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Abstract
[image: image2.emf]Bird diversity across habitats

-5

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80

No. of individuals

No. of species

Forest fragment Traditional polyculture Commercial polyculture Shaded monoculture

A large part of habitat fragmentation is attributed to agriculture, but scarce literature exists that explicitly combines disease ecology, agroecology, and conservation biology. This thesis first reviews existing literature of the three disciplines as they relate to fragmented landscapes. The second part empirically investigates the relationship between coffee management and avian ectoparasite load to better understand the extent to which agricultural management influences parasitism and body condition of birds inhabiting coffee agroecosystems. Coffee accounts for a large part of agricultural land in mid-elevation areas of Latin America, and so shaded coffee agroecosystems have been recognized as potential refuges of biodiversity (Perfecto et al. 1996). During the rainy season of 2006 in the Soconusco Region of Chiapas, Mexico, passerine birds were mist-netted in four habitats of a coffee agroecosystem representing different levels of the agricultural intensification gradient. Indices of body condition were recorded for captured birds and ectoparasites were sampled using standard feather dusting methodology. Results indicate that agricultural management does affect parasite load, but that this relationship may depend on host-parasite interactions and host life-history traits. For all birds, higher lice prevalence was found among hosts in the most intensified system, while higher mite prevalence was found in the least intensified system. Patterns in prevalence across the habitats were also different for reproductive male and female birds. For all birds, parasite intensity was highest in the most intensified system, but showed no difference in other habitats, suggesting a threshold response to intensification. Adult birds showed no changes in body condition across the habitats, but hatchyear birds had significantly lower body condition in the forest fragment, suggesting greater sensitivity to habitat changes and perhaps fragment size. Finally, different body condition indices exhibit opposing patterns relating host body condition and lice load intensity. 
Chapter 1
Introduction

Tropical regions of the world are home to some of the most important areas for biodiversity conservation (Brooks et al. 2006) and many of those areas are in Latin America. One of the major threats to tropical biodiversity is habitat fragmentation resulting from anthropogenic activities 
 ADDIN EN.CITE 
(Ehrlich 1988, Andren 1994, Wilcove et al. 1998)
. Fragmentation not only effects wild populations in direct ways by decreasing or modifying habitat characteristics such as structure, size, or resource availability, it also can result in indirect effects such as creating edge habitats, decreasing genetic diversity, and increasing competition both within species and from novel invading species (Soule 1991). 
Habitat fragmentation can also influence parasite and pathogen dynamics across a landscape.  Smaller habitats created by fragmentation may increase rates of parasite transmission (Lafferty and Armand 1999) or increase the intensity of infection (Gilbert and Stez 2001).  Additionally, parasite loads have been shown to increase with the creation of edge habitat (Opdam 1991, Wolf and Batzli 2001) and new habitat characteristics that encourage parasites and their vectors (Van Riper III et al. 1986, Desowitz 1991). Populations isolated by fragmentation may become more vulnerable to introduced parasites and pathogens because of decreased genetic variation (Carlquist 1974, Frankham 1997), inbreeding depression (Frankham 1998), limited resource availability (Wright and Gompper 2005), increased density-dependent transmission (Lindstrom 2004),  disruption of endemic disease stability (Holmes 1996, Deem et al. 2001) and reduced immunological resistance (Lindstrom 2004).
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One of the major forces behind habitat fragmentation is the creation of agricultural and pasturelands 
 ADDIN EN.CITE 
(Holl 1999, Daily et al. 2001, Geist and Lambin 2002)
. In Latin America, a large portion of agriculture is dedicated to the production of coffee (Rice and Ward 1996). Because coffee can be grown under a variety of agricultural management regimes (Moguel and Toledo 1999), recent studies have emphasized the importance of coffee agroecosystems as possible “refuges of biodiversity” (Perfecto et al. 1996). In recent years, bird populations have been the focus of many biodiversity studies in coffee agroecological systems 
 ADDIN EN.CITE 
(Perfecto et al. 1996, Greenberg 1997, Moguel and Toledo 1999, Greenberg et al. 2000, Perfecto et al. 2003, Cruz-Angon and Greenberg 2005)
. These studies indicate that bird diversity and abundance increase when coffee systems are managed for habitat characteristics such as structural complexity, tall and diverse canopy, and diverse understory vegetation (Perfecto et al. 1996). Despite the focus on bird populations within coffee systems, we still know very little about the role of parasites on these populations. 
Because parasites and pathogens have been considered one of the major selective forces behind host population dynamics (McCallum and Dobson 1995), and bird host populations increasingly find refuge in managed coffee agroecosystems, conservation biologists concerned with the maintenance of these avian populations should focus greater attention on host-parasite interactions as they respond to agricultural management within coffee systems. This thesis is divided into two main sections. Together, they explore the connections between agroecology, conservation biology and disease ecology through theoretical review and empirical investigation. 

