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Abstract 

This dissertation examines the effects of management techniques on nutrient dynamics in 

coffee farms in Costa Rica’s Central Valley.  I describe how fertilizer management and 

species alter the storage, movement, and release of nutrients. Coffee can be cultivated in 

monoculture or under the shade of trees (agroforest). While monocultures are always 

amended with mineral fertilizer, fertilizer is applied to agroforests in two forms: mineral 

and organic, with some farms receiving no fertilizer.  A major finding of this study was 

the systematic difference in nutrient pools among management systems.  Unfertilized 

agroforests had the largest aboveground nitrogen (N) and phosphorus (P) pools while 

fertilized agroforests had the largest soil nutrient pools.  An approach based on nutrient 

balances indicated that mineral-fertilized agroforests are more likely to lose nutrients than 

organically-fertilized or unfertilized agroforests.  Further, mineral-fertilized agroforests 

had higher concentrations of nitrate-N (but not phosphate-P) concentrations in leachate 

(at 15cm) than organically-fertilized agroforests, supporting the hypothesis that mineral-

fertilized agroforests are more likely to lose N.  Despite greater nutrient inputs in 

mineral- compared to organically-fertilized agroforests, calculated N losses were similar. 

However, N losses were three times higher in the coffee monoculture.  Deep soil N pools 

(50-80cm) were larger in mineral- compared to organically-fertilized agroforests, but 

correspondingly large soil carbon (C) pools appear to be capable of immobilizing N.  

High concentrations of iron and aluminum oxides provide a mechanism for P retention.  

Finally, over a year, more N is released under a mixed-species canopy than a mono-

specific canopy suggesting that increased canopy diversity may accelerate nutrient 
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release to the crop.  Further, N and P release from Erythrina pruning residues may be 

enhanced during periods high nutrient demand if Musa is simultaneously pruned.   In 

sum, this dissertation suggests that nutrient optimization may be best achieved by a 

management strategy in which coffee is cultivated under the shade of several shade 

species.  As the price organic coffee farmers receive for their beans continues to drop, 

this research shows that by farming under the shade of trees and applying moderate 

amounts of inorganic fertilizer, small-scale farmers may be able to enhance profitability 

while maintaining a low environmental impact. 
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Chapter 1: Introduction and summary of major findings  

Abstract 

This dissertation examines the effects of management techniques on nutrient dynamics in 

coffee farms in Costa Rica’s Central Valley.  I describe how fertilizer management and 

species alter the storage, movement, and release of nutrients. Coffee can be cultivated in 

monoculture or under the shade of trees (agroforest). While monocultures are always 

amended with mineral fertilizer, fertilizer is applied to agroforests in two forms: mineral 

and organic, with some farms receiving no fertilizer.  A major finding of this study was 

the systematic difference in nutrient pools among management systems.  Unfertilized 

agroforests had the largest aboveground nitrogen (N) and phosphorus (P) pools while 

fertilized agroforests had the largest soil nutrient pools.  An approach based on nutrient 

balances indicated that mineral-fertilized agroforests are more likely to lose nutrients than 

organically-fertilized or unfertilized agroforests.  Further, mineral-fertilized agroforests 

had higher concentrations of nitrate-N (but not phosphate-P) concentrations in leachate 

(at 15cm) than organically-fertilized agroforests, supporting the hypothesis that mineral-

fertilized agroforests are more likely to lose N.  Despite greater nutrient inputs in 

mineral- compared to organically-fertilized agroforests, calculated N losses were similar. 

However, N losses were three times higher in the coffee monoculture.  Deep soil N pools 

(50-80cm) were larger in mineral- compared to organically-fertilized agroforests, but 

correspondingly large soil carbon (C) pools appear to be capable of immobilizing N.  

High concentrations of iron and aluminum oxides provide a mechanism for P retention.  

Finally, over a year, more N is released under a mixed-species canopy than a mono-
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specific canopy suggesting that increased canopy diversity may accelerate nutrient 

release to the crop.  Further, N and P release from Erythrina pruning residues may be 

enhanced during periods high nutrient demand if Musa is simultaneously pruned.   In 

sum, this dissertation suggests that nutrient optimization may be best achieved by a 

management strategy in which coffee is cultivated under the shade of several shade 

species.  As the price organic coffee farmers receive for their beans continues to drop, 

this research shows that by farming under the shade of trees and applying moderate 

amounts of inorganic fertilizer, small-scale farmers may be able to enhance profitability 

while maintaining a low environmental impact. 
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1.0 Agroforestry - Optimizing nutrient use in farming systems with a focus on 

coffee 

Northern Latin America is home to seven of the ten countries with the highest 

deforestation rates in the world (Rice 1999).  Once a vast tropical forest, only 43% of this 

original land cover remains (FAO 2008).  Land has been and continues to be cleared for 

agriculture and pasture, especially the cultivation of coffee, banana, and sugarcane and 

the production of cattle (Myster 2004).  My research will focus specifically on the 

biogeochemical consequences of coffee cultivation in Costa Rica. 

Coffee (Coffea arabica) is native to the Horn of Africa, and was already widely 

cultivated by the 14th century (Topik 2000).  The Dutch brought it to the New World in 

the 1700s where it thrived in the mid- and high-elevation mountainous regions of tropical 

America (Rice 1999).   Currently, coffee is the top exported commodity in Central 

America by dollar value ($2.4 billion; FAO 2008), and its cultivation and production 

support over 8.5 million people in the region (Vedenov et al. 2007).  About 2.7 million 

hectares of land are devoted to the cultivation of coffee across northern Latin America 

(FAO 2009), comprising the majority of the agricultural land cover between 500 and 

2000 meters above sea level (Perfecto et al. 1996).   

Coffee was traditionally cultivated as an understory shrub in an otherwise intact 

tropical forest (in other words, in an agroforest).  In the 1950s attempts were made to 

“modernize” coffee farms by removing trees in hopes of improving yields.  Coffee 

producers largely ignored these efforts since coffee exports continued to boom and 

demands steadily rose during the years immediately following World War II.  However, 
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in the 1970s, a fungal disease, la roya (Hemileia vastatrix), devastated coffee crops 

across Latin America.  The blight was exacerbated by the moister, shady conditions of 

agroforests, and as it swept across Central America and the Caribbean, efforts to control 

the disease became subsumed in a multi-national push to “technify” coffee farms (Rice 

1999).  Technified coffee farms differ tremendously from traditional coffee agroforests as 

overstory trees (30+ meters) are either removed entirely or replaced by regularly-spaced, 

short (5-8m) service trees.  Service species such as Erythrina poeppigiana, have 

symbiotic associations with nitrogen (N)-fixing bacteria which provide a source of 

nutrients to the system.  However, their wood is of an extremely low quality, and they 

offer little in the form of habitat for local species.  Further, they are regularly pruned such 

that for the majority of year, the landscape essentially behaves as a monoculture.  

Although some agroforests remain, currently 80-85% of coffee in Central America is 

cultivated in monoculture or highly technified conditions (FAO 2008). 

The cultivation of crops under the shade of trees is an ancient practice.  A 

spectrum of systems exist- ranging from subsistence livestock and pastoral systems to 

shaded coffee, tea, and cacao plantations and homegardens.  Over half of the farmed 

landscapes worldwide include some form of tree cover, however Central America has the 

highest density of trees on farms (Zomer et al. 2009).   

In the past 40 years these agroforests have received much attention from land 

managers, international development agencies, and researchers for their potential to 

improve environmental and economic sustainability (Hassan et al. 2005; UNFCCC 

2008).  Agroforests store more carbon (Nair et al. 2009), recycle greater quantities of 



 
5 

nutrients (Palm 1995; Schroth et al. 2001), maintain higher levels of biodiversity 

(Perfecto et al. 1996), and have a greater potential to improve regional economic stability 

by diversifying livelihoods (Leakey et al. 2005; Amekawa et al. 2010) than industrialized 

agriculture. Nevertheless, in most research, the benefits of agroforests are assessed in 

comparison to regional extremes such as mature forests on the one hand and heavily 

fertilized monocultures on the other. Little research has investigated how management 

within the spectrum of agroforestry can alter ecosystem processes. 

Specifically, I examine how nutrient dynamics are altered under different 

management systems. Farmers may influence nutrient cycling through the application of 

fertilizers, and by their selection of the number, identity and relative abundance of 

species present.  In this research, I examine four different coffee management systems: 

(1) mineral-fertilized monocultures (MONO); (2) mineral-fertilized agroforests (MAF); 

(3) organically-fertilized agroforests (OAF), and (4) unfertilized agroforests (ZAF, for 

‘zero’ fertilizer; Figure 1).  In unshaded monocultures, coffee is grown in the absence of 

trees and amended with large quantities of mineral fertilizers (in excess of 200 kg N ha-1 

yr-1; Harmand et al. 2007).  In this study, mineral-fertilized agroforests receive moderate 

quantities of mineral fertilizer (between 50-120 kg N ha-1 yr-1).  However, in efforts to 

compensate for the lower yields in shaded systems, it is not uncommon for farmers in this 

region to amend their shade-grown coffee with 300kg N ha-1 yr-1 (Harmand et al. 2007).  

Further, shade trees are pruned frequently (2-3 times a year) and aggressively (nearly all 

branches removed) in mineral-fertilized agroforests. Synthetic fertilizers and pesticides 

are excluded in organically-fertilized agroforests, and manure and compost are applied to 
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maintain crop productivity.  The nutrient concentration of these substrates is low 

compared to mineral fertilizers (Chapter 3, Table 1), therefore total N inputs are typically 

less than 85 kg ha-1 yr-1.  In addition, pruning is less frequent and less intense (fewer 

branches removed) in organically-fertilized agroforests leading to smaller quantities of 

recycled nutrients transferred to the soil, and also less sun exposure for the coffee plants.  

In 2008, fertilizer prices rose to a historic high for both organic and mineral forms, and 

many farmers were forced to reduce their annual amendments.  Still others found 

themselves unable to afford fertilizer at all, and relied solely on N fixed by leguminous 

shade trees and internal nutrient cycling to nourish the crop (referred to here as 

‘unfertilized agroforests’).  Surprisingly, these farms had the lowest pruning frequency 

among agroforests averaging once per year (typically in January or February).  Clearly, 

different farm management strategies will have consequences for the coupled cycling of 

nutrients, water, and energy.  My dissertation research is the first to investigate how 

nutrient dynamics are altered under these different forms of management. 
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Figure 1: Characteristics of four coffee management systems examined in Costa 
Rica.  Average fertilizer N and P and typical pruning frequency in (a) mineral-fertilized 
monocultures, (b) mineral-fertilized agroforests, (c) organically-fertilized agroforests, and 
(d) unfertilized agroforests. 
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2.0 Research Objectives 

As the tropical landscape matrix continues to shift, it is important to identify 

strategies that optimize nutrient use in agroecosystems.  In an effort to identify some of 

these strategies, my research asks the following questions: 

How does management affect nutrient pools, fluxes, and balances? (Chapter 2) 

How does management affect nutrient loss? (Chapters 3 and 4) 

How does management affect soil nutrient retention? (Chapter 5) 

How does management affect patterns of nutrient release? (Chapter 6) 

 
3.0 Synthesis of Results 

In Chapter 2 I examine N and P balances in 21 coffee agroforests across the 

Central Valley of Costa Rica.  I identified agroforests receiving (a) mineral (n=9), (b) 

organic (n=7), and (c) no fertilizer (n=5), in which Coffea is grown under a combination 

of Erythrina poeppigiana, Musa acuminata, and Cordia alliodora.  In this chapter, I 

address two main questions: 

1. Does management affect nutrient pools? 

2. Does management affect nutrient fluxes? 

To estimate the size of aboveground biomass and soil nutrient pools, I collected soils, 

live, and senesced leaf tissues for nutrient analysis.  I used allometric equations to 

calculate nutrient pools in aboveground biomass and bulk density to calculate the size of 

soil nutrient pools.  I interviewed farmers to capture the specific management practices 

employed on their farm.  Specifically, I gathered information on (a) fertilizer inputs and 
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(b) harvest outputs.  I used a series of models to estimate other nutrient fluxes including 

N-fixation, N deposition, and gaseous N losses.  By subtracting N and P in outputs (e.g. 

harvest and gas losses) from nutrient inputs (e.g. harvest, N-fixation, and deposition), I 

estimated nutrient “excess” or potential leaching losses.  I found management affected 

both nutrient pools and nutrient fluxes. Unfertilized agroforests had larger aboveground 

N and P pools compared to mineral- and organically-fertilized agroforests.  On the other 

hand, fertilized farms had larger soil N and P pools than unfertilized farms.  Mineral-

fertilized agroforests had more excess N and P, suggesting that they have a greater 

potential to lose nutrients than either organically-fertilized or unfertilized agroforests.  

In Chapter 3, I design a leaching experiment to empirically measure N and P 

concentrations in soil water in coffee farms (MAF=4; OAF=4; MONO=1) in order to test 

the hypothesis that agroforests amended with mineral fertilizer were more prone to 

nutrient loss than agroforests amended with organic fertilizer.  In this chapter, I address 

the question; does management affect potential nutrient loss?  I used gravity and tension 

lysimeters to collect soil water at 15cm and 100cm below the soil surface, and measured 

nitrate, phosphate, and ammonium concentrations in soil water. I found management 

affected potential nutrient loss. Surface (at 15cm) nitrate concentrations were 

significantly higher in mineral-compared to organically-fertilized agroforests, with the 

highest surface nitrate concentrations in the monocultures.  This lent further support to 

the hypothesis that agroforests amended with mineral fertilizers would have higher N 

losses than agroforests amended with organic fertilizers.  However, nitrate concentrations 

at depth (100cm) were not significantly different among agroforests.  Nitrate 
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concentrations in soil water (at depth) collected in monocultures were three times 

higher than concentrations in agroforests, suggesting that perhaps the most important 

mechanism preventing N loss is the presence of trees.  P concentrations in soil water were 

not significantly different among management systems at either 15cm or 100cm.   

In Chapter 4, I develop a water balance to estimate the quantity of water drainage 

in each coffee farm instrumented with lysimeters (MAF=4; OAF=4; MONO=1). In this 

chapter I address two questions,  

1. Does management affect actual nutrient loss? 

2.  What mechanisms prevent nutrient loss? 

I couple this water balance with the nutrient concentrations measured in Chapter 3 to 

calculate annual N and P losses from each management system.  I found management 

affected actual nutrient loss. I show that annual N and P losses (at both 15cm and 100cm) 

are similar between mineral and organically fertilized agroforests, but that N and P loss is 

enhanced in the absence of trees.  I also identified mechanisms that may prevent nutrient 

loss.  I show that N losses decline with increasing aboveground biomass, while P losses 

do not.  Rather, P losses decline with increasing soil iron pools as this pool provides 

binding sites for dissolved P.  The size of the biomass pool may be a useful metric for 

estimating on-farm N loss as it is easily estimated from simple field surveys. 

In Chapter 5, I examine the effect of fertilizer type on soil characteristics in 

agroforests to determine whether inherent soil properties or management confer nutrient 

retention capacity. In this chapter, I address two questions, 

1. Does management affect soil pools? 
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2. How are nutrients retained? 

Three soil pits (to 80cm) were dug in each agroforest (MAF=4; OAF=4; total of 24 pits). 

I measured soil bulk density, and analyzed soils for total N, C, and P concentrations.  I 

also measured cation exchange capacity (CEC), and fractions of the aluminum (Al) and 

iron (Fe) oxide pools.  I used bulk density to calculate the size of the soil pools. Surface 

(0-15cm), mid (15-50cm), and deep (50-80cm) soil pools were examined.  I found 

management affects soil pools, but only deep soil pools.  Soil N pools were significantly 

larger in agroforests amended with mineral fertilizer compared to agroforests amended 

with organic fertilizer likely due to their larger N amendments and subsequent transport 

of N to deeper soil layers.  I also identified mechanisms for nutrient retention.  Given 

large N inputs and low N losses at 100cm, it appears that pruning of shade trees is critical 

in mineral-fertilized agroforests. Frequent, heavy pruning helps maintain soil C pools, 

which in turn, are capable of immobilizing nutrients, especially N.  Even at depth, where 

soil N pools are significantly larger in mineral fertilized soils, leaching is buffered by a 

large C pool. The C:N ratio is not significantly different in organically and mineral 

fertilized agroforests, but the total pool sizes are.  High soil Al and Fe oxide 

concentrations and high bulk density at depth provide more binding sites for both N and 

P, further enhancing nutrient retention. Trees not only prevent against nutrient loss by 

actively assimilating and recycling nutrients (direct effect), they also help maintain 

certain chemical and physical properties of the soil which enhance the capacity of the 

system to retain nutrients (indirect effect).   
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In Chapter 6, I examine how management affects patterns of nutrient release 

from decomposing leaves.  The transfer of nutrients in litterfall and pruning residues can 

exceed those added even via mineral fertilizers.  Decomposition rates of these materials 

can constrain the release of nutrients to the crop, which in turn are limited by 

environmental variables and substrate quality.  Therefore, in this chapter I addressed two 

questions, 

1. Does canopy composition affect nutrient release? (environmental variable) 

2. Does leaf composition affect nutrient release? (substrate quality) 

To address the first question, I tracked decomposition rates and patterns of nutrient 

release in leaves under two different canopy types: a mono-specific canopy and mixed-

species shade canopy.  To address the second question, I examined decomposition rates 

and patterns of nutrient release in leaves in leaf tissues representative of those found in 

pruning residues throughout the Central Valley of Costa Rica. I found both canopy and 

leaf composition affected nutrient release. A larger proportion of tissue N is released 

under the mixed canopy after a year, but canopy composition did not significantly affect 

patterns of P release. Over the course of the growing season, maintaining a diverse 

canopy may provide greater nutritional benefits to the crop than could be conferred by a 

single-species canopy.  Further, I found that N and P release is facilitated in when leaf 

mixtures include Musa. While Erythrina is systematically pruned in January-February 

and June-July Erythrina, there is no regular Musa pruning schedule.  This research shows 

that N and P release may be facilitated during periods of enhanced nutrient demand (e.g. 

fruit set and maturation if Musa is simultaneously pruned. 
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4.0 Conclusions 

This dissertation shows that despite a wide range in the form and quantity of 

nutrient inputs, trees are capable of minimizing nutrient losses.  Annual nutrient losses 

are similar among mineral- and organically-fertilized agroforests and significantly lower 

than those observed under sun-grown monocultures. Furthermore, N losses decline 

linearly with increasing shade tree biomass, further supporting the claim that trees 

minimize nutrient loss.  In heavily-fertilized agroforests, intensive pruning of shade trees 

allows for a build up of soil organic matter that effectively buffers nitrogen losses. Thus, 

the incorporation of trees on farms is the best way to mitigate the negative effects of 

heavy fertilizer application.  Further, this research shows that farming organically does 

not enhance the capacity of the agroforest system to retain nutrients.   

The price premiums for organic coffee continue to drop, and farmers are forced to 

consider other management strategies and crops.  Therefore, what management strategy 

offers the greatest potential to optimize nutrient use and sustain farmer livelihoods? Plant 

trees, and plant several species of them.  This strategy would be effective in a shifting 

economic climate where organic coffee prices continue to drop and these farmers are 

being quickly shouldered out of the market.  By farming under the shade of trees and 

applying moderate amounts of mineral fertilizer, small-scale farmers can improve 

profitability while maintaining a low environmental impact.  
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5.0 Glossary 

Mineral-fertilized agroforest (MAF). A management system where coffee is cultivated 
under the shade of overstory trees and amended with mineral fertilizers. 
 
Mineral-fertilized monoculture (MONO). A management system where coffee is 
cultivated in the absence of trees and amended with mineral fertilizers. 
 
Nutrient Excess. Defined as nutrient inputs (e.g. as fertilizer or fixed N) minus nutrient 
outputs (e.g. as harvest or gaseous N).  Units are in kg of N or P ha-1 yr-1.  See equations 
2 and 3 in Chapter 2. 
 
Nutrient Recovery.  The difference between outputs on fertilized versus unfertilized 
farms divided by the difference between inputs on fertilized versus unfertilized farms.  
Gaseous losses are not included in the estimation of N recovery. See equations 4 and 5 in 
Chapter 2. 
 
Organically-fertilized agroforest (OAF).  A management system where coffee is 
cultivated under the shade of overstory trees and amended with organic fertilizers such as 
manure, compost, bocashi, and broza. 
 
Pruning frequency. The number of times a year shade trees are pruned. 
 
Pruning intensity. Relates to the number of branches removed from shade trees per 
pruning. Selective pruning refers to the removal of all but 4 or 5 branches while total 
pruning refers to the removal of all branches. 
 
Sustainability. In ecology, it is the capacity of a system to maintain the diversity of 
functional groups, productivity, and rates of biogeochemical cycling over time and within 
a normal disturbance regime.  In this research, I focus specifically on the biogeochemical 
aspect of sustainability.  That is, the capacity of ecosystems to retain and recycle nutrients 
and prevent against nutrient loss.  
 
Sustainable agriculture.  An agroecosystem that integrates environmental health, 
economic profitability, and social and economic equity.  
 
Technification (technified).  The process by which traditional coffee agroforests became 
modernized (mostly during the 1970s).  Included the removal of native overstory trees 
and increased inputs of fertilizers.   Coffee rows are spaced a little father apart than in the 
agroforest setting, but coffee plants in each row are much closer together.  Trees (if 
included at all) are typically planted at a low density (150 trees ha-1) in comparison to 
high density agroforests (up to 1000 trees ha-1) and aggressively pruned. 
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Unfertilized agroforest (ZAF, for ‘zero fertilizer’ agroforests). A management 
system where coffee is cultivated under the shade of overstory trees and to which no 
amendments (mineral or organic) are made. 
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Chapter 2: Closing the loop – The effect of management systems on 
nutrient balances in coffee agroforests 
 
Abstract 

Agroforests are a primary example of ecologically sustainable agroecosystems due to 

their efficient use of natural resources and ability to buffer against ecological and socio-

economic stresses.  I constructed nitrogen (N) and phosphorus (P) balances to examine 

the ecological sustainability of mineral-fertilized, organically-fertilized and unfertilized 

coffee agroforests.  A similar percent of applied nutrients were recovered in mineral- and 

organically-fertilized coffee yields.  However, nutrient excess (inputs minus outputs) was 

higher in mineral-fertilized agroforests, suggesting they may be more prone to nutrient 

loss.  Nutrient pools were large in these agroforests, and unfertilized farms tended to store 

nutrients aboveground, and fertilized farms belowground.  Future research should 

investigate the fate of excess nutrients to develop specific strategies promoting nutrient 

optimization in agroforests. 
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1.0 Introduction 

Agroforestry is a land-use practice in which a subsistence or cash crop is grown 

under the canopy of over-story trees, and in the 1970’s it gained recognition as a 

sustainable form of land management that combined the best aspects of both forestry and 

agriculture (Bene et al. 1977; Steppler and Nair 1987).  Agroforests are complex systems 

with interacting components in which ecological structures and functions are strongly 

modified by management.  Controlled field experiments have described how certain 

components (e.g. shade tree species, size, or density) can alter nutrient cycling (Glover 

and Beer 1986; Beer 1988; Harmand et al. 2007).  However, in working farms, many 

components are simultaneously manipulated since management techniques respond to 

rising and falling prices of fertilizer, labor, equipment, and gasoline (Sick 1997).  

Controlled field experiments examine the direct effects of a few variables at a given time.  

On-farm studies examine the effects of the same variables, but within the socio-economic 

context of an active farm.  By including the inherent variability among and within coffee 

agroforests, I capture the nitrogen (N) and phosphorus (P) trade-offs of farm management 

regimes.  In this study, I examine how specific management practices affect on-farm 

biogeochemical sustainability by altering nutrient pools and fluxes. 

Coffee (Coffea arabica) was traditionally grown in an agroforestry setting.  

However, in efforts to maximize yields, it is now often cultivated in monoculture and 

amended with large quantities of N fertilizer (often exceeding 200 kg N ha-1 yr-1; FAO 

1997; Harmand et al. 2007).  Recently, these high fertilization rates have been linked to 

nitrate loading in aquifers underlying coffee-producing regions such as Costa Rica’s 
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Central Valley (Reynolds-Vargas and Richter 1995; Reynolds-Vargas et al. 2006).  

However, coffee agroforests persist, and despite reduced yields, they provide a much 

more ecologically sustainable alternative to unshaded monoculture plantations.  For 

example, in contrast to unshaded farms where nutrients located beyond the coffee root-

zone are essentially lost to the system, the incorporation of shade trees in an agroforest 

mediates nutrient loss as tree roots can access nutrients stored beyond the reach of coffee 

plants (Berendse 1979; Berendse 1982; Fassbender 1987; Chapin et al. 1996; Ataroff and 

Monasterio 1997).  Several studies have shown N loss to be significantly reduced in 

coffee agroforests compared to unshaded monocultures (Babbar and Zak 1995; Udawatta 

et al. 2002; Harmand et al. 2007).  This research examines nutrient balances in 

agroforests under different management regimes in order to determine if nutrient 

optimization can be further enhanced in these systems.  

Nutrient inputs may vary both in their quantity and form.  For example, mineral 

fertilizers are applied in ratios (N:P:K) that mimic plant requirements, and are therefore 

readily assimilated by the crop.  On the other hand, organic fertilizers, such as compost, 

manure, or worm castings (vermicompost) must first undergo microbial transformations 

before they are available for plant uptake. The inclusion of leguminous shade trees such 

as Erythrina poeppigiana can provide an additional source of N as atmospheric N2 is 

fixed into a bioavailable form.  Although not an (external) input, the periodic pruning of 

shade trees transfers nutrients stored in shade tree biomass to the mineral soil (Aranguren 

et al. 1982; Glover and Beer 1986).  Similar to organic fertilizers, nutrients stored in this 

pool must first be broken down into an inorganic form before they can be utilized by the 
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crop.  Nutrients are exported (outputs) primarily in the harvest, where as much as eight 

metric tons of coffee berries are removed per hectare per year (Lyngbæk et al. 2001).  

However, yields vary greatly from farm to farm.  In this study, I examine differences in 

nutrient inputs and outputs among agroforests to determine patterns among farms under 

similar management regimes.   

The diversification of management regimes can be linked, at least in part, to the 

coffee crisis of the late 1990s, when prices plunged to a historic low.  In response, niche 

markets for specialty coffees began to emerge (Goodman 1999).  Farmers who are 

Certified Organic®, for example, receive a higher price premium per unit than their non-

organic neighbors.  Such incentives are meant to financially promote sustainable 

practices, however to my knowledge, no scientific evidence indicates organically-

fertilized coffee agroforests are more sustainable, from a nutrient cycling perspective, 

than mineral-fertilized coffee agroforests.  In fact, due to the global rise in the cost of 

fertilizers, some Certified Organic farmers have reduced or ceased fertilizer application 

altogether, suggesting these farms are neither financially nor ecologically sustainable.   

The sustained export of nutrients from these farms in coffee yields without any additional 

nutrient inputs can ultimately deplete long-term soil fertility (Stoorvogel and Smaling 

1990).  Recent economic forcings provided us with a unique opportunity to compare the 

biogeochemical advantages and disadvantages of mineral and organic fertilizer 

management to “baseline” or unfertilized conditions.  

Nutrients are mobile, and may also be retained in plant biomass and soil pools.  

