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Citrus is one of the most important crops in Florida. During the past decade 

increased international competition and urban developments, diseases, and more stringent 

environmental regulations have greatly affected the citrus industry. Citrus growers 

transitioning to organic production may benefit from premium prices, but they also face 

many challenges, including development of efficient weed management strategies. Cover 

crops (CC) may constitute an environmentally sound alternative for improved weed 

management in organic systems. Two field experiments were conducted at Citra in North 

Central Florida, to test performance and the effectiveness of annual and perennial CC to 

suppress weeds in organic groves. A greenhouse trial was also implemented to evaluate 

potential competition between citrus and groundcovers. For annual CC, summer CC had 

the greatest biomass and N accumulation in comparison with winter CC. Sunnhemp, 

hairy indigo, cowpea, and alyceclover provided excellent weed suppression, which was 

superior to tillage fallow. Mono-cropped winter CC did not always perform consistently 
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well. Use of winter CC mixtures resulted in more consistent overall CC performance, 

greater dry matter production, N accumulation, and more effective weed suppression. In 

both annual and perennial systems, weeds played a complementary role in nutrient 

retention and recycling. Perennial peanut (PP) showed slow initial growth and summer 

planting of PP was the most successful compared with spring planting. Over-seeding PP 

planted in summer with crimson clover reduced PP growth and its effectiveness in 

suppressing weeds. Initial weed suppression by PP was very poor to poor; however, 

effectiveness of PP to reduce weed growth improved gradually over time. Annual CC 

provided much better weed control than PP. For both PP and annual CC, weed biomass 

typically was inversely related to CC DW accumulation due to competition for resources. 

In a greenhouse experiment, citrus and bermudagrass appeared to compete for N during 

summer, while citrus and PP did not compete. Citrus, bermudagrass, and PP competed 

for water uptake during the spring and summer seasons. In general, perennial and annual 

CC treatments did not affect soil pH, C, N, and C:N ratio during the initial 3 years of 

field studies. Nematode populations did not reach high levels. Cover crop treatments in 

row middles did not affect weed growth dynamics in the tree row. However, planting 

cowpea in the tree row did decrease bahiagrass and crabgrass populations in tree rows. 

Planting tall cover crops such as sunnhemp near young citrus trees reduced initial tree 

growth. Cover crop treatments did not affect citrus leaf N, fruit yield, and quality during 

initial growth. Additional research is needed to assess long-term effects of cover crops on 

soil quality and fruit yield.  



1 

CHAPTER 1 
INTRODUCTION 

Florida is the largest citrus producing state in the U.S. and accounted for 74% of 

the U.S citrus production during the 2004-2005 season, with 302,929 ha bearing fruit 

(Florida Agricultural Statistics Service, 2006). Although citrus accounts for 49% of the 

total certified organic farm area in Florida, less than 1% of Florida citrus is currently 

grown organically (Athearn, 2004).  

Total value of Florida citrus during 2004-2005 was US $742 million, which was 

the lowest since 1985-86 (Florida Agricultural Statistics Service, 2006). This decline was 

related to a reduction in citrus consumption (especially of orange juice) in the U.S.A. due 

to the popularity of low carbohydrate diets, increased international competition, and 

relatively low on-tree citrus prices. Recent pest and disease outbreaks, competition with 

residential development for land and water resources, along with more stringent 

environmental regulations pose tremendous challenges for conventional citrus growers 

(Athearn, 2004).  

In contrast, organic agriculture is the fastest increasing segment of US agriculture. 

Organic sales have increased by 20% annually since 1990 (Dimitri and Greene, 2002), 

and retail sales in the U.S were estimated to be on the order of $17 billion during 2005. 

The leading revenue source for the US organic food market is the fruit and vegetable 

sector, which generated total revenues of $7 billion in 2005, which correspond to 41% of 

the overall organic market. Although it is projected that organic sales will increase to $35 
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billion by the end of 2010, organic production still accounts for less than 5% of US 

agricultural area for most commodities (Datamonitor, 2005). 

In Florida, 85% of the wells that exceeded the maximum contaminant level (MCL) 

for NO3-N were located in conventional citrus production areas (McNeal et al., 1995). 

Similarly, some citrus-applied herbicides have been discovered in both ground and 

surface water (Troiano and Garretson, 1998; Liu and O’Connell, 2002). Since excessive 

use of non-renewable resources and/or potentially harmful agrochemicals may impact 

biodiversity, environmental quality, food safety, and health of farmers, there is increased 

interest in more sustainable production systems including organic farming (Reganold et 

al., 2001). Organic production may not only protect natural resources and the 

environment but also meets current consumer’s health concerns and food safety 

requirements (Igual et al., 2002). Conversion to organic production systems may also 

allow growers to benefit from marketing niches and grower-friendly price mechanisms 

associated with organic production (Athearn, 2004). By reducing regional pesticide and 

fertilizer use, organic production can preserve both groundwater resources and fragile 

ecosystems for future generations (Mader et al., 2002).  

Organic agriculture relies on ecologically based principles and practices, such as 

nutrient recycling, increased biodiversity, and biological pest management. It aims to 

achieve more autonomous management of local agroecosystems and to enhance the 

resilience of such systems by increasing reliance on local resources, biodiversity, and 

synergistic biological interactions. In this manner local production capacity of the soil 

can be sustained (Altieri, 1995; Gliessman, 1998). However, this requires the adoption of 

alternative techniques to enhance both crop and soil health, including improved use of 
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cover crops to suppress weeds, prevent erosion, and restore soil organic matter (Nelson, 

2004).  

Results from a 21-year study of agronomic and ecological performance of organic, 

biodynamic, and conventional farming systems in central Europe were reported by Mader 

et al. (2002). They found that although crop yields were 20% lower in the organic 

systems, input of fertilizer and energy was reduced by 34 to 53% and pesticide input by 

97%, while soil fertility and biodiversity were enhanced and the use of external inputs 

was being reduced. The authors concluded that organically-managed legume-based crop 

rotations utilizing organic fertilizers from the farm itself provided a viable alternative to 

conventional farming systems. 

Organic citrus production emerged as a commercial sector in Florida during the 

early 1990. A 1993 survey identified 16 organic citrus growers covering 230 ha  (Swisher 

et al., 1994). This acreage was increased to 2,400 ha in 2004-2005, while the number of 

organic citrus growers increased to 39 (Athearn, 2004).  

However, despite the rapid growth of organic agriculture, information pertaining to 

organic production in general and organic citrus in particular is scarce. As a result, the 

organic grower community requested that the United States Department of Agriculture 

(USDA) to create special programs and providing grant funding for this research was one 

of the first initiatives. Research priority areas ranged from development of weed 

management practices during the transition from conventional to organic farming to 

economic research on markets and profitability of organic farming systems (SCOAR, 

2003). 
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In response to the growing interest in organic agriculture in the U.S. and the 

implementation of the National Organic Program in 2002, USDA created the Sustainable 

Agriculture Research and Education Program (SARE), which looks at both conventional 

and organic systems. Previously, the USDA had initiated a sustainable agriculture 

research and education program in 1988 and this program was originally referred to as 

the Low-Input Sustainable Agriculture (LISA) program (SARE, 2006). Other non-

profitable organizations focusing on organics includes the Organic Farming Research 

Foundation which was founded in 1990 by certified organic farmers and provides funding 

to a limited number of research programs to address critical issues in organic agriculture 

(Organic Farming Research Foundation, 2006). 

Conversion from conventional to organic production will result in appreciable 

modification in agroecosystem management (Ngouajio and McGiffen, 2002). Weed 

suppression is one of the most important components to be considered during this 

conversion process since important changes in weed population dynamics occur, which 

will require implementation of alternative weed management strategies (Lanini et al., 

1994; Liebman and Davis, 2000).  

Weed control in conventionally grown citrus accounts for 27% of annual 

production costs. In organic citrus groves, weed management accounts for over 30% of 

annual production costs and the majority of the labor costs (Muraro et al., 2003; Athearn, 

2004).  A national survey showed that the number one research priority for organic 

growers was improved weed management (Sooby, 2003). Florida growers were no 

exception to this finding, and both Florida organic citrus growers and grower 
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organizations emphasized that weed control was the most critical factor for growers to be 

successful during the transition to organic production (SCOAR, 2003). 

One ecological approach for weed management includes improved soil coverage 

through use of cover crops (CC) and/or mulches. However, in the absence of appropriate 

recommendations, lack of effective weed management practices pertinent to organic 

systems may hamper successful transition from conventional to organic citrus production 

(Sooby, 2003; SCOAR, 2003).  

In interviews with Florida citrus growers, the majority expressed a strong interest in 

the use of cover crops including perennial peanut (Arachis glabrata Benth.) to prevent 

soil degradation and suppress weed growth (Scholberg, unpublished). Perennial peanut 

(PP) may provide an environmentally sound and ecologically important component of 

sustainable citrus production in Florida, since it does not require pesticides or N fertilizer 

(French et al., 1994; Mullahey et al., 1994). Due to its low water and nutrient 

requirements, perennial peanut fits the model of sustainable production. In contrast to 

annual cover crops, it needs to be planted only once and it may reduce labor costs 

associated with weed control in citrus. It may also provide 67 to 112 kg of N ha-1 yr-1 to 

citrus trees among many other benefits (French et al., 1994; Woodward et al., 2002).   

During the past decade, perennial peanut has been evaluated as a groundcover for 

vegetable crops (Roe et al., 1994) and citrus (Coleman, 1995). Several citrus growers 

have also successfully integrated this cover crop into their production system. However, 

current practices for establishment of perennial peanut were typically developed for 

conventional forage production and are not appropriate for organic citrus. Similarly, 

although perennial peanut use as a cover crop in conventional systems in South Florida 



6 

 

has been studied extensively (Roe et al., 1994; Mullahey et al., 1994), no detailed 

information is available regarding its establishment in organic citrus production systems. 

Support for the research outlined in this dissertation was provided by the USDA 

Organic Transition Program via a grant entitled “Integrative Use of Perennial Peanut for 

Cost-Effective Weed Control in Organic Citrus”. Originally, the main focus of this 

project was on the use of perennial peanut in organic citrus groves. However, based on 

comments of panel reviewers the scope of this program was extended to also include a 

study focusing on both annual winter and summer cover crops. These studies were 

intended to evaluate the effect of cover crops on weed suppression, soil quality, and citrus 

tree growth for a newly-planted certified organic citrus production system.  

The general objectives of this work were to 1) determine growth characteristics of 

annual and perennial cover crops in organic citrus groves; 2) evaluate changes in weed 

growth as affected by annual and perennial cover crop treatments; 3) quantify the effect 

of perennial peanut and/or common bermudagrass on citrus N and water uptake under 

controlled conditions; and 4) assess how cover crop treatments affect soil quality, tree 

height and diameter, leaf N, fruit yield, and fruit quality. 

The corresponding hypotheses were as follows: 1) annual CC will suppress weeds 

effectively and summer CC will accumulate more biomass and consequently will 

suppress weeds more effectively compared to winter CC; 2) in organic citrus systems, 

planting PP during the summer will increase the competitiveness of PP systems via 

enhanced initial growth compared to spring plantings and overseeding PP with crimson 

clover in fall will help to increase the PP effectiveness in suppressing weeds; 3) weed 

suppression with annual CC will be more effective than perennial peanut; 4) citrus, 
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perennial peanut, and common bermudagrass will differentially compete for nitrogen and 

water uptake and competition for N and water uptake will be most evident during periods 

of high demand; 5) annual and perennial CC will increase soil quality over time and 

reduce pest nematode populations in organic citrus fields; and 6) cover crop treatments in 

the row middles will also affect weed growth in the tree rows; and cover crops will not 

affect significantly citrus growth characteristics. 

This dissertation includes six chapters. Although each chapter forms a separate 

entity they are also intrinsically linked.  The current (first) chapter provides a conceptual 

framework for this dissertation and includes a brief historic perspective of this work. It 

outlines program objectives and hypotheses while in the following part an outline of 

consecutive chapters is provided to emphasize the inner-connectivity among subsequent 

chapters. 

The second chapter outlines the performance of different winter and summer cover 

crops in a recently established organic citrus orchard under Florida conditions and their 

effectiveness in suppressing weed growth. The use of the cover crop weed index (CCWI), 

which is the ratio of cover crop dry weight (CCDW) to weed dry weight (WeedDW) 

associated with a specific cover crop (CCWI=CCDW/WeedDW), will be discussed along 

with the use of this index for improved assessment of the effectiveness of different cover 

crops to suppress weeds.  

The third chapter evaluates initial establishment, growth dynamics, weed 

suppression capacity, and productivity of perennial peanut in a recently established 

certified organic citrus grove. Treatments included date of planting, association with 

winter annual cover crops (over-seeding perennial peanut with crimson clover in fall), 



8 

 

and a system with annual cover crops only (which provided a linkage with the previous 

chapter). 

After successful establishment of perennial peanut as a groundcover for organic 

citrus groves, perennial peanut plants may also expand into the tree rows and potentially 

compete with citrus trees for water and nutrients. Therefore, competition between citrus 

and perennial peanut for water and nutrients was studied under controlled conditions as 

outlined in the fourth chapter. In this chapter, the water and N uptake dynamics for pure 

and mixed systems of perennial peanut, weeds (bermudagrass) and citrus, and potential 

competition for water and nitrogen uptake are presented.  

Besides the effects of cover crops on weed suppression in organic citrus groves, 

cover crops also have potential effects on soil chemical, physical, and biological 

properties, including soil organic matter, soil nitrogen, pH, and nematode populations. 

Some of these and/or a combination of these parameters may be used as an indicator of 

“soil health”, system sustainability, and potential “suppressiveness capacity” of these 

soils. In the fifth chapter we summarize how cover crops affect some of these parameters 

and also overall tree growth and initial production. In the last chapter we synthesize and 

summarize previous chapters and also outline future research priorities and practical 

implementation for growers.  
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CHAPTER 2 
GROWTH AND EFFECTS OF ANNUAL COVER CROPS ON WEED SUPPRESSION  

Introduction  

Cover crops (CC) are herbaceous plants, annuals or perennials (usually grasses or 

legumes) grown in pure or mixed stands to cover the soil during part of one or more 

cropping cycles. The CC may be incorporated into the soil by tillage in seasonal CC 

systems, or retained as live or dead plants on the soil surface for several seasons 

(Gliessman, 1998).  

Cover crops may suppress weeds by either removal of resources (Ngouajio and 

Mennan, 2005; Ross et al., 2001) or by increased soil microbial diversity (Kremer and Li, 

2003; Kennedy, 1998), or may inhibit weeds via allelopathy (Reberg-Horton et al., 2005; 

Fennimore and Jackson, 2003). Also, CC can suppress soil pathogens by allelochemicals 

(Bailey and Lazarovits, 2003) or increased presence of beneficial organisms that suppress 

pest organisms such as nematodes (Reddy et al., 1986b; McSorley, 2001; Macchia et al., 

2003). In addition, use of CC enhances soil biological and chemical properties by 

promoting the creation of cooler and moister soil surface and subsurface habitats (Kremer 

and Li, 2003). 

Cover crops enhance soil fertility via improved nutrient cycling and nitrogen 

fixation by legumes CC (Ramos et al., 2001; Perin et al., 2004), carbon sequestration 

(Sainju et al., 2003), and increased nutrient retention by roots (Vos and van der Putten, 

2001; Kristensen and Thorup-Kristensen, 2004). 
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Cover crops shield the soil surface from sunlight, wind, and the physical impact of 

raindrops thereby reducing soil erosion and soil organic matter losses (Sainju et al., 

2003). Cover crops also increase biological activity in the root zone and thereby enhance 

the formation of more stable soil aggregates and macropores while reducing soil 

compaction and soil bulk density. As a result, they can result in improved soil structure 

(Kremer and Li, 2003), water infiltration, and root penetration (Justes et al., 1999), while 

reducing soil crust formation, runoff, and soil erosion (Gliessmann, 1998). 

Although CC may provide many environmental and agronomic benefits, there also 

may be negative effects of using CC in a cropping system. Establishment costs may be 

cost-prohibitive, thus hampering their use in resource-limited production systems. 

Residues or breakdown products of incorporated CC may produce growth-suppressing 

(allelopathic) substances that impact the growth of commercial crops. Damaging 

herbivores or disease organisms may find CC to be suitable alternate hosts before moving 

on to the subsequent main crops. The CC residue may also interfere with cultivation, 

weeding, harvesting, and/or other farming activities. Some CC when used as an intercrop 

or live mulch may be excessively tall and shade the commercial crops (Reeves, 1994; 

Gliessman, 1998).  

Cover crops can be classed as annually seeded winter-growing grasses and 

legumes, reseeding winter annual grasses and legumes, summer annuals, perennial 

grasses and legumes, and other cover crop plants (Altieri, 1995). Advantages of annual 

summer CC include rapid initial growth and effective competition with weeds thus cover 

crops should perform well within organic systems. On the other hand, annual CC 

typically need to be replanted. During the first year(s), poor inoculation may also hamper 
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the growth of leguminous CC (Slattery et al. 2001; Carsky et al., 2001; Tian and Kang, 

1998).  Many leguminous CC, especially winter CC, are more demanding and require a 

suitable pH and supplemental nutrients (mainly P, S, K, and Mo) to ensure adequate 

nodulation, N fixation, and biomass accumulation (Slattery et al., 2001). Therefore, they 

may be poorly adapted to the sandy, shallow, and low fertility soils prevailing in most 

citrus production areas in Florida.  

A number of studies have shown that some of the annual CC have recalcitrant 

seeds with hard coats which can become part of the soil seed bank and thus may re-

establish themselves naturally (Benech-Arnold et al., 2000). When used in vegetable 

crops, use of “hard-seeded” CC may not be desirable since they promote “weediness”, 

which can complicate CC management (Bond and Grundy, 2001). However, in mature 

citrus orchards, a natural seed-bank of selected leguminous CC may be desirable. In this 

case, different combinations of species may proliferate each year, which may result in a 

natural selection of plants best-suited for prevailing soil and/or current climatic 

conditions, while also eliminating the annual cost for CC re-establishment.   

Weeds in agroecosystems are known to compete with crops for water, nutrients, 

and light. They are potential hosts for pests and diseases and can also interfere with soil 

tillage, irrigation, and harvest operations (Liebman and Davis, 2000). As a result, they 

increase labor requirements and production costs.  On the other hand, certain weeds may 

form important components of the agroecosystem because they provide alternative food 

sources such as pollen, nectar, foliage, or prey for beneficial insects (Altieri and 

Letourneau, 1982; Chacon and Gliessman, 1982). 
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Weed control in conventionally grown citrus accounts for 27% of annual 

production costs (Muraro et al., 2003). Weed control programs include the application of 

pre-emergence and post-emergence herbicides within tree rows especially for young 

trees, chemical control with herbicides like Roundup in the drive middles between rows, 

mowing and disk harrowing (Futch, 2005). For organic citrus groves, weed control 

accounts for over 30% of annual production costs and the majority of the labor costs 

(Muraro et al., 2003). It includes disking, mowing, and hand labor to remove vines 

growing into tree canopies and/or weeds near tree trunks of young trees. There are some 

other strategies for weed management like improved soil coverage through use of 

mulches and/or appropriate use of CC. 

Conversion from conventional to organic production will result in appreciable 

modifications in agroecosystem management. Appropriate weed management is one of 

the most challenging components during this conversion because of the important 

changes in weed population dynamics, which will require implementation of alternative 

weed management strategies (Bond and Grundy, 2001; Lanini et al., 1994). A national 

survey showed that the number one research priority for organic growers was improved 

weed management (Sooby, 2003). Based on interviews with Florida citrus growers 

(Scholberg, unpublished), the majority expressed a strong interest in the use of cover 

crops to prevent soil degradation and suppress weed growth.  

Successful weed suppression using summer CC has been reported for annual crops 

such as rice (Oryza sativa L.) preceded by pigeon pea (Cajanus cajan L.) as a CC (Roder 

et al., 1998), lettuce (Lactuca sativa L.) planted after cowpea  (Vigna unguiculata L. 

Walp.) or sorghum-sudan grass (Sorghum bicolor L. Moench) (Ngouajio and Mennan, 
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2003), and corn (Zea mays L.) by using velvet bean (Mucuna atropurpureum L.) 

(Buckles and Triomphe, 1999; Caamal-Maldonado et al., 2001). Using annual winter CC 

such as rye (Secale cereale L.) (Fennimore and Jackson, 2003) or crimson clover 

(Trifolium incarnatum L.) and subterranean clover (Trifolium subterraneum L.) (Barberi 

and Mazzoncini, 2001) may provide adequate a posteriori weed control in corn. Equally 

suitable weed suppression has been reported in strawberries (Fragaria x ananassa 

Duchesne.) employing winter rye and wheat (Triticum aestivum L.) (Whitworth, 1995). 

Similarly in field pea (Pisum sativum L. spp. arvense (L.) Poir) weeds were suppressed 

when it was preceded by sweet clover (Melilotus officinalis L.) (Blackshaw et al., 2001). 

Cover crops have been useful in suppressing weeds in perennial production systems 

as well. Bradshaw and Lanini (1995) obtained acceptable weed control in coffee by using 

Desmodium ovalifolium, Commelina difusa, and Arachis pintoi. Adequate weed 

suppression was obtained through use of winter rye as a CC around several forest and 

ornamental tree species, but tree growth reduction occurred with sod CC treatments 

(Calkins and Swanson, 1995). 

Although the use of perennial and annual CC in conventional vegetables and 

perennial CC in citrus systems in south Florida has been studied extensively (Rouse and 

Mullahey, 1997; Coleman 1995; Roe et al., 1994; Mullahey et al., 1994), no information 

is available regarding the effectiveness of annual CC in suppressing weeds in organic 

citrus production systems.  

The overall objectives of this study were to 1) determine growth characteristics of 

annual cover crops in organic citrus groves; 2) determine changes in weed growth as 

affected by annual cover crop treatments; 3) identify suitable cover crop species and 
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evaluate their effectiveness in suppressing weeds in organic citrus groves; and 4) develop 

optimal cover crop associations suited for organic citrus production. 

The following hypotheses were tested in organic citrus systems: 1) annual CC will 

suppress weeds effectively; 2) summer CC will accumulate more biomass and 

consequently will suppress weeds better than winter CC; and 3) weed suppression by CC 

will be related to their adaptation to environmental conditions. 

Materials and Methods  

Set-up and Experimental Design 

A one-hectare block was planted with ‘navel’ orange, a fresh market orange variety 

[Citrus sinensis (L.) Osb.cv. Navel] grafted on Swingle Citrumelo (C. paradisi Macf. x 

P. trjfoliata (L.) Raf.) during the spring of 2003 at the Plant Science Research and 

Education Unit in Citra, Florida (29.68 N, 82.35 W). Tree spacing was 4.6 m in the row 

and 6.1 m between rows. The main emphasis of this study was the evaluation of annual 

CC used as ground cover to suppress weeds in the strips between tree rows (row 

middles).  

Prevailing soil types at the experimental site were a Candler fine sand (Typic 

Quarzipsamments, hyperthermic, uncoated, 98% sand in the upper 15 cm) and a Tavares 

fine sand (Typic Quarzipsamments, hyperthermic,uncoated, 97% sand in the upper 15 

cm). The initial soil pH ranged from 4.8 to 5.1 and soil organic matter content was 9.3 g 

kg-1. At the beginning of the experiment (Fall of 2001), soil was prepared by disking 

followed by repeated rototilling. During the spring of 2002, both lime (2.5 Mg ha-1) and 

chicken manure litter (2.5 Mg ha-1) were applied to the entire production block. During 

subsequent years, chicken manure was applied exclusively to a 1.8-m wide strip 

straddling the tree rows. Manure was applied during early spring at 4-11 Mg ha–1. 
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Manure application rates were based on IFAS (Institute of Food and Agricultural 

Sciences) N-recommendations for newly-planted trees and based on estimated N 

mineralization and N concentration following N recommendations for newly-planted 

trees (Tucker et al., 1995). To enhance growth of winter cover crops, a non-synthetic 

(mined) K2SO4 (SQM North America Corp., Atlanta, GA) approved by the Organic 

Materials Review Institute (OMRI) was broadcast over the entire area at a rate of 45 kg 

K2O ha-1 prior to planting of winter CC.  Due to a buildup of residual soil P, use of 

chicken manure was discontinued after 2004, and starting in 2005, an OMRI-approved 

natural fertilizer derived from feather-meal and potassium sulfate (Nature Safe, Griffin 

Industries, Cold Spring, KY) with 9-0-9 (N, P2O5, K2O) was applied to tree rows using 

standard recommendations (Tucker et al., 1995). 

Trees were irrigated with microjet sprinklers with a 1.8-m spray diameter and a 

180° spray pattern placed 0.4 m NW of the trees. During the winter the irrigation 

sprinklers were placed inside 0.6 m high PVC pipes and also used for frost protection if 

temperatures dropped below -2 °C. Row middles and cover crops were not irrigated in 

order to evaluate the suitability of different species for typical citrus orchard conditions. 

Prior to the planting of the orange trees, one cropping cycle of both summer and winter 

cover crops was completed for initial screening of suitable cover crops. 

Cover crop treatments are outlined in Tables 2.1 (2002 and 2003) and 2.2 (2004 

and 2005). Each CC treatment plot consisted of a total area of 6.1 m x 27 m straddling a 

row of 5 citrus trees. However, Treatment 1 (a mixture of cowpea and sunnhemp) 

required larger plots, so in this case, a total of three rows of 6 trees were used. Cover crop 

treatments were arranged using a randomized complete block design with four replicated 
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blocks, each containing all the different CC treatments. Different cover crops (summer 

vs. winter CC) were planted twice a year. During 2002, only a grass fallow was used as 

the control, while starting in 2003, a tillage fallow was also included as an experimental 

treatment. After initial establishment, grass fallows and perennial peanut plots were 

mowed at 3-4 wk intervals throughout the spring, summer, and fall, while tillage fallows 

were tilled twice a year before CC planting. Annual CC were planted with a “zero-till” 

planter (Sukup 2100, Sukup Manufacturing Company, Shefield, IA) using a suitable row 

spacing and recommended planting rates as outlined in Table 2.3. Planting dates for both 

summer and winter CC are presented in Table 2.4. Except for winter CC planted in 2003, 

when a zero-tillage system was used, previous CC and/or weeds were soil-incorporated 

with two to three passes of a rototiller using a tillage depth of 10 cm prior to planting 

cover crops.  

All leguminous CC were inoculated before planting with the appropriate strain of 

rhizobium (Nitragin brand, Milwaukee WI). Inoculant and untreated seeds were obtained 

from local seed companies since varieties from certified organic supply companies are 

typically poorly adapted to Florida conditions. Cover crops were not irrigated during the 

growing season, except after planting, if soil moisture was inadequate to ensure uniform 

germination. In this case, 25 mm irrigation was applied uniformly to the entire block to 

mimic a typical rainfall event. Insect pests in citrus were controlled when needed with 

allowed products in organic production systems following the national organic program 

standards (USDA, 2000).  

Data Collection, Measurements, and Analysis  

Representative sections of row middles of CC were sampled at monthly intervals to 

evaluate above-ground CC and weed biomass using rectangular sampling frames with an 
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internal surface area of 0.22 m2. Sample areas were selected in such way that the selected 

area closely matched the ground cover of both CC and weeds of the entire plot.  Sampled 

areas invariably included a mix of weeds and annual CC. Weed biomass was not 

segregated into different weed species. Weeds were harvested at ground level while 

for the CC, the corresponding root system was also excavated. During 2002 and 2003, a 

more detailed growth analysis of annual CC was performed and above-ground biomass 

was separated into stems and leaves. Roots were washed and cleaned to remove soil and 

organic debris. Leaf area was determined using a Licor leaf area meter (LI-3000, Li-cor; 

Lincoln, NE). 

Groundcover of CC was determined using leaf area index (LAI) values. Above-

ground biomass of weeds and CC were determined by dry weight. In order to quantify the 

effectiveness of annual CC to suppress weed growth, we developed a cover crop/weed 

index (CCWI). This index consists of ratios of CC and weed biomass 

(CCWI=CCDW/WeedDW) calculated in each repetition. The qualitative interpretation of 

this index is defined in Table 2.5. During 2002, above-ground weed biomass was 

determined only at the end of the annual cover crops cycle using representative 0.5-m2 

plot areas. During the summer of 2003, weed above-ground biomass was determined at 

monthly intervals. During 2004 and 2005, weed above-ground biomass was determined 

at bimonthly intervals using representative 0.22-m2 plot areas. Roots, stems, and leaves of 

annual CC and shoots of weeds were oven dried at 65 °C for 72 hours until constant 

weight and dry weights were recorded. Afterwards, shoots were ground in a Wiley mill 

through a 1-mm screen, and a thoroughly mixed portion (ca. 4 g) was subsequently stored 

in scintillation vial. Ground tissue was digested using a wet-acid Kjeldahl digestion 
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(Gallaher, et al., 1975). After digestion, samples were diluted, filtered, and analyzed for 

total Kjeldahl N at the UF-IFAS Analytical Research Lab (University of Florida, 

Gainesville, FL) using EPA method 351.2 (Jones and Case, 1991). Analysis of variance 

was performed on all data using Proc GLM of SAS (SAS Inst. Inc., 2002). Means were 

compared using the Duncan test (DMRT) with a p-value of 0.05.  

Results 

Summer Cover Crops 

Total precipitation throughout the growing period of summer cover crops (from 

June to October) varied between 426 mm in 2002 (drier year) to 1060 mm in 2004 (Table 

2.6). 

Summer 2002   

Rainfall was relatively low during 2002, but since rainfall was evenly distributed 

during the growing season, no obvious water stress occurred. During the summer of 

2002, sunnhemp had the highest dry matter production, followed by hairy indigo and 

cowpea, whereas velvet bean performed rather poorly (Table 2.7).  

Tissue N concentrations were highest for velvet bean followed by hairy indigo and 

cowpea. Sunnhemp and alyceclover had a relatively low N concentration, probably due to 

their relatively high end-of-season stem fraction. Overall N accumulation was greatest for 

sunnhemp followed by hairy indigo and cowpea whereas both velvet bean and 

alyceclover accumulated relatively little N.  

In terms of maximum canopy density as LAI, cowpea and hairy indigo had the 

highest LAI at 6 and 10 weeks, respectively. Due to its rapid canopy closure, cowpea was 

very effective in early weed suppression, yet its canopy started to thin within 6-10 weeks 

(Fig. 4.1). Hairy indigo, on the other hand, had a slower initial canopy development, but 
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it retained its canopy longer compared to cowpea. Sunnhemp had intermediate canopy 

development rates, LAI values, and relatively long persistence (Table 2.7). Both velvet 

bean and alyceclover had sparse canopies.  

Although velvet bean had larger leaves and more dense canopies, overall soil 

coverage was relatively poor due to low plant populations. Alyceclover, on the other 

hand, had high planting densities, but plants were short, leaves were very small, and 

canopies were rather sparse. Sunnhemp grew up to 2.4 m high causing some shading of 

the young citrus trees. Approximate heights for cowpea, hairy indigo, alyceclover, and 

velvet bean were 0.3, 1.2, 0.3, and 0.3 m, respectively.  

Weed suppression typically followed CC biomass production trends and sunnhemp 

also had the highest CCWI value, translating to outstanding weed control, followed by 

hairy indigo and cowpea, whereas velvet bean provided poor weed control (CCWI < 1), 

which may be related to the use of a bushy genotype. Weed growth was reduced 86% by 

both sunnhemp and cowpea and 83% by hairy indigo compared with the grass fallow. In 

these cases, only between 10 and 20% of the soil area was covered with weeds, in 

contrast to velvet bean which reduced weeds only by 18%. 

Summer 2003   

 Rainfall distribution was relatively favorable in 2003 (Table 2.6), and sunnhemp, 

cowpea, hairy indigo, lablab, and alyceclover grew well. Conversely, velvet bean 

performed relatively poor due to uneven germination, resulting in low plant populations 

and nodulation was also relatively poor. Annual peanut performed poorly which was 

related to incidence of diseases. Perennial peanut had a very poor performance because of 

its slow initial establishment and competition from bermudagrass (Cynodon dactylon L.), 

which inhibited its initial establishment and growth. 
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Total dry matter production was again greatest for sunnhemp followed by hairy 

indigo, and cowpea (Table 2.8). Overall shoot N concentrations were relatively high 

during 2003 compared to 2002, which may be related to a build up of soil rhizobial 

inoculant and more favorable rainfall conditions. Overall N accumulation was highest for 

sunnhemp and hairy indigo.  

 In terms of canopy development, lablab, velvet bean and cowpea had the earliest 

canopy closure, which contributed to effective early season weed suppression.  Similar to 

2002, growth of hairy indigo was initially slow and sunnhemp and hairy indigo 

developed their maximum LAI values four weeks later than the other CC (Table 2.8).  

