exudate 

organic acids to compensate poor P nutrition, thus mobilizing phosphate from the soil, making it 

available for plant uptake (Waithaisong et al., 2015). We recently demonstrated that phosphate 
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solubility is enhanced by combining CM and citrus residues as an amendment for acid soil. That study 

focused on the chemical effect of the citrus amendment, namely their high organic anion contents, 

mainly citrate and malate, with smaller amounts of oxalate and succinate. Sustained (6-week) 

increases in water extractable phosphorus, phosphatase activity and pH were reported when citrus 

residues were applied alone or in combination with cattle manure (CM) in an Andisol (Paredes et al., 

2021). These results suggest that the use of these residues used in combination may be a strategy to 

improve soil quality (liming effects and hence Al toxicity) along with improving soil P availability. 

The aim of this study is to elucidate these effects emphasizing the role of changes in soil microbial 

activity. We adopted a two-prone approach. The first approach was to determine the effects of these 

organic residues (CM and LP) on the soil microbial community, assessed by microbial biomass C, N 

and P, and respiration. The second approach was to evaluate the improvement of soil quality for plant 

growth by measuring soil available nutrient status, plant phosphate uptake, and antioxidant responses 

in ryegrass grown in a greenhouse.   

 

4.2. Materials and methods 

4.2.1 Sampling and chemical characterization of soil and cattle manure samples 

The soil used for the experiment was an Andisol collected from the Barros Arana locality of southern 

Chile located at 39°06'12"S, 72°37'42"W. The soil has a silt loam texture and is classified as an 

Andosol (IUSS Working Group, 2014) or Typic Hapludand (Soil Survey Staff, 2014). The soil was 

collected from 0 to 20 cm depth after removing a thin layer of surface litter, air dried and 2 mm sieved. 

Semi-fresh cattle manure was collected from Santa Elena Farm located in the same locality.  

The samples were air-dried for 5 days, milled and sieved through a 2-mm sieve for subsequent 

analysis. Soil and CM, and soil after composting were characterized using routine methods according 
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to Sadzawka et al. (2006). The chemical analysis of composted soil was carried out according to 

Sadzawka et al. (2006). pH was determined in H2O with a 1:2.5 soil sample:water solution ratio. Total 

C and N were determined by dry combustion using a CHN autoanalyzer (CHN NA 1500, Carlo Erba). 

The available P was extracted with sodium bicarbonate (0.5 M NaHCO3 at pH 8.50) using the Olsen 

method and quantified spectrophotometrically at 880 nm by the methylene blue complex method 

(Murphy & Riley, 1962). Basic exchangeable cations (Ca, Mg, Na and K) were extracted with 1 M 

ammonium acetate (pH 7) and determined by atomic absorption spectrophotometry (AAS). 

Exchangeable Al was extracted with 1 M potassium chloride and determined by EAA. 

 

4.2.2 Characterization of lemon peel 

The peels of the squeezed fruit samples were cut into small pieces. Ten grams of peel was placed in 

a flask with 25 ml of ultrapure water, shaken for one hour and membrane filtered. Extracts were 

analyzed by HPLC with a Shimadzu LC 20 DAD SPD-M20A detector. Reversed-phase separations 

were carried out using a 4.6 x 250 mm, 5 µm Symmetry C18 column. For chemical analysis, lemon 

peel was cut into small pieces and dried at 65 °C for 48 h according to Sadzawka et al. (2004). In 

addition, total carbon and nitrogen were determined using an elemental analyzer (CHN NA1500; 

Carlo Erba Elemental Analyzer, Stanford, CA, USA).  

 

4.2.3 Incubation experiment 

Soil and amendments were incubated under controlled conditions. Cattle manure (CM) was applied 

at a rate of 5%, and lemon peel (LP) was applied at a rate of 40%. The experiment included the 

following treatments: soil + CM; soil + LP; soil + CM + LP; soil without amendment was used as a 

control (Control). There were 12 experimental units with three replicates for each of the treatments. 

Organic materials were thoroughly mixed with air-dried soil samples and placed in plastic bags with 
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small perforations. Soils were maintained at a water content of 70% of field capacity at 25 °C. 

Respiration was monitored for one month (see below) and at the end of this period, soil microbial 

biomass (C, N and P) and of the composition of soil microbial community were assayed. Incubation 

was continued for 3 months prior to the greenhouse experiment, and for clarity this soil is referred to 

as composted soil. 100-g samples were used for the shorter incubation experiment and 600-g for the 

longer composting prior to the pot experiment. The bags were mixed several times during the process 

to promote decomposition of organic matter. 

 

4.2.3.1 Soil microbial biomass C, N and P 

Microbial biomass C and N were determined by the fumigation–extraction method using ethanol-free 

CHCl3 and 50 mM K2SO4 as an extractant (Vance et al., 1987), whereas microbial biomass P was 

determined according to Brookes et al. (1982). K2SO4-extractable C was quantified using an 

automated combustion total organic C (TOC) analyzer (TOC-V CPH Shimdzu, Japan), and the 

difference in C content between fumigated and nonfumigated samples was corrected using a KEC 

factor (the percentage of total microbial C extracted by K2SO4) of 0.45 to estimate SMB-C (Wu et 

al., 1990). N contents of fumigated and unfumigated soil extracts were determined using Kjeldahl 

digestion and MBN was calculated as the difference in NO3
− content between fumigated and 

nonfumigated samples using an extraction efficiency factor (KEN) of 0.54 (Brookes et al., 1985). 

SMB-P was determined according to Brookes et al. (1982). The microbial biomass P (SMB-P) was 

calculated as the difference in P content between fumigated and nonfumigated samples using an 

extraction efficiency factor (KEP) of 0.40 accounting for the efficiency of Pi extraction from lysed 

microbial cells (Brookes et al. 1982); in addition, the calculation took into account P recovery 

measured as the proportion of the P spike recovered in each nonfumigated soil sample. 
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4.2.3.2 Analysis of Microbial Community composition by PCR-DGGE 

The microbial community composition of the soil was evaluated at the end of the incubation 

experiments (30 d) by DGGE using specific primer sets for bacteria and fungi. Total DNA from soil 

was extracted using a Power Soil DNA Isolation Kit (QIAGEN, United States) according to the 

manufacturer’s instructions. DNA was quantified, and its purity was evaluated using the A260/A280 

and A260/A230 ratios provided by MultiskanTM GO software. Then, fragments of the 16S rRNA 

gene were amplified by touch-down polymerase chain reaction (PCR) with primer set EUBf933-GC 

(5’ -GCA CAA GCG GTG GAG CAT GTG G G-3’)/EUBr1387 (5’ -GCC CGG GAA CGT ATT 

CAC CG-3’) (Iwamoto et al). For fungal community analysis, fragments of the 18S rRNA gene were 

amplified by nested PCR. First, fragments were obtained by touchdown PCR using primer set NS1 

(5′-GTA GTC ATA TGC TTG TCT C-3′)/NS8 (5′-TCC GCA GGT TCA CCT ACG GA-3′) followed 

by a second PCR with primer sets NS7-GC (5′-GAG GCA ATA ACA GGT CTG TGA TGC-3, GC-

clamp: CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG)/F1Ra (5′-CTT 

TTA CTT CCT CTA AAT GAC C 3. All PCR amplifications were carried out with reagents supplied 

with GoTaq® Flexi DNA Polymerase (Promega, Co. Madison, WI, USA) (Durán et al., 2019). 

DGGE analysis was performed using a DCode system (Bio-Rad Laboratories, Inc.). Twenty-five 

microliters of PCR product were loaded onto a 6% (w/v) polyacrylamide gel with a 40–70% gradient 

(urea and formamide). The electrophoresis was run for 16 h at 75 V. The gel was then stained with 

SYBR Gold (Molecular Probes, Invitrogen Co.) for 30 min and photographed on a UV 

transilluminator. 
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4.2.4 Microbial respiration 

Microbial respiration was measured based on the alkali absorption of CO2 at 25 °C for 30 days. Soil 

(control) or amended with CM (5%), LP (40%) or a mixture of both (as for the incubation 

experiments) was placed (20 g) in a 1 L flask with a vial containing 10 mL of 0.25 N NaOH and a 

vial containing 10 mL distilled water to maintain a humid atmosphere. The flask was hermetically 

sealed and incubated at 25 °C. Vials containing NaOH were periodically replaced. The CO2 captured 

in the vial with NaOH solution was determined by titrating the remaining alkali with 0.25 N HCl after 

the precipitation of carbonate with 0.1 mol L-1 BaCl2 (Iannotti et al., 1994) 

. 

4.2.5 Greenhouse experiment 

A greenhouse assay was carried out using the composted soil (3-month incubation as above). In 

addition to the control, (SC), CM, LP and CM+LP treatments, triple superphosphate (TSP) addition 

was included as a chemical control. The amount of TSP added was equal to the measured increase in 

Olsen P after CM+LP amendment and 3-month composting. The TSP was milled and mixed with the 

soil prior to sowing the ryegrass seeds. Seventy seeds of ryegrass (Lolium perenne L.) cv. Nui were 

sown in each pot containing 0.6 kg of soil. After germination, the assay was thinned to 60 seedlings 

per pot, and 50 mg N kg-1 of soil (as urea) was applied to the SC and TSP treatments, whereas 30 mg 

N kg-1 of soil was applied to the LP, CM and CM+LP treatments. Three pots were used as replicates 

for each treatment (15 experimental units). During the growth period, the plants were watered daily 

with distilled water. Harvesting was carried out after 30 days once the shoot biomass of the TSP and 

CM treatments had reached 30 cm in plant height. The fresh shoots and roots were collected. Roots 

were washed first with tap water, then with distilled water to remove adhering soil.  Plant material 
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was stored at -20 or -80 °C for biochemical analyses, or dried at 65 °C for 48 h to determine dry 

weight (DW) and chemical parameters. 

 

4.2.5.1 Plant chemical analyses 

The dried shoot and root tissues were ground to a fine powder, ashed in a muffle furnace at 500 °C 

for 8 h, digested with 2 M HCl and paper filtered (Whatmann WHAT99-292-125). In the extract, P, 

Al, Ca, Mg, K and microelements were determined according to Sadzawka et al. (2004). The P 

concentration was measured spectrophotometrically using the molybdovanadate method. Al, Ca, Mg, 

K and microelements were measured by flame atomic absorption spectrophotometry FAAS. 

Moreover, total C and N were determined using an elemental analyzer (CHN NA1500; Carlo Erba 

Elemental Analyzer, Stanford, CA, USA). 

 

4.2.5.2 Lipid peroxidation assay 

The level of lipid peroxidation products was used as an oxidative stress indicator. In fresh shoot 

material, lipid peroxidation was measured using the thiobarbituric acid reacting substances (TBARS) 

assay according to Du and Bramlage (1992). The absorbance was measured at 532, 600 and 440 nm 

in order to correct for the interference generated by TBARS-sugar complexes, and the results were 

expressed in nmol of malondialdehyde (MDA) per g-1 of fresh weight. 

 

4.2.5.3 Superoxide dismutase activity 

The activity of superoxide dismutase (SOD; EC. 1.15.1.1) was assessed since this enzyme represent 

the first barrier of protection from oxidative damage (Yu and Rengel, 1999). The total SOD was 

determined by measuring the photochemical reduction of nitroblue tetrazolium (NBT) according to 
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Donahue et al. (1997).  The amount of enzyme was defined as a 50% inhibition of the NBT reduction 

corresponding to one SOD unit, and enzyme activity was expressed on both a fresh weight and protein 

basis. The amount of protein in the crude enzyme extract was measured spectrophotometrically using 

bovine serum albumin (BSA) as the standard following the method developed by  Bradford (1976). 

 

4.2.6 Statistical analysis 

Data were analyzed using a one-way ANOVA followed by Tukey’s post hoc procedure. Different 

letters were used to display post hoc differences. The DGGE banding profile were clustered as a 

dendrogram by using Phoretix 1D analysis software (Clarke, 1993) (Total Lab Ltd., United 

Kingdom). In silico analysis was also used to estimate bacterial and fungal diversity by richness (S), 

the Shannon–Wiener index, and dominance by the Simpson index (D), represented by 1-D or 1-λ 

(Sagar and Sharma, 2012). Data normality of microbial community composition was analyzed 

according to Kolmogorov’s test. Similarities between bacterial communities were visualized in PCO 

using Primer 7 software (Primer-E Ltd., Ivybridge, United Kingdom). Differences were considered 

significant when the P-value was lower than or equal to 0.01. 

 

4.3. Results 

The composition of the initial soil, lemon peel and cattle manure are given in Table 4.1 

4.3.1 Incubation experiment 

The cumulative CO2 flux was significantly elevated in all amendments relative to the control, with 

LP having a larger effect than CM (Fig. 4.1). The production of CO2 increased from 62 μg C-CO2 g 

soil-1, representing the basal respiration of the control soil, to 254 μg C-CO2 g soil-1 in the CM+LP 

treatment (4-fold increase) on the first day. The peak was reached after 5 days in the soils treated with 
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CM+LP (inset to Figure 4.1). Values measured at the end of incubation decreased, approaching to 

control levels. 

 

Figure 4.1: Cumulative CO2 production in response to different soil treatments using cattle manure 

(CM), lemon peel (LP) or both (CM+LP) for a 1-month period. The insert shows the daily rate, to 

emphasis the greatest respiration in all systems after 5 days. 

Values of SMB-C, SMB-N and SMB-P were higher in soil amended with CM and LP together than 

in the other treatments (Fig 4.2). SMB-C was significantly increased by both CM and LP, and their 

effects are additive leading to a more than 4-fold relative to that of the control soil (Fig 4.2A). SMB-

N was decreased by CM and no significant effected of LP alone was observed, however in 

combination there was a synergistic effect resulting in an increase from 79 mg kg-1 to 221 mg kg-1 

relative to the control soil (Fig. 4.2B). The CM amendment led to a 3-fold increase in SMB-P (Fig. 

0

1000

2000

3000

4000

5000

6000

7000

0 5 10 15 20 25 30 35

C
u

m
u

la
ti

v
e 

re
sp

ir
a

ti
o
n

 (
µ

g
 C

-C
O

2
g

 s
o
il

-1
)

Time (d)

Control LP CM CM+LP

0

20

40

60

80

100

120

140

160

180

0 5 10 15 20 25 30 35

S
o

il
 r

es
p

ir
a

ti
o

n
 r

a
te

 (
m

g
 C

O
2
1

0
0

 g
 s

o
il

 -1
d

-1
)

Time (d)

Control LP CM CM+LP



Chapter IV:  Assessment of the combined effects of CM and LP 

68 

4.2C), and the combined addition of LP enhanced this increase 2-fold, although alone it had no 

significant effect. 

 

Figure 4.2. Soil microbial biomass (A) C, (B) N, and (C) P in response to different soil treatments 

using cattle manure (CM), lemon peel (LP) or both (CM+LP). Data are means of three replicates ± 

SD. Different letters indicate significant differences (p≤0.05) between treatments. 
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Figure 4.3 shows the effects of treatments on the bacterial community composition as revealed by the 

DGGE analysis. Both the dendrogram and PCA show that treatments involving LP (both LP and 

CM+LP) were grouped separately with respect to treatments without LP (control and CM), showing 

different community composition at distance=3. However, the biodiversity index (measuring richness 

and dominance), showed that treatments with organic amendment showed less richness of species (S) 

and individuals (N) than the control but were less dominant (1- λ) (Supplementary Figure A1). When 

we compared the richness index to chemical properties, we found an inverse correlation with pH and 

corresponding positive relations with exchangeable Al content (Supplementary Figure A2). In 

contrast, dominance followed an inverse trend (less dominance with a low Al and high pH). 