The first main section reviews how population dynamics across fragmented landscapes are interpreted through the theoretical lenses of agroecology, conservation biology, and disease ecology. Though these disciplines may explore the same physical habitats, their approaches often oppose eachother. Still, this opposition presents the opportunity to more holistically understand landscape-level ecological processes by cross-disciplinary work that incorporates the theoretical trajectories of these fields. Habitat fragmentation and loss have profound effects on disease and parasite dynamics of wild populations in heterogeneous landscapes. Populations isolated by fragmentation may become more vulnerable to introduced parasites and pathogens because of decreased genetic variation (Carlquist 1974, Frankham 1997), inbreeding depression (Frankham 1998), limited resource availability (Wright and Gompper 2005), increased density-dependent transmission, reduced immunological resistance (Lindstrom 2004) and disruption of endemic disease stability (Holmes 1996, Deem et al. 2001). Especially in populations of low density, these effects are compounded by stochastic and demographic population dynamics that may further threaten the population’s viability 
 ADDIN EN.CITE 
(Lyles and Dobson 1993, Frankham 1998, Funk et al. 2001)
. 
Research in wildlife disease ecology, however, largely ignores the matrix that separates wildlife populations. Because this matrix is often used for agriculture, it is increasingly the focus of agroecological research 
 ADDIN EN.CITE 
(Vandermeer and Carvajal 2001, Perfecto and Vandermeer 2002, Vandermeer and Perfecto 2007)
. The quality of this matrix, as defined by agroecological management, may influence pathogen and parasite dynamics across host populations utilizing heterogeneous landscapes. Conservation biology within agrecosystems often ignores the influence of wildlife diseases on associated biodiversity that doesn’t directly impact crop species. Our understanding of population dynamics across fragmented landscapes would benefit from interdisciplinary research that incorporates the fields of conservation biology, agroecology, and disease ecology. The first chapter has two main objectives: (1) to review the research trajectories of disease ecology and agroecology as they relate to conservation of biodiversity within fragmented landscapes and (2) to illuminate connections between these disciplines and encourage research that explores them.
To explore these connections empirically, the second main section investigates the extent to which agroecological management influences the ectoparasite load of birds inhabiting a coffee agroecosystem in Chiapas, Mexico. Previous work in parasitology reveals that environmental conditions like resource availability and climatic conditions may play an important role in determining the extent to which parasites influence their hosts (Hurtrez-Boussès et al. 1997, Yorinks and Atkinson 2000). For example, suboptimal environmental conditions for bird hosts may lead to increased parasite loads and decreased reproductive success 
 ADDIN EN.CITE 
(de Lope 1993, Latta 2003, Whiteman and Parker 2004)
. Within the agricultural matrix, there could be opposing effects of management on parasite loads. For example, coffee systems under more intensified management practices have scarcer resources for bird populations, as compared to less intensified, shaded systems (Tejeda-Cruz and Sutherland 2004, Taylor 2008). Because birds in habitats of low resource availability have been shown to have higher ectoparasite loads (Whiteman and Parker 2004), more intensified systems may increase host vulnerability to parasitism. On the other hand, the denser leaf litter and higher humidity in heavily shaded plantations (Lin 2007, in press), may also encourage populations of lice and mites (Moyer et al. 2002). This would suggest that although birds in the high-shade system may exhibit higher parasite loads due to abiotic conditions, more prevalent resources in that habitat may counterbalance possible negative effects of high parasite load on host body condition.