Similar to 2002, a significant lower weed biomass occurred with alyceclover, ‘Iron 

Clay’ cowpea, sunnhemp, and lablab, resulting in weed suppression of about 94% 85%, 

83%, and 65%, compared to the grass fallow (control).These CC provided similar or 

better weed control than rototilling, which in turn reduced weeds by 59% 

compared to the grass fallow treatment. Nitrogen accumulation by weeds was greatest 

in the mowed fallow and ranged from 3 to 47 kg N ha-1 for the other treatments, which is 

much lower compared to N accumulation by superior leguminous CC such as sunnhemp, 

hairy indigo, and cowpea.  

Sunnhemp had the highest CCWI, followed by alyceclover and cowpea. Although 

hairy indigo was a proficient biomass producer, its CCWI value was low due to the 

proliferation of alyceclover that volunteered in the hairy indigo plots. 

Summer 2004 

Precipitation during 2004 was relatively high in comparison with the other years 

(Table 2.6), which was related to four major hurricanes passing through Florida, two of 

which resulted in rainfall intensities in excess of 100 mm day-1. Rainfall during the rest of 
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the growing season was relatively evenly distributed. During the summer of 2004, pigeon 

pea and hairy indigo accumulated the greatest biomass (Table 2.9), and ‘Iron Clay’ 

cowpea clearly outperformed ‘Cream-40’ a commercial cowpea variety. In 2004, 

sunnhemp only accumulated 5.3 Mg ha-1 which was 46% less than the average dry matter 

accumulated in 2002 and 2003 (11.1 Mg ha-1) due to infection by Verticillium sp., a soil-

borne pathogenic fungus.  

 Shoot N concentration was highest for velvet bean and ‘Iron Clay’ cowpea 

followed by lablab, pigeon pea, and perennial peanut. Low N values were obtained for 

sunnhemp because verticillium wilt resulted in premature leaf drop. 

Overall N accumulation was greatest for pigeon pea followed by hairy indigo and 

cowpea. As in previous years, a lower (P<0.05) weed biomass resulted with alyceclover 

and ‘Iron Clay’ cowpea. Use of alyceclover, ‘Iron Clay’ cowpea, hairy indigo, and 

pigeon pea resulted in weed suppressions of about 97%, 92%, 65%, and 53%, 

respectively, compared to the grass fallow (control). Rototilling reduced weeds by 69% in 

comparison with grass fallow, which was low compared to alyceclover and ‘Iron Clay’ 

cowpea. Nitrogen accumulation in weeds was greatest in the plots with ‘Cream 40’ 

cowpea and least for alyceclover.  

High CCWI values for alyceclover and ‘Iron Clay’cowpea indicated outstanding 

weed control (Table 2.9). On the other hand, velvet bean, lablab, perennial peanut, 

‘Cream 40’ cowpea, and mung bean provided relatively poor weed control. 

Summer 2005  

Shoot dry weight was greatest for sunnhemp, followed by hairy indigo and pigeon 

pea (Table 2.10). The lower biomass obtained for sorghum-sudangrass resulted from the 
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low seeding rate used, because it was intended to only provide support for lablab and 

velvet bean without competing with the leguminous CC. 

Shoot N concentration was highest for velvet bean and perennial peanut followed 

by lablab. Overall N accumulation was greatest for sunnhemp followed by hairy indigo 

and pigeon pea. Several crops had relatively low N accumulation (< 20 kg N ha-1). 

Significant reductions in weed biomass observed for ‘Iron Clay’ cowpea, 

sunnhemp, and hairy indigo, translated to weed suppressions of about 92%, 90%, and 

78%, respectively, compared with the grass fallow (control). Rototilling reduced weed 

biomass by 51% and was thus less effective compared to sunnhemp and ‘Iron Clay’ 

cowpea. Nitrogen accumulation in weeds was greatest in the mowed fallow (Table 2.10). 

‘Iron Clay’ cowpea had the highest CCWI followed by sunnhemp and hairy indigo, 

which is indicative of outstanding weed control. Mixing of lablab with velvet bean and 

sorghum-sudangrass provided an excellent weed control as well, but intercropping of 

velvet bean with sorghum-sudangrass provided only moderate weed control.  

Winter Cover Crops 

Monthly total precipitation amounts during the growing season of winter CC are 

shown in Table 2.11. Total precipitation throughout the growing period varied between 

334 in 2003/04 to 472 mm in 2002/03 (Table 2.11).  

Winter 2002/2003 

Rainfall was relatively high during the 2002/03 winter growing season in 

comparison with other years, but since rainfall was unevenly distributed during the 

growing season, obvious water stress did occur. During the winter of 2002/03 lupin had 

the highest dry matter production, whereas red, berseem, and sweet clover performed 

rather poorly (Table 2.12).  
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Tissue N concentrations were highest for red clover followed by the other 

leguminous CC, while winter rye had the lowest value. Overall N accumulation was 

greatest for lupin. In terms of maximum canopy density, planting of rye resulted in a 

more rapid increase in LAI compared to other CC (Fig. 2.2). Leguminous CC had a 

slower initial canopy development and in comparison with summer CC, canopy densities 

were also lower. Rye and crimson clover had somewhat higher canopy densities, sweet 

clover intermediate values, and all other crops had very sparse canopies (Table 2.12). 

Canopy persistence was best for crimson clover but poor for most other tested species 

(Fig. 2.2).  

Red clover had the greatest weed biomass in comparison with the other CC. Use of 

rye reduced weed growth by 92% compared to a 64% reduction for sweet clover. Use of 

other leguminous crops like lupin, berseem and crimson clover, and cahaba vetch reduced 

weed growth by about 50%. On the other hand, red clover decreased weed biomass by 

only 32%. Nitrogen accumulation in weeds was greatest in the grass fallow and red 

clover, while weeds in rye had the lowest value, but it was not significantly different 

from other CC except red clover. 

Rye had the greatest CCWI (excellent weed control) followed by crimson clover 

and lupin which provided moderate weed control. Use of other legumes did not greatly 

affect weed growth and thus provided poor weed control due to low plant populations 

associated with low germination, ineffective nodulation, and poor adaptation to Florida 

soils and environmental conditions. 

Winter 2003/2004 

An uneven distribution and lower precipitation along with lack of soil tillage 

hampered growth of some CC during the 2003-04 growing season. Despite unfavorable 
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growth conditions, radish had the highest dry matter production (3.2 Mg ha-1). Biomass 

of rye, crimson clover, black oat, lupin, sweet clover, and subterranean clover were 

intermediate; while hairy vetch and lupin accumulated the lowest biomass (Table 2.13).  

Nitrogen in shoots was highest for hairy vetch followed by lupin, crimson clover, 

and subterranean clover. Non-leguminous CC had the lowest N concentrations in shoots 

(<13 g N kg-1). Overall N accumulation was greatest for crimson clover, rye, and radish, 

whereas, lupin, hairy vetch, subterranean clover while black oat accumulated less than 15 

kg N ha-1. 

In terms of actual weed suppression, planting radish resulted in the lowest weed 

biomass (Table 2.13), with only between 5 to 10% of the soil area covered with weeds. 

Use of radish reduced weed growth by 88%, followed by crimson clover, rye, and hairy 

vetch which decreased weed growth by 68-71%. The reduction in weed biomass for other 

leguminous crops like lupin and subterranean clover was low, only about 16%. 

Rototilling reduced weed biomass by 56% in comparison with grass fallow.  

Nitrogen accumulation in weeds was greatest for grass fallow followed by 

subterranean clover and lupin. The other treatments including the tillage fallow had 

relatively low N accumulation in weeds (<20 kg N ha-1). Overall CCWI values were 

greatest for radish which provided outstanding weed control whereas values for rye and 

crimson clover were intermediate, indicative of moderate weed control. Use of other 

leguminous CC did not greatly reduce weed growth and resulted in poor weed control.  

Winter 2004/2005 

Less precipitation occurred in winter 2004-05 compared to winter 2002, but overall 

distribution was relatively even throughout the entire growing season. During the winter 

of 2004/05, radish intercropped with rye and crimson clover had the highest dry matter 
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production followed by rye, rye intercropped with crimson clover, crimson clover, black 

oat intercropped with crimson clover radish and black oat mixed with crimson clover and 

radish all produced ≥ 4.3 Mg ha-1, whereas other CC produced between 2.8 and 3.6 Mg 

ha-1 (Table 2.14).  

Shoot N concentration was significantly greater for crimson clover and black 

oat+crimson clover. Non-leguminous CC had the lowest N concentrations in shoots. 

Overall N accumulation was greatest for crimson clover and rye+crimson clover+ radish 

due to the higher biomass accumulation, whereas black oat accumulated relatively little 

N.  

In terms of weed suppression, all CC treatments were statistically similar and 

resulted in a weed biomass less than 0.73 Mg ha-1 which translated to a reduction of weed 

growth by 80% for radish up to 98% for either the double or triple mix of cover crops. 

Rototilling reduced weeds by 53% in comparison with grass fallow. Weed N 

accumulation was statistically similar and less than 12 Kg N ha-1 for all CC treatments, 

whereas grass fallow greatly exceeded this level (Table 2.14). The CCWI values varied 

from excellent for radish to outstanding for the other monocrops and intercropping 

systems. 

Discussion 

Summer Cover Crops  

In general, sunnhemp was the most prolific summer CC. However, during 2004 

continiuous cultivation of sunnhemp along with wet and windy conditions increased the 

dispersal and incidence of verticillium infection, thereby reducing biomass accumulation, 

N fixation, and weed suppression (CCWI= 2 in 2004 vs. 64 in 2005 when the crop was 

properly rotated).  Based on this, it is obvious that despite the fact that sunnhemp 
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performance was superior to most other summer CC, repetitive use in the same site may 

be undesirable and use of sound crop rotation with CC such as cowpea should be 

considered. Overall sunnhemp dry weight (DW) accumulation was 10 Mg ha-1, which 

was similar to the findings of Ramos et al. (2001), Steinmaier and Ngoliya (2001), and 

Perin et al. (2004) under tropical conditions, but superior to the results from Jeranyama et 

al. (2000) and Balkcom and Reeves (2005).  

Hairy indigo performed consistently and average DW production was 8.0 Mg ha-1 

similar to values reported by Reddy et al. (1986a). Overall DW accumulation for pigeon 

pea was 5.7 Mg ha-1. Reported values ranged from 4.5 Mg ha-1 under tropical conditions 

(Mafongoya and Dzowela, 1999) to 9.5 Mg ha-1 in Florida (Reddy et al., 1986a). The 

steep decline in DW accumulation in 2005 was related to hairy indigo volunteering in 

plots during 2005. ‘Iron Clay’ cowpea averaged 3.5 Mg ha-1, similar to values reported 

by Jerenyama et al., (2000) and Muir (2002). Lablab had inconsistent biomass production 

and overall DW accumulation was only 2.2 Mg ha-1. Similar values were reported by 

Muir (2002) but other authors reported values ranging from 3.8 to 8.0 Mg ha-1 (Fischler 

and Wortmann, 1999; Wortmann et al., 2000;  Carsky et al., 2001; and Steinmaier and 

Ngoliya, 2001).  

Alyceclover accumulated 2.6 Mg ha-1 while velvet bean produced only 1.7 Mg ha-1 

which was similar to the findings of Creamer and Baldwin (2000) but lower than values 

ranging between 3.6 and 9.1 Mg ha-1 reported by Wortmann et al. (2000), Steinmaier and 

Ngoliya (2001), and Carsky et al. (2001). This may be due to the low germination rate 

and sparse CC population. Dry matter production of peanut and perennial peanut in 2003, 

‘Cream 40’ cowpea, mung bean, and perennial peanut in 2004 was low, due to their poor 
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adaptation to the sandy soils and their ineffectiveness to successfully compete with 

weeds. 

Overall N accumulation by sunnhemp was 148 kg N ha-1. Similar values were 

reported by Balkcom and Reeves (2005) while other studies showed a range from 195 to 

305 kg N ha-1 (Ramos et al., 2001; Steinmaier and Ngoliya, 2001; Perin et al., 2004).  

Overall N accumulation for hairy indigo was 132 kg N ha-1 which was similar to values 

reported by Reddy et al. (1986a). Cowpea produced 61.4 kg N ha-1 which was greater 

than the findings by Jerenyama et al. (2000) and by Muir (2002). Pigeon pea accumulated 

an average of 120 kg N ha-1 which was lower than the value (170 kg N ha-1) reported by 

Tian et al. (2000), which may be related with the decrease in pigeon pea DW in 2005 

above discussed and the use of a more compact variety in our study.  

Lablab accumulated N at 60 kg N ha-1, which was much less than the results of 113, 

137 and 177 kg N ha-1 reported by Steinmaier and Ngoliya  (2001), Carsky et al.(2001), 

and McDonald et al. (2001), respectively. This may be related to inconsistent 

performance of lablab across years. Velvet bean produced only 50 kg N ha-1, much lower 

than values of 163 and 281 kg N ha-1 reported by Steinmaier and Ngoliya (2001) and 

Carsky et al. (2001), respectively. This may be related to the use of a bushy type of 

velvetbean that did seem to be less vigorous than the more commonly used vining types.  

Overall weed reduction was highest for ‘Iron Clay’ cowpea (90% of control) 

followed by sunnhemp (77%), alyceclover (74%), and hairy indigo (64%). Fallow tillage 

was less effective in reducing weeds compared to the best CC with an average reduction 

of 60%. Weed reduction for alyceclover and hairy indigo probably could have been 

higher due to in 2003 alyceclover volunteered in hairy indigo plots and in 2005 hairy 
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indigo volunteered in alyceclover plots. Use of velvet bean, on the other hand, reduced 

weed growth by only 42%, which contrasted with the 68% reduction in a study with 

maize by Caamal-Maldonado et al. (2001). This may be related to the bushy variety used 

in the current study, along with the low germination in field, wider row spacing, and 

stronger weed competition. 

The presence of alyceclover, hairy indigo, and cowpea as volunteer crops shows 

that some of these crops may have good potential for reseeding during subsequent years, 

due to their capacity to produce large numbers of dormant and/or hard coated seeds. 

These species would be able to become part of the soil seed bank and germinate over 

many years as suggested by Benech-Arnold et al. (2000), which could provide a cost-

effective self sustaining practice in a mature citrus system. 

Provided that via use of sound crop rotation the build up of disease in sunnhemp 

plots was prevented, sunnhemp and cowpea provided outstanding weed control and 

CCWI values were 33 and 31, respectively. Corresponding values for alyceclover and 

hairy indigo were 14 and 11 (excellent weed control). Except for alyceclover, this 

suppression was closely related with CC biomass production which appears to be the 

main mechanism for weed suppression due to direct competition for resources (light, 

nutrients and water). 

Velvet bean was moderately effective in suppressing weeds (CCWI=1.2), which 

contrasted with the results from Caamal-Maldonado et al. (2001) and Buckles and 

Triomphe (1999) in central America and from the findings of Carsky et al. (2001) and 

Fishler and Wortmann (1999) in Africa, who obtained excellent weed suppression in 
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maize with a viny cultivar. These differences may be related to the poor germination, 

nodulation, vigor and competitiveness of the bushy type that was used for our studies. 

 Winter Cover Crops  

Radish and rye were the most prolific biomass producers among the mono-cropped 

winter CC. In our study radish accumulated 4.6 Mg ha-1 compared to 1.6 Mg ha-1 

reported by Vyn et al. (2000). However, Justes et al. (1999) reported values up to 6.4 Mg 

ha-1 with no N added. Rye generated 3.5 Mg ha-1 which was similar to results of Ngouajio 

and Mennan (2005) and Akemo et al. (2000), but lower compared to the 5-10 Mg ha-1 

reported by Bauer and Reeves (1999) and Reberg-Horton et al. (2005). Crimson clover 

yielded 2.9 Mg ha-1 which was similar to values reported by Daniel et al. (1999) and 

Schomberg and Endale (2004) but lower than the 4.9 Mg ha-1 reported by Dyck et al. 

(1995) and Odhiambo and Bomke (2001).  

Use of a triple CC mix (rye+crimson clover+radish ) resulted in the greatest 

biomass (8.8 Mg ha-1), which was about two times greater than the 4.6 Mg ha-1 for radish 

planted alone. Karpenstein-Machan and Stuelpnagel (2000) reported similar findings for 

a mixed CC system in Germany consisting of rye and crimson clover, and for rye with 

winterpea (Pisum sativum L. ssp. arvense (L.) Poir). Similar results were reported by 

Juskiw et al. (2000) for small grain cereals in Canada. 

During the 2004-2005 winter season, DW accumulation of triple CC mixes was 

comparable to the 8-9 Mg ha-1 produced by summer CC systems in 2004 but lower than 

the 10-14 Mg ha-1 obtained in 2005. This may be related to the synergistic combination of 

the complementary traits of the constituents of the mix, with rye providing vigorous and 

rapid growth along with allelopathic activity, radish breaking through compaction layers 

and enhancing biodiversity and soil structure, and while crimson clover providing 
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additional N via N fixation. This synergistic interaction of complementarities in root and 

canopy structure may facilitate improved adaptation to different ecological niches, soil 

types and weather conditions, providing multiple benefits and improved nutrient 

retention, cycling, and N-fixation as suggested by Gliessman (1998), Altieri (1999), and 

Karpenstein-Machan and Stuelpnagel (2000). Mixed CC systems thus mimic natural 

systems and crop components may therefore compete more effectively with weeds, which 

explains the superior performance of these systems.  

Dry weight accumulation by red, berseem, sweet and subterranean clover, cahaba 

white vetch, and lupin was relatively low. This may be related to the uneven rainfall 

distribution during 2002/03 and 2003/2004; to low soil organic matter, pH, and K values; 

to poor initial nodulation and growth by these crops, hampering their ability to effectively 

compete with weeds; and to an overall poor adaptation of these crops to coarse sandy 

soils. Row middles were not fertilized and chicken manure was applied only to the tree 

rows in order to reduce weed vigor and to provide leguminous CC with a competitive 

edge. Besides this, lower temperatures and light intensities during winter and the uneven 

rainfall distribution in comparison with other years could have hampered CC growth.  

Overall crop N accumulation was greater for leguminous CC probably due to N 

fixation. Crimson clover accumulated 70 kg N ha-1. Similar values were reported by 

Daniel et al. (1999) while others recorded values were between 120-125 kg N ha-1 (Dyck 

et al. 1995; Odhiambo and Bomke, 2001). Lupin and radish both accumulated around 47 

kg N ha-1. Rye and black oat averaged 32 and 19 kg N ha-1, respectively, which was 

lower than values for other studies (Bauer and Reeves, 1999; Odhiambo and Bomke, 

2001).  
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Intercropping of rye+crimson clover+radish resulted in the highest N accumulation 

(110 kg N ha-1) whereas black oat+crimson+radish accumulated 74 kg N ha-1. The high N 

accumulation by these CC systems may be related to N retention (by rye, radish, and 

black oat) and/or additional N-fixation (crimson clover) as suggested by Justes et al. 

(1999), Vos and van der Putten (2001), and Kristensen and Thorup-Kristensen (2004) for 

rye and radish. 

Similar to the positive effects of mixed CC systems on N accumulation, 

intercropping two and three-way-mixtures reduced weed growth by 98% compared to the 

mowed fallow. Corresponding values for crimson clover, rye, and radish monocrops were 

78-84%. For rye, weed suppression may be related to allelopathy which is often reported 

in the literature (Weston, 1996; Fennimore and Jackson, 2003; Reberg-Horton et al., 

2005). 

Compared to the best CC, fallow tillage was less effective in reducing weeds, with 

reductions in weed biomass averaging only 55%. Similarly, two- and three-component-

mixtures resulted in the highest CCWI values. The outstanding weed control of mixed 

systems may be related to competition and synergistic allelopathic activities of radish, 

possibly due to the glucosinolate content reported for radish and other members of the 

Brassicae family (Norsworthy et al., 2005, Morra and Kirkegaard, 2002). Similar 

allelopathic action has been also reported for black oat (Bauer and Reeves, 1999).  

System Dynamics  

Summer CC had greater DW production capacity compared to winter CC. The four 

highest biomass producers were in descending order: sunnhemp>hairy indigo>pigeon 

pea>cowpea with respective values of 10, 8, 5.7, and 3.5 Mg ha-1 which translates to 83, 

67, 48, and 29 kg ha-1 d-1, respectively, which was similar to the values reported by 
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Reddy et al. (1986a), Mafongoya and Dzowela (1999), Jerenyama et al. (2000), and Perin 

et al. (2004). When weeds were included the sequence was as follows: sunnhemp>hairy 

indigo>pigeon pea>‘Cream-40’ cowpea, with corresponding daily DW accumulation 

values of 93, 81, 69, 49 kg ha-1 d-1. 

The above results contrasted with the biomass produced by the system during the 

winter season, in which monocrops of radish, rye, crimson clover, and black oat produced  

3.8, 3.4, 2.9, and 2.4 Mg ha-1, with an average of 3.1 Mg ha-1per season and 25, 23, 19, 

and 16 kg ha-1 day-1, respectively, which were lower than the values reported by Justes et 

al. (1999), Odhiambo and Bomke (2001), and Reberg-Horton et al. (2005). When weeds 

were included in the balance, the total biomass production by the system was greater for 

radish, rye, crimson clover, and black oat  with values between 4.4 and 3.6 Mg ha-1, with 

an average of 4.0 Mg ha-1 per season and 27 kg ha-1 d-1, which was much less than that 

obtained during summer season. This due may be to the lower radiation (138 w m-2 in 

winter vs. 188 w m-2 in summer)and temperatures in winter (average temperatures from 

2002 to 2005 in winter were 14.2 °C, min temp= -2.2 °C max temp= 29.2 °C vs. average 

temperatures in summer 26.3 °C, min temp= 18.8 °C and max temp= 36.6 °C). In 

addition, rainfall was higher and relatively more evenly distributed during the summer. 

Finally, most winter CC may not be well-adapted to growth environments in Florida, and 

nodulation of many leguminous crops tends to be erratic on sandy soils during the first 

few years of their cultivation.  

Use of intercropping allowed for increases in production capacity during the winter 

months due probably to the synergistic interaction among crops as suggested by Kabir 

and Koide (2002) and by Karpenstein-Machan and Stuelpnagel (2000). For winter 
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intercropping CC, the biomass production was between 8.0 to 2.8 Mg ha-1, with an 

average of 5.3 Mg ha-1 per season or 35 kg ha-1 d-1. 

In general, N accumulation was greater for leguminous species probably due to N 

fixation and was greatest during the summer season. The four highest N accumulators 

were in descending order: sunnhemp>hairy indigo>pigeon pea>cowpea with values 

between 61 to 148 kg N ha-1, with an average of 129 kg N ha-1 per season or 1.1 kg N ha-1 

kg ha-1 d-1, similar to the values reported by others (Reddy et al., 1986a; Mafongoya and 

Dzowela, 1999; Jerenyama et al., 2000; Ramos et al., 2001; Muir et al., 2002).  

When weeds were included in the balance, the total N content in the system was 

greater for pigeon pea, hairy indigo, sunnhemp, and velvet bean, with values between 123 

and 222 kg N ha-1, with an average of 174 kg N ha-1 per season or 1.5 kg N ha-1 d-1, which 

was significantly greater than the N accumulated only by the mowed fallow (66 kg N ha-

1). These results underline the ecological role of weeds in the system in capturing C and 

N within the system, because without this component, an important fraction of N could 

be lost from the system through leaching or runoff as proposed by Vos and van der 

Putten, (2001) and by Kristensen and Thorup-Kristensen, (2004). 

The four highest N accumulators in winter were in descending order: crimson 

clover>radish >lupin>rye with values ranging between 32 to 69 kg N ha-1. The N 

accumulation average was 49 kg N ha-1 per season (38% of N accumulation summer 

average) or 0.3 kg N ha-1 d-1, which were lower than the values reported by Justes et al. 

(1999), Odhiambo and Bomke (2001), and Reberg-Horton et al. (2005). When weeds 

were included in the balance, N in the system was greatest for crimson clover followed 

by lupin, red clover, and radish, with values ranging between 84 to 58 kg N ha-1, with an 
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average of 69 N kg ha-1 per season or about 0.5 kg N ha-1d-1, which was 40% of that 

obtained with summer cover crops, due to similar reasons explained above for biomass 

production.  

Use of mixed crop systems increased crop performance due to synergetic 

interactions of crop components, and N accumulation ranged from 55 to 110 kg N ha-1, 

with an average of 0.5 kg N ha-1 d-1 . Although this is 67 % higher compared to monocrop 

systems, it is still only 45 % of N accumulated by summer CC systems.  

Nitrogen accumulation values for intercropping system were similar to the values 

reported by Justes et al. (1999); Odhiambo and Bomke (2001); Reberg-Horton et al. 

(2005) and superior to N accumulated in the control (mowed fallow) which amounted to 

53 kg N ha-1 season-1. 

In terms of weed suppression, summer monocrops (sunnhemp, cowpea, hairy 

indigo and alyceclover) were more effective in outcompeting weeds compared to mono-

cropped winter CC systems (rye, radish, and crimson clover). The CCWI values for the 

winter CC were below 13, which was mainly associated with the lower biomass 

production by winter CC discussed above. Actual weed reduction was similar in both 

seasons, with average weed reductions of 76 and 80% for superior summer and winter 

CC, respectively. Volunteering of mainly alyceclover and hairy indigo in the other 

treatments at times created potential but may be arbitrary “weed” issues in subsequent 

crops. Winter intercropped CC had CCWI greater than 39 due to higher biomass and 

probably the allelopathic suppression of weeds by rye and black oat as discussed by 

Weston (1996) and Putnam (1988). 
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Observed weeds species did not follow any special pattern associated with CC 

treatments. The main species observed in field during late spring, summer, and early fall 

(warm-season weeds) were: bermudagrass (Cynodon dactylon (L.) Pers.), large crabgrass 

(Digitaria sanguinalis (L.), bahiagrass (Paspalum notatum Fluegge), goosegrass 

(Eleusine indica (L.) Gaertn), Scop), crowfootgrass (Dactyloctenium aegyptium (L.) 

Willd.), globe sedge (Cyperus globulosus Aubl.), cylindric sedge (Cyperus retrorsus 

Chapm.), Florida pusley (Richardia scabra L.), and carpetweed (Mollugo verticillata L.) 

among the species more prevalent and frequently observed in field; whereas purple 

nutsedge (Cyperus rotundus L.), spreading dayflower (Commelina diffusa Burm. F.), 

common pigweed (Amaranthus hybridus L.), common ragweed (Ambrosia artemisiifolia 

L.), southern sida (Sida acuta Burm. F.), common purslane (Portulaca oleracea L.), 

poorjoe (Diodia teres Walt.) were observed only in localized spots; and in some plots, 

alyceclover (Alysicarpus vaginalis (L.) DC.) and hairy indigo (Indigofera hirsuta L.) 

volunteered during subsequent summer seasons.  

In winter and early spring, the dominant weeds found were red sorrel (Rumex 

acetosella L.), oldfield toadflax (Linaria canadensis (L) Dumont), common 

venuslookingglass (Triodanis perfoliata (L.) Nieuwl.), wandering cudweed (Gnaphalium 

pensylvanicum Willd.); whereas virginia pepperweed (Lepidium virginicum L.), Carolina 

geranium (Geranium carolinianum L.), and cutleaf evening primrose (Oenothera 

laciniata Hill) were only observed in certain spots. 

There appears to be excellent prospectives for the use of sunnhemp, ‘Iron Clay’ 

cowpea, alyceclover, and hairy indigo as summer CC for weed suppression in organic 

Florida citrus systems. However, hairy indigo and sunnhemp appeared to have some 
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drawbacks relative to cowpea and alyceclover. Hairy indigo grew relatively tall and 

bushy and since it is a hard-seeded crop, seeds could persist for a long time in the soil 

seed bank (Benech-Arnold et al., 2000) with a weedy potential around  young citrus trees, 

so hairy indigo would have to be mowed before it goes to seed when used in newly-

planted orchards.  Sunnhemp, although it did not branch profusely, grew very tall so that 

it might create problems with shading if it were planted too close to young trees. Also 

sunnhemp appears to need rotation to avoid problems with soil fungi such as Verticillium 

spp. 

Alyceclover and ‘Iron Clay’ cowpea had more compact low-growing canopies, 

which would facilitate their integration into citrus production systems. Under our 

experimental conditions, ‘Iron Clay’ cowpea reseeded itself, but seed viability in the field 

was less than one year, so when mowed in time it could be managed more easily than 

hairy indigo. However, some selections can be rather “viny” and grow around young 

trees, which may limit its use as a cover crop in the near vicinity of small trees (<2 m), 

although mechanical weeding can easily address this potential problem. Even though 

alyceclover reseeded readily, it did not seem to interfere with citrus trees or citrus 

irrigation and therefore may be the most suitable species to be planted in the vicinity of 

trees. Based on this, we propose for tree rows a “sandwich” system consisting of a tree 

strip of 1.6-1.8 m planted with alyceclover as a summer CC. Bordering this strip would 

be ‘Iron Clay’ cowpea.   

If it would be desirable to apply mulch to the tree row during the winter time, a 

strip of sunnhemp could be planted in the row middle for this purpose. However, 
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alternatively use of ‘Iron Clay’ cowpea in row middles may be preferable as discussed 

above.  

During the winter season we propose the use of a system consisting of a tree strip 

planted with a mixture of crimson clover and black oat as winter CC due to their compact 

canopy and low probability of competition with citrus trees for light. Intercropping rye 

with crimson clover and radish would be desirable for row middles. 

However, seed availability of suitable winter CC including the use of seeds 

produced in different continents may pose some problems. Limited availability of non 

treated/certified organic seed sources of varieties and/or cultivars adapted to the southeast 

of United States appears to be one of the key issues that may hamper effective integration 

of CC in organic citrus production systems.  

Increased N accumulation in CC-based systems during the summer season may 

provide benefits to subsequent CC crops and/or citrus trees via mineralization. Use of 

continuous CC sequence may also reduce potential nutrient losses due to leaching (Vos 

and van der Putten, 2001; Kristensen and Thorup-Kristensen, 2004).  

Continuous growth of CC combined with reduced tillage may also enhance C 

sequestration and N cycling and retention in the soil (see Chapter 5 for more detailed 

discussion about CC effect on soil quality). Augmented soil organic matter is considered 

a desirable characteristic of sustainable systems. In organic systems, this approach may 

also foster the development of soils that can enhance natural suppression of: weeds 

(Gallandt et al., 1999; Jordan et al., 2000), soil borne diseases (Bailey and Lazarovits, 

2003), and insect populations (Altieri and Nichols, 2003). All these processes are related 

through the mechanism of increased soil organic matter and soil microbial diversity 
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(Kennedy, 1998; Kremer and Li, 2003). As a result, such an approach may be cost-

effective due to reduced requirements of external inputs. 

Conclusions 

Overall dry matter, N accumulation, and weed suppression by annual CC varied 

depending on plant species and season. In general, summer CC had the highest biomass 

and N accumulation, in which the more consistent performers in terms of biomass 

production, N accumulation, and weed suppression were sunnhemp, hairy indigo, 

cowpea, and alyceclover. Although pigeon pea was consistent for biomass and N 

accumulation, its weed suppression capacity was not always consistent. The most 

consistent and best performing winter CC were radish, rye, and crimson clover.  

The best summer and winter CC, DW production averaged 6.8 and 3.1 Mg ha-1, 

respectively while corresponding total biomass (CC + weeds) were 9.7 and 4.0 Mg ha-1. 

Cover crop N accumulation averaged 129 and 49 kg ha-1 during summer and winter 

seasons, respectively and total N accumulation (CC + weeds) was 174 and 69 kg N ha-1, 

which underlines the complementary role of weeds in nutrient retention and recycling. 

Throughout the course of the study, use of selected CC provided excellent weed control, 

which was superior to other methods including tillage. Use of two- or three-component 

winter CC mixes resulted in higher DW and N accumulation and more effective weed 

suppression, due probably to the synergistic interaction among system components. 
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Table 2.1.  Overview of annual summer and winter cover crops used during the 2002 and 
2003 growing seasons. 

                     Cropping Season 
Treatment Summer  Winter/Spring 

 2002 

1 ‘Iron Clay’ cowpea (Vigna 
unguiculata L. Walp.) 

Crimson Clover (Trifolium 
incarnatum L. ) 

2 Velvet bean (Mucuna atropurpureum 
L.) DC) 

Red clover (Trifolium pratense L.) 

3 Sunnhemp (Crotalaria juncea L.) Lupin/ Cahaba vetch (Lupinus 
angustifolius L./Vicia sativa L.) 

4 Alyceclover (Alysicarpus vaginalis 
L.) 

Rye (Secale cereale L.) 

5 Hairy indigo (Indigofera hirsuta L.) Berseem Clover/Sweet clover 
(Trifolium alexandrinum L./ 
Melilotus officinalis L.) 