Fungal community compositions were not related to amendments, with all treatments grouped 

together except in the case of CM+LP (Figure 4.4). This treatment showed considerable levels of 

diversity and dominance relative to the rest of the treatments, but the results were not correlated with 

chemical properties. 
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Figure 4.3. Dendrogram and principal component analyses of DGGE profiles of bacteria (16S rRNA 

gene) after 30 days of incubation experimentation. 
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Figure 4.4. Dendrogram and principal component analyses of DGGE profiles of fungi (18S rRNA 

gene) after 30 days of incubation 
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Table 4.1: Chemical properties of soil, cattle manure and lemon peel. Mean values (n = 3) ± SD. For Soil and cattle manure (CM) 

phosphorus concentration (P) corresponds to Olsen P, while for lemon peel (LP) is total P. Water-extractable organic anions (citrate, 

oxalate and malate) were quantified by HPLC. 

 P Ca Mg Na K Al C/N pH Citrate Oxalate Malate 

 mg kg-1    g kg-1  

Soil 6 ± 1 814 ± 8 113 ± 1 41 ± 2 137 ± 4 10 ± 1 12.5 ± 0.2 5.6 ± 0.0 - - - 

CM 497 ± 10 3642 ± 16 824 ± 2 1141 ± 2 1767 ± 20 11 ± 1 19.2 ± 0.5 7.0 ± 0.0 - - - 

LP 845 ± 12 5403 ± 551 777 ± 276 260 ± 36 9222 ± 2122 2.9 ± 0.5 33.4 ± 0.9 2.9 ± 0.1 8.7 ± 0.0 0.5 ± 0.0 0.2 ± 0.0 

 

 

 

 

 

 

 

 

 

 

 



Chapter IV:  Assessment of the combined effects of CM and LP 

73 

4.3.2 Greenhouse experiments 

The content of available nutrients was significantly modified three months after the addition of cattle 

manure and lemon peel to the soil. There was a significant increase in Olsen P, and exchangeable 

cation (Ca, Mg, Na, and K) contents and pH (Table 4.2). The content of Olsen P increased 1.5-fold 

when LP was applied, whereas that of soil treated with LP and CM increased 2.6-fold relative to the 

soil control. Exchangeable Ca, Mg, Na and K contents were significantly higher (P < 0.05, Tukey 

test) when LP and CM had been applied. There was no effect of amendments on N and C 

concentrations for either treatment. pH was significantly influenced by CM or LP, but the combined 

effect of cattle manure/lemon peel increased pH by 0.8 units compared to the control soil. 

 

Table 4.2: Soil chemical properties at the end of composting (3 months). 

 

The application of CM and CM+LP resulted in 39 and 44% higher ryegrass yields than those of the 

soil control, respectively (Fig. 4.5A). Interestingly, the same yield was obtained with the CM+LP 

treatment and chemical fertilizer (TSP). The treatments involving organic amendments increased 

shoot P content by 25% with CM and 43% with CM+LP, while mineral fertilizer treatment (TSP) 

increased by 32% relative to the soil control. However, no significant differences were observed in 

 Olsen P Ca Mg Na K Al 

saturation 

pH C/N 

 (mg kg-1) (%)   

Control 5.4 ± 0.3c 890 ± 22d 102 ± 5d 23 ± 2d 98 ± 4d 3.4 ± 0.1a 5.2 ± 0.1b 12.7a 

LP 6.0 ± 0.2b 1046 ± 20c 144 ± 7c 35 ± 2c 551± 12b 0.4 ± 0.1b 5.7 ± 0.2a 12.7a 

CM 8.6 ± 0.5a 1420 ± 16b 235 ± 1b 156 ± 2b 414± 4c 0.1 ± 0.0bc 5.7 ± 0.1a 12.7a 

CM+LP 9.4 ± 0.3a 1558 ± 50a 273 ± 10a 166 ± 5a 962± 70a 0.01 ± 0.0c 5.9 ± 0.1a 12.6a 
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the amount of P in shoots with both treatments (CM and CM+LP) relative to the TSP treatment, whose 

values were 0.92, 0.95 and 0.99 g pot-1, respectively (Fig. 4.5B).  

 

Figure 4.5. Dry weight of shoot (A) and shoot and root P uptake of ryegrass plants under cattle 

manure (CM), lemon peel (LP) or both (CM+LP) and triple superphosphate (TSP) treatments. Data 

are means of three replicates ± SD. Different letters indicate significant differences (p≤0.05) between 

treatments. 

 

In addition, macronutrients were significantly higher in the treatment that received TSP than in the 

control (Table 4.3). In contrast, the addition of LP significantly decreased values of Ca (51%), Mg 

(38%) and Al (70%). Although there were few differences in the macronutrient levels in shoots from 

the CM+LP treatment relative to the control, significant differences were observed in the K uptake, 

which increased 66%, whereas those of Ca and Al decreased by 12 and 49%, respectively (Table 4.3). 
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Table 4.3. Effect of treatments on shoot plant uptake. Mean values (n = 3) ± SD. 

Plant part Treatment Ca Mg Na K Al 

  mg pot-1 µg pot-1 

Shoot Control 5.9b ± 0.3 2.0c ± 0.1 1.2c ± 0.1 26.5bc ± 1.6 31.4b ± 4.3 

 TSP 11.2a ± 1.4 4.2a ± 0.3 5.9a ± 0.6 30.7b ± 2.0 38.1a ± 3.8 

 LP 2.8c ± 0.4 1.2d ± 0.3 0.9c ± 0.3 23.3c ± 4.2 9.5d ± 1.1 

 CM 4.9b ± 0.3 2.6b ± 0.2 2.8b ± 0.4 40.6a ± 2.9 13.8c ± 1.9 

 CM+LP 5.1b ± 0.5 2.5b ± 0.2 3.0b ± 0.3 43.9a ± 2.3 16.1c ± 4.2 

       

Root Control 1.5b ± 0.1 0.5b ± 0.0 0.4c ± 0.1 2.7bc ± 0.2 617c ± 106 

 TSP 2.8a ± 0.6 0.9a ± 0.1 0.9a ± 0.0 2.6c ± 0.3 2066a ± 286 

 LP 2.8a ± 0.4 0.4b ± 0.1 0.2c ± 0.1 3.2b ± 0.8 555c ± 155 

 CM 1.4b ± 0.3 0.9a ± 0.1 0.6b ± 0.0 6.8a ± 0.3 1391b ± 126 

 CM+LP 2.9a ± 0.1 0.8a ± 0.2 0.5b ± 0.1 6.7a ± 1.3 1437b ± 276 

Control: soil control; LP: lemon peel; CM: cattle manure and TSP: triple superphosphate 
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Table 4.4: Soil chemical properties after harvest. Mean values (n = 3) ± SD. 

 Olsen P Ca Mg Na K Al saturation pH C/N 

  mg kg-1 %   

Control 4.4 c ± 0.5 835 d ± 35 85.8 d ± 2.5 21.5 c ± 1.3 39.1 d ± 0.0 14.1 a ± 0.5 5.1 d ± 0.0 11.9 a ± 0.2 

TSP 4.4 c ± 0.3 860 d ± 13 78.9 d ± 5.5 14.6 d ± 3.5 37.8 d ± 2.3 12.0 b ± 0.5 5.4 c ± 0.0 11.9 a ± 0.2 

LP 3.7 c ± 0.4 963 c ± 11 111 c ± 1 39.1b ± 2.3 395 b ± 7 9.6 c ± 0.5 5.7 b ± 0.1 12.0 a ± 0.1 

CM 7.7 a ± 0.3 1321 b ± 14 227 b ± 6 158 a ± 4 283 c ± 16 5.7 d ± 0.5 5.7 b ± 0.0 12.2 a ± 0.2 

CM+LP 6.6 b ± 0.5 1435 a ± 21 243 a ± 6 163 a ± 10 602 a ± 7 4.2 e ± 0.5 6.0 a ± 0.0 12.2 a ± 0.3 

Control: soil control; LP: lemon peel; CM: cattle manure and TSP: triple superphosphate 
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Lipid peroxidation in shoot showed a significant decrease in response to organic amendment applied 

(Fig. 4.6A). When plants were grown in LP and CM treatments, the amount of TBARS decreased 1.3 

fold, while those of CM+LP and TSP decreased 1.7 fold. There was no significant difference in the 

amount of TBARS in CM+LP treatment in comparison to mineral fertilizer (TSP treatment). 

Meanwhile, regarding the enzymatic antioxidant activity, a differential SOD activity in response to 

organic amendments applied was observed in shoot (Fig. 4.6B). Control shoots exhibited the highest 

SOD activity compared to the other treatments. The application of LP caused a decrease in SOD 

activity by 6% in comparison to the control. While, when CM and CM+LP were applied, SOD activity 

was significantly reduced by 20 %. However, there was no significant difference in SOD activity 

among the CM, CM+LP and TSP treatments. 

 

Figure 4.6. Shoot lipid peroxidation (TBARS) (A) and superoxide dismutase activity (SOD) (B) of 

ryegrass plants under cattle manure (CM), lemon peel (LP) or both (CM+LP) and triple 

superphosphate (TSP) treatments. Data are means of three replicates ± SD. Different letters indicate 

significant differences (p≤0.05) between treatments. 
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4.4. DISCUSSION  

4.4.1 Incubation experiment 

The addition of organic amendments such as CM and LP increased microbial activity as determined 

by CO2 evolution and microbial biomass, probably due to the stimulation of microbial activity and 

growth as CM and LP were bio-degraded, providing nutrients and readily available C sources. 

However, analysis of the microbial community composition by DGGE, showed that the bacterial 

community was more influenced than the fungal community. Similarly greater stability of fungal 

composition than that of bacteria have been observed by other studies (Barnard et al., 2013; Durán et 

al., 2018), nevertheless the fungal community showed high richness indexes in treatments with 

organic amendment but considerable dominance relative that of the control. One explanation is that 

representative fungal groups had beneficial effects on plants but this hypothesis would have to be 

verified by future research. This is in agreement with the findings of (Paula et al., 2020) who report 

that fungal activity was enhanced on addition of an organic amendment (spent mushroom substrate) 

in a 14-week incubation. Bacterial communities of the amended soils were less dominant but showed 

a lower richness index than in the control soil, possibly because bacterial communities displayed 

higher resilience to the changes introduced by organic amendments. 

It is well established that organic soil amendments can release nutrients for crop uptake and increase 

soil organic matter content, thereby influencing soil biological properties and organic matter fractions 

(Nguyen and Marschner, 2016). Chu et al. (2007) observed in a field experiment that organic manure 

had a significantly greater impact on microbial biomass C and microbial activity than mineral 

fertilizers, while microbial metabolic activity was significantly higher under balanced fertilization 

than under nutrient-deficient fertilization. Soil microorganisms can survive in the soil even in an 

inactive status but they react immediately to residue addition (Gatiboni et al., 2011). 
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SMB was more strongly affected by the combined CM+LP than by each treatment alone.  Significant 

differences among all treatments suggest that CM and LP amendments had a considerably positive 

effect on the size and activity of the microbial community. Soil microbial biomass has been used as 

an indicator for ecosystem nutrient limitations (Güsewell, 2004; Xu et al., 2013), since soil microbes 

are more efficient in taking nutrients up than plants (Bardgett et al., 2003). In nutrient-depleted 

ecosystems, the relatively high fraction of specific nutrients in microbial biomass implies strong 

limitations of this element for plants (Jonasson et al., 1999). 

 

4.4.2 Greenhouse experiments 

Generally, treatments improved soil nutrient status. In particular, Olsen P levels increased by 11% in 

soil treated with LP peel and 73% when CM+LP was applied in combination. Similarly, exchangeable 

cations (Ca, Mg, Na and K) significantly increased following the addition of these residues to the soil 

(Table 4.2). Organic residues have been reported to increase P availability in soils with high P 

retention (Guppy et al., 2005), probably due to the release of byproducts of residue decomposition, 

such as low-molecular-weight (LMW) organic acids. Organic oxyanions compete for soil P sorption 

sites, resulting in increased soil P availability (Kang et al., 2009; Yu et al., 2013). Moreover, organic 

amendments increase soil fertility due to the addition of soluble base cations, which are released from 

the mineralization of organic residues. In this case, both residues are an essential source of cations; 

in particular, CM contributed Ca and Mg (Table 4.1), whereas LP released K and organic acids (Table 

4.1). Liu et al. (2012) and Hargreaves et al. (2008) reported an increase in cation exchange capacity 

when composting at different rates was applied to soil. In addition, Cellier et al. (2014) evaluated the 

use of compost to restore soil fertility and improve plant nutrition in Mediterranean areas affected by 

fires. 
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The soil liming effect due to the addition of residues (CM and LP) increased soil pH thus decreasing 

concentrations of phytotoxic Al (Haynes and Mokolobate, 2001). The liming effect of organic 

amendment observed after composting was maintained during plant growth. The value of pH in 

amended soil was greater by 0.9 units than in the control soil and this led to a 70% decrease in Al 

concentrations. Considering the fertility constraints of volcanic soils, these residues could be used as 

complementary fertilizers by improving the chemical properties of these soils. Moreover, after 

harvesting, soil pH, Al saturation, Olsen P and exchangeable cations were significantly higher in the 

organic amended soil than in the mineral fertilizer treated soil (Table 4.4). This confirms the important 

role that organic residues can play in buffering pH and soil nutrition (Neina, 2019; Nguyen and 

Marschner, 2016).  

In this study, no significant differences in shoot dry weight were found between the CM+LP and 

synthetic fertilizer (TSP) treatments. A similar result was reported by Tuttobene et al. (2009), who 

demonstrated that the use of dried orange waste produced wheat yields similar to those got with 

mineral fertilizers. In contrast, a study carried out by Gopinath et al. (2008) showed that wheat yields 

in all treatments involving organic residues were markedly lower than those obtained through mineral 

fertilizer treatment. 

There were no significant differences in either shoot or root P uptake by ryegrass between organic 

and mineral amendments. This suggests that CM and CM+LP supplied P to the soil and also improved 

its availability by reducing sorption (Hartono et al., 2005; Yu et al., 2013). It is known that 

environmental stresses such as Al toxicity, low pH and P-deficiency among others can cause oxidative 

stress damage in plants. In our study, the application of CM or CM+LP reduced lipid peroxidation 

and SOD activity (Fig 4.6). These results could be explained by the decrease of exchangeable Al, the 

increase of P availability and the liming effect, caused by the addition of the organic residues used in 
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this study. In agreement with our results, Bowden et al. (2010) observed a decrease in lipid 

peroxidation with a significant reduction on SOD and APX activities in corn leaf, attributable to the 

application to organic amendments and the sufficient N supply. This could reduce the production of 

reactive oxygen species (ROS), and therefore, the need of the plant to increase the enzymatic 

antioxidant protection to control lipid peroxidation.  On the other hand, organic amendments have 

been shown to have a protective effect against metal toxicity by increasing enzyme activities such as 

SOD, CAT, and POD, as a part of the defense mechanisms in plants (Nigam et al., 2019; Ramzani et 

al., 2017). However, in this study, we demonstrate that the use of combined CM+LP may improve 

plant nutrition and maintain low levels of damage and antioxidants at lower levels. 

 

4.5. Conclusions 

The combined addition of two different organic wastes improved both soil and plant biochemical 

properties and caused a significant increase in P nutrition with a concomitant effect on ryegrass yields. 

It is important to emphasize that the main change in the soil observed can be attributed to the increase 

in pH (15%) and decrease in Al saturation (70%) when CM+LP was applied. Furthermore, Olsen P 

concentrations significantly increased (73%). Therefore, from an agronomic point of view, these 

residues could be used as organic fertilizers or for complementary fertilization because they have dual 

advantages: a very significant P source and a liming effect on soil, leading to a decrease in the cost 

and quantity of chemical fertilizers used. Hence, using both combined residues as organic fertilizer 

results in higher soil fertility and productivity without affecting the environment. 
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5.1 General discussion 

The current assessment of phosphorus (P) status in the world, indicates that increasing global P 

demand, dwindling global P reserves, and increasing geopolitical constraints could affect the supply 

of P and impact upon global food security (Chowdhury et al., 2017). Hence, strategies for sustainable 

P management should be promoted, including P recycling and reducing demand (Powers et al., 2019). 