Therefore, I was not only interested in examining how nutrients moved in and out of 
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these systems, but also the quantity and distribution of nutrient reserves.  For example, 

agroforests (in their broadest definition) play a central role in the global C cycle and may 

contain roughly 12% of the total terrestrial carbon (Smith et al. 1993; Dixon et al. 1994; 

Dixon 1995; Nair et al. 2009).  Furthermore, soil C tends to be maintained and is often 

enhanced under organic fertilizer management in both temperate (Reganold et al. 1988; 

Su et al. 2006; Fließbach et al. 2007) and tropical systems (Goyal et al. 1999; Manna et 

al. 2005).  Therefore, this research also aimed to examine biogeochemical sustainability 

in terms of the effect of management on nutrient pools, both above and below ground. 

2.0 Materials and Methods 

2.1 Site Selection and Characteristics 

This study was conducted at four locations near Turrialba, Costa Rica (9°53’N 

83°40’W; Figure 1) between June 22 and July 12 (rainy season) of 2006.  Soils in this 

region are characterized as Andisols, Ultisols and Inceptisols (Table 1).  Farms were 

located between 9°86’N and 9°96’N (from Grano de Oro to Tres Equis) and between 

83°46’W and 83°71’W (from Grano de Oro to San Juan Norte).  The altitude of sites 

ranged from 728 to 1100 masl (from Tres Equis to Grano de Oro).  The year prior to 

sampling (July 2005-June 2006) received 2945mm of rainfall and had a mean annual 

temperature of 22.0°C.  Before initial field sampling, farmers were extensively 

interviewed to acquire information regarding annual fertilizer inputs, yields, and pruning 

regimes (Table 2). Twenty-one farms were selected for field sampling.  Fertilizers were 

applied to agroforests in two forms: mineral (9 farms) and organic (7 farms), and others 
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received no fertilizer at all (5 farms).  I may refer to agroforests receiving mineral 

fertilizers as MAF, organic fertilizers as OAF, and no/zero fertilizer as ZAF. 

Table 1: Site characteristics of four sampling locations in Central Valley of Costa 
Rica. Soil samples were collected at 0-15cm. Values represent means across all farms in 
that location and parenthetical values represent standard error of the mean. 

 Colorado Grano de 
Oro 

San Juan 
Norte Tres Equis 

Latitude 9.914 9.86 9.889 9.96 
Longitude -83.7 -83.46 -83.71 -83.57 
Altitude (masl) 858 1100 989 728 
Silt (%) 41 (1.1) 48 (1.3) 44 (1.5) 42 (1.2) 
Clay (%) 32 (3.0) 35 (3.1) 28 (2.0) 36 (1.9) 
Sand (%) 27 (2.8) 17 (2.6) 27 (0.7) 22 (2.1) 
SOM (%) 17 (0.7) 15 (1.0) 25 (1.1) 18 (1.4) 
Bulk Density (g cm-3) 0.7 0.7 0.9 0.8 
Soil C (Mg ha-1) 37.7 (4.7) 36.9 (2.1) 84.0 (6.6) 53.6 (9.7) 
Soil N (Mg ha-1) 3.1 (0.4) 3.1 (0.1) 5.5 (0.4) 4.5 (0.8) 
Soil P (Mg ha-1) 1.4 (0.2) 1.3 (0.1) 1.6 (0.2) 1.4 (0.2) 

 
Figure 1: Map of locations in Central Valley of Costa Rica. Map of the locations of 
the 21 farms sampled between June 22 and July 12, 2006.  All farms are located between 
728 and 1100masl.  Nine farms are mineral-fertilized agroforests, 7 are organically-
fertilized agroforests, and 5 are unfertilized agroforests.  
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Agroforests ranged in age from 4 to 50 years old, and previous land uses 

consisted of agriculture (52.3%), pasture (9.5%), secondary forests (28.6%), and mature 

forest (9.5%; Table 2).  For the purposes of statistical analysis, I grouped previously 

grazed and cultivated farms into one category (called agriculture), and farms previously 

in secondary and mature forest into another category (called forest).  All field data (with 

the exception of bulk density) were collected in a single visit to the farm, and in most 

cases several neighboring farms were sampled the same day. 

In the Central Valley of Costa Rica, the most common shade trees grown in 

agroforests are Erythrina poeppigiana (a nitrogen fixing species), Musa spp. (banana and 

plantain, an herbaceous plant), and Cordia alliodora (laurel, a timber tree), as well as a 

variety of fruit trees (Albertin and Nair 2004).  I sampled the following canopy covers: 

Erythrina (3 farms); Musa (2 farms); Erythrina-Musa (12 farms); and Erythrina-Cordia 

(4 farms; Table 2).   
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Table 2: Farm characteristics and nutrient fluxes from coffee agroforests in Costa Rica. Farm characteristics, nutrient inputs, 
and nutrient outputs on each of the 21 agroforests represented in the study. MAF refers to mineral-fertilized agroforests, OAF to 
organically-fertilized agroforests, and ZAF to unfertilized agroforests.  

Farm Characteristics Inputs (kg/ha/yr) Outputs (kg/ha/yr) Excess 
(kg/ha/yr) 

Mgmt Shade 
Species Location Prior land 

use 
Age 
(yrs) 

Area 
(ha) 

Coffee 
Plants/

ha 

Shade 
Trees/h

a 

N-
fix Fert N Fert P Coffee 

Yield 
Harvest 

N 
Harvest 

P N P 

MAF  Erythrina + 
Musa Colorado pasture 10 4 5700 900 90 19 5 1260 25 3 78 2 

MAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 25 4.5 6200 2260 70 142 39 2520 50 6 131 33 

MAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 6 4 5700 570 70 104 29 2025 41 5 110 24 

MAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 20 3 4200 1015 70 104 29 2025 41 5 110 24 

MAF Erythrina San Juan 
Norte sugar cane 10 2 6000 130 70 223 62 2753 55 7 191 55 

MAF Erythrina + 
Musa 

San Juan 
Norte pasture 30 2 5000 1200 70 107 12 2700 54 7 100 55 

MAF Erythrina + 
Musa 

San Juan 
Norte pasture 6 2 5200 830 70 48 13 2250 45 6 62 5 

MAF Erythrina + 
Cordia 

Tres 
Equis agriculture 14 0.5 6000 390 90 166 46 2700 54 7 166 7 

MAF Erythrina + 
Cordia 

Tres 
Equis sugar cane 4 4.2 7000 210 70 83 23 2665 53 7 81 39 

OAF Erythrina Colorado mature 
forest 15 0.7 6000 575 90 18 7 1547 31 4 72 3 

OAF Erythrina + 
Musa Colorado mature 

forest 15 0.7 6500 1432 90 18 7 768 15 2 87 5 

OAF Erythrina + 
Musa Colorado mature 

forest 40 4.6 6500 730 90 89 10 2000 34 5 125 5 

OAF Erythrina + 
Musa 

San Juan 
Norte agriculture 50 1 6200 1820 70 14 6 900 15 2 64 4 
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Table 2: continued 

Farm Characteristics Inputs (kg/ha/yr) Outputs (kg/ha/yr) Excess 
(kg/ha/yr) 

Mgmt Shade 
Species Location Prior land 

use 
Age 
(yrs) 

Area 
(ha) 

Coffee 
Plants/

ha 

Shade 
Trees/h

a 
N-fix Fert N Fert P Coffee 

Yield 
Harvest 

N 
Harvest 

P N P 

OAF Erythrina San Juan 
Norte agriculture 50 1 6500 390 70 14 6 900 15 2 64 4 

OAF Erythrina + 
Cordia 

Tres 
Equis 

secondary 
forest 6 2 6300 600 70 57 12 2000 40 5 74 7 

OAF Erythrina + 
Cordia 

Tres 
Equis 

mature 
forest 20 2 3280 180 90 24 11 2000 40 5 68 6 

ZAF Musa Grano de 
Oro 

secondary 
forest 6 5 6000 935 70 0 0 720 14 2 68 -2 

ZAF Musa Grano de 
Oro 

secondary 
forest 20 2 4300 1500 90 0 0 1200 24 3 64 -3 

ZAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 15 1 3800 550 93 0 0 1200 24 3 67 -3 

ZAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 20 2 5600 1500 90 0 0 1200 24 3 64 -3 

ZAF Erythrina + 
Musa 

Grano de 
Oro 

secondary 
forest 20 2 5600 1040 90 0 0 540 11 1 77 -1 
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2.2 Vegetation Density 

Within each farm, I established a 16m by 24m plot (Figure 2).  I measured 

diameter at breast height (dbh) for all shade trees in the plot.  I also measured mean 

coffee tree height and density.  Shade tree density was calculated by scaling up plot totals 

to a hectare.  In the case of banana plants, only pseudostems ≥10cm dbh were counted.  

Bananas produce clonally, and these small offshoots were not tabulated for this study. 

 
Figure 2: Field sampling diagram for 21 coffee farms in Central Valley of Costa 
Rica. Field plots of 24m by 16m were established with two transects running widthwise 
at 8m and 16m.  Three 1m2 forest floor samples were taken every 3m on each transect. 
Eight soil samples (to 15cm depth) were taken across each transect (4 in plant rows and 4 
in the interrows). 
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2.3 Sampling and Nutrient Analysis of Green Leaves and Forest Floor Litter 

I established two transects perpendicular to the length of the plot at 8m and 16m 

(Figure 2).  All forest floor litter (leaves, reproductive parts, and stems <8mm in 

diameter) was collected within a 1m2 area every three meters along the transect (total of 6 

samples per plot) and weighed in the field.  A sub-sample (approximately 50g) of the 

composite litter from each transect was collected and reserved for nutrient analysis.  This 

sub-sample was dried in an air-conditioned room for five to six days and then re-weighed 

to obtain a rough wet-to-dry conversion.  I collected mature sun leaves from Coffea 

plants along each transect as well from each of the shade trees in the plot.  In some cases, 

due to recent pruning, no mature shade tree leaves were available for collection.  Green 

leaves were pressed and air-dried, and leaves and forest floor litter were transported to 

the University of Virginia for nutrient analysis.   

Sub-samples from the green leaves and forest floor litter samples were dried to a 

constant mass (<65°C) and then ground in a 20-mesh Wiley mill (Thomas Scientific, 

Inc., Swedesboro, NJ, USA).  Ground material was digested using a modified Kjeldhal 

protocol and the resulting solutions analyzed for total P on an Alpkem Flow Solution IV 

Autoanalyzer (OI Analytical; College Station, Texas, USA).  Total N and C were 

measured in leaf and litter samples that were dried and ground by dry combustion on an 

elemental analyzer (Carlo Erba, Model NA 2500; Milan, Italy). 

2.4 Soil Sampling and Nutrient Analysis 

Eight soil samples (to 15cm depth) were taken across each transect (4 in plant 

rows and 4 in the interrows).  Following collection, soil samples were homogenized, air-
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dried, passed through a 2mm sieve, and transported to the University of Virginia for 

analysis.  Sub-samples of the processed soils were digested using a modified Kjeldhal 

protocol, and resulting solutions analyzed for total P on an Alpkem. Total soil C and N 

were determined by dry combustion, as above, on soils that had been dried and ground 

(<149µm).  Soil texture analysis was performed by Brookside Laboratories, Inc. (New 

Knoxville, OH).  At a later date (in June 2008), bulk density (0-15cm) measurements 

were taken in replicates of three per farm with a steel cylinder.  

2.5 Calculating Nutrient Fluxes 

Information of the type, dose, and yearly application schedule of fertilizers was 

acquired from each farmer.  Nutrient inputs via fertilizer were estimated by multiplying 

the quantity of fertilizer in kilograms by the known (or estimated) nutrient concentration 

(Appendix Table 1).  The typical mineral fertilizer has a nutrient content of 18:5:15 

(N:P:K).  Organic fertilizers consisted of chicken manure, vermicompost, and/or 

fermented coffee hulls.  Although I verified all ancillary data when possible, as data came 

from farmer interviews, they should be read as estimates, not absolute quantities.   

Nutrient export through the coffee harvest was estimated using yield data (kg ha-1) and 

published values of nutrient removal in coffee beans (20 kg N and 2.5 kg P per 1000kg of 

coffee beans; Harmand et al. 2007; Malavolta 1990).  The contribution of fixed N by 

leguminous shade trees (e.g. Erythrina) is difficult to estimate based on large spatial and 

temporal variability in N fixation rates.  For example, Erythrina root nodules disappear 

for 10 weeks following pruning, suggesting that N fixation may occur only 7 months per 

year (Nygren and Ramirez 1995).  Erythrina pruning residues may transfer 237, 227 and 
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173 kg N ha-1 yr-1 to the mineral soil in farms with one, two and three annual prunings 

(Russo and Budowski 1986).  I assume a third of foliar N is derived from the soil during 

periods of suspended N fixation (Nygren and Ramirez 1995).  Further, based on 

measured N fixation rates, Leblanc et al. (2007) extrapolated that of the remaining two 

thirds of leaf N, 59% is derived from the atmosphere. Therefore, Erythrina may 

contribute 93, 90, and 70 kg N ha-1 yr-1 of fixed N for farms with one, two and three 

annual prunings.  Based on pruning regimes in the three different management types 

(average of 2.8, 2.3, and 1.6 annual prunings in mineral-fertilized, organically-fertilized, 

and unfertilized agroforests), I estimate N fixation rates of 74, 83, and 87 kg N ha-1 yr-1 in 

mineral-fertilized, organically-fertilized, and unfertilized agroforests, respectively.  These 

estimations are reasonably larger than N fixation rates in tropical forest stands (20-60 kg 

N ha-1 yr-1; Houlton et al. 2008), but well below maximum N fixation rates of tropical 

legume plantations (>200 kg N ha-1 yr-1; Binkley and Giardina 1997).  

The measurement of atmospheric N deposition and emission were beyond the 

scope of this study. I estimated 7 kg N ha-1 yr-1 and 1 kg P ha-1 yr-1 is deposited in bulk 

precipitation and cloud water (Clark et al. 1998). Based on Houlton et al. (2006), I 

estimated background N emissions of 3 kg N ha-1 yr-1 (1 kg N2O+NOx, 2 kg N2) at 

2945mm of annual rainfall.  A portion of N fertilizer is lost in gaseous N fluxes. Based on 

emission rates in nearby fertilized coffee plantations, I calculated that approximately 5% 

of added N is lost as N2O (Hergoualc’h et al. 2008).  Including the other gaseous N 

species, I estimated that 20% of the total added N is lost via N gas emissions (Veldkamp 

and Keller 1997). Therefore total farm gaseous N losses (kg ha-1 yr-1) are estimated as, 
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NGas= FertN*0.2 + 3                (Eq. 1) 

Finally, I calculated annual farm-level nutrient excess by subtracting nutrients exported in 

the coffee harvest from the sum of inputs (fertilizer, N-fixation, and deposition in the case 

of N, and just fertilizer in the case of P; Eq. 2 and 3).   

Annual ExcessN = FertN + FixN + DepN- HarvestN - GasN    (Eq. 2) 

Annual ExcessP = FertP + DepP - HarvestP      (Eq. 3) 

Using the unfertilized farms as a baseline, I estimated the percent recovery of 

those nutrients added through fertilizer.  I divided the difference between outputs on 

fertilized versus unfertilized farms by the difference between inputs (e.g. fertilizer and N-

fixation) on fertilized versus unfertilized farms (Eq. 4).  Gaseous losses were not included 

in the estimation of N recovery.  Their inclusion increases farm nutrient recovery, when 

in fact, the volatilization of fertilizer N denotes inefficiency and constitutes a loss.  In the 

case of P, I assumed no inputs on unfertilized farms (Eq. 5). 

N Recovery (%) = (HarvestFert - HarvestUnF) / (FixFert + FertFert - FixUnF) * 100 (Eq. 4) 

P Recovery (%) = (HarvestFert - HarvestUnF) / (FertFert) * 100    (Eq. 5) 

2.6 Calculating Nutrient Pools 

To calculate coffee nutrient pools, first total aboveground coffee biomass (kg 

plant-1) was estimated using allometric equations described by Segura et al. (2006).  They 

found the proportion of woody and foliar tissue in a coffee plant to be 83% and 17%, 

respectively (Appendix A.1). Shade tree nutrient pools were estimated using allometric 

equations derived for Erythrina (Frank and Eduardo 2003; Appendix A.2), Cordia 

(Segura et al. 2006; Appendix A.3) and Musa (Hairiah et al. 2001; Appendix A.4).  
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Pruning affects tree biomass, and the equation used to calculate Erythrina biomass 

included a term for the level of pruning (Appendix A.2).  Pruning intensity was 

categorized into three levels: mild: only the low-lying branches removed; partial: all but 

one or two of the tallest branches removed; total: all branches removed. I used measured 

leaf tissue nutrient concentrations to estimate leaf nutrient pools (for shade and coffee 

plants) and estimated woody nutrient pools in shade trees using N and P concentrations of 

wood derived from the literature (Heuveldop et al. 1988; Dossa et al. 2008; Appendix C); 

carbon concentration in wood was assumed to be 50%.  

Forest floor litter N and P concentrations (mg g-1) were scaled up to forest floor 

nutrient pools (kg N and kg P ha-1) using dry mass-per-area relationships derived during 

sampling (kg litter m-2).   Soil N, P and C pools (to 15cm depth) were calculated using 

soil nutrient concentrations (mg g-1) and bulk density (g soil cm-3) to scale up to kg N, kg 

P, and kg C ha-1. 

2.7 Statistical Approach 

Agroforests were divided into three categories: mineral-fertilized (n=9), 

organically-fertilized (n=7), and unfertilized (n=5).  Initially I determined whether 

fertilizer amendments differed among management types using a one-way analysis of 

variance (ANOVA) with management type as the main effect.  I used a contingency table 

and Pearson’s Chi-square analysis to determine whether pruning regime differed by 

management type.  Once these differences were established, I investigated how 

management regimes constrained nutrient pools. 
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I analyzed variation in nutrient pools and fluxes by management type and prior 

land use (main effects) with farm age as a covariate. Statistical analyses were performed 

in JMP 8.0 for Macintosh (2009, SAS Institute, Inc.). 

3.0 Results 

3.1 Nutrient fluxes vary with management type 

 Annually, mineral-fertilized farms received significantly more N (110 kg 

compared to 34 kg of N ha-1 yr-1) and P (28 kg compared to 8 kg of P ha-1 yr-1) than 

organically-fertilized farms. (Table 2A and D).  Five farmers (all in Grano de Oro) 

claimed to apply no fertilizer at all, and relied solely on biological N-fixation and the 

recycling of leaf litter and pruning residues to supply the crop with necessary nutrients. 

Quantities of applied nutrients varied more widely among mineral-fertilized agroforests 

than among organically-fertilized agroforests (18-223 compared to 15-90 kg N ha-1 yr-1).   

Despite the range of inputs, yields in mineral-fertilized agroforests (ca. 2200 kg 

ha-1 yr-1) were nearly twice as high as those in organically-fertilized agroforests, and two 

and a half times as high as unfertilized yields (Figure 3).   Thus, nutrient outputs (via the 

harvest) were greatest in mineral-fertilized agroforests at 46±3 kg N and 6±0.4 kg P per 

ha per year (Figure 4C and D).  Finally, annual nutrient excess (difference between inputs 

and outputs) differed among management types.  Annual excess N was significantly 

greater in mineral-fertilized (113±14 kg N ha-1 yr-1) compared to organically-fertilized 

(80±8 kg N ha-1 yr-1) and unfertilized (65±2 kg N ha-1 yr-1) farms (Figure 4E and F).  

Excess P was also significantly greater in mineral-fertilized agroforests (22±5 vs. 4±0.5 

vs. -2±0.6 kg P ha-1 yr-1). 



 
34 

 
Figure 3: 2005-2006 Coffee yields among agroforest management systems in Costa 
Rica. Mean yield of fresh coffee berries of mineral-fertilized (MAF; n=9), organically-
fertilized (OAF; n=7), and unfertilized (ZAF; n=5) coffee agroforests.  Error bars 
represent standard error of the mean. Differences in yields among the three management 
types were tested by ANOVA.  Values were significantly different at p<0.05 are 
indicated by different letters. Yield data were garnered from farmer interviews and 
converted to kg ha-1 yr-1 where 1 metric ton of fresh weight coffee berries is equivalent to 
3.92 Costa Rican fanegas or approximately 180 kg of green coffee beans with 11% 
moisture (255 kg fresh berries/fanega or 46 kg green coffee/fanega; Carvajal 1984). 
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Figure 4: Nitrogen and phosphorus inputs and outputs across management systems 
in coffee agroforests in Costa Rica. Fertilizer N and P inputs (A and B); N and P 
exports through harvest (C and D); and excess N and P (E and F) in mineral-fertilized 
(MAF; n=9), organically-fertilized (OAF; n=7), and unfertilized (ZAF; n=5) coffee 
agroforests.  Fertilizer and harvest nutrients are estimated based on data gathered from 
farmer interviews.  Nutrient excesses are estimated based on input minus output 
equations. Error bars represent standard error of the mean. Differences in fertilizer inputs, 
harvest export, and excess among the three management types were tested by ANOVA.  
Values that were significantly different at p<0.05 are indicated by different letters. 
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3.2 Nutrient pools vary with management type and previous land use 

Although Erythrina densities were roughly equivalent among farms, Erythrina 

biomass was 50% higher in unfertilized (238±42 Mg ha-1) compared to fertilized farms 

(124±27 Mg ha-1, Figure 5A).  Thus, unfertilized farms held larger N and P pools in 

Erythrina biomass than fertilized farms (Figure 5C and E).  Erythrina biomass was twice 

as great in farms that were previously in forest (208±25 Mg ha-1) as in farms that were 

previously in agriculture (109±27 Mg ha-1) despite a wide range of agroforest ages 

(Figure 5B).  Thus, N and P pools were larger in those farms that were forested prior to 

cultivation than in farms that were previously under agricultural management (Figure 5D 

and F).  Neither Cordia nor Musa biomass differed by management or previous land use, 

which is not surprising, as farmers do not manage these species as carefully as they do 

Erythrina.   

Despite variation in inputs among management types, N, P, and C pools in surface 

soils (0-15cm) were similar across all agroforests.  Further, soil pools did not vary with 

fertilization rates, farm age, or previous land use.  However, soil N and C pools differed 

significantly by location (p=0.0004 and p<0.0001, respectively), with the largest N and C 

pools in San Juan Norte and the smallest in Grano de Oro.  
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Figure 5: Aboveground Erythrina biomass, N and P pools by fertilizer management 
and by prior land use in coffee agroforests in Costa Rica. Erythrina biomass (A and 
B); N pools in Erythrina biomass (C and D); P pools in Erythrina biomass (E and F) by 
management (e.g. mineral-fertilized, organically-fertilized and unfertilized) and prior 
land use (e.g. forest or agriculture). Aboveground Erythrina biomass calculated using 
allometric equations (Frank and Eduardo 2003) and multiplied by tissue concentrations to 
calculate N and P pools. Error bars represent standard error of the mean. Differences in 
biomass, aboveground N and P pools among the three management types and two prior 
land uses were tested by ANOVA.  Values were significantly different at p<0.05 are 
indicated by different letters. 
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4.0 Discussion 

4.1 Similar N and P recovery in organically- and mineral-fertilized agroforests 

Reported values of mineral fertilizer N recovery range from 30% to 40% for near-

by coffee agroforests (Sommer 1978).  I estimated that about 30% of applied N was 

recovered (Figure 6), corroborating the need for strategies that optimize on-farm nutrient 

use even in more sustainable systems.  

 

Figure 6: Schematic of nitrogen balances across management systems in coffee 
agroforests in Costa Rica.  Nitrogen balances in mineral-fertilized (MAF; n=9), 
organically-fertilized (OAF; n=7), and unfertilized (ZAF; n=5) coffee agroforests. All 
pools are in kg ha-1; all fluxes are in kg ha-1 yr-1.  Nitrogen excess and recovery are 
estimated as described in section 2.6.   
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At present, no other studies have estimated P recovery in coffee farms, which I 

found to be marginally higher in organically- compared to mineral-fertilized agroforests 

(25% and 14%; Figure 7).  Low P (compared to N) recovery is likely due to the fact that 

P uptake and export is N-limited given the relative amount of each added, and the ratio in 

which they are exported in harvest. Similar estimates of nutrient recovery among farms 

suggest that regardless of fertilizer type, the crop utilizes a relatively fixed proportion of 

the available nutrients and that nutrients are cycled at similar rates in organically- and 

mineral-fertilized agroforests.  Initially, this seems surprising considering that compared 

to organic fertilizers, mineral fertilizers are more readily incorporated into plant (e.g. 

crop) biomass.  One might expect farms receiving mineral fertilizers to cycle N more 

rapidly and therefore for the crop to recover a greater proportion of the added N.  

However, all farms received large quantities of organic material in the form of litterfall 

and pruning residues, which creates a high demand for N by microbial biomass.  In an 

agroecosystem where organic material can outweigh fertilizer inputs by 20 times (Russo 

and Budowski 1986), nutrient recovery may be constrained, in part, by pruning schedules 

and tissue decomposition rates (Chapter 6). 
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Figure 7: Schematic of phosphorus balances across management systems in coffee 
agroforests in Costa Rica. Phosphorus balance in mineral-fertilized (MAF; n=9), 
organically-fertilized (OAF; n=7), and unfertilized (ZAF; n=5) coffee agroforests. All 
pools are in kg ha-1; all fluxes are in kg ha-1 yr-1. Phosphorus excess and efficiency are 
estimated as described in section 2.6. 
4.2 Mineral-fertilized agroforests show a greater potential to leach nutrients than 

organically-fertilized agroforests 

Mineral-fertilized farms employ three times the fertilizer but produce only twice 

the yield compared to organically-fertilized agroforests. The additional N suggests 

greater N excess and potential loss from mineral-fertilized farms.  Nitrogen and P not 

recovered in harvest may either (a) accumulate in soil and/or biomass pools or (b) leach 

to deeper soil layers, below the rooting zone and potentially out of the system.  Nitrogen 
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excess estimations (113 kg N ha-1 yr-1; Figure 6) were higher than measured nitrate loss 

(70 kg NO3
--N ha-1 yr-1 at 120cm) in nearby agroforests (Harmand et al. 2007).   

However, some of this difference may be accounted for by other fractions of N (e.g. 

dissolved organic N) not measured in the aforementioned study (e.g. dissolved organic 

N:dissolved inorganic N ratio of 1:9 in tropical forests; Schwendenmann and Veldkamp 

2005).   In contrast to mineral-fertilized soils, years of organic fertilization can enhance 

soil N pools (Pimentel et al. 2005), which suggest that excess N in the mineral-fertilized 

farms may be more prone to N loss than excess N in the organically-fertilized farms.   

The estimates of N excess in unfertilized farms were higher (65 kg N ha-1 yr-1) 

than reported fluxes in tropical forests (8-14 kg NO3
--N ha-1 yr-1; Radulovich and Sollins 

1991; Bigelow and Ewel in press).  Again, total N fluxes are likely 10% higher than 

reported nitrate fluxes, but still these estimates exceed those measured elsewhere.  