6 Grass fallow Grass fallow 
 2003 

1 Sunnhemp/ ‘Iron Clay’ cowpea Rye/Hairy vetch (S. cereale/ Vicia 
villosa Roth) 

2 ‘Iron Clay’ cowpea Crimson clover 
3 Velvet bean Radish (Raphanus sativus cv. rufus)
4 Hairy indigo Black oat/Lupin (Avena strigosa 

Schreb/ Lupinus angustifolius L.) 
5 Lablab (Lablab purpureus L.) Subterranean clover (Trifolium 

subterraneum L.) 
6 Peanut (Arachis hypogea L.) Lupin 
7 Perennial peanut (Arachis glabrata 

Benth.) 
Perennial peanut 

8 Grass fallow Grass fallow 
9 Tillage fallow Tillage fallow 
10 Alyceclover - 
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Table 2.2. Overview of annual summer and winter cover crops used during the 2004 and 

2005 growing  seasons. 
                                                         Cropping season 
Treatment Summer  Winter/Spring 
 2004 

1 Sunnhemp/ ‘Iron Clay’ cowpea Winter rye (WR) 

2 ‘Iron Clay’ cowpea Crimson clover (CR) 

3 Hairy indigo  Radish (R) 

4 Velvet bean  Black oat (BO) 

5 Pigeon pea (Cajanus cajan L.) WR + CR 

6 Lablab BO + CR  

7 Perennial Peanut Perennial peanut 

8 Grass fallow Grass fallow 

9 Tillage fallow Tillage fallow 

10 Cream-40 cowpea  WR + CR + R 

11 Mung bean  BO + CR + R 

12 Alyceclover        - 

 2005 

1 Velvet bean/Sudan grass Winter rye (WR) 

2 Sunnhemp/ ‘Iron Clay’ cowpea Crimson clover (CR) 

3 Hairy indigo  Radish (R ) 

4 Alyceclover Hairy vetch (HV) 

5 Lablab/velvet bean WR + CR 

6 Lablab/sorghum sudan grass 
(Sorghum bicolor L.) 

WR + CR+R 

7 Perennial Peanut Perennial peanut 

8 Grass fallow Grass fallow  

9 Tillage fallow Tillage fallow  

10 Pigeon pea WR/HV (67-33%) 

11  WR/HV (33-67%) 
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Table 2.3. Overview of seeding rates, space between rows and cultivars used as annual 
summer and winter cover crops used from 2002 to 2005.  

Species Seeding  rate          
(kg ha-1) 

Space between 
plants (cm) 

Cultivar  

Pigeon pea 67 36  

Velvet bean  56 36 Bushy type 

Cowpea 56 36 ‘Cream-40’ (’04); 
‘Iron Clay’ (’02-
’03&’05) 

Sunnhemp 39 36  

Mung bean 28 18  

Lablab 22 36  

Alyceclover 22 18  

Sudan grass  22 36  

Hairy indigo  11 36  

    

Winter rye 112 (55 in ’03-’04) 36 Abruzzi (’02-
’03&’05) Florida 
401 (2004) 

Black oat 112 36 Soil saver 

Lupin 112 36 Tifblue 

Crimson clover 28 18 AB Dixie 

Subterranean clover 28 18 Mt Barker 

Red Clover 28 18  

Cahaba white vetch 22 18  

Hairy vetch 22 (11 in  ’03-’04) 18  

Berseem clover 22 18  

Radish 22 36 Rufus 
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Table 2.4. Outline of planting and harvest dates and duration of summer and winter   
cover crops. 

Summer  Winter  Year 

Planting Mowing Duration 

(days) 

 Planting Mowing Duration 

(days) 

2002 30 July 11 Oct 102  1 Dec 15 May 165 

2003 10 June  16 Oct 127  28 Oct 31 March 154 

2004 11 June  10 Oct 121  1 Nov 5 April 156 

2005 21 June 25 Oct 125  5 Dec 9 May 155 

 

Table 2.5. Outline of cover crop weed index (CCWI) categories. 
CCWI value Cover crop Weed Weed control 

< 0.5 CC  not competitive Weeds dominate Very poor (>70% 
weeds) 

0.5-1 CC coexist Weeds coexist Poor 

1-3 CC start prevailing Weeds prevail in 
niches 

Moderate 

3-5 CC prevail Weeds fail to 
dominate 

Adequate 

5-15 CC predominate (70-90%) < 10-30% weeds Excellent 

>15 CC dominate completely <5% weeds Outstanding  

It is assumed if CCWI >15 then weed control is considered outstanding since weeds only 
cover account for less than 5% of the total biomass. It should be noted that in the absence 
of weeds the CCWI will approach infinity, and the upper boundary is thus not defined.   
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Table 2.6. Rainfall measured at Plant Research and Education Unit (Citra) Florida 

Automated Weather station Net work (FAWN)1 during the 2002-2005 
summer CC growing season. 

 Year 

Month 2002 2003 2004 2005 

 -------------------------------  Rainfall (mm)  ----------------------------- 

June  155 124 123 

July 139 127 269 99 

August 150 145 157 193 

Sept 120 100 418 100 

October 15 81 93 120 

November 2    

Total 426 608 1060 636 

1 Data obtained from the website http//fawn.ifas.ufl.edu on 12/10/2005. Blank spaces 
mean period of time when CC were not grown. 
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Table 2.7.  Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot 

N accumulation (Naccum), maximum observed leaf area index (LAI max) 
with time of occurrence in brackets; weed dry weight accumulation (DW);and 
cover crop weed index (CCWI) for summer cover crops grown during the 
2002 growing season. 

 Cover Crops Weeds 

 

Treatment 

DW 

Mg ha-1 

Nconc  

g kg-1 

Naccum 

kg N ha-1 

LAI 
max 

m2m-2 

(wks) 

DW 

Mg ha-1 

 

CCWI 

Cowpea 3.89 bc† 16.5 bc 61.2 c 5.3 a 

(6) 

0.61 b 11.8 b 

Velvet bean 0.98 c 24.1 a 23.5 c 2.4 b 

(6) 

3.62 a 0.8 c 

Sunnhemp 12.06 a 13.2 c 158.3 a 3.4 b 

(10) 

0.64 b 22.0 a 

Alyceclover 2.49 c 14.6 c 36.9 c 2.3 b 

(6) 

1.21 b 3.6 c 

Hairy indigo 5.87 b 18.7 b 106.5 b 5.9 a 

(10) 

0.74 b 14.9 a 

Grass 
Fallow 

-- -- -- -- 4.43 a -- 

† Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05).   
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Table 2.8. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot N 
accumulation (Naccum), maximum observed leaf area index (LAI max) with 
time of occurrence in brackets; weed dry weight accumulation (DW); weed N 
accumulation (Naccum); and cover crop weed index (CCWI) for summer 
cover crops grown during the 2003 growing season 

 Cover Crops Weeds 
 
Treatment 

DW 
Mg ha-1 

Nconc 
g kg-1 

Naccum 
kg N  
ha-1 

LAI 
max 
m2m-2 
(wks) 

DW 
Mg ha-1 

Naccum 
kg N  
ha-1 

 
CCWI 

Cowpea (I)‡  1.38 cb† 24.9 b 34.6 c 2.04 bc 

(12) 

0.95 bc 18.3 cd 4.9 b 

Sunnhemp 10.24 a 21.8 b 223.1 a 3.99 a 
(16) 

0.68 c 16.5  cd 44.2 a 

Cowpea 2.37 bc 24.9 b 59.2 c 3.40 a 
(12) 

0.60c 10.8 d 16.8 ab 

Velvet Bean 2.78 bc 33.5 a 93.0 bc 3.71 a 
(12) 

2.04 ab 37.1 bc 1.6 b 

Hairy indigo 9.17 a 17.9 c 162.8 ab 3.22 a 
(16) 

2.72 a 39.1 abc 4.1 b 

Lablab 3.71 b 27.8 b 100.4 bc 3.86 a 

(12) 

1.36 bc 27.6 bcd 3.4 b 

Peanut 1.07 bc 27.7 b 29.1 c 1.02 bc 
(12) 

2.89 a 46.7 ab 0.4 b 

Perennial P 0.02 c 20.7 bc 0.41 d 0.01 d 
(16) 

2.56 a 43.5 ab 0.01 b 

Alyceclover 3.91 b 18.0 c 70.4 bc 2.5 ab 
(16) 

0.25 c 3.2 d 22.4 ab 

Grass Fallow -- -- -- -- 3.90 a 60.1 a -- 

Tillage 
Fallow 

-- -- -- -- 1.58 bc 33.8 bcd -- 

 † Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05). 
‡ ‘Iron Clay’ cowpea intercropped with sunnhemp 
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Table 2.9. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot N 
accumulation (Naccum); weed dry weight accumulation (DW); weed N 
accumulation (Naccum); and cover crop weed index (CCWI) for summer 
cover crops during the 2004 growing season. 

 Cover Crops Weeds 

 

Treatment 

DW 

Mg ha-1 

Nconc 

g kg-1 

Naccum 

kg N ha-1 

DW 

Mg ha-1 

Naccum 

kg N ha-1 

CCWI 

‘Cream 40’ 
cowpea 

0.72 de† 19.1 cd 14.2 bc 5.22 a 97.2 a 0.2 c 

Mung bean 0.24 e 16.0 de 4.0 c 4.87 ab 85.4 ab 0.1 c 

Alyceclover 2.89 c 17.0 d 49.5 bc 0.43 d 4.5 e 28.0 a 

Sunnhemp 5.31 b 12.0 e 63.45 b 2.86 cb 42.9 bcde 2.1 c 

‘Iron Clay’ 
Cowpea 

5.08 b 25.8 b 63.9 b 0.16 d 22.6 de 15.5 ab 

Hairy indigo 7.59 a 16.7 d 127.0 a 1.90 cd 28.6 cde 6.5 bc 

Velvet Bean 1.28 cde 34.0 a 43.7 bc 3.84 abc 72.5 abc 0.6 c 

Pigeon Pea 7.60 a 22.2 bc 174.7 a 2.56 c 47.1 bcde 3.8 c 

Lablab 0.76 de 24.8 b 20.2 bc 3.53 abc 87.6 ab 0.3 c 

Perennial P. 0.16 e 23.5 bc 3.6 c 3.64 abc 36.3 cde 0.04 c 

Grass Fallow -- -- -- 5.49 a 72.0 abc -- 

Tillage 
fallow 

-- -- -- 1.70 abc 60.2 abcd -- 

†Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05). 
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Table 2.10. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot N 
accumulation (Naccum); weed dry weight accumulation (DW); weed N accumulation 
(Naccum); and cover crop weed index (CCWI) for summer cover crops during the 
2005 growing season. 

 Cover Crops  Weeds 

 

Treatment 

DW 

Mg ha-1 

Nconc 

g kg-1 

Naccum 

kg N ha-1 

DW 

Mg ha-1 

Naccum 

kg N ha-1 

CCWI 

Cowpea (I)‡ 2.75 cd† 16.7 c 46.0 c 0.42 e 2.1 e 64.0 ab 

Sunnhemp 12.61 a 19.0 c 242.6 a 0.55 e 2.3 e 80.0 a  

Alyceclover 1.00 cd 17.8 c 19.3 c 3.56 bc 20.5 de 0.5 c 

Hairy indigo 9.46 b 16.9 c 161.7 b 1.22 de 3.9 e 17.2 bc 

Velvet bean 

+Sudangrass 

1.93 cd 24.7 a 48.3 c 1.99 cde 5.1 e 1.8 c 

Sudangrass 

+ velvet bean 

1.42 cd 6.3 d 9.0 c 1.99 cde 5.1 e 1.1 c 

Lablab¦ + 
Velvet bean 

1.44 cd 16.7 c 24.6 c 1.32 de 3.0 e 13.5 bc 

Velvet bean + 
lablab 

1.53 cd 24.2 ab 50.7 c 1.32 de 3.0 e 12.6 bc 

Lablab + 
sudangrass 

2.18 cd 19.9 bc 42.1 c 1.54 de 32.2 cd 12.0 bc 

Sudangrass + 
lablab 

1.62 cd 8.8 d 12.9 c 1.54 de 32.2 cd 6.5 bc 

Pigeon Pea 3.71 c 17.8 c 64.1 bc 2.68 bcd 47.1 abc 1.6 c 

Perennial P 0.24 d 21.0 ab 2.1 c 4.22 ab 57.5 ab 0.1 c 

Grass Fallow -- -- -- 5.56 a 70.8 a -- 

Tillage 
Fallow 

-- -- -- 2.71 bcd 36.1 bcd -- 

†Means within the same column followed by the same letter do not differ statistically based on 
the Duncan’s Multiple Range test (P<0.05).‡ ‘Iron Clay’ cowpea intercropped with sunnhemp 
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Table 2.11. Rainfall measured at Plant Research and Education Unit (Citra) Florida 

Automated Weather station Net work (FAWN)1 during the 2002-2005 winter 
CC growing season. 

 Year 
Month 2002/2003 2003/2004 2004/2005 
 Rainfall (mm) 
October  28  
November  46 34 
December 147 21 38 
January 3 43 21 
February 128 141 64 
March 181 54 119 
April 13  59 
May 1   
Total 472 334 335 

1 Data obtained form the website http//fawn.ifas.ufl.edu on 12/10/2005. Blank spaces 
mean period of time when CC were not grown. 
 
Table 2.12. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot 

N accumulation (Naccum); maximum observed leaf area index (LAI max) 
with time of occurrence in brackets; weed dry weight accumulation (DW); 
weed N accumulation (Naccum); and cover crop weed index (CCWI) for 
winter cover crops during the 2002-2003 growing season. 

 Cover Crops Weeds 
 
Treatment 

DW 
Mg ha-1 

Nconc
g kg-1 

Naccum 
kgN ha-1 

LAI max 
m2m-2 
(wks) 

DW 
Mg ha-1 

Naccum 
kgN ha-1 

CCWI 

Crimson 
clover 

1.9 ab† 23.4 
ab 

44.5 b 1.06 a  
(12) 

1.71 bc 26.0 ab 1.6 b 

Red clover 0.8 ab 30.2 a 22.0 b 0.26 c  
(12) 

2.53 ab 36.5 a 0.5 b 

Berseem 
clover 

0.2 b 22.4 b 4.3 b 0.45 cb 
(12) 

1.72 bc 25.8 ab 0.1 b 

Sweet 
clover 

0.5 ab 26.4 
ab 

14.3 b 0.66 b  
(12) 

1.32 bc 22.3 ab 0.5 b 

Lupin 3.1 a 28.2 
ab 

83.4 a 1.12 a  
(12) 

1.63 bc 24.1 ab 1.7 b 

Cahaba 
vetch 

1.3 ab 25.6 
ab 

34.2 b 0.44 cb 
(12) 

1.31 bc 27.1 ab 1.1 b 

Winter rye 3.2 a 10.0 c 31.3 b 0.94 a 
(12) 

0.30 c 5.9 b 7.8 a 

Grass 
Fallow 

-- -- -- -- 3.70 a 38.6 a -- 

†Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05). 
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Table 2.13. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot 

N accumulation (Naccum); weed dry weight accumulation (DW); weed N 
accumulation (Naccum); and cover crop weed index (CCWI) for winter cover 
crops during the 2003/2004 growing season.  

 Cover Crops Weeds 

 

Treatment 

DW 

Mg ha-1 

Nconc 

g kg-1 

Naccum 

kg N ha-1 

DW 

Mg ha-1 

Naccum 

kg N ha-1 

CCWI 

Hairy vetch 0.20 c† 38.7 a 7.8 bc 1.23 bc 19.4 bc 0.5 b 

Winter rye 0.89 cb 13.1 d 15.4 abc 1.23 bc 19.4 bc 2.5 b 

Crimson 
Clover 

1.69 b 23.6 bc 38.0 a 1.10 bc 13.9 bc 1.8 b 

Radish 3.24 a 10.1 d 33.5 ab 0.48 c 7.0 c 15.0 a 

Black oat 1.25 cb 8.0 d 9.8 bc 1.82 abc 21.7 bc 0.8 b 

Lupin (I)‡ 

 

0.37 cb 28.7 b 10.3 bc 1.82 abc 21.7 bc 0.2 b 

Subterranean 
Clover 

0.28† cb 21.8 c 5.9 c 2.25 ab 32.3 b 0.2 b 

Lupin 0.20 c 24.1 bc 5.3 c 2.53 ab 30.8 b 0.1 b 

Grass Fallow -- -- -- 3.84 a 52.1 a -- 

Tillage 
fallow 

-- -- -- 1.70 abc 20.1 bc -- 

†Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05). 
‡ Lupin intercropped with black oat 
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Table 2.14. Shoot dry weight accumulation (DW); shoot N concentration (Nconc); shoot 
N accumulation (Naccum); weed dry weight accumulation (DW); weed N 
accumulation (Naccum); and cover crop weed index (CCWI) for winter cover 
crops during the 2004/2005 growing season. 

 Cover Crops Weeds 

 

Treatment 

DW 

Mg ha-1 

Nconc 

g kg-1 

Naccum 

kg N ha-1 

DW 

Mg ha-1 

Naccum 

kg N ha-1 

 

CCWI 

Winter rye (WR)  5.96 b† 8.3 c 49.1 cd 0.28 b 4.8 b 25.2 cd 

Crimson clov. 
(CR) 

5.02 bc 24.6 a 125.2 a 0.19 b 3.3 b 35.3 c 

Radish (R) 4.31bcd 14.3 bc 62.9 cd 0.73 b 11.6 b 10.6 d 

Black oat (O) 3.56 cd 8.4 c 27.6 d 0.39 b 4.0 b 16.2 d 

WR + CR 5.34 bc 10.9 c 58.7 cd 0.07 b 0.7 b 76.2 b 

O + CR 2.76 de 19.2 ab 53.4 cd 0.07 b 1.1 b 39.4 c 

WR + CR + R 7.99 a 14.2 bc 110.0 ab 0.08 b ND 99.9 a 

BO + CR + R 4.95 cb 14.7 bc 73.72 cb 0.08 b ND 61.9 b 

Grass fallow -- -- -- 3.58 a 66.5 a -- 

Tillage fallow 

 

-- -- -- 1.70 ab 24.7 b -- 

†Means within the same column followed by the same letter do not differ statistically 
based on the Duncan’s Multiple Range test (P<0.05). 
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Figure 2.1. Leaf area index values for summer cover crops 2002 (CP= cowpea; VB= 

velvet bean; SH= sunnhemp; AC= Alyceclover; HI= hairy indigo). 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 28 56 84 112 140

Days after planting

Le
af

 a
re

a 
in

de
x 

(m
2  m

-2
)

C-CL
R-CL
B-CL
S-CL
LP
C-V
RYE

 

Figure 2.2. Leaf area development for winter cover crops during 2002/2003 (CCL= 
Crimson clover; C-CL= Red clover; B-CL= Berseem clover; S-CL= Sweet 
clover; LP= Lupin; C-V= Cahaba Vetch; Rye= Winter rye). 
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CHAPTER 3 
ESTABLISHMENT OF PERENNIAL PEANUT AND ITS EFFECTIVENESS IN 

SUPPRESSING WEEDS IN CITRUS ROW MIDDLES 

Introduction  

Perennial or rhizoma peanut (Arachis glabrata, Benth.) is a rhizomatous warm-

season perennial legume native to South America with a wide area of adaptation ranging 

from 31° N to 35° S latitude (Prine et al., 1981). It was introduced into Florida in 1936, 

and it is used as a living mulch in association with other crops for soil conservation; as a 

pasture crop for grazing and/or hay production; and as an ornamental to replace turf 

(French et al., 2001). Due to its high crude protein content (13 to 20%) combined with a 

digestibility between 55 to 67% and high palatability, it produces a high quality forage 

similar to alfalfa (Saldivar et al., 1990; Terril et al., 1996; French et al., 2001).  

Perennial peanut (PP) is adapted to well-drained soils in the southern and Gulf 

Coast areas of USA (French and Prine, 1991). After initial establishment, it is drought 

tolerant, has excellent persistency under grazing because of the rhizomatous habit, and it 

is not prone to insects, nematode or disease damage (Prine, 1981, Baltensperger et al., 

1986, French et al., 2001).  

The most commonly grown cultivars are ‘Florigraze’ (Prine et al., 1981; Prine et 

al., 1986) and ‘Arbrock’ (Prine et al., 1986). ‘Arbrock’ is considered to be more drought 

tolerant, but it is less cold tolerant and may also decline if mowed frequently (Canudas et 

al., 1989; French and Prine, 1991). Under non-irrigated conditions and/or dry conditions, 
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attaining full ground cover with the ‘Florigraze’ cultivar requires at least two to three 

years (Prine et al., 1986; Williams, 1993; Johnson et al., 1994). 

Despite being pest, disease, and drought tolerance, its requirements for vegetative 

propagation combined with very slow initial growth hampers the use of PP as a cover 

crop (CC) and/or forage crop (Coleman, 1995; Rice et al., 1996; Williams et al., 1997). 

Perennial peanut typically produces very few or no sexual seeds. As a result, it is 

exclusively propagated vegetatively by rhizomes that provide carbon reserves for shoot 

growth during initial establishment and for regrowth in the spring (Saldivar, 1992a; Rice 

et al. 1996). The first criterion for determining optimal planting time of PP is the need for 

adequate soil moisture from rainfall and/or irrigation during the initial 2 to 3 months after 

planting. Secondly, any frost period shortly after planting should be avoided (Williams, 

1994a; Williams et al., 1997).  

Due to changes in weed population dynamics during the conversion from 

conventional to organic production, alternative weed management strategies may be 

required (Lanini et al., 1994; Bond and Grundy, 2001). A national survey showed that 

improved weed management was the number one research priority for organic growers 

(Sooby, 2003). Lack of effective weed management practices pertinent to organic citrus 

production systems thus may hamper successful transition from conventional to organic 

citrus production (Mesh, personal communication). 

Successful weed suppression via use of a perennial CC has been reported by 

Bradshaw and Lanini (1995); Aguilar (2001); and Perez-Nieto et al. (2005) in coffee by 

using Arachis pintoi L. (non-rhizomal perennial peanut). It also provided suitable weed 

control for heart-of-palm (Clement and DeFrank, 1998) and coconut (Mullen et al., 1997) 
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while perennial strawberry clover has been successfully used to suppress weeds in 

vineyards (King and Berry, 2005).  

Other perennial species such as bahiagrass (Paspalum notatum Flugge) and 

bermudagrass (Cynodon dactylon (L.) Pers) are either planted and/or volunteer in grove 

row middles and may reduce growth of weeds and prevent soil erosion (Rouse and 

Mullahey, 1997). However, these systems require frequent mowing and/or chemical 

control; they may harbor nematodes and citrus arthropod pests; and in many cases grasses 

compete with citrus for water and nutrients (Rouse and Mullahey, 1997).  

More recently use of PP as a groundcover for both vegetable crops (Roe et al., 

1994) and citrus (Coleman, 1995) has also gained attention. Due to its low water and 

nutrient requirements, PP may provide an environmentally sound and ecologically 

important component of sustainable citrus production in Florida (Mullahey et al., 1994).  

Its use can minimize soil erosion and nutrition losses due to leaching and runoff, and 

therefore, it can also enhance water quality (Woodard et al., 2002). When mowed 2 to 3 

times a year, it may provide 60 to 112 kg N ha-1 yr-1 to citrus trees. Alternatively, it can 

provide a high quality and valuable forage crop and additional source of income for citrus 

farmers during initial establishment of citrus groves (Coleman, 1995). Some citrus 

growers may thus opt to use PP to also enhance the profitability of their citrus production 

systems. 

Although general production practices for PP are well-established, there is 

relatively little information on the effective use of PP for weed suppression in citrus 

(Mullahey et al., 1994). The majority of previous studies with PP have focused on 

development of optimal planting strategies of pure stands for hay production in North and 
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Central Florida (Prine, et al. 1986; Williams et al., 1997; Freire et al., 2000). Moreover, 

current practices for establishment of PP were typically developed for conventional 

forage production (Williams, 1993; Rice et al., 1996; Valencia et al., 1997; Ruiz et al., 

2000; Williams et al., 2002). Although the use of PP as a CC in conventional citrus and 

vegetable systems in south Florida has been studied extensively (Mullahey et al., 1994; 

Roe et al., 1994; Coleman, 1995; and Rouse et al., 2001), there is no information on its 

use to suppress weeds in organic production systems. 

The overall objectives of this study were to 1) evaluate the effect of planting time 

(spring vs. summer) on initial PP establishment, growth, and dry matter production; 2) 

evaluate the effectiveness of over-seeding PP with crimson clover in the fall on system 

performance and weed control; and 3) contrast the performance and weed growth 

dynamics of PP-based systems with that of an annual CC system. 

The corresponding hypotheses were 1) in organic citrus systems, planting PP 

during the summer will increase the competitiveness of PP systems via enhanced initial 

growth compared to spring plantings; 2) overseeding PP with crimson clover in fall will 

help to increase the PP effectiveness in suppressing weeds; and 3) weed suppression with 

annual CC is more effective than perennial peanut. 

Materials and Methods  

Set-up and Experimental Design 

A one hectare field was planted with ‘Hamlin’, a processing orange cultivar [Citrus 

sinensis (L.) Osb.] grafted on Swingle citrumelo (C. paradisi Macf. x P. trifoliata (L.) 

Raf) during the summer of 2002 at the Plant Science Research and Education Unit in 

Citra, Florida (29.68 N, 82.35 W). Tree spacing was 4.6 m in the row and 6.3 m between 

rows. The main emphasis of this study was to evaluate initial growth of perennial peanut 
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(Arachis glabrata Benth. cultivar Florigraze) and its effectiveness in suppressing weed 

growth in row middles compared to annual CC systems. 

Prevailing soil types at the experimental site were a Candler fine sand (Typic 

Quarzipsamments, hyperthermic, uncoated, 98% sand in the upper 15 cm) and a Tavares 

fine sand (Typic Quarzipsamments, hyperthermic, uncoated, 97% sand in the upper 15 

cm). The initial soil pH ranged from 4.8 to 5.1 and soil organic matter content was 9.3 g 

kg-1. At the beginning of the experiment (fall of 2001), the soil was prepared by disking 

before applying lime (2.5 Mg ha-1) to the entire production block. Trees were irrigated 

with microjet sprinklers with a 1.8-m spray diameter and a 180° spray pattern positioned 

0.4 m NW of the trees. During the winter the irrigation sprinklers were placed inside 0.6 

m high PVC pipes and also used for frost protection. Row middles were non-irrigated in 

order to evaluate the adaptation of different species under typical citrus orchard 

conditions.   

Chicken manure was applied exclusively to a 1.8 m wide strip straddling the tree 

rows. Manure was applied during early spring at 4-11 Mg ha–1 and application rates were 

based on the estimated N mineralization rate, N content, and citrus tree age following 

IFAS (Institute of Food and Agricultural Sciences) N-recommendations for newly 

planted trees (Tucker et al., 1995). To enhance growth of winter cover crops, a non-

synthetic (mined) K2SO4 fertilizer approved by the Organic Materials Review Institute 

(OMRI) was broadcast over the entire production block at a rate of 45 kg K2O ha-1 prior 

to planting of winter CC. Due to a build up of residual soil P, use of chicken manure was 

discontinued after 2004. Starting in 2005, an OMRI-approved 9-0-9 material derived 

from feather-meal and potassium sulfate (Nature Safe, Griffin Industries, Cold Spring, 
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KY) was applied to tree rows following IFAS N-recommendations for newly planted 

trees (Tucker et al., 1995). 

A randomized complete block design was used with four replications and included 

the following treatments: 1) Annual cover crop (ACC) included sunnhemp (Crotalaria 

juncea L.) and/or cowpea (Vigna unguiculata L. Walp) planted in summer followed by  

crimson clover (Trifolium incarnatum L.) and/or rye (Secale cereale L.) or a triple mix of 

rye+crimson clover+radish (Raphanus sativus cv. Rufus) planted during fall (non-

perennial cover crop); 2) Perennial peanut (PP) planted in spring (PPsp); 3) Crimson 

clover was planted in the fall of 2001 and was followed by PP planted in the summer of 

2002, with plots being over-seeded with crimson clover during the fall (PPsu-os);and 4) 

Fallow in spring (2002) and PP planted in summer 2002(PPsu). An outline of these 

treatments is presented in Table 3.1.  

Plot size was 18.9 m x 27.0 m and plots contained three row middles and two tree 

rows of five trees each. For annual CC treatment (ACC) and PP-plots overseeded with 

crimson clover in fall (PPsu-os), ground covers were planted with a “zero-till” planter 

(Model Sukup 2100, Sukup Manufacturing Company, Shefield, IA) using appropriate 

agronomic practices (Table 3.2). Mowing dates for both summer and winter CC are 

outlined in Table 3.3.  

Except for winter CC planted in 2003, when a zero-tillage system was used, 

previous CC and/or weeds were soil-incorporated with 2 to 3 passes of a rototiller using a 

tillage depth of 10 cm prior to planting a subsequent CC. ‘Florigraze’ perennial peanut 

was planted in March and July 2002 for spring and summer treatments, respectively, with 

a rhizome planting rate of 10 m3 ha-1, using a bermudagrass planter (Bermuda King 
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model #79, Kingfisher, OK) with a row spacing of 0.5 m. All the plots were 

“cultipacked” after planting.  

All annual leguminous CC were inoculated before planting with the appropriate 

strain of rhizobium (Nitragin brand, Milwaukee, WI). Inoculants and untreated seeds 

were obtained from local seed companies since most varieties from certified organic 

commercial supply companies are typically poorly adapted to Florida conditions. Both PP 

and annual CC were not irrigated during the growing season except after planting if soil 

moisture was inadequate to ensure uniform germination. In this case, 25 mm of irrigation 

was applied uniformly to the entire field to mimic a typical rainfall. Insect pests were 

controlled when needed with allowed products in organic production systems following 

the National Organic Program Standards (USDA, 2000). After initial establishment, plots 

for PP-based treatments were mowed at 4-wk intervals during spring, summer, and fall. 

After each sampling, PP-based systems were mowed. 

Data Collection, Measurements, and Analysis  

Representative sections of row middles were sampled at eight week intervals to 

evaluate above-ground dry weights (DW) of both PP and weeds using rectangular 

sampling frame with an internal surface area of 0.5 m2 for one representative sample for 

each row-middle thus resulting in 3 samples per plot. Each sample area was selected in 

such way that it closely matched the ground cover of both PP and weeds of the entire row 

middle.  Sampled areas included invariably a mix of weeds and PP. Weed biomass was 

not segregated into different weed species.  

Both PP and weeds were harvested at ground level. This approach was used since 

the main focus was on weed growth dynamics. Weeds were separated from PP shoots but 

individual weed species were not segregated. Perennial peanut shoots were separated into 
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stems and leaves and plant material was oven-dried at 65 °C for 72 hours until constant 

weight and dry weights were recorded. Perennial peanut leaf area was determined using a 

Licor leaf area meter (LI-3000, Li-cor, Lincoln, NE) and used to calculate leaf area index 

(LAI) values. Plant tissue material was ground in a Wiley mill through a 1-mm screen, 

and a thoroughly mixed portion (ca. 4 g) was subsequently stored in scintillation vials. 

Ground tissue was digested using wet-acid Kjeldahl digestion (Gallaher et al., 1975). 

After digestion, samples were diluted, filtered, and analyzed for total Kjeldahl N at the 

UF-IFAS Analytical Research Lab (University of Florida, Gainesville, FL) using EPA 

method 351.2; (Jones and Case 1991). 

In order to quantify the effectiveness of PP to suppress weed growth, we also 

calculated cover crop weed indices (CCWI). This index expresses PP growth and 

biomass production relative to weed growth. An overview of the qualitative interpretation 

of this index is presented in Table 3.4.  

Since the weed and PP biomass sampling approach differed from standard forage 

sampling procedures, complementary forage productivity sampling was included during 

2005. Overall forage productivity of PP was determined by taking representative row 

middle samples from the PPsp, PPsu-os, and PPsu treatments. Perennial peanut and weeds 

were cut at 6 cm of height above ground level for a 10-m-long and 0.53 m wide (5.3 m2) 

sampling strip using a manual mower. Total fresh weight of the total harvested biomass 

was recorded. A representative sub-sample of perennial peanut-weeds of 0.5 m2 was 

harvested in a similar fashion. This subsample was segregated into perennial peanut and 

weed shoots, and plant materials were oven dried at 65 °C for 72 hours until constant 

weight before recording dry weight.  
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Analysis of variance was performed on all data using Proc Mixed of the Statistical 

Analysis Systems (SAS) software (SAS Inst. Inc., 2002). Since growth characteristics of 

PP were different from those of ACC, two separate statistical analyses were conducted. 

During the first analysis, perennial peanut treatments were compared among each other, 

during a subsequent analysis the PPsu, which turned out to be the superior PP treatment, 

was contrasted with the ACC treatment. Shoot dry weight for annual cover crops (DWacc) 

and perennial peanut (DWpp); corresponding shoot N accumulation (Nacc and Npp) and 

leaf area index (LAIacc and LAIpp), number of PP shoots (Shoot#) along with weed dry 

weight (DWwd), N accumulation in weeds (Nwd), and cover crop weed index (CCWI) 

were evaluated. The abbreviations outlined here will be used throughout the remainder of 

this chapter. If significant interaction (P<0.05) occurred between year, treatment, season, 

and/or sampling time, specific effects were tested and shown separately. The LSMEANS 

procedure adjusted by Tukey test (P<0.05) was used to compare treatment means. 