Moreover, as mentioned above phosphorus plays an important role in plants development and growth, 

hence, an adequate soil P availability is required for optimum crop production. This thesis evaluated 

the effect to applied cattle manure (CM) alone or in combination with citrus residues, on soil P 

availability, soil biological properties and plant nutrition in ryegrass. 

Our findings shown in Chapters III and IV, the combined application of CM and citrus residues 

improved soil biochemical properties and induced a significant increase in P nutrition along with a 

positive effect on ryegrass yield. In the incubation experiments (Chapter III), the results showed an 

initial large flush of water extractable soil P (WE-P) content after CM and citrus amendment to soil, 

this flush larger being in manure-amended soil. Besides, the citrus amendment also caused an increase 

in WE-P content and this increase was greatest when whole fruit was added, followed by peel. We do 

not know of previous studies focused on the mobilization of soil-P by citrus residues, however, it is 

reasonable to suppose that the increased P solubility is caused by both, organic acids released from 

citrus and the addition of readily decomposable organic matter. The relation between organic acids 

and phosphorus release has been widely reported, as organic acid exudation is one of the mechanisms 

used by roots plants for mobilizing unavailable P in soil (McKay Fletcher et al., 2019; Richardson et 

al., 2011; Wang et al., 2007, 2008). If we considered that millimolar concentrations of organic anion 

are required in the soil solution to effectively increase soluble P concentrations (Ryan et al., 2001), 

in this study we showed high concentrations of water-extractable organic acids, being the citric acid 
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the highest concentration, and it was found in the peel and juice of the lemon (292 and 308 mM, 

respectively).  The use of organic amendments has been suggested by many authors as an strategy to 

improve the chemical and biological properties of soil (Mokolobate and Haynes, 2002; Naramabuye 

and Haynes, 2006a; Parham et al., 2002; Waldrip et al., 2012; Whalen et al., 2000). We found that 

the combined amendment of CM and citrus residues significantly increased both phosphatase activity 

and soil pH. This finding is in agreement with the findings of  Waldrip et al. (2012), where cattle 

manure had a large effect on acid phosphatase activity. However, in our study, acid phosphatase 

activity was more strongly influenced by the citrus treatments than the CM amendment. This effect 

could be explained by the stimulation of microbial growth due to the incorporation of readily 

degradable organic substrates, as suggested by Marinari et al. (2000) who attributed the increase of 

acid phosphatase to a priming effect for mineralization of native soil OM and subsequent release of 

soluble nutrients for microbial growth. 

Despite the acidity of citrus waste, addition of each of the citrus treatments were found to increase 

soil pH after the first week. This was attributed to the decomposition of organic matter, including the 

decarboxylation of the organic anions (Naramabuye and Haynes, 2006a). According to Xu et al. 

(2006), the addition of plant residues to soil leads to increases in soil pH, depending on their cation 

and nitrogen contents , rates of application and decomposition, and on the initial pH and buffer 

capacity of the soil. In addition, it is well established that the addition of organic manure to acidic 

soils increases the soil pH considerably. It has been suggested that the mechanism that best describes 

the neutralization of soil acidity by animal manure application is microbial decarboxylation of 

calcium-organic matter complex that lead to the release and subsequent hydrolysis of calcium ions   

(Ano and Ubochi, 2007). In addition to the direct and lasting increase in soil organic matter content 
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following manure amendment, there is evidence that manure can  ameliorate Al toxicity, and reduce 

soil acidity, probably by complexation (Naramabuye and Haynes, 2006b).  

The beneficial effect of organic amendments on soil biota is well known (Jilani et al., 2007; Zhang et 

al., 2012) and their effect well documented through the analysis of different parameters, as soil 

respiration, enzyme activity, microbial biomass and DNA analysis (Dumontet et al., 2017; Intanon et 

al., 2015; Marschner et al., 2015). In this study, we observed that the soil respiration was significantly 

increased relative to the control following each of the amendments, but lemon peel (LP) had a larger 

effect than cattle manure (CM) (Fig. 4.1). Furthermore, significant differences in soil microbial 

biomass were observed, suggesting a positive effect on both the size and activity. This increase was 

influenced by the readily metabolizable nutrients found in CM and LP, meeting the needs of microbial 

biomass. This result is consistent with the observations of Liu et al. (2010), who reported that the 

microbial biomass was greater when organic manure was applied along with inorganic fertilizers. Use 

of organic materials including crop residues, manures and composts has been suggested to enhance 

soil nutrient bioavailability and to increase fertilizer use efficiency (Gichangi et al., 2009; Malik et 

al., 2013).  These materials stimulate the synthesis of soil microbial biomass and labile microbial 

metabolites rich in phosphorus, which act as a labile pool of P in soil protected against fixation. 

During the process of biomass turnover, this P may be released slowly and taken up by the plants 

more efficiently (Khan and Joergensen, 2009). 

The microbial community analysis showed a greater stability the composition of the fungal 

community in comparison with the bacterial community and showed considerable levels of diversity 

and dominance relative to the rest of the treatments. This trend was consistent with Paula et al. (2020), 

who report that fungal activity was enhanced on addition of an organic amendment in an incubation 

experiment. On the other hand, bacterial communities of the amended soils were less dominant that 
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the non-amended soil, but showed a lower richness index than the control soil, possibly because 

bacterial communities displayed higher resilience to the changes introduced by organic amendments. 

A long-term fertilization study carried out by Chu et al. (2007), indicated that treatments with organic 

fertilizer had few effects on the richness and diversity of soil general bacterial community, indicating 

that the bacteria in organic compost themselves had no significant effect on soil bacterial community. 

Our study also assessed the effect of two types different agro-industrially derived amendments, cattle 

manure (CM) and lemon peel (LP), on plant nutrition and antioxidant responses in ryegrass. We 

observed that the combined application of CM and LP significantly increased Olsen P and 

exchangeable cations. As was previously mentioned, organic residues increase soil fertility due to 

release of by-products of organic matter decomposition (organic acids and soluble base cations). In 

addition, total plant biomass production was as good for plants receiving either CM+LP or an 

equivalent amount of available P as synthetic fertilizer (STP). This observation is consistent with the 

findings of  Waldrip et al. (2011), where it was observed that poultry manure amendment increased 

early growth of perennial ryegrass, with no statistically significant difference in biomass production 

between plants receiving inorganic fertilizer and poultry manure. Furthermore, CM+LP also 

improved oxidative stress as assessed by the superoxide dismutase activity by reducing lipid 

peroxidation in ryegrass shoot. We assume that this was caused by the decrease in exchangeable Al, 

the increase in P availability and the liming effect, produced by the addition of organic residues. We 

conclude that the use of these residues in combination (CM and LP) is an efficient strategy to offset 

chemical P fertilizer requirements, by improving P availability and by decreasing the toxic effects of 

acidity of soil. 
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5.2 Concluding remarks and future directions 

New, alternative sources of P are urgently required to alleviate the potential geopolitical problems 

associated with available phosphorus (P) reserves, along with the high P demand for satisfying food 

requirements. The use of agroindustrial by-products, such as cattle manure (CM) and lemon peel (LP) 

are a sustainable strategy to cope with this issue. Our findings showed that the addition of citrus 

residues in combination with cattle manure significantly increased soil phosphatase activity and 

available P content. The increase in P availability is probably caused by organic acids present in the 

citric amendment and by the stimulation of microbial biomass. Moreover, the liming effect produced 

by the CM was enhanced by the addition of the citrus amendment. Further, our study reveals that the 

combined use of CM and LP enhanced the microbial biomass, particularly the fungal community, 

because both richness biodiversity and biomass were greater for the fungal community in comparison 

with the bacterial community.  

In the greenhouse study, we found that the use of CM+LP gave fodder ryegrass yield and phosphorus 

uptake equal to that with an equivalent addition of inorganic fertilizer (triple superphosphate) as well 

as a less oxidative stress. It is important to emphasize that this results can be attributed to the increase 

in soil pH and decrease in Al saturation, when both residues where applied in combination. Overall, 

our study showed that there is a good potential for using the combination of cattle manure and lemon 

peel, with improvements in soil microbial and chemical properties, assessed by soil microbial 

biomass, pH and the proportion of available soil P. These improvements have a direct impact on 

phosphorus uptake and plant biomass. 

Consequently, we suggest that more research is required in order to elucidate the dynamics of nutrient 

release from residues and organic amendments, and thus promote their widespread use in agricultural 

soils. In particular, the ideal ratio citrus waste-cattle manure must be determined. Moreover, an 
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industrial strategy such as composting must be evaluated to convert these residues into a convenient 

and cost-effective product with high nutrient content with reduced environmental impact produced 

by fresh residues. Assays with 13C-labelled residues to evaluate the decomposition processes and 

quantity of residue carbon incorporated into soil organic carbon pools would also be informative. 

 

5.3. Graphical summary 
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SUPPLEMENTARY MATERIAL PAPER 2 

 

Supplementary Figure 1. Biodiversity index of bacteria 
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Supplementary Figure 2. Correlation between biodiversity of the bacterial community index S (species), d 

(individual), H’ (Shannon), and Simpson (expressed as 1- λ) with Al and pH  
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Supplementary Figure 3. Biodiversity index of fungi 
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Abstract 15 

Phosphorus availability and acid pH are major limiting factors for grass and crop production 16 

in the Andisols of Southern Chile. Sustainable management requires both the efficient use of 17 

fertilizers and the recycling of agricultural waste. The aim of this study was to investigate the 18 

effect of citrus waste, alone or in combination with beef cattle manure (CM), on phosphorus 19 

availability. Controlled laboratory incubations were carried out for up to six weeks. Lemon 20 

(L) and mandarin (M) fruit wastes were added to an Andisol, amended or not with dried CM. 21 

Fruit parts (Peel, Juice or whole fruit), and for whole fruit the size of the fruit pieces added 22 

to soil, were compared. Water-extractable (WE) P, phosphatase activity (P-ase), and pH were 23 

monitored. In general, the size and distribution of the citrus fruit wastes gave similar trends 24 

in WE-P, P-ase, and pH. Lemon induced larger effects on WE-P and pH than did mandarin. 25 

CM caused sustained soil alkalization, increased soil WE-P and P-ase. Citrus addition 26 

produced a short-lived acidification followed by net alkalization and immediate increases in 27 

WE-P and P-ase. The combined amendment with citrus wastes enhanced the positive effect 28 

of CM on soil WE-P and alkalization, with only a small effect on P-ase. These findings 29 

indicate that citrus wastes would intensify the beneficial effects of CM amendment on soil P 30 

availability and additionally the liming effect on acid soils. 31 

 32 

Keywords:  Organic residues, Cost effective soil amendment, Liming effect, Sustainable 33 

agriculture, Water-extractable phosphorus, Phosphatase activity  34 
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Introduction 35 

Phosphorus (P) is an essential element for plant growth and is important to guarantee 36 

crop quality and yields. Global crop production increased markedly during the 20th century 37 

largely because of the use of fertilizers derived from phosphate rock. However phosphate 38 

rock is a limited, non-renewable resource (Roberts and Johnston 2015). There is an ongoing 39 

debate about the longevity of global P resources, particularly high-quality rock phosphate 40 

reserves. Some studies have suggested that global P production will peak in 2033 (Cordell et 41 

al. 2014; Cordell and Neset 2011; Cordell et al. 2009), whereas Van Vuuren et al. (2010) 42 

conclude that only about 40–60% of the available P resources would be extracted by 2100 43 

and the International Fertilizer Development Center (IFDC) maintains that phosphate rock 44 

concentrate reserves will be available for the next 300-400 years (Van Kauwenbergh 2010). 45 

Regardless of the precise chronology of a future shortage, a considerable improvement in 46 

phosphorus fertilizer use efficiency is required to maintain cost-effective agricultural 47 

productivity, environmental quality and food security. Among the strategies for improving P 48 

use efficiency, the implementation of best management practices (BMPs) (Roberts and 49 

Johnston 2015), the reduction of soil P leaching and erosion (Rittmann et al. 2011; Scalenghe 50 

et al. 2014), the recycling and recovery of materials containing P (Kratz et al. 2019), the 51 

optimization of manure application rates (Sattari et al. 2012) and understanding the P forms  52 

in manure to maximize its benefits (Pagliari and Laboski 2012, He et al. 2016, Pagliari et al. 53 

2020) should all be considered.  54 

Acid soils are characterized by high organic P content, and sparingly soluble 55 

inorganic P with only a tiny fraction in soil solution as the orthophosphate anion. This anion 56 

is strongly adsorbed on organo-mineral surfaces, including oxides, allophane, and 57 
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phyllosilicates or precipitated as inorganic salts principally with aluminium (Al) and iron 58 

(Fe) in acid soils (Gérard 2016; Violante et al. 2002; Violante and Pigna 2002). Plants have 59 

developed several strategies in response to the P deficiency and Al toxicity in acid soils 60 

(Barra et al. 2018; Ma et al. 2001; Ryan et al. 2001; Wang et al. 2007). Root exudation of 61 

organic anions increase P availability to plants by mobilizing phosphate bound to sorption 62 

sites in soil (Bolan et al. 1994) including Fe and Al-(hydr)oxides (Gerke et al. 1994, 2000, 63 

Gérard 2016), or by the formation of complexes with Fe and Al in solution. Another strategy 64 

to contend with P deficiency, is the release of acid phosphatase by plants in response to P 65 

stress. These enzymes hydrolyze a range of organic-P forms thereby enhancing plant P 66 

uptake (Richardson et al. 2011).  67 

Southern Chile is a region devoted to grassland production to support the beef and 68 

dairy cattle industry and more recently has seen the expansion of citrus orchards. Citrus 69 

production and processing for juice generate a large amount of waste (Sharma et al. 2017; 70 

Zema et al. 2018) mainly consisting of peel and pressed pulp or whole fruits discarded due 71 

to poor quality (e.g., damaged fruit) or to regulations to limit production (Ruiz and Flotats 72 

2014). Citrus fruits are classified as acid fruits as their juice has pH 2.0-3.0 due to citric and 73 

malic acids. Citric acid is the most abundant acid in the endocarp, whereas oxalic, malic, 74 

malonic, and citric acids are present in citrus peel (Ladaniya 2008). Recycled citrus fruit 75 

processing waste could constitute a soil organic amendment in the context of sustainable and 76 

cost-effective management of P fertilization. It has been demonstrated that citrus waste, used 77 

as a soil amendment, improves crop yields (Guerrero et al. 1995; Tuttobene et al. 2009) 78 

however to date, no study has focused on its effect on soil P fertility. 79 

The importance of manure as a soil amendment has been known since ancient times. 80 

In organic and sustainable agriculture, cattle manure represents a source of macro and 81 
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micronutrients for crop and grass production and simultaneously guarantees the 82 

incorporation of organic matter improving physical, chemical and biological properties of 83 

soils (Fuentes et al. 2008; Diacono and Montemurro 2010; He and Zhang 2014; Liu et al. 84 

2017; Cai et al. 2019). According to Pagliari et al. (2020) most of P in cattle manure is 85 

inorganic and labile (with up to 48% being NaHCO3–extractable and 70% H2O–extractable) 86 

and should therefore be readily available for plants (He et al. 2016; Tiecher et al. 2014).   87 

Not only does manure provide available nutrients, but it may contribute to microbial 88 

and biochemical activity. Marinari et al. (2000) found that stabilized dairy cattle manure 89 

amendment led to large increases in acid phosphatase activity and this was attributed to a 90 

priming effect leading to the mineralization of soil organic matter thereby releasing nutrients. 91 

Waldrip et al. (2012) evaluated the effect of organic dairy manure on soil phosphatase activity 92 

in an acid silt loam soil and found a positive correlation between P-manure addition and acid 93 

phosphatase activity, although there were exceptions to this trend. The authors suggested that 94 

during early plant growth, the root induced the production of acid phosphatase or stimulated 95 

the extracellular soil phosphatase activity by rhizospheric processes to meet plant nutrient 96 

demand. In contrast, poultry manure was found to have little effect on phosphatase activity 97 

of the same soil (Waldrip et al. 2011).  98 

 The objective of this study was to investigate the additional advantage of applying 99 

citrus waste along with CM to assess whether organic matter, and in particular the organic 100 

acids, present in citrus wastes, could improve the P availability for crops in an acid soil of 101 