Further, the estimate of N excess in unfertilized farms is driven primarily by the annual 

rate of N-fixation, and typically, N leaching losses are higher under legumes than non-

legumes (Zhu 2003).  Thus, it is reasonable to assume that higher densities of leguminous 

trees may elevate N losses above forest (background) levels even in unfertilized farms.   

Phosphorus leaching is typically very low in tropical forests (1.2 kg P ha-1 yr-1; 

Radulovich and Sollins 1991), however the model predicted annual P excess of 22 and 4 

kg P ha-1 yr-1 in mineral-fertilized and organically-fertilized agroforests, respectively 

(there was negative P balance in unfertilized agroforests).  Tropical soils have a high 

capacity to retain anions such as phosphate, and therefore a substantial portion of excess 

P in fertilized agroforests will likely be adsorbed onto clay minerals and remain in the 
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system.  Potential P accumulation in soils is supported by a trend towards larger soil P 

pools in fertilized agroforests (Figure 7).  Nevertheless, much of this P not be available to 

plants.  Once it is chemically bound, it can be removed from the P cycle for decades 

(Walker and Syers 1976).  Further, mineral fertilizers tend to acidify soils, and pH is 

significantly lower in mineral- compared to organically-fertilized soils (Chapter 3, Figure 

5).  As soils acidify, the available P pool may decline even further, which suggests that 

over time, mineral-fertilized systems may become P-limited.  Finally, negative P balances 

in unfertilized farms indicate that farming without P amendments may reduce soil P 

fertility in the long-term.  For example, there is little potential for trees to utilize P below 

the crop-rooting zone.  Even deeply-rooted trees tend to take up the majority of plant 

available P from surface soils and then recycle this P to crops through the decomposition 

of litter, pruning residues, and root decay (Buresh and Tian 1998).  Therefore, 

agroforestry does not eliminate the need for P amendments (Sanchez and Palm 1996; 

Buresh et al. 1997), and farming without some form of P fertilization is unsustainable. 

Where past research has shown that the inclusion of trees can significantly 

reduce nutrient losses compared to unshaded monocultures, this research indicates that 

among shaded plantations, the form of fertilizer may be a less important determinant of 

nutrient losses compared to the total quantity of nutrients applied.  That is, the model 

predicts that mineral-fertilized agroforests are no more efficient at recovering fertilizer 

nutrients than organically-fertilized systems likely due to the buffering effects of adding 

large quantities of organic material during annual prunings.  Nevertheless, more added N 

leads to more excess N in mineral-fertilized agroforests.  Thus, mineral-fertilized systems 
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may pose a greater threat to water quality than either organically-fertilized or 

unfertilized farms, however actual measurements of fluxes from study farms would be 

necessary to validate the proposed model.  Nevertheless, such tools can be incredibly 

useful to farmers and land planners interested in optimizing on-farm nutrient 

management.  

4.3 Larger nutrient pools in biomass on unfertilized farms 

The allocation of nutrient pools differed among management types.  Although not 

statistically significant, soil N and P pools tended to be largest in fertilized farms (Figure 

6 and 7). Organically-fertilized and unfertilized farms tended to store more N and P in 

plant biomass than mineral-fertilized agroforests.  Shade trees were pruned more 

intensely and more frequently in mineral-fertilized coffee farms (2.6 times a year on 

average), and less intensely and less frequently in unfertilized agroforests (p=0.06).  

Therefore, in mineral-fertilized farms, nutrients that otherwise would have been stored in 

plant tissues were transferred to the soil pool, while remaining in tree biomass in 

unfertilized agroforests (Figure 6 and 7).  In farms receiving smaller (or no) nutrient 

amendments via fertilization, the transfer of nutrients from shade tree biomass to the 

mineral soil is a crucial determinant of crop productivity.   In other words, unless shade 

trees are regularly pruned, these nutrients are essentially “locked” in this pool.  Without 

human intervention, this pool has a long turnover time, and nutrients will remain 

unavailable to the crop.   Studies have shown that not only the quantity, but also the 

timing of pruning events can play an important role in providing nutrients during critical 

crop growth periods  (Chapter 6, Figure 11).  Thus, in farms predominated by organic 
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inputs, careful management of shade trees (i.e. a regular pruning schedule) is necessary 

to promote crop productivity. 

4.4 Smaller nutrient pools in biomass on farms previously in agriculture 

Although the effect of land use history on nutrient pools was largely trumped by 

the effect of current farm management, nutrients pools in tree biomass were larger in 

previously forested farms compared to those converted to coffee farms from cultivated or 

pasture lands.  It has been demonstrated that repeated cycles of cultivation can impede 

forest re-growth in the tropics (Lawrence 2005; Eaton and Lawrence 2009), which may 

explain why tree biomass is diminished in those farms that were previously managed. 

5.0 Conclusions and Recommendations 

Management techniques will alter a farm’s nutrient balance both in terms of its 

productivity and its overall ecological sustainability.  That is, while nutrients are 

recovered in roughly the same proportion in both organically- and mineral-fertilized 

agroforests, mineral-fertilized farms have larger inputs, and therefore, may lose more 

nutrients to groundwater supplies.  Due to smaller inputs, organically-fertilized farms 

pose a smaller threat to groundwater but have significantly depressed yields.   Farming 

without fertilizer is not sustainable in the long-term because soil P pools will be depleted.  

Future research should determine actual N and P losses from agroforests under different 

managements.  Strategies for increasing N and P efficiency on agroforests should also be 

explored.  
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Appendix Chapter 2 
 
Appendix Table 1: Average nutrient concentrations in commonly applied fertilizers 
in coffee farms in Costa Rica. Nutrient concentrations and cost of mineral and organic 
fertilizers used to amend coffee farms in Costa Rica.    

Fertilizer Form %N %P %K %Ca %Mg 
US$/ 

metric 
ton 

Formula Completa, Gran 
Manzón  

Mineral 
18 5 15 0 0 5750 

Broza (fermented coffee 
hulls)* 

Organic 
3.2 0.3 0.4 4.3 0.4 - 

Vermicompost (product of 
composting with worms)* 

Organic 
2 1.5 1.2 3 0.7 285 

Chicken manure* Organic 
3.0 1.4 2.5 2.6 0.75 125 

Rock phosphate Organic 
0 15 0 0 0 100 

K-Mg Organic 
0 0 18.3 0 11 1540 

* Gabriela Soto, personal communication 
 
Appendix A:  Allometric equations used to calculate total aboveground biomass 
(Btotal) of coffee plants and shade trees. 
 
A.1. Coffea arabica allometry 

To estimate Coffea biomass I used allometric equations described in Segura et al. (2006). 

Log10(Bplant) = a+b *Log10(h)      (Eq. A.1.1) 

Where Bplant is the biomass in kg/plant, a and b are parameters with the values -0.799 and 

2.338, respectively, and h is coffee height.  To estimate the total aboveground biomass 

(Btotal) in Mg ha-1 I used the following equation: 

Btotal=(Bplant*D)/104       (Eq. A.1.2) 
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Where D is the density of coffee plants per hectare.  Segura et al. (2006) estimated that 

the distribution of aboveground biomass in coffee plants is the following: stem 63.1%, 

branches 19.8% and foliage 17%.   

To estimate leaf biomass (Bleaf) multiplied Btotal by 0.17, and to estimate nutrient 

pools I calculated woody biomass (Bwood) as the sum of stem and branch biomass (83%) 

in Mg ha-1. I then multiplied Bleaf by foliar nutrient concentrations (e.g. mg of P or N per 

g) measured on that farm. As I did not measure woody nutrient content, I used values 

found in the literature (Appendix Table 2) to estimate nutrient pools in wood I used 

nutrient concentrations of woody tissues literature values.   

Appendix Table 2: Measured and literature values used for wood and leaf nutrient 
concentrations used in aboveground biomass nutrient calculations. The measured 
values here (indicated by the absence of a asterisk) are averages across mineral-fertilized 
(MAF), organically-fertilized (OAF), and unfertilized (ZAF) agroforests. I used farm-
specific numbers to calculate nutrient pools as that was done on a per farm basis. 

  Nitrogen (%) Phosphorus (%) Carbon 
Mgmt Species Leaves Wood Leaves Wood Leaves 

Musa 2.70 - 0.26 - 44.91 
Coffea 3.04 0.5** 0.18 0.02** 47.75 
Cordia 2.12* 1.31* 0.28* 0.12* 45.00* 

MAF 

Erythrina 4.45 1.31* 0.60 0.09* 45.72 
Musa 2.09 - 0.21 - 45.83 
Coffea 2.56 0.5** 0.19 0.02** 47.32 
Cordia 2.12* 1.31* 0.28* 0.12* 45.00* 

OAF 

Erythrina 3.79 1.31* 0.40 0.09* 47.19 
Musa 2.52 0.5** 0.22 0.02** 44.39 
Coffea 2.96 1.31* 0.44 0.09* 47.36 ZAF 

Erythrina 4.43 - 0.26 - 46.34 
* Heuveldop et al., 1988 
**Dossa et al., 2008 
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A.2. Erythrina poeppigiana allometry 

To estimate Erythrina biomass I used allometric equations described in Frank and 

Eduardo (2003). 

Bleaf=(8.95+as+atr)DBH2.60+bS      (Eq. A.2.1)  

Where atr is the pruning treatment effect (-0.37 for no pruning, 1.19 for partial pruning, 

and 0.42 for total pruning), as is the seasonal effect of sampling in June (1.11), and bs is 

the seasonal effect of the nonlinearity of the curve (-0.081 for June). DBH is the diameter 

at breast height of the tree in centimeters. 

Bbranch=9.44DBH3.311
  

     (Eq. A.2.2) 
 

Where DBH is the diameter at breast height of the tree in centimeters. Both Bleaf and 

Bbranch are measured in g per plant, therefore to calculate Btotal in Mg ha-1 I used the 

following equation: 

Btotal= (Bleaf+Bbranch) * D/106      (Eq. A.2.3) 

To calculate the nutrient pools in woody and foliar biomass, nutrient concentrations were 

multiplied by Bbranch and Bleaf, respectively. Nutrient pools were scaled up to Mg ha-1. 

A.3. Cordia alliodora allometry 

To estimate the Cordia biomass I used the following equation described in Segura et al. 

(2006) to calculate Bbranch, Bbranch+foliage, Bstem, and Bplant using the following equations. 

Log10 Bbranch =-1.62 + 2.257 * Log10DBH (cm)    (Eq. A.3.1) 

Log10 Bbranch+foliage =-1.121 + 1.932* Log10DBH (cm)   (Eq. A.3.2) 

Log10 Bstem =-0.942 + 2.062 * Log10DBH (cm)    (Eq. A.3.3) 

Log10 Bplant =-0.755 + 2.072* Log10DBH (cm)    (Eq. A.3.4) 
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To calculate Btotal I used the following equation, 

Btotal=Bplant*D/104       (Eq. A.3.5) 

When calculating nutrient pools, I assumed woody biomass to be the sum of Bbranch and 

Bstem. I subtracted Bbranch from Bbranch+foliage to estimate the amount of foliar biomass.  

These quantities were then multiplied by nutrient concentrations and scaled up by density 

to Mg ha-1. 

A.4. Musa spp. allometry 

To estimate Musa biomass I used allometric equations derived from Hairiah et al. (2001), 

Bplant= 0.030DBH2.13       (Eq. A.4.1) 

Where DBH is the diameter of the pseudostem at breast height (cm). To estimate the total 

aboveground biomass (Btotal) in Mg ha-1, I used the following equation: 

Btotal=(Bplant*D)/104       (Eq. A.4.2) 

Where D is the density of banana plants per hectare.  The banana plant is a pseudostem 

with spirally arranged leaves, and therefore I multiplied the nutrient concentrations 

measured in banana leaves by Btotal to estimate aboveground pools of N, P, and C.  That 

is, there is no woody component to banana biomass. 
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Chapter 3: Managing nutrient leaching in coffee plantations: Effects 
of fertilizer type and species on nutrient losses 
 
Abstract 

Nutrient optimization is a critical component in the design of sustainable agroecosystems.  

The application of fertilizers (especially nitrogen) enhances farm productivity, but can 

also lead to the eutrophication of streams and estuaries and groundwater contamination.  

The incorporation of trees on farms (agroforestry) has been shown to reduce nutrient loss 

in comparison to monoculture plantations, however little research has examined how 

different management regimes and shade species can further alter the potential of an 

agroforest to retain or lose nutrients.  I installed gravity lysimeters (at 15cm) in four 

mineral-fertilized and four organically-fertilized coffee (Coffea arabica) agroforests to 

determine losses beneath the active root zone.  In each farm, I collected monthly soil 

samples and soil solutions from under two shade species as well as Coffea plants.  

Tension lysimeters (at 15 and 100cm) were also installed under Coffea plants in mineral-

fertilized agroforests, organically-fertilized agroforests, and in one mineral-fertilized 

monoculture farm.  Samples were collected between September 2008 and October 2009.  

Nitrogen concentrations in soils (0-10cm) and nitrate (NO3
--N) in soil solutions (15cm) 

were higher in mineral- compared to organically-fertilized agroforests. Phosphate 

concentrations in leachate (at 15 and 100cm) did not differ significantly among 

management types.  Despite similar P inputs among farms, organically-fertilized soils 

had higher bioavailable P concentrations.  In mineral-fertilized monocultures, NO3
--N 

concentrations were three times as high as agroforest leachate concentrations. Deep 

leachate concentrations did not differ between organically- and mineral-fertilized 
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agroforests. Thus, regardless of their origin (manure or mineral) applied nutrients are 

effectively retained in this agroforestry system.  The choice of shade species also 

modified nutrient dynamics and soil characteristics in agroforests.  I observed the highest 

soil N and NO3
--N concentrations in surface soil solutions under N-fixing Erythrina 

poeppigiana.  However, deep concentrations were not higher under N-fixers.  This 

demonstrates the capacity of the system to utilize the extra N made available by 

biological N fixation.  Both management and species effects influenced nutrient 

availability and leachate in agroforests. 



 
56 

1.0 Introduction  

Coffee (Coffea arabica) is one of the most economically important crops in 

Central America.  Over 4 million people depend directly on its production for their 

livelihoods (Tucker et al. 2010), and over 8.5 million people in the region are supported 

by the commodity if one accounts for all aspects of production (e.g. purchasing and 

processing; CEPAL 2002; Vedenov et al. 2007).  Coffee was traditionally cultivated 

under the shade of a wide variety of overstory tree species (agroforest).  However, in 

response to global demand, coffee farming has intensified. Farmers grow high-yielding 

varieties, have all but eliminated shade trees, and amend their crops with large quantities 

of nitrogen (N) fertilizer (200-250 kg N ha-1yr-1; Reynolds-Vargas and Richter 1995; 

Harmand et al. 2007).  Nitrogen is the primary nutrient limiting Coffea productivity and 

growth (Carvajal 1984), and the use of mineral N fertilizers has vastly improved yields.  

However, isotopic tracer studies indicate that the crop only utilizes 30-40% of the applied 

N, and as much as 50% of all nitrate (NO3
-) applied is leached below the crop root zone 

(Sommer 1978; Salas et al. 2002).  This study examines the effects of fertilizer form 

(mineral or organic) and species on nitrogen and phosphorus (P) leaching in coffee farms.  

Nitrate is highly soluble in water and mobile in the soil matrix.  Nitrates are the 

most common contaminant of groundwater, and their presence is often attributed to the 

heavy use of mineral fertilizers (WHO 1996).  Nevertheless, NO3
--N retention in tropical 

soils is extremely variable (Reynolds-Vargas et al. 1994).  The public health standard 

limit on NO3
--N is 10 mg L-1, and high concentrations of nitrate may cause 

methemoglobinemia or “blue baby syndrome” (WHO 1996).  Several studies have shown 
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that groundwater in Costa Rica’s Central Valley may exceed these standard limits 

(Reynolds-Vargas and Richter 1995), and stable isotope studies show steady increases in 

groundwater nitrate concentrations in this region over the last 20 years in response to the 

heavy use of fertilizers and urbanization (Reynolds-Vargas et al. 2006).  Although 

compared to N, phosphorus (P) is leached in smaller quantities, it can still have a large 

effect on eutrophication in surface waters because its solubility makes it readily available 

to biota (Tiessen 2008).  However, tropical systems, in particular, show little P loss due 

to the strong mechanisms for P retention in highly weathered soils (Jordan 1982).  

Nevertheless, heavy P fertilization can lead to higher rates of P loss compared to natural 

levels, and P inputs into freshwaters can increase algae and aquatic weed growth and lead 

to anoxic conditions as these organisms decompose (Tiessen 2008).  In early efforts to 

improve water quality, the re-incorporation of shade trees and maintenance of ground 

cover were suggested as more ecologically sustainable alternatives to intensively 

managed coffee plantations (Bene et al. 1977; 1987; Foster and Hirata 1988).  This study 

examines how nitrate and phosphate leaching varies among and within agroforests as a 

function of the key management parameters: fertilizer type and shade tree species. 

 Babbar and Zak (1995) found that annual N losses were three times higher in 

unshaded compared to shaded coffee plantations despite extremely high N-input in both 

farms (300 kg N ha-1yr-1), thus confirming that the “tight”, efficient nutrient cycles in 

agroforests prevent loss (Glover and Beer 1986; Imbach et al. 1989).  In contrast to 

unshaded plantations where nutrients located below the coffee root zone are essentially 

lost to the system, more deeply-rooted shade trees can access water and nutrients stored 
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beyond the reach of coffee plants (Berendse 1979; Seyfried and Rao 1991; Van 

Noordwijk et al. 1996; Schroth et al. 2001).  For example, N losses (at 200cm) were 

twice as high in an unshaded coffee plantation than in an adjacent Eucalyptus deglupta 

(timber species) agroforest (regardless of heavy fertilization in both systems; Harmand et 

al. 2007).  Both these studies clearly demonstrate the enhanced nutrient efficiency of 

agroforests over monocultures. However, no research has examined how nutrient loss 

may be enhanced or diminished by different management strategies among agroforests. 

A spectrum of coffee agroforests exist in Costa Rica, ranging from high-input 

systems in which Coffea is cultivated in association with regularly planted leguminous 

(N-fixing) tree species, to less orderly systems in where Coffea is grown under the shade 

of trees of various species (Moguel and Toledo 1999) and alongside other crops for local 

sale or household consumption (e.g. sugar cane, beans, pineapple, etc.; Albertin and Nair 

2004).   Agroforests are distinguished not only by the variety and density of species 

present, but also by the timing and intensity of management practices (e.g. fertilization 

and pruning of shade trees).  The diversification of these farming techniques in Latin 

America can be linked, in part, to severe economic forcings in the late 1990s. 

International coffee prices dropped to a historic low between 1999 and 2003, 

leading to the development of niche markets for coffee farmers.  In response, specialty 

coffees certified as Fair Trade®, Bird-Friendly® (shade-grown), and Certified Organic® 

(ICO 2010; Boyce et al. 1994; Goodman 1999; Lyngbæk et al. 2001) began to emerge.  

Organic coffee farming excludes the use of synthetic fertilizers and pesticides. Organic 

farmers rely instead on compost and manure to maintain soil fertility and farm 
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productivity and on naturally occurring pesticides or integrated pest management to 

control pests.  Many studies in temperate regions (especially in Europe) have shown that 

organic farming has positive impacts on soil organic matter (SOM; Clark et al. 1999), 

microbial biomass (Fließbach 2002), soil biological activity (Fließbach et al. 2007), 

mineralizable N (Clark et al. 1998), cation exchange capacity (Reganold et al. 1993), 

water-holding capacity (Liebig and Doran 1999), and permeability (Drinkwater et al. 

1995).  Nevertheless, very few studies evaluating the potential advantages and 

disadvantages of organic farming have been conducted in tropical regions (but see Payán 

et al. 2009).  In addition, hardly any research (temperate or tropical) has measured 

leaching from mineral and organically-fertilized farming systems.  Estimates are typically 

based on nutrient budgets (but see Stopes et al. 2002 and Torstensson et al. 2006).  Many 

factors in the soil, not reflected in budgets, may be crucial to the processes regulating N 

and P leaching (Ulén et al. 2005; Aronsson et al. 2007).  Understanding factors regulating 

leaching losses is critical for the design and implementation of ecologically sustainable 

agricultural practices and policies in the tropics.  Thus, the first goal of this research was 

to examine how mineral and organic fertilizer management alters soil leachate dynamics 

in coffee agroforests. 

In addition to fertilizer management techniques, nutrient dynamics in agroforests 

will be modified by the ecological feedbacks among the species present.  Different 

functional types (e.g. N-fixers, herbaceous species, etc.) will alter the physical 

environment, soil community (Eviner and Chapin 2003), and microclimate through 

effects on percent shade cover (Vanlauwe et al. 1997) and standing biomass; thus, choice 



 
60 

of shade species should alter nutrient cycling (Mack and D'Antonio 2003).  For 

example, bacterial symbionts in the root nodules of Erythrina poeppigiana convert 

atmospheric N into a bioavailable form, directly enhancing soil N.  Other shade species 

such as Musa acuminata (banana) produce fruit that is exported from the farm; this 

species may deplete the soil of N and cations (especially potassium; Turner et al. 1989).  

Therefore, some shade species may be considered a nutrient source (Erythrina) and 

others a nutrient sink (Musa, Coffea).  Therefore, the second goal of this research was to 

examine species effects on fluctuations in soil nutrient and leachate dynamics, and how 

these dynamics differ depending on management type. 

I predicted that N and P would not differ among mineral and organically-fertilized 

agroforests (Chapter 2, Figure 6 and 7).  However, I expected organically-fertilized soils 

would have higher soil pH than mineral-fertilized soils (Fließbach et al. 2007).  I 

expected NO3
--N, NH4

-N, and PO4
3--P concentrations to be highest in monoculture farms 

compared to agroforests at both 15 and 100cm depth; and among agroforests, I expected 

higher concentrations in mineral-fertilized agroforests.  Erythrina transfers nutrients to 

the system via its association with N-fixing bacteria and high quality leaves (Chapter 6), 

and therefore I expected to observe higher N and P concentrations in soil and leachate 

collected under this species than under the other either Coffea or Musa.  Finally, I 

expected temporal patterns in leachate and soil nutrient concentrations would differ as a 

function of the timing (and release) of nutrients from mineral and organic fertilizers 

(González-Aguilar et al. 1985).    
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2.0 Methods 

2.1 Study sites 

The Central Valley of Costa Rica has a humid tropical climate favorable to 

agroforestry systems.  This study was conducted in three locations near Turrialba, Costa 

Rica (9°53’N 83°40’W; Figure 1).  Farms were located within 3 km of each other (9°52’-

9°54’N, 83°41-83°42’W).  The altitude of sites ranged from 783 to 1017 meters above 

sea level. Soils are of volcanic origin and are characterized as Typic Humitropepts 

(Selvaradjou et al. 2005) with a clay-loam texture.   

 
Figure 1: Map of farm locations in Central Valley of Costa Rica. Map of the locations 
of the three regions where selected coffee farms instrumented in 2008.  All farms are 
located between 783 to 1017 masl.  Four farms are mineral-fertilized agroforests (MAF), 
4 are organically-fertilized agroforests (OAF), and 1 is an mineral-fertilized monoculture 
(MONO).  
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The study region in the Central Valley receives on average 2600mm of rainfall 

per year and has a mean annual temperature of 22.6°C.  Rainfall is seasonal, and the dry 

season extends from February through May with March being the driest month.  The 

study period (13 months from September 2008-October 2009) was wetter than average, 

with a cumulative rainfall of 3530mm from first to final collection.  In addition, the 

region experienced an unusually wet December (708mm) and February (544mm) and an 

extremely dry April (39mm; Figure 2).  When soils are at field capacity, monthly 

evapotranspiration in coffee agroforests is roughly 100mm (3.5mm per day, van Kanten 

and Vaast 2006).  Plants were very likely water-stressed between April and May of 2009. 

Also at this time, soil solutions were difficult to collect due to the highly negative 

capillary pressure of remaining soil water. 

 

Figure 2: Rainfall and temperature throughout the study period (September 2008-
October 2009) in the Central Valley of Costa Rica.  Cumulative rainfall and mean 
daily minimum and maximum temperatures for each 28-day period prior to sample 
collection.  Dashed line represents the mean monthly rainfall from 1942-2009. 
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After extensive interviews and preliminary sampling (Chapter 2), four 

organically-fertilized and four mineral-fertilized coffee agroforests were selected for 

instrumentation (Table 1).  In addition, one mineral-fertilized coffee monoculture was 

selected to serve as a control, testing for nutrient dynamics in the absence of trees (Table 

1).  In the shaded farms, Coffea arabica is cultivated (3300-6600 plants per ha) under a 

combination of Erythrina poeppigiana and Musa acuminata.  Nitrogen-fixing Erythrina 

represents 60% of the total shade stem (non-coffee) density in mineral-fertilized 

agroforests and 45% of the total shade stem density in organically-fertilized agroforests, 

with the rest consisting of banana.  On average, mineral-fertilized agroforests received 

96kg (± 16) of N and 18kg (± 5) of P ha-1 yr-1 in the form of mineral fertilizer.  

Organically-fertilized agroforests received an average of 38kg (± 20) of N and 16kg (± 7) 

of P ha-1 yr-1 in the form of manure, compost, and/or fermented coffee husks (called 

broza locally). The mineral-fertilized monoculture received 300 kg N and 33 kg of P ha-1 

yr-1.
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Table 1: Characteristics of coffee farms selected for lysimeter instrumentation in Costa Rica. Farm characteristics, density, size 
of soil nutrient pools, and nutrient fluxes in four mineral-fertilized agroforests (MAF), four organically-fertilized agroforests (OAF), 
and one mineral-fertilized monoculture (MONO).  

      Density (plants ha_1) Soil (0-80cm) 
Mg ha-1 Fluxes (kg ha-1 yr-1) 

Management Age 
(yrs) 

Prior 
land use Location Prunings 

per year 
Area 
(ha) Coffea Erythrina Musa N 

Pool 
P 

Pool 
C 

Pool Yield Fert 
N 

Fert 
P 

OAF 20 Managed SJN 2 2 5600 400 200 20 8 254 1800 58 29 

OAF 30 Managed SJS 2 8.5 4900 900 1100 18 10 249 1193 0.5 0.2 

OAF 44 Forest COL 2 2.8 5300 200 700 16 14 135 900 84 27 

OAF 20 Forest COL 2 0.7 3300 700 800 16 9 132 514 10 8 

MAF 50 Managed SJN 3 2 6600 500 200 22 7 274 2160 46 13 

MAF 30 Managed SJN 2 2.1 4800 700 1000 19 11 213 4114 115 32 

MAF 20 Forest SJS 2 2 4000 400 200 24 6 204 2250 121 18 

MAF 50 Forest COL 2 3 5000 600 400 18 8 177 1800 100 8 

MONO 15 Managed SJN 0 14 5000 0 0 20 8 254 4719 300 62 
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2.2 Potential for loss: Gravity lysimeters (at 15cm)  

To examine the effect of management and species on potential nutrient loss, three 

lysimeter stations were established in each agroforest (instrumentation in the monoculture 

farm is described below).  A pit was excavated to roughly 80cm within 50cm of the bases 

of (1) Coffea beside Erythrina, (2) Coffea beside Musa and (3) Coffea plant 5m away 

from any shade tree (called “distant Coffea plant”; Figure 3A and B).  Gravity lysimeters 

are frequently used in tropical systems where rainfall is high (Russell and Ewel 1985; 

Radulovich and Sollins 1991; Campo et al. 2001).  Gravity lysimeters were constructed 

from 3-inch polyvinyl chloride (PVC) tubes cut on an angle to create an oval opening 

with semi-axis of 10.16 and 5.08cm.  The surface area of the lysimeter exposed to 

leachate was 40.45cm2 such that 10mm of leachate should yield 40.45mL.  Trenches 

were dug and lysimeters were installed 15cm below the soil surface and roughly 15cm 

from the base of the trunk.  As the majority of root activity occurs in the topsoil (Schroth 

1998), soil solutions collected at 15cm indicate the soluble nutrient concentrations to 

which the majority of roots are exposed.  Two lysimeters were installed under each 

species in the pair (e.g. coffee and adjacent shade tree), and lysimeters from each species 

were connected to one 1L volumetric high-density polyethylene (HDPE) collection bottle 

by PVC tubing.  In other words, the two lysimeters under Erythrina were connected to 

the same bottle and the two lysimeters under Coffea were connected to another bottle.  A 

wooden box (internal dimensions: 85cm x 10cm x 20cm) was installed in the pit to 

prevent back-filling, and the HDPE bottles were placed at the bottom.  Bottles were 

treated with three drops of chloroform (CHCl3) to prevent bacterial growth, and all parts 
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of the lysimeter were acid-washed prior to deployment.  Every four weeks, the volume 

in the bottles was measured and a sub-sample of soil water collected for nutrient analysis.  