Results  

Monthly rainfall during the PP growing season ranged from 901 mm in 2002 (drier 

year) to 1522 mm in 2004 (Table 3.5). Since year by treatment interaction terms were 

significant (Appendix A-1), results are presented separately for each year.   

Perennial Peanut 2002  

Rainfall was very low and unevenly distributed during the 2002 spring growing 

season (56 mm total), so obvious water stress occurred during the establishment of PP in 

spring 2002 (PPsp).  

Although the summer PP planting occurred  3 months after the spring planting, 

initial growth for summer plantings was better and overall crop growth was similar 

within 2 months after the summer planting (Table 3.6). Due to continuous growth, fall 
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shoot#, LAIpp, DWpp, and Nacc-pp were greater for summer plantings, while PPsp 

treatments did not show a significant increase in growth after initial establishment. Due to 

the rototilling at planting, weed biomass and Nacc-wd were lower for summer plantings. 

As a result, the CCWI were greatest for summer plantings. However, values decreased 

over time and during the fall overall weed growth parameters were similar for all 

treatments.  

Perennial Peanut 2003  

Although rainfall was relatively high in 2003 in comparison with 2002, it was not 

evenly distributed (Table 3.5). Overall shoot#, LAI, DW, and Nacc-pp values were lowest 

during the spring and similar for summer and fall samplings (Table 3.7). Although no 

difference in shoot# and LAIPP occurred between summer plantings during 2002 and the 

spring of 2003, leaf area expansion and dry weight accumulation for PPsu-os during the 

summer and fall of 2003 were lower compared to the PPsu treatment. Toward the fall of 

2003, the reductions in shoot# and LAIPP for the PPsp compared to PPsu were 89% and 

91%, respectively. Dry matter (DM) accumulation for the PPsu-os and PPsp treatments were 

32% and 88% less than the PPsu treatment, and the reductions in Nacc-pp for the PPsu-os and 

PPsp compared to the PPsu treatment were 31% and 90%, respectively.  

Due to the predominance of perennial grasses and use of frequent mowing, overall 

DWwd and Nacc-wd values were relatively constant throughout the year. During the spring 

and summer of 2003, overall DWwd and Nacc-wd values were greatest for the PPsp 

treatment and not affected by overseeding. However, during the course of 2003 the 

summer-planted treatments started to diverge (as indicated by differences in DW). By the 

fall of 2003, CCWI values for the PPsu-os and PPsp treatments were reduced by 43 and 

93%, respectively compared to the PPsu treatment.  
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Perennial Peanut 2004  

During 2004, total rainfall was the highest of all four years (Table 3.5) and rainfall 

was also relatively evenly distributed and no obvious water stress occurred. In general, 

shoot# was relatively constant across seasons, while LAI and Nacc-PP had the lowest 

values in spring. The PPsu treatment performed best and had the highest shoot#, LAI, 

DW, and Nacc-PP, PPsu-os had intermediate values, while PPsp performed poorly (Table 

3.8). The reductions in LAIPP, DWPP, and Nacc-PP, for the PPsu-os and PPsp compared to 

PPsu were 58 and 97%, respectively, by the fall of 2004. 

During the fall of 2004, overall DWwd and Nacc-wd values were greatest for the PPsp 

treatment and values were not affected by overseeding during the late fall/winter for PPsu-

os treatment. However during the course of summer and fall of 2004 the summer 

treatments started to diverge similar as was the case during the fall of 2003 (Fig. 3.2). 

Compared to PPsp treatment, PPsu and PPsu-os had 42 and 23% less weeds, respectively 

(Table 3.8). For PPsu, CCWI was greatest, while PPsp and PPsu-os had similar and 

relatively low CCWI values. Overall CCWI values for PPsu were highest during the 

summer and fall. By the fall of 2004, CCWI values for the PPsu-os and PPsp treatments 

were 68 and 98% lower compared to the PPsu treatment. 

Perennial Peanut 2005 

Rainfall in 2005 was relatively high (1370 mm) and evenly distributed (Table 3.5). 

Shoot# was similar across the season for PPsp and PPsu-os, while PPsu showed an increase 

in shoot# during the summer (Table 3.9). Overall LAIPP and DWPP values were lowest in 

spring for summer plantings while spring crops had overall low growth. The Nacc-PP 

value for PPsu was lowest in spring. During the summer and fall, PPsu had the best growth 

and highest DW and N content, PPsu-os had intermediate values, while PPsp again 
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performed poorly across the entire season (Table 3.9). Toward the fall of 2005, the 

reductions in shoot# for the PPsu-os and PPsp compared to PPsu were 65 and 96%, 

respectively. Overall LAI, DW, and Nacc-PP values were reduced by about 62 and 97%, 

for the PPsu-os and PPsp, respectively.  

During the fall of 2005, overall DWwd and Nacc-wd values were greatest for the PPsp 

treatment in fall while weed growth with summer planted PP was not affected by 

overseeding. However, during the course of summer and fall of 2005 the results with 

summer treatments started to diverge again similarly as was the case during the later part 

of 2004 (Fig. 3.2). For PPsu and PPsu-os treatments, weed dry weight was 39% and 24% 

lower than PPsp, respectively (Table 3.9). The cover crop weed index (CCWI) was 

greatest for PPsu while values were similar for PPsp and PPsu-os. Overall CCWI values did 

not differ across different seasons. By the fall of 2005, CCWI values for the PPsu-os and 

PPsp treatments were reduced by 64 and 98%, respectively compared to the PPsu 

treatment. 

Perennial Peanut Productivity (2005) 

Perennial peanut productivity was greatest for PPsu treatment, intermediate for PPsu-

os, whereas PPsp had the lowest productivity. Compared to the PPsu treatment, cumulative 

biomass values for PPsu-os and PPsp were reduced by 76 and 97%, respectively (Table 

3.10). It should be noted that yields presented in Table 3.10 are based on solid PP stands. 

However, PP only covered 64% of the orchard area and PP production on a total land 

area basis would be about 2.1, 0.5, and 0.06 Mg ha-1 for PPsu, PPsu-os, and PPsp, 

respectively. 

The PPsu treatment had the lowest weed biomass, followed by PPsu-os and PP sp, 

however weeds made up 98% of the DW content for the PPsp treatment. Corresponding 
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values of contribution from PP to the total DW were 50, 13, and 2% while corresponding 

PP treatments accounted for 67, 23, and 3% of overall N accumulation (Table 3.11). 

These results followed a similar trend to those from the growth analyses (Tables 3.6 to 

3.9). 

Annual Cover Crops (2002-2005)  

Annual CC outperformed PP treatments and had greater N and DW content and 

were also more effective in suppressing weeds across all the seasons and years, except in 

2004 when ‘Cream-40’ cowpea was used as CC (Tables 3.6 to 3.9). Overall LAIacc, 

DWacc, and Nacc values were greater for summer CC (sunnhemp and cowpea) than for 

crimson clover, except in 2004. The values in LAIacc, DWCC, and Nacc had the following 

order: sunnhemp>crimson clover>‘Cream-40’. The three-way winter CC-mix (winter 

rye, crimson clover, and radish) generated 7.4 Mg ha-1 and outperformed mono-cropped 

systems. Overall Nacc values for winter CC systems ranged from 38-40 kg N ha-1 

(crimson clover) to 121 kg N ha-1 (3-way mix). Corresponding values for summer CC 

systems were: 25 kg N ha-1 (cowpea) to 103-201 kg N ha-1 (sunnhemp).  

Winter CC triple mix, sunnhemp, crimson clover, ‘Cream-40’ cowpea, PPsu, and 

PPsu-os reduced overall weed growth by 96, 92, 67, 67, 41, and 24% respectively in 

comparison with PPsp. Overall DWwd and Nwd values were consistently lower in annual 

CC when compared with PPsu, which was the best performing PP system. Overall DWwd 

and Nwd followed the order: ‘Cream-40’ cowpea> crimson clover> sunnhemp> winter CC 

triple mix. The CCWI score varied from outstanding weed control (CCWI>20) for triple 

mix and sunnhemp, to moderate weed control (1<CCWI<3) for crimson clover, and poor 

weed control for ‘Cream-40’ cowpea. Across 2002, 2003, and 2005 and compared to the 

PPsu system, annual CC systems had 1200, 2090, and 1800% greater LAI values and DW 
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and N content, respectively. In comparison with annual CC systems, weed DW and N 

content was 1067 and 772% greater for the PPsu systems.   

System Dynamics 

During 2005, total (PP+weed) biomass and N accumulation in PP-based systems 

as affected by season were as follows: summer>fall>spring, whereas total cumulative 

biomass and N were similar for all the treatments. In comparison with PPsu system, PPsu-os 

and PPsp systems had 76 and 97% lower DWPP and NacPP values, respectively. Overall 

reductions in weed growth were 15 and 49% for the PPsu-os and PPsu systems, respectively 

(Table 3.11). Summer CC system accumulated a similar amount of biomass and N in 

comparison with winter CC (triple mix) system. Percentages of contribution of CC to the 

total system DW and N content were greater for annual CC (98% and 99%, respectively). 

Corresponding values for PP-based systems were very low for PPsp (2%), low for PPsu-os 

(14-19%), and intermediate for PPsu (50-55%). When comparing annual CC-based 

systems with the best PP-based system (PPsu), annual CC system had 114% greater DW 

production capacity and also accumulated 50% more N. 

Across years (2002-2005), summer CC produced 6.2 Mg ha-1 per season or 53 kg 

ha-1 d-1. Winter annual CC averaged 3.2 Mg ha-1 per season or 20 kg ha-1 d-1. These 

results contrasted with PP DW, which averaged 0.1, 0.7, and 2.3 Mg ha-1 for PPsp, PPsu-

os, and PPsu, respectively. When weeds were included in the balance, total biomass 

production was 6.8 Mg ha-1 or 57 kg ha-1 d-1 for warm-season annual CC. Cold-season 

annual CC and PP-based systems had average values of 3.5 and 7.5 Mg ha-1, or 23 and 31 

kg ha-1 day-1, respectively.  

If we consider that almost all the PP stand was lost in PPsp, we could regard this 

treatment as a grass fallow or control, then the average across all the years in percentage 
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of weed suppression in PPsu and PPsu-os systems were 40 and 26%, respectively, 

compared to PPsp. However this level of weed suppression is low in comparison with the 

93% weed suppression achieved in summer and winter annual CC. There was an inverse 

correlation between PP DW and weed DW (Fig 3.4) and between PP DW and N 

accumulation in weeds (Fig 3.5) in summer and fall. 

Discussion 

Low initial LAI and DW production for the current PP study may be related to 

slow initial growth (Prine, 1986). In addition, lack of supplemental irrigation combined 

with low organic matter content, and poor water retention capacity of the sandy soil may 

have further hampered initial growth and leaf area expansion.  

Because of the cost of plant material, sprigs are typically planted in strips with a 

row spacing of 0.5 m as a standard practice (French et al., 2001). Under our conditions, 

complete row closing only occurred during the third year of growth, probably due to 

pronounced weed competition during the first years. These findings agree with those 

reported by Williams (1993); however Ruiz et al. (2000) reported row closing within one 

year. However, in that case, mechanical and/or chemical weed control along with 

supplemental fertilizers and irrigation applications were used. The latter are not feasible 

for citrus row middles and synthetic herbicides are not permitted in organic production.  

The relatively high shoot number during the two first years after planting for the 

PPsu and PPsu-os systems was probably related to more favorable initial soil moisture 

conditions for summer plantings and warmer soil temperatures. Although the PPsu 

treatment had the highest LAI and DW across the years, it still did not perform as well as 

the annual cover crop system.  
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The consistently poor performance of the PPsp system may have been related to 

erratic rainfall and prolonged dry period during its initial establishment. Similar results 

were reported by Williams et al. (1997) and Saldivar et al. (1992b), who concluded that 

adequate soil moisture during the initial 2 or 3 months after planting is the most critical 

factor for PP survival. It should be noted that citrus rows middles are typically not 

irrigated, and that citrus soils typically also have lower water holding capacities 

compared to soils commonly used for pasture systems.  

The increased divergence between different planting systems over time may be 

related to the PPsp treatment failing to develop a critical density required to effectively 

compete with weeds. In the absence of overhead irrigation, initial growth for the spring 

planted system was very poor and the few sprouts that grew often senesced within the 

first few weeks, similar to the findings reported by Williams (1993, 1994a). As a result, 

overall stands were very erratic and in many cases perennial grasses and weeds prevented 

effective PPsp establishment, and maximum observed DW for this treatment did not 

increase over time. Delaying planting until the onset of the summer rains improved initial 

establishment and increased initial growth and appeared to be a more viable strategy for 

citrus systems.  Similar recommendations were made for forage systems by Williams et 

al. (1997), whereas French and Prine (1991) proposed that January to March was the best 

time for PP planting.  

For summer plantings, overall maximum DWpp, LAIpp, and Npp occurred during 

early fall, which is in agreement with findings by Ocumpaugh (1990). Although 

overseeding did not affect initial growth of summer plantings, it appeared to hamper plant 

growth during subsequent years. The zero till planter used for cover crops may have 
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caused some damage to the rhizomes. Alternatively, it could be argued that planting 

crimson clover during the fall may have reduced initial regrowth during early spring 

since crimson clover may persist up to April/May. As a result, regrowth of PP may be 

slower and maximum productivity did not occur until fall. This in turn may have affected 

assimilate storage in rhizomes and subsequent regrowth as suggested by Saldivar et al. 

(1992a) and by Rice et al. (1996).   

The rationale for over-seeding PP in fall was to maintain a ground cover during the 

winter when PP is dormant and to also add additional N to the cropping system. 

However, since DWpp for the PPsu-os treatment was less than PPsu and weed pressure was 

not reduced, there is no justification for the extra cost associated with overseeding with 

crimson clover during the fall for this system. Dunavin (1990, 1992), on the other hand, 

reported that over-seeding PP with rye or a rye grass mixture and crimson clover for the 

cool season provided a superior cropping system that had no negative impact on 

subsequent growth of PP. However, in these studies, the companion CC were broadcast 

instead of planted in rows while in our case, the knives of the zero-till planter may have 

caused some injury to the PP rhizomes. Additional research may be needed to assess 

whether broadcasting without mechanical soil incorporation would enhance system 

performance without hampering PP growth.  

The continuous increase in maximum observed DWpp values for the PPsu treatment 

appears to be associated with higher shoot densities resulting from more favorable 

conditions for initial growth and rhizome formation. Calculated cumulative productivity 

was low compared to reported potential PP hay yields of about 8 Mg ha-1 in conventional 

pure PP stands (Ocumpaugh, 1990; Johnson et al., 1994; Terril et al., 1996). Relatively 
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low yields for our studies could be explained by the competition between PP and grassy 

weeds (Dunavin, 1992). Canudas et al. (1989) concluded that grass weeds hampered PP 

establishment and reduced PP yield by 50% due to competition. As a result, PP storage 

reservoirs may become depleted, resulting in reduced re-growth and poor performance in 

following years (Saldivar et al. 1992a, Williams, 1994b). Low inherent soil K levels may 

also have hampered PP-rhizobium activity as suggested by Slattery et al. (2001). The 

limited soil water storage capacity combined with the lack of supplemental irrigation may 

also have resulted in additional reductions in growth and productivity as discussed above. 

Dunavin (1992) and Valencia et al. (1999) reported similar or lower yields for PP mixed 

with grasses.   

The shift in maximum N accumulation from summer to fall for the PPsu-os treatment 

could have been related to shading of perennial peanut by crimson clover. Although N 

concentration in PP tissues were within expected range of 21 and 29 g N kg-1 (Saldivar et 

al., 1990; Terill et al., 1996; Venuto et al., 2000), the overall N content was  much lower 

than the 192 and 162 kg N ha-1 calculated from the data provided by Ocumpaugh (1990) 

and Terril et al.(1996) for pure PP pure stands. This discrepancy may be related to weeds 

competing for light and nutrients in mixed stands thereby reducing productivity of PP as 

suggested by Dunavin (1992). The low inherent initial soil fertility of the field site may 

also have resulted in poor performance of rhizobium bacteria symbiont, as was proposed 

by O’Hara (2001). 

The reduction in DWwd for the PPsu provides evidence that this treatment was 

relatively more successful in competing with perennial weeds. The overall effectiveness 

of PP in suppressing weeds was inversely related to DWpp (Fig 3.4) with correlation 
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coefficients r=-0.78 and -0.72 for PPsu and PPsu-os, respectively, which may be related to 

resource competition between PP and weeds (Dunavin, 1992; and Valencia et al., 1999).  

Lower DWwd during the summer 2002 was probably due to the effect of soil tillage 

on weed biomass. For all treatments DWwd was greatest during the fall, except for 2005 

when values peaked during the summer. Although the PPsu systems had a relatively high 

initial weed biomass compared to the PPsu-os system, within a year this trend was 

reversed. This underlies the observation that over-seeding did not enhance weed 

suppression. It may be possible that weed species that are effectively being suppressed by 

crimson clover did not prevail during the summer, whereas weed species competing with 

PP during the summer may also be dormant during the winter and thus were not greatly 

affected by over seeding. Alternatively, the rhizomes of perennial weedy grasses may 

have been more tolerant to potential injury of the zero-till planter. 

Reduction in weed suppression by annual CC in the early spring 2004 may be 

related to the use of the zero-till system initiated with the planting of winter CC in 2003. 

The spike in weed growth observed in the fall of 2004 (Fig. 3.2) was related to the use of 

‘Cream-40’ cowpea, a precocious variety with poor canopy persistence, that was 

relatively ineffective in suppressing weeds.  

Observed weed biomass values for PP-based systems during the first year were 

similar to those for conventional plots treated with pre-emergence herbicides only 

(Canudas et al., 1989). The PPsp system did not show appreciable decrease in weed 

growth over time, which was consistent with DWpp not increasing over time, suggesting 

that PP requires a critical initial density to effectively suppress weeds. 



 

 

71

It should be noted that a key weed management strategy for this trial was to 

withhold N-based nutrient sources from row middles and thereby provide PP with a 

competitive edge. This strategy appeared to work for the PPsu system, which showed a 

gradual decline in weed growth over time. Based on field observations, frequent mowing 

during the first year greatly reduced the incidence of broadleaf weeds. However, it also 

promoted the growth of perennial grasses such as bahia and bermudagrass, similar to the 

results reported by Wright et al. (2003). In areas with higher inherent soil fertility, 

bermudagrass and broadleaf weeds grew more vigorously and out-competed PP, and this 

effect appeared to be most prominent for spring plantings.  

The proportion of weeds (grasses) to PP on a DW basis was about 70-30 in PPsu in 

2004 and 2005, which was similar to the values reported by Dunavin (1992) in the fourth 

year of a mix of ‘Pensacola’ bahiagrass-PP. The proportions were 99-1 and 90-10 for 

PPsp and PPsu-os systems, respectively. The low PP components in these systems reflect 

the negative effect of the management practices associated with these systems on the 

overall competitiveness of PP as explained above. In 2005, for the productivity trial, this 

ratio (weeds:PP) was lower (50:50) in PPsu which may be related to the cutting height 

used (Ocumpaugh, 1990). 

Similar to DWwd, Nwd was greatest for the PPsp treatment. The lower weed DW and 

N content for the PPsu treatment may be related to PP start attaining dominance in this 

system due to more favorable rainfall distribution during initial establishment as was 

proposed by Williams (1994a). 

High CCWI during the first sampling, was related to the short term effects of 

mechanical tillage on weeds. However over time, weeds began to dominate the system 
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again because they were more competitive than PP. Repeated mowing favored prevalence 

of C-4 grass species including bahia and bermudagrass, which have higher growth rates 

compared to PP which is a C-3 plant (Paterson et al., 1996, Newman et al., 2005).  

Although PPsu initially did not compete well with grass weeds, over time PPsu 

gradually became more competitive possibly due to the fact that it is more drought 

tolerant and can prevail in low nutrient environments (French et al., 2001). As a result, its 

CCWI thus gradually increased over time as PP gained a competitive edge over the 

grasses. On the other hand, since PPsp shoots often senesced before they reached full size, 

they could not contribute to restoring carbohydrate reserves of the rhizomes during the 

fall and this was reflected by a gradual decline in DW and CCWI over time. As a result, 

PP storage reservoirs may have become depleted (Saldivar et al., 1992a) resulting in poor 

re-growth and performance in following years, giving weeds a competitive edge. It could 

be argued that a critical mass of initial growth is required for PP to invest in rhizome 

storage reserves expansion in order to develop dominance over time, as discussed above.  

The results of the PP productivity trial were low (3.3 Mg ha-1) compared to the 8 

Mg ha-1 reported by Ocumpaugh (1990), Johnson et al. (1994), and Terril et al. (1996). 

However, these studies featured pure PP stands (compared to 50% PP in our study) and 

their plots were treated with chemical herbicides and fertilizers. Relatively low PP yields 

could be explained by the competition between PP and grass weeds, as suggested by 

Canudas et al. (1989) who reported that competition from grass weeds reduced PP 

establishment and PP yield by half. Dry weight of the PPsu treatment nearly matched the 

results obtained by Dunavin (1992) and Valencia et al. (1999) for PP mixed with grasses.  
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The low productivity for the PPsu-os was probably due to over-seeding PP with 

crimson clover with the zero-till drill damaging rhizomes and/or depleting carbohydrates 

reserves which are critical for vigorous regrowth during a subsequent spring season 

(Saldivar et al., 1992a; Rice et al., 1996). Moreover, it may be possible that crimson 

clover reduced light availability to newly emerged PP sprouts during the spring. Another 

factor that could account for this relatively low productivity is the low initial soil K 

content (see chapter 5 for more details about soil fertility dynamics), which could have 

hampered PP-rhizobium activity as proposed by Slattery et al. (2001). According to these 

results, contrary to those by Prine et al. (1981) and Williams (1993), planting PP in spring 

in the absence of supplemental irrigation, increases the risk of poor stands on poor soils 

and/or during dry springs as was the case for the 2002 planting. 

For annual CC, average sunnhemp biomass accumulation was similar to the 9-11 

Mg ha-1 reported by Steinmaier and Ngoliya (2001); Ramos et al. (2001); Perin et al. 

(2004) under tropical conditions, and superior to the results from Balkcom and Reeves 

(2005) and Jeranyama et al. (2000) for subtropical regions. 

The dry matter accumulation by ‘Cream-40’ was low compared to other cowpea 

varieties (Jerenyama et al., 2000; Muir, 2002). This was related to the short season and 

precocious reproductive cycle of this cultivar, because after 6 weeks almost all the pods 

were formed and at 8 weeks all the foliage had senesced, allowing light to penetrate to 

the soil surface and decreasing weed suppression (Fig 3.2-3.3 and Table 3.8). 

The average DW accumulation of crimson clover (1.7 Mg ha-1) was lower than the 

2.5-4.9 Mg ha-1 reported previously (Dyck et al., 1995; Daniel et al., 1999; Odhiambo 

and Bomke, 2001; and Schomberg and Endale, 2004).  
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Superior performance of mixed winter CC systems is in agreement with findings of 

Karpenstein-Machan and Stuelpnagel (2000) for mixed rye-crimson clover and rye-

winter pea (Lathyrus hirsutus L.) systems in Germany and reports by Juskiw et al. (2000) 

for mixed small grain cereals systems in Canada. The excellent performance of the mixed 

system may be related to the synergistic combination of complementary characteristics of 

the constituents of the mix (Kabir and Koide, 2002). Winter CC mixes also had a higher 

N accumulation which may be related to the combination of enhanced N retention of 

deep rooting and fast growing species (rye and radish) with additional N-fixation by 

crimson clover (Justes et al., 1999; Vos and van der Putten, 2001; Kristensen and 

Thorup-Kristensen, 2004). 

The overall greatest N accumulation for sunnhemp is in agreement with reports by 

Balkcom and Reeves (2005) while the poor performance of ‘Cream-40’ is related to its 

short growth cycle which makes it more suitable for short-term fallows. The relatively 

low (40 kg N ha-1N ) N content of crimson clover compared to other studies (Daniel et 

al., 1999; Odhiambo and Bomke, 2001), was probably due to the low pH and poor initial 

soil fertility hampering rhizobium colonization (Slattery et al., 2001).  

The effectiveness of annual CC in suppressing weeds compared to PP may be 

related to both higher growth rates of annual CC, the use of mechanical tillage disrupting 

weed growth cycles, and allelopathic action of winter rye (Reberg-Horton et al., 2005). 

The superiority of weed suppression for annual CC, especially by the triple mix 

(rye+crimson clover+ radish) and sunnhemp was probably related to superior resource 

pre-emption by these annual CC systems (Craine et al., 2005).  
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In terms of system dynamics, higher total biomass found in annual CC systems was 

related to the partial dormancy observed in C4 grasses and PP during the winter season. 

In contrast, winter CC are well adapted to low temperatures (Qi et al., 1999; Teasdale et 

al., 2004), and the higher overall N accumulation in annual CC systems was thus partly 

due to the contribution of winter CC. Therefore, use of winter CC may enhance nutrient 

retention and soil C sequestration, thereby outperforming PP-based systems while also 

providing superior weed suppression compared to PP-based systems. 

As discussed in Chapter 2, increased N accumulation in the system during the 

summer or winter season could be mineralized later and benefit either citrus trees or 

subsequent CC. However, strategies should be developed to avoid potential N leaching in 

sandy soils during the winter by including NO3 trap crops such as rye and/or radish as 

suggested by Justes et al. (1999), Vos and van der Putten (2001), and Kristensen and 

Thorup-Kristensen (2004).  

Weeds contributed significantly to DW and N accumulation in PP-based systems, 

underlining their important role of capturing N in the system and reducing environmental 

risks associated with potential N leaching (Vos and van der Putten, 2001; Woodward et 

al., 2002). However, potential benefits of specific management practices of PP-based 

systems in reducing environmental impacts should be evaluated in more detail in future 

research. 

Although PPsu had low CCWI values and did not effectively suppress weeds during 

the first years, it is able to persist under adverse conditions (French and Prine, 1991). As 

was expected, over time PP gradually became more competitive, although its overall 

performance was still inferior to annual CC. However, in addition to weed suppression 
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other potential advantages of PP include its potential for provide additional income as 

hay and its use within an integrated systems with animals such as sheep or goats (French 

et al., 2001). However, PP also has some clear drawbacks such as a relatively high 

establishment cost ($400-900 ha-1), very slow initial growth (it takes 2-3 years to 

complete establishment), poor initial weed suppression and the requirement for frequent 

mowing (Coleman, 1995; Rice et al., 1996; Williams et al., 1997). Since it is very 

important to ensure a clean and weed-free seed bed for PP planting (Williams, 1993; 

Williams et al., 1997) use of repeated tillage followed by CC crops such as sunnhemp 

and winter rye may be beneficial to reduce weed populations in organic systems for a 

minimum of one year prior to planting perennial peanut. In terms of PP systems, we also 

propose the use of an integrated management system with PP being planted in early 

summer in row middles following repeated rototilling of a winter rye CC crop. Annual 

compact, self-reseeding CC can be planted near young trees, complemented with manure 

or natural fertilizer amendment applied to the tree rows only. Once the trees are 5-6 years 

old and the perennial peanut is established, sheep can be introduced in the system to 

graze the row middles.  

Introducing sheep may reduce labor and energy requirements for maintaining a 

short canopy and we aim to test this system as soon as the trees reach a tree height of 3-

3.6 m. In the mean time, we aim to establish self-reseeding cover crops such as crimson 

clover (winter) and alyceclover or cowpea (summer) in the three rows to reduce labor 

requirements. Additional research is needed to assess the fate of N (immobilization and 

release) in the different N-soil pools derived from either CC or added manures or 

fertilizers in these sandy soils, supported by some lysimeter and/or resin trap studies, in 
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order to evaluate potential leaching and environmental risks from these management 

practices. 

Conclusions 

In general PP had slow establishment, and spring plantings were severely hampered 

by lack of adequate soil moisture, while competition with weeds and grasses resulted in 

erratic initial growth and poor stands. Under our production settings, planting PP after the 

onset of the rainy season resulted in better initial stands and more effective weed control. 

Initial weed suppression by PP was very poor to poor, which was due to its slow initial 

growth and high weed pressure. Overseeding PP with crimson clover in fall reduced PP 

vigor and its effectiveness in suppressing weeds.  

Compared to PP, annual CC provided much better weed control, especially when 

species were used that have allelopathic properties (rye) and/or retain adequately dense 

canopies for prolonged periods of time (rye and sunnhemp). For both PP and ACC, weed 

biomass was typically inversely related to DW content of either PP or ACC probably due 

to competition for light, water, and nutrients. Presence of leguminous CC increased 

overall N accumulation, but weeds also contributed to enhanced N retention and nutrient 

cycling. 
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Table 3.1. Overview of experimental treatments during 2002-2005. 
Season 

 
 
Year 

 
Treatments 

Spring  Summer  Fall 
Annual CC§ 
 

Fallow1 Sunnhemp (SH) Crimson Clover 
(CrCl) 

PPsp
† 

 
PP   Fallow1 Fallow1 

PPsu-os
‡ PP   PP   PP/ CrCl 

 

 
 
 
2002 

PPsu
¶ 

 
PP   PP   PP 

Annual CC 
 

Fallow SH + Cowpea* Crimson Clover 

PPsp 
 

Fallow1 Fallow1 Fallow1 

PPsu-os PP   PP   PP/ CrCl 
 

 
 
 
2003 

PPsu 
 

PP   PP   PP 

Annual CC 
 

Fallow Cowpea Rye + Radish + CrCl 

PPsp 
 

Fallow1 Fallow1  Fallow1 

PPsu-os PP   PP   PP/ CrCl 
 

 
 
 
2004 

PPsu 
 

PP   PP   PP 

Annual CC 
 

Fallow SH + Cowpea* Rye + Radish + CrCl+ 
hairy vetch 

PPsp 
 

Fallow1 Fallow1  Fallow1 

PPsu-os PP   PP   PP/ CrCl 
 

 
 
2005 

PPsu 
 

PP   PP   PP 

1 Spring plantings of perennial peanut (PP) were not successful in most of the plots and served as 
a partial control instead. These fallows were maintained by frequent mowing (every 3-4 weeks).§ 
Annual cover crops: crimson clover, sunnhemp and cowpea. † Perennial peanut (PP) planted in 
spring. ‡ PP planted in summer, the following years PP was over-seeded with crimson clover in 
fall. ¶ PP planted in summer. * Sunnhemp planted in the center of row middles surrounded by 
cowpea. 
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Table 3.2. Overview of seeding rates and row spacing for annual summer and winter 
cover crops used between 2002 and 2005 

 
Cover crop 

 
Row spacing 
(m) 

 
Seeding rate 
kg ha-1 

 
Inocula 
 

 
Variety 

 
Sunnhemp 

 
0.36 

 
40 

 
Cowpea strain 

 
-- 

 
Cowpea 

 
0.36 

 
56 

 
Cowpea strain 

 
Iron clay 

 
Crimson clover 

 
0.18 

 
28 

 
Trifolium 
strain 

 
Dixie 

 
Winter rye 

 
0.36 

 
112 

 
-- 

Abruzzi (’02-
’03&’05) 
Florida 401 
(2004) 

 
Radish 

 
0.18 

 
22 

 
-- 

 
Rufus 
 

 

 

Table 3.3. Outline of planting and harvest dates and duration for summer and winter 
cover crops. 

Summer   Winter             

Year Planting Mowing Duration 
(days) 

 Planting Mowing Duration 
(days) 

2002 30 Jul 11 Oct 102  1 Dec 15 May 165 

2003 10 Jun  16 Oct 127  28 Oct 31 March 154 

2004 11 Jun  10 Oct 121  1 Nov 5 April 156 

2005 21 Jun 25 Oct 125  5 Dec 9 May 155 
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Table 3.4. Outline of cover crop weed index (CCWI) categories. 
CCWI value Cover crop Weed Weed control 

< 0.5 CC not competitive Weeds dominate Very poor (>70% 
weeds) 

0.5-1 CC coexist Weeds coexist Poor 

1-3 CC start prevailing Weeds prevail in niches Moderate 

3-5 CC prevail Weeds fail to dominate Adequate 

5-15 CC predominate (70-90%) < 10-30% weeds Excellent 

>15 CC dominate completely <5% weeds Outstanding 

It is assumed if CCWI >15 then weed control is considered outstanding since weeds only 
cover account for less than 5% of the total biomass. It should be noted that in the absence 
of weeds the CCWI will approach infinity, and the upper boundary is thus not defined.   
 
 Table 3.5. Rainfall measured in the Plant Science Research and Education Unit (Citra)1 

during 2002-2005. 