Southern Chile. Our starting hypothesis was that a combination of citrus wastes and CM 102 

could be the basis of a cost-effective soil amendment improving the fertility of acid soils. We 103 

considered the possibility that oxyanions present in citrus waste could inhibit phosphatase 104 

activity and hence limit the mineralisation or soil organic phosphorus. 105 
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Materials and methods 106 

Soil and beef cattle manure (CM) sampling 107 

The soil studied was an Andisol collected from Southern Chile, Barros Arana locality 108 

39º06'12"S, 72º37'42"W. The soil has silt loam texture and is classified as Andosol (IUSS 109 

Working Group, 2014) or Typic Hapludand (Soil Survey Staff, 2014). The soil was collected 110 

from 0 to 20 cm depth after removing a thin layer of surface litter, air dried and sieved <2 111 

mm. The non-composted CM (cow-pats) was collected from Santa Elena farm where animals 112 

graze outside, located in the same locality. It was air-dried for 5 days, milled and sieved <2 113 

mm for subsequent analysis and use.  114 

Chemical characterization of soil and CM 115 

Both soil and CM were characterized using routine methods according to Sadzawka 116 

et al. (2006). Soil pH was determined by potentiometer in a soil: solution (H2O) suspension 117 

(ratio: 1:2.5). Soil extractable phosphorus was extracted with bicarbonate solution (Olsen-P) 118 

and quantified using the method of Murphy and Riley (1962). Total phosphorus was 119 

determined by alkaline digestion with sodium hypobromite (NaBrO) with the method of Dick 120 

and Tabatabai (1977). Total carbon and nitrogen were determined using an elemental 121 

analyser (CHN NA1500; Carlo Erba Elemental Analyzer, Stanford, CA, USA). 122 

Exchangeable cations (Ca, Mg, Na and K) were extracted with 1 M NH4Ac at pH 7.0 and 123 

quantified using flame atomic absorption spectrophotometry (FAAS, Unicam SOLAAR 124 

969). Exchangeable aluminium was extracted with 1 M KCl and analysed by flame atomic 125 

absorption spectrometry (FAAS). Selected physicochemical properties of the soils and CM 126 

are shown in Table 1.  127 
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Characterization of lemon and mandarin fruits  128 

Fresh fruits of lemon (Citrus limon L. Osbeck) and mandarin (Citrus reticulata, 129 

Blanco, 1837) were purchased from commercial retailers and healthy fruits were selected for 130 

uniformity of shape and colour. The fruits were cut in half and squeezed to extract juice. The 131 

juice was filtered to remove pulp and seeds and then centrifuged at 3000 g for 10 min. 132 

Supernatant was diluted 1:50 for citrate determination and 1:10 for the other anions. The 133 

diluted samples were membrane filtered (Sartorius Minisart ®, 0.2 μm). The peels of the 134 

squeezed fruit samples were cut in small pieces. Ten grams of peel were put in a flask with 135 

25 ml of ultrapure water, shaken for one hour then membrane filtered. Extracts were analysed 136 

using High Performance Liquid Chromatography (HPLC, Shimadzu LC 20, DAD SPD-137 

M20A detector) using a 4.6 x 250 mm, 5 µm Symmetry C18 column.  138 

In order to determine the P content on lemon and mandarin peel, each fruit was 139 

washed with distilled water and then cut into small pieces, placed in paper bags and dried at 140 

65 °C for 48 h according to Sadzawka et al. (2004). In addition, total carbon and nitrogen 141 

were determined using an elemental analyser (CHN NA1500; Carlo Erba Elemental 142 

Analyzer, Stanford, CA, USA). The pH was measured in juice and in the water extracts of 143 

peel by potentiometry. 144 

Treatments of beef cattle manure-amended soil with chopped lemon or mandarin fruits  145 

Two series of incubation experiments were conducted to evaluate the effect of lemon 146 

or mandarin addition on the P release and the acid phosphatase activity (P-ase activity). In 147 

the first experiment, 50 g of soil or a mixture of soil with 5% beef cattle manure (CM) was 148 

placed in plastic pots of 100 ml capacity. The addition of this rate of manure represents about 149 

the same amount of total P and four times as much Olsen P as initially present in soil. Peel 150 
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and adhering pulp (named Peel, P) were cut with a sharp knife into small pieces (< 5 mm). 151 

Peel, juice (J) or whole fruit (WF) were added to each pot and carefully mixed with soil. 152 

There were two rates of addition of citrus to soil, either 20% or 40%, expressed as equivalent 153 

fresh mass of the whole fruit. Thus, for example, 20 g whole fruit was added to 50 g soil in 154 

the 40% treatments and this is equivalent to 12.2 g peel or 7.5 ml juice.  155 

The soil with or without CM, but no addition of citrus, was incubated as a control. 156 

Each treatment was prepared in triplicate and samples were incubated at 25 °C, with moisture 157 

content at 80% of soil water holding capacity and aerobic condition for up to 6 weeks. 158 

Moisture content was calculated considering both juice and added distilled water. Pots were 159 

loosely covered and opened daily to allow air exchange. The mass was monitored daily, but 160 

no water addition was required to maintain moisture content. 161 

At intervals during the 6-week incubation period (1 hour (h), 1 day (d), 3 d, 1 week 162 

(w) 2 w and 4 w) subsamples were taken from each container and analysed for P-ase activity 163 

(0.2 g), water extractable P and pH (0.3 g). There were 4 repetitions of each sample, and each 164 

of these was a composite sample of four subsamples. The P-ase activity was determined using 165 

the method of Tabatabai and Bremner (1969) modified by Rubio et al. (1990) for soil with 166 

high organic matter content. In brief, 200 mg soil sample was incubated with 200 µl of 30 167 

mM p-nitrophenyl phosphate disodium (Sigma Aldrich), and 800 µl of 0.1 M sodium acetate 168 

buffer, pH 5.5, at 25 °C for 30 hours. After incubation, the enzymatic reaction was stopped 169 

by adding 200 µl of 2 M CaCl2 and 800 µl of 0.2 M NaOH. The suspension was then 170 

centrifuged at 15 000 g for 5 min at 25 °C, and the absorbance of the supernatant solution at 171 

405 nm was measured in microplates using a UV-Vis spectrophotometer (Multiskan GO, 172 

Thermo Scientific). Water-extractable P was measured using the malachite green method 173 

(Ohno and Zibilske 1991). A soil suspension by adding 1.5 ml deionized water to 0.3 g of 174 
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soil solid, shaking vigorously for 5 min and allowing to settle for 2 h. Finally, the pH of this 175 

settled soil suspension was measured. Preliminary experiments showed that Olsen P was too 176 

large to be sensitive to changes in fractionation induced by incubation or citrus addition.  177 

Preliminary experiments showed that dilution was sufficient to ensure that there was 178 

no interference from citrate in the phosphate assay and that the addition of CaCl2 was 179 

sufficient to limit colour release when the enzyme assay was stopped with alkaline solution. 180 

Treatments of beef cattle manure-amended soil with coarsely chopped lemon or mandarin 181 

fruits   182 

A second experiment was carried out using more coarsely chopped fruits (4-5 cm in 183 

size, ⅛ lemon or ¼ mandarin) and the soil amended with 5% of beef cattle manure (CM). 184 

This scale was chosen to be intermediate between the controlled laboratory experiment and 185 

a future field study. In these experiments soil pots were set up in three layers: at the base, 186 

layer C with about 15 g of soil, or CM-amended soil, over layer B of approximately 20 g of 187 

soil, or CM-amended soil, plus chopped lemon or mandarin, and in the top layer A, with 15 188 

g of soil or CM-amended soil. The layers were separated with a nylon mesh with 35-µm pore 189 

diameter. Plastic pots with only soil were used as controls, following the same procedure 190 

described above. All samples were prepared in triplicate. The samples were stored for four 191 

weeks at 25°C under aerobic conditions, and at 80% of soil water holding capacity. At the 192 

end of the incubation period, soil was collected from each layer to obtain composite samples 193 

and analysed to determine pH, water extractable P, P-ase activity 194 

Statistical analysis  195 
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The statistical analysis was carried out using XLSTAT version 2016.02.284551 (Addinsoft, 196 

New York, USA). Data were first tested for deviation from normality using the Shapiro–197 

Wilk test and the homogeneity of within-group variances was assessed with Levene´s test. 198 

Data collected were subjected to analysis of variance (ANOVA) and the means were 199 

separated by the Duncan test at p ≤ 0.05. In the P-ase data the differences between control 200 

and CM was assessed by paired t-test (p ≤ 0.05). 201 

Results  202 

Chemical characterization of soil and beef cattle manure samples 203 

Chemical properties of the Andisol Barros Arana are reported in Table 1. The soil had 204 

a total carbon content of about 12%, a moderate acidity (pH 5.58) and low levels of Ca, Mg, 205 

K, and Na. The Al content of exchange complex was low, with Al saturation less than 1%. 206 

The Olsen-P content in soil was very low (6 mg kg-1) despite the high content of total P (1981 207 

mg kg-1).  208 

Beef cattle manure was characterized by neutral pH, 41.1% C, C/N ratio equal to 19.2, 209 

high total P (3710 mg kg-1) as well as Olsen-P (500 mg kg-1) and high exchangeable cations 210 

contents of but a low Al saturation (1.2 mmol kg-1). 211 

Characterization of lemon and mandarin fruits 212 

The organic anion contents of lemon and mandarin peel and juice are shown in Table 213 

2. The amount of organic anion depended on both the fruit and fruit part. In lemon, citrate 214 

was the main organic anion found in juice and peel (21.0 ± 0.01 and 8.07 ± 0.01 g kg-1, 215 

respectively) followed by oxalate, malate and succinate. In contrast, malate was the main 216 

anion found in the peel of mandarin (3.60 ± 0.20 g kg-1), and citrate in mandarin juice (2.38 217 
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± 0.001 g kg-1). Lemon juice had the lowest pH observed, 1.92, whereas that of mandarin 218 

juice was slightly higher, 2.65. The pH values of lemon and mandarin peel were 2.86 and 219 

3.58, respectively. The C/N ratio in lemon peel was greater than in mandarin peel and the P 220 

contents of lemon and mandarin peel were 0.97 and 1.17 g kg-1, respectively. 221 

Soil amended with finely chopped citrus 222 

Effect of amendments on soil pH 223 

Beef cattle manure (CM) addition led to an increase in soil pH. Although pH 224 

fluctuated during the incubation period, the manure amended soil was on average about 0.2 225 

units more alkaline than the unamended soil. Citrus addition caused an initial acidification 226 

of both soil and manure-amended soil (Table 3). This decrease of pH was greater for lemon 227 

than for mandarin addition, and greater for juice than peel, and increased with increased 228 

addition of peel (Table 3).  229 

The lemon peel treatments, 20% and 40%, led to immediate (after one hour) decreases 230 

in pH of 0.8 and 0.9 units, respectively, with respect to the soil control. Manure 231 

counterbalanced to some extent the initial acidifying effect of citrus addition. Soil amended 232 

with CM plus 20% and 40% LP decreased the pH by 0.4 and 1.3 units, respectively, 233 

compared with CM-soil control. With the larger addition of peel, the alkalising effect of 234 

manure was cancelled. The greatest pH change occurred when juice or whole fruit were 235 

added to soil or CM-amended soil. For soil, the addition of juice and whole fruit caused a 236 

decrease around 1.7 units, whereas for CM-amended soil this decrease was 1.46 for juice and 237 

1.90 for whole fruit, and as for peel, the larger addition of whole fruit cancelled the 238 

alkalinising effect of CM. After two weeks pH increased with all lemon treatments in both 239 

soil and CM-amended soil reaching in average a pH value of 6.2 (Table 3). The acidifying 240 
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effect of lemon addition decreased with time, and indeed, after about 2 weeks, citrus amended 241 

soil were more alkaline than S or S+CM controls. 242 

Mandarin treatments had less impact on soil pH (S or S+CM controls), relative to 243 

lemon treatments, and so the range of pH values measured was smaller. Each of the mandarin 244 

additions caused a decrease in pH with respect to S and S+CM at each incubation time for 245 

the first 2 weeks (Table 3). For soil (without manure) the immediate (1 hour) decrease in pH 246 

was 0.26 units for 20% peel and 0.5 units for 40% peel without significant (p ≤ 0.05) 247 

difference Incorporation of juice and whole fruit led to larger decreases in pH, 0.52 and 0.64 248 

units, respectively. The effects of mandarin additions to CM-amended soil were very similar 249 

to those observed for soil, with a general alkalinisation caused by CM. The short-term 250 

acidification observed for citrus addition was delayed, in comparison with lemon, leading to 251 

a surprising net acidification of the CM-amended soils for the 1-day and 3-day incubation 252 

periods with respect to soil+mandarin. 253 

Effect of amendment on water-extractable phosphorus  254 

 The extractable soil P content was significantly (p ≤ 0.05) affected by the 255 

incorporation of citrus fruits and CM (Figure 1). There was an initial flush of P solubility at 256 

the start of the incubation experiment, and manure addition increased this flush. Thereafter 257 

P tended to decrease with time, but remained on average larger in manure amended soil. 258 

Citrus amendment caused large flush of P. Lemon addition led to larger increases in P than 259 

did mandarin. In general, the greatest increase of WE P content was observed when whole 260 

fruit was added, followed by peel.  261 

When whole fruit was added to CM-amended soil WE P content increased 7-fold with 262 

respect to control (from 180 to 1230 µg kg-1), indicating a synergistic effect between citrus 263 
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and manure additions. It must be noted that a different scale had to be used to present data 264 

with CM amendment after 1 hour, because of the magnitude of this flush. Lemon peel 265 

addition (20% and 40%) increased P content approximately 2.5-fold on control soil; 266 

meanwhile for CM-amended soil, P increased approximately 3- fold. Interestingly, the lowest 267 

phosphorus values were obtained when juice treatment was applied, but the effects of juice 268 

and peel were additive. After the initial flush of P, extractable P levels fell back rapidly, but 269 

remained greater in citrus-amended soils throughout the incubation period. 270 

 The mandarin treatments led to smaller enhancements of water-extractable P; the 271 

incorporation of 40% peel or whole fruit increased the WE P content of both control and CM-272 

amended soil (1.8-fold and 2.5-fold respectively). No marked differences were found when 273 

20% peel was added. The whole fruit treatment produced slightly greater increases, 2.3 fold 274 

on S and 2.9-fold S+CM. Although the P content fell markedly after 1 day, both the CM and 275 

40% whole fruit additions maintained large increases in the P content, 8.0 and 17.9-fold 276 

respectively. At the end of the 6-week incubation, the highest P contents were found in the 277 

CM-amended soil with lemon treatments containing peel (either peel or whole fruit). 278 

Effect of amendment on phosphatase activity 279 

Phosphatase activity in soil was fairly constant and showed no consistent variation 280 

during the incubation period with little effect of manure addition (Figure 2). Citrus fruit 281 

treatments containing peel, significantly (p ≤ 0.05) increased acid phosphatase activity in 282 

soil, with or without CM, at each stage of the incubation (Figure 2A). After 1 hour, treatments 283 

containing lemon peel (peel and whole fruit) increased acid phosphatase activity that reached 284 

on average values of about 1.7 nkat PNP g soil-1, which were maintained until the end of 285 

incubation period. In contrast, the juice treatment caused a marked, but short-lived decrease 286 
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in phosphatase activity from 1.0 to 0.6 nkat PNP g soil-1. Similar behaviour was observed for 287 

mandarin treatments, where the incorporation of peel and whole fruit tended to enhance the 288 

phosphatase activity in both soil and CM-amended soil. The initial (1-hour) increases due to 289 

peel or whole fruit addition were small and not always significant (p ≤ 0.05) in soil, but more 290 

marked for CM-amended soil (1.9 and 1.79 nkat PNP g soil-1 for Peel and WF, respectively). 291 