Old bottles were replaced with acid-washed, chloroform-treated bottles. All samples were 

frozen prior to analysis.  Soils (0-10cm) were also collected within 1m of each lysimeter 

station at the time of leachate collection (n=3 per farm per collection). 

 
Figure 3: Diagram of lysimeter sampling design in coffee farms in Costa Rica. 
Lysimeter sampling design in (A) mineral-fertilized agroforests, (B) organically-fertilized 
agroforests, and (C) mineral-fertilized monocultures. Locations of gravity lysimeters are 
indicated by black triangles (all at 15cm) and rectangles indicate locations of tension 
lysimeters (15 and 100cm).  In agroforests, a pair of gravity lysimeters were installed at 
15cm below Coffea and adjacent Musa, Coffea and adjacent Erythrina, and Coffea 5m 
from the nearest shade tree.  Only tension lysimeters were installed in the monoculture. 
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2.3 Actual loss: Tension lysimeters (at 15 and 100cm) 

Tension lysimeters use suction to collect water from the soil matrix.  Tension 

lysimeters were constructed by attaching ceramic cups (SoilMoisture Corp., Goleta, CA) 

to 3-inch PVC tubes and sealing the end with a rubber stopper.  In mineral-fertilized 

agroforests, tension lysimeters were installed at 15cm and 100cm below the soil surface 

within 30cm of the base of the Coffea, Erythrina, Musa, and Coffea adjacent to each 

shade species (2 depths per plant x 5 plants; n=10 per farm; Figure3A).  I examined soil 

solutions at 100cm as (1) Coffea roots do not typically extend below 50cm (Garriz 1978), 

(2) 80% of Erythrina roots are concentrated in the first 20cm (Chesney 2008), and (3) 

70% Musa roots are concentrated in the first 40cm (Draye 2002; Chapter 4, Table 2).  

Due to the low root activity at this depth, I assumed that soil solutions collected at 100cm 

indicated the soluble nutrient concentrations lost from the system.  In organically 

managed farms, a pair of tension lysimeters (15cm and 100cm) was installed within 30cm 

of the base of the previously selected distant Coffea plant (5m from nearest shade tree; 

Figure 3B).   Lysimeter pairs were installed under Coffea plants in an unshaded 

monoculture farm (Figure 3C).   

Tension lysimeters were allowed to equilibrate with their surroundings for one 

month before collecting the first sample, after which samples were collected every four 

weeks (starting in September 2008).  Lysimeters were filled with distilled water before 

each sampling period.  The day before sample collection, tension lysimeters were purged 

of any remaining water, and an internal pressure of -0.05 to -0.06 MPa was applied using 
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a hand-held vacuum pump.  The following day, the soil solutions were extracted from 

the lysimeters.  All samples were frozen until analysis.  

2.4 Nutrient analysis 

Leachate collected from gravity and tension lysimeters was transported to the 

University of Virginia for nutrient analysis.  Samples were filtered through a 40µm filter 

to remove any debris.  Inorganic NO3
-, NH4

+, and PO4
3- in leachate were analyzed on a 

LACHAT QuikChem (LACHAT Instruments Loveland, CO) on filtered samples.  

Concentrations are reported in mg L-1 (where mass values pertain to N or P component of 

NO3
-, NH4

+, PO4
3-). 

The same day as collection, field-moist sub-samples of soils were weighed, oven-

dried for 24 hours at 105°C, and re-weighed to determine gravimetric soil moisture 

(masswater/masssoil).  Remaining soils were air-dried for 3 days in an air-conditioned room, 

and then passed through a 2mm mesh sieve.  Soil pH was determined on air-dried sub-

samples in a 2:1 (soil:water) slurry. 

 The percent weight lost after ignition represents the percent organic carbon in the 

soil.  Bioavailable soil P was determined using a modified Bray-extraction.  Three grams 

of sieved, air-dried soils were shaken for 1 minute in 25mL of a 0.03mol L-1 NH4F and 

0.025mol L-1 HCl solution (Bray and Kurtz 1945).  Extracts were filtered and P 

concentration was determined colorimetrically using a molybdate blue methodology on 

an Alpkem Flow Solution IV Autoanalyzer (OI Analytical, College Station, Texas, 

USA).  A portion of soil was also ground to <149µm and dry-combusted on an elemental 
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analyzer to determine total N and C.  All data are reported on an oven-dry mass basis.  

Nutrient ratios (C:N or N:P) are reported on a molar basis. 

2.7 Statistical approach 

2.7.1 Effect of management and species on potential nutrient loss  

To examine the effect of management and species on potential nutrient loss, I 

examined leachate concentrations collected from gravity lysimeters located in shallow 

surface soils (15cm; Figure 3A and B).  I performed a two-way repeated measures 

analysis of variance (RANOVA) with management and species as main effects, time as a 

random effect, and with individual lysimeters nested within farm to account for 

variability among instruments.  The gravity lysimeter experiment was designed as a 2 x 5 

matrix (management x species combination), and therefore the treatment effects of 

management and species are included in one statistical model.  However, in the text I will 

first address management effects on potential and actual nutrient loss followed by 

discussion of species effects.  

Surface soil properties might also indicate or help explain drivers of nutrient loss. 

I performed a similar RANOVA (management and species as main effects, time as 

random effect) on soil nutrient concentrations. In this case, farms were blocked by 

location in order to account for inherent differences in substrate (even though all farms 

were located within 3km of one another; Figure 1).  To test the ability of soil nutrients to 

predict leachate concentrations and explain potential drivers of potential loss, I performed 

univariate regressions with Bonferroni corrections (=α/6) on nutrient concentrations 

(15cm) from soil leachate as a function of available P and total soil N. 
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2.7.2 Effect of management on actual nutrient loss 

 To examine the effects of management on leachate nutrient concentrations below 

the root zone (100cm), I performed a one-way RANOVA with management as the main 

effect, time as a random effect (uneven sampling design), and with lysimeters nested 

within farms.  Specifically, I examined leachate concentrations collected from tension 

lysimeters at 100cm depth in organically-fertilized agroforests, mineral-fertilized 

agroforests, and in the mineral-fertilized monoculture using measurements gathered from 

under Coffea plants only (Figure A3, B3, and C).  I calculated the change in nutrient 

concentration with depth by subtracting concentrations at 100cm from concentrations at 

15cm.   I examined the effect of management on the change in concentration using a one-

way RANOVA with management as the main effect, time as a random effect.   

I tested the predictive power of leachate concentrations at 15cm on concentrations 

at 100cm using univariate regression.  Finally I performed multivariate correlations on 

soil nutrients (10cm), leachate concentrations at 100cm to determine any correlations in 

shallow soil nutrient content and leaching at depth. 

2.7.2 Effect of species on actual nutrient loss 

Nutrient concentrations in leachate collected from tension lysimeters were 

examined for species effects.  I performed a two-way RANOVA (with species and depth 

as main effects, time as random effect, and lysimeters nested within farms) on leachate 

concentrations collected from tension lysimeters at 15 and 100cm in mineral-fertilized 

agroforests (Figure 3B).  I tested five species and/or species combinations: distant Coffea 

(with nothing other than Coffea within 5m), Erythrina, Musa, Coffea adjacent to 
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Erythrina (C+E), and Coffea adjacent to Musa (C+M).  Again, I examined the percent 

change in NO3
--N and PO4

3--P concentrations as mentioned above, and examined the role 

of species in reducing concentrations between surface and deep soils.  All data were 

analyzed using JMP 8.0 for Macintosh. 

3.0 Results 

3.1 Potential nutrient loss is lower in organically-fertilized than in mineral-fertilized 

agroforests 

 
Figure 4: Nutrient concentrations in gravity lysimeter leachate in coffee agroforests 
in Costa Rica. Concentrations of (A) NO3

--N, (B) NH4
+-N, and (C) PO4

3--P in leachate 
(15cm; gravity lysimeter) in organically- (OAF) and mineral-fertilized (MAF) agroforests 
throughout the study period (September 2008-October 2009). Closed circles indicate 
mineral-fertilized agroforests (n=4), and open circles indicate organically-fertilized 
agroforests (n=4).  Bars represent standard error of the mean. 
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In surface soils (15cm), NO3
--N concentrations were higher in leachate collected 

from mineral- compared to organically-fertilized agroforests (p=0.014).  I did not observe 

significant differences in NH4
+-N or PO4

3--P concentrations between organically- and 

mineral-fertilized agroforests (Figure 4B and C).  Temporal patterns in NO3
--N 

concentrations were remarkably similar in the two management types (e.g. 

management*time effect n.s.; Figure 4A), with elevated concentrations in both farm types 

in May (and in mineral-fertilized farms again in August).  Ammonium-N and PO4
3--P 

also varied significantly through time with 3- and 9-fold increases, respectively, between 

April and June. 

Soil N (to 10cm) and C were significantly higher in mineral- compared to 

organically-fertilized agroforests (p<0.0001 in both cases).  Bioavailable soil P was 

higher in organically- compared to mineral-fertilized agroforests (p<0.0001; Figure 5B).  

Organically-fertilized soils were also more basic than mineral-fertilized soils (p<0.0001; 

Figure 5D), but gravimetric soil moisture was higher in mineral-fertilized agroforests 

(p=0.0062).  Temporal patterns in soil N (and C) were similar under the two management 

schemes, with relatively constant concentrations until June and July, when they declined 

(Figure 5A). Soil N and C remained low until September when they began to increase.  

The patterns in bioavailable P through time were very similar between management types 

(Figure 5B), declining in January and February and again in June and July.  Soil moisture 

varied significantly throughout the year and was lowest in April.  Soil pH did not vary 

significantly throughout the course of the study (time effect n.s.).  
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Figure 5: Soil nutrient concentrations in top 10cm in coffee agroforests in Costa 
Rica. (A) Total N, (B) Bray-1 P, (C) soil moisture, and (D) pH in soils collected from 0-
10cm in organically- (OAF) and mineral-fertilized (MAF) coffee agroforests throughout 
the study period (September 2008-October 2009). Closed circles indicate mineral-
fertilized agroforests (n=4), and open circles indicate organically-fertilized agroforests 
(n=4).  Bars represent standard error of the mean. 

 
3.2 Presence of trees, not fertilizer type, determines actual nutrient loss at depth  

Below the rooting zone (100cm), leachate NO3
--N concentrations were more than 

twice as high in unshaded monocultures compared to coffee agroforests (p=0.0024). The 

change in NO3
--N concentration between 15 and 100cm was the largest in unshaded 

monocultures (43 mg NO3
--N L-1), with similar changes in concentrations among 

organically- and mineral-fertilized agroforests (12 and 17 mg NO3
--N L-1, respectively; 

p=0.054; Figure 6C). Management did not explain variation in PO4
3--P or NH4

+-N at 

100cm or the change in PO4
3--P or NH4

+-N between shallow and deep soils.  Overall, 
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leachate NO3
--N concentrations were about three times higher at 15cm than they were 

at 100cm (p=0.0042; Figure 6).  

 
Figure 6: Nitrate concentrations in tension lysimeter leachate in three coffee 
management systems in Costa Rica. Mean NO3

--N concentrations at (A) 15 and (B) 
100cm depth in leachate from organically-fertilized agroforests (OAF), mineral-fertilized 
agroforests (MAF), and mineral-fertilized monocultures (MONO) across the study period 
(n=14 collections).  Bars represent the standard error of the mean of three locations per 
farm across the study period. Differences in nitrate concentrations among the three 
management types were tested by ANOVA.  Values that were significantly different at 
p<0.05 are indicated by different letters.  Dashed line represents public health standard 
limit of 10mg NO3

--N L-1 (WHO 1996). 
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Nitrate-N concentrations at 15cm explained 44% and 47% of the spatial 

variability in NO3
--N concentrations at 100cm in organically- and mineral-fertilized 

farms, respectively, but only 25% of the spatial variability in unshaded monocultures 

(Figure 7).  Soil N was not related to NO3
--N or NH4

+-N concentrations, and bioavailable 

P was not related to PO4
3--P concentrations at depth.  

 
Figure 7: Correlation between nitrate concentrations at 15cm and 100cm in coffee 
farms in Costa Rica.  Mean NO3

--N concentrations at 100cm as a function of 
concentrations at 15cm in (A) organically-fertilized agroforests, (B) mineral-fertilized 
agroforests, and (C) mineral-fertilized monocultures. 
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3.3 Potential nutrient loss is higher under nitrogen fixers  

  Nitrate concentrations in leachate collected at 15cm under Erythrina were nearly 

double those collected under the other species (p=0.0020; Figure 8A).  I did not observe 

significant differences in leachate PO4
3--P or NH4

+-N concentrations among species.  As 

expected, soil N and C concentrations were higher (by 17%) near Erythrina (N-fixer; 

p<0.0001, in both cases).   

 
Figure 8: Nitrate concentrations in tension lysimeter leachate under five different 
species combinations in mineral-fertilized agroforests in Costa Rica. Mean NO3

--N 
concentrations in leachate at (A) 15cm and (B) 100cm under Coffea, Musa, and Erythrina 
and across study period (n=14 collections). C+M indicates samples taken from under 
Coffea grown adjacent to Musa; C+E, samples from under Coffea grown adjacent to 
Erythrina. Bars represent standard error of the mean. Differences in nitrate 
concentrations among the five species combinations were tested by ANOVA.  Values 
that significantly different at p<0.05 are indicated by different letters. 
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Available P was significantly higher in soils near shade trees than near distant Coffea 

plants (p<0.0001; Table 2).  Soil pH was higher near Musa than near Erythrina or solitary 

Coffea plants (p<0.0001), and soil moisture was greatest near Erythrina (p<0.0001; Table 

2). 

Table 2: Soil characteristics among species (0-10cm) averaged across study period. 
Differences in nutrient concentrations, soil moisture, and pH among the three species 
combinations were tested by ANOVA.  Values that were significantly different at p<0.05 
are indicated by different letters. 

 Total N (%) Bray-1 P (µg/g) 
Gravimetric Soil 

Moisture 
(dwtwater/dwtsoil) 

pH 

Coffea 0.37 a 8.2 a 28.9 a 5.0 a 

Coffea + Musa 0.37 a 11.3 b 30.6 a 5.5 b 

Coffea + Erythrina 0.43 b 10.8 ab 34.8 b 5.0 a 

 

3.4 Species mixtures may have higher nitrate losses at depth   

Despite significantly higher NO3
--N concentrations at 15cm, leachate 

concentrations at 100cm were not elevated under Erythrina.  However, NO3
--N 

concentrations were significantly lower (by one half) below Coffea plants surrounded by 

Coffea compared to Coffea grown adjacent to shade trees (Figure 8B). I observed the 

smallest drawdown in nitrate concentrations between 15 and 100cm in Musa plants (9 mg 

NO3
--N L-1) and the largest under Coffea near Erythrina (25 mg NO3

--N L-1; p=0.056).  

As for shallow depths, there was no effect of species on PO4
3--P or NH4

+-N 

concentrations in deep soil leachate, or in the differences in concentrations between 

shallow and deep soils.   
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4.0 Discussion 

4.1 Potential nitrogen loss is lower in organically-fertilized than in mineral-fertilized 

agroforests 

The mineral-fertilized agroforests in this study received two and a half times more 

N than the organically-fertilized agroforests, a difference similar to that observed among 

28 farms in the region (Chapter 2, Figure 4A).  Larger N inputs corresponded to higher 

soil N and leachate NO3
--N concentrations.  As more N accumulates in the deeper soil 

layers in mineral-fertilized agroforests (Chapter 5, Figure 2), they may have greater 

potential N loss than organically-fertilized agroforests.  In contrast to N inputs, P inputs 

were very similar among agroforests, and PO4
3--P concentrations did not differ between 

mineral and organically-fertilized agroforests.  As P is conservatively cycled in highly 

weathered tropical soils (Jordan 1982; Vitousek 1984), it is not surprising that leachate 

PO4
3--P concentrations were low and similar to near by tropical forests (around 0.12mg P 

L-1; Radulovich and Sollins 1991).  In agroforests, it appears that regardless of origin, 

additional P is either (1) being adsorbed onto clay minerals and effectively removed from 

the P cycle (Uehara and Gillman 1981) and/or (2) quickly assimilated by plants and 

microbes.  That is, potential P loss is low in both mineral and organically-fertilized 

agroforests. 

Despite similar PO4
3--P concentrations in leachate, bioavailable P concentrations 

were higher in organically-fertilized agroforests. This result is somewhat surprising, 

especially given that Certified Organic® farmers rely more heavily on pruning residues 

to nourish the crop. These residues tend to be deficient in P, and do not meet crop 
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demands on an annual basis (Szott and Kass 1993; Palm 1995).  However, the addition 

of organic fertilizers may alter the soil properties and chemical reactions that control P 

availability.  First, the application of manure can result in greater base cation exchange, 

increasing the pH of soils (Kretzschmar et al. 1991; Oehl et al. 2002), while the 

application of mineral fertilizers in the form of NH4-NO3 acidifies mineral-fertilized soils 

relative to organically-fertilized systems, consistent with my observations here (Fließbach 

et al. 2007).  In more acidic (mineral-fertilized) soils, P binds more readily to iron and 

aluminum oxides; as P is adsorbed onto the surfaces of clay minerals such as kaolinite, it 

is no longer bioavailable (Brady 1974; Uehara and Gillman 1981).  Second, P sorption 

capacity of soils may be reduced when amended with organic residues due to the 

complexation of fixation sites by organic and humic acids originating from organic 

residues (Iyamuremye et al. 1996; Reddy et al. 1980).  As P sorption capacity decreases, 

bioavailable P increases (Easterwood and Sartain 1990).  Mineral-fertilized farms tended 

to have larger iron oxide pools (Chapter 5, Table 1) which readily adsorb P and lead to 

lower concentrations of bioavailable P.  Despite more binding sites in mineral-fertilized 

farms, chemisorbed P (NaOH- and HCl-fractions) tended to be higher in organically-

fertilized agroforests (Chapter 5, Table 1; n.s.), suggesting that the application of organic 

fertilizers may result in a build up of P in binding sites associated with Fe and Al 

complexes in the clays.  This supports the theory that P adsorption capacity may be lower 

in organically-fertilized soils (Iyamuremye et al. 1996).  Third, the relative proportion of 

nutrients added via fertilizers differs greatly between management types.  Mineral 

fertilizers have an N:P ratio roughly 5:1 while organic fertilizers have a ratio of 2:1.  In 
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general, microbes require 7 units of N for every unit of P (Cleveland and Liptzin 2007), 

much closer to the stoichiometry of mineral fertilizers.  Therefore, the accumulation of P 

in organically-fertilized soils may also be the result of low availability of N in relation to 

P.  That is, microbes must seek out at least 5 additional units of N for every unit of P to 

meet their stoichiometric demands and to function (e.g. to metabolize, perform 

decomposition) leading to lower N and higher P concentrations in soils. Thus, despite the 

addition of pruning residues in both agroforest types, management alters soil properties 

and chemistry, with significant consequences for short- and long-term P supply. 

4.2 Presence of trees, not fertilizer type, determines actual nutrient loss at depth 

The monoculture farm received three times more N per year than the mineral-

fertilized agroforests and eight times more N per year than the organically-fertilized 

agroforests (Table 1).  Therefore, it is not surprising that leachate NO3
--N concentrations 

below the root zone (100cm) were three times higher in monocultures.  All management 

types showed significantly lower NO3
--N concentrations at depth.  However, only 

agroforests were able to reduce concentrations below the public health standard limit of 

10mg NO3
--N L-1.  Further, at 100cm, NO3

--N concentrations were the same in 

organically- and mineral-fertilized agroforests.  Clearly the structure of an agroforest was 

capable of buffering the effects of fertilizer application.  That is, regardless of the manner 

(e.g. N fixation vs. fertilizer application) or form (mineral or organic) of N inputs, shade 

trees are capable of preventing N loss.  In agroforests, NO3
--N concentrations in soil 

solutions collected below the root zone were well-predicted (44 and 47% variability 

explained) by NO3
--N concentrations in solutions collected in the most active soil layer 
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(at 15cm; Figure 7).   Nitrate-N concentrations in agroforests were more or less 3 times 

lower at depth, and in monocultures, about 1.3 times lower at depth.   

Phosphate-P concentrations were significantly reduced at depth and did not differ 

among cultivation types.  Low leachate PO4
3--P concentrations reflect conservative 

cycling in productive systems where P may become limited in the face of repeated heavy 

inputs of N.  I did not find any strong predictors of PO4
3--P concentrations at depth, but 

concentrations are too low to endanger water quality or to lead to eutrophication.  

4.3 Potential nutrient loss is higher under nitrogen fixers 

Although farmers may not understand the underlying chemistry, they are keenly 

aware of the nutritional benefits imparted by the presence of N-fixers (Albertin and Nair 

2004).  Enhanced N availability in the soil and higher concentrations in soil solution 

under Erythrina trees (Table 2; also see Payán et al. 2009 for more detailed spatial 

effects) is both a direct result of N-fixation and an indirect effect of the transfer of high 

quality leaves during annual prunings.  Erythrina leaves are high in N and P and 

decompose quickly, rapidly releasing nutrients to the soil (Chapter 6, Figure 4).  Nitrogen 

fixed by Erythrina may elevate surface soil solution concentrations potentially 

transferring more N to deeper soil layers.  

In addition, PO4
3--P concentrations in soil water tended to be 26% higher under 

Erythrina than Coffea plants (p value n.s.).  Suggesting Erythrina may also play an 

important role in P cycling in agroforestry systems (Chapter 6, Figure 11), especially 

when mychorrhizal associations are considered (Danso et al. 1992).  For example, 

bioavailable soil P was higher under Coffea near shade trees compared to distant Coffea 
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plants.  Species diversity increases potential for symbiotic associations (Eriksson 2001).  

Phosphorus availability may be greater in species mixtures as mychorrizal fungi are 

capable of liberating P not available to plants through enhanced mineral weathering 

(Jongmans et al. 1997) and by associating with bacteria that secrete phosphatases or 

excrete organic acids (Smith et al. 1997).  In addition, greater quantities of nutrient-rich 

litter and pruning residues are produced under species mixtures, which over time may 

enhance the quality of surrounding soils.  For example, initial P-release from 

decomposing Coffea leaves is much higher when mixed with Musa and Erythrina 

(Chapter 6, Figure 11). 

4.4. Species mixtures have greater nitrate losses at depth   

Although I observed elevated NO3
--N concentrations under Erythrina in shallow 

soils, there was no evidence of enhanced leaching under N-fixers below the root zone 

(100cm depth).  Therefore, biota appear to efficiently utilize N derived directly or 

indirectly from N-fixing trees in agroforestry systems, and inclusion of N-fixing species 

will not contribute to groundwater contamination. 

Nitrate-N concentrations were lower under Coffea plants distant from shade trees.   

I expected concentrations to be lower under shade trees, as their roots can access 

nutrients at deeper soil layers.  However, increasing diversity does not necessarily 

guarantee enhanced nutrient retention (Hooper and Vitousek 1998; Bigelow & Ewel in 

press).  The shallow, lateral roots of shade trees are quite extensive, and easily span the 

5m to the solitary Coffea plants studied (Jonsson et al. 1988; Dhyani et al. 1990; Schroth 

et al. 1995; personal observation).  Due to the equilibrating effect of root activity in 
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surface soils, it is not surprising that I did not observe significant differences in leachate 

concentrations under Coffea plants at 15cm.  However, vertical root distributions vary 

among species, and thus species effects on nutrient loss may be better examined at depth.  

For example, the low concentrations of NO3
--N under distant Coffea plants (high percent 

NO3
--N recovery) reflect the high crop N-demand in microsites where less biological N-

fixation occurs and smaller quantities of high-quality litter are concentrated (as a function 

of distance from shade trees).   In sum, there is a great deal of spatial variability in 

nutrient leaching and soil availability in agroforests.  Researchers should take care to 

spatially standardize sampling protocols in order to accurately compare and contrast 

nutrient losses from these systems. 

4.5 Temporal variation in leachate and soil nutrients have different drivers 

Despite spatial correlation between high soil N and leachate NO3
--N 

concentrations, their temporal patterns were not correlated.  Surface leachate 

concentrations increased slightly in January following the December-January prune and 

during the January-February fertilization.  However, the highest NO3
--N concentrations 

coincided with the May-June fertilizer application, which followed a prolonged dry 

period (Figure 9A).  This suggests that fertilizer N not assimilated by plants or microbes 

was mobilized and “flushed” out of the surface soils come the first heavy rains 

(Greenland 1958; Robinson 1960).  Phosphate (and ammonium) concentrations increased 

10-fold during the driest period (before the May-June fertilizer application; Figure 9A).  

As phosphate is tightly bound to soil colloids (only a small fraction is mobile), and in a 

typical month, this soluble fraction is diluted to a concentration roughly 0.08 mg P L-1.  
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However, in the dry months (<3.5mm per day) soluble P was diluted in less water 

leading to higher concentrations at the end of the dry period.  In contrast to leachate NO3
-

-N concentrations, which are 200 times higher and are sensitive to management 

interventions, PO4
3--P concentrations in leachate are low and controlled by soil 

chemistry. However, in both cases, seasonal water regimes play a key role in determining 

leachate concentrations. 