 
Year 

Month 2002 2003 2004 2005 

 ---------------------------------  Rainfall (mm)  ------------------------------- 

January 61 4 44 23 

February 26 129 143 65 

March 35 182 55 121 

April 21 14 25 148 

May 0 33 70 163 

June 135 238 142 197 

July 105 130 272 102 

August 153 148 160 196 

September 122 101 420 102 

October 15 114 117 121 

November 67 46 35 58 

December 160 22 39 75 

Total 901 1162 1522 1370 
1 Data obtained from the website http//fawn.ifas.ufl.edu on 1/25/2006 
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Table 3.6. Effect of planting time and over-seeding of perennial peanut (PP) on shoot number m-2 (Shoot#), leaf area index (LAIPP), shoot dry 
weight (DWPP), and N accumulation (Nacc-PP); weed dry weight (DWWD), N accumulation in weeds (Nacc-WD), and cover crop weed 
index (CCWI) in 2002. LAI, DW, Nacc, DWWD,and Nacc-WD for Annual Cover Crops (ACC) are included for purpose of comparison. 

Perennial Peanut 
Treatment  Shoot#   LAIPP   DWPP   Nacc-PP  
             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  Spring Summer Fall 
 ------------  # m-2  -------------   ------------- m2 m-2  ----------- ------------ Mg ha-1 ------------- ------------ kg N ha-1 ----------- 
PPsp

†  12 a A¶ 15 b A  0.03aA 0.03 b A  0.04 a A 0.05 b A  0.8 a A 1.5 b A 
PPsu-os

‡  33 a B 70 a A  0.02 a B 0.21 a A  0.02 a B 0.29 a A  0.7 a B 6.6 a A 
PPsu

§ 
 
 

 29 a B 57 a A  0.02 a B 0.16 a A  0.02 a B 0.28 a A  0.8 a B 6.6 a A 

ACC  - -  ND 2.74 1.6 B ND 7.72 A  ND 146 
ACC vs PPsu      **   **   ** 
      Weeds       
  DWwd    Nacc-wd    CCWI   
             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  
 -----------  Mg ha-1 -------------  ------------ kg N ha-1 -------------  -----------  Mg Mg-1 -------------  
PPsp

†  2.3 a A 3.6 a A   32.2 a A 48.1 a A   0.02 bA 0.03 a A  
PPsu-os

‡  0.1 b B 3.7 a A   1.7 b B 39.0 a A   0.31 a A 0.11 a B  
PPsu

§ 
 
 

 0.1 b B 4.8 a A   1.2 b B 47.6 a A   0.35 a A 0.12 a B  

ACC  ND 0.3   ND 5.3   ND 25.1  
ACC vs PPsu   **    **    **  
† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years perennial peanut was over-seeded with crimson clover in 
fall. § PP planted in summer. ¶ Means within the same column followed by the same lower case letter and means within the same row followed by 
the same upper case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). **Contrast between ACC and PPsu, 
significant at P=0.01. 
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Table 3.7. Effect of planting time and over-seeding of perennial peanut (PP) on shoot number m-2 (Shoot#), leaf area index (LAIPP), shoot dry 

weight (DWPP), and N accumulation (Nacc-PP); weed dry weight (DWWD), N accumulation in weeds (Nacc-WD), and cover crop weed 
index (CCWI) in 2003. LAI, DW, Nacc, DWWD,and Nacc-WD for Annual Cover Crops (ACC) are included for purpose of comparison. 

Perennial Peanut 
  Shoot#   LAIPP   DWPP   Nacc-PP  
Treatment             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  Spring Summer Fall 
 ------------  # m-2  -------------   ------------- m2 m-2  ----------- ------------ Mg ha-1 ------------- ------------ kg N ha-1 ----------- 
PPsp

† 4 bA¶ 12 b A 11 b A 0.00aA 0.03 c A 0.02 c A 0.00 a A 0.04 c A 0.04 c A 0.2 a A 1.1 c A 0.7 b A 
PPsu-os

‡ 35 a B 88 a A 82 a A 0.03 a B 0.13 b A 0.13 b A 0.02 a B 0.21 b A 0.23 b A 1.0 a B 5.0 b A 5.0 a A 
PPsu

§ 
 
 

60 a A 107 a A 127 a A 0.05 a B 0.19 a A 0.19 a A 0.05 a B 0.31 a A 0.34 a A 2.0 a B 7.2 a A 7.2 a A 

ACC - - - 0.95 B ND 3.12 A 1.8 B ND 9.6 A 40.3 B ND 201 A 
ACC vs PPsu    **  ** **  ** **  ** 
      Weeds       
  DWwd    Nacc-wd    CCWI   
             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  
 -----------  Mg ha-1 -------------  ------------ kg N ha-1 -------------  -----------  Mg Mg-1 -------------  
PPsp

† 3.5 a A 3.4 a A 3.2 a A  44.8 a A 46.3 a A 46.5 a A  0.00 a B 0.01 c A 0.01 c A  
PPsu-os

‡ 2.5 b A 2.5 b A 2.9 a A  34.6 a A 35.0 a A 32.4 b A  0.01 a B 0.08 bA 0.08 b A  
PPsu

§ 
 
 

2.8 b A 2.6 b A 2.5 b A  37.8 a A 32.6 a A 25.6 b A  0.02 a B 0.12 a A 0.14 a A  

ACC 0.6 A ND 0.4 A  11.9 A ND 6.8 A  2.87 B ND 23.7 A  
ACC vs PPsu **  **  **  **  **  **  
† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years perennial peanut was over-seeded with crimson clover in 
fall. § PP planted in summer. ¶ Means within the same column followed by the same lower case letter and means within the same row followed by 
the same upper case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). **Contrast between ACC and PPsu, 
significant at P=0.01. 
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Table 3.8. Effect of planting time and over-seeding of perennial peanut (PP) on shoot number m-2 (Shoot#), leaf area index (LAIPP), shoot dry 
weight (DWPP), and N accumulation (Nacc-PP); weed dry weight (DWWD), N accumulation in weeds (Nacc-WD), and cover crop weed 
index (CCWI) in 2004. LAI, DW, Nacc, DWWD,and Nacc-WD for Annual Cover Crops (ACC) are included for purpose of comparison.  

Perennial Peanut 
  Shoot#   LAIPP   DWPP   Nacc-PP  
Treatment             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  Spring Summer Fall 
 ------------  # m-2  -------------   ------------- m2 m-2  ----------- ------------ Mg ha-1 ------------- ------------ kg N ha-1 ------------ 
PPsp

† 5 bA¶ 8 bA 16 bA 0.00aA 0.02 cA 0.02 cA 0.00 aA 0.02 cA 0.03 cA 0.0 aA 0.5 bA 0.7 cA 
PPsu-os

‡ 81abA  107 bA  153 bA 0.03 aB 0.18 bA 0.25 bA 0.04 aB 0.22 bB 0.42 bA 1.5 aA 5.6 bA 9.6 bA 
PPsu

§ 
 
 

158aA 303 aA 346 aA 0.06 aB 0.51 aA 0.58 aA 0.08 aB 0.62 aB 1.00 aA 3.3 aB 16.8 aA 23.1 aA 

ACC - - - 1.1 A ND 0.65 B 1.83 A ND 1.21 A 38.1 A ND 24.8 A 
ACC vs PPsu    **  NS **  NS **  NS 
      Weeds       
  DWwd    Nacc-wd    CCWI   
             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  
 -----------  Mg ha-1 -------------  ------------ kg N ha-1 -------------  -----------  Mg Mg-1 -------------  
PPsp

† 1.8 aB 2.7 aB 4.3 aA  29.4 aB 29.6 aB 55.8 aA  0.00 aA 0.01 bA 0.01 bA  
PPsu-os

‡ 1.2 aA 2.1abA 3.3 abA  17.9 aA 26.5 aA 35.8 abA   0.04 aA 0.11 bA 0.13 bA  
PPsu

§ 

 
 

1.1 aA 1.8 bA 2.5 bA  15.2 aA 22.2 aA 28.6 bA  0.08 aB 0.36 aA  0.41 aA  

ACC 0.9 B 0.1 B 1.4 A  14.5 B 1.2 B 38.3 A  1.92 A ND 0.86 A  
ACC vs PPsu NS ** *  NS ** NS  **  *  
† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years perennial peanut was over-seeded with crimson clover in 
fall. § PP planted in summer. ¶ Means within the same column followed by the same lower case letter and means within the same row followed by 
the same upper case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). **Contrast between ACC and PPsu, 
significant at P=0.01. 



 

 

84

Table 3.9. Effect of planting time and over-seeding of perennial peanut (PP) on shoot number m-2 (Shoot#), leaf area index (LAIPP), shoot dry 
weight (DWPP), and N accumulation (Nacc-PP); weed dry weight (DWWD), N accumulation in weeds (Nacc-WD), and cover crop weed 
index (CCWI) in 2005. LAI, DW, Nacc, DWWD,and Nacc-WD for Annual Cover Crops (ACC) are included for purpose of comparison.  

Perennial Peanut 
  Shoot#   LAIPP   DWPP   Nacc-PP  
Treatment             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  Spring Summer Fall 
 ------------  # m-2  -------------   ------------- m2 m-2  ----------- ------------ Mg ha-1 ------------- ------------ kg N ha-1 ------------ 
PPsp

† 2 b A¶ 13 b A 20 b A 0.00aA 0.03 b A 0.02 c A 0.00 a A 0.04 c A 0.03 c A 0.1 a A 1.4 b A 0.9 b A 
PPsu-os

‡ 76 bA  150 b A  196 b A 0.03 a B 0.22 b A 0.24 b A 0.03 a C 0.29 b B 0.37 b A 1.0 a A 7.3 b A 8.0 b A 
PPsu

§ 
 
 

225aB 479 a A 558 a A 0.09 a B 0.87 a A 0.60 a A 0.10 a B 1.23 a A 0.98 a A 4.1 a B 29.3 a A 21.7 aA 

ACC - - - ND ND 1.91  7.41 A ND 6.42 A 121 A ND 103 A 
ACC vs PPsu      ** **  ** **  ** 
      Weeds       
  DWwd    Nacc-wd    CCWI   
             
 Spring Summer Fall  Spring Summer Fall  Spring Summer Fall  
 -----------  Mg ha-1 -------------  ------------ kg N ha-1 -------------  -----------  Mg Mg-1 -------------  
PPsp

† 2.3 a B 3.8 a A 3.3 a A  29.8 a A 51.5 a A 42.4 a A  0.00 a A 0.01 bA 0.01 b A  
PPsu-os

‡ 1.0 b B 3.4 a A 2.5 b B  11.4 a B 45.9 abA 29.7 a A  0.02 a A 0.10 bA 0.18 b A  
PPsu

§ 
 
 

1.2 b B 2.4 b A 2.0 b A  14.7 a A 29.6 b A 23.9 a A  0.10 a A 0.52 a A 0.50 a A  

ACC 0.1 A 0.0 A 0.2 A  1.1 A 0.2 A 2.3 A  75.2 A ND 32.1  A  
ACC vs PPsu ** ** **  ** ** **  **  **  
† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years perennial peanut was over-seeded with crimson clover in 
fall. § PP planted in summer. ¶ Means within the same column followed by the same lower case letter and means within the same row followed by 
the same upper case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). **Contrast between ACC and PPsu, 
significant at P=0.01. 
.
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Table 3.10. Effect of planting season date and over seeding on perennial peanut (PP), weeds, and system (PP+weed) dry weight, N 
accumulation in PP, weeds and in the system in 2005. 

 Season   
Treatment  Spring   Summer   Fall   Total  
 PP Weeds Total  PP Weeds Total  PP Weeds Total  PP Weeds Total 
 Dry weight 

  ------------------------------------------------------------- Mg ha-1 --------------------------------------------------------------------- 

PPsp
† 0.02 b¶ 1.9 a 1.9 a 0.07 b 2.7 a 2.8 a 0.03 b 1.9 a 1.9 a 0.1 b 6.5 a 6.6 a 

PPsu-os
‡ 0.2 b 1.2 a 1.4 a 0.4 b 2.4 a 2.8 a 0.2 b 1.8 a 2.0 a 0.8 b 5.5 a 6.3 a 

PPsu§ 0.9 a 0.9 b 1.8 a 1.4 a 1.4 b 2.8 a 1.0 a 1.1 b 2.1 a 3.3 a 3.3 b 6.6 a 

              N accumulation 
   ---------------------------------------------------------------- kg ha-1 -------------------------------------------------------------------   

PPsp
† 0.5 b¶ 24.6 a 25.0 a 1.6 b 36.6 a 38.2 a 0.7 b 24.5 a 25.2 a 3 b 85.7 a 89 a 

PPsu-os
‡ 5.0 b 13.7 b 18.7 a 10.0 b 32.4a 42.4 a 5.1 b 21.4 a 26.5 a 20 b 67.5 a 87 a 

PPsu
§ 22.6 a 11.0 b 33.6 a 35.7 a 17.3 b 53.0 a 24.6 a 13.2 b 37.8 a 83 a 41.4 b 124 a 

† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years perennial peanut was over-seeded with crimson 
clover in fall. § PP planted in summer. ¶ Means within the same column followed by the same letter do not differ statistically by the 
LSMEANS adjusted by Tukey test (P<0.05). 
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Table 3.11. Total dry weight (DW) in the system (CC+weeds), corresponding percentage 
of total dry weight in CC (% DW CC), total N accumulation (Total Nacc) in 
the system (CC and weeds) and corresponding percentage of N in CC (%N in 
CC) in 2005. 

 Total DW  % DW CC Total Nacc % N in CC 
 Mg ha-1  kg N ha-1  

PPsp
† 6.6 2 89 3 

PPsu-os
‡ 6.3 13 87 23 

PPsu
§ 6.6 50 124 67 

     

Annual CC (total) 14.1 98 227 99 

Summer CC¶ 6.6 97 105 98 

Winter CC¦ 7.5 99 121 100 

† Perennial peanut (PP) planted in spring. ‡ PP planted in summer, the following years 
perennial peanut was over-seeded with crimson clover in fall. § PP planted in summer. ¶ 
Sunnhemp+ ‘Iron clay cowpea’.¦ Triple mix: Winter rye+crimson clover +radish
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Figure 3.1. Dry matter of perennial peanut (PP) over time (PPspr-p= PP planted in spring; 
PPsum-p+W-CC= PP planted in summer and overseeded with crimson clover in 
fall; PPsum-p= PP planted in summer). 
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Figure 3.2. Dry matter of weeds across the years (Annual CC= Annual cover crop; PPspr-

p= Perennial peanut (PP) planted in spring; PPsum-p+W-CC= PP planted in 
summer and overseeded with crimson clover in fall; PPsum-p= PP planted in 
summer). 
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Figure 3.3. Cover Crop Weed Index (CCWI) for perennial peanut across the years (PPspr-

p= Perennial peanut (PP) planted in spring; PPsum-p+W-CC= PP planted in 
summer and overseeded with crimson clover in fall; PPsum-p= PP planted in 
summer). 
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Figure 3.4. Regression between PP dry weight (DWpp) and weed dry weight during 
spring (SPDWW), summer (SUDWW), and fall (FALLDWW) for all PP treatments; 
** coefficient of determination significant at P=0.01. 
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Figure 3.5. Regression between PP dry weight (DW) and N accumulation in weeds 
during spring (SPN-W), summer (SUN-W), and fall (FALLN-W) for all PP 
treatments; * coefficient of determination significant at P=0.05. 
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CHAPTER 4 
EFFECTS OF PERENNIAL PEANUT (Arachis glabrata Benth.) AND COMMON 

BERMUDAGRASS (Cynodon dactylon L.) ON NITROGEN AND WATER UPTAKE 
OF CITRUS 

Introduction 

Citrus is one of the most important crops in Florida and currently 302,929 hectares 

are under citrus production (Florida Agricultural Statistics Service, 2006). In most citrus 

production systems, row middles are managed to facilitate harvesting and grove 

maintenance operations while reducing effects of both weeds and soil erosion on tree 

production (Wright et al., 2003; Matheis and Victoria, 2005).  

Annual or perennial species planted in field areas that are not occupied by 

commercial crops are referred to as cover crops (Gliessman, 1998). Cover crops (CC) can 

suppress weeds in the row middles of conventional citrus groves (Coleman, 1995; Rouse 

and Mullahey, 1997; Matheis and Victoria, 2005) and in other agronomic and forest 

systems (Clement and DeFrank, 1998; Aguilar, 2001; King and Berry, 2005; Perez-Nieto 

et al., 2005). However, no detailed information is available on the effects of cover crops, 

on either nutrient or water uptake of citrus (Yao et al., 2005). 

Bermudagrass (Cynodon dactylon L. Pers.) is a C4 perennial grass (Paterson et al., 

1996) and selected/ improved cultivars have been successfully used as a forage crop 

(Johnson et al., 2001). Sometimes repeated mowing of sods of grasses such as 

bermudagrass may allow their use as groundcover in row middles. Bermudagrass is a 

relatively short grass that spreads via aerial stolons and subterranean rhizomes that over 

time form dense fibrous mats. Its dispersal can be increased by inversion tillage 
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(Guglielmini and Satorre, 2004) and its growth may also be enhanced by mowing 

(Wright et al., 2003). As a result, it may volunteer as a weed and can compete with citrus 

roots for water and nutrients (Wright et al., 2003) and become a persistent weed 

(Fernandez et al., 2002).  

Perennial peanut (Arachis glabrata, Benth.) is a leguminous CC with low water 

and nutrient requirements. Since it does not require pesticides or N fertilizer, it may fit 

well within the model of sustainable production systems (Mullahey et al., 1994). 

Perennial peanut has been reported as a suitable groundcover for coconut (Mullen et al., 

1997), coffee (Bradshaw and Lanini, 1995; Aguilar, 2001; Perez-Nieto et al., 2005), 

pejiyabe (Clement and DeFrank, 1998), and citrus (Coleman, 1995; Mullahey et al., 

1994). Its use may reduce labor costs associated with weed control, minimize soil erosion 

and nutrient losses due to leaching and runoff, and provide supplemental farm income via 

hay production revenues during early grove establishment. Florida citrus growers 

expressed interest in the use of perennial peanut as a ground cover to suppress weed 

growth (Scholberg, unpublished). However, they also expressed concerns about potential 

competition with (young) citrus trees for water and nutrients. 

Competition can be defined as the “negative interaction between organisms that 

place simultaneous demands on limited resources”, thereby potentially reducing growth 

of either one or both organisms (Booth et al., 2003; Craine et al., 2005). Plants compete 

for resources such as light, water, and nutrients. Among all nutrients, crop N demand 

tends to be greatest, and plants thus compete strongly for this limited resource 

(Radosevich, 1995; Craine et al., 2005). Alternatively, cover crops can also act as catch 
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crops and thus reduce nutrient leaching in perennial orchard systems (Wiedenfeld et al., 

1999; Stork and Jerie, 2003).   

Competition for water, which is another critical crop production factor, has also 

been reported to occur in dry years and in this case presence of cover crops may reduce 

tree growth (Pool et al., 1990).  Due to a dense root system and high demand for N, 

bermudagrass has been reported as a very efficient competitor for both water and 

nutrients (Cohn et al., 1989; Fernandez et al., 2002). However, Alsaadawi and Alrubeaa 

(1985), on the other hand, reported that bermudagrass seedling growth may be reduced 

through allelopathic interaction with sour orange (Citrus aurantium L.). 

Nitrogen is an essential component of key molecules such as proteins, nucleic 

acids, and chlorophyll (Marschner, 2003). Citrus requires adequate N supply to ensure 

optimal growth, canopy density, yield, and fruit quality (Zekri and Obreza, 2003). 

Nitrogen deficiency is a widespread problem in many citrus soils, and suboptimal N 

availability may greatly hamper tree growth and production (Maust and Williamson, 

1994). Current N recommendations for citrus trees are 0.17-0.34, 0.34-0.67, and 0.67 to 

1.0 kg N tree-1 during the first, second, and third year after initial tree establishment, 

respectively (Tucker et al., 1995). Citrus N uptake has been studied extensively for young 

citrus trees (Legaz and Primo-Millo, 1988; Maust and Williamson, 1994; Guazzelli et al., 

1995; Syvertsen and Smith, 1996; Lea-Cox and Syvertsen, 1996, Scholberg et al., 2002). 

However, there is no information on the effect of cover crops on water and N uptake of 

young citrus trees. 

Stable N isotopes (15N) have been used to study N uptake (Mooney and 

Richardson, 1992; Lea-Cox and Syvertsen, 1996), N allocation and redistribution within 



 

 

94

the tree (Feigenbaum et al., 1987; Legaz and Primo-Millo, 1988; Maust and Williamson, 

1994), N uptake efficiency (Weinbaum, 1978; Quinones et al., 2003), and to evaluate N 

competition between species (Staples et al., 1999). However, 15N can interfere with 

subsequent 15N applications. The price of labeled fertilizer and subsequent sample 

analysis may also be cost-prohibitive, and only a limited number of laboratories are 

equipped for 15N determination (Scholberg et al., 2001). Alternatively, nitrogen uptake 

can be determined via less expensive methods such as the Soil N Uptake Monitoring 

(SUM) system methodology developed by Scholberg et al. (2001). This system was 

shown to be suitable to monitor short-term N uptake dynamics by citrus (Scholberg et al., 

2001; Scholberg et al., 2002).  

The objectives of this study were to 1) quantify the effect of perennial peanut and 

bermudagrass on citrus nitrogen and water uptake under controlled conditions; 2) assess 

the potential for competition for water and nitrogen between citrus and ground cover 

species such as perennial peanut and bermudagrass; and 3) assess the effect of 

competition for water and nitrogen on citrus tree growth. We also tested the 

corresponding hypotheses 1) plant species will differentially compete for nitrogen and 

water uptake; and 2) competition for uptake for water and nitrogen will be most 

articulated during periods of high demand.  

Materials and Methods 

Set-up and Experimental Design 

A greenhouse experiment was conducted at the Agronomy and Physiology research 

facility at the University of Florida in Gainesville (29.68 N, 82.35 W) between April 

2004 and September 2005. A Soil-N Uptake Monitoring (SUM) system was used to 

determine N and water uptake dynamics of citrus (C), perennial peanut (PP), and 
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common bermudagrass (BG) and to assess the potential for competition for water and N 

uptake between citrus and species used for groundcover. The SUM system consisted of 

four main components: i) uptake columns, ii) nitrogen extraction (leaching) system, iii) 

collection reservoirs, and iv) vacuum system (Scholberg et al., 2001).  

The uptake columns consisted of 0.45 m high PVC cylinders with an inner 

diameter of 0.30 m (Freedom Plastics Inc., Ft. Pierce, FL) that were filled with 25 kg of a 

Candler fine sand soil (Typic Quarzipsamments, hyperthermic, uncoated, 98% sand in the 

upper 15 cm). The soil pH was 6.1 while the soil organic matter content and total 

(Kjehldal-extractable) soil N contents were 13.0 and 0.53 g kg-1, respectively.  

Individual columns were placed in a wooden case to facilitate their handling and 

these cases were placed on reinforced wooden tables (Fig. 4.1). The bottom of each 

column was inserted into a 30.5-cm Schedule 40 PVC end cap (Freedom Plastics Inc. Ft. 

Pierce, FL) after applying waterproof caulking along the edge of the PVC pipe to prevent 

leaks. A circular 15-cm triple folded piece of nylon screen was positioned at the bottom 

of the columns to prevent soil from spilling out. A center hole was drilled in the end-cap 

that was threaded to fit a 12.7-mm o.d. adapter piece (Part No 62016, Thogus Products, 

Avon Lake, OH) connected to a flexible vinyl drainage tube with a 9.5-mm i.d. 

(Termoplastic Processes, Stirling, NJ). Inserted in the middle of this drainage tube was a 

PVC ball valve (Part No 22250, Thogus Products, Avon Lake, OH) to prevent NO3-N 

leakage from the columns prior to sampling. The drainage tube was connected to a high 

vacuum 24-L Nalgene heavy-duty vacuum carboy (Nalgene Nunc International, 

Rochester, NY) using a polyethylene quick-disconnect coupling (Part No 64027, Thogus 
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Products, Avon Lake, OH). These carboys, in turn were connected to a partial (0.083 

MPa) vacuum using a commercial 45-L compression tank as a vacuum chamber. 

Drip emitters (Chapin tube-weights, Chapin Watermatics, Inc. Watertown, NY) 

were inserted into a 12.7 mm i.d. irrigation line and placed on top of the column and used 

for irrigation and N-extraction. A pressure regulator of 0.069 MPa (10 PSI, Senninger 

Irrigation, Inc. Orlando, FL) was used to ensure even output from the irrigation/leaching 

system. Each column had four emitters, which were calibrated to give in a total water 

application rate of 0.5 L min-1. 

Treatments included were 1) Citrus (CIT); 2) Bermudagrass (BG); 3) Citrus + 

Bermudagrass (CIT + BG); 4) Perennial peanut (PP); and 5) Citrus + Perennial peanut 

(CIT + PP). Nitrogen-amended bare soil (reference) columns were also included to 

determine crop N uptake. Additional bare soil (control) treatments that did not receive 

any supplemental fertilizer were used to estimate soil mineralization rates. Treatments 

were replicated 4 times and arranged in a randomized complete block design. 

Columns were either planted with 8-month-old ‘Hamlins’ orange trees [Citrus 

sinensis (L.) Osb.] grafted on Swingle citrumelo (C. paradisi Macf. x Poncirus  trjfoliata 

(L.) Raf.) and/or with groundcovers (PP or BG) on April 15, 2004, or alternatively left 

non-planted (reference and control) columns.  

Citrus trees were obtained from a commercial nursery. Trees were selected for 

uniformity and average initial tree fresh weight was 130 g tree-1. The potting mix was 

carefully rinsed from the root system prior to replanting. Sod strips of ‘Florigraze’ 

perennial peanut (Arachis glabrata Benth.) and common bermudagrass (Cynodon 

dactylon L.) were excavated from the Plant Science Research and Education Unit 
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(PSREU) in Citra, Florida. Soil and organic debris were carefully rinsed prior to planting 

using a rate of 40 g fresh weight of rhizomes per column. Citrus tree heights and stem 

diameters were recorded every 6 months. Ground cover were clipped after leaching, 

clipping process divided the ground cover growth cycle in pre-clipped (before leaching) 

and post-clipped. Bermudagrass was clipped every 4 weeks and perennial peanut at 

variable intervals as affected by its regrowth rate.  

Air temperature, soil temperatures, and solar radiation were recorded at one hour 

intervals using a Watchdog datalogger (Spectrum Technologies, Plainfield, IL). Soil 

temperature degree-days (DD) for a specific uptake periods were calculated based on the 

approach outlined by Scholberg et al. (2002) assuming a base temperature (Tbase) of 10 oC 

as outlined in Equation 1.   

t=14d 
DD =  

 
∑ t=0  (Tmean – Tbase)  with Tbase = 10 °C                                       (Equation 1) 

Where Tmean is daily mean temperature and Tbase is the minimum temperature for 

development.  

Irrigation and ET Calculations 

A heavy duty waterproof bench scale (Ohaus CW-11, Champ Bench Scale, Ohaus 

Co. Florham Park, NJ) was used to weigh columns before and after each leaching event. 

Columns were irrigated at 3-7 d intervals using graduated cylinders (± 5 mL L-1) to 

maintain optimal and relatively constant soil moisture levels. The volumes added to 

specific columns were recorded and included in the water balance. Crop 

evapotranspiration was calculated from weight losses during uptake periods corrected for 

the amount of water added between 2 consecutive N extractions.  
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Nitrogen Application 

Nitrogen was applied to all uptake columns as KNO3 from April 2004 to January 

2005 and as Ca(NO3)2*4H2O (Fisher Scientific Inc., Hampton, NH) from February 2005 

to September 2005 at biweekly intervals at a rate of 1000 mg N column-1. Since 

continuous use of potassium nitrate resulted in hyper-accumulation of K in leaf tissues 

and induced nutrient imbalances, only N uptake with calcium nitrate will be presented. A 

N-depleted modified Hoagland-Arnon solution (Maust and Williamson, 1994) was 

prepared from stock solutions of laboratory-grade chemicals (Fisher Scientific Inc., 

Hampton, NH) and applied at biweekly intervals at 732±1mL column-1. 

Nitrogen Extraction 

 Residual soil N was leached after an uptake period of 14 days was leached using 

three pore volumes of water combined with a partial vacuum (0.012 MP) since this 

facilitated rapid and complete N extraction (Scholberg et al., 2001). Upon completion of 

the leaching cycle (< 1 hr), the partial vacuum was maintained for an additional 30 

minutes to remove excessive soil moisture and to bring to soil back to field capacity. Four 

control columns receiving no additional fertilizer were extracted biweekly to estimate N 

mineralization rates.   

After completion of the drying cycle (vacuum only), the leachate collection 

reservoirs (24 L) were weighed to determine volume gravimetrically using a heavy duty 

water proof bench balance (Ohaus CW-11, Champ Bench Scale, Ohaus Co., Florham 

Park, NJ). After weighing, containers were shaken and representative subsamples were 

collected, filtered (#42; Whatman, Maidstone, UK) and stored in labeled 20-mL 

scintillation vials which were stored up at –18 ºC until further analysis. Samples were 

analyzed using an air-segmented automated spectrophotometer (Flow solution IV, OI 
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Analytical, College Station, TX) coupled with a Cd-reduction approach (modified US 

EPA Method 353.2).  

Nitrogen Uptake Calculation 

Nitrogen uptake (Nupt) for a specific treatment (trtm) was determined by: Nupt= 

Nref x Vref – Ntrtm*Vtrtm; where N= N concentration in leachate, V= the leachate 

volume, and ref is soil columns without plants (reference columns). In order to validate 

the SUM system and to better assess the effect of competition on N uptake between 

cropping systems and plant components, we also used stable 15N isotopes. Two weeks 

before the last sampling, 15N 10% of atom enrichment was applied as Ca(15NO3)2 4H2O 

(Promichemical, LLC, El Sobrante, CA) together with regular Ca(NO3)2 *4H2O (Fisher 

Scientific Inc. Hampton, NH) amended with a modified N-depleted Hoagland-Arnon 

solution (Maust and Williamson, 1994). Nitrogen isotopic ratios of tissue material were 

determined with a N analyzer linked to a Tracer Mass Isotope Ratio Mass Spectrometer 

(Model DeltaPlus XL, Thermo Finnigan MAT, Bremen, Germany). Fertilizer-N uptake 

by the plant (Nabs) was calculated using the approach outlined by Cabrera and Kissel 

(1989):  

Nabs = Ntissue * [(a-c)/(b-c)]                                                              (Equation 2) 

where, Ntissue is the overall N tissue concentration, a= atom % 15N abundance in  

plant; b= atom % 15N abundance in fertilizer; c= atom % 15N abundance in control  

plants (0.3663 % abundance).  

 

Fertilizer recovery (%Nrec) was then calculated as follows: 

%Nrec = (Nabs/Napp)*100                                                                    (Equation 3) 
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where, Napp = Fertilizer applied and Nabs is the plant N uptake from the last N-

fertilizer application event.  

Final Plant Sampling 

After the last leaching cycle (September 29, 2005) all the treatments were 

destructively harvested. Bermudagrass and perennial peanut total biomass was separated 

into shoots and roots, while citrus biomass was separated into stems, leaves and roots. 

Leaf area from different treatments was determined using a Licor leaf area meter (LI-

3000, Li-cor; Lincoln, NE). Root systems were carefully excavated and washed above a 

1-mm sieve to remove soil and organic debris. In mixed systems, citrus roots were 

separated from ground cover roots and roots were placed into plastic bags and 

refrigerated (4 oC) until further processing. Roots were scanned using a Winrhizo scanner 

and software (Regent Instruments, Quebec City, Canada) and root scans were used to 

calculate root length.  

After sample processing, tissues were oven dried at 65 °C for 72 hours until 

constant weight and dry weights were recorded. Dried tissues were ground in a Wiley 

mill through a 1-mm screen, and a thoroughly mixed 4-g portion of each grinding was 

subsequently stored in scintillation vials. Ground tissues were digested using a wet-acid 

Kjeldahl digestion (Gallaher et al., 1975). After digestion, samples were diluted, filtered, 

and analyzed for total Kjeldahl N at the UF-IFAS Analytical Research Lab (University of 

Florida, Gainesville, FL) using EPA method 351.2 (Jones and Case, 1991).  

Statistical Analysis  

It was hypothesized that the clipping of groundcovers affected N uptake, thus we 

segregated uptake of these species into “pre-clipped” and “post-clipped” cycles. Nitrogen 

uptake was thus clustered for different seasons (winter, spring, and summer) and different 
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groundcover growth cycles (“pre-clipped” vs. “post-clipped”). Analysis of variance was 

performed on all data using Statistical Analysis Systems (SAS) software (SAS Inst. Inc., 

2002). Dry weight, N concentration and N accumulation in different tissues were 

evaluated using analysis of variance procedure utilizing Proc Mixed of the Statistical 

Analysis Systems (SAS) software (SAS Inst. Inc., 2002). If significant interactions 

occurred between season, treatment, groundcover growing cycle, and/or sampling time, 

specific effects were tested and shown separately.  

Species were assumed to compete for N if the sum of the N uptake of monoculture 

systems was greater than that of the mixed systems, and we used statistical contrast 

between the sums of the monocrop systems vs. the mixed system to assess if competition 

occurred between species for N and water uptake.  