Mandarin juice, in line with lemon juice, led to decreased phosphatase activity, that was 292 

particularly marked after 1 hour. In contrast to lemon juice, the decrease in P-ase activity 293 

induced by mandarin juice was observed throughout the incubation period. 294 

Soil amended with coarsely chopped fruit 295 

Effect on pH 296 

Soil amendment was also performed using larger pieces of chopped fruit (>4-5 cm) 297 

to be closer to real conditions. Soil pH in the top layer (A) most closely resembled the control 298 

soil and greatest effects were observed for the middle layer (B), where soil was in direct 299 

contact with chopped fruit. Soil pH in layer B increased by 0.73 and 0.56 units following 300 

lemon- and mandarin- chopped fruit amendments, respectively, compared with the layer A 301 

(Table 4). The incorporation of lemon and mandarin also increased pH of the CM-amended 302 

soil by 0.49 and 0.45 units, respectively. In layer C the increase in pH was significant (p ≤ 303 

0.05) but smaller than in layer B. Thus in soil amended with lemon and mandarin, pH 304 

increased by 0.40 and 0.57 units, respectively, while the pH increases in CM-amended soil 305 

were smaller, 0.25 units for lemon and not significant (p ≤ 0.05) for mandarin (Table 4). 306 

Effect on water-extractable phosphorus  307 
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The trends in WE P were remarkably similar to those measured in the first incubation 308 

experiment (Figure 1), but with greater amount of extractable P in layer B, suggesting a 309 

scaling-up effect. The highest WE P content was observed in the soil surrounding the fruit 310 

(layer B) in both soil (S) and CM-amended soil (CM-S) (Figure 3). For S, WE P increased 311 

from 170 to 240 µg kg-1 with chopped lemon and from 43 to 110 µg kg-1 with chopped 312 

mandarin. For CM-amended soil, the WE P content increased from 250 to 450 µg kg-1 in the 313 

lemon treatment and from 50 to 250 µg kg-1 in mandarin treatment (Figure 3).  314 

Effect on phosphatase activity 315 

Phosphatase activity tended to be increased by fruit addition, and as observed for pH 316 

and WE P, the effects were greatest in layer B (Table 4). Values in the top layer were least 317 

influenced by citrus addition, and the effect was intermediate in the lowest layer. Activity 318 

was lower in CM-amended soil, and the increase induced by citrus was greater for lemon 319 

than mandarin. 320 

Discussion 321 

Applications of citrus fruit (all treatments) caused an initial decrease in soil pH. 322 

However, with increasing incubation time, pH rose to an average of 6.10. The initial soil pH 323 

decrease can be explained by the acidity per se of the amendment. The subsequent increase 324 

in pH may be attributed to the decomposition of organic matter, including the 325 

decarboxylation of the organic anions (Naramabuye and Haynes 2006). Large increases in 326 

pH have been reported during the composting of citrus wastes (between days 45 and 50) (Van 327 

Heerden et al. 2002). Several studies have shown an increase in pH following crop residue 328 

addition to soil, particularly in acid soil (Butterly et al. 2013; Vanzolini et al. 2017; Xu et al. 329 
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2006; Xu and Coventry 2003; Yan et al. 1996). For example, Mokolobate and Haynes (2002) 330 

compared the liming effect of four organic residues applied to an acid soil and concluded that 331 

addition of organic residues to acid soils could be a practical strategy to increase soil pH, 332 

thus decreasing concentrations of phytotoxic Al without lime applications. In addition, the 333 

application of manure to soils also supplies large amounts of organic matter, containing 334 

carboxyl and phenolic hydroxyl groups, that play essential roles in buffering soil acidity and 335 

increasing the pH of acid soils (Whalen et al. 2000). We observed increased soil pH in both 336 

incubation experiments, caused by both CM and citrus residue additions. We conclude that 337 

the combined addition of manure and citrus residue could be a cost-effective solution to 338 

mitigate the acidity of soil and thus alleviate Al toxicity, which are the most important 339 

limiting factors for crop production in this type of soil. 340 

One concern with the addition of citrus fruits to these soils was that the oxyanions 341 

they would release could inhibit phosphatase activity, thereby reducing the availability of 342 

organic P to crops. The observations of this study allow us to dismiss these fears: in the long 343 

term phosphatase activity was enhanced by both amendments. This finding contrasts with 344 

the observation of Waldrip et al. (2012) that cattle manure had large effect on acid 345 

phosphatase activity, and is closer to the finding of Waldrip et al. (2011) who report no 346 

significant effect of poultry manure on phosphatase activity. In our case, the acid phosphatase 347 

activity was found to be more strongly influenced by the citrus treatments than by CM 348 

addition in both incubation experiments. There was no synergistic effect between manure 349 

and citrus fruit on phosphatase activity. The greater effect of citrus in comparison with 350 

manure could be explained by the stimulation of microbial growth due to the incorporation 351 

of readily degradable organic substrates (Wang et al. 2012; Intanon et al. 2015; Dumontet et 352 

al. 2017). As in this study, Pascual et al. (2002) report that phosphatase activity was highest 353 
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in soil amended with fresh organic wastes, rather than with composted organic wastes, at 354 

least in the short term.  They attributed this increase to increases in microbial biomass and 355 

activity. This observation is coherent with the relative effects of citrus and manure additions 356 

since CM was stabilized prior to incorporation into soil, whereas citrus residues were applied 357 

fresh. Several studies have found high phosphatase activity during the first month of 358 

composting of organic wastes, however at the end of the process it is drastically decreased, 359 

which could be attributed to a reduction in easily degradable compounds (Ros et al. 2006; 360 

Raut et al. 2008; Albrecht et al. 2010). However, even though phosphatase activity indicates 361 

the potential for mineralization of organic P, we found no correlation between enzymatic 362 

activity and water extractable phosphorus in soils (data not shown). This could be explained 363 

by increased microbial activities, involving a higher P demand and release of phosphatases 364 

when organic waste, rich in easily available C and N, is incorporated. However, as the organic 365 

matter is consumed, microbial activity would decrease, decreasing both P demand and 366 

phosphatase activity (Criquet and Braud 2008).  367 

It is well known that cattle manure amendments can increase P availability along with 368 

the improvement of various soil physical, chemical and biological properties (Parham et al. 369 

2002, 2003; Ros et al. 2006; He and Zhang 2014; Tiecher et al. 2014; Cai et al. 2019). In this 370 

study, the use of CM increased not only the WE P content but also increased the phosphatase 371 

activity and soil pH. This study shows that the use of citrus residues also improved these soil 372 

properties. The relationship between low-molecular-mass organic anions and inorganic 373 

phosphorus release from soils has been widely investigated  (Kpomblekou-A and Tabatabai 374 

2003; Harrold and Tabatabai 2006; Kizewski et al. 2010; Taghipour and Jalali 2013; Wang 375 

et al. 2015; Santos, Hesterberg, et al. 2017; Santos, Silva, et al. 2017). It is generally assumed 376 

that the mechanisms of release inorganic phosphorus involving low-molecular-mass organic 377 
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anions include the dissolution of sparingly soluble minerals containing phosphorus, the 378 

change pH of soil solution and the capacity to chelate metal cations, notably Fe, Al, or Ca, 379 

and the blocking of P-adsorption sites on soil (Jones 1998; Ryan et al. 2001; Bais et al. 2006). 380 

In both incubation experiments increased WE P content after addition of citrus fruit was 381 

observed. We know of no studies on the use of citrus residues for mobilizing soil-P, 382 

nevertheless it is reasonable to suppose that the organic acids released from citrus lead to 383 

increased P solubility (Table 2). In the first incubation experiment, treatments with L-WF 384 

and CM, increased soil P release 7- fold respect to control after 1 hour. However, a marked 385 

decrease after one day was observed; this is probably due to the rapid microbial degradation 386 

of organic anions (Jones 1998, Menezes-Blackburn et al. 2016).  387 

Most importantly, in the medium term, after six weeks incubation, treatments with 388 

CM, 40% peel, and whole fruit always showed the largest WE P content. Similarly, a 2-fold 389 

increase of soil WE P with respect to control soil was observed in the incubation experiment 390 

with coarsely chopped fruit (Figure 2). This is coherent with reported increases in biomass 391 

production after addition of orange waste, for example that of durum wheat and lettuce, 392 

(Tuttobene et al. 2009;  Guerrero et al. 1995) and points to improved P nutrition as a major.  393 

Conclusions 394 

Our findings showed that the addition of citrus residues in combination with beef 395 

cattle manure to soil had a sustained positive effect on phosphatase activity and an additional 396 

synergistic effect on soil P availability, as assessed with WE P. The increase in phosphatase 397 

activity caused by organic residues used in this experiment could indicate an enhancement 398 

of soil fertility and thus the sustainability of agricultural production. There was no evidence 399 

that increased solubility of soil P inhibited phosphatase activity, even during the short-term 400 
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flush of P solubilization due to citrate and other oxyanions in the citrus amendment. The 401 

addition of citrus waste enhanced the liming effect of manure throughout the 6-week 402 

experiment, a positive effect in this acid soil. The time trends observed demonstrate the 403 

importance of medium term experiments to avoid hasty conclusions based on short-lived 404 

flushes (<1 week). Furthermore, the "liming effect" produced by this type of residues could 405 

be used as a biotechnological strategy to decrease the lime requirements in such acid soils. 406 

This controlled laboratory study is a promising basis for further longer-term and field 407 

based investigations of a mixed citrus-manure amendment. Furthermore, it is necessary to 408 

evaluate composting the organic matrices used for amplifying the obtained advantages, as 409 

well as, assess phytotoxicity reduction, stability of the organic substances in the soil and its 410 

effect on soil chemistry and microbiology.  411 
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Figure legends 642 

 643 

Figure 1. Water extractable P content after lemon amendment (A, B) and mandarin (C, D) 644 

of incubation experiment for different incubation periods. Different letters indicate 645 

statistically significant differences (p ≤ 0.05) lower case letters, between lemon or mandarin 646 

treatments; upper case letters, between soil and CM treatment for the same lemon or 647 

mandarin treatments. A different scale is used for data with CM amendment and a 1-h 648 

incubation period, and this is emphasised using hatched filling of the bars.  649 

Figure 2. Changes in acid phosphatase activity in soil and CM-amended soil with addition 650 

of lemon (A, B, C) and mandarin (D, E, F) after three different incubation periods (1 hour, 1 651 

week, 6 weeks). Different letters indicate statistically significant differences (p ≤ 0.05) lower 652 

case letters, between lemon or mandarin treatments; upper case letters, between soil and CM 653 

treatment for the same lemon or mandarin treatments. 654 

 Figure 3. Water extractable P content from coarsely chopped lemon (A) and mandarin (B) 655 

incubation experiments, for each of the layers, from top to base. Different letters indicate 656 

statistical significant differences (p ≤ 0.05). Lower case letters, between layers for the same 657 

soil; upper case letters, between soil and CM. 658 

 659 

 660 

 661 

 662 

 663 

 664 
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Table 1: Chemical properties of the Andisol Barros Arana from Southern Chile and beef 665 

cattle manure. Data are means ± SD of three replicates. 666 

Parameters Values 

 Barros Arana soil Beef cattle manure 

pH 5.58 ± 0.03 7.01 ± 0.01 

Total carbon (%) 11.67 ± 0.19 41.06 ± 0.19 

Total nitrogen (%) 0.93 ± 0.02 2.14 ± 0.04 

C/N 12.5 ± 0.2 19.2 ± 0.5 

Olsen P (mg kg-1) 6 ± 1 497 ± 10 

Total P (mg kg-1) 1981 ± 11 3710 ± 26 

K (mmol kg-1) 3.5 ± 0.1 45.2 ± 0.5 

Na (mmol kg-1) 1.8 ± 0.1 49.6 ± 0.1 

Ca (mmol kg-1) 40.7 ± 0.4 182 ± 0.8 

Mg (mmol kg-1) 9.3 ± 0.1 67.5 ± 0.2 

Al (mmol kg-1) 1.1 ± 0.1 1.2 ± 0.1 

Soil and beef cattle manure data are presented on a dry matter basis.667 
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Table 2.- Composition of peel and juice of lemon and mandarin. For water-extractable organic anions (citrate, oxalate and malate) were  668 

quantified by HPLC 669 

 670 

Fruit 
Part Citrate Oxalate Succinate Malate P C/N pH 

of fruit                             g kg-1 of fresh mass                                         g kg-1 DW   

Lemon Peel 8.07 ± 0.01 0.45 ± 0.00 0.10 ± 0.01 0.19 ± 0.00 0.97 ± 0.13 33.4 ± 0.9 2.86 ± 0.06 

 Juice 21.0 ± 0.01 0.10 ± 0.00 0.01 ± 0.00 0.25 ± 0.00 - - 1.92 ± 0.01 

Mandarin Peel 1.40 ± 0.001 0.16 ± 0.00 0.28 ± 0.01 3.60 ± 0.20 1.17 ± 0.02 27.0 ± 0.3 3.58 ± 0.02 

  Juice 2.38 ± 0.001 0.05 ± 0.00 0.021 ± 0.00 0.93 ± 0.00 - - 2.65 ± 0.02 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 
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Table 3.- Changes in soil pH recorded during incubation period after application of peel (P), juice(J) and whole fruit (WF) of lemon (L) or 684 

mandarin (M) to soils or soil amended with beef cattle manure (CM). Data are means ± SD of four replicates. Different lower case letters 685 

indicate significant differences among incubation times within the same lemon or mandarin treatment, whereas different capital letters indicate 686 

significant differences among lemon and mandarin treatments in the same incubation time at Duncan post-hoc test (p ≤ 0.05). 687 

 688 

Treatments  pH 

Incubation Period 1h 1d 3d 1w 2w 4w 6w 

S 5.99 ± 0.03 aA 6.23 ± 0.05 aA 6.25 ± 0.07 aA 6.36 ± 0.04 aA 6.06 ± 0.02 aA 5.48 ± 0.02 bB 5.50 ± 0.01 bB 

S,CM 6.23 ± 0.03 aA 6.24 ± 0.15 aA 6.32 ± 0.07 aA 5.93 ± 0.12 bB 6.20 ± 0.02 aA 6.04 ± 0.04 aA 6.15 ± 0.02 aA 

    Lemon    

S, 20% LP 5.23 ± 0.04 cB 5.63 ± 0.03 bB 5.58 ± 0.01 bB 5.69 ± 0.07 bBC 6.01 ± 0.04 aA 6.31 ± 0.01 aA 6.26 ± 0.02 aA 

S, 40%LP 5.06 ± 0.03 bC 5.40 ± 0.06 bB 5.21 ± 0.07 bBC 5.51 ± 0.02 bC 6.03 ± 0.03 aA 6.34 ± 0.01 aA 6.32 ± 0.03 aA 

S, 40% LJ 4.28 ± 0.05 dD 4.76 ± 0.06 cC 5.02 ± 0.08 cC 5.52 ± 0.07 bC 6.26 ± 0.13 aA 6.07 ± 0.01 aA 5.65 ± 0.03 bB 

S, 40% LWF 4.27 ± 0.02 cD 4.49 ± 0.05 cC 4.56 ± 0.04 cC 5.04 ± 0.13 bD 6.18 ± 0.04 aA 6.34 ± 0.02 aA 6.34 ± 0.04 aA 

S, CM, 20% LP 5.87 ± 0.10 cB 5.56 ± 0.05 cB 5.98 ± 0.06 bA 6.02 ± 0.08 bB 6.38 ± 0.03 aA 6.28 ± 0.01 aA 6.24 ± 0.01 aA 

S, CM, 40% LP 5.05 ± 0.12 cC 5.29 ± 0.08 bcB 5.49 ± 0.09 bB 5.74 ± 0.03 bBC 6.31 ± 0.03 aA 6.36 ± 0.02 aA 6.32 ± 0.05 aA 