To my knowledge, the only study explicitly comparing avian ectoparasite loads across a coffee agricultural intensification gradient is that of Dietsch (2008). Investigating patterns of chigger mite (Acarina: Trombiculidae) infestations on birds foraging in two coffee management systems, Dietsch (2007) found that the level of host infestation was negatively correlated with the level of agricultural intensification. However, the two management systems used in this study were traditional polyculture and commercial polyculture, which are relatively similar on the intensification gradient (Moguel and Toledo 1999). The present study broadens the scope of Dietsch’s study by examining all ectoparasites across a greater breadth of the agricultural intensification gradient. 

Utilizing the same general locations as Dietsch (2008) in the Soconusco Region of Chiapas, Mexico, I captured passerine birds by mist-netting during the rainy season of 2006 (May to July). The habitats represented four different levels of the agricultural intensification gradient: forest fragment, traditional polyculture, commercial polyculture, and shaded monoculture (Moguel and Toledo 1999). To better understand possible fitness effects of ectoparasite load, three indices of body condition were recorded for captured birds: subcutaneous fat score, weight-to-wing ratio, and hematocrit. Avian ectoparasites were sampled using standard feather dusting methodology (Clayton and Walther 1997, Lindell et al. 2002) and later quanitified and identified in the laboratory. The second chapter has two main objectives: (1) to examine the extent to which agricultural management affects ectoparasite load on resident bird hosts and (2) is to examine if and how agricultural management influences the body condition of birds, and whether that body condition is related to parasite load. 

Habitat fragmentation continues to threaten wild populations, and much of that fragmentation is due to the establishment of agricultural lands. As agroecosystems continue to replace natural habitat, our understanding of how agricultural management effects population dynamics may ultimately determine the viability of these communities. This thesis aims to explore how management affects parasite dynamics across wild populations by reviewing current literature of disease ecology and conservation biology within agroecosystems and empirically investigating the intersections of these disciplines. 
.References
Andren, H. 1994. Effects of Habitat Fragmentation on Birds and Mammals in Landscapes with Different Proportions of Suitable Habitat: A Review. Oikos 71:355-366.

Brooks, T. M., R. A. Mittermeier, G. A. B. da Fonseca, J. Gerlach, M. Hoffmann, J. F. Lamoreux, C. G. Mittermeier, J. D. Pilgrim, and A. S. L. Rodrigues. 2006. Global Biodiversity Conservation Priorities. Science 313:58-61.

Carlquist, S. J. 1974. Island biology. Columbia University Press, New York.

Clayton, D. H. and B. A. Walther. 1997. Collection and quantification of arthropod parasites of birds. Pages 419-440 in D. H. Clayton and J. Moore, editors. Host - Parasite Evolution: General Principles & Avian Models. Oxford University Press, Oxford, England.

Cruz-Angon, A. and R. Greenberg. 2005. Are epiphytes important for birds in coffee plantations? An experimental assessment. Journal of Applied Ecology 42:150-159.

Daily, G. C., P. R. Ehrlich, and G. A. Sanchez-Azofeifa. 2001. Countryside Biogeography: Use of Human-Dominated Habitats by the Avifauna of Southern Costa Rica. Ecological Applications 11:1-13.

de Lope, F. G., G;  Perez, JJ; Moeller, AP. 1993. Increased detrimental effects of ectoparasites on their bird hosts during adverse environmental conditions. Oecologia 95:234-240.