A multiple regression model using the Proc Mixed procedure of (SAS Inst. Inc., 

2002) was developed to capture the overall N uptake dynamics as affected by sampling 

time, season, growth cycles, ET, cumulative temperature (Degree-days = DD), solar 

radiation, and the quadratic effects of time, DD, solar radiation, the cubic effect of time, 

the interaction treatment by season, treatment by cycle, treatment by DD, treatment by 

solar radiation, and treatment by time. Type 1 tests of fixed effect SAS output were used 

to select significant variables in the regression model. Response variables for the plant 

sampling parameters such as dry weight, root length, stem diameter, leaf area, N 

concentration, and N accumulation in different tissues were evaluated through analysis of 

variance procedures utilizing Proc GLM of the Statistical Analysis Systems (SAS) 

software (SAS Inst. Inc., 2002). The LSMEANS procedure adjusted by Tukey test (p-

value=0.05) was used for mean separation. 
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Results 

Environmental conditions including mean, maximum and minimum soil 

temperatures, and solar radiation throughout the experimental period are shown in Figs. 

4.2 and 4.3.  

The Soil-N Uptake Monitoring (SUM) system performed well and overall N 

recovery from non-planted reference columns was consistently high (97.2 ±5.1% ) and 

SUM-based N uptake values also closely matched 15N uptake values (Fig. 4.4). 

Calculated annual soil N mineralization rate of the upper 20-cm was on the order of 40 kg 

N ha-1 yr-1, which represented less than 2% of total N applied biweekly to each column. 

 Nitrogen uptake for different treatments varied according to species, season and 

growth (clipping) cycle (Fig. 4.5). Across the seasons, N uptake was highest for citrus + 

bermudagrass (C+BG) system followed by bermudagrass (BG) and citrus+perennial 

peanut (C+PP), while uptake was lowest for PP and citrus (Table 4.1). Uptake was 

greatest during the summer and lowest during the winter when N uptake was reduced by 

81, 61, 55, 61, 58, and 61% for the citrus, BG, C+BG, PP, C+PP systems, respectively. 

For the C+BG system, competition between system components was significant during 

the summer period when overall N uptake rates were greatest. 

Water uptake was greatest for mixed cropping systems across all seasons and 

overall uptake was highest during the summer, intermediate for spring and lowest during 

the winter season. Citrus and bermudagrass and citrus and perennial peanut competed for 

water uptake during the spring and summer. Overall reduction in water uptake in winter 

in comparison with summer were 66, 56, 64, 93, and 70 % for the Citrus (C), BG, C 

+BG, PP,  and C+PP, and BG systems, respectively. 
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Clipping reduced N uptake for the BG and C+BG systems by 56 and 34%, 

respectively, while N uptake for PP was not significantly affected by clipping (Table 4.2). 

Competition for N uptake between citrus and bermudagrass occurred during the regrowth 

cycle, while presence of PP did not appear to significantly reduce citrus N uptake.   

Clipping reduced water use for all systems and reductions in water use were greater 

(47-60%) in mono-cropped groundcovers compared to a 32-39% decrease in mixed 

systems. Significant competition for water occurred between citrus and full size 

groundcovers.  

The 15N technique demonstrated that bermudagrass N uptake was reduced by citrus 

in the C+BG system, while N uptake of citrus did not significantly affect that of PP in the 

mixed system (C+PP). It thus appears that significant competition occurred in the C+BG 

system, but not in the C+PP (Tables 4.3 and 4.4) which verified the results obtained with 

the SUM system (Table 4.1). Nitrogen uptake efficiency (NUE), defined as crop-N 

uptake divided by the amount of N supplied and determined either through 15N technique 

or SUM-based system, was greatest for the mixed systems and BG (Table 4.3). 

The N uptake regression model (r2 =0.845; p<0.05) was included to assess N 

uptake as a function of season, growth cycle, radiation, cropping system, and ET. These 

main effects besides interactions of radiation x treatment, and season x treatment were 

significant. The DD10, quadratic, and cubic effects of time and radiation were non-

significant and therefore these components were not included in the model (Table 4.5). 

Based on the results of this regression model, more specific analyses were explored for 

different environmental parameters for specific crop components. However, the only 

significant regression models found were for bermudagrass system for the growth 
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cycle*radiation and DD10, terms both resulting in r2 values greater than 0.76 (Figs. 4.6 

and 4.7). 

Groundcover Biomass Production and N Accumulation  

Overall shoot biomass production was greatest for bermudagrass while its 

productivity was highest during the summer (Table 4.6). Perennial peanut produced 30 to 

70% less biomass compared to bermudagrass but typically had 63 to 100% higher tissue 

N concentrations. As a result, overall N in groundcovers was similar across all systems 

and overall growth and N accumulation by groundcovers was not affected by presence of 

citrus trees.    

Final Citrus and Groundcover Growth and N Accumulation 

End-of-season root length values for citrus were reduced by the presence of PP 

(Table 4.7). However, none of the other citrus growth parameters were significantly 

affected by groundcovers. Total fibrous root length was greatest for bermudagrass 

followed by citrus, while values were lowest for perennial peanut (Tables 4.7 and 4.8).   

Bermudagrass DW was reduced by 23% in mixed system as compared to 

monocropped bermudagrass, but this reduction was not significant. Similarly PP DW was 

not significantly affected in the mixed system. Bermudagrass accumulated more biomass 

at the end of the season but it had lower N tissue concentrations, therefore its total N 

content was not significantly different for BG and PP based systems (Table 4.8). 

The largest fraction of 15N was accumulated in shoots for all cropping systems 

except in citrus, where most of the 15N occurred in roots, followed by leaves and stems 

(Table 4.9). 
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Discussion 

Estimated soil N mineralization rate was similar to values reported in the literature 

for Florida sandy soils (Dou et al., 1997). Calculated N uptake followed a cyclic pattern 

(Fig 4.4) which was probably related to clipping cycle, seasonal temperatures changes 

(Fig 4.2) and citrus growth flushes (Bevington and Castle, 1985). Similar patterns were 

observed by Van Auken (1994) and Belesky and Fedders (1995). 

During the summer season, N uptake was the greatest, which was related to higher 

temperatures and evapotranspiration rates during this period (Table 4.1, Figs 4.2 and 4.4) 

which drive both active and passive N uptake. A similar N uptake dependence on 

temperature was reported in citrus by Kato et al. (1982) and Scholberg et al. (2002). 

Similarly, a higher N uptake in summer in comparison with winter season was also 

reported in citrus by Legaz and Primo-Millo (1984) and Mooney and Richardson (1992).  

The higher N uptake for bermudagrass-based systems (BG and C+BG) in 

comparison with the other systems was probably related with the high demand of 

bermudagrass for water and N, as reported by Cohn et al. (1989) and Fernandez et al. 

(2002). 

Bermudagrass and citrus competed for N uptake during the summer season which 

may be due to a higher N demand of this C4 grass which tends to be most evident under 

high light and temperatures conditions prevailing in summer (Allen, 1994; Paterson et al., 

1996). The lack of competition for N uptake between PP and citrus throughout the entire 

uptake period may be related to PP being a C3 species with a relatively low N demand in 

comparison with bermudagrass (Table 4.6). Moreover, since PP is also a leguminous 

species, for which N limitations enhances N fixation (Miranda et al., 2003), this will 

render this system less prone to potential N competition. 
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The increase in water use of mixed systems may be due to the higher water 

demands associated with complementary canopy structures in comparison with 

monocrops. But in contrast with N uptake dynamics, PP and BG had similar demands for 

water and they competed with citrus for water during spring and summer seasons. This is 

in agreement with reports by Wright et al. (2003) who also observed water competition 

between BG and citrus and Firth et al. (2003) who worked with a perennial peanut and 

banana production system. Overall ET values were lower than those reported by Boman 

(1994) and Syvertsen and Smith (1996) in citrus and this may be due to differences in 

tree age, container size, and environmental conditions. 

Lower DW accumulation of perennial peanut compared to bermudagrass translated 

into greater water use efficiency for the grass species which may be related to inherent 

superior metabolic trait to fix CO2 of C-4 crops in high temperature/radiation 

environments. 

Although PP was not clipped during the winter season, its poor growth and sparse 

canopy due to partial dormancy at low temperatures could explain this lack of 

competition for water between PP and citrus during the winter period. Lack of 

competition between citrus and bermudagrass in winter was probably related to lower 

temperatures during this period, which reduced overall ET and the potential for 

competition between system components. 

Overall water use was greatest in summer for all the species due to high 

temperatures during this period (Fig. 4.2), which tends to increase the moisture gradient 

between the stomatal cavity leaves and the bulk air (Taiz and Zieger, 2002). Low water 
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use during the winter time may also be related to citrus and perennial peanut having 

limited growth during this time (winter dormancy).  

As consequence of clipping, N and water uptake were decreased after biomass 

removal for all the species. The reduction in canopy volume reduced both crop water 

demand and assimilate supply for subsequent uptake (Craine et al., 2005). Similar results 

of nutrient uptake declining after clipping have been observed by Van Auken (1994) and 

by Belesky and Fedders (1995) in bermudagrass.  

Nitrogen competition between citrus and bermudagrass was most obvious during 

the pre-clipped cycle possibly due to increased water and nutrient demand of the 

bermudagrass. The reduction in N uptake of bermudagrass due to the presence of citrus 

may be related to shading and reduced assimilate supply which may hamper N uptake 

(Jiang et al., 2004; Tegg and Lane, 2004). Bermudagrass, being a C4 species, has a high 

light saturation point (Jiang et al., 2005; Paterson et al., 1996) and thus is susceptible to 

shading. Perennial peanut, being a C3, was probably less affected by partial shading 

(Newman et al., 2005).  

Absence of obvious competition for N uptake for perennial peanut-based systems 

may also be due to an increase in N fixation, high N application rates, and limited overall 

crop N demand compared to BG-based systems. However, it could be argued that under 

lower fertility levels and poor nodulation conditions, PP may compete with citrus under 

water and/or nutrient limited conditions, as suggested by Craine et al. (2005) and Booth 

et al. (2003). Although water was replenished every 2-3 days, system components still 

competed for the same resources with this effect being most pronounced when demand 

was greatest (during the pre-clipped cycle).  
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According to the 15N study, citrus reduced bermudagrass N uptake and growth. It 

appeared that in the C+BG system, bermudagrass was most affected by competition, 

which may be a competition for light rather than for N as was discussed above. While 

citrus, which is a C3 with its canopy growing above the ground cover, would not be 

affected by potential competition for light. As a result, citrus growth parameters were not 

influenced significantly by bermudagrass, which could be explained by a potential 

allelopathic effect of certain citrus species on bermudagrass in confined environments as 

reported by Alsaadawi and Alrubeaa (1985).  

This result was unexpected and contradicted our field observations and the findings 

of other authors, who found serious constraints due to the presence of bermudagrass as a 

weed in citrus groves (Wright et al., 2003) or in other crops (Cohn et al., 1989; Fernandez 

et al., 2002; Guglielmini and Satorre, 2004). Since N may not have been severely limiting 

in our experimental set-up, additional research is needed to elucidate the reciprocal 

effects of BG and citrus competition for production settings where N is more limiting.  

In contrast with the C+BG, there was no pronounced competition for N uptake in 

the C+PP system. Although citrus did not affect perennial peanut N uptake and its growth 

characteristics, PP may reduce water availability in mixed systems when water is more 

limiting as was reported by Firth et al. (2003). 

Nitrogen use efficiency estimated through 15N study revealed highest NUE for BG-

based systems (BG, C+BG), which is in agreement with reports by Wiedenfeld et al. 

(1999) and Stork and Jerie (2003). These authors reported that intercropping citrus and 

another fruit species with grasses, increased overall N uptake while reducing N leaching 

in the systems, thereby providing sound environmental alternatives to grove management. 
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Since the 15N results closely correlated with uptake trends based on the SUM 

procedure (Fig. 4.7), it is concluded that the SUM system can be successfully used to 

evaluate short-term (1-2 wk) N uptake dynamics. The SUM system approach can thus 

provide a valuable and cost-effective alternative to the 15N technique (Scholberg, 2001).  

Contrary to what was expected, there was no direct correlation between water and 

N competition, except in summer between BG and citrus, which could be explained due 

to PP competing for water demands (Firth et al., 2003) but not for N since it is a 

leguminous crop.  On the other hand, it turned out that evapotranspiration rate was a good 

predictor for predicting crop N uptake, which is in agreement with other research finding 

(Syvertsen and Smith, 1996, Cerezo et al., 1999). In the current study, cropping system, 

season, ET, radiation, and growing cycle and their interactions accounted for a large 

fraction (r2 = 0.845) of the overall observed variation in N uptake. This may be related to 

large seasonal changes in temperature which may drive both active and passive uptake. 

Similar findings were obtained by Kato et al. (1982); Legaz and Primo-Millo (1984); 

Scholberg et al. (2002). Alternatively, radiation and sink capacity/demands may also have 

an appreciable effect on N uptake capacity as was reported by Legaz and Primo-Millo 

(1988), Mooney and Richardson (1992), Van Auken and Bush (1990), Belesky, and 

Fedders (1995). 

Groundcover Biomass Production and N Accumulation  

Bermudgrass having the highest DW during both years and both cropping systems 

(C+BG, BG) was likely related to the high photosynthetic production capacity of this C4 

species (Paterson et al., 1996), which also translated in to a relatively high N uptake 

capacity in order to synthesize proteins and other molecules to maintain high growth rates 

(Woodward et al., 2002). Bermudagrass N concentrations were similar to those reported 
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by Johnson et al. (2001) and Woodward et al. (2002). Overall N tissue concentrations of 

perennial peanut were greater than those for bermudagrass but observed PP N 

concentrations were similar to those reported by Ocumpaugh (1990); Saldivar et al. 

(1990); Terill et al. (1996); and Venuto et al. (2000). Although PP is a leguminous N 

fixing crop, symbiotic N fixation under our experimental conditions was probably low 

due to the high supply rates of external N-supply rates (Slattery et al., 2001; Singh and 

Usha, 2003). However, its leguminous metabolic pathway which allows PP to transport 

and store important amounts of N appeared to stay intact although the efficiency of N 

fixation was probably very low (O’Hara, 2001). Nitrogen accumulation in both BG and 

PP was similar despite the differences in N concentration in tissues, due to the higher DW 

obtained in BG. 

Final Citrus and Groundcover Growth and N Accumulation  

Although there was a significant competition for N uptake between citrus trees and 

bermudagrass, overall growth of citrus was similar among different treatments at the end 

of the growing season. Since BG and citrus competition was only detected during the 

summer season, the competition may not have been prolonged and/or severe enough to 

result in significant reduction in overall citrus growth. In contrast with annual crops, 

citrus trees have appreciable internal N reserves and relatively slow growth rates. As a 

result, remobilization of N from stem to other organs thus may allow trees to continue 

normal metabolism and citrus growth as suggested by Legaz and Primo-Millo (1988). 

Therefore, a prolonged period of limited N supply may be required before reductions in 

citrus growth due to competition for N uptake with groundcovers can be discerned.  

Although there was a reduction in citrus root length in C+PP system, this did not 

translate into a significant reduction in tree weight, leaf area, or stem diameter. It may be 
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possible that either root length was not limiting N uptake or that this limitation was 

overcome by increased uptake per unit root length or by increased N translocation from 

storage organs (Legaz and Primo-Millo, 1988). However, it may be possible that over 

time, the reduction in root length would result in reduced growth under water limited 

conditions. Since NUE for C+PP system was 84% (value derived from Table 4.3), 

compared to 97% for the C+BG system, N competition may also become more obvious 

for C+PP system over time (Craine et al., 2005). It thus may be pertinent to also look at 

competition for N uptake for systems with lower external N inputs under field conditions. 

However, one limitation of this research approach is that it probably would result in 

increased root competition within these microcosms, whereas under field conditions, root 

systems may explore different parts of the soil and “complement each other” rather than 

“compete with each other”.   

The high N allocation to the citrus root system was in contrast with results for PP 

and BG systems in which the highest proportion of N was allocated to shoots. It may be 

possible that there was a citrus root flush during the 15N application or that in the absence 

of an active shoot flush, an appreciable fraction of the N is stored in roots prior to 

translocation to the shoots. These findings are similar to the ones reported by Legaz and 

Primo-Millo (1988) and Mooney and Richardson (1992), but different from the results 

from Feigenbaum et al. (1987) which may be related to differences in tree age and time 

of N application.  

Conclusions 

The SUM-based N uptake system appeared to work well and overall N recovery 

from reference columns was consistently high while uptake rates matched those obtained 

via the 15N technique. Nitrogen uptake followed cyclic patterns as related to plant 
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species, cropping system, growing cycle, ET, solar radiation and soil temperature.  

Nitrogen uptake was greatest for bermudagrass-based systems, while values were similar 

PP and citrus systems. According to the 15N study, N uptake for bermudagrass was 

reduced by citrus (possibly due to shading) in the citrus+BG system, and competition for 

N uptake did occur during the summer months. Perennial peanut N uptake was not 

reduced by citrus in the citrus+PP system, and no obvious competition for N uptake 

occurred between these two species. Similar conclusions were obtained using the SUM-

based technique, implying that our soil N-uptake-system (SUM) is well-suited to monitor 

both short-term and long-term N uptake and competition between citrus, PP, and BG over 

time. Nitrogen uptake was significantly reduced after clipping and increased during the 

pre-clipped cycle, which was probably related to increased sink capacities of 

groundcovers.  

Water uptake was greatest for the mixed systems and bermudagrass. Citrus and 

bermudagrass competed for water uptake during the spring and summer seasons. On a 

field scale, frequent mowing may thus reduce potential competition for water and N 

uptake between groundcovers and citrus. However, under our experimental conditions, 

the competition between citrus and BG for water and N did not significantly affect 

overall citrus tree growth characteristics, whereas presence of citrus trees did reduce 

bermudagrass N concentration.  

Nitrogen uptake and growth characteristics of PP were not affected by citrus in the 

citrus+PP system. On the other hand, PP appeared to compete with citrus only for water 

uptake and also reduced citrus root length, but this was not translated into reduced tree 

growth. Additional research is required to elucidate the long term effect of citrus root 
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length reduction on N uptake and the effect of BG on citrus growth characteristics under 

field conditions.  

Nitrogen use efficiency was greatest for mixed systems and bermudagrass. 

Groundcovers such as PP and BG, may function as a “catch crop” reducing potential N 

leaching. Some of the N accumulated in grasses growing in row middles may be 

internally recycled and at a later point be released and re-utilized, which would facilitate 

more efficient N use. Alternatively, under N limiting conditions, presence of grasses near 

trees may hamper tree establishment in newly planted groves. It is concluded that 

perennial peanut may be less prone to compete with citrus trees and also may be a more 

suitable cover crop for row middles cover since it will also generate extra farm income.  
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Table 4.1. Effect of cropping system on citrus, bermudagrass, and perennial peanut (PP) 
N and water uptake for three different seasons during 2005. 

 Season 

Cropping system Winter  Spring  Summer 

 ------------------------ mg N column-1 14d-1------------------------- 

1) Citrus (C) 69 c B† 171 d B 364 c A 

2) Bermudagrass (BG) 253 b B 654 b A 649 b A 

3) Citrus + BG 394 a C 768 a B 882 a A 

4) Perennial peanut (PP) 120 bc B 188 d B 304 c A 

5) Citrus + PP 249 bc C 412 c B 592 b A 

Contrasts    

Syst1 + Syst2 vs. Syst3 NS NS * 

Syst1 + Syst4 vs. Syst5 NS NS NS 

 ------------------------ L H20 column-1 14d-1---------------------- 

1) Citrus 2.0 a C 4.4 b B 5.9 ab A 

2) Bermudagrass (BG) 1.9 a C 3.6 b BC 4.3 b A 

3) Citrus + BG 2.7 a C 6.0 a B 7.5 a A 

4) Perennial peanut (PP) 0.3 ab C 3.4 b B 4.4 b A 

5) Citrus + PP 2.0 a C 5.8 a B 6.6 a A 

Contrasts    

(Syst1 + Syst2)/2 vs. Syst3 NS ** ** 

(Syst1 + Syst4)/2 vs. Syst5 NS ** ** 

† Means within the same column or row, lower case letter within the same column and 
uppercase letters in the same row, followed by the same letter, do not differ statistically 
by the LSMEANS adjusted by Tukey test (P<0.05). 
NS, *, **, not significant, significant at P= 0.05 and 0.01, respectively. 
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Table 4.2. Effect of cropping system on citrus, bermudagrass, and perennial peanut (PP) 
N and water uptake for two different growth cycles during 2005. 

 Cycle 
Cropping system Pre-clipped  Post-clipped 
 -----------------mg N column-114d-1------------------ 
1) Citrus (C) 202 b†  - 

2) Bermudagrass (BG) 722 a A 316 b B 

3) Citrus + BG 823 a A 540 a B 

4) Perennial peanut (PP) 246 b A 162 c A 

5) Citrus + PP 473 a A 362 b A 

Contrasts   
Syst1 + Syst2 vs. Syst3 * NA 
Syst1 + Syst4 vs. Syst5 NS NA 

        ---------------- L H20column-114d-1--------------- 
1) Citrus (C) 4.1 b  - 

2) Bermudagrass (BG) 4.7 ab A 1.9 b B 

3) Citrus + BG 6.7 a A 4.1 a B 

4) Perennial peanut (PP) 3.6 b A 1.9 b B 

5) Citrus + PP 5.7 a A 3.9 a B 

Contrasts   
(Syst1 + Syst2)/2 vs. Syst3 ** NA 
(Syst1 + Syst4)/2 vs. Syst5 ** NA 

† Means within the same column or row, lower case letter within the same column and 
uppercase letters in the same row, followed by the same letter, do not differ statistically 
by the LSMEANS adjusted by Tukey test (P<0.05). 
NS, *, **, not significant, significant at P= 0.05 and 0.01, respectively. 
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Table 4.3.  Comparison of effect of cropping system on citrus, bermudagrass (BG), and 
perennial peanut (PP) N uptake at the final harvest (end of the growing 
period) using 15N and SUM techniques. 

Cropping system 15N SUM 

  mg N column-114d-1  mg N column-114d-1 

1) Citrus 473 b† 439 b 

2) Bermudagrass (BG) 818 a 772 a 

3) Citrus + BG 965 a 978 a 

4)Perennial peanut (PP) 562 b 548 b 

5) Citrus + PP 840 a 748 a 

Contrast   
Syst1 + Syst2 vs. Syst3 * * 
Syst1 + Syst4 vs. Syst5 NS NS 

† Means within the same column followed by the same letter do not differ statistically by 
the LSMEANS adjusted by Tukey test (P<0.05). 
NS, *, **, not significant, significant at P= 0.05 and 0.01, respectively. 
 
Table 4.4. Nitrogen accumulation by citrus and ground covers based on 15N results. 

Cropping system Citrus Ground cover Total 

 Bermudagrass 

 -----------------mg N column-114d-1------------------ 
Monocrop 

Citrus + BG 

473 A† 818 A 1291 A 

Mixed – 

Cit/BG 

408 A 557 B 965 B 

 Perennial peanut 
 -----------------mg N column-114d-1------------------ 
Monocrop 

Citrus + PP 

473 A 562 A 1035 A 

Mixed – 

Cit/PP 

266 A 574 A 840 A 

† Means within the same column followed by the same letter do not differ statistically by 
the LSMEANS adjusted by Tukey test (P<0.05). 
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Table 4.5. Overview of parameters for N uptake regression model. 
Specific parameters Value or coefficient  
Intercept -1840 ** 
Time 53.5 *** 
Winter Season 618 *** 
Spring Season 384 *** 
Summer season 0 
Radiation 3.2 *** 
ET 9.9 * 
System 1 1250 ** 
System 2 895 ** 
System 3 -18.0 NS 
System 4 425 NS 
System 5 0 
Clipped cycle (Syst 1) 0 
Clipped cycle (Syst 2) 178 ** 
Clipped cycle (Syst 3) 315 ** 
Clipped cycle (Syst 4) 156 ** 
Clipped cycle (Syst 5) 0  
Time*system1 -46.2 ** 
Time*system2 -9.6 NS 
Time*system3 19.4 NS 
Time*system4 -7.4 NS 
Time*system5 0  
Radiation*system1 -3.0 * 
Radiation*system2 -3.1 ** 
Radiation*system3 0.03 NS 
Radiation*system4 -2.3 * 
Radiation*system5 0 
Winter*system1 -686 ** 
Winter*system2 -269 NS 
Winter*system3 171 NS 
Winter*system4 -25.2 NS 
Winter*system5 0  
Spring*system1 -543 *** 
Spring*system2 -278 * 
Spring*system3 27.8 NS 
Spring*system4 -193 NS 
Spring*system5 0 
Summer*systems 0 
NS, *, **, *** not significant, significant at P= 0.05 and 0.01, P<0.0001 respectively. 
System(S)1=Citrus; S2= C+PP; S3= C+BG; S4=PP; S5=BG 
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 Table 4.6. Effect of cropping system on bermudagrass and perennial peanut (PP) shoot dry weights (DW), nitrogen concentration 

(Nconc) and nitrogen accumulation (Naccum) for different growing seasons during 2004 and 2005. 
 Dry Weight  N concentration  N accumulation 

 Season  Season  Season 

Cropping Winter Spring Summer Fall  Winter Spring Summer  Fall  Winter Spring Summer Fall 

System           ---------  g column-1 ------------     ------------ g N kg-1 -------------  ------------ g N column-1 ------------- 
                         2004 

Bermuda  NA NA 62.2aA† 18.8 aB  NA NA 15.5 bA 20.3 abA NA NA 0.9aA 0.4aB  

Citrus + 
Bermuda 

NA NA 63.2 aA  19.7 aB NA NA 15.0 bA 18.4 abA NA NA 0.9aA 0.4aB 

PP NA NA 18.8 bA 13.5 aA NA NA 31.0 aA 34.8 aA NA NA 0.5aA 0.4aA 

Citrus + 
PP 

NA NA 19.9 bA 2.7 bB NA NA 30.0 aA 23.4 aA NA NA 0.5aA 0.1aA 

       2005 

Bermuda  16.0aB 36.8 abA 51.3 aA  NA 19.8 aA 18.1 bA 19.4 bA  NA 0.3 a B   0.7aAB 1.0aA NA 

Citrus + 
Bermuda 

18.1aB  41.3 aA 43.3abA NA 20.2 aA 15.9 bA 18.7 bA NA 0.4 a B 0.7aAB 0.8aA NA 

PP ND 15.8 abA 30.3 bA NA ND 30.8 aA 31.7 aA NA ND 0.5 aA 0.8aA  NA 

Citrus + 
PP 

ND 20.3 aA 39.9 bA NA ND 25.7 aA 28.9 aA  NA ND 0.5 aA 1.1aA NA 

† Means within the same column or row, lower case letter within the same column and uppercase letters in the same row, followed by 
the same letter, do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
NA= non applicable; ND= non determined 
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Table 4.7. Effect of cropping system on citrus root dry weight (DW), root length, stem dry weight, diameter (Diam), leaf dry weight, 
leaf area (LA), total dry weight, root nitrogen accumulation (Naccum), stem N accumulation, leaf N accumulation, and 
total N accumulation at the end of the growing season. 

 Root Stem Leaf Total N accumulation 
Cropping 
system 

DW Length  DW Diam  DW Area  DW  Root Stem Leaf Total 

 g tree-1 cm tree-1 g tree-1 mm g tree-1 cm2 col-1 g tree-1 -------------  g N column-1  ------------- 
Citrus 124 a† 42318 a 109 a 11.4 a  75 a 5900 a 309 a 1.4 a   0.9 a 1.9 a 4.1 a 
Citrus + 
Bermuda 

95 a 36105 a 86 a 9.5 a 40 a 3795 a 220 a 0.8 a 0.7 a 1.6 a 3.0 a 

Citrus +      
PP 

86 a 21997 b 90 a 11.5 a 56 a 4940 a 231 a 1.0 a 0.7 a 1.2 a  2.8 a 

† Means within the same column followed by the same letter do not differ statistically by the LSMEANS adjusted by Tukey test 
(P<0.05). 
 
Table 4.8. Effect of cropping system on bermudagrass (BG) and perennial peanut (PP) root dry weight (DW), root length, shoot dry 

weight (DW), leaf area (LA), root nitrogen concentration (Nconc), shoot nitrogen concentration, root nitrogen 
accumulation (Naccum), shoot N accumulation, and total N accumulation at the end of the growing season. 

 Root Shoot Total Nconc Naccum 
Cropping 
system 

DW Length  DW LA  DW  Roots Shoot
s 

 Roots Shoots Total 

 g col-1 cm g col-1 cm2 col-1 g col-1 ----- g N kg-1 ----- ----------- g N column-1 ----------- 
BG 129 a† 94,646 a 90 a 1309 b 219 a 8.5 b 16.3 b 1.0 a 1.5 a 2.5 a 
Citrus + 
BG 

92 ab 62,946 ab 76 ab 912 b 168 ab 8.0 b 14.7 c 0.7 a 1.1 b 1.8 a 

PP 42 bc 15,996 b 62 b 4401 a 104 b 17.2 a 20.2 a 0.7 a 1.3 ab 2.0 a 
Citrus + PP 51 bc 14,240 b 69 b 5135 a 120 b 16.3 a 19.4 a 0.8 a 1.3 ab 2.1 a 
† Means within the same column followed by the same letter do not differ statistically by the LSMEANS adjusted by Tukey test 
(P<0.05). 
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Table 4.9. Percentage of N distribution in different tissues for the diverse cropping 

systems. 
Cropping system Tissue N distribution (%) 
Citrus Roots 45 a 
 Stems 14 b 
 Leaves 41 a 
   
Citrus + Perennial Peanut Cit-roots 13 b 
 Cit-stem 6 b 
 Cit-leaves 13 b 
 PP-roots 16 b 
 PP-shoots 52 a 
   
Citrus + Bermudagrass Cit-roots 14 b 
 Cit-stem 8 b 
 Cit-leaves 20 b 
 BG-roots 12 b 
 BG-shoots 46 a 
   
Perennial peanut Roots 23 b 
 Shoots 77 a 
   
Bermudagrass Roots 24 b 
 Shoots 76 a 
† Means within the same column followed by the same letter do not differ statistically by 
the LSMEANS adjusted by Tukey test (P<0.05). 
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Figure 4.1. Overview of soil-N uptake monitoring (SUM) system.  
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Figure 4.2. Minima, maxima, and soil average temperature during the experimental 

period. 
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Figure 4.3. Solar radiation in the greenhouse during the experimental period. 
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Figure 4.4. Regression between SUM-based N uptake and 15N based N uptake (*** 

Coefficient of determination significant at level <0.001). 
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Figure 4.5. Nitrogen uptake dynamics for different cropping systems across time. 
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Figure 4.6. Nitrogen uptake as a function of cumulative uptake temperature during 14-

day pre-clipped vs. post-clipped uptake period for bermudagrass mono-crop 
(*, ** coefficient of determination for quadratic regression model (QM) were 
significant at 0.05 and 0.01 level respectively). 
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Figure 4.7. Nitrogen uptake as a function of cumulative radiation during the 14-day 

preclipped vs. post-clipped uptake period for bermudagrass mono-crop (*, + 
coefficient of determination for quadratic regression model (QM) were 
significant at 0.05 and 0.10 level, respectively). 
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CHAPTER 5 
EFFECTS OF ANNUAL AND PERENNIAL COVER CROPS ON SOIL AND CITRUS 
TREE CHARACTERISTICS, CITRUS TREE ROW GROUND COVER, AND CITRUS 

YIELD AND QUALITY 

 Introduction  

Cover crops (CC) can improve inherent soil fertility via increased carbon 

sequestration (Sainju et al., 2003). This in turn will increase soil organic matter 

(Conceicao et al., 2005; Fageria et al., 2005; Ding et al., 2006), soil water and nutrient 

holding capacities, and internal nutrient cycling. Roots of CC will reduce the risk of 

nutrient leaching during fallow periods and may also enhance nutrient recycling from 

deeper soil layers (Vos and van der Putten, 2001, Kristensen and Thorup-Kristensen, 

2004). Leguminous CC may also add supplemental N via symbiotic nitrogen fixation 

(Ramos et al., 2001, Perin et al., 2004). However, potential improvements in inherent soil 

fertility/quality will depend on the interactive effects of soil type, climatic conditions, and 

management on biomass accumulation and subsequent breakdown of organic matter 

(Cherr et al., 2006). 