S, CM, 40% LJ 4.77 ± 0.05 cC 4.98 ± 0.06 cBC 5.49 ± 0.06 bB 5.91 ± 0.03 aB 6.34 ± 0.04 aA 6.14 ± 0.03 aA 6.16 ± 0.02 aA 

S, CM, 40% LWF 4.28 ± 0.10 cD 4.64 ± 0.09 cC 4.70 ± 0.07 cC 5.46 ± 0.05 bC 6.17 ± 0.05 aA 6.26 ± 0.01 aA 6.29 ± 0.01 aA 

    Mandarin    

S, 20% MP 5.73 ± 0.09 bB 5.61 ± 0.02 bB 5.14 ± 0.02 cC 4.92 ± 0.02 cD 5.69 ± 0.02 bB 6.21 ± 0.04 aA 5.95 ± 0.02 aA 

S, 40% MP 5.49 ± 0.05 bB 5.48 ± 0.09 bB 4.73 ± 0.11 cC 4.88 ± 0.01 cD 5.65 ± 0.05 bB 6.17 ± 0.01 aA 5.99 ± 0.05 aA 

S, 40% MJ 5.47 ± 0.05 bB 5.40 ± 0.08 bB 5.13 ± 0.23 bC 4.71 ± 0.01 cD 5.35 ± 0.04 bC 5.85 ± 0.01 aA 6.09 ± 0.03 aA 

S, 40% MWF 5.35 ± 0.04 cB 5.22 ± 0.03 cB 5.27 ± 0.11 cC 5.18 ± 0.13 cD 5.78 ± 0.04 bB 6.14 ± 0.03 aA 6.08 ± 0.06 aA 

S, CM, 20% MP 5.88 ± 0.08 bB 5.59 ± 0.08 cB 5.90 ± 0.07 bA 6.10 ± 0.02 abA 6.33 ± 0.04 aA 6.23 ± 0.01 aA 6.07 ± 0.02 aA 

S, CM, 40% MP 5.79 ± 0.04 bB 5.29 ± 0.07 cB 5.73 ± 0.03 bB 5.62 ± 0.02 bBC 6.04 ± 0.08 aA 6.37 ± 0.03 aA 6.27 ± 0.02 aA 

S, CM, 40% MJ 5.74 ± 0.05 bB 5.23 ± 0.01 cB 5.60 ± 0.12 bB 6.17 ± 0.03 aA 6.27 ± 0.04 aA 6.20 ± 0.01 aA 6.10 ± 0.02 aA 

S, CM, 40% MWF 5.53 ± 0.01 bB 5.05 ± 0.04 cB 5.04 ± 0.04 cC 5.65 ± 0.02 bBC 5.90 ± 0.08 bB 6.33 ± 0.01 aA 6.28 ±0.01 aA 

689 
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Table 4: Values of pH and phosphatase activity of the soil collected from three layers in pots of the 690 

second experiment. Different letters indicate statistical significant differences (p ≤ 0.05). Lower case 691 

letters, between layers for the same soil; upper case letters, between soil and CM. 692 

 693 

Treatment Layer pH Phosphatase activity 

(nkatal PNP g soil-1) 

S+L A 5.40 ± 0.02 cB 1.49 ± 0.10 bA 

 B 6.12 ± 0.06 aB 1.98 ± 0.06 aA 

 C 5.79 ± 0.03 bB 2.00 ± 0.06 aA 

S+CM+L A 6.08 ± 0.06 cA 1.21 ± 0.05 cB 

 B 6.57 ± 0.06 aA 2.08 ± 0.15 aA 

 C 6.33 ± 0.01 bA 1.69 ± 0.07 bB 

S+M A 5.39 ± 0.04 bB 1.74 ± 0.09 abA 

 B 5.96 ± 0.05 aB 1.88 ± 0.08 aA 

 C 5.97 ± 0.02 aB 1.73 ± 0.06 bA 

S+CM+M A 6.06 ± 0.02 bA 0.99 ± 0.06 cB 

 B 6.51 ± 0.10 aA 1.97 ± 0.05 aA 

 C 6.08 ± 0.01 bA 1.43 ± 0.06 bB 

L: lemon; CM: beef cattle manure; M: mandarin 694 
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Figure 2 733 
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treatments on soil dynamic properties. The effect of the combined treatment on soil
respiration, and other soil biotic and abiotic parameters were determined. The results
clearly show the advantages of using the combined manure and lemon peel to improve
soil characteristics and nutrient balance. The manuscript is well written and has a good
narrative. The results have potential to have a big impact on soil management.
ANSWER: Thanks for your review and we also very much appreciate your positive
comments of our research.
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Reviewer #3.
In this study, the authors of this research paper have investigated the combined effects
of two different agro-industrially derived amendments, cattle manure (CM) and lemon
peel (LP) on soil biological properties, plant nutrition, and antioxidant responses in
ryegrass to evaluate their putative use as organic phosphorus fertilizers. The authors
attempted to link soil microorganisms' role. Their activity in the assimilation of
phosphorus by plants studied soil processes and indicators directly related to the
assimilation of soil nutrients, including phosphorus.

1.There is no literature data on which groups of microorganisms are involved in the
biodegradation of lemon peel and manure.
ANSWER. DONE. We added lines 76-82, highlighting the importance of cellulolytic and
xylanolytic enzymes produced by the mesophilic microorganisms.

2. What types of bacteria and fungi are involved in the decomposition of agricultural
residues like cattle manure and lemon peel have not been studied.
ANSWER. DONE. Please see lines 76-82

3. Indicating only the biodiversity index of microorganisms is not enough since you set
the task to show the role of microorganisms in the biodegradation of organic residues.
ANSWER. Denaturing gradient gel electrophoresis (DGGE) is a rapid fingerprint
analysis of microbial community composition, diversity, and dynamics. However, is not
possible to identify the existence of groups microorganisms, but in our study allows to
elucidate the effects of organic amendment addition emphasizing the role of changes
in soil microbial activity (lines 85-86)

4. Why the low level of the biodiversity index of the fungal community must be
explained, as you know, the role of the fungal community in the biodegradation of
lemon peel is higher than that of bacteria. Fungi have a specific set of enzymes that
decompose lemon peel.
ANSWER. DONE. We agree with the reviewer. According to our results, fungal
community showed high richness indexes in treatments with organic amendment and
considerable dominance relative that of the control. We clarified and explain about the
specific set of enzymes that decompose lemon peel (lines 317-330). Moreover, a new
sentence has been included in the conclusion highlighting the importance of fungal
community in organic amendment decomposition (lines 415-416).

5.In the discussion, it would be necessary to cite the composition and role of
autochthonous and zymogenic microflora in soil and manure and not the role of them.
ANSWER. DONE. We added lines 76 to 82

6. As the data in table 2 show, at the end of the experiment, within three months, there
was a decrease in soil pH. This indicator can be considered unfavorable; plant roots
can better absorb nutrients at a neutral pH value. Besides, at such pH values, the
proportion of fungi, including pathogenic fungi, can increase.
ANSWER. DONE. We clarified this important point that you suggest. In order to this we
added lines 373-375 indicating that the incorporation of organic amendment the major
biodiversity of fungi microbial community increase of beneficial microorganisms due to
when plants were grown in LP and CM treatments, the amount of TBARS decreased
1.3 fold.

Finally, we want to thank the reviewers for all recommendations and suggestions,
which have greatly enhanced our manuscript.
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6. L336. The paper "Effects of poultry manure amendment on phosphorus uptake by ryegrass, soil 
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discussion to develop the understanding of the beneficial effects of organic amendments on P 
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economy and the need to revitalize soil biological activity. The experimental design accesses the 

effect of using manure, lemon peel and the combination of both treatments on soil dynamic 

properties. The effect of the combined treatment on soil respiration, and other soil biotic and abiotic 

parameters were determined. The results clearly show the advantages of using the combined 

manure and lemon peel to improve soil characteristics and nutrient balance. The manuscript is well 

written and has a good narrative. The results have potential to have a big impact on soil 

management. 

ANSWER: Thanks for your review and we also very much appreciate your positive comments of our 

research. 
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biological properties, plant nutrition, and antioxidant responses in ryegrass to evaluate their 

putative use as organic phosphorus fertilizers. The authors attempted to link soil microorganisms' 

role. Their activity in the assimilation of phosphorus by plants studied soil processes and indicators 

directly related to the assimilation of soil nutrients, including phosphorus. 

 

1.There is no literature data on which groups of microorganisms are involved in the biodegradation 

of lemon peel and manure. 

ANSWER. DONE. We added lines 76-82, highlighting the importance of cellulolytic and xylanolytic 

enzymes produced by the mesophilic microorganisms. 

 

2. What types of bacteria and fungi are involved in the decomposition of agricultural residues like 
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show the role of microorganisms in the biodegradation of organic residues. 
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addition emphasizing the role of changes in soil microbial activity (lines 85-86) 

 

4. Why the low level of the biodiversity index of the fungal community must be explained, as you 
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bacteria. Fungi have a specific set of enzymes that decompose lemon peel. 

ANSWER. DONE. We agree with the reviewer. According to our results, fungal community showed 

high richness indexes in treatments with organic amendment and considerable dominance relative 

that of the control. We clarified and explain about the specific set of enzymes that decompose 

lemon peel (lines 317-330). Moreover, a new sentence has been included in the conclusion 

highlighting the importance of fungal community in organic amendment decomposition (lines 415-
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ANSWER. DONE. We added lines 76 to 82  

 

6. As the data in table 2 show, at the end of the experiment, within three months, there was a 

decrease in soil pH. This indicator can be considered unfavorable; plant roots can better absorb 

nutrients at a neutral pH value. Besides, at such pH values, the proportion of fungi, including 

pathogenic fungi, can increase. 

ANSWER. DONE. We clarified this important point that you suggest. In order to this we added lines 

373-375 indicating that the incorporation of organic amendment the major biodiversity of fungi 

microbial community increase of beneficial microorganisms due to when plants were grown in LP 

and CM treatments, the amount of TBARS decreased 1.3 fold. 
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Abstract 18 

Agro-industrial waste-derived amendments may be used as substitutes for synthetic 19 

fertilizers to improve soil physicochemical and biological properties and crop production. 20 

Microbial activity plays an essential role in the beneficial effects or organic amendments on 21 

soil quality. In this study, we investigated the combined effects of two diff erent agro-22 
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industrially derived amendments, beef cattle manure (CM) and lemon peel (LP), on soil 23 

biological properties, plant nutrition and antioxidant responses in ryegrass to evaluate their 24 

putative use as organic phosphorus fertilizers. A combined amendment of CM+LP was more 25 

effective than each one used separately. For example, microbial biomass was more than 4 26 

times that of the control. This can be largely attributed to the fungal community because the 27 

richness biodiversity index was greater than that of the bacterial and fungal biomass was 28 

greater than bacterial biomass. The bacterial biodiversity index of the treated soils was lower 29 

than that of the control but was less dominant and more changeable with soil chemical 30 

parameters such as Al and pH. Interestingly, ryegrass yield and phosphorus uptake 31 

significantly increased with the addition of combined CM+LP (43% and 44%, respectively), 32 

with respect to treatments with synthetic supertriple phosphate fertilizer (STP). Less 33 

oxidative stress was observed in treatments with CM+LP supplementation than in treatments 34 

with supertriple phosphate fertilizer. In conclusion, the combined application of CM+LP 35 

showed a beneficial effect on P uptake and oxidative stress with a concomitant increase in 36 

plant productivity, indicating that the combined amendment could be used as an organic 37 

fertilizer to improve the soil fertility and sustainability of agricultural production systems. 38 

 39 

Keywords: organic residues; soil health; plant nutrition; oxidative stress 40 

 41 

1. Introduction 42 

Currently, worldwide, awareness is rising on the reuse, recovery and recycling of materials 43 

from the agricultural industry due to their ability to improve soil physical, biological and 44 

chemical characteristics and to supply an optimal combination of macro- and micronutrients 45 

for crops (Cercioglu, 2017; Diacono and Montemurro, 2010; Gopinath et al., 2008). In 46 



particular, the phosphorus scarcity has promoted changes in agricultural processes, since both 47 

prices and demand to meet food security needs, have increased since the mid-20th century 48 

(Neset et al., 2016). The use of organic fertilizers, including crop residues, cattle manure and 49 

biochar, can reduce the dependence on inorganic fertilizers. Furthermore, the sustainable 50 

management of wastes reduces waste levels and is a strategy of the circular economy, 51 

encouraged by the European Commission through its "Circular Economy Action Plan" 52 

(European Commission, 2015). 53 

 Livestock industry (Pagliari et al., 2020) is a major activity in southern Chile, 54 

accounting for 79% of the national total head of livestock (ODEPA 2019), with an annual 55 

production of 42 million tons of manure (SAG 2006). In addition, the labile P fraction (H2O-56 

P and NaHCO3-P) has been reported to vary between 53% and 88% in cattle manure (P. H. 57 

Pagliari et al., 2020). This fraction is particularly important because it is easily available for 58 

plant growth. Hence, is the principal reason for use cattle manure as a source of P to 59 

compensate the scarcity of phosphate rock (Cordell and Neset, 2014). This is especially 60 

important in soils where P is a limiting factor for plant production, as is the case for Andisol 61 

soils. In southern Chile, approximately 60% of agricultural soils are classed as Andisols, and 62 

are characterized by low pH and low available P concentrations, despite high total P levels 63 

(Borie et al., 1989; Mora et al., 2017; Redel et al., 2016). 64 

 It is known that organic anions compete with phosphate on the soil anion exchange 65 

complex and this is one of the reasons that plant roots exudate organic acids to compensate 66 

poor P nutrition, thus mobilizing phosphate from the soil, making it available for plant uptake 67 

(Waithaisong et al., 2015). We recently demonstrated that phosphate solubility is enhanced 68 

by combining CM and citrus residues as an amendment for acid soil. That study focused on 69 

the chemical effect of the citrus amendment, namely their high organic anion contents, 70 



mainly citrate and malate, with smaller amounts of oxalate and succinate. Sustained (6-week) 71 

increases in water extractable phosphorus, phosphatase activity and pH were reported when 72 

citrus residues were applied alone or in combination with beef cattle manure (CM) in an 73 

Andisol (Paredes et al., 2021). These results suggest that the use of these residues used in 74 

combination may be a strategy to improve soil quality (liming effects and hence Al toxicity) 75 

along with improving soil P availability. On the other hand, the activity of microorganisms 76 

(procaryotes and fungi) is essential for degradation of organic amendment and nutrient 77 

release for plant uptake, either by allochthonous microbes, including the addition of pure 78 

cultures, soil transplanting, and microorganisms residing in organic amendment or by 79 

stimulating key resident autochthonous microorganisms (Fuentes et al., 2009; Liu et al., 80 

2020; Paula et al., 2020; Wang et al., 2019).  Thus, their persistence and variation has been 81 

influenced by C/N ratio, pectin degradation rate and temperature (Wang et al., 2019). 82 

Understanding the dynamics of microbial communities in these systems is, therefore, 83 

desirable for designing successful management strategies aiming to optimize nutrient 84 

availability and improve plant productivity. The aim of this study is to elucidate these effects 85 

emphasizing the role of changes in soil microbial activity. We adopted a two-prong approach. 86 

The first approach was to determine the effects of these organic residues (CM and LP) on the 87 

soil microbial community, assessed by microbial biomass C, N and P, and respiration. The 88 

second approach was to evaluate the improvement of soil quality for plant growth by 89 

measuring soil available nutrient status, plant phosphate uptake, and antioxidant responses in 90 

ryegrass grown in a greenhouse.   91 

 92 

2. Materials and methods 93 

2.1 Sampling and chemical characterization of soil and CM samples 94 



The soil used for the experiment was an Andisol collected from the Barros Arana locality of 95 

southern Chile located at 39°06'12"S, 72°37'42"W. The soil has a silt loam texture and is 96 

classified as an Andosol (IUSS Working Group, 2014) or Typic Hapludand (Soil Survey 97 

Staff, 2014). The soil was collected from 0 to 20 cm depth after removing a thin layer of 98 

surface litter, air dried and sieved <2 mm. Semi-fresh CM was collected from Santa Elena 99 