Deem, S. L., W. B. Karesh, and W. Weisman. 2001. Putting Theory into Practice: Wildlife Health in Conservation. Conservation Biology 15:1224-1233.

Desowitz, R. S. 1991. The malaria capers: more tales of parasites and people, research and reality. Norton, New York.

Dietsch, T. V. 2008. A Relationship Between Avian Foraging Behavior and Infestation by Trombiculid Larvae (Acari) in Chiapas, Mexico. Biotropica 40:196-202.

Ehrlich, P. R. 1988. Loss of diversity: causes and consequences. Pages 21-27 in E. O. Wilson, editor. Biodiversity. National Academy Press, Washington, D.C.

Frankham, R. 1997. Do island populations have less genetic variation than mainland populations? Heredity 78:311-327.

Frankham, R. 1998. Inbreeding and Extinction: Island Populations. Conservation Biology 12:665-675.

Funk, S. M., C. V. Firello, S. Cleaveland, and M. E. Gompper. 2001. The role of disease in carnivore ecology and conservation. Pages 443-466 in J. L. Gittleman, S. M. Funk, D. MacDonald, and R. K. Wayne, editors. Carnivore Conservation. Cambridge University Press, Cambridge.

Geist, H. J. and E. F. Lambin. 2002. Proximate Causes and Underlying Driving Forces of Tropical Deforestation. BioScience 52:143-150.

Gilbert, K. A. and E. Z. F. Stez. 2001. Primates in a fragmented landscape: Six species in Central Amazonia. Page 478 in R. O. Bierregaard, C. Gascon, T. E. Lovejoy, E. O. Wilson, and R. Mesquita, editors. Lessons from Amazonia: The ecology and conservation of a fragmented forest. Yale University Press, New Haven, CT.

Greenberg, R., P. Bichier, A. C. Angon, C. MacVean, R. Perez, and E. Cano. 2000. The impact of avian insectivory on arthropods and leaf damage in some Guatemalan coffee plantations. Ecology 81:1750-1755.

Greenberg, R., Peter Bichier, Andrea Cruz Angon, Robert Reitsma. 1997. Bird Populations in Shade and Sun Coffee Plantations in Central Guatemala. Conservation Biology 11:448-459.

Holl, K. D. 1999. Factors limiting tropical rainforest regeneration in abandoned pasture: seed rain, seed germination, microclimate, and soil. Biotropica 31:229-242.

Holmes, J. C. 1996. Parasites as threats to biodiversity in shrinking ecosystems. Biodiversity and Conservation 5:975-983.

Hurtrez-Boussès, S., P. Perret, F. Renaud, and J. Blondel. 1997. High blowfly parasitic loads affect breeding success in a Mediterranean population of blue tits. Oecologia 112:514-517.

Lafferty, K. D. and M. K. Armand. 1999. How Environmental Stress Affects the Impacts of Parasites. Limnology and Oceanography 44:925-931.

Latta, S. 2003. Effects of scaley-leg mite infestations on body condition and site fidelity of migratory warblers in the Dominican Republic. The Auk 120:730-743.

Lin, B. a. P. R. 2007, in press. Soil random roughness and depression storage on coffee farms of varying shade levels. Agricultural Water Management 92:194-204.

Lindell, C. A., T. A. Gavin, R. D. Price, and A. L. Sanders. 2002. Chewing Louse Distributions on Two Neotropical Thrush Species. Comparative Parasitology 69:212-217.

Lindstrom, K. M., Johannes Foufopoulos, Henrik Parn, and Martin Wikelski. 2004. Immunological investments reflect parasite abundance in island populaitons of Darwin's finches. Proceedings of the Royal Society 271:1513-1519.

Lyles, A. M. and A. P. Dobson. 1993. Infectious disease and intensive management: population dynamics, threatened hosts, and their parasites. Journal of Zoo and Wildlife Medicine 24:315-326.