 
Figure 9: Conceptual diagram of soil and leachate nutrient concentrations in Costa 
Rican coffee agroforests. Mean (A) NO3

--N and PO4
3--P concentrations in leachate and 

(B) total N and Bray-1 P concentrations in soils across mineral and organically-fertilized 
agroforests plotted with the timing of management activities.  Diagonal lines represent 
period of water stress <100mm per month (March through mid-May), shaded areas 
represent pruning periods (December-January and May-July), horizontal lines indicate 
fertilization events (January-February and May-June), and cross-hatches represent 
harvest period (September-December with the harvest peak in November). 
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Temporal variations in soil N more closely tracked plant nutrient demand 

(Figure 9B). The draw-down of soil N (by 31%) between May and August is likely the 

result of enhanced Coffea uptake as the crop matures (i.e. berries ripen), which appears to 

demand high quantities of nutrients.  Soil N increased near the end of the harvest (and a 

reduction in reproductive growth), due to a reduction in nutrient demand by Coffea plants 

(Figure 9B).  Soil P tracked soil N patterns from May though November, suggesting that 

plant nutrient demand may also drives variation in bioavailable P.  However, soil P also 

declined dramatically between January and March, which is better explained by changes 

in soil chemistry due to pruning regimes.  Therefore, the May-November decline in 

bioavailable P could be driven by an entirely different mechanism. The pruning of shade 

trees is typically dictated by Coffea phenology as a means to increase light-availability 

during critical growth periods (i.e. in December-January to promote flowering and fruit 

set and in May-July to promote berry ripening; Beer 1988).  Several studies indicate the 

importance of light availability for promoting reproductive growth in coffee plants 

(Montoya et al. 1961, Castillo and López 1966, Cannell 1975).  The decline in 

bioavailable P following prunings is likely the result of enhanced microbial demand for P 

during the initial stages of leaf decomposition (Chapter 6).  Therefore, while soil N 

declined as plant nutrient demand increased during the berry-ripening process, similar 

declines in soil P could be driven by higher microbial nutrient demand during the initial 

phases of the decomposition process.   
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5.0 Conclusions 

Both farm management and species effected soil and leachate nutrients.  Although 

mineral-fertilized agroforests had higher soil and leachate N in concentrations surface 

soils than organically-fertilized agroforests, nitrate concentrations at 1 meter were similar 

among agroforests.  This suggests that the presence of trees play an important role in 

reducing N losses from agroforests.  This hypothesis is further supported by the elevated 

nitrate concentrations in monoculture farms where coffee is grown in the absence of 

trees.  Although bioavailable P concentrations were higher in organically-fertilized farms, 

there were no effects of fertilizer management on phosphate concentrations. I also 

observed species-specific effects on leachate nitrate concentrations in both shallow and 

deep soil water.  N-fixing Erythrina elevated leachate nitrate concentrations in surface 

soils, however this trend was not apparent at depth.  On the other hand, low leachate 

concentrations at depth from below Coffea plants several meters away from shade trees 

show that N is in greater demand in microsites where less high quality litter is 

concentrated.   
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Chapter 4: Trees minimize nutrient loss from coffee management 
systems 
 
Abstract 

The consequences of vegetation structure on ecosystem processes in agroforests are 

typically evaluated in contrast to monocultures with little attention paid to how 

management strategies can differ from farm to farm.  This study was conducted on nine 

coffee farms in the Central Valley of Costa Rica and aimed to determine how 

management affects nutrient losses and what particular mechanisms prevent nutrient loss.  

I compared nitrogen (N) and phosphorus (P) losses among coffee agroforests amended 

with mineral fertilizer (n=4), agroforests amended with organic fertilizer (n=4), and one 

coffee monoculture amended with mineral fertilizers.  Monthly N and P concentrations 

were measured in soil water collected monthly from tension lysimeters (at 15 and 100cm) 

between October 2008 and September 2009.   A water balance was developed to estimate 

annual N and P losses from the three coffee systems.  Despite differences in the quantity 

and form of fertilizer inputs, N and P losses at one meter did not differ significantly 

among agroforests (91±18 kg N ha-1 yr-1 and 1.4±0.1 kg P ha-1 yr-1).  However, estimated 

losses from mineral-fertilized monocultures were nearly four times as great for N and 

twice as great for P (307 kg N ha-1 yr-1 and 2.3 kg P ha-1 yr-1).  These results suggest that 

trees play a critical role in reducing leaching losses from tropical agroecosystems.  

Further, N losses (at 100cm) declined significantly with increasing aboveground biomass, 

and with shade tree biomass in particular. Phosphorus, on the other hand, declined with 

increasing soil iron (Fe) pools, indicating the important role of both biotic and abiotic 

processes in reducing nutrient loss.  
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1.0 Introduction 

Northern Latin America is home to seven of the ten countries with the highest 

deforestation rates in the world (Rice 1999).  Once a vast tropical forest, only 43% of this 

original land cover remains (FAO 2008).  Land has been and continues to be cleared for 

agriculture and pasture, specifically the cultivation of coffee, banana, and sugarcane and 

the production of cattle (Myster 2004).  This research focused specifically on the patterns 

of nutrient loss from different coffee cultivation systems in Costa Rica. 

Coffee (Coffea arabica) is native to the Horn of Africa, and was already widely 

cultivated by the 14th century (Topik 2000).  The Dutch brought it to the New World in 

the 1700s where it thrived in the mid- and high-elevation mountainous regions of tropical 

America (Rice 1999).   Currently, coffee is the top exported commodity in Central 

America by dollar value ($2.4 billion; FAO 2008), and its cultivation and production 

supports over 8.5 million people in the region (Vedenov et al. 2007). About 2.7 million 

hectares of land are devoted to the cultivation of coffee across northern Latin America 

(FAO 2009), comprising the majority of the agricultural land cover between 500 and 

2000 meters above sea level (Perfecto et al. 1996). 

Coffee was traditionally cultivated as an understory shrub in an otherwise intact 

tropical forest (in other words, in an agroforest).  However, in response to a fungal 

pathogen, which swept across Central America in the 1970s, coffee farmers began to 

“technify” their farms.  In technified coffee farms overstory trees are either removed 

entirely or replaced by regularly-spaced, short (5-8m) service trees.  Service species such 

as Erythrina poeppigiana have symbiotic associations with nitrogen (N)-fixing bacteria 
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which provide a source of nutrients to the system.  However, their wood is of extremely 

low quality, and they offer little in the form of habitat for local species.  Further, they are 

regularly pruned such that for the majority of year, the landscape essentially behaves as 

an unshaded monoculture.  Although some agroforests remain, currently 80-85% of 

coffee in Central America is cultivated in monoculture or highly technified conditions 

(FAO 2008). 

In recent years, remnant agroforests have received much attention from land 

managers, international development agencies, and researchers for their potential to 

improve environmental and economic sustainability (Hassan et al. 2005; UNFCCC 

2008).  Agroforests store more carbon (Nair et al. 2009), recycle greater quantities of 

nutrients (Palm 1995; Schroth et al. 2001), maintain higher levels of biodiversity 

(Perfecto et al. 1996), and have a greater potential to improve regional economic stability 

by diversifying livelihoods (Leakey et al. 2005; Amekawa et al. 2010) than industrialized 

agriculture. Nevertheless, in most research, the benefits of agroforests are assessed in 

comparison to regional extremes such as mature forests on the one hand and heavily 

fertilized monocultures on the other.  Little research has investigated how management 

within the spectrum of agroforestry can alter ecosystem processes.   

In this study, I examine how nutrient loss is affected by management practices.  

Farmers influence nutrient inputs (fertilization regimes), and therefore different 

management techniques may have consequences for on-farm nutrient loss. Three coffee 

management systems are considered: (1) mineral-fertilized agroforests (MAF); (2) 

organically-fertilized agroforests (OAF); and (3) mineral-fertilized monocultures 
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(MONO). Among management systems, mineral-fertilized monocultures receive the 

highest fertilizer amendments (300 kg N and 33 kg of P ha-1 yr-1).  Mineral-fertilized 

agroforests receive a third as much N and P as monocultures (average of 96 kg of N and 

18 kg of P ha-1 yr-1), and organically-fertilized agroforests receive even less (28 kg of N 

and 16 kg of P ha-1 yr-1on average).  Among agroforests, shade trees are pruned 

frequently (2-3 times a year) and aggressively (nearly all branches removed) in mineral-

fertilized agroforests.  Pruning is less frequent and less intense (fewer branches removed) 

in organically-fertilized agroforests, thus fewer nutrients are transferred to the soil, and 

the crop is exposed to less sun.  

The observed variation in farm management strategies is likely to have 

consequences for the coupled cycling of nutrients, water, and energy. This research is the 

first to examine how different forms of agroforest management can affect nutrient loss.  I 

accomplish this by calculating on-farm nutrient loss through direct measurements of soil 

water nutrients paired with farm-specific modeled water budgets.  I then examine how 

nutrient loss differs among coffee management systems, and investigate three factors that 

could potentially regulate nutrient loss: fertilizer inputs, aboveground biomass, and 

nutrient retention capacity of the soil.  

2.0 Materials and Methods 

2.1 Study Sites 

This study was conducted on four organically-fertilized coffee agroforests (OAF), 

four mineral-fertilized coffee agroforests (MAF), and one mineral-fertilized monoculture 

coffee plantation (MONO) located in Costa Rica’s Central Valley near Turrialba 
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(between 9°52’N and 9°54’N and between 83°41’W and 83°42’W).   In 2008, farmers 

were interviewed to acquire information on fertilization regimes (Table 1).   

Table 1: Fertilization rates among coffee management systems in Costa Rica. 
Nitrogen (N) and phosphorus (P) amended as either mineral or organic fertilizer.  OAF 
refers to organically-fertilized agroforests, MAF to mineral-fertilized agroforests, and 
MONO to mineral-fertilized monocultures. 

  Fertilizer 
(kg ha-1 yr-1) 

Management Location N P 
OAF SJN 58 29 
OAF SJS 0.5 0.2 
OAF COL 84 27 
OAF COL 10 8 
MAF SJN 46 13 
MAF SJN 115 32 
MAF SJS 121 18 
MAF COL 100 8 

MONO SJN 300 62 
 

The study region receives an average 2600mm of rainfall per year and has a mean 

annual temperature of 22.6°C.  Rainfall is seasonal, and the dry season typically extends 

from February through May.  The study year (12 months from October 2008-September 

2009) was wetter than usual, with a cumulative rainfall of 3257mm.  The region 

experienced an unusually wet December (708mm) and February (544mm) and very dry 

April (39mm; Chapter 2, Figure 1).  

2.2 Nutrient Leaching 

Soil solutions were collected every 28 days from October 2008 through 

September 2009 using tension lysimeters. Each consisted of a porous cup (SoilMoisture 

Corp., Goleta, CA) attached to a 3-inch PVC tube sealed at the end with a rubber stopper.  

In mineral- and organically-fertilized agroforests, tension lysimeters were installed at 15 
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and 100cm depth within 30-50cm from the base of a Coffea plant located at least 5m 

from the nearest shade tree. In Chapter 3, this distance proved sufficient to minimize 

effects resulting from species interactions. In the unshaded monoculture, two pairs of 

tension lysimeters were installed under two different Coffea plants within 5m of each 

other (Chapter 3, Figure 3). Below 100cm, root activity is negligible for Coffea and shade 

trees (Garriz 1978; Araya 2005; Lehmann 2003). In this study, nutrients in solution at this 

depth are defined as lost to the system.   

Tension lysimeters were filled with distilled water before each sampling period.  

The day before sample collection, they were purged of any remaining water, and an 

internal pressure of -0.05 to -0.06 MPa was applied using a hand-held vacuum pump.  

The following day, the soil solutions were extracted from the lysimeters.  All samples 

were frozen prior to analysis at the University of Virginia.   

Samples were filtered through a 40µm filter to remove any debris and analyzed 

for inorganic NO3
- and NH4

+ on a LACHAT QuikChem (LACHAT Instruments 

Loveland, CO).  A potassium persulfate digestion (also on filtered samples) converted 

organic P to an inorganic form.  Analyzing this solution on a LACHAT yielded total P 

concentration.  

Nitrogen fluxes (also called “losses” when referring to 100cm fluxes) were 

calculated by adding NO3
--N and NH4

+-N concentrations for a given sample period, 

expressing them on an area basis, and summing over the year.  To determine area-based 

estimates, the amount of drainage water (details below) was multiplied by the soil water 

N concentration at 15 and 100cm for the same sampling period.  Organic N was not 
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considered for this analysis. Phosphorus fluxes were calculated in the same manner, by 

multiplying total P concentrations at 15 and 100cm by the drainage water associated with 

a given sample period.  Data were gap-filled where necessary by farm-farm regressions. 

2.3 Water balance model 

To estimate drainage D (in mm), I constructed a water balance. 

D= P – I – T – OF       (Eq. 1) 

where P is the precipitation, I is canopy interception, T is transpiration, and OF is the 

water lost during infiltration excess overland flow (Hortonian overland flow). 

2.3.1 Precipitation 

Each farmer recorded daily rainfall from a graduated rain gauge located in an 

open area near the farmer’s house.  Rainfall data for each neighborhood was screened for 

errors, averaged, and compared to CATIE (Centro Agronómico Tropical de Investigación 

y Enseñaza) meteorological data.  According to this analysis, each farm received 

comparable rainfall inputs, and on-farm data did not differ systematically from CATIE’s 

data.  Therefore, CATIE’s meteorological data were used to compute water budgets 

because of the fine temporal resolution available (necessary for some parts of the model).  

2.3.2 Evapotranspiration 

Interception was estimated at 20% of precipitation based on basal area of coffee 

plants and shade trees (Lin and Richards 2007; van Kanten and Vaast 2006).  Interception 

in full sun farms was estimated at 17% of precipitation (Harmand et al. 2007).  

Transpiration rates were modeled using sap flow data collected from a Coffea-Erythrina 

agroforest in southern Costa Rica (van Kanten and Vaast 2006).   Rainfall in that study 
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was not correlated with transpiration rates and was very similar in quantity to this study 

(3500mm compared to 3300mm per year; respectively).  Transpiration rates were 

reported in mm day-1 for Coffea and Erythrina growing together, but were originally 

calculated by scaling individual plant (Coffea or Erythrina) water consumption (l d-1 

plant-1) by the number of plants (of each species) per hectare.  Coffea density was 

reported as 5000 plants ha-1 and Erythrina as 156 plants ha-1.  Therefore, I was able to 

calculate transpiration rates for individual Coffea plants or Erythrina trees (mm·ha plant-1 

d-1).  These rates were then scaled by the plant (and tree) density of each study farm 

(Table 5). 

Table 2: Estimated daily transpiration rates for Coffea and Erythrina in agroforest 
in southern Costa Rica (based on van Kanten and Vaast 2006).  Calculated 
transpiration rates (mm·ha plant-1 d-1) for Coffea and Erythrina based on plant density in 
the study coffee agroforest in southern Costa Rica. 

 Transpiration rate  
mm·ha plant-1 d-1  

 Coffea 
 (with Erythrina) 

Erythrina 
 (with Coffea) 

Sep 0.00026 0.0031 
Oct 0.000292 0.0022 
Nov 0.000334 0.0037 
Dec 0.00027 0.0029 
Jan 0.00043 0.0045 
Feb 0.000466 0.0041 
Mar 0.000278 0.0051 
Apr 0.000816 0.0008 
May 0.000332 0.0031 
Jun 0.00036 0.0037 
Jul 0.0005 0.0039 
Jul 0.0005 0.0039 

Aug 0.000292 0.0042 
Sep 0.00026 0.0031 
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The sum of Coffea and Erythrina transpiration rates resulted in an estimate of the 

combined daily transpiration rate for the shaded farms (Eq. 2).  

T100= [TCof (mm·ha plant-1 d-1)*plants ha-1 + TEryth (mm·ha plant-1 d-1)*trees ha-1]*28d (Eq. 2) 

However, this model tended to underestimate transpiration rates in coffee 

monocultures as the monoculture Coffea plants in the study were not fully mature.  Siles 

(et al.) 2010 estimated that transpiration rates in mature Coffea grown in monoculture 

were only reduced by 10% compared to an agroforest (4722 Coffea plants ha-1
; 278 trees 

ha-1).  Therefore, I modeled a farm with this plant and tree density and reduced monthly 

transpiration rates by 10% to estimate monoculture transpiration rates (Harmand et al. 

2007).  

Finally, when soils are at field capacity, monthly evapotranspiration in coffee 

agroforests is roughly 100mm (3.5mm per day, van Kanten and Vaast 2006). Rainfall 

depths prior to April and May 2009 collection were 17 and 63mm, respectively.  Thus, 

plants were likely water-stressed at these times, and drainage was estimated as zero for 

both months in all farms. 

Based on the literature, I estimated that 50% of the root mass lay between 0 and 

15cm depth (Table 3).  Thus, I assumed that one half of the transpiration comes from 

water consumption in the first 15cm  (Eq. 3).  I assumed all transpired water originated 

between 0-100cm.  

T15 = T100*0.5          (Eq. 3) 
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Table 3: Fraction of roots in Coffea and shade species in the top 15cm of soil as 
reported in the literature. These data were used to estimate that 50% of roots are found 
in the top 15cm, and were used to correct for transpiration rates at this depth. 

Species 
Fraction of total 
root mass above 

15cm depth 
Reference 

Coffea arabica 0.4 Lehmann et al 2003; Garriz 1978 
Erythrina poeppigiana 0.7 Chesney 2008 

Musa acuminata 0.4 Araya 2005 
Coffea-Erythrina-Musa 0.5 Average of Coffea, Erythrina, and Musa 

 

Bare soil evaporation was insignificant in the shaded plantations due to the high 

density of trees.  However, bare soil evaporation could potentially contribute to water 

loss in the coffee monoculture.  In a monoculture coffee plantation of similar density, 

Marin et al. (2005) derived a relationship between total evapotranspiration (ET=I +T) 

and crop transpiration (T), 

 ET=T/0.76        (Eq. 4)  

I assumed that during periods between rainfall events,  

 Ebare=ET-T        (Eq. 5) 

For each month, I estimated bare soil evaporation rates and subtracted this quantity from 

the total amount draining out of the coffee monoculture farm.  

3.3.3 Overland Flow 

To characterize the variability in hydraulic properties within each farm, 

infiltration was measured using a Decagon mini disk infiltrometer (-3.0cm suction; 

Decagon Devices, Pullman, USA).  Three measurements were taken within 50cm of each 

of the tension lysimeter pairs (on dry days following rainy days; November-December 

2010).  The data from the infiltration measurements were used to plot the cumulative 
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infiltration curves for each sampling point and determine the saturated hydraulic 

conductivity (Ksat; Table 4).  I compared bihourly rainfall data (CATIE meteorological 

data; corrected for interception) to the computed Ksat (mm 120min-1) for each farm to 

determine those periods when rainfall exceeded infiltration rates (Hortonian overland 

flow).  Water volume estimated from times when rainfall exceeded infiltration rates was 

subtracted from the final value of drainage water. 

Table 4: Saturated hydraulic conductivity (Ksat) in study farms in Costa Rica.  
Infiltration rates were calculated using a mini-disk infiltrometer, and then values 
converted to Ksat. Bi-hourly rainfall intensity was compared to Ksat to determine 
infiltration excess overland flow (in mm). OAF refers to organically-fertilized 
agroforests, MAF to mineral-fertilized agroforests, and MONO to mineral-fertilized 
monocultures. 

Management Location Ksat (mm/hr) 
OAF San Juan Norte 8.7 
OAF San Juan Sur 13.8 
OAF Colorado 12.9 
OAF Colorado 5.8 
MAF San Juan Norte 4.1 
MAF San Juan Norte 13.7 
MAF San Juan Sur 20.7 
MAF Colorado 8.7 

MONO San Juan Norte 7.3 
 

2.5 Factors regulating nutrient loss from coffee farms 

While the addition of fertilizers may enhance nutrient loss, biotic and abiotic 

factors may act to prevent nutrient loss from agroecosystems.  I calculated (1) 

aboveground shade tree biomass and aboveground total biomass (shade trees plus crop 

plants) as a potential biotic factor and (2) total soil iron (Fe) pools as a potential abiotic 

(chemical) factor preventing on-farm nutrient loss.  In June-August of 2008, 100m2 plots 

were established in each farm.  I randomly selected 10 coffee stems and recorded their 
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diameter at 15cm as well as height. Similarly, diameter at breast height (dbh) was 

measured for all shade trees (Erythrina and Musa) in the plot.  Individuals of all species 

were counted, and shade tree and coffee density were scaled up to a hectare. 

Aboveground biomass was estimated using allometric equations derived for Coffea 

(Segura et al. 2006; Chapter 2, Appendix A.1); Erythrina (Frank and Eduardo 2003; 

Chapter 2, Appendix A.2), and Musa (Hairiah et al. 2001; Chapter 2, Appendix A.4; 

Table 5).  Pruning affects tree biomass, and the equation used to calculate Erythrina 

biomass included a term for the level of pruning (Chapter 2, Appendix A.2).  Pruning 

intensity was categorized into two levels: partial (all but 3-5 of the tallest branches 

removed); and total (all branches removed; Table 5).   

Table 5: Shade tree pruning intensity and aboveground biomass on study farms in 
Costa Rica. Pruning intensity refers to the partial (3-5 of the tallest branches removed) or 
total (all branches removed) removal of Erythrina branches. Data on pruning techniques 
were gathered from farmer interviews. Aboveground biomass was calculated by pairing 
field measurement with allometric equations. OAF refers to organically-fertilized 
agroforests, MAF to mineral-fertilized agroforests, and MONO to mineral-fertilized 
monocultures. 

   Density  
(plants ha-1) 

Aboveground biomass 
(Mg ha-1) 

Mgmt Location Pruning 
intensity Coffea Eryth Coffea Shade Total 

OAF San Juan Norte partial 5600 400 5.0 148.8 153.8 
OAF San Juan Sur partial 4900 900 20.1 206.3 226.5 
OAF Colorado partial 5300 200 14.7 128.0 142.7 
OAF Colorado partial 3300 700 9.8 361.2 371.0 
MAF San Juan Norte partial 6600 500 24.8 406.0 430.7 
MAF San Juan Norte total 4800 700 19.6 282.5 302.0 
MAF San Juan Sur total 4000 400 20.1 87.1 107.2 
MAF Colorado total 5000 600 13.6 135.4 148.9 

MONO San Juan Norte - 5000 0 14.5 0.0 14.5 
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In June-July of 2008, soil pits were dug in agroforests to 80cm within 50cm of 

coffee plants, and soil samples were taken at six depths (Chapter 5).  Bulk density was 

measured using a steel canister. Non-crystalline plus crystalline (total) Fe concentrations 

were estimated by a 16-hour dithionite-citrate-bicarbonate (DCB) extraction (Darke and 

Walbridge 1994).  Resulting solutions were analyzed on an atomic absorption 

spectrometer for Fe.  Using Fe concentrations and bulk density, I calculated the size of 

the DCB-extractable Fe pool (in kg ha-1) for each farm. The owner of the coffee 

monoculture did not agree to soil-pit excavation, and therefore, the coffee monoculture 

was excluded from analysis of the effect of soil Fe on nutrient loss. 

Table 6: DCB-extractable Fe pools in soils (0-80cm) of study farms in Costa Rica. 
DCB-extractable Fe concentrations were scaled up to Mg ha-1 using soil bulk density (see 
Chapter 5). OAF refers to organically-fertilized agroforests, MAF to mineral-fertilized 
agroforests, and MONO to mineral-fertilized monocultures. 

Management Location 
DCB-

extractable Fe 
(Mg ha-1) 

OAF San Juan Norte 537 
OAF San Juan Sur 620 
OAF Colorado 3912 
OAF Colorado 448 
MAF San Juan Norte 487 
MAF San Juan Norte 540 
MAF San Juan Sur 439 
MAF Colorado 536 

MONO San Juan Norte 537 
 

2.6 Statistical Approach 

 Farm-level annual nutrient fluxes (at 15cm and 100cm) were analyzed using a 

one-way ANOVA with management system (organically-fertilized agroforest, mineral-

fertilized agroforest, or mineral-fertilized monoculture) as the main effect.  
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Further, N and P losses could be affected by the quantity of N and P added as 

fertilizer. Therefore, univariate regression was performed to test the relationship between 

N and P loss at 100cm from agroforests and fertilizer N and P inputs on all farms (n=9).  

Univariate regression was also performed to test the relationship between N and P loss at 

100cm and total aboveground biomass (shade tree plus coffee plants; n=9), shade tree 

aboveground biomass (agroforests only, n=8), and the size of the iron-oxide pool 

(agroforests only, n=8).  All data were analyzed using JMP 8.0 for Macintosh.  

3.0 Results 

3.1 Nutrient losses differ among management systems 

 Among the components of the water balances, transpiration rates tended to differ 

the most between monocultures and agroforests, with smaller estimated transpiration flux 

in the monoculture (Table 7). Overland flow also tended to be higher in monocultures 

than in agroforests. 

Table 7: Components (mm) of the water balance in three coffee management 
systems from October 2008 to September 2009 in Costa Rica. Components of the 
water balances in mineral-fertilized monocultures (MONO), mineral-fertilized 
agroforests (MAF), and organically-fertilized agroforests (OAF).  Water balance 
components in agroforests represent the mean across farms (MAF n=4; OAF n=4). 

Water Flux MONO MAF OAF 

 (mm) (% of 
rainfall) (mm) (% of 

rainfall) (mm) (% of 
rainfall) 

Rainfall 3257 100 3257 100 3257 100 
Throughfall 2703 83 2606 80 2606 80 
Interception (I) 554 17 651 20 651 20 
Transpiration (Tplant) 961 30 1425 47 1380 42 
Bare soil Evap (Esoil) 293 9 0 0 0 0 
AET(I+ Tplant +Esoil) 1808 56 2076 64 2031 62 
Runoff 149 5 126 4 102 3 
Water Drainage 1300 40 1055 32 1124 35 
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Nitrogen fluxes at 15 and 100cm were significantly higher (by about 72%) in 

the mineral-fertilized monoculture compared to the coffee agroforests (Figure 1).  

However, N fluxes did not differ significantly among mineral- and organically-fertilized 

agroforests.  Nitrogen losses were reduced at depth in all farms, and were 70%, 76%, and 

57% lower at 100cm than at 15cm in mineral-fertilized monocultures, mineral-fertilized 

agroforests, and organically-fertilized agroforests, respectively.   

 
Figure 1: Annual nitrogen fluxes at 15 and 100cm in three coffee management 
systems in Costa Rica. Nitrogen flux at (A) 15cm and (B) 100cm in organically-
fertilized agroforests (OAF), mineral-fertilized agroforests (MAF), and the mineral-
fertilized monoculture (MONO).  Nitrogen concentrations as measured in leachate from 
tension lysimeters plus estimations of drainage calculated from a water balance model 
were used to calculate N losses.  Monthly losses were summed over the course of the 
study year.  Differences in N losses were tested by ANOVA. Values that were 
significantly different at p<0.05 are indicated by different letters.  Error bars represent the 
standard error of the annual mean. 
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As for N, P fluxes at 15cm and 100cm were significantly higher (by 50% and 

62%) in the mineral-fertilized monoculture compared to coffee agroforests (Figure 2), but 

did not differ significantly between farms that received mineral fertilizer and those that 

received organic fertilizer.  Phosphorus losses were reduced at depth in similar 

proportions, and were 35%, 18%, and 21% lower at 100cm than 15cm in mineral-

fertilized monoculture, mineral-fertilized agroforests and organically-fertilized 

agroforests, respectively.  