Farm located in the same locality.  100 

The samples were air-dried for 5 days, milled and sieved through a 2-mm sieve for 101 

subsequent analysis. Soil and CM, and soil after composting were characterized using routine 102 

methods according to Sadzawka et al. (2006). The chemical analysis of composted soil was 103 

carried out according to Sadzawka et al. (2006). pH was determined in H2O with a 1:2.5 soil 104 

sample:water solution ratio. Total C and N were determined by dry combustion using a CHN 105 

autoanalyzer (CHN NA 1500, Carlo Erba). The available P was extracted with sodium 106 

bicarbonate (0.5 M NaHCO3 at pH 8.50) using the Olsen method and quantified 107 

spectrophotometrically at 880 nm by the methylene blue complex method (Murphy & Riley, 108 

1962). Basic exchangeable cations (Ca, Mg, Na and K) were extracted with 1 M ammonium 109 

acetate (pH 7) and determined by atomic absorption spectrophotometry (AAS). 110 

Exchangeable Al was extracted with 1 M potassium chloride and determined by EAA. 111 

 112 

2.2 Characterization of lemon peel (LP) 113 

The peels of the squeezed fruit samples were cut into small pieces. Ten grams of peel was 114 

placed in a flask with 25 ml of ultrapure water, shaken for one hour and membrane filtered. 115 

Extracts were analyzed by HPLC with a Shimadzu LC 20 DAD SPD-M20A detector. 116 

Reversed-phase separations were carried out using a 4.6 x 250 mm, 5 µm Symmetry C18 117 

column. For chemical analysis, LP peel was cut into small pieces and dried at 65 °C for 48 h 118 



according to Sadzawka et al. (2004). In addition, total carbon and nitrogen were determined 119 

using an elemental analyzer (CHN NA1500; Carlo Erba Elemental Analyzer, Stanford, CA, 120 

USA).  121 

 122 

2.3 Incubation experiment 123 

Soil and amendments were incubated under controlled conditions. CM was applied at a rate 124 

of 5%, and LP was applied at a rate of 40%. The experiment included the following 125 

treatments: soil + CM; soil + LP; soil + CM + LP; soil without amendment was used as a 126 

control (Control). There were three replicates for each of the treatments. Organic materials 127 

were thoroughly mixed with air-dried soil samples and placed in plastic bags with small 128 

perforations. Soils were maintained at a water content of 70% of field capacity at 25 °C. 129 

Respiration was monitored for one month (see below) and at the end of this period, soil 130 

microbial biomass (C, N and P) and of the composition of soil microbial community were 131 

assayed. Incubation was continued for 3 months prior to the greenhouse experiment, and for 132 

clarity this soil is referred to as composted soil. 100-g samples were used for the shorter 133 

incubation experiment and 600-g for the longer composting prior to the pot experiment. The 134 

bags were mixed several times during the process to promote decomposition of organic 135 

matter. 136 

 137 

2.3.1 Soil microbial C, N and P 138 

Microbial biomass C and N were determined by the fumigation–extraction method using 139 

ethanol-free CHCl3 and 50 mM K2SO4 as an extractant (Vance et al., 1987), whereas 140 

microbial biomass P was determined according to Brookes et al. (1982). K2SO4-extractable 141 

C was quantified using an automated combustion total organic C (TOC) analyzer (TOC-V 142 



CPH Shimdzu, Japan), and the difference in C content between fumigated and nonfumigated 143 

samples was corrected using a KEC factor (the percentage of total microbial C extracted by 144 

K2SO4) of 0.45 to estimate SMB-C (Wu et al., 1990). N contents of fumigated and 145 

unfumigated soil extracts were determined using Kjeldahl digestion and MBN was calculated 146 

as the difference in NO3
− content between fumigated and nonfumigated samples using an 147 

extraction efficiency factor (KEN) of 0.54 (Brookes et al., 1985). SMB-P was determined 148 

according to Brookes et al. (1982). The microbial biomass P (SMB-P) was calculated as the 149 

difference in P content between fumigated and nonfumigated samples using an extraction 150 

efficiency factor (KEN) of 0.40 accounting for the efficiency of Pi extraction from lysed 151 

microbial cells (Brookes et al. 1982); in addition, the calculation took into account P recovery 152 

measured as the proportion of the P spike recovered in each nonfumigated soil sample. 153 

 154 

2.3.2 Analysis of Microbial Community composition by PCR-DGGE 155 

The microbial community composition of the soil was evaluated at the end of the incubation 156 

experiments (30 d) by DGGE using specific primer sets for bacteria and fungi. Total DNA 157 

from soil was extracted using a Power Soil DNA Isolation Kit (QIAGEN, United States) 158 

according to the manufacturer’s instructions. DNA was quantified, and its purity was 159 

evaluated using the A260/A280 and A260/A230 ratios provided by MultiskanTM GO 160 

software. Then, fragments of the 16S rRNA gene were amplified by touch-down polymerase 161 

chain reaction (PCR) with primer set EUBf933-GC (5’ -GCA CAA GCG GTG GAG CAT 162 

GTG G G-3’)/EUBr1387 (5’ -GCC CGG GAA CGT ATT CAC CG-3’) (Iwamoto et al). For 163 

fungal community analysis, fragments of the 18S rRNA gene were amplified by nested PCR. 164 

First, fragments were obtained by touchdown PCR using primer set NS1 (5′-GTA GTC ATA 165 

TGC TTG TCT C-3′)/NS8 (5′-TCC GCA GGT TCA CCT ACG GA-3′) followed by a second 166 



PCR with primer sets NS7-GC (5′-GAG GCA ATA ACA GGT CTG TGA TGC-3, GC-167 

clamp: CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG)/F1Ra 168 

(5′-CTT TTA CTT CCT CTA AAT GAC C 3. All PCR amplifications were carried out with 169 

reagents supplied with GoTaq® Flexi DNA Polymerase (Promega, Co. Madison, WI, USA) 170 

(Durán et al., 2019). 171 

DGGE analysis was performed using a DCode system (Bio-Rad Laboratories, Inc.). Twenty-172 

five microliters of PCR product were loaded onto a 6% (w/v) polyacrylamide gel with a 40–173 

70% gradient (urea and formamide). The electrophoresis was run for 16 h at 75 V. The gel 174 

was then stained with SYBR Gold (Molecular Probes, Invitrogen Co.) for 30 min and 175 

photographed on a UV transilluminator. 176 

 177 

2.4 Microbial respiration 178 

Microbial respiration was measured based on the alkali absorption of CO2 at 25 °C for 30 179 

days. Soil (control) or amended with CM (5%), LP (40%) or a mixture of both (as for the 180 

incubation experiments) was placed (20 g) in a 1 L flask with a vial containing 10 mL of 0.25 181 

N NaOH and a vial containing 10 mL distilled water to maintain a humid atmosphere. The 182 

flask was hermetically sealed and incubated at 25 °C. Vials containing NaOH were 183 

periodically replaced. The CO2 captured in the vial with NaOH solution was determined by 184 

titrating the remaining alkali with 0.25 N HCl after the precipitation of carbonate with 0.1 185 

mol L-1 BaCl2 (Iannotti et al., 1994). 186 

 187 

2.5 Greenhouse experiment 188 

A greenhouse assay was carried out using the composted soil (3-month incubation as above). 189 

In addition to the control, (SC), CM, LP and CM+LP treatments, triple superphosphate (TSP) 190 



addition was included as a chemical control. The amount of TSP added was equal to the 191 

measured increase in Olsen P after CM+LP amendment and 3-month composting. The TSP 192 

was milled and mixed with the soil prior to sowing the ryegrass seeds. Seventy seeds of 193 

ryegrass (Lolium perenne L.) cv. Nui were sown in each pot containing 0.6 kg of soil. After 194 

germination, the assay was thinned to 60 seedlings per pot, and 50 mg N kg-1 of soil (as urea) 195 

was applied to the SC and STP treatments, whereas 30 mg N kg-1 of soil was applied to the 196 

LP, CM and CM+LP treatments. Three pots were used as replicates for each treatment. 197 

During the growth period, the plants were watered daily with distilled water. Harvesting was 198 

carried out after 30 days once the shoot biomass of the TSP and CM treatments had reached 199 

30 cm in plant height. The fresh shoots and roots were collected. Roots were washed first 200 

with tap water, then with distilled water to remove adhering soil.  Plant material was stored 201 

at -20 or -80 °C for biochemical analyses, or dried at 65 °C for 48 h to determine dry weight 202 

(DW) and chemical parameters. 203 

 204 

2.5.2 Plant chemical analyses 205 

The dried shoot and root tissues were ground to a fine powder, ashed in a muffle furnace at 206 

500 °C for 8 h, digested with 2 M HCl and paper filtered (Whatman WHAT99-292-125). In 207 

the extract, P, Al, Ca, Mg, K and microelements were determined according to Sadzawka et 208 

al. (2004). The P concentration was measured colorimetrically using the molybdovanadate 209 

method. Al, Ca, Mg, K and microelements were measured by flame atomic absorption 210 

spectrophotometry FAAS. Moreover, total C and N were determined using an elemental 211 

analyzer (CHN NA1500; Carlo Erba Elemental Analyzer, Stanford, CA, USA). 212 

 213 

2.5.3 Lipid peroxidation assay 214 



The level of lipid peroxidation products was used as an oxidative stress indicator. In fresh 215 

shoot material, lipid peroxidation was measured using the thiobarbituric acid reacting 216 

substances (TBARS) assay according to Du and Bramlage (1992). The absorbance was 217 

measured at 532, 600 and 440 nm in order to correct for the interference generated by 218 

TBARS-sugar complexes, and the results were expressed in nmol of malondialdehyde 219 

(MDA) per g-1 of fresh weight. 220 

 221 

2.5.4 Superoxide dismutase activity 222 

The activity of superoxide dismutase (SOD; EC. 1.15.1.1) was assessed since this enzyme 223 

represent the first barrier of protection from oxidative damage (Yu and Rengel, 1999). The 224 

total SOD was determined by measuring the photochemical reduction of nitroblue 225 

tetrazolium (NBT) according to Donahue et al. (1997).  The amount of enzyme was defined 226 

as a 50% inhibition of the NBT reduction corresponding to one SOD unit, and enzyme 227 

activity was expressed on both a fresh weight and protein basis. The amount of protein in the 228 

crude enzyme extract was measured spectrophotometrically using bovine serum albumin 229 

(BSA) as the standard following the method developed by  Bradford (1976). 230 

 231 

2.5 Statistical analysis 232 

Data were analyzed using a one-way ANOVA followed by Tukey’s post hoc procedure. 233 

Different letters were used to display post hoc differences. The DGGE banding profile were 234 

clustered as a dendrogram by using Phoretix 1D analysis software (Clarke, 1993) (TotalLab 235 

Ltd., United Kingdom). In silico analysis was also used to estimate bacterial and fungal 236 

diversity by richness (S), the Shannon–Wiener index, and dominance by the Simpson index 237 

(D), represented by 1-D or 1-λ (Sagar and Sharma, 2012). Data normality of microbial 238 



community composition was analyzed according to Kolmogorov’s test. Similarities between 239 

bacterial communities were visualized in PCO using Primer 7 software (Primer-E Ltd., 240 

Ivybridge, United Kingdom). Values are given as means ± standard errors. Differences were 241 

considered significant when the P-value was lower than or equal to 0.01. 242 

 243 

3. Results 244 

The composition of the initial soil, LP and CM are given in Table 1. 245 

 246 

3.1 Incubation experiment 247 

The cumulative CO2 flux was significantly elevated in all amendments relative to the control, 248 

with LP having a larger effect than CM (Fig. 1). The production of CO2 increased from 62 249 

μg C-CO2 g soil-1, representing the basal respiration of the control soil, to 254 μg C-CO2 g 250 

soil-1 in the CM+LP treatment (4-fold increase) on the first day. The peak was reached after 251 

5 days in the soils treated with CM+LP (inset to Fig. 1). Values measured at the end of 252 

incubation decreased, approaching to control levels. 253 

Values of SMB-C, SMB-N and SMB-P were higher in soil amended with CM and LP 254 

together than in the other treatments (Fig. 2). SMB-C was significantly increased by both 255 

CM and LP, and their effects are additive leading to a more than 4-fold relative to that of the 256 

control soil (Fig. 2A). SMB-N was decreased by CM and no significant effected of LP alone 257 

was observed, however in combination there was a synergistic effect resulting in an increase 258 

from 79 mg kg-1 to 221 mg kg-1 relative to the control soil (Fig. 2B). The CM amendment led 259 

to a 3-fold increase in SMB-P (Fig. 2C), and the combined addition of LP enhanced this 260 

increase 2-fold, although alone it had no significant effect. 261 

In Fig. 3 it shows the effects of treatments on the bacterial community composition as 262 



revealed by the DGGE analysis. Both the dendrogram and PCA show that treatments 263 

involving LP (both LP and CM+LP) were grouped separately with respect to treatments 264 

without LP (control and CM), showing different community composition at distance=3. 265 

However, the biodiversity index (measuring richness and dominance), showed that 266 

treatments with organic amendment showed less richness of species (S) and individuals (N) 267 

than the control but were less dominant (1- λ) (Supplementary Fig. 1). When we compared 268 

the richness index to chemical properties, we found an inverse correlation with pH and 269 

corresponding positive relations with exchangeable Al content (Supplementary Fig. 2). In 270 

contrast, dominance followed an inverse trend (less dominance with a low Al and high pH). 271 

Fungal community compositions were not related to amendments, with all treatments 272 

grouped together except in the case of CM+LP (Fig. 4). This treatment showed considerable 273 

levels of diversity and dominance relative to the rest of the treatments, but the results were 274 

not correlated with chemical properties. 275 

 276 

3.3 Greenhouse experiments 277 

The content of available nutrients was significantly modified three months after the addition 278 

of CM and LP to the soil. There was a significant increase in Olsen P, and exchangeable 279 

cation (Ca, Mg, Na, and K) contents and pH (Table 2). The content of Olsen P increased 1.5-280 

fold when LP was applied, whereas that of soil treated with LP and CM increased 2.6-fold 281 

relative to the soil control. Exchangeable Ca, Mg, Na and K contents were significantly 282 

higher (P < 0.05, Tukey test) when LP and CM had been applied. There was no effect of 283 

amendments on N and C concentrations for either treatment. pH was significantly influenced 284 

by CM or LP, but the combined effect of CM+LP increased pH by 0.8 units compared to the 285 

control soil. 286 



The application of CM and CM+LP resulted in 39 and 44% higher ryegrass yields than those 287 

of the soil control, respectively (Fig. 5A). Interestingly, the same yield was obtained with the 288 

CM+LP treatment and chemical fertilizer (STP). The treatments involving organic 289 

amendments increased shoot P content by 25% with CM and 43% with CM+LP, while 290 

mineral fertilizer treatment (STP) increased by 32% relative to the soil control. However, no 291 

significant differences were observed in the amount of P in shoots with both treatments (CM 292 

and CM+LP) relative to the STP treatment, whose values were 0.92, 0.95 and 0.99 g pot-1, 293 

respectively (Fig. 5B). In addition, macronutrients were significantly higher in the treatment 294 

that received STP than in the control (Table 4). In contrast, the addition of LP significantly 295 

decreased values of Ca (51%), Mg (38%) and Al (70%). Although there were few differences 296 

in the macronutrient levels in shoots from the CM+LP treatment relative to the control, 297 

significant differences were observed in the K uptake, which increased 66%, whereas those 298 

of Ca and Al decreased by 12 and 49%, respectively (Table 3). 299 

Lipid peroxidation in shoot showed a significant decrease in response to organic amendment 300 

applied (Fig. 6A). When plants were grown in LP and CM treatments, the amount of TBARS 301 

decreased 1.3 fold, while those of CM+LP and STP decreased 1.7 fold. There was no 302 

significant difference in the amount of TBARS in CM+LP treatment in comparison to 303 

mineral fertilizer (STP treatment). Meanwhile, regarding the enzymatic antioxidant activity, 304 

a differential SOD activity in response to organic amendments applied was observed in shoot 305 