The transition from conventional to organic production will impact agroecosystem 

management. Pronounced changes in soil chemical, physical, and biological properties 

may occur during this conversion thereby also indirectly affecting insects, nematodes, 

diseases and weed dynamics (Ngouajio and McGiffen, 2002). Adequate weed control is 

one of the most challenging tasks during this conversion due to changes in weed 

population dynamics, which will require implementation of alternative weed management 

strategies (Bond and Grundy, 2001; Lanini et al., 1994).  
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Cover crops used during transition to organic production may influence soil 

chemical properties, including soil pH. However, the effect of CC on soil pH is not 

always consistent and depends on CC species, initial soil conditions, environment, and 

crop management. In general, CC tend to have little or no effect on soil pH (Waring and 

Gibson, 1994, Bloodworth and Johnson, 1995, Tian et al., 1999). On the other hand, 

Chaves et al. (1997) working in a degraded soil in Parana, Brazil, reported that leucaena 

(Leucaena leucocephala L.), cowpea (Vigna unguiculata L. Walp.), mucuna (Mucuna 

atropurpureum (L.) DC), and crotalaria (Crotalaria ochroleuca L.) residues increased soil 

pH. Similarly, Espindola et al. (2005) reported that siratro (Macroptilium atropurpureum 

L.), a CC species, reduced Al content and also increased soil pH, and base saturation, 

while perennial peanut and tropical kudzu (Pueraria phaseoloides L.) did not affect soil 

pH. Use of blue lupin (Lupinus angustifolius L.) as a CC resulted in the greatest pH increase 

followed by radish (Raphanus sativus cv. Rufus) and black oat (Avena strigosa Schreb L.), 

while millet (Panicum miliaceum L.) did not affect soil pH (Meda et al., 2001). Contrary 

to these results, Ikpe et al. (2003) working in an acidic Ultisol in Nigeria reported that 

Tephrosia candida (L.) used as a fallow CC reduced soil pH, and Ca, while soil Al 

content increased thereby exacerbating the soil acidification problem. 

Cover crops can enhance soil physical properties by shielding the soil surface from 

sunlight, wind, and the physical impact of raindrops, thereby reducing soil erosion and 

soil organic matter losses (Sainju et al., 2003). Cover crops also increase biological 

activity in the root zone thus enhancing the formation of more stable soil aggregates and 

macropores while reducing soil compaction and soil bulk density. As a result, they 
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improve soil structure (Kremer and Li, 2003), water infiltration, and root penetration 

(Justes et al., 1999). 

Cover crops can also increase soil C and N, two principal components regulating 

soil biological activity (Wagger et al., 1998; Abawi and Widmer, 2000). As a result, CC 

can increase the presence of beneficial organisms that suppress pest organisms such as 

nematodes (Macchia et al., 2003; Wang et al., 2006). Moreover, they may also suppress 

soil pathogens via allelochemicals (Bailey and Lazarovits, 2003) or impact weed 

population dynamics by increasing soil microbial diversity (Jordan et al., 2000, Kremer 

and Li, 2003).  

Weeds compete with crops for water, nutrients, and light. They are potential hosts 

for pests and diseases and can also interfere with soil tillage, irrigation, and harvest 

operations (Liebman and Davis, 2000). As a result, they increase labor requirements and 

production costs. Cover crops (CC) may suppress weeds by either reducing resource 

availability (Ngouajio and Mennan, 2005), or inhibiting weed growth via allelopathy 

(Reberg-Horton et al., 2005; Fennimore and Jackson, 2003). Access to light, nutrients, 

water and soil as affected by crop management may impact weed persistence (Wright et 

al., 2003; Ngouajio and Mennan, 2005) and in consequence the composition of weed 

flora in citrus groves (Shrestha et al., 2002).  

Since many weed seeds require a high temperature gradient to germinate, cover 

crops may suppress weeds by attenuating soil temperature gradients (Aflakpul et al., 

1998; Steinmaus et al., 2000; Leon et al., 2004). Moreover, they  also can affect the 

red/far red ratio at the soil surface (Gallagher and Cardina, 1998; Thomas et al., 2006), 

and/or change soil NO3-N status, which trigger weed seed germination (Alboresi et al., 
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2005; Bidwell et al., 2006; Perez-Fernandez et al., 2006). Cover crop residues may alter 

microbial soil ecology and increase soil microbial diversity resulting in enhanced weed 

seed predation by soil microorganisms, and decreased seed vigor (Gallagher et al., 1999; 

Ngouajio and McGiffen, 2002).  

 Citrus growth characteristics including tree height, trunk diameter, fruit yield and 

fruit quality can be influenced by the potential competition for resources between citrus 

and weeds (Chen et al., 2004) or cover crops (Aiyelaagbe, 2001). However, there is no 

information available on the effect of CC on soil quality, tree row cover, and citrus 

growth, yield, and quality in organic citrus groves. 

The overall objectives of this study were to 1) determine changes in soil pH, C, and 

N content as affected by perennial and annual cover crop treatments; 2) quantify the 

effects of CC treatments on soil nematode populations; 3) evaluate changes in citrus tree 

row cover as affected by cover crop treatments; and 4) assess the effects of CC treatments 

on citrus height, diameter, leaf N, yield, and quality. 

The following hypotheses were being tested for newly planted organic citrus 

systems: 1) annual and perennial CC increase soil quality over time; 2) cover crops 

reduce pest nematode populations in organic citrus fields; 3) cover crop treatments in the 

row middles also affect weed growth in the tree rows; and 4) cover crops did not affect 

citrus growth characteristics (height, diameter, leaf N, yield, and quality) significantly. 

Materials and Methods  

Set-up and Experimental Design 

The overall treatments as well as site and experimental design are more fully 

described in Chapters 2 and 3. The study was conducted at the Plant Science Research 

and Education Unit in Citra, Florida (29.68 N, 82.35 W). Soil types at the experimental 
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site were Candler and Tavares fine sand (~97-98% sand in the upper 15 cm). The initial 

soil pH ranged from 4.8 to 5.1 and soil carbon content was 5.4 g C kg-1. Two one-hectare 

blocks were planted with ‘Hamlin’ and ‘Navel’ orange varieties [Citrus sinensis (L.) 

Osb.] both grafted on Swingle citrumelo (C. paradisi Macf. x P. trifoliata (L.) Raf.) 

during the summer of 2002 and spring 2003, respectively.  

Two separate experiments were conducted. The main emphasis of the first 

experiment (planted with ‘Hamlin’) was on perennial cover crop (perennial peanut) while 

for the second block (planted with ‘Navel’) the main focus was on annual cover crops 

(see Chapters 2 and 3 for more detailed information on the experimental designs and 

methodology used). A randomized complete block design was used in both studies. 

The first study, hereafter referred to as the perennial CC study, included four 

different groundcover treatments in the 4.2-m-wide row middles: 1) Annual cover crop 

(ACC), sunnhemp (Crotalaria juncea L.) and/or cowpea (Vigna unguiculata L. Walp) 

planted in summer, crimson clover (Trifolium incarnatum L.) and/or rye (Secale cereale 

L.) and in 2004-05 a triple mix of rye+crimson clover+radish (Raphanus sativus cv. 

Rufus) planted in fall (non-perenniating cover crop); 2) Perennial peanut (PP) planted in 

spring (PPsp); 3) Crimson clover planted in spring (2002) and PP planted in summer. The 

following years perennial peanut was over-seeded with crimson clover in fall (PPsu-os); 4) 

Fallow in spring (2002) and PP planted in summer (PPsu). Treatments were replicated 

four times and a summary of these treatments was presented in Table 3.1. Each plot 

consisted of a total area of 18.9 m x 27.0 m and plots contained three row middles and 

two tree-rows of five trees each. 
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The second study, hereafter referred to as the annual CC study, utilized annual CC 

treatments that were replicated four times. Cover crops were planted in June (summer 

CC) and October/November (winter CC). Cover crop treatments were outlined in Tables 

2.1 (2002 and 2003) and 2.2 (2004 and 2005). Each CC treatment plot consisted of a total 

area of 6.1 m x 27 m straddling a tree-row of five citrus trees. During 2002, only a grass 

fallow was used as the control while starting in 2003, a tillage fallow was also included 

as an experimental treatment. After initial establishment, grass fallows and perennial 

peanut plots were mowed at 4-wk intervals throughout the spring, summer, and fall, after 

each sampling. Tillage fallows were tilled twice a year before CC planting. Similar 

methods were used in both experiments for crop maintenance and for collection of soil, 

agronomic, and pest data. 

In December 2001 four-composite soil samples were taken from both experiments 

(perennial and annual CC) and analyzed for pH, organic matter, macro and 

micronutrients and results were used to estimate lime and K applications (see appendix 

C). During the spring of 2002, lime (2.5 Mg ha-1) was applied to the entire area while 

chicken manure (2.5 Mg ha-1) was applied to the entire second production block (Study 

2) and lightly incorporated into the soil via rototilling. During subsequent years, chicken 

manure was applied exclusively to a 1.8-m wide strip straddling the tree rows. Manure 

was applied during early spring and application rates were based on estimated manure N 

mineralization and N concentration following N recommendations for newly-planted 

trees (Tucker et al., 1995). Due to the low soil K content (2.4 mg kg-1 Mehlich-1), an 

Organic Materials Review Institute (OMRI) approved non-synthetic (mined) K2SO4 

fertilizer (SQM North America Corp., Atlanta, GA) was applied to the entire area at a 
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rate of 45 kg K2O ha-1 prior to planting of winter CC to enhance their growth. Due to a 

build-up of residual soil P (Mehlich-1 P > 100 mg P kg-1), use of chicken manure was 

discontinued after 2004. Starting 2005, an OMRI-approved 9-0-9 (N, P2O5, K2O) natural 

fertilizer derived from feather-meal and potassium sulfate (Nature Safe, Griffin 

Industries, Cold Spring, KY) was applied to tree rows following IFAS N-

recommendations for newly-planted trees (Tucker et al., 1995). In order to try to 

overcome bermudagrass invasion in tree rows ‘Iron Clay’ cowpea was planted in the tree 

rows in July 2003. Since ‘Iron Clay’ tended to be rather “viny” and grew into trees it was 

substituted with ‘Cream-40’, a more compact cowpea cultivar, which was planted in June 

2004. However, ‘Cream-40’ was not vigorous enough and due to its short life cycle it 

also did not effectively suppress bermudagrass. So in 2005 we reverted back to ‘Iron 

Clay’, which was planted in July in the tree rows.  

Data Collection and Measurements 

Soil 

Soil samples of no less than 300 g were removed from each treatment for two 

different plot sections: row middles and tree rows on two sample dates per year: May (at 

the end of winter cover crops) and November (at the end of summer cover crops) in 2003, 

2004, and 2005. Samples were collected from the top 15 cm from different areas within 

each plot and composite samples consisting of ten soil cores (2.5 cm diameter x 15 cm 

deep) were thoroughly mixed. Samples were air-dried, sifted through a 2-mm screen, 

mixed and stored in paper bags until further analysis. Soil pH was determined for all 

treatments at all sample dates using the procedure of the UF-IFAS Analytical Research 

Lab (University of Florida, Gainesville, FL). A mixture of 20 g soil was stirred with 40 g 
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of pH-neutral DDI water and allowed to equilibrate for 20 minutes. The soil pH was 

measured using a pH probe (Model Accumet AR50, Fisher Scientific Inc. Hampton, NH).  

A representative subsample of 1 g soil was digested using an acid digestion 

(Gallaher et al., 1975), then samples were diluted, filtered, and analyzed for total Kjeldahl 

N at the UF-IFAS Analytical Research Lab (University of Florida, Gainesville, FL) using 

EPA method 351.2 (Jones and Case, 1991). Soil organic matter was determined using 

dichromate oxidation method (Walkley and Black, 1934). 

Nematodes 

In 2004 and 2005, composite soil samples from each treatment were taken and 

stored in zip-lock bags, refrigerated at 4 oC and used for nematode analyses. After 

thorough mixing of the aggregate sample, a 100-cm3 subsample was removed for 

nematode extraction using a sieving and centrifugation procedure (Jenkins, 1964). 

Extracted nematodes were identified to genus and counted under an inverted microscope.  

Weed Growth Dynamics 

The effect of perennial CC treatment on species dominance in tree rows was 

determined by assessing weed canopy cover in tree rows. Percentages of ground cover in 

the tree row were estimated visually using 7 numerical classes: 1 (0-1%), 2 (2-5%), 3 (6-

25%), 4 (26-50%), 5 (51-75%), 6 (76-95%), and 7 (96-100%) using the Daubenmire 

canopy-coverage method (Daubenmire, 1959) as modified by Bailey and Poulton (1968). 

The midpoints of the classes were then used to register cover percentage and the 

percentage average of the two tree-rows per treatment was used for statistical analysis. 

Weed canopy cover within the tree row was estimated three times a year in April, July, 

and October (spring, summer and fall) for the ten most dominant weed species. During 

the summer and fall the coverage species were similar, and the six most common species 
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in this group were reported together. In contrast, only four ubiquitous weed species were 

observed during the spring season. 

Citrus Tree Performance  

Citrus tree height and diameter were determined for each tree in both studies two 

times a year, in May (spring) and November (fall). Trunk diameter was measured always 

at 20-cm above ground height using a digital caliper (Model Number CD-6" CS Mitutoyo 

Corporation, Japan). Fruit from the perennial CC study were harvested in January 2005 

from the corresponding 10 trees per treatment in each block, and juice quality (degree 

Brix and total titratable acidity) was determined according to the methods approved for 

Florida citrus quality tests (Wardowski et al., 1995). 

Diagnostic citrus leaves were sampled per treatment once a year (August-

September) by picking 20 leaves per tree from four-to-six month old spring flush (Tucker 

et al., 1995). Leaves were placed in plastic bags, washed with DI water to remove soil 

and dust particles then oven-dried at 65 °C for 72 hours until constant weight. 

Afterwards, tissues were ground in a Wiley mill through a 1-mm screen, and a thoroughly 

mixed portion (ca. 4 g) was subsequently stored in scintillation vials. Ground tissue was 

digested using a wet-acid Kjeldahl digestion (Gallaher et al., 1975). After digestion, 

samples were diluted, filtered, and analyzed for total Kjeldahl N at the UF-IFAS 

Analytical Research Lab (University of Florida, Gainesville, FL) using EPA method 

351.2 (Jones and Case, 1991). 

Data Analysis 

Since annual cover crops were rotated in the second production block (Study 2), 

soil pH, C, N, citrus tree diameter and heights were averaged across annual cover crop 

treatments and contrasted with perennial peanut, grass fallow, and tillage fallow 



 

 

135

treatments. Nematode data were log transformed prior to analysis: y = log10(x+1), where 

y = log-transformed data point and x= nematode population count in a single sample.  

Analysis of variance was performed using Proc Mixed of the Statistical Analysis 

Systems (SAS) software (SAS Inst. Inc., 2002). Soil pH, C, N, C:N ratio, transformed 

nematode counts, percentage of coverage per species, citrus tree height and diameter, 

citrus leaf N, fruit yield and quality were the variables analyzed. If significant interaction 

occurred between year, season, location, and treatment, specific effects where tested and 

shown separately. The LSMEANS procedure adjusted by Tukey test (P<0.05) was used 

to compare either treatment or season means. 

Results 

Soil pH 

The CC treatments in study 1 (perennial CC study) did not affect soil pH (Table 

5.1). Soil pH was similar between the tree row and row middles and in generally also not 

affected by season, except that during the spring of 2004 the annual CC treatment had a 

higher pH in both row middles and tree rows (Table 5.1). Similarly, for annual CC study 

(study 2), there was no effect of CC system, season and sampling location on soil pH. 

The only exception was a higher soil pH for the PP treatment during 2003 (Table 5.2).  

Soil C, N, and C:N ratio 

Similar to pH trends, neither perennial nor annual CC treatments affected soil C 

and N (Tables 5.3 and 5.4). A similar trend was observed for C:N ratio, except for the 

perennial CC study during 2005 (Table 5.3). Compared to the PPsu treatment, the C:N 

ratio in the row middles was 10, 20, and 29% lower for the PPsu-os, PPsp, and ACC 

treatments, respectively. Soil N was higher in tree rows in both annual and perennial CC 

studies, except for annual CC study in 2003. For the perennial CC study, soil N was 31, 
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38, and 36% higher in tree rows compared to the row middles in 2003, 2004, and 2005, 

respectively. Corresponding increases for the annual CC study were 39 and 33% during 

2004 and 2005. 

For the perennial CC study, during 2004 the C:N ratio was significantly 26% 

higher for row middles in comparison with tree rows for PPsp treatment (Table 5.3). The 

overall carbon:nitrogen ratio was 19, 25, 40, and 48% higher in row middles in 

comparison with tree rows for ACC, PPsp, PPsu-os, and PPsu, respectively. In the annual 

CC study, the C:N ratio in row middles increased by 27% in 2004, the lower C:N ratio in 

the tree rows was probably related to the chicken manure application (Table 5.4). 

Contrary to the expectations, C and N values in the tillage fallow treatment were similar 

to the values in the other treatments. 

Soil Nematodes 

Since location had no significant effect on nematode numbers, effects of seasons 

and years on nematode populations are presented for average response across position 

(Tables 5.5 and 5.6). For the perennial CC study, ring nematodes (Criconemoides sp.) 

counts were about 4 times greater in spring in comparison with fall 2004, while in 2005 

spiral nematodes (Helicotylenchus sp.) increased by 338% between spring and fall (Table 

5.5). For lesion nematodes (Pratylenchus sp.), which can be economically important 

pests in citrus, were detected in fall in both years of this field study. However, population 

levels of other nematodes were similar across different seasons.  

For the annual CC study, lesion, ring, and stubby root (Paratrichodorus sp.) 

nematode counts were highest during at least one fall season (Table 5.6). On the other 

hand, pin nematode (Paratylenchus sp.) populations followed a different trend; its initial 

population was about 12 times higher in spring than in fall 2004. In general, we consider 



 

 

137

that for a perennial crop such as citrus these nematode numbers appear to be rather low. 

The citrus nematode (Tylenchulus semipenetrans), one of the most important pest 

nematodes in citrus, was not detected in our organic citrus grove (Tables 5.5 and 5.6). 

Tree Row Ground Cover in Perennial Cover Crop Study 

Overall there was no treatment effect on tree-row ground covers (Table 5.7). 

Crabgrass (Digitaria ciliaris (Retz) Koel) and common bermudagrass (Cynodon dactylon 

(L.) Pers.) were the most dominant weed species and they accounted for more than 75% 

of the ground coverage during the summer of 2003. Overall ground cover decreased 

during the fall of 2003 in comparison with summer season. During the spring of 2004, 

bermudagrass, bahiagrass (Paspalum notatum Fluegge) and red sorrel (Rumex acetosella 

L.) accounted for 46% of the tree row soil area coverage, whereas during the summer 

bermudagrass was the main weed species, while bermudagrass, crabgrass, and (planted) 

cowpea were the most abundant species during the fall. During the spring of 2005, the 

predominant species were bermudagrass and red sorrel with these two species accounting 

for 75% of weed ground cover. The overall groundcover/weed community was 

dominated by bermudagrass and ‘Iron-Clay’ cowpea, the latter was planted during the 

summer 2005, and greatly reduced bermudagrass population. This trend persisted during 

the fall of 2005 with ‘Iron Clay’ cowpea, and bermudagrass predominating in the tree 

row. 

Citrus Tree Growth Characteristics, Citrus Leaves N, and Fruit Quality 

For the perennial CC study, tree height, and diameter were significantly reduced by 

annual cover crop treatment in fall 2002 and spring 2003 (Table 5.8). However, after the 

fall of 2003, tree height and diameter were similar across all CC treatments. For the 

annual CC study, tree height and diameter were not affected by treatments (Table 5.9).  
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Similarly, there was no treatment effect on citrus leaf N concentration, with values 

ranging from 26.1 to 26.7 g N kg tissue-1 during the three years of study (2003-2005) for 

the perennial CC study. Nitrogen tissue values were 25.2 to 26.4 g N kg tissue-1 for the 

annual CC study during 2004 and 2005, respectively (data not shown).  

For perennial CC study, trees produced very few fruits during 2004 and fruits were 

removed to stimulate vegetative growth. During 2005, fruits were harvested for the first 

time and yield, degree Brix (°Brix), acidity, and the Brix/acid ratio were not affected 

significantly by treatments (Table 5.10). 

Discussion 

Soil pH  

In general, soil pH was not affected by CC treatments similar to the results reported 

by Waring and Gibson (1994), Bloodworth and Johnson, (1995), Tian et al. (1999). 

Overall soil pH was increased from 4.8-5.1 (2001) to about 6.4 in 2004, which may be 

related to the application of chicken manure. Similar results were reported by Hue and 

Licudine (1999), Eneji et al. (2002), Materechera and Mkhabela (2002), and Mubarak et 

al. (2003). This may be due to the relatively high Ca content of chicken manure and/or 

release of organic molecules/anions with strong affinity for Al. Because of continued 

applications of chicken manure from 2002 to 2004, Mehlich-1-extractable-P values 

reached “very high” soil test category (> 100 mg Mehlich-1 P kg soil-1) similar to the 

findings reported by Mubarak et al. (2003) and O’Hallorans et al. (1997), thus increasing 

the potential for surface and groundwater pollution through runoff and leaching. Use of 

Nature Safe, a 9-0-9 (N, P2O5, K2O) formulation, prevented additional soil P build up but 

this product is 2-3 times more expensive. However, since it is a feather-meal based 
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product its N release seems to be more gradual which renders it a more suitable N source 

for young citrus trees.  

The gradual increase in soil pH in both tree rows and row middles was probably 

related to application and/or lateral dispersal of chicken manure associated with soil 

tillage and/or run off similar to the findings reported by Sistani et al. (2003). The 

decrease in soil pH for sunnhemp plots in the perennial CC study in 2004 may be related 

to tillage-induced mineralization, resulting in increased nitrification rates and subsequent 

release of H+ ions (Myrold, 1999, Fortuna et al., 2003). However, this trend was not 

consistent across years. The increase of pH in fall for the annual CC study for the PP 

treatment, may be related to the effect of PP tissue residues on soil pH (Espindola et al., 

2005). But again this effect was not consistent. 

Soil C, N, and C:N Ratio 

Soil C increased significantly from 5.4 g C kg-1 soil in 2001 (Appendix C) to about 

8.3 g C kg-1 soil in 2005 (about 35% increase) in both perennial and annual CC studies, 

which may be related to addition of chicken manure and cover crop residues. However, 

soil C was not affected by CC treatments, which was similar to the results obtained using 

crimson clover, hairy vetch, and wheat (Bloodworth and Johnson, 1995; Mubarak et al., 

2003). However, other authors reported that use of CC and/or organic amendments 

enhanced soil organic matter (Koutika et al., 2001; Wright et al., 2003; Agele et al., 2005; 

Tian et al., 2005; Conceicao, et al., 2005; Fageria, et al., 2005; Ding et al., 2006). It may 

be possible that inherent soil variability and addition of high application rates of organic 

amendments to the tree row masked treatment effects. The overall initial increase in soil 

C could be attributed to a combination of factors. These may include soil protection and 

soil organic matter accumulation underneath the sod of perennial crops and/or weeds, 
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high carbon sequestration rates of annual CC such as sunnhemp, and the dispersal of 

chicken manure applied to the tree rows due to tillage and runoff (Mubarak et al., 2003) 

which could explain the relatively high soil C and N values in the tillage fallow.  

Typical C content in chicken manure ranges 300- 410 g C kg-1 (Obreza and Ozores-

Hampton, 2000; Sistani, 2003) and total annual application rates were on the order of 10 

Mg ha-1. Although its C:N ratio is low (9.1 to 12.4) and most of the N is readily available 

(Sistani, 2003), the bulk of the material may consist of more recalcitrant components that 

decompose more gradually over time and modulate the build up of soil organic matter 

(Wagger et al., 1998). 

Overall total soil N was greater in tree rows in comparison with row middles 

because of the relatively high N content in chicken manure and its direct application on 

the tree rows where it was applied. Nitrogen values in chicken manure range from 30 to 

37 g N kg-1 (Obreza and Ozores-Hampton, 2000; Sistani, 2003), which could explain the 

higher soil N values in tree rows compared to the row middles, similar to the results of 

increased soil N due to chicken manure reported by Eneji et al. (2002) 

The change in C:N ratio in row middles in 2005 (after four years of 

experimentation) may be related to a gradual build up of recalcitrant material in sod 

based (PP) systems. This was the first indication that systems started to diverge. The 

“sluggish” response to CC treatments may be related to the high annual SOM losses in 

coarse sandy soil combined with high soil temperatures and high intensity rainfall events 

that tend to disperse/erode organic residues across the field. As a result, continuous 

application of large amounts of soil organic amendments may be required to detect soil 

organic matter accumulation (Mubarak et al., 2003; Cookson et al., 2005). The higher 
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C:N ratio obtained in PPsu was related probably to the higher biomass accumulation in 

this treatment and formation of a rhizomatous and more recalcitrant root mat under a 

perennial system (See chapter 3). Similar results were reported by Sainju et al. (2003) and 

Saldivar et al. (1992a). 

Nematode Counts 

The increase in lesion nematode during the fall in annual CC study may be related 

to a higher citrus fibrous root starch concentration in fall which stimulates nematode 

proliferation, as was suggested by Duncan et al. (1998). However, both citrus blocks 

showed very low levels of lesion nematode (0-5 nematodes per 100 cm3 soil) and 

numbers remained well below the critical high levels of infestation (O’Bannon et al., 

1972). It appeared that neither the annual nor perennial CC assayed resulted in a 

proliferation of lesion nematode populations or any other pest nematode of citrus. Other 

nematode populations were also low and levels were so low to negatively affect citrus 

growth (Ferguson, 1984; Duncan and Cohn, 1990). Although some CC such as 

alyceclover, lablab, and mungbean may function as host to certain nematodes (Reddy et 

al., 1986b), the inherent diversity in microfauna and flora of soils under organic 

management (Mader et al., 2002, Berkelmans et al., 2003) may have reduced nematode 

populations. Similar findings were documented by Wang et al. (2006) who reported 

reduction in phytophagus nematodes using organic inputs. 

Tree Row Ground Cover in Perennial Cover Crop Study 

The lack of effect of CC treatment in row middles on tree-row weed ground cover, 

was hardly surprising since both regions formed two distinct management zones. 

Moreover, repeated tillage and planting cowpea in the tree rows may also have masked 

potential more subtle effects. Bermudagrass and crabgrass were the initial predominant 
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weeds in tree rows, but crabgrass was reduced over time possibly due to the competition 

with bermudagrass and cowpea (Craine et al., 2005). Dominance of bermudagrass may 

be related to soil inversion with rototilling as suggested by Guglielmini and Satorre, 

(2004), since this results in a dispersal of aerial stolons and subterranean rhizomes. Based 

on field observations, up to 6 or 7 rototilling passes within a 3-month period were 

required in order to exhaust bermudagrass reserves and destroy propagule structures. The 

increase in weed cover percentage (55%) of bermudagrass during the spring of 2005 was 

related to the use of ‘Cream-40’ cowpea in summer 2004. This compact and early- 

maturing cowpea variety lost its canopy dominance quickly (in about 6 weeks). As a 

result, bermudagrass gained a competitive edge and increased its biomass, reserves, and 

reproductive structures and its population density peaked during the spring 2005. When 

‘Iron Clay’ cowpea was planted, bermudagrass population was reduced to near 35% of 

ground coverage, showing the effectiveness of this cowpea cultivar in suppressing weeds 

in the trees rows, similar to the findings reported by Budhar and Tamilselvan (2003), 

Ram et al. (2003), and Tamado and Milberg (2004).  

Citrus Tree Performance 

Since sunnhemp was planted close to the tree row during 2002, its height (> 2 m) 

combined with the small size of the tree (<0.75 m) resulted in partial shading of the citrus 

trees during the summer of 2002, thereby hampering initial citrus development. In studies 

by Yamanishi and Hasegawa (1995), Dhyani and Tripathi (1999) and Aiyelaagbe (2001) 

intercropping sweet orange with species that shaded citrus trees also significantly 

decreased tree height and diameter. But over time, citrus trees under annual CC treatment 

recovered to normal height and diameter. This resulted from planting sunnhemp further 

away from the tree trunk (> 2 m) and the trees also gradually becoming taller. Similar 



 

 

143

findings about effect of shade on citrus were reported by Cohen et al. (2005). During 

2005, there were high populations of locusts in the field and it was observed that citrus 

canopy damage in plots bordered by sunnhemp was greatly reduced. Similarly, some 

organic growers use sunnhemp as a wind break to prevent the spread of citrus canker.  

Nitrogen concentration in citrus leaves was not affected by CC treatments, and 

values fell within the “adequate” range as documented by Tucker et al. (1995). Similarly 

Wright et al. (2003) reported that CC did not affect orange leaf nutrient content. Citrus 

yields during the first harvest were low compared to values reported by Whitney et al. 

(1994) for adult citrus trees, but these lower yields are explained by the fact the ‘Hamlin’ 

variety does not produce economically until its fifth or sixth year after planting 

(Ferguson, 1995). Degree Brix and acidity fell within the normal range as stated by 

Wardowski et al. (1995), and values were similar to those of Berger et al. (1996). 

Conclusions 

In general, perennial and annual CC treatments did not affect soil pH, and soil C 

and N content nor the soil C:N ratio during the initial 3 years of this study. Continuous 

application of chicken manure increased soil pH and soil organic matter but the 

corresponding build-up of soil P concentrations was deemed undesirable because it can 

contribute to surface and groundwater pollution through runoff and leaching. For this 

reason, chicken manure should be alternated with other nutrient sources that are low in P 

and leguminous cover crops may play a role in restoring P-imbalances. Nematode 

numbers appeared to be rather low, which may be related to CC occurrence and potential 

suppression by eventual high soil biodiversity typical of integrated organic cover 

crop/citrus systems. Cover crop treatments of row middles did not affect weed growth 

dynamics in the tree row. However, planting cowpea in the tree row did decrease 
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bermudagrass and crabgrass populations in tree rows due to light competition. Planting 

tall cover crops such as sunnhemp near young citrus trees reduced initial tree growth but 

this was remediated by planting sunnhemp further away from the tree row and planting a 

more compact crop like ‘Iron Clay’ cowpea in the remainder of the tree middles.  Cover 

crop treatments did not affect citrus leaf N, fruit yield, and quality. 

Although the benefits of CC on soil quality and tree performance were not obvious, 

this is hardly surprising since both soil and tree systems are well-buffered and relatively 

slow to respond to changing environmental conditions. Moreover, high initial application 

rates of chicken manure probably masked more subtle responses of system parameters as 

affected by treatments. However, it is expected that over time and with reduced use of 

external inputs such as chicken manure, effects on more sensitive parameters as affected 

by treatments such as particulate organic matter, may become more evident. 
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Table 5.1. Effect of year, season, location, and treatments on soil pH for the perennial 
cover crop study during 2003-2005. 

 Location 

 Row middles Tree rows 

   Season   Season 

Treatment  Spring Fall Spring Fall 

 -----------------------------------  2003  ------------------------------------- 

ACC§ 5.89  6.16  6.11  6.47  

PPsp
† 5.87  5.82  5.81  6.22  

PPsu-os
‡ 5.93  6.31  6.36  6.23  

PPsu
¶ 5.98  6.05  6.16  6.25  

 -----------------------------------  2004  -------------------------------------- 

ACC 6.70 A 5.90 B 6.78 A 6.03 B  

PPsp 6.39  6.21  6.52  6.27  

PPsu-os 6.52  6.26  6.73  6.26  

PPsu 6.44  6.21  6.44  6.30  

 -----------------------------------  2005  -------------------------------------- 

ACC 6.21 6.07  6.25  6.45  

PPsp 6.04 6.50  6.09  6.32  

PPsu-os 6.14 6.40  6.22  6.68  

PPsu 6.30 6.72  6.21  6.21  

§ Annual cover crops: crimson clover, sunnhemp and cowpea. † Perennial peanut (PP) 
planted in spring. ‡ PP planted in summer, the following years PP was over-seeded with 
crimson clover in fall. ¶ PP planted in summer. Absence of letters within the same 
column or row indicate no significant differences (P<0.05). Means within the same row 
followed by the same upper case letter do not differ statistically by the LSMEANS 
adjusted by Tukey test (P<0.05). 
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 Table 5.2. Effect of year, season, location, and treatments on soil pH  for the annual 

cover crop study during 2003-2005. 

 Location 

 Row middles Tree rows 

                  Season                Season 

Treatment  Spring Fall Spring Fall 

 -----------------------------------  2003  -------------------------------------- 

ACC§ 5.82 6.12 5.81 6.12 

Perennial Peanut 5.62 B 6.27 A 5.55 B 6.22 A 

Grass fallow 5.58 5.91 5.58 6.12 

Tillage Fallow 5.68 6.04 5.61 5.98 

 -----------------------------------  2004  -------------------------------------- 

Annual CC 5.79 6.25 6.24 6.34 

Perennial Peanut 5.71 6.09 6.19 6.20 

Grass fallow 6.34 6.59 6.31 6.28 

Tillage Fallow 5.82 6.25 6.20 6.34 

 -----------------------------------  2005  -------------------------------------- 

Annual CC 6.11 6.25 6.18 6.37 

Perennial Peanut 6.04 6.40 6.20 6.23 

Grass fallow 6.45 6.73 6.19 6.39 

Tillage Fallow 6.09 6.47 6.22 6.41 

§ Annual cover crops. Absence of letters within the same column or row indicate no 
significant differences (P<0.05). Means within the same row followed by the same upper 
case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
 
 
 
 
 



 

 

147

 Table 5.3. Effect of year, location, and treatment on soil C, N, and C:N for the perennial 
cover crop study during 2003-2005. 