 
Figure 2: Annual phosphorus fluxes at 15 and 100cm in three coffee management 
systems in Costa Rica.  Phosphorus fluxes at (A) 15cm and (B) 100cm in organically-
fertilized agroforests (OAF), mineral-fertilized agroforests (MAF), and mineral-fertilized 
monoculture (MONO). Phosphorus concentrations were measured in leachate from 
tension lysimeters and estimations of drainage calculated from a water balance were used 
to calculate P loss.  Monthly losses were summed over the course of the study year.  
Differences in P losses were tested using ANOVA.  Values that were significantly 
different at p<0.05 are indicated by different letters.  Error bars represent the standard 
error of the annual mean. 
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3.2 Factors regulating nutrient loss from coffee farms 

Nitrogen and P losses (at 100cm) were not significantly correlated to fertilizer N 

and P inputs in agroforests alone.  However, when regressions included data from 

monocultures, N losses increased significantly with fertilizer N additions (r2=0.73, 

p=0.003; Figure 3A).  Phosphorus losses also increased with fertilizer P additions when 

monocultures were included in the regression, although the relationship was only 

marginally significant (r2=0.43, p=0.06; Figure 3B). 

 
Figure 3:  Correlation between fertilizer inputs and nutrient losses in coffee 
management systems in Costa Rica. (A) annual N loss as a function of annual N 
fertilizer input and (B) annual P loss as a function of annual P fertilizer input.  
Regressions performed on data from all farms (n=9). Solid squares represent mineral-
fertilized monocultures (MONO), solid circles represent mineral-fertilized agroforests 
(MAF), and open circles represent organically-fertilized agroforests (OAF).  Solid line 
indicates regression is significant at p<0.05 and dashed line indicates regression is not 
significant at p<0.05. 
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 N losses (at 100cm) decreased exponentially with increasing total (coffee plus 

shade tree) aboveground biomass (r2=0.87, p=0.0002; Figure 4A) while P loss showed no 

relationship with aboveground biomass (Figure 4B). Among agroforests, N losses at 

100cm declined significantly with increasing shade tree biomass (r2=0.62, p=0.02; Figure 

4C).  Phosphorus loss decreased significantly with increasing DCB-extractable iron oxide 

pools (r2=0.54, p=0.039; Figure 4F) while N loss did not (Figure 4E).  

 
Figure 4: Correlations between factors regulating nutrient losses in coffee 
management systems in Costa Rica.  Annual N (A) and P (B) loss (at 100cm) a 
function of aboveground biomass, annual N (C) and (D) P loss (at 100cm) as a function 
of total DCB-extractable iron pool (0-80cm), annual N (E) and P (F) loss (at 100cm) a 
function of aboveground shade tree biomass.  Solid squares represent mineral-fertilized 
monocultures (MONO), solid circles represent mineral-fertilized agroforests (MAF), and 
open circles represent organically-fertilized agroforests (OAF).  Regressions A and B 
were performed across all farms (n=9).  Regressions C-F were only performed on 
agroforests (n=8). 
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4.0 Discussion 

4.1 Nutrient losses differ among management systems 

Based on modeled nutrient balances (Chapter 2; Figure 6), I expected mineral-

fertilized agroforests to lose more N than organically-fertilized agroforests.  However, 

despite the fact that mineral fertilizers are more readily bioavailable, and are added in 

greater quantities (Chapter 3, Table 1), there were no significant differences in N fluxes 

at 15 and 100cm between agroforests amended with organic fertilizer and those amended 

with mineral fertilizer.  Deep N losses (at 100cm) were 76% lower than surface losses (at 

15cm) in mineral-fertilized agroforests compared to organically-fertilized agroforests 

where deep N losses were only 57% lower than surface N losses.  Thus, mineral fertilizer 

appears to be effectively captured than organic fertilizer as it is quickly assimilated by 

plants and microbes.  However, in both fertilizer management types, the presence of trees 

on farms appears to draw N losses down to a similar level.  In the absence of trees, N 

losses at 100cm were three times higher (Figure 1).  This is not surprising as mineral-

fertilized monocultures received three times as much N as mineral-fertilized agroforests 

and eight times as much N as organically-fertilized agroforests (Table 1).  Further, nitrate 

concentrations were three times higher in mineral-fertilized monocultures than in coffee 

agroforests (Chapter 3, Figure 6), suggesting a greater potential for loss.  

As one might expect, N losses (at 100cm) increased with fertilizer inputs (Figure 

3A).  However, this relationship was driven by the high N inputs and losses in 

monocultures.  Despite variation in the quantity and form of nutrients added, fertilizer N 

inputs alone could not explain N losses in agroforests.  Neither was it simply a matter of 
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the presence or absence of trees (as past studies have identified, see Babbar and Zak 

1995).  Rather, it appears that losses decline steadily as biomass (and therefore, tree 

density) increases in farms.  

 Phosphorus tends to be very conservatively cycled in tropical systems, and 

typically annual P losses are very low (Jordan 1982; Bruijnzeel 1991; Campo et al. 2001; 

Markewitz et al. 2004).  Therefore, it is not surprising that annual P fluxes at 15cm and 

100cm were not significantly different between mineral- and organically-fertilized 

agroforests.  As for N, P losses were significantly higher in mineral-fertilized 

monocultures compared to agroforests, suggesting that the presence of trees may help 

reduce P losses as well. As for N, P losses tended to increase with increasing fertilizer P 

inputs (Figure 3B), suggesting that P losses may be enhanced in systems with large 

annual P additions.  However, P losses (at 100cm) from all farms were within the 

expected range of losses from intact tropical systems (Radulovich and Sollins 1991) 

suggesting a large capacity of these tropical soils to retain P.  

4.2 Mechanisms preventing N and P loss 

  The most consistent predictor of N loss across farms was the size of the 

aboveground biomass pool (Figure 4A).  This study suggests that the capacity of farms to 

retain nutrients will be enhanced on farms with higher plant density as well as greater 

structural diversity where resource partitioning (e.g. via rooting depth) allows for the co-

existence of multiple plant functional types.   Among agroforests, N losses declined with 

increasing shade tree biomass (Figure 4C) due to both direct and indirect mechanisms.  

First, as tree density increases, so does plant N demand, which provides a sink for added 
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N (direct mechanism).  Second, as tree density increases, greater quantities of litterfall 

and pruning residues are transferred to the soil.  As these tissues decompose, they 

contribute to the soil organic matter pool, which immobilizes N and prevents loss 

(indirect mechanism; Chapter 5).  

Agroforesters should not increase the density of shade trees on their farms simply 

to mitigate nutrient losses, as yields also decline with increasing shade tree density (Beer 

et al. 1998).  However, the strong relationship between biomass and the reduction of N 

loss is evidence of a valuable ecosystem service provided by shade trees.  Further, 

biomass is easily quantifiable from simple field measurements, and therefore may serve 

as a simple and efficient metric for evaluating potential N loss from agroecosystems.  For 

example, such a metric, coupled with a model of the relationship between shade and yield 

could be used to design management systems that mitigate N losses while still remaining 

economically viable. 

  Among agroforests, P losses declined with increasing DCB-extractable Fe oxide 

pools in the soil (Figure 4F) as more P can be held on positively-charged clay surfaces.  

Unfortunately, in contrast to tree biomass which is easily estimated from tree density, soil 

Fe content may not be a useful metric for estimating P losses from coffee farms since the 

quantification of soil Fe pools is expensive and time-consuming.  Further research should 

investigate if Fe pools are correlated with more basic soil properties such as soil texture 

(e.g. percent clay) or pH, which might serve as a proxy for Fe pools, and thus serve as a 

metric for evaluating potential P loss from agroecosystems. 
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5.0 Conclusions 

 Despite a wide range in the forms (NH4-NO3 to chicken manure) and quantities (1 

to 122 kg of N ha-1 yr-1) of added nutrients, N and P losses were not significantly 

different among agroforests amended with mineral fertilizer and those amended with 

organic fertilizer.  Rather, the greatest differences in nutrient losses were between coffee 

farms with trees and coffee farms without trees.  Mineral-fertilized monocultures lost 

three times as much N as agroforests indicating the crucial role that trees play in 

mitigating the negative effects of fertilizer application.  Further, N losses (at depth) 

declined with increasing aboveground biomass, reinforcing the role of shade trees—92% 

of aboveground biomass— in mitigating N losses.  On the other hand, soil chemical 

processes, rather than trees, seem to play a major role in the mitigation of P losses. 
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Chapter 5: The effects of organic and mineral fertilizers on nutrient 
retention capacity and nutrient pools in soils of coffee agroforests 
 
Abstract 

The widespread application of fertilizers has led to dramatic increases in crop 

productivity, but their overuse has created a suite of environmental and public health 

problems, primarily related to nutrient loading in surface and groundwaters.  The 

cultivation of crops in the presence of trees (agroforestry) is a form of agriculture that is 

more effective at retaining nutrients and preventing against loss than unshaded 

monoculture farming.  This research investigated how measures of soil nutrient retention 

capacity and total nutrient pools varied (1) between agroforests receiving organic or 

mineral fertilizers and (2) among tree species. There were no effects of fertilizer 

management on nutrient pools in surface and mid soils (0-50cm).  Rather, carbon (C) and 

nitrogen (N) pools were strongly, positively correlated with oxalate-extractable aluminum 

(Al; an indicator of inherent nutrient retention capacity).  However, differences in 

nutrient pools were apparent at depth (50-80cm) where mineral-fertilized agroforests had 

larger N pools.  However, proportionally large C pools appear to be capable of 

immobilizing N and preventing against loss.  Cation exchange capacity (CEC) and soil 

phosphorus (P) pools tended to be higher in organically-fertilized agroforests.  Nutrient 

pools and retention capacity did not differ among individual tree species, however trees 

clearly play a crucial role in maintaining the retentive capacity of soils. For example, the 

presence of trees appears to maintain soil C pools which in turn can store a large 

proportion of other nutrients (N and P) and prevent loss.   
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1.0 Introduction 

The heavy use of fertilizers in agriculture can have severe consequences for both 

environmental and human health.  Fertilizer runoff leads to the eutrophication of streams, 

lakes, and estuaries (Schindler 1977; Howarth 1988; Nixon et al. 1996), and leaching into 

groundwater supplies can elevate nitrate concentrations to toxic levels (Sharpley et al. 

1987).  In efforts to reduce the downstream effects of fertilizers, trees are often planted in 

riparian zones or among crops (agroforest).  Alternative agricultural practices, such as 

organic farming, reduce reliance on agrochemicals and augment ecological processes that 

promote plant productivity while maintaining soil fertility and conserving water resources 

(Pimentel et al. 2005). This research investigates how nutrient retention capacity and soil 

nutrient pools in agroforests are modified by the type of fertilizer applied (mineral or 

organic). 

Nutrient retention capacity is the ability of a soil to retain added nutrients against 

loss.  Nutrients are held in the soil on exchange sites of clay minerals, organic matter, and 

the clay-humus complex.  In general, nutrient retention (and by extension, soil fertility) in 

soils is controlled by texture, organic carbon, cation exchange capacity (CEC), pH, and 

the presence of iron (Fe) and aluminum (Al) oxides (Arshad and Coen 1992; Seybold et 

al. 1997).  Soil texture affects nutrient retention by altering available exchange sites in 

clay minerals and by its control over soil permeability.  Soil CEC (and pH) determines 

the capacity to hold positively charged ions (cations) on negatively charged sites at the 

surface of the soil minerals and organic matter.  Soil organic matter (SOM) has a large 

surface area and therefore has a high density of exchange sites.  The negative charge of 
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these exchange sites allows them to bind with cations.  Microbial biomass also 

immobilizes nitrogen (N), preventing N losses.  Iron and aluminum oxides play an 

important role in the retention of dissolved inorganic phosphorus (P).  In particular non-

crystalline (or amorphous) Al and Fe have large surface areas and are often associated 

with higher P sorption capacity in tropical soils (Agbenin 2003).  Although soil fertility is 

controlled by factors that promote nutrient retention, it can also be empirically 

determined by measuring the size of soil nutrient pools.  While industrialized agriculture 

can diminish soil nutrient pools and alter soil properties that retain nutrients in the system 

(Cassman 1999; Sanchez et al. 2003), agroforestry can support nutrient retention and 

promote soil fertility by preventing erosion and soil compaction (Lal 1989; Young 1989; 

Young 1986), maintaining SOM (Chander et al. 1998; Lal 2004), and reducing nutrient 

leaching (Babbar and Zak 1995; Harmand et al. 2007; Chapter 3, Figure 6).  In this 

research, I describe how fertilizer management alters nutrient retention capacity and soil 

nutrient pools in coffee agroforests. 

The coffee (Coffea arabica) industry supports over 8.5 million people across 

Central America, with 4 million people relying directly on farm yields for their 

livelihoods (Tucker et al. 2010).  During the coffee crisis of the late 1990s, niche markets 

for specialty coffees began to emerge (ICO 2010; Boyce et al. 1994; Goodman 1999).  

Certification programs such as Rainforest Alliance® and Smithsonian Migratory Bird 

Center’s Bird Friendly Coffee® support more sustainable forms of agriculture and 

provide many small farmers with price premiums for shade-grown coffee (Lyngbæk et al. 

2001).  Nevertheless, in efforts to improve yields, many agroforesters may continue to 
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apply large quantities of inorganic nitrogen (N) fertilizers (Szott and Kass 1993).  In 

contrast, Certified Organic® farmers rely on animal manure, compost, and worm castings 

to provide nutrients to their crop.  As organic inputs confer less N, organic coffee yields 

are typically 20% lower than in mineral-fertilized managed coffee plantations (Lyngbæk 

et al. 2001).  While both mineral and organically-fertilized agroforests maintain the same 

ecosystem structure (e.g. canopy trees), different input and output rates over many years 

will likely alter soil nutrient retention capacity and the size of nutrient pools.   

In tree-less farms (e.g. rotational crops of tomato, beans, corn, melon, etc.), 

organic management can lead to higher soil water holding capacity (Liebig and Doran 

1999; Wells et al. 2000), pH (Fließbach et al. 2007), CEC (Haynes and Naidu 1998), and 

greater aggregate stability (Gerhardt 1997; Mader et al. 2002) compared to mineral-

fertilized farms.  After 22 years of cultivation, organically-fertilized soils accumulated 

nitrogen (N) over initial conditions, and contained more soil carbon (C) than mineral-

fertilized farms (Pimentel et al. 2005).  Organically-fertilized farms may also have higher 

soil microbial biomass (Clark et al. 1998; Melero et al. 2006), higher basal respiration 

(Fließbach et al. 2007), and root length colonized by mycorrhizae (Mader et al. 2002) 

than mineral-fertilized farms.  The aforementioned research focuses on agricultural 

systems of minimal structural diversity (e.g. monocultures or polycultures of similar 

height).  To my knowledge, this is the first research to investigate the effects of organic 

and mineral fertilizers on soils when the crop is grown the presence of trees.  I expect the 

inclusion of trees to modify the effect of fertilizer management on nutrient retention 

capacity and soil fertility.  Further, different canopy species may have different effects on 
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soil retention and pools.  Thus, my secondary goal was to determine the effect of 

different species on their immediate soil environment and if their effects differ depending 

on management type. 

Different plant functional types (e.g. N-fixers, herbaceous species, evergreen, 

deciduous, etc.) can alter the physical environment and soil community (Eviner and 

Chapin 2003).  For example, bacterial symbionts in the root nodules of Erythrina 

poeppigiana convert atmospheric N into a bioavailable form, directly enhancing soil N 

availability, but also acidifying soils (Haynes 1983).  The effects of species on patterns 

and rates of decomposition and nutrient release are discussed in detail in Chapter 6.  

Clearly species-specific variation in the residence time of nutrients in the litter pool has 

consequences for nutrient retention.  Variation in nutrient allocation is also likely to play 

a role.  Musa plants, often interplanted with coffee, produce fruit that is high in N and 

cations (especially potassium; Turner et al. 1989).  Repeated harvest of the fruits deplete 

these soil nutrient pools.  Thus, some shade species may be considered a net nutrient 

source (Erythrina) and others a net nutrient sink (Musa, Coffea). I expect nutrient pools 

to be smaller under “sink species” and larger under “source species”.  The primary crop 

itself, Coffea, can remove as much as 68 and 27 kg of N ha-1 yr-1 in mineral and 

organically-fertilized agroforests, respectively (Appendix Chapter 3, Figure 5).  

Therefore, soil nutrient pools below Coffea may be the lower than the other species. 
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2.0 Methods 

2.1 Study sites 

The Central Valley of Costa Rica has a humid tropical climate favorable to coffee 

agroforestry.  Specifically, this study was conducted in four locations near Turrialba, 

Costa Rica (9°53’N 83°40’W; Chapter 3, Figure 1).  Coffee agroforests are located 

within 3km of one another between 9°52’N and 9°54’N and between 83°41’W and 

83°42’W.  The altitude of sites ranged from 783 to 1017 meters above sea level.  The 

study region in the Central Valley receives on average 2600mm of rainfall per year with a 

mean annual temperature of 22.6°C.  Rainfall is seasonal, and the dry season extends 

from February through May with March being the driest month.  In region received 

2670mm of rainfall in the year prior to sampling, with a mean temperature of 22.3°C.  

Soils are of volcanic origin and are characterized as a Typic Humitropept 

(Selvaradjou et al. 2005) with a clay-loam texture.  After extensive interviews and initial 

sampling on 28 farms (Chapter 2), four organically managed and four mineral-fertilized 

coffee agroforests were selected for additional sampling. In these agroforests, Coffea 

arabica is cultivated under the shade of Erythrina poeppigiana and Musa acuminata 

(Chapter 3, Table 1).  On average, mineral-fertilized agroforests received 96kg of N and 

18kg of P ha-1 yr-1 in the form of mineral fertilizer (Appendix Chapter 3, Figure 4).  

Organically-fertilized agroforests received an average of 38kg of N and 16kg of P ha-1 yr-

1 in the form of manure, compost, and fermented coffee husks (broza; Chapter 4, Figure 

4). 



 
125 

2.2 Soil sampling and initial processing 

Early in the wet season (June) of 2008, soil pits to 80cm were excavated in three 

locations in each agroforest (Chapter 3, Figure 3).  The pits were located within 50cm of 

the base(s) of (1) Erythrina and Coffea, (2) Musa and Coffea, and (3) Coffea at least 5m 

radius from the nearest shade tree (distant Coffea plant).  Soil samples were taken at six 

depths along the soil profile: 0-5cm; 5-10cm; 10-15cm; 15-30cm; 30-50cm; and 50-80cm 

using a 100cm3 metal cylinder (one sample per depth between 0-15cm; two samples per 

depth between 15-80cm).  Once the cylinder was full of soil (but not overflowing), 

samples were bagged to retain moisture and immediately returned to the lab for 

processing.   

2.3 Soil properties and nutrient analysis 

Upon returning to the lab at Centro Agronómico de Investigación y Enseñaza 

(CATIE), the entire soil sample was weighed wet and a subsample was weighed wet, 

dried for 24 hours at 105°C, and re-weighed to determine moisture content. This wet-to-

dry conversion factor was applied to the total sample wet weight, and the product was 

divided by the total volume of the core to determine bulk density (each core 100cm3). 

The volume and mass of roots and rocks in samples was determined and subtracted from 

the bulk density value. The remaining soil was air-dried and sieved (2mm mesh) prior to 

transport back to the University of Virginia. 

Sub-samples of the processed soils were then ground to 149µm and dry-

combusted on an elemental analyzer (Carlo Erba, Model NA 2500; Milan, Italy) to 
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determine total N and C.  Soil texture analysis was performed by Brookside 

Laboratories, Inc. (New Knoxville, OH) on composite samples from 0-15cm.  

I used a barium chloride (BaCl2) extraction to determine cation exchange capacity 

as agricultural soils are regularly amended with calcium, and studies have shown BaCl2 is 

a slightly more efficient replacer of exchangeable calcium, magnesium, and sodium than 

ammonium acetate in these soils (Gillman 1979). In this procedure, soils are extracted 

with 0.1M BaCl2, followed by three extractions with 0.0002M BaCl2.  Finally, soils are 

extracted with 0.005M magnesium sulfide (MgSO4), and resulting solutions decanted and 

analyzed for magnesium on an atomic absorption spectrometer (AAnalyist 100; Perkin 

Elmer; Connecticut, USA).  

 Non-crystalline (amorphous) and crystalline Al and Fe were estimated by the 

method of Darke and Walbridge (1994).  A sequential 0.2M acid ammonium oxalate (pH 

3.0) extraction followed by 0.1M NaOH extraction using air-dried soils was used to 

estimate non-crystalline Al and Fe (Alo and Feo) and crystalline Al (Alc), respectively.  

Non-crystalline plus crystalline (total) Fe was estimated by a separate 16-hour dithionite-

citrate-bicarbonate (DCB) extraction (FeT).  Crystalline Fe (Fec) was estimated as the 

difference between FeT and Feo.  Resulting solutions were analyzed on an atomic 

absorption spectrometer for Al and Fe.   

Soil subsamples were digested using a modified Kjeldhal protocol, and total P in 

resulting solutions was determined colorimetrically using the molybdate blue 

methodology on an Alpkem Flow Solution IV Autoanalyzer (OI Analytical, College 

Station, Texas, USA). Sodium hydroxide extracts (Al and Fe sorbed P) were also 
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analyzed for P on an Alpkem.  I refer to this pool as NaOH-P, but as more labile pools 

were not sequentially extracted (e.g. resin P, bicarbonate-extractable P; Tiessen and Moir 

1983), the NaOH fraction in this study represents both the plant-available P pool as well 

as the less labile P associated with non-crystalline Fe and Al phosphates (Cross and 

Schlesinger 1995).  The bioavailable P pool (resin + bicarbonate) is likely to be 42% of 

the pool I extracted (Szott and Melendez 2001). 

Finally, primary calcium-associated P was determined by extracting soils with 1M 

HCl; extracts were analyzed for P on an Alpkem.  HCl and NaOH concentrations were 

statistically identical suggesting that the majority of P is bound to iron and aluminum 

oxides. 

Soil nutrient pools were calculated for each depth using bulk density and profile 

thickness to scale up nutrient concentrations (N, P, C) pools (Mg ha-1).  Soil C:N:P ratios 

were computed on a mass basis (using total nutrient pools).  Compared to nutrient 

concentrations, soil pools are a more realistic representation of the environment to which 

plants are exposed.  Therefore I focus my discussion on the effects of management and 

species on nutrient pools.  I examined soil nutrient pools (and properties) at three depths: 

(1) “surface soils” comprising the most active root layer (0-15cm); “mid soils” 

comprising the rest of primary rooting zone (15-50cm); and “deep soils” extending below 

the rooting zone (50-80cm).  Nutrient pools were summed and properties averaged for 

each of these depths.  All data are reported on a dry mass basis.  
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2.4 Statistical Approach 

 For each of the three depth profiles, I performed a two-way analysis of variance 

(ANOVA) on soil pools and properties with management and species as main effects.  In 

order to account for inherent soil variability, the concentration of oxalate-extractable Al 

(Ox-Al) was used as an indicator of inherent soil fertility as (a) it is not likely affected by 

management practices and (b) differed among locations (p=0.003).   The soil depths 

examined were of variable thickness (0-5cm compared to 30-50cm).  Therefore, I 

examined the vertical distribution of nutrient pools on a relative basis at each soil depth 

(Jobbágy and Jackson 2001).  First, I calculated nutrient pools on a volumetric basis 

using bulk density (e.g. Mg N m-3).  Then I estimated the relative pool size in 5cm of soil 

(Eq. 1). 

Relative pool (Mg ha-1) = conc. (mg g-1)*bulk density (g cm-3)*5cm *10-1   (Eq. 1) 

Measures of nutrient retention capacity were averaged at each section of the soil profile.   

All statistical analyses were performed using JMP 8.0 for Macintosh (2009, SAS 

Institute, Inc.). 

3.0 Results 

3.1 Fertilizer management affects nutrient pools at depth 

Fertilizer management did not drive patterns in nutrient pools in surface soils (0-

15cm) or mid soils (15-50cm).  Rather, across management types, oxalate-extractable Al 

was the strongest predictor of soil C and N pools in both surface (r2=0.57 and r2=0.40, 

respectively) and mid soils (r2=0.48 and r2=0.62, respectively; Figure 1).   

 



 
129 

Figure 1: Soil N, C, and P pools as a function of oxalate-extractable Al at three 
depths between 0 and 80cm in coffee agroforests in Costa Rica. Nitrogen, carbon, and 
phosphorus pools as a function of oxalate-extractable Al at (A-C) 0-15cm, (D-F) 15-
50cm, and (G-I) 50-80cm depth.  Closed circles represent mineral-fertilized agroforests 
(MAF; n=4) and open circles represent organically-fertilized agroforests (OAF; n=4). 
Solid (mineral-fertilized) and dotted (organically-fertilized) linear lines of best fit are 
presented. 
 

However, the effects of fertilizer management emerged when I examined deep 

soils (50-80cm).  Soil N pools were 24% larger in mineral-fertilized (7.11±0.42 Mg N ha-

1) than in organically-fertilized agroforests (5.72±0.27 Mg N ha-1; p=0.0219; Figure 2A).  

Phosphorus pools, on the other hand, tended to be larger in organically- (3.52±0.39 Mg P 

ha-1) compared to mineral-fertilized agroforests (2.67±0.22 Mg P ha-1; p=0.09; Figure 

2C).  There were no effects of fertilizer management on soil C pools at depth as they 

were still strongly correlated with oxalate-extractable Al (r2=0.62; p=0.002; Figure 1H). 



 
130 

 
Figure 2: Soil N, C, and P pools at depth (50-80cm) in coffee agroforests in Costa 
Rica. Total soil (A) nitrogen, (B) carbon, and (C) phosphorus pools between 50 and 
80cm depth in mineral-fertilized (n=4) and organically-fertilized (n=4) agroforests.  Error 
bars represent standard error of the mean. Differences in C, N, and P pools among the 
two management types were tested by ANOVA.  Values that were significantly different 
at p<0.05 are indicated by different letters. 
 
3.2 Fertilizer management does not affect nutrient retention capacity in soils 

There were no significant effects of fertilizer management on nutrient retention 

capacity in soils at any depth.  Soil texture did not differ significantly among organically- 

and mineral-fertilized agroforests, but CEC tended to be higher in organically-fertilized 

agroforests (Table 1).   
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Table 1: Soil nutrient pools and properties in coffee agroforests in Costa Rica. 
Mean soil properties and cumulative pools by fertilizer management in surface (0-15cm), 
mid (15-50cm), and deep (50-80cm) soils. Differences in soil properties among the four 
locations were tested by ANOVA. Values that were significantly different at p<0.05 are 
indicated by different letters.    