(Fig. 6B). Control shoots exhibited the highest SOD activity compared to the other 306 

treatments. The application of LP caused a decrease in SOD activity by 6% in comparison to 307 

the control. While, when CM and CM+LP were applied, SOD activity was significantly 308 

reduced by 20 %. However, there was no significant difference in SOD activity among the 309 

CM, CM+LP and STP treatments. 310 



 311 

4. DISCUSSION  312 

4.1 Incubation experiment 313 

The addition of organic amendments such as CM and LP increased microbial activity as 314 

determined by CO2 evolution and microbial biomass, probably due to the stimulation of 315 

microbial activity and growth as CM and LP were bio-degraded, providing nutrients and 316 

readily available C sources. The analysis of the microbial community composition by DGGE 317 

showed the greater influence of the fungal rather than the bacterial community, since that 318 

fungal community showed high richness indexes in treatments with organic amendment and 319 

considerable dominance relative that of the control. This is in agreement with the findings of 320 

Paula et al. (2020) who report that fungal activity was enhanced on addition of an organic 321 

amendment (spent mushroom substrate) in a 14-week incubation and could be attributed to 322 

the important role of pectinolytic, cellulolytic and xylanolytic enzymes by the mesophilic 323 

fungi which had greater success in soil colonization (Dhillon et al., 2004; Mamma et al., 324 

2008; Paula et al., 2020). On the other hand, fungal community were more stable in 325 

considering chemical soil parameters evolution. This  greater stability of fungal composition 326 

than that of bacteria have been observed by other studies (Barnard et al., 2013; Durán et al., 327 

2018). Respect to bacterial community of the amended soils were less dominant but showed 328 

a lower richness index than in the control soil, and was more influenced than the fungal 329 

community considering the influence of soil parameters evolution.   330 

 It is well established that organic soil amendments can release nutrients for crop 331 

uptake and increase soil organic matter content, thereby influencing soil biological properties 332 

and organic matter fractions (Nguyen and Marschner, 2016). Chu et al. (2007) observed in a 333 

field experiment that organic manure had a significantly greater impact on microbial biomass 334 



C and microbial activity than mineral fertilizers, while microbial metabolic activity was 335 

significantly higher under balanced fertilization than under nutrient-deficient fertilization. 336 

Soil microorganisms can survive in the soil even in an inactive status but they react 337 

immediately to residue addition (Gatiboni et al., 2011). 338 

SMB was more strongly affected by the combined CM+LP than by each treatment alone.  339 

Significant differences among all treatments suggest that CM and LP amendments had a 340 

considerably positive effect on the size and activity of the microbial community. Soil 341 

microbial biomass has been used as an indicator for ecosystem nutrient limitations (Güsewell, 342 

2004; Xu et al., 2013), since soil microbes are more efficient in taking up nutrients than plants 343 

(Bardgett et al., 2003). In nutrient-depleted ecosystems, the relatively high fraction of 344 

specific nutrients in microbial biomass implies strong limitations of this element for plants 345 

(Jonasson et al., 1999). 346 

 347 

4.2 Greenhouse experiments 348 

Generally, treatments improved soil nutrient status. In particular, Olsen P levels increased by 349 

11% in soil treated with LP peel and 73% when CM+LP was applied in combination. 350 

Similarly, exchangeable cations (Ca, Mg, Na and K) significantly increased following the 351 

addition of these residues to the soil (Table 2). Organic residues have been reported to 352 

increase P availability in soils with high P retention (Guppy et al., 2005), probably due to the 353 

release of byproducts of residue decomposition, such as low-molecular-weight (LMW) 354 

organic acids. Organic oxyanions compete for soil P sorption sites, resulting in increased soil 355 

P availability (Kang et al., 2009; Yu et al., 2013). Moreover, organic amendments increase 356 

soil fertility due to the addition of soluble base cations, which are released from the 357 

mineralization of organic residues. In this case, both residues are an essential source of 358 



cations; in particular, CM contributed Ca and Mg (Table 1), whereas LP released K and 359 

organic acids (Table 1). Liu et al. (2012) and Hargreaves et al. (2008) reported an increase in 360 

cation exchange capacity when composting at different rates was applied to soil. In addition, 361 

Cellier et al. (2014) evaluated the use of compost to restore soil fertility and improve plant 362 

nutrition in Mediterranean areas affected by fires. 363 

The soil liming effect due to the addition of residues (CM and LP) increased soil pH thus 364 

decreasing concentrations of phytotoxic Al (Haynes and Mokolobate, 2001). The liming 365 

effect of organic amendment observed after composting was maintained during plant growth. 366 

The value of pH in amended soil was greater by 0.8 units than in the control soil and this led 367 

to a 99% decrease in Al concentrations. Considering the fertility constraints of volcanic soils, 368 

these residues could be used as complementary fertilizers by improving the chemical 369 

properties of these soils. Moreover, after harvesting, soil pH, Al saturation, Olsen P and 370 

exchangeable cations were significantly higher in the organic amended soil than in the 371 

mineral fertilizer treated soil (Table 4). This confirms the important role that organic residues 372 

can play in buffering pH and soil nutrition (Neina, 2019; Nguyen and Marschner, 2016) and 373 

in the increase of beneficial microorganisms due to when plants were grown in LP and CM 374 

treatments, the amount of TBARS decreased 1.3 fold.  375 

 In this study, no significant differences in shoot dry weight were found between 376 

the CM+LP and synthetic fertilizer (STP) treatments. A similar result was reported by 377 

Tuttobene et al. (2009), who demonstrated that the use of dried orange waste produced wheat 378 

yields similar to those got with mineral fertilizers. In contrast, a study carried out by Gopinath 379 

et al. (2008) showed that wheat yields in all treatments involving organic residues were 380 

markedly lower than those obtained through mineral fertilizer treatment. 381 

There were no significant differences in either shoot or root P uptake by ryegrass between 382 



organic and mineral amendments. This suggests that CM and CM+LP supplied P to the soil 383 

and also improved its availability by reducing sorption (Hartono et al., 2005; Yu et al., 2013). 384 

Additionally, our data for shoot and root P uptake from ryegrass, were agreed with the study 385 

carried out by Waldrip et al. (2011), who showed that the use of poultry manure promoted 386 

higher root and shoot P uptake and increased root P concentrations. In our case, root P uptake 387 

under CM+LP treatment, was even higher than with the mineral fertilizer treatment (Fig. 2B). 388 

It is known that environmental stresses such as Al toxicity, low pH and P-deficiency among 389 

others can cause oxidative stress damage in plants. In our study, the application of CM or 390 

CM+LP reduced lipid peroxidation and SOD activity (Fig. 6). These results could be 391 

explained by the decrease of exchangeable Al, the increase of P availability and the liming 392 

effect, caused by the addition of the organic residues used in this study. In agreement with 393 

our results, Bowden et al. (2010) observed a decrease in lipid peroxidation with a significant 394 

reduction on SOD and APX activities in corn leaf, attributable to the application to organic 395 

amendments and the sufficient N supply. This could reduce the production of reactive oxygen 396 

species (ROS), and therefore, the need of the plant to increase the enzymatic antioxidant 397 

protection to control lipid peroxidation.  On the other hand, organic amendments have been 398 

shown to have a protective effect against metal toxicity by increasing enzyme activities such 399 

as SOD, CAT, and POD, as a part of the defense mechanisms in plants (Nigam et al., 2019; 400 

Ramzani et al., 2017). However, in this study, we demonstrate that the use of combined 401 

CM+LP may improve plant nutrition and maintain low levels of damage and antioxidants at 402 

lower levels. 403 

 404 

5. Conclusions 405 

The combined addition of two diff erent organic wastes improved both soil and plant 406 



biochemical properties and caused a significant increase in P nutrition with a concomitant 407 

effect on ryegrass yields. It is important to emphasize that the main change in the soil 408 

observed can be attributed to the increase in pH (15%) and decrease in Al saturation (99%) 409 

when CM+LP was applied. Furthermore, Olsen P concentrations significantly increased 410 

(73%). Therefore, from an agronomic point of view, these residues could be used as organic 411 

fertilizers or for complementary fertilization because they have dual advantages: a very 412 

significant P source and a liming effect on soil, leading to a decrease in the cost and quantity 413 

of chemical fertilizers used. Hence, using both combined residues as organic fertilizer results 414 

in higher soil fertility and productivity without affecting the environment highlighting the 415 

important role of fungal community in organic amendment decomposition. 416 
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 623 

 624 

 625 

 626 

Figure legends 627 

 628 

Fig. 1: Cumulative CO2 production in response to different soil treatments using beef cattle 629 

manure (CM), lemon peel (LP) or both (CM+LP) for a 1-month period. The insert shows the 630 

daily rate, to emphasis the greatest respiration in all systems after 5 days. 631 

 632 

Fig. 2. Soil microbial biomass (A) C, (B) N, and (C) P in response to different soil treatments 633 

using beef cattle manure (CM), lemon peel (LP) or both (CM+LP). Data are means of three 634 

replicates ± SD. Different letters indicate significant differences (p≤0.05) between 635 

treatments. 636 

 637 

Fig. 3. Dendrogram and principal component analyses of DGGE profiles of bacteria (16S 638 

rRNA gene) after 30 days of incubation experimentation. 639 

 640 

Fig. 4. Dendrogram and principal component analyses of DGGE profiles of fungi (18S rRNA 641 

gene) after 30 days of incubation. 642 

 643 

Fig. 5. Dry weight of shoot (A) and shoot and root P uptake of ryegrass plants under beef 644 

cattle manure (CM), lemon peel (LP) or both (CM+LP) and supertriple phosphate (STP) 645 

treatments. Data are means of three replicates ± SD. Different letters indicate significant 646 



differences (p≤0.05) between treatments. 647 

 648 

Fig. 6. Shoot lipid peroxidation (TBARS) (A) and superoxide dismutase activity (SOD) (B) 649 

of ryegrass plants under beef cattle manure (CM), lemon peel (LP) or both (CM+LP) and 650 

supertriple phosphate (STP) treatments. Data are means of three replicates ± SD. Different 651 

letters indicate significant differences (p≤0.05) between treatments. 652 
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Fig. 1 674 
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Fig. 2 677 
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Fig. 3 680 
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Fig. 4 683 



 684 

Fig. 5 685 
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Fig. 6 701 
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Table 1: Chemical properties of soil, CM and LP. Mean values (n = 3) ± SD. For Soil and CM phosphorus concentration (P) corresponds 708 

to Olsen P, while for LP is total P. Water-extractable organic anions (citrate, oxalate and malate) were quantified by HPLC. 709 

 P Ca Mg Na K Al C/N pH Citrate Oxalate Malate 

 mg kg-1    g kg-1  

Soil 6 ± 1 814 ± 8 113 ± 1 41 ± 2 137 ± 4 10 ± 1 12.5 ± 0.2 5.58 ± 0.03 - - - 

CM 497 ± 10 3642 ± 16 824 ± 2 1141 ± 2 1767 ± 20 11 ± 1 19.2 ± 0.5 7.01 ± 0.01 - - - 

LP 845 ± 12 5403 ± 551 777 ± 276 260 ± 36 9222 ± 2122 2.90 ± 0.50 33.4 ± 0.9 2.86 ± 0.06 8.7 ± 0.01 0.45 ± 0.01 0.19 ± 0.01 

CM: beef cattle manure, LP: lemon peel 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 



Table 2: Soil chemical properties at the end of composting (3 months). 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

Control: soil control; LP: lemon peel; CM: beef cattle manure  728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 Olsen P Ca Mg Na K Al saturation pH C/N 

 (mg kg-1) (%)   

Control 5.41 ± 0.28c 890 ± 22d 102 ± 5d 23 ± 2d 98 ± 4d 3.39 ± 0.1a 5.17 ± 0.06c 12.71a 

LP 6.03 ± 0.23b 1046 ± 20c 144 ± 7c 35 ± 2c 551± 12b 0.38 ± 0.1b 5.65 ± 0.20b 12.74a 

CM 8.55 ± 0.48a 1420 ± 16b 235 ± 1b 156 ± 2b 414± 4c 0.14 ± 0.0bc 5.71 ± 0.05b 12.78a 

CM+LP 9.40 ± 0.34a 1558 ± 50a 273 ± 10a 166 ± 5a 962± 70a 0.01 ± 0.0c 5.94 ± 0.08a 12.59a 



Table 3. Effect of treatments on shoot plant uptake. Mean values (n = 3) ± SD. 738 

Plant part Treatment Ca Mg Na K Al 

  mg pot-1 µg pot-1 

Shoot Control 5.85b ± 0.27 1.96c ± 0.14 1.16c ± 0.06 26.47b ± 1.59 31.40a ± 4.29 

 STP 11.18a ± 1.39 4.24a ± 0.28 5.94a ± 0.60 30.66b ± 2.03 38.13a ± 3.76 

 LP 2.84c ± 0.40 1.21d ± 0.29 0.86c ± 0.27 23.34b ± 4.22 9.48c ± 1.13 

 CM 4.94b ± 0.32 2.63b ± 0.24 2.75b ± 0.37 40.63a ± 2.90 13.75b ± 1.86 

 CM+LP 5.14b ± 0.51 2.53b ± 0.24 3.04b ± 0.27 43.88a ± 2.31 16.07b ± 4.17 

       

Root Control 1.45b ± 0.10 0.49b ± 0.02 0.39c ± 0.05 2.73bc ± 0.20 616.93c ± 105.75 

 STP 2.78a ± 0.55 0.92a ± 0.07 0.91a ± 0.04 2.60b ± 0.32 2065.62a ± 286.28 

 LP 2.84b ± 0.40 0.39b ± 0.10 0.20d ± 0.05 3.15c ± 0.76 555.00c ± 154.49 

 CM 1.36a ± 0.31 0.87a ± 0.09 0.58b ± 0.00 6.77a ± 0.26 1390.76b ± 126.29 

 CM+LP 2.89a ± 0.13 0.83a ± 0.16 0.51b ± 0.05 6.73a ± 1.29 1436.80b ± 275.67 

Control: soil control; LP: lemon peel; CM: beef cattle manure and STP: supertriple phosphate 739 

 740 

 741 

 742 

 743 



Table 4: Soil chemical properties after harvest. Mean values (n = 3) ± SD. 744 

 Olsen P Ca Mg Na K Al saturation pH C/N 

  mg kg-1 %   

Control 4.35 ± 0.54c 835.3d ± 35.0 85.81d ± 2.54 21.47c ± 1.33 39.10d ± 0.00 14.09a ± 0.52 5.07d ± 0.02 11.85a ± 0.22 

STP 4.35 ± 0.33c 860.0d ± 13.1 78.89d ± 5.50 14.57d ± 3.51 37.80d ± 2.26 11.99b ± 0.52 5.35c ± 0.03 11.92a ± 0.21 

LP 3.73 ± 0.40c 962.7c ± 11.0 110.6c ± 0.70 39.10b ± 2.30 394.9b ± 6.77 9.59c ± 0.52 5.65b ± 0.05 11.99a ± 0.12 

CM 7.65 ± 0.31a 1320.7b ± 13.6 227.3b ± 6.14 157.9a ± 3.51 282.8c ± 15.8 5.70d ± 0.52 5.65b ± 0.01 12.22a ± 0.22 

CM+LP 6.56 ± 0.49b 1435.3a ± 21.0 242.8a ± 5.59 162.5a ± 10.4 602.1a ± 6.77 4.20e ± 0.52 5.98a ± 0.04 12.20a ± 0.33 

Control: soil control; LP: lemon peel; CM: beef cattle manure and STP: supertriple phosphate 745 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Fig. 1. Biodiversity index of bacteria 

 

 

 

 



  

  

  

Supplementary Fig. 2. Correlation between biodiversity of the bacterial community index 

S (species), d (individual), H’ (Shannon), and Simpson (expressed as 1- λ) with Al and pH  
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Supplementary Fig. 3. Biodiversity index of fungi 
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