McCallum, H. and A. Dobson. 1995. Detecting disease and parasite threats to endangered species and ecosystems. Trends in Ecology & Evolution 10:190-194.

Moguel, P. and V. M. Toledo. 1999. Biodiversity conservation in traditional coffee systems of Mexico. Conservation Biology 13:11-21.

Moyer, B. R., D. M. Drown, and D. H. Clayton. 2002. Low humidity reduces ectoparasite pressure: implications for host life history evolution. Oikos 97:223-228.

Opdam, P. 1991. Metapopulation theory and habitat fragmentation: a review of holarctic breeding bird studies. Landscape Ecology 5:93-106.

Perfecto, I., A. Mas, T. Dietsch, and J. Vandermeer. 2003. Conservation of biodiversity in coffee agroecosystems: a tri-taxa comparison in southern Mexico. Biodiversity and Conservation 12:1239-1252.

Perfecto, I., R. A. Rice, R. Greenberg, and M. E. van der Voort. 1996. Shade Coffee: A Disappearing Refuge for Biodiversity. BioScience 46:598-608.

Perfecto, I. and J. Vandermeer. 2002. Quality of agroecological matrix in a tropical montane landscape: Ants in coffee plantations in southern Mexico. Conservation Biology 16:174-182.

Rice, R. and J. Ward. 1996. Coffee, conservation, and commerce in the Western Hemisphere. Smithsonian Migratory Bird Center, Washington, D.C.

Soule, M. E. 1991. Conservation: Tactics for a Constant Crisis. Science 253:744-750.

Taylor, C. L. 2008. Foraging Behavior of Two Forest Birds in a Coffee Agroecosystem in Mexico: An Indication of Habitat Quality? University of Michigan, Ann Arbor, MI.

Tejeda-Cruz, C. and W. J. Sutherland. 2004. Bird responses to shade coffee production. Animal Conservation 7:169-179.

Van Riper III, C., S. G. Van Riper, M. L. Goff, and M. Laird. 1986. The Epizootiology and Ecological Significance of Malaria in Hawaiian Land Birds. Ecological Monographs 56:327-344.

Vandermeer, J. and R. Carvajal. 2001. Metapopulation Dynamics and the Quality of the Matrix. The American Naturalist 158:211-220.

Vandermeer, J. and I. Perfecto. 2007. The Agricultural Matrix and a Future Paradigm for Conservation. Conservation Biology 21:274-277.

Whiteman, N. K. and P. G. Parker. 2004. Body condition and parasite load predict territory ownership in the Galapagos Hawk. The Condor 106:915-921.

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips, and E. Losos. 1998. Quantifying Threats to Imperiled Species in the United States. BioScience 48:607-615.

Wolf, M. and G. O. Batzli. 2001. Increased prevalence of bot flies (Cuterebra fontinella) on white-footed mice (Peromyscus leucopus) near forest edges. Canadian Journal of Zoology 79:106-109.

Wright, A. and M. Gompper. 2005. Altered parasite assemblages in raccoons in response to manipulated resource availability. Oecologia 144:148-156.

Yorinks, N. and C. T. Atkinson. 2000. Effects of malaria on activity budgets of experimentally infected juvenile apapane (Himatione sanguinea). The Auk 117:731-738.




Chapter 2

Agroecosystems and wildlife disease: potential for landscape-level approaches to biodiversity conservation

Introduction

Habitat fragmentation resulting from anthropogenic activities is commonly recognized among conservation biologists as one of the major threats to biodiversity 


(Ehrlich 1988, Andren 1994, Wilcove et al. 1998) ADDIN EN.CITE . Emerging diseases have been proposed as the second greatest threat to biodiversity, after habitat fragmentation (Daszak et al. 2000). Fragmentation effects wild populations directly by decreasing or modifying habitat characteristics such as structure, size, or resource availability.  Indirect effects of fragmentation may include edge effects, decreased genetic diversity, and increased competition both within species and from novel invading species (Soule 1991). These factors in turn increase a population’s vulnerability to disease (Lindstrom 2004).