 Location 
 Row 

middles 
Tree 
rows 

Row 
middles 

Tree 
rows 

Row 
middles 

Tree 
rows 

 C N  C:N 
Treatment  ---------------- g kg-1 soil ------------------- ------------------------- 

 2003 

ACC§ 6.4  6.5 0.36 B 0.59 A 18.4 11.4 

PPsp
† 6.5 7.2 0.37 B 0.58 A 18.7 13.0 

PPsu-os
‡ 5.8 6.4 0.35 B 0.46 A 17.5 14.4 

PPsu
¶ 5.5 6.2 0.35 B 0.45 A 16.3 14.0 

 2004 

ACC 8.2 9.3 0.42 B 0.70 A 19.8 13.4 

PPsp 8.2 8.6 0.36 B 0.54 A 21.4 A 15.8 B 

PPsu-os 6.8 7.8 0.33 B 0.54 A 20.9 14.4 

PPsu 6.7 7.2 0.34 B 0.56 A 19.6 13.3 

 2005 

ACC 7.2 8.7 0.42 B 0.61 A 17.7 b  14.4  

PPsp 7.9 8.9 0.42 B 0.63 A 19.8 b  14.9  

PPsu-os 8.1 8.1 0.36 B 0.60 A 22.5 ab A 13.4 B 

PPsu 8.5 7.5 0.34 B 0.58 A 24.8 a A 12.9 B 

§ Annual cover crops: crimson clover, sunnhemp and cowpea. † Perennial peanut (PP) 
planted in spring. ‡ PP planted in summer, the following years PP was over-seeded with 
crimson clover in fall. ¶ PP planted in summer. Absence of letters within the same 
column or row indicate no significant differences (P<0.05). Means within the same 
column followed by the same lower case letter and means within the same row followed 
by the same upper case letter do not differ statistically by the LSMEANS adjusted by 
Tukey test (P<0.05). 
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 Table 5.4. Effect of year, location, and treatment on soil C, N, and C:N ratio for the 
annual cover crop study during 2003-2005. 

 Location 
 Row 

middles 
Tree 
rows 

Row 
middles 

Tree 
rows 

Row 
middles 

Tree 
rows 

 C N  C:N 
Treatment  ------------------ g kg-1 soil ------------------- ------------------------ 

 2003 

ACC§ 8.6 8.9 0.41  0.49 20.8 18.4 

Grass Fallow 8.2 8.8 0.38 0.48 21.7 18.7 

 2004 

ACC 10.0 11.0 0.42 B 0.65 A 23.7 A 17.3 B 

Perennial peanut 9.3 10.0 0.37 B 0.59 A 25.1 A 18.9 B 

Grass Fallow 9.4 11.1 0.40 B 0.65 A 23.7 A 17.6 B 

Tillage fallow 9.1 11.1 0.35 B 0.64 A 25.9 A 17.8 B 

 2005 

ACC 8.6 9.7 0.46 B 0.65 A 19.0 15.1 

Perennial peanut 7.9 9.8 0.39 B 0.58 A 20.7 17.1 

Grass Fallow 8.0 9.4 0.42 B 0.65 A 19.4 15.9 

Tillage fallow 8.2 9.3 0.37 B 0.57 A 20.1 15.6 

§ Annual cover crops. Absence of letters within the same column or row indicate no 
significant differences (P<0.05). Means within the same row followed by the same upper 
case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
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Table 5.5. Number of plant-parasitic nematode for the perennial cover crop study during 

2004 and 2005. 

Nematode 2004 2005 

 Spring Fall  Spring Fall 

 ------------------ Nematodes 100 cm-3 soil ------------------- 

Xiphinema (Dagger)  0 A 0 A 0 A 1 A 

Hemicriconemoides 0 A 2 A 0 B 4 A 

Pratylenchus (Lesion) 0 A 1 A 0 A 2 A 

Longidorus 0 A 0 A 0 A 0 A 

Paratylenchus (Pin) 1 A 0 A 2 A 1 A 

Criconemoides (Ring) 27 A 8 B 14 A 16 A 

Meloidogyne (Root-knot) 1 B 5 A 24 A 16 A 

Helicotylenchus (Spiral) 8 A 10 A 8 B 28 A 

Paratrichodorus (Stubby 
root) 

0 A 3 B 1 A  1 A 

Means within the same row and year followed by the same upper case letter do not differ 
statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
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Table 5.6. Number of plant-parasitic nematode for the annual cover crop study during 
2004 and 2005. 

Nematode 2004 2005 

 Spring Fall  Spring Fall 

 ------------------ Nematodes 100 cm-3 soil ------------------- 

Xiphinema (Dagger)  0 A 0 A 0 A 0 A 

Hemicriconemoides 0 A 0 A 0 A 0 A 

Pratylenchus (Lesion) 0 B 3 A 1 B 5 A 

Longidorus 0 A 0 A 0 A 0 A 

Paratylenchus (Pin) 36 A 3 B 16 A 7 A 

Criconemoides (Ring) 25 A 16 A 3 B 18 A 

Meloidogyne (Root-knot) 0 A 1 A 2 B 6 A 

Helicotylenchus (Spiral) 0 A 0 A 0 A 1 A 

Paratrichodorus (Stubby 
root) 

1 B 3 A 1 A 0 A 

Means within the same row and year followed by the same upper case letter do not differ 
statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
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Table 5.7. Percentages of ground cover in the tree row for most commonly observed weed species as affected by year and season in 
tree rows for the perennial cover crop study during 2003-2005. 

 2003  2004  2005 
Species Spring Summer Fall Spring Summer Fall Spring Summer Fall 

Paspalum notatum   1 c A 7 a A 11 b  A 7 b A 5 c A 4 c A 4 b A 4 b A 

Cynodon dactylon  32 b A 7 a B 26 a A 36 a A 36 a A 55 a A 35 a B 35 a B 

Vigna unguiculata†   0 c B 15 a A 0 c B 5 b B 16 b A 0 c B 46 a A 46 a A 

Cyperus spp.  4 c A 0 A 0 c A 3 b A 1 c A 1 c A 7 b A 8 b A 

Digitaria ciliaris  45 a A 18 a B 0 c B 1 b B 21 b A 1 c A 3 b A 2 b A 

Richardia scabra  4 c A 0 A 1 c A 1 b A 2 c A 0 3 b A 2 b A 

Gnaphalium spp.  0 0 2 c A 0 B 0 B 3 c A 0 A 0 A 

Linaria canadensis  0 0 4 c A 0 B 0 B 4 c A 0 A 0 A 

Rumex acetosella    0 0 9 b A 0 B 0 B 20 b A 0 B 0 B 

Triodanis 
perfoliata 

 0 0 3 c A 0 B 0 B 5 c A 0 A 0 A 

† Cowpea planted in tree rows in July 2003, and June 2004 and 2005. Iron Clay cv. planted in 2003 and 2005 and ‘Cream-40’ planted 
in 2004. Means within the same column followed by the same lower case letter and means within the same row followed by the same 
upper case letter do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). 
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 Table 5.8. Effect of year, season, and treatments on tree height and trunk diameters for 
‘Hamlin’ oranges (perennial cover crop study) during 2002-2005. 

 Height Diameter 
   Season   Season 
Treatment  Spring Fall Spring Fall 

 ------------ m ------------  ---------------- mm --------------- 
 2002 

ACC§ -- 0.75 b -- 10.2 b  

PPsp
† -- 0.82 a -- 11.2 a 

PPsu-os
‡ -- 0.83 a -- 11.1 a 

PPsu
¶ -- 0.81 a -- 10.9 a 

 2003 

ACC 0.93 b B 1.64 A 16.0 b B 27.3 A 

PPsp 1.02 a B 1.75 A 17.6  a B 30.9 A 

PPsu-os 0.97 a B 1.59 A 17.3  a B 29.3 A 

PPsu 0.99 a B 1.65 A 17.2  a B 28.9 A 

 2004 

ACC 1.85 B 2.16 A 32.7 B 46.1 A 

PPsp 1.83 B 2.21 A 36.5 B 50.5 A 

PPsu-os 1.74 B 2.09 A 33.2 B 46.7 A 

PPsu 1.86 B 2.16 A  35.5 B 47.7 A 

 2005 

ACC 2.28 B 2.61 A 51.6 B 61.3 A 

PPsp 2.50 B 2.61 A 55.6 B 62.8 A 

PPsu-os 2.23 B 2.48 A 51.5 B 60.1 A 

PPsu 2.31 B 2.55 A  54.0 B 60.9 A 

§ Annual cover crops: crimson clover, sunnhemp and cowpea. † Perennial peanut (PP) planted in 
spring. ‡ PP planted in summer, the following years PP was over-seeded with crimson clover in 
fall. ¶ PP planted in summer. Absence of letters within the same column indicate no 
significant differences (P<0.05). Means within the same column followed by the same lower 
case letter and means within the same row followed by the same upper case letter do not differ 
statistically by the LSMEANS adjusted by Tukey test (P<0.05). Trunk diameter was measured at 
0.2 m high. 
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 Table 5.9. Effect of year, season, and treatments on tree height and trunk diameters for 
‘Navel’ oranges (annual cover crop study) during 2003-2005. 

 Height Diameter 

   Season   Season 

Treatment  Spring Fall Spring Fall 

 ------------ m ------------  ---------------- mm --------------- 

 2003 

ACC§ 0.71 B 0.91 A 11.3 B 14.2 A 

Perennial Peanut 0.70 B 0.95 A 11.0 B 14.9 A 

Grass fallow 0.70 B 0.97 A 12.0 B 16.3 A 

Tillage fallow 0.71 B 0.89 A 11.3 B 14.4 A 

 2004 

ACC 1.09 B 1.39 A 19.4 B 29.4 A 

Perennial Peanut 1.14 B 1.43 A 23.7 B 31.9 A 

Grass fallow 1.14 B 1.49 A 21.4 B 31.0 A 

Tillage fallow 1.06 B 1.35 A 18.8 B 27.4 A 

 2005 

ACC 1.45 B 1.68 A 33.3 B 39.1 A 

Perennial Peanut 1.54 B 1.73 A 34.0 B 39.3 A 

Grass fallow 1.49 B 1.70 A 35.7 B 41.7 A 

Tillage fallow 1.39 B 1.56 A 32.0 B 38.1 A 

§ Annual cover crops. Absence of letters within the same column indicate no significant 
differences (P<0.05). Means within the same row followed by the same upper case letter 
do not differ statistically by the LSMEANS adjusted by Tukey test (P<0.05). Trunk 
diameter was measured at 0.2 m high. 
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Table 5.10. Effect of cover crop treatment on citrus yield and fruit quality (degree Brix 
and acidity) for the perennial cover crop study during 2005. 

Treatment Yield °Brix Acid °Brix/Acid 
  Mg ha-1  Degrees %  

ACC§ 4.1 11.9 1.1 10.8 

PPsp
† 3.9 11.9 1.1 10.8 

PPsu-os
‡ 3.4 11.5 1.0 11.4 

PPsu
¶ 3.6 12.1 1.0 12.0 

§ Annual cover crops: crimson clover, sunnhemp and cowpea. † Perennial peanut (PP) 
planted in spring. ‡ PP planted in summer, the following years PP was over-seeded with 
crimson clover in fall. ¶ PP planted in summer. Absence of letters within the same 
column indicate no significant differences (P<0.05). 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS  

Citrus is one of the most important agricultural crops in Florida. However, during 

the past decade increased international competition, continuous urban development, 

diseases, and more stringent environmental regulations have greatly affected the citrus 

industry. In contrast, organic agriculture is the fastest increasing segment of US 

agriculture, with organic sales increased by 20% annually since 1990. However, despite 

the rapid growth of organic agriculture, information on organic production in general and 

organic citrus in particular is scarce and there is a lack of pertinent production guidelines. 

Although growers transitioning to organic production may benefit from price premiums, 

they thus also face many challenges, including development of cost-effective weed 

management strategies. Florida organic citrus growers emphasized that weed control was 

the most critical factor for growers to be successful during the transition to organic 

production.  

Annual and perennial cover crops may constitute an environmentally sound 

approach for improved weed management in organic systems. However, current practices 

for establishment and management of perennial cover crops (perennial peanut) were 

developed for conventional forage production and are not appropriate for its use as a 

cover crop in organic citrus. Research to assess the effectiveness of CC is thus needed to 

provide a scientific basis for appropriate production guidelines for organic citrus growers. 

To accomplish this an interdisciplinary research program was developed to assess the 

effectiveness of different cover crops in suppressing weeds in newly established citrus 
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groves and their effect on soil quality and tree growth. The objectives of this dissertation 

were to i) determine growth characteristics of annual cover crops and their effectiveness 

in suppressing weeds in newly planted organic citrus groves (Chapter 2); ii) evaluate the 

effect of planting time on initial perennial peanut (PP) establishment, growth, and dry 

matter production, and its effectiveness on weed suppression compared to annual CC 

systems (Chapter 3); iii) quantify the effect of perennial peanut and common 

bermudagrass on citrus N and water uptake under controlled conditions (Chapter 4); and 

iv) assess changes in soil quality, weed population dynamics in tree rows, initial citrus 

growth, yield, and fruit quality as affected by annual and perennial cover crop treatments 

(Chapter 5). 

To accomplish these objectives, two long-term field experiments and one 

greenhouse study were conducted between 2002 and 2005. Two one-hectare blocks were 

planted with ‘Hamlin’ and ‘Navel’ orange varieties [Citrus sinensis (L.) Osb.] both 

grafted on swingle citrumelo (C. paradisi Macf. x P. trifoliata (L.) Raf.) during the 

summer of 2002 and spring 2003, respectively. The studies were conducted at the Plant 

Science Research and Education Unit in Citra, Florida (29.68 N, 82.35 W) at a certified 

organic research site on representative citrus soils (Candler and Tavares fine sand).  

Annual Cover Crop Study 

The main emphasis in the field experiment planted with ‘Navel’ variety was to 

determine the growth characteristics of annual cover crops (ACC) and their effectiveness 

in suppressing weeds. A randomized complete block design was used with four blocks, 

each containing different annual CC treatments which were planted twice a year (summer 

vs. winter season). Grass and tillage fallows were included for comparison. 
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Annual cover crops appear to provide the most cost-effective method for managing 

weeds in organic citrus systems. Cover crop dry matter, N accumulation, and weed 

suppression by annual CC varied depending on plant species and season. In general 

summer CC had the highest biomass and N accumulation. Sunnhemp, hairy indigo, 

cowpea, and alyceclover performed consistently well in terms of biomass production, N 

accumulation, and weed suppression. Although pigeon pea generally accumulated 

adequate amounts of biomass and N, its weed suppression capacity was not always 

consistent. In terms of winter CC, the triple mix of radish-rye-crimson clover performed 

best, had the highest biomass production, and was most effective in suppressing weeds.  

Total biomass (CC + weeds) averaged 9.7 and 4.0 Mg ha-1 for the best summer and 

winter cover crops, respectively. Corresponding values for total N accumulation were 

174 and 69 kg N ha-1. Although weeds may compete for resources, they also may provide 

ecological services and our work showed the complementary role of weeds in nutrient 

retention and recycling. Throughout the course of the study, use of selected CC provided 

excellent weed control, which was superior to other methods including repeated tillage. 

Use of two- or three-component winter CC mixes resulted in higher DW and N 

accumulation and more effective weed suppression compared to monocrops, due to the 

synergistic and complementary interaction among system components. 

Perennial Cover Crop Study 

The main emphasis of the field experiment planted with ‘Hamlin’ variety was use 

of perennial cover crop (perennial peanut) to evaluate the effect of planting time of 

perennial peanut on its initial establishment, growth, and dry matter production. We also 

determined its effectiveness in suppressing weeds compared to annual CC systems. A 

randomized complete block design was used, with four repetitions and four treatments 1) 
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Annual cover crop (ACC), sunnhemp and/or cowpea planted in summer, crimson clover 

and/or rye planted in fall (this treatment was included for comparison); 2) Perennial 

peanut (PP) planted in spring (PPsp); 3) Crimson clover planted in spring (2002) and PP 

planted in summer, the following years perennial peanut was over-seeded with crimson 

clover in fall (PPsu-os); 4) Fallow in spring (2002) and PP planted in summer (PPsu). 

In general establishment of PP was very slow. For the spring planting stands were 

poor due to a lack of adequate soil moisture, while competition with weeds and grasses 

resulted in slow establishment for all treatments. Under our production settings, planting 

PP after the onset of the rainy season resulted in better initial stands and more effective 

weed control. Initial weed suppression by PP was very poor to poor, which was related to 

its slow initial growth and high weed pressures. Over-seeding PP with crimson clover in 

fall reduced PP vigor and its effectiveness in suppressing weeds.  

Compared to PP, annual CC (ACC) provided much better weed control, especially 

when species were used that have allelopathic properties (rye) and/or retain adequately 

dense canopies for prolonged periods of time (rye and sunnhemp). For both PP and ACC, 

weed biomass typically was inversely related to DW accumulation of either PP or ACC 

due to competition for light, water and nutrients. Presence of leguminous CC increased 

overall N content but weeds also contributed to enhanced N retention and nutrient 

cycling.  

Citrus, Perennial Peanut, and Bermudagrass Competition for Nitrogen and Water 

A greenhouse experiment was conducted at the Agronomy and Physiology 

facilities at the University of Florida in Gainesville between April 2004 and September 

2005. A Soil-N Uptake Monitoring (SUM) system was used to determine N and water 

uptake dynamics of citrus (CIT), perennial peanut (PP), and common bermudagrass (BG) 
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and to assess the potential for competition for water and N uptake between citrus and 

species used for groundcover. Treatments included 1) Citrus (CIT); 2) Bermudagrass 

(BG); 3) Citrus + bermudagrass (CIT + BG); 4) Perennial peanut (PP); 5) Citrus + 

Perennial peanut (CIT + PP); we also used N amended bare soil (reference) columns to 

assess crop N uptake. Treatments were replicated four times using a randomized 

complete block design. 

The SUM-based N uptake system appeared to work well and overall N recovery 

from reference columns was consistently high while uptake rates matched those obtained 

via the 15N technique. Nitrogen uptake followed cyclic patterns as related to plant 

species, cropping system, growing cycle, ET, solar radiation and soil temperature.  

Nitrogen uptake was greatest for bermudagrass-based systems, while were similar PP and 

citrus systems. According to the 15N study, N uptake for bermudagrass was reduced by 

citrus in the citrus+BG system, and competition for N uptake did occur during the 

summer months. Shading of bermudagrass by citrus trees was probably the functional 

mechanism by which N uptake of bermudaggrass was reduced. Perennial peanut N 

uptake was not reduced by citrus in the citrus+PP system since PP being a C3 plant has 

lower light requirements and is less susceptible to shading. This crop can also sustain N 

uptake via increased symbiotic N fixation when N availability is being reduced. As a 

result, no obvious competition for N uptake occurred between citrus and PP. Similar 

conclusions were obtained using the SUM-based technique, implying that our soil N-

uptake-system (SUM) is well-suited to monitor N uptake and competition between citrus, 

PP, and BG. Nitrogen uptake was significantly reduced after clipping and increased 

during the pre-clipped cycle related to the N sink capacities of groundcovers.  
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Water uptake was greatest for the mixed systems and bermudagrass. Citrus and 

bermudagrass competed for water uptake during the spring and summer seasons. On a 

field scale, frequent mowing of groundcovers may thus be required to minimize the risk 

of potential competition for water under water-limiting conditions. However, under our 

experimental conditions, the competition between citrus and BG for water and N did not 

significantly affect overall citrus tree growth, whereas presence of citrus trees did reduce 

bermudagrass N concentration, possibly due to shading.  

Nitrogen uptake and growth characteristics of PP were not affected by citrus in the 

citrus+PP system. On the other hand, PP appeared to compete with citrus only for water 

uptake and also reduced citrus root length, but this did not translate into reduced tree 

growth. Additional research is required to elucidate the long term effect of citrus root 

length reduction on N uptake and the effect of BG on citrus growth characteristics under 

field conditions.  

Nitrogen use efficiency was greatest for mixed systems and bermudagrass. 

Groundcovers such as PP and BG, showed the potential to act as catch crop reducing N 

leaching. Some of the N accumulated in grasses growing in row middles may be 

internally recycled and at a later point be released and re-utilized, which would facilitate 

more efficient N use. Alternatively, under N limiting conditions, presence of grasses near 

trees may hamper tree establishment in newly planted groves. It is concluded that 

perennial peanut may be less prone to compete with citrus trees and also may be a more 

suitable cover crop for row middles cover since it will also generate extra farm income.  
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Effect of Cover Crops on Soil Characteristics, Tree Row Cover and Citrus Growth 
and Yield 

In general, perennial and annual CC treatments did not affect soil pH, soil C and 

soil N content, nor the soil C:N ratio during the initial 3 years of this study. Continuous 

application of chicken manure increased soil pH and soil organic matter but the 

corresponding build-up of soil P concentrations was deemed undesirable because it 

potentially can contribute to surface and groundwater pollution through runoff and 

leaching. For this reason, chicken manure should be alternated with other nutrient sources 

that are low in P and leguminous cover crops may play a role in restoring P-imbalances. 

Nematode numbers appeared to be rather low, which may be related to CC occurrence 

and potential suppression by eventual high soil biodiversity typical of integrated organic 

cover crop/citrus systems. Cover crop treatments of row middles did not affect weed 

growth dynamics in the tree row. However, planting cowpea in the tree row did decrease 

bermudagrass and crabgrass populations in tree rows due to competition for light. 

Planting tall cover crops such as sunnhemp near young citrus trees reduced initial tree 

growth but this was remediated by planting sunnhemp further away from the tree row and 

planting a more compact crop like ‘Iron Clay’ cowpea in the remainder of the tree 

middles. Cover crop treatments did not affect citrus leaf N, fruit yield, and quality. 

Although the benefits of CC on soil quality and tree performance were not obvious, 

this is hardly surprising since both soil and tree systems are well-buffered and relatively 

slow to respond to changing environmental conditions. Moreover, high initial application 

rates of chicken manure probably masked more subtle responses of system parameters as 

affected by treatments. However, it is expected that over time and with reduced use of 
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external inputs such as chicken manure, effects on more sensitive parameters as affected 

by treatments such as particulate organic matter, may become more evident. 

Implications of the Research 

Effective weed management strategies in organic citrus are critical for successful 

transition from conventional to organic systems. Integration of annual and perennial 

cover crops in organic citrus groves will provide growers with environmentally sound 

alternatives for improved weed management. The use of annual summer CC such as ‘iron 

clay’ cowpea and/or sunnhemp in row middles, and alyceclover and/or ‘Iron Clay 

cowpea in citrus rows during the summer season are viable strategies for weed 

management, while in winter season we propose the use of a system consisting of a tree 

strip planted with a mixture of crimson clover and black oat as winter CC due to their 

compact canopy and low probability of competition with citrus trees for light. 

Intercropping rye with crimson clover and radish would be desirable for row middles in 

winter. 

Increased N accumulation in CC-based systems during the summer season may 

provide benefits to subsequent CC crops and/or citrus trees via mineralization. Use of 

continuous CC sequence may also reduce potential nutrient losses due to leaching 

Continuous growth of CC combined with reduced tillage may also enhance C 

sequestration and N cycling and retention in the soil. Augmented soil organic matter is 

considered a desirable characteristic of sustainable systems. In organic systems, this 

approach may also foster the development of soils that can enhance natural suppression 

of weeds, soil borne diseases, and insect populations, all of them through the mechanism 

of increased soil organic matter and soil microbial diversity. As a result, such an 
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approach may be environmentally friendly and cost-effective due to reduced 

requirements of external inputs. 

In terms of PP system, since it is very important to ensure a clean and weed-free 

seed bed for PP planting by using repeated tillage followed by CC crops such as 

sunnhemp/‘Iron Clay’ cowpea and winter rye may be beneficial to reduce weed 

population in organic systems for a minimum of one year prior to planting perennial 

peanut. We also propose the use of an integrated management system with PP being 

planted in early summer in row middles following repeated rototilling of a winter rye CC 

crop. Annual compact self-reseeding CC can be planted near young trees, complemented 

with manure or natural fertilizer amendment applied to the tree rows only. Once the trees 

are 5-6 years old and the perennial peanut is established, sheep can be introduced in the 

system to graze the row middles. 

Future Research Recommendations 

Focusing on the system as an integrated unity of complementary component whole, 

the incorporation of a small animal component (sheep) in the citrus grove may be 

desirable. Animals may provide both additional income and may enhance weed 

suppression and nutrient recycling in citrus groves. 

Since using a mix of cover crops rendered superior results, additional research is 

warranted to provide guidelines for optimal mixes and mixing ratios. In this case it would 

be pertinent to look at different system performance parameters including C and N 

sequestration in plant and soil and potential N leaching, and the effects of residue 

management on soil physical, chemical, and biological properties, weed suppression, 

nematodes and beneficials as indicators of the health of the overall ecosystem.  
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Additional research is needed to enhance our understanding of N cycling in organic 

citrus systems, with special reference to N immobilization, mineralization, and crop N 

uptake as affected by CC and/or organic amendments. Use of lysimeter and/or resin trap 

studies, will also be critical to monitor potential leaching and environmental risks 

associated with different management practices. Finally, cost-benefit analysis may be 

required to evaluate what production practices would be most cost-effective on a farm 

scale.  
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APPENDIX A 
ANALYSES OF VARIANCE FOR PERENNIAL PEANUT STUDY  

Table A.1. Analyses of variance for perennial peanut (PP) shoot dry weight  (DWPP), N 
accumulation in PP shoots (Nacc-PP), PP leaf area index (LAIPP), number of 
PP shoots per square meter (shoot#), Weed dry weight (DWWD), N 
accumulation in weeds (Nacc-WD), and Cover crop weed index (CCWI). 

 Perennial Peanut Weeds 

 

 

DWPP 

 

Nacc-PP. 

 

LAIPP Shoot#  DWWD 

 

NaccWD CCWI 

Year (Yr) *** *** *** *** *** *** *** 

Sampling (Spl) *** *** *** *** *** *** ** 

Treatment (Trtm) *** ** *** *** *** *** *** 

Yr* Spl  *** *** *** *** *** *** *** 

Yr * Trtm  *** *** *** *** *** *** *** 

Spl*Trtm *** ** *** *** *** *** *** 

Year * Spl* Trtm *** *** *** NS *** *** *** 

* Significant at  the 0.05 level. 
** Significant at  the 0.01 level. 
*** Significant at  the 0.001 level. 

NS = not significant . .  
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APPENDIX B 
ANALYSES OF VARIANCE FOR EFFECTS OF PERENNIAL PEANUT (Arachis 
glabrata Benth.) AND COMMON BERMUDA GRASS (Cynodon dactylon L.) ON 

NITROGEN AND WATER UPTAKE OF CITRUS 

 Table B.1. Analyses of variance for the effect of ground covers on N and water uptake. 
Effect Nitrogen  Water 
 Significance *** 
Season  *** *** 
Sampling (time) *** *** 
Cycle *** *** 
Treatment *** ** 
Season*sampling ** ** 
Season*cycle *** *** 
Season*treatment *** *** 
Sampling*cycle ** *** 
Sampling*treatment *** *** 
Cycle*treatment ** *** 
Season*sampling*cycle ** *** 
Season*sampling*treatment NS ** 
Season*cycle*treatment  *** *** 
Sampling*cycle*treatment  *** NS 
Season*sampling*treatment*cycle NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
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Table B.2. Analyses of variance for the effect of cropping system on bermuda grass and 

perennial peanut shoot dry weight (DW), nitrogen concentration (Nconc) and 
nitrogen accumulation (Naccum).  

Effect DW Nconc Naccum 
  Significance  
Year ** ** NS 
Season ** ** ** 
Cycle ** ** ** 
Treatment ** *** NS 
Year*season ** ** NS 
Year*cycle ** ** * 
Year*treatment * ** NS 
Season*cycle ** ** ** 
Season*treatment * *** * 
Cycle*treatment ** ** * 
Year*season*cycle ** *** NS 
Year*season*treatment ** ** * 
Year*cycle*treatment ** NS NS 
Season*cycle*treatment ** *** NS 
Year*season*cycle*treatment NS NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
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APPENDIX C 
INITIAL SOIL CONDITIONS OF EXPERIMENTAL SITE, DECEMBER 2001 (SOIL 

ANALYSES RESULTS) 

 

Figure C.1. Initial soil conditions at the experimental site in December 2001 (soil 
analyses results from Analytical Research Lab. IFAS, Gainesville, FL.) 
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APPENDIX D 
ANALYSES OF VARIANCE FOR ANNUAL AND PERENNIAL COVER CROPS ON 

SOIL AND CITRUS TREE CHARACTERISTICS, CITRUS TREE ROW GROUND 
COVER, AND CITRUS YIELD AND QUALITY  

Table D.1. Analyses of variance for the effect of perennial cover crops (PCC) and annual 
cover crops (ACC) on soil pH.  

Effect  PCC  ACC 
 Significance 
Year *** *** 
Season * *** 
Location NS NS 
Treatment NS NS 
Year*season *** ** 
Year*location NS ** 
Year*treatment NS *** 
Season*location NS * 
Season*treatment NS NS 
Location*treatment NS NS 
Year*season*location *** * 
Year*season*treatment *** NS 
Year*location*treatment NS * 
Season*location*treatment NS * 
Year*season*location*treatment NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
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Table D.2. Analyses of variance for the effect of perennial cover crops on soil carbon (C), 
nitrogen (N) and C:N ratio.  

Effect  C  N  C:N 
 Significance 
Year *** ** *** 
Season NS * *** 
Location * *** *** 
Treatment NS NS ** 
Year*season ** ** NS 
Year*location NS NS ** 
Year*treatment NS NS NS 
Season*location NS * NS 
Season*treatment NS NS NS 
Location*treatment NS NS NS 
Year*season*location NS ** * 
Year*season*treatment NS NS NS 
Year*location*treatment NS NS NS 
Season*location*treatment NS NS NS 
Year*season*location*treatment NS NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
  
 
 
Table D.3. Analyses of variance for the effect of annual cover crops on soil carbon (C), 

nitrogen (N) and C:N ratio.  
Effect  C  N  C:N 
 Significance 
Year *** ** ** 
Season *** NS NS 
Location *** *** *** 
Treatment NS NS NS 
Year*season NS ** NS 
Year*location NS ** NS 
Year*treatment NS NS NS 
Season*location NS NS NS 
Season*treatment NS NS NS 
Location*treatment NS NS NS 
Year*season*location NS * NS 
Year*season*treatment NS NS NS 
Year*location*treatment NS NS * 
Season*location*treatment NS NS NS 
Year*season*location*treatment NS NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
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Table D.4. Analyses of variance for the effect of perennial cover crops (PCC) and annual 
cover crops (ACC) on soil nematode populations.  

Effect  PCC  ACC 
 Significance 
Year *** NS 
Season *** ** 
Location NS NS 
Species *** *** 
Year*season NS ** 
Year*location NS NS 
Year*Species *** *** 
Season*location NS NS 
Season*Species *** *** 
Location*species NS NS 
Year*season*location NS NS 
Year*season*species *** *** 
Year*location*species NS NS 
Season*location*species NS NS 
Year*season*location*species NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
 
 
Table D.5. Analyses of variance for the effect of perennial cover crops on tree-row cover.  
Effect  Significance 
Year *** 
Season *** 
Treatment NS 
Species *** 
Year*season ** 
Year*treatment NS 
Year*Species *** 
Season*treatment NS 
Season*Species *** 
Treatment*species NS 
Year*season* treatment NS 
Year*season*species *** 
Year* treatment*species NS 
Season* treatment*species * 
Year*season* treatment *species NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
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Table D.6. Analyses of variance for the effect of perennial cover crops on citrus tree 
height (Height) and diameter (Diam).  

Effect  Height  Diam 
 --------------------------------- Significance ----------------------- 
Year *** *** 
Season *** *** 
Treatment * * 
Year*season *** *** 
Year*treatment * * 
Season*treatment * * 
Year*season*treatment  NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
  
 
Table D.7. Analyses of variance for the effect of annual cover crops on citrus tree height 

(Height) and diameter (Diam).  
Effect  Height  Diam 
 --------------------------------- Significance ----------------------- 
Year *** *** 
Season *** *** 
Treatment NS NS 
Year*season ** *** 
Year*treatment NS NS 
Season*treatment NS NS 
Year*season*treatment  NS NS 
NS= not significant 
*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively. 
  
 
Table D.8. Analyses of variance for the effect of perennial cover crops (PCC) and annual 

cover crops (ACC) on nitrogen citrus leaf concentration.  
Effect  ACC  PCC 
 --------------------------------- Significance ----------------------- 
Year NS NS 
Treatment NS NS 
Year*treatment NS NS 
NS= not significant 

*, **, *** Significant at level P= 0.05, 0.01, and <0.0001, respectively.  
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