 MAF OAF 
0-15cm 

N (Mg ha-1) 4.65 4.12 
P (Mg ha-1) 1.72 2.19 
C (Mg ha-1) 54.02 48.09 
C:N (molar) 14 13 
NaOH-P (Mg ha-1) 0.23 0.23 
HCl-P (Mg ha-1) 0.19 0.39 
CEC (cmol+ kg-1) 3.63 3.92 
Ox-Al (mg g-1) 6.09 4.81 
NaOH-Al (mg g-1) 7.39 5.77 
Ox-Fe (mg g-1) 7.59 8.44 
DCB-Fe (mg g-1) 69.19 61.56 
Bulk Density (g cm-3) 0.82 0.87 

15-50cm 
N (Mg ha-1) 9.55 7.33 
P (Mg ha-1) 3.28 4.61 
C (Mg ha-1) 106.09 75.05 
C:N (molar) 13 12 
NaOH-P (Mg ha-1) 0.41 0.51 
HCl-P (Mg ha-1) 0.18 0.53 
CEC (cmol+ kg-1) 2.97 3.59 
Ox-Al (mg g-1) 6.95 4.44 
NaOH-Al (mg g-1) 9.09 5.74 
Ox-Fe (mg g-1) 9.21 7.29 
DCB-Fe (mg g-1) 69.83 64.81 
Bulk Density (g cm-3) 0.93 1.04 

50-80cm 
N (Mg ha-1) 7.11 a 5.72 b 
P (Mg ha-1) 2.69 3.53 
C (Mg ha-1) 67.38 58.73 
C:N (molar) 11 12 
NaOH-P (Mg ha-1) 0.33 0.36 
HCl-P (Mg ha-1) 0.17 0.38 
CEC (cmol+ kg-1) 3.05 3.30 
Ox-Al (mg g-1) 5.52 5.08 
NaOH-Al (mg g-1) 7.95 7.52 
Ox-Fe (mg g-1) 7.56 7.11 
DCB-Fe (mg g-1) 62.78 62.76 
Bulk Density (g cm-3) 0.96 1.06 
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Nevertheless, across management types, CEC declined significantly with 

increasing NaOH-extractable Al (sum of crystalline and non-crystalline Al; r2=0.41; 

Figure 3).   

 
Figure 3: Correlation between cation exchange capacity and NaOH-extractable Al 
at three depths between 0 and 80cm in coffee agroforests in Costa Rica.  Soil CEC as 
a function of NaOH-extractable Al at (A) 0-15cm, (B) 15-50cm, and (C) 50-80cm depth. 
Closed circles represent mineral-fertilized agroforests (MAF; n=4) and open circles 
represent organically-fertilized agroforests (OAF; n=4). Solid (mineral-fertilized) and 
dotted (organically-fertilized) linear lines of best fit are presented. 

Percent silt and sand differed significantly by location with the lowest silt content 

in San Juan Sur (p=0.03) and the lowest sand content in Colorado (p=0.02; Table 2).  

Unlike Al, Fe fractions did not differ among locations, and were not significantly related 

to any measures of soil nutrient retention or nutrient pools.   

Table 2: Soil properties (0-10cm) at the three sampling locations in Costa Rica. 
Differences in soil properties among the three locations were tested by ANOVA.  Values 
that were significantly different at p<0.05 are indicated by different letters. 
 Colorado San Juan Norte San Juan Sur 
Silt (%) 48.1 a 45.7 ab 38.8 b 
Clay (%) 38.5 25.7 34.7 
Sand (%) 13.4 a 28.6 b 26.5 ab 
pH 5.07 4.71 5.63 
CEC (cmol+ kg-1) 4.08 3.80 3.70 
Ox-Al (mg g-1) 4.15 b 6.70 a 5.65 ab 
Ox-Fe (mg g-1) 63.52 67.32 70.57 
Bulk Density (g cm-3) 0.92 a 0.81 b 0.80 ab 
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3.3 The effect of depth 

Bulk density increased significantly with depth (p<0.0001; Figure 4).  On the 

other hand, the quantity of C, N, and P stored was relatively high in surface soils and 

declined with depth (Figure 5).  While the patterns of C were similar among mineral and 

organically-fertilized agroforests, the vertical distribution of soil N and P differed among 

management types.  For example, at depth, soil N and P pools continued to decline in 

organically-fertilized agroforests while they remained the same size in mineral-fertilized 

agroforests (Figure 5A and C).   

 
Figure 4: Vertical patterns of mean bulk density in coffee agroforests in Costa Rica. 
Solid lines indicate mineral-fertilized agroforests (MAF; n=4) and dotted lines indicate 
organically-fertilized agroforests (OAF; n=4). 

While the vertical profiles of oxalate-extractable Fe were relatively similar among 

management types, oxalate-extractable Al was very different in mineral-fertilized and 

organically-fertilized agroforests (Figure 6A).  In surface soils (0-15cm) oxalate-

extractable Al concentrations declined in organically-fertilized and increased in mineral-
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fertilized agroforests.  Oxalate-extractable Al remained relatively consistent in 

organically-fertilized soils between 15 and 80cm, but declined sharply in mineral-

fertilized soils.  Finally, the vertical patterns of CEC also differed among management 

types with higher and more consistent CEC in organically- compared to mineral-fertilized 

agroforests (significant only at 15-30cm p=0.034).  Mineral-fertilized agroforests farms 

showed a much steeper decline in CEC with depth than organically-fertilized agroforests 

(Figure 6C).  

 
Figure 5: Vertical patterns in N, C, and P pools in coffee agroforests in Costa Rica.  
Vertical distribution of relative (A) nitrogen, (B) carbon and (C) phosphorus pools in 
mineral and organically-fertilized agroforests.  Each point represents a mean pool in 5cm 
of soil at that depth. Solid lines indicate mineral-fertilized agroforests (MAF; n=4) and 
dotted lines indicate organically-fertilized agroforests (OAF; n=4). 
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Figure 6: Vertical patterns in oxalate-extractable Al and Fe and cation exchange 
capacity in coffee agroforests in Costa Rica. Vertical patterns of (A) oxalate-
extractable Al, (B) oxalate-extractable Fe, and (C) CEC among mineral (MAF; n=4) and 
organically-fertilized (OAF; n=4) coffee agroforests.  Each point represents the average 
concentration at each soil depth. Solid lines indicate mineral-fertilized agroforests and 
dotted lines indicate organically-fertilized agroforests. 

 
4.0 Discussion  

4.1 No effect of fertilizer management in surface and mid soils 

 Surprisingly, there were no significant effects of fertilizer management on soil 

nutrient pools in the surface or mid soils.  Mineral fertilizers have a higher N content than 

organic fertilizers (18% compared to 3%) and are added in larger quantities (96 compared 
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to 38 kg N ha-1 yr-1; Chapter 4, Figure 5).  Soil N (and C) pools did tend to be larger in 

mineral-fertilized agroforests. However, in surface and mid soils, these trends were best 

explained by inherent soil properties rather than the effects of management.   

 Both mineral and organically-fertilized agroforests receive large quantities of 

organic C through litterfall and pruning residues.  For example, organic farmers apply 2.5 

Mg of organic material in the form of fertilizers on average, but pruning residues can 

transfer up to 14 Mg of organic material to the forest floor each year depending on the 

number of prunings (Beer et al. 1998). Therefore it is not surprising that I saw no effect 

of management on soil C pools.  Rather, soil C in the surface and mid soils was strongly 

(positively) correlated with oxalate-extractable Al concentration, which is not likely 

affected by management techniques.  

4.2 The effect of inherent nutrient retention capacity in surface and mid soils 

 Aluminum can serve as a bridging cation for organic substances to clay minerals, 

which can alter soil properties (Vance et al. 1996).  Therefore as oxalate-extractable Al 

content increased in these soils, so did the number of positively charged binding sites.  

Soil organic matter is negatively charged due the presence of carboxyl and phenol 

groups.  It also comprises a large portion of the C pool explaining the strong correlation 

between C and Al.  Nitrogen can be bound to either labile OM (short residence time; 

Vitousek 1984; Davidson et al. 1990) or recalcitrant fractions of SOM (long residence 

time; Clark 1977). Therefore, the positive relationship between oxalate-extractable Al 

and soil N pools was likely due to nitrogen’s association with carbon. Finally, the 

(negative) relationship between CEC and NaOH-extractable Al simply reflects the 
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replacement of base cations (e.g. Ca2+, Mg2+, and K+) with acidic cations (e.g. Al3+; 

Figure 3). 

In mid soils, where the relationship between C pools and oxalate-extractable Al 

was the strongest, I observed a significant decline in P pools with Al in mineral-fertilized 

agroforests.  This was likely due to the competitive sorption of organic compounds (e.g. 

humic and fulvic acids) with phosphate on exchange sites, which can prevent P from 

binding onto clay surfaces (Lopez-Hernandez and Rodriguez 1986; Sibanda and Young 

1986; Kafkafi et al. 1988).  Further, soils are more acidic in mineral- compared to 

organically-fertilized agroforests (5.0 compared to 5.4; Chapter 3, Figure 5D) as the 

additions of mineral fertilizers (e.g. NH4-NO3) tend to acidify soils relative to 

organically-fertilized systems (Clark et al. 1998; Drinkwater et al. 1995; Fließbach et al. 

2007).  Increased negative charge on the soil surface can decrease the point of zero 

charge and reduce P sorption and maintain more P in solution (Bowden et al. 1980; 

Lopez-Hernandez and Rodriguez 1986).  As total soil P pools tended to be lower in 

mineral-fertilized agroforests (Figure 2C) much of this desorbed P is likely being utilized 

by plants.  This idea is further supported by the fact that aboveground P pools were larger 

in mineral (300 kg P ha-1) compared to organically-fertilized agroforests (160 kg P ha-1; 

Chapter 4, Figure 6) despite similar quantities of aboveground biomass.   

4.3 Accumulation of nutrients in deep soils 

The effects of fertilizer management were more pronounced below the rooting 

zone where soil properties have the greatest influence nutrient leaching into groundwater.  

Applied nutrients (after gaseous losses) have two fates: they can (1) accumulate in soil 
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and/or biomass pools or (2) leach to deeper soil layers, below the rooting zone and 

potentially out of the system.  Nearly twice as much N and P is stored in plant biomass in 

mineral-fertilized agroforests, suggesting that much of the applied N is being assimilated 

by biota.  Further, larger quantities of N and P are leaching at 15cm compared to 100cm 

(Chapter 3, Figure 4 and 5).  Therefore, plants are assimilating a portion of the applied N 

and P in surface soils with the excess leached to deeper soil layers.   

At depth, organically- and mineral-fertilized agroforests have similar annual 

losses of N (97 and 86 kg N ha-1 yr-1; Chapter 4, Figure 1B).  Further, the majority of root 

activity occurs in the surface soils, and nutrient uptake by plants is diminished at depth.  

Therefore, applied nutrients that have leached to deeper soil layers are chemically bound 

to the soil and stored.  As mineral fertilizers confer larger quantities of nutrients than 

organic fertilizers, mineral-fertilized agroforests have larger N pools at depth.  Nitrogen 

immobilization rates tend to increase with increasing C content (Barrett and Burke 2000).  

Overall soil C:N ratios were the same in organically- and mineral-fertilized agroforests 

(13:1), suggesting that although N inputs are higher in mineral-fertilized agroforests, the 

proportionally large C pool has the capacity to immobilize the additional N.  Phosphorus 

losses were identical among organically- and mineral-fertilized agroforests at depth (1.4 

kg P ha-1 yr-1; Chapter 4, Figure 2B).  Although P pools tended to be larger in organically-

fertilized agroforests at depth, the high P sorption capacity and the presence of iron 

oxides in highly weathered, tropical soils is likely responsible for retaining P and 

preventing loss regardless of pool size (Appendix Chapter 3, Figure 3B).  Further, higher 

soil bulk density at depth (Figure 4) increases the number of binding sites ions, and 
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provides a mechanism for both N and P retention.  Finally, increased anion adsorption 

has been proposed as a secondary mechanism for nitrate and phosphate retention in deep 

soils as pH tends to increase at depth in these soils (Harmand et al. 2007). 

Nutrient leaching and plant cycling drive the distribution of soil nutrients with 

depth.  For example, while nutrient leaching tends to lead to an accumulation of nutrients 

at depth (below the rooting zone), plant cycling has the opposite effect: drawing deep 

nutrients up to the surface leading to accumulation in surface soils (Jobbágy and Jackson 

2001).   Although there was no effect of individual canopy species on nutrient pools or 

retention capacity, the effect of biology was apparent as I examined the vertical 

distribution of nutrients.  In all cases, soil nutrient pools declined with depth (with sharp 

declines in the first 15cm) indicating the important role plants play in removing nutrients 

from deeper soil layers and preventing nutrient loss (Figure 5).    

5.0 Conclusions 

 The cultivation of permanent crops such as shade-grown coffee, which are not 

subject to total annual biomass removal or tilling, prevent erosion and soil compaction 

compared to annual crops.  This research asked the question, once a farmer makes the 

decision to maintain an agroforest, are there species- or fertilizer-specific effects on soil 

nutrient retention capacity or soil nutrient pools?  Overall, I observed very few 

differences between mineral and organically-fertilized agroforests, and no effect of 

species.  Clearly, the inclusion of trees mediates the negative effects of heavy mineral 

fertilizer applications through their active role in nutrient cycling.  For example, the 

addition of high quantities of litter and pruning residues helps maintain high soil C pools, 
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and the storage of nutrients in aboveground biomass prevents nutrient loss.  Therefore, 

the structure of an agroforests can preserve inherent soil properties and structures that 

retain nutrients and prevent loss.   
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Chapter 6: Canopy and leaf composition drive patterns of nutrient 
release from pruning residues in a coffee agroforest 
 
Abstract 

In a coffee-agroforest, the crop is cultivated under the shade of canopy trees.  These trees 

are periodically pruned to promote flowering and fruiting as well as to make nutrients 

stored in shade-tree biomass available to plants.  I investigated the effect of canopy 

composition and substrate quality on decomposition rates and patterns of nutrient release 

from pruning residues in a coffee agroforest located in Costa Rica’s Central Valley.  

Initial phosphorus (P) release was enhanced under a canopy comprised solely of nitrogen 

(N)-fixing, Erythrina poeppigiana compared to a mixed canopy of Erythrina-Musa 

acuminata (banana).  Although initial rates of mass loss and N release were the same 

between the two canopy types, after one year of decomposition, a higher proportion of 

initial N had been released under the mixed canopy.  Decomposition rates and patterns of 

nutrient release were not predicted by initial substrate quality.  However, mass remaining 

of species mixtures was well-predicted by mean mass of their component species.  This 

study identifies pruning regimes that may regulate N and P release during crucial growth 

periods, and suggests that in some cases less is more.  For example, during the onset of 

rapid fruit growth, a two-species mixture may release more P than three-species mixture.  

However by the time of the harvest, the two- and three-species mixtures have released 

roughly the same amount of N and P.  These nutrients do not always follow the same 

pattern, as N release is maximized in single-species substrates, while P release is 

enhanced in species mixtures. Thus, this study indicates the importance of (a) 

maintaining a diverse canopy and (b) timing of prunings to match crop nutrient demand. 
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1.0 Introduction 

The presence of trees in cropping systems (agroforests) can enhance soil fertility 

both through the recycling of nutrients in litterfall and pruning residues and via N-

fixation of leguminous species.  In an agroforest, the decomposition of pruning residues 

will constrain the release of nutrients to the crop and may also inhibit the delivery of 

nutrients applied as mineral fertilizer.  Understanding the timing and rate of nutrient 

release from pruning residues will help inform management strategies which optimize 

on-farm nutrient use.  Unlike unmanaged systems where decomposition occurs primarily 

on senesced leaf tissues, the periodic pruning of shade trees transfers large quantities of 

green leaf tissues to the forest floor.  Little is known about how the high nutrient content 

of these leaves and their mixtures will alter decomposition rates and patterns of nutrient 

release. Conducted in a Coffea arabica (coffee) agroforest, this research examines the 

effects of (a) canopy composition and (b) leaf composition on decomposition rates and 

nutrient release. 

Shade trees add structural and functional diversity to the agroecosystem, and by 

extension, affect nutrient cycling.  Structurally, plant species may alter decomposition 

rates by altering the physical environment or the soil community (Eviner and Chapin 

2003).  In addition, canopy architecture fundamentally alters the microclimate through 

effects on the percent shade cover (Vanlauwe et al. 1997), which in turn can alter 

biogeochemistry (Mack and D'Antonio 2003). 

Functionally, trees can drive changes in the chemical environment. For example, 

Erythrina poeppigiana in combination with its microbial symbionts, fixes atmospheric-N, 
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contributing N directly to the soil.  Furthermore, the decomposition of its high-quality 

leaves indirectly contributes to soil N availability. The leaves of other shade species such 

as Musa acuminata (banana) contain less N and more lignin (Sun 1998, Oliveira et al. 

2006) and may break down more slowly.  In addition, bananas are cultivated as a 

secondary crop and, therefore, may compete with the coffee crop for nutrients.  Erythrina 

trees, on the other hand, are grown solely for their ability to supplement the system with 

nutrients. Thus, some trees may be a nutrient source (Erythrina) in the system, and others 

may be a nutrient sink (Musa).   

The periodic pruning of shade trees provides a major source of nutrients to the 

crop (Schroth et al. 1992) and helps maintain soil fertility (Youkhana and Idol 2009). 

With the exception of P, nutrient transfers from litterfall and pruning residues are roughly 

equal to the flux of nutrients exported annually in the crop.  Therefore, in theory, they can 

supply sufficient nutrients to meet plant demand (Szott and Kass 1993, Palm 1995). 

However, incubation studies show that the crop only assimilates about 20% of the N 

released from pruning residues or litter (Palm 1995).  The remaining 40-80% of the N 

from pruning residues and litter may be incorporated into soil organic matter (SOM; 

Haggar et al. 1993) or lost via leaching.  Due to the slow nutrient release from SOM, 

organic inputs may have more enduring positive effects on soil fertility than synthetic 

fertilizers.  Therefore the quality of pruning residues and litter may constrain both the 

initial uptake of nutrients by the crop as well as long term soil fertility and SOM 

formation.   
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Previous research in agroforests has shown that elevated tissue quality (Palm and 

Sanchez 1990; McGrath et al. 2000; Jaramillo-Botero et al. 2008; Lamers et al. 2010), 

precipitation (Teklay 2007; Das and Das 2010), microbial activity (Kurzatkowski et al. 

2004), and soil nutrient availability (Gnankambary et al. 2008) can enhance rates of mass 

loss and nutrient release.  All of the previously mentioned studies were conducted on 

single leaf species, with very few examining decomposition rates in mixtures of leaves 

commonly found in agroforests (see Youkhana and Idol 2009 and Gnankambary et al. 

2008).  In theory, nutrients can transfer among leaf types such that diversity enhances 

decomposition rates (Hättenschwiler et al. 2005).  Transfers can occur either through 

leaching or via fungal hyphae and microbes, and may reduce nutrient limitation on 

decomposition rates such that high-quality litter with fast decomposition rates may 

increase decomposition rates in lower-quality litter (Seastedt 1984; Wardle et al. 1997).  

To my knowledge, no previous studies have examined how leaf mixtures of commonly 

cultivated shade trees may facilitate or impede nutrient release from decomposing litter.  

In addition, throughout the decomposition literature, the effect of canopy composition 

(e.g. effect of different functional types in the canopy) on decomposition rates is not well 

described (but see Hobbie et al. 2006).  

Agroforests are inherently diverse ecosystems in which nutrient and light 

management is critical to crop productivity.  Information regarding the timing of nutrient 

release from leaves and how these rates are driven by leaf quality and canopy species can 

help inform management practices that will improve both soil fertility and productivity. 

Here I examine decomposition rates and patterns of nutrient release under different 
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canopy types (single-Erythrina vs. mixed-Musa-Erythrina canopies) and in different leaf 

mixtures of Coffea and three canopy trees commonly cultivated in the Central Valley of 

Costa Rica.  I predicted that the single-canopy will facilitate rapid initial rates of mass 

loss and nutrient release (and ultimately more complete loss) as the presence of high 

quality Erythrina leaves on the forest floor will promote nutrient transfer among leaf 

materials.  Due to high tissue quality in Erythrina and Cordia leaves, I predicted rapid 

initial mass loss and nutrient release from these substrates and from mixtures containing 

either of these two species.   Coffea and Musa leaves are of lower quality, and therefore I 

expected to observe slower rates and less complete nutrient release from these substrates 

and their mixtures. 

2.0 Methods 

2.1 Study Site  

The Central Valley of Costa Rica has a humid tropical climate favorable to 

agroforestry systems.  The study region in the Central Valley receives on average 

2600mm of rainfall per year with a mean annual temperature of 22.6°C.  Rainfall is 

seasonal; the dry season extends from February through May with March being the driest 

month.  The study period (July 2008-July 2009) was exceptionally wet, with a cumulative 

rainfall of 3530mm from initial deployment to the final collection. In addition, the region 

experienced an unusually wet December (708mm) and February (544mm) and an 

extremely dry April (39mm). The mean monthly maximum and minimum temperatures 

during the dry season were 35.1°C and 23.8°C (respectively; Figure 1). Soils are of 

volcanic origin and are characterized as a Typic Humitropept (Selvaradjou et al. 2005) 



151 

with a clay-loam texture. Coffea arabica (coffee) is typically cultivated in combination 

with shade trees such as Erythrina poeppigiana, Musa acuminata, Cordia alliodora, as 

well as a variety of fruit trees. 

 
Figure 1: Monthly rainfall and temperature from July 2008-July 2009 in Central 
Valley of Costa Rica. Rainfall and temperature across the study period.  Solid line 
indicates mean daily maximum temperature and dotted line indicated mean daily 
minimum temperature.  
2.2 Field Experiment 

The decomposition experiment was conducted in a coffee agroforest (9°53’N 

83°41’W) near Turrialba, Costa Rica.  The farm is located 1000masl and is divided into 

two distinct but adjacent sections.  In the eastern part of the farm coffee is cultivated 

solely under the shade of Erythrina (single-canopy).  In the western section, both 

Erythrina and Musa (mixed-canopy) comprise the canopy.  The sections had similar 

shade tree density with an average of 700 trees ha-1.  In the mixed-canopy, Musa 

comprised roughly 30% of shade trees.   

Fresh leaves of Erythrina, Musa, and Cordia were collected from the crowns of 

randomly selected shade trees during June of 2008.  Cordia leaves were harvested from a 
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neighboring farm, as they were not present in the focal farm.  Fully expanded Coffea 

leaves were collected at the same time.  Leaves for individual species were composited 

and mixed before air-drying in a greenhouse for 4 days.  Sub-samples of individual 

species and mixtures were taken to determine oven-dry weight (65°C) and initial nutrient 

concentrations.   

To test the effect of canopy type (single and mixed) and leaf species (Coffea, 

Erythrina, Cordia, and Musa and their two-species and three-species combinations) on 

decomposition rates and patterns of nutrient release, I established a 2 x 7 factorial 

randomized block design with four replicates and seven repeated measurements over the 

course of one year (total of 392 bags).  To further test the effect of leaf species and leaf 

species combinations, I conducted a “Common Garden” experiment (randomized block) 

under the mixed canopy. I examined decomposition rates and patterns of nutrient release 

in Coffea, Erythrina, Cordia, and Musa leaves and their 11 possible combinations (Table 

1). Five grams total of each individual species and their mixtures were placed in 15cm x 

15cm nylon bags (2mm mesh; which is wide enough to allow access to most decomposer 

macro-fauna such as termites; see Yamashita and Takeda 1998).   The decomposition 

bags were distributed under the trunks of either Erythrina in the single-canopy or Musa in 

the mixed-canopy in order to ensure that the bags were exposed to Musa leaves.  

Litterbags were placed on top of the mineral soil, and recovered at 2, 4, 8, 19, 33, 41, and 

52 weeks. Four replicates per treatment were collected each time. After collection, bags 

were air-dried for 4 days.  The residues were then removed, cleaned of visible roots, soil, 

and fungi, oven-dried at 65°C for 48 hours, and weighed.  Samples were ground in a 20-
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mesh Wiley mill (Thomas Scientific, Inc., Swedesboro, NJ, USA).  Subsamples (0.5g) 

were ashed in a muffle furnace at 500°C for 4 hours to determine inorganic content.  All 

data are reported on an ash-free, dry-weight basis. 

Table 1: Initial measures of leaf tissue quality, fitted decomposition rates (observed 
and expected), and short- and long-term nitrogen and phosphorus release among 
leaves and leaf-mixtures used in decomposition experiment.  Nutrient ratios were 
calculated on a molar basis. 

      k-value % P 
Released 

%N 
Released 

Species mg P 
g-1 %N %C C:N C:P Obs Exp 4 

wk 
52 
wk 

4 
wk 

52 
wk 

Coffea arabica 2.0 3.6 47.2 15 616 2.0  36 95 34 94 

Musa acuminata 2.1 3.3 46.4 17 563 1.9  57 88 57 88 

Erythrina poeppigiana 3.6 5.7 47.9 10 345 2.0  50 89 54 90 

Cordia alliodora 3.7 4.9 46.8 11 331 1.7  36 90 55 88 

Coffea-Erythrina 2.6 4.4 48.7 13 489 3.3 2.0 68 99 35 98 

Coffea-Musa 1.8 3.6 47.0 15 692 2.0 2.0 36 88 43 87 

Cordia-Coffea 2.4 4.4 47.3 12 510 1.8 1.8 63 88 52 88 

Musa-Erythrina 2.7 4.6 48.1 12 457 2.1 2.0 42 88 49 89 

Musa-Cordia 2.6 4.3 46.1 12 463 1.3 1.8 74 84 50 78 

Cordia-Erythrina 2.9 4.9 47.0 11 421 1.1 1.8 52 81 41 67 

Coffea-Musa-
Erythrina 2.3 4.3 47.6 13 535 1.9 2.0 64 98 39 98 

Coffea-Musa-Cordia 2.1 4.0 46.8 14 586 1.8 1.9 67 88 52 89 

Coffea-Cordia-
Erythrina 2.5 4.8 47.1 11 484 1.7 1.9 51 80 22 84 

Musa-Cordia-
Erythrina 2.6 4.5 47.3 12 474 2.2 1.9 60 87 44 85 

Coffea-Musa-Cordia-
Erythrina 2.2 4.2 46.8 13 541 1.9 1.9 14 83 28 86 
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Ground samples were dry-combusted on an elemental analyzer (Carlo Erba, 

Model NA 2500; Milan, Italy) to determine total C and N.  Total P was determined using 

a modified Kjeldahl protocol and the resulting solutions were analyzed on an Alpkem 

Flow Solution IV Autoanalyzer (OI Analytical; College Station, Texas, USA).  

2.3 Soil Nutrients 

 Beginning in September of 2008, soil samples (0-10cm) were collected monthly 

from each canopy type (Chapter 3, Methods).  Soils were air-dried and sieved (2mm 

mesh) prior to nutrient analysis.  Bioavailable soil P was determined using a modified 

Bray-extraction.  Three grams of sieved, air-dried soils were shaken for 1 minute in 

25mL of a 0.03mol L-1 NH4F and 0.025mol L-1 HCL solution (Bray and Kurtz 1945).  

Extracts were filtered and P concentration was determined colorimetrically using a 

molybdate blue methodology on an Alpkem Flow Solution IV Autoanalyzer (OI 

Analytical, College Station, Texas, USA). A portion of soil was also ground to 149µm 

and dry-combusted on an elemental analyzer to determine total N and C (Carlo Erba, 

Model NA 2500; Milan, Italy).  Subsamples were oven-dried at 105°C for 24 hours to 

determine gravimetric soil moisture. All data are reported on a dry mass basis. 

2.4 Statistical Approach 

I used two-way analysis of variance (ANOVA) to examine the effect of time and 

canopy type on soil C, N, P, and gravimetric soil moisture (Appendix Table 1). Single-

exponential decomposition models were calculated for each canopy type based on mass 

remaining at each collection (Eq. 1; n=4 for each substrate at each time interval).   