Populations isolated by fragmentation may become more vulnerable to introduced parasites and pathogens because of decreased genetic variation (Carlquist 1974, Frankham 1997), inbreeding depression (Frankham 1998), limited resource availability (Wright and Gompper 2005), increased density-dependent transmission (Lindstrom 2004), disruption of endemic disease stability (Holmes 1996, Deem et al. 2001) and reduced immunological resistance (Lindstrom 2004). Especially in populations of low density, these effects are compounded by stochastic and demographic population dynamics that may further threaten the population’s viability 


(Lyles and Dobson 1993, Frankham 1998, Funk et al. 2001) ADDIN EN.CITE . Research in wildlife disease ecology, however, largely ignores the matrix that separates wildlife populations. 
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Agriculture is a major cause of habitat destruction worldwide (Allen and Barnes 1985, Vandermeer and Perfecto 2007). The resulting heterogeneous landscape is composed of patches of original habitat surrounded by a matrix defined by various land use practices. The viability of wild populations often depends on distance between patches (MacArther and Wilson 1967, Harrison et al. 1988) and quality of the matrix separating them 


(Vandermeer and Carvajal 2001, Perfecto and Vandermeer 2002, Vandermeer and Perfecto 2007) ADDIN EN.CITE . Despite an integrated approach that recognizes the importance of both planned and associated biodiversity within an agroecosystem (Vandermeer and Perfecto 1995), disease research in the field of agroecology maintains a heavy focus on planned biodiversity and its function within agroecosystems and the biological control of “pest” pathogens that directly threaten crop production. Diseases threatening wild populations of associated biodiversity and their indirect effects on the agroecosystem are often ignored 


(Baker and Cook 1974, Altieri 1994, 1995, Vandermeer 1995, Altieri 1999, Wilby and Thomas 2002) ADDIN EN.CITE . I argue here that those indirect effects are no less important to the overall function of the agroecosystem. Take, for example, an insectivorous bat population associated with an agroecosystem that maintains an herbivorous insect population below pest-level. If the bat population experiences a massive decline because of disease, the insect population may reach pest-level and decrease agricultural yields. Such indirect effects of wildlife disease on crop production may prove an important component to agroecological management.
The fields of disease ecology, agroecology, and conservation biology could greatly benefit from merging efforts to better understand fragmented landscapes and the conservation of wild populations they support. Diseases are an important component of agroecological systems. Likewise, agricultural management may play an important role in disease dynamics of both original and matrix habitats. And these connections may prove essential for the conservation of wildlife populations. Very few studies directly address this research gap, however. Dietsch (2005b) found that this was the case in agroecosystems in Chiapas, Mexico.  Examining the chigger mite infestation of resident and migratory birds within differently-managed coffee plantations, Dietsch found seasonal differences in parasite loads as well as higher loads in hosts that foraged among understory plants. This research has implications for management practices of agricultural landscapes and their effects on parasitism. 

Connections between wildlife disease ecology, agroecology, and conservation biology seem obvious, though very scarce literature exists that explicitly aims to combine these disciplines. Therefore, the objectives of this paper are as follows: (1) to review the research trajectories of disease ecology and agroecology as they relate to conservation of biodiversity within fragmented landscapes and (2) to highlight the less direct, and therefore less commonly recognized, connections between the three disciplines and encourage research that explores them. As habitats become increasingly fragmented and populations increasingly isolated, the conservation of biodiversity may hinge on our understanding the interactions among these three fields. 