X=100e-kt        (Eq. 1) 
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Where X is the proportion of initial mass remaining at time t, k is the decomposition rate 

constant, and t is the time in weeks.  The model was fitted with the restriction that at 

time=0 all of initial litter was present (X0=100; Wieder and Lang 1982), and that k-values 

could not be <0 (Wieder and Wright 1995). Decomposition rates were also calculated for 

each canopy type based on mass remaining at each collection.  

Percent of the original N or P remaining was calculated by dividing the nutrient 

content of the substrate at each collection by the original nutrient content of that substrate 

and multiplying by 100.  Nutrient content at each collection was calculated by 

multiplying the nutrient concentration by the mass remaining (ash-free weight).  Nutrient 

content was then reported as a proportion of the initial leaf content, with values greater 

than 1 corresponding to an accumulation of nutrients through microbial immobilization 

(atmospheric deposition is negligible at the scale of one sample, see Imbach et al. 1989).  

The effects of canopy composition on decomposition rates and patterns of nutrient 

release were determined by ANOVA with mass, N, and P remaining (in milligrams) as 

dependent variables and week, canopy type, and substrate tested as main effects 

(Appendix Table 2).  However, I discuss these results in terms of percent of original 

mass, N, or P remaining.  Substrate effects in the “Common Garden” were compared 

using a two-way ANOVA with mass, N, P as dependent variables and time and leaf 

substrate as main effects (Appendix Table 3). Significant differences among treatments 

were determined using post-hoc Tukey-Kramer multiple comparison tests.  I analyzed the 

relationship between measurements of substrate quality (N and P concentrations, C:N, 

C:P, and N:P) and decomposition rates (k) using Kendall’s rank correlation coefficient.   
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To determine whether combining leaf species enhanced decomposition rates, I 

calculated predicted decomposition rates of multi-species mixtures as the mean 

decomposition rate of monocultures of each component species (ki) (Eq. 2; n=11).  

    (Eq. 2) 

A matched pairs analysis was performed to determine if decomposition rates 

differed significantly from predicted values, and the ability to predict decomposition rates 

based on component species was determined by linear regression.  Modifying Eq. 2, I 

calculated predicted mass remaining of multi-species mixtures as the mean mass 

remaining of monocultures of each component species for every collection.  I performed 

a matched pairs analysis to determine if the observed values different from the predicted 

values, and linear regressions to determine if the slope differed significantly from 1.  

Finally, I performed multivariate correlations on mass remaining (g) between leaf 

mixtures and each monoculture substrate to determine which species was driving mass 

loss (each substrate n=28). 

Data were natural log-transformed where necessary to meet the assumptions of 

the models.  All data were analyzed using JMP 8.0 for Macintosh. 

3.0 Results 

Soil moisture soil C concentrations, N concentrations (but not C:N), and soil 

moisture were significantly higher in the single-canopy compared to the mixed-canopy 

(Table 2; p<0.0001 in all 3 cases and F-value=91.73, 80.85, and 62.14, respectively).  

Bioavailable P, on the other hand did not differ between canopy types.  Bray P and soil 
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moisture varied significantly through time (Figure 2; p=0.014 F-value=3.60 and 

p<0.0001 and F-value=10.94, respectively). 

Table 2: Selected chemical properties of the surface soil (0-10cm) from two different 
canopy types in a coffee agroforest in Costa Rica.  Soil samples were measured 
monthly; values not connected by the same letter are significantly different. 

 Single Canopy Mixed Canopy 

Total N (%) 0.63 a 0.37 b 

Total C (%) 8.56 a 4.98 b 

C:N (molar) 16 16 

Bray1-P (µg/g) 3.54 4.12 

Soil moisture 
(wtwater/dwtsoil) 

0.51 a 0.33 b 

 
Figure 2: Soil N and P patterns through time by canopy type in a coffee agroforest 
in Costa Rica. (A) total soil N and (B) Bray-extractable P through time by canopy type. 
Solid lines indicate single-species (Erythrina) and dashed lines indicate mixed 
(Erythrina-Musa) canopy. 
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3.1 Canopy composition drives patterns in mass loss and nutrient release 

Although initial and final decomposition rates were similar between the two 

canopy types, mass loss was greater under the mixed-canopy after five months of 

decomposition (week 19; Tukey p<0.0001, canopy*week F-value=9.27; Figure 3A).  

Phosphorus became available more rapidly under the single-canopy (weeks 2 and 4; 

Tukey p<0.0001, and p=0.0020 respectively; ANOVA p<0.0001, F-value=38.98; Figure 

3C).  Initial N release was rapid in both canopy types, but as for mass loss and P release, I 

observed a period of greater N release in the mixed-canopy after 5 months of 

decomposition (Tukey p=0.0021, canopy*week F-value=4.80; Figure 3B).   
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Figure 3: Mass, N, and P remaining in leaves by canopy type over a year of 
decomposition in a coffee agroforest in Costa Rica. Percent original (A) mass, (B) 
nitrogen, and (C) phosphorus remaining by canopy type.  Solid lines indicate single-
species (Erythrina) and dashed lines indicate mixed (Erythrina-Musa) canopy. 
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3.2 Leaf composition drives patterns in mass loss and nutrient release 

Decomposition rates were rapid initially with nearly 60% mass lost in the first 4 

weeks, and 80% of the mass lost on average over the one-year study period (Figure 4A). 

During the initial stages of decomposition (at 4 wks), mass loss was rapid in Erythrina 

leaves (53% remaining) while Cordia leaves showed slower (and linear; r2=0.95; 72% 

remaining) mass loss.  Coffea and Musa leaves had similar, intermediate rates of mass 

loss with an average of 66% of the original mass remaining at 4 weeks.  After these initial 

stages, decomposition proceeded slowly in comparison to tropical lowland forests in 

Costa Rica, with higher temperatures and greater rainfall, where complete mass loss can 

be achieved in 4-6 months (Gessel et al. 1980; Wood et al. 2009). However, some 

substrates, including individual Coffea and Cordia leaves, as well as their combination, 

Coffea-Cordia, showed near complete decomposition within a year.   

Although mass loss differed significantly among leaf type (p<0.0001, F-

value=5.60), decomposition rates could not be predicted based on initial substrate quality 

(N and P concentrations, C:N or C:P), but was predicted by initial %C (p=0.002; 

r2=0.53).  Overall, decomposition rates (k-values) and mass remaining for leaf mixtures 

were predicted by the rates of individual species (p<0.0001 in both cases, respectively; 

Figure 5L).  Some mixtures showed faster (Coffea-Erythrina; Figure 5A) and others 

slower (Cordia-Erythrina and Cordia-Musa; Figure 5E and F) mass loss than was 

predicted based on the mean loss in individual species.  In general, mass, N, and P 

remaining in mixtures were best predicted by mass, N, and P remaining in Erythrina 

leaves.   
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Figure 4: Mass, N, and P remaining by leaf type over a year of decomposition in a 
coffee agroforest in Costa Rica. Percent original (A) mass, (B) nitrogen, and (C) 
phosphorus remaining in the leaf tissues of Coffea, Cordia, Erythrina and Musa.  Solid 
lines indicate Coffea, dotted lines indicate Musa, dashed lines indicate Erythrina, and 
dash-dot lines indicate Cordia. 
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Figure 5: Actual versus predicted mass remaining among leaf mixtures over a year 
of decomposition in a coffee agroforest in Costa Rica.  Predicted values derived from 
the mean of all component species.  Solid represents line of best-fit, and dashed 
represents 1:1 line.  All regressions are significant at p<0.01. 

Patterns of N release differed widely among leaf materials (Figs 6-7; ANOVA 

p<0.0001, F-value=8.26), and the high quality leaves (Erythrina and Cordia) did not lose 

N at the same rate.  In the short-term (first 4 weeks), I observed rapid N release from 

Erythrina leaves, which was not improved by combining with other species, but which 

was equal to a mixture of Erythrina and Musa leaves (Figure 6D). Over the same period, 

less N was released from Cordia leaves, but N release was enhanced when Cordia was 
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combined with other species, particularly Musa leaves (Figure 7D and E).  In the long 

term (after a year of decomposition), I observed near identical N release from individual 

Erythrina leaves and its combinations, with the exception of Erythrina and Cordia 

mixtures where N release was inhibited (Figure 8D).  Over the same time period, I 

observed almost complete N release from individual Cordia leaves, which was not 

improved by mixing Cordia with any other combination of species, but was equal to 

mixtures of Cordia and Coffea leaves (Figure 9D).  Again, the four-species mixture failed 

to release as much N as mixtures with fewer species, and rather, was inhibited in the four-

species mixtures (Figures 6 and 7).  

 
Figure 6: P and N release after 4 weeks of decomposition in Erythrina and 
Erythrina-mixtures in a coffee agroforest in Costa Rica. Phosphorus and nitrogen 
release after 4 weeks of decomposition in (A, D) Erythrina +1 species, (B, E) Erythrina 
+2 species and (C, F) Erythrina + 3 species leaf-mixtures. Error bars represent standard 
error if the mean, and dashed lines indicate nutrient release from Erythrina leaves alone; 
shaded areas represent standard error of the mean. 
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Figure 7: P and N release after 4 weeks of decomposition in Cordia and Cordia-
mixtures in a coffee agroforest in Costa Rica. Phosphorus and nitrogen release after 4 
weeks of decomposition in (A, D) Cordia +1 species, (B, E) Cordia +2 species and (C, F) 
Cordia + 3 species leaf-mixtures. Error bars represent standard error if the mean, and 
dashed lines indicate nutrient release from Cordia leaves alone; shaded areas represent 
standard error of the mean. 

Initial phosphorus concentration was highest in Cordia and Erythrina leaves and 

lowest in Coffea leaves and the Coffea-Musa mixture.  Although C:P ratios could not 

explain patterns of phosphorus release throughout the study, the patterns differed 

significantly among substrates (ANOVA p=0.003, F-value=2.46).  Rapid P release was 

observed in all leaf materials with over half of P mineralized in the first 4 weeks (Figure 

6 and 7).  Phosphorus release was more synchronized among leaf materials than was N 

release.  Unlike N where Cordia leaves inhibited initial mineralization, P release from 

Cordia leaves was rapid and was not improved in mixtures (although release was equally 

rapid in the Cordia and Musa mixture, Figure 7A).  On the other hand, P release from 
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Erythrina leaves was enhanced in mixtures, especially when combined with two other 

species (Figure 6B).  As for N, P release was significantly retarded in the four-species 

mixture.    

 
Figure 8: P and N release after 52 weeks of decomposition in Erythrina and 
Erythrina-mixtures in a coffee agroforest in Costa Rica. Phosphorus and nitrogen 
release after one year of decomposition in (A, D) Erythrina +1 species, (B, E) Erythrina 
+2 species and (C, F) Erythrina + 3 species leaf-mixtures. Error bars represent standard 
error if the mean and dashed lines indicate nutrient release from Erythrina leaves alone; 
shaded areas represent standard error of the mean. 
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Figure 9: P and N release after 52 weeks of decomposition in Cordia and Cordia-
mixtures in a coffee agroforest in Costa Rica. Phosphorus and nitrogen release after 
one year of decomposition in (A, D) Cordia +1 species, (B, E) Cordia+2 species and (C, 
F) Cordia + 3 species leaf-mixtures. Error bars represent standard error of the mean, and 
dashed lines indicate nutrient release from laurel leaves alone; shaded areas represent 
standard error of the mean. 

In the long term (12 months), Erythrina and its mixtures showed roughly the same 

amount of P release (Figure 8).  As for N, I observed almost complete P release from 

Cordia leaves, which was not improved by mixing with any other species, with the 

exception of Coffea leaves (Figure 9A).  Overall, phosphorus remaining was well-

predicted by the mean P remaining of component species (p<0.0001, r2=0.84), and actual 

remaining P was not significantly different from predicted P remaining (t-test). 
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4.0 Discussion 

4.1 Canopy composition drives patterns of mass loss and nutrient release 

Initially, mass loss and nitrogen release were nearly identical under the single- 

and mixed-canopies, however, their patterns diverged after five months of decomposition 

with greater change under the mixed-canopy. Therefore, the maintenance of a diverse 

canopy may not affect immediate N release, but over the medium term, more nitrogen 

may be made available.  Over the course of the study, total soil N (to 10 cm) was 

consistently higher under the single- compared to the mixed-canopy.  This suggests that 

increasing the density of N-fixing Erythrina trees enhances soil N.  This N may either (a) 

accumulate in soils/plant biomass or (b) leach to deeper soil layers.  Leaching 

experiments under these species indicate that higher soil N under Erythrina trees 

corresponds with higher nitrate concentrations under these species compared to Musa 

(Chapter 3, Figure 8A). 

Unlike patterns of mass loss and N release, initial P release from leaves was faster 

under the single-canopy, with a convergence in release between the two canopies over 

time.  Bioavailable soil P varied significantly through time, but did not appear to be 

accumulating in the surface soils of either canopy type (Figure 2B).  Thus, bioavailable P 

is likely quickly assimilated by plants or adsorbed onto clay surfaces and converted into a 

more recalcitrant form. 

4.2 Leaf composition drives patterns of mass loss and nutrient release 

Leaf mixtures had different rates of mass loss and patterns of nutrient release. 

Although these patterns were not predicted by initial leaf quality, decomposition rates 
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were strongly related to the percent N and P released after 52 weeks of decomposition.  

Not surprisingly, those tissues with faster decomposition rates also showed the greatest 

amount of N and P released by the end of the study.  Although Erythrina leaves 

decomposed very rapidly (as is expected of high-nutrient plant tissues), Cordia leaves 

presented a slow, linear pattern of mass loss inconsistent with its high tissue quality.  

Nevertheless, after one year, Erythrina retained 15% and Cordia leaves only 4% of their 

original mass.  Linear mass loss from Cordia leaves was also observed in an 

experimental forest in Panama, which receives similar amounts of rainfall, but has less 

fertile soils (Scherer-Lorenzen et al. 2007).  On the other hand, mass loss in Erythrina 

leaves occurred twice as fast in the Upper Amazon Basin of Perú (comparable rainfall, 

but more fertile soils; Palm and Sanchez 1991).   

The difference between Cordia and Erythrina may be due to higher lignin content 

in Cordia (Table 6).  Thus, the rate of Cordia mass loss may be constrained by the rate at 

which microbes biodegrade lignin, while Erythrina mass loss is constrained by soil 

nutrient availability.  Patterns of nutrient release also differed between Erythrina and 

Cordia leaves.  In the short-term, individual Erythrina leaves released more N while 

individual Cordia leaves released more P.  However, combining Erythrina with two 

species facilitated P release (Fig 6B) while combining Cordia with one or two other 

species enhanced N release (Figure 7D and E).  Together, these results suggest that P 

tends to be immobilized in Erythrina leaves and N tends to be immobilized in Cordia 

leaves and that certain combinations of leaves can balance substrate stoichiometry to 

promote nutrient release.  
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Table 3: Leaf or litter lignin concentrations in agroforestry trees. Literature values of 
species-specific lignin concentrations. 
Species Lignin (%) Substrate Reference 
Musa acuminata 30 leaves Oliveira et al. 2006 
Cordia alliodora 19 litter Scherer-Lorenzen et al. 2007 
Erythrina poeppigiana 9.7 leaves Palm and Sanchez 1991 

 

Overall, decomposition rates (k-values) were well predicted by the mean rates of 

their component species (Table 1).  However, decomposition rates were faster in Coffea-

Erythrina mixtures and slower in Cordia-Erythrina and Cordia-Musa mixtures compared 

to mean rate of their component species.  The predicted mass and nutrients remaining 

were very similar to the actual mass and nutrients remaining for each time period (Figure 

5).  Thus, increasing leaf diversity will not necessarily enhance mass loss or nutrient 

release, but specific mixtures of species can either enhance or impede decomposition 

rates.  In agroforests, where farmers control canopy composition and manage pruning 

regimes, it may be possible to optimize patterns of nutrient release by managing canopy 

composition (with impacts on both the environment and substrate for decomposition) and 

timing of pruning. 

4.3 Effective Shade Coffee Management 

Although N is typically considered to be the primary nutrient limiting 

productivity in agricultural systems, tropical ecosystems are, in general, P-limited 

compared to temperate systems (Vitousek 1984).  It has been suggested that while the 

addition of leaves through pruning residues and natural litterfall have the potential to 

meet crop N and K demands, P demands cannot be met by biomass transfer as P is 

already in deficit in many of these systems (Palm and Sanchez 1991; Salazar et al. 1993; 
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(Palm 1995).  The variety of patterns of N release I observed among leaf tissues may 

reflect a heterogeneous degree of N-limitation with an agroforest, dependent on microsite 

feedbacks between plants and soils.  A similarity in patterns of P release among species 

may be indicative of general P-limitation.  Periods of P-uptake by the decomposing 

material (such as Coffea and Cordia) suggest that P availability may constrain 

decomposition rates at certain periods (Figure 4C).  However, none of the substrates, 

individual species or mixtures, displayed net nutrient immobilization (an increase in 

nutrients over the amount initially present). 

Nevertheless, nutrient release was inhibited in the four-species mixture contrary 

to my expectation that this mixture would mimic nutrient release in component species.  

An equal amount (in grams) of each species was represented in the mixtures, a 

combination not often mirrored in agroforests as pruning typically overwhelms the 

system with one or two leaf mixtures.  Inhibited nutrient release in the four-species 

mixture may suggest a management strategy of staggered pruning of select species. 

Furthermore, this result suggests that the theory of increased nutrient transfer with 

increased leaf diversity may not apply to agroforests.  Humans manipulate C, N and P 

inputs to such a degree that simply increasing leaf diversity (to enhance nutrient transfer) 

will not meet the altered stoichiometric demands.  This is not to say that nutrient release 

cannot be manipulated through pruning techniques, as this study clearly shows that 

certain combinations out-perform others.  However, inhibited nutrient release in the four-

species mixture does suggest that overwhelming the system with fresh leaves of all 

species present will not necessarily promote rapid nutrient release.  
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Erythrina trees can contribute on average 50% more organic material through 

litterfall than Cordia (Beer et al. 1990), and they are pruned regularly (2-3 times a year).  

Pruning is typically dictated by Coffea phenology as a means to increase light-availability 

during crucial growth periods (i.e. in January-February to promote flowering and fruit set 

and in June-July to promote berry ripening; Beer 1988). Many studies have shown the 

importance of light availability for promoting reproductive growth in coffee plants 

(Montoya et al. 1961; Castillo 1966; Cannell 1975).  

On the other hand, pruning causes complete mortality for the bacterial symbionts 

in Erythrina root nodules, bringing nitrogen-fixation to a halt for about 10 weeks 

following pruning (Nygren and Ramirez 1995).  Fortunately, large quantities of nutrients 

are added to the system following shade-tree pruning, but it is unclear whether this pulse 

of nutrients is synchronized with the period of greatest nutrient-demand by the crop 

species.  Flowers begin to open in January, and the fruit set initiates in February and 

March.  At this time coffee plants are pruned selectively to remove old and unhealthy 

branches, and Erythrina is pruned aggressively (all branches removed) to provide light, 

which promotes coffee fruit development (Maria Luisa Araya Fuentes personal 

communication).  Initially (first 4-8 weeks) fruits grow slowly, followed by a period of 

rapid growth and an increase in volume at 10-11 weeks (mid-April; Arcila-Pulgarin et al. 

2002).  On the focal-farm, Erythrina is pruned again five months later (early July-only 

low-lying branches removed) to promote fruit ripening.  Coffea fruits take 7-8 months to 

mature, and are harvested in this region between September and late November.   
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Nutrients may be in greater demand when fruits begin to grow rapidly (16 weeks 

after the first pruning), at which point, nutrient release should be greater under the 

Erythrina single-species canopy.  However, in equatorial regions, there is often an 

overlapping of reproductive stages in Coffea such that flowers, green fruits, and mature 

fruits may coexist on a single plant.  The overlap leads to competition for assimilates 

between organs and between vegetative and reproductive stages (Trojer 1968; Cannell 

1985; Arcila-Pulgarín 1990).  This suggests that there may not be a single period of great 

nutrient demand, but several throughout the course of fruit development.   Nutrient 

release may differ initially between canopy types, but based on my data, the proportion of 

N and P released from the first pruning should be very similar under the two canopy 

types by the time of Coffea harvest (Figure 10).  Thus, if Coffea plants require nutrients at 

a constant rate throughout the year, perhaps shade canopy type may not constrain nutrient 

availability. However, if Coffea plants have periods of strong demand that correspond 

with the enhanced photosynthetic activity brought on by increased light availability 

(immediately following pruning), the composition of the canopy may improve or inhibit 

their ability to turn more light into more fruit.  

In addition to the effects of canopy composition are the effects of substrate on 

patterns of nutrient release, which farmers can manipulate by pruning management.  In 

general, P release from all leaf mixtures was facilitated by the addition of Cordia leaves, 

suggesting that moderate pruning of Cordia trees should accompany any other major 

pruning event if P is considered in deficit.  However, if Cordia is not present, as is the 

case on the focal farm, more complex strategies may be necessary.  On a typical 
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schedule, both Erythrina and Coffea are pruned between December and January.  Given 

the results of the study, initial N and P release from Coffea-Erythrina mixtures (4 weeks) 

can be facilitated by the addition of Musa leaves (Figure 6).   However, 10 weeks 

following fruit set (period of rapid fruit growth), both two- and three-species mixtures 

released similar amounts of N and P (Figure 11).  In July, when Erythrina is pruned a 

second time, these results suggest that the addition of Musa leaves would substantially 

improve P, but not N release come the harvest (Figure 11).   

 
Figure 10: Conceptual model of N and P release from pruned leaves by canopy type 
in a coffee agroforest. Simulated remaining (A) nitrogen and (B) phosphorus in Coffea-
Erythrina (January) and Erythrina (July) under single and mixed canopy.  Shaded areas 
represent the initiation of rapid fruit growth 10-weeks following fruit set.  For ten weeks 
following Erythrina pruning, shade trees are not fixing nitrogen. 
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In sum, N release is often optimized in single-species substrates while mixing 

species facilitates P release.  Pruning regimes can clearly alter the timing of N and P 

availability.  In the future it will be important to identify (1) the periods of greatest plant 

nutrient demand (e.g. is it more important that nutrients are available in large quantities 

for short periods of time or available in moderate quantities during the entire process of 

fruit maturation), and (2) which nutrient is most likely to limit plant productivity (as 

different pruning regimes optimize N than optimize P release).  

 
Figure 11: Conceptual model of N and P release from pruned leaves by leaf type in a 
coffee agroforest. Simulated remaining (A) nitrogen and (B) phosphorus in Coffea-
Erythrina and Coffea-Erythrina-Musa mixtures following the January pruning, and in 
individual Erythrina leaves and in the Erythrina-Musa mixture following the July 
pruning. .  Shaded areas represent the initiation of rapid fruit growth 10-weeks following 
fruit set.  For ten weeks following Erythrina pruning, shade trees are not fixing nitrogen. 
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5.0 Conclusions 

Patterns of nutrient release differ under the plant canopies typically found in 

Northeastern Costa Rica and among the different mixtures of leaves resulting from 

canopy diversity. Thus, farmers can accelerate or decelerate the release of N and P in 

anticipation of the coffee crop’s nutrient-demand through simple modifications to their 

management practices.  Indeed, periods of greatest nutrient-demand may coincide with 

periods of greatest light-demand, as pruning promotes coffee flowering and fruiting.   

Specifically, simultaneous pruning of Erythrina and Coffea in January can optimize P 

availability during the period of rapid fruit growth.  However, in tropical regions it is 

common to observe the coincidence of flowers and fruits of different maturities in the 

same farm and even on the same plant.  Thus, it is also important to consider the quantity 

of nutrients released from pruning residues from fruit set to harvest.  Nutrient release 

from late-season (July) pruning residues will differ more widely: N availability is 

enhanced in Erythrina only leaf residues, but P availability is enhanced in Erythrina-

Musa mixtures.   

Nutrients do not seem to be accumulating in the surface soils over the course of 

one growing season. Therefore, if plants are pruned during periods of low nutrient-

demand, excess nutrients may be subject to loss through runoff or leaching.  Although 

Coffea agroforests utilize nutrients far more efficiently than unshaded monocultures, this 

study shows that canopy composition may control the timing of nutrient release.  

Attention should be paid to how canopy composition and pruning regimes may mediate 

patterns of nutrient loss as well.  Finally, Coffea phenology is closely linked to seasonal 
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and environmental cues (DaMatta 2004), and global climate change may affect these 

cues.  In the future farmers may need to adjust the timing of pruning, which will clearly 

have consequences for on-farm nutrient cycling. 
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Appendix Chapter 6 

Appendix Table 1: Two-way ANOVA of soil Bray P, total N, and C in canopy tree 
experiment. Results of a two-way ANOVA for soil Bray P, total N and C with canopy 
and date as independent variables (d.f. = degrees of freedom). 

Source d.f. F-value p-value 
Bray P (µg/g) 

Canopy 1 1.50 0.2417 
Date 13 3.60 0.014 

Total N (%) 
Canopy 1 91.73 <.0001 
Date 13 1.27 0.3382 

Total C (%) 
Canopy 1 80.85 <.0001 
Date 13 1.10 0.4366 

Soil Moisture (wtwater/dwtsoil) 
Canopy 1 62.14 <.0001 
Date 13 10.94 <.0001 
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Appendix Table 2: Three-way ANOVA of mass, N, and P remaining in canopy tree 
experiment. Results of a three-way ANOVA for leaf mass, N and P remaining (by 
weight) with canopy, species, and week as independent variables (d.f. = degrees of 
freedom). 

Source d.f. F-value p-value 
Mass Remaining (g) 

Canopy 1 0.41 0.5231 
Species 6 5.42 <.0001 
Week 6 491.49 <.0001 
Canopy*Species 6 1.55 0.1619 
Canopy*Week 6 9.27 <.0001 
Canopy*Week*Species 36 1.54 0.0289 
Week*Species 36 4.34 <.0001 

P Remaining (mg) 
Canopy 1 38.98 <.0001 
Species 6 40.31 <.0001 
Week 6 369.31 <.0001 
Canopy*Species 6 6.91 <.0001 
Canopy*Week 6 11.13 <.0001 
Canopy*Week*Species 36 2.87 <.0001 
Week*Species 36 6.87 <.0001 

N Remaining (mg) 
Canopy 1 0.76 0.3845 
Species 6 19.13 <.0001 
Week 6 588.46 <.0001 
Canopy*Species 6 3.31 0.0037 
Canopy*Week 6 4.80 0.0001 
Canopy*Week*Species 36 2.55 <.0001 
Week*Species 36 5.94 <.0001 

 



183 

 
Appendix Table 3: Two-way ANOVA of mass, N, and P remaining in common 
garden experiment. Results of a two-way ANOVA for leaf mass, N and P remaining (by 
weight) with species and week as independent variables (d.f. = degrees of freedom). 

Source DF F Ratio Prob > F 
Mass Rem 

Species 14 5.60 <.0001 
Week 6 494.80 <.0001 
Species*Week 84 3.06 <.0001 

P Remaining (mg) 
Species 14 2.46 0.0027 
Week 6 344.66 <.0001 
Species*Week 84 4.32 <.0001 

N Remaining (mg) 
Species 14 8.26 <.0001 
Week 6 431.67 <.0001 
Species*Week 84 3.80 <.0001 
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