Metapopulation Theory: Agroecosystems and Conservation Approach


In 1969, Richard Levins published his classic theory of metapopulation dynamics, spurring a whole body of empirical and theoretical literature that considered a “population of populations” distributed over isolated patches of suitable habitat (Levins 1969, Hanski and Gilpin 1997, Hanski 1999). It is interesting to note that Levins developed his theory of metapopulation dynamics in the context of biological control within agricultural landscapes. Generally ignoring its application to agricultural systems, disease ecologists accepted metapopulation theory for its relevance to the dynamics of pathogens, vectors, target hosts and reservoirs across fragmented landscapes. Agroecologists also embraced the theory, relating it to pest species within the matrix, and conservation biologists apply it to the conservation of wildlife species in fragmented landscapes. Because metapopulation theory was equally applicable to disease ecology, agroecology, and conservation biology, metapopulation theory presented an opportunity for merging these three disciplines. Instead, the fields remained divergent, modifying metapopulation theory to continue their existing, discipline-specific trajectories. 


Agroecologists have applied metapopulation models to a variety of landscapes and species interactions for theoretical and practical applications. As reviewed by Vandermeer and Carvajal (2001) and Hanski (1999), adapted models of metapopulations have emerged that relax or qualify Levins’ original assumptions in order to investigate specific aspects of heterogeneous matrices. One example is Harrison’s concept of maintaining one perpetual patch in which local extinction does not occur (Harrison 1991). Other modifications include source/sink dynamics (Pulliam 1988), genetic approaches (Harrison and Hastings 1996, Blaum and Wichmann 2007) predator-prey interactions 


(Taylor 1990, Sabelis et al. 1991, Holyoak and Lawler 1996) ADDIN EN.CITE  propagule rain and the rescue effect (Gotelli 1991). Empirical field data also created grounding for many of these modifications and revealed areas of study that begged for clarification 


(McCauley 1989, Harrison 1991, Harrison and Hastings 1996, Dunham and Rieman 1999, Perfecto and Vandermeer 2002) ADDIN EN.CITE . 


In general, agroecologists and conservation biologists traditionally focused on metapopulation structure and dynamics within patches of habitat, that is, those areas in the landscape capable of sustaining long-term viability of any given population (Hanski and Simberloff 1997) and which are often equated with the “population islands” of island biogeography theory (MacArther and Wilson 1967). The matrix, and the diversity of land-use practices within it, was generally ignored and instead assumed to be “largely irrelevant” (Vandermeer and Carvajal 2001). Past models simply used the matrix as a metaphorical black hole separating areas of “suitable” habitat, not unlike the island biogeographer’s ocean. Matrix quality is not traditionally considered per se, but rather in terms of how it influences on patch dynamics (Gustafson and Gardner 1996, Cantrell et al. 1998). The difference in agroecological systems, however, is that the matrix dividing patches may still contain remnants of suitable habitat that could prove influential for the migration, viability, and foraging of populations inhabiting the landscape. 

Land use may include activities such as agriculture, development, and grazing, and all of these activities are subject to different management regimes and levels of intensification. Moguel and Toledo (1999) provide an example of agricultural intensification for Mexican coffee plantations, concluding that traditional shaded systems promote biodiversity. Additional habitat elements managed within agricultural matrices include things like understory bushes that are not removed, or prey species (i.e. arthropods, rodents, birds, etc.) that thrive in certain agricultural systems. Though a strong bias toward patch dynamics remains prevalent, recent contributions to agroecological literature have begun to acknowledge the importance of the matrix and its management in space 


(Vandermeer and Perfecto 1997, Perfecto and Vandermeer 2002, Daily et al. 2003, Vandermeer and Perfecto 2007) ADDIN EN.CITE  and time (Blaum and Wichmann 2007).

Metapopulation Theory: Disease Ecology Approach
Acknowledgement of wildlife disease and its importance for the conservation of species perhaps first emerged with Aldo Leopold’s statement that the “role of disease in wildlife conservation has probably been radically underestimated” (Leopold 1933). As explained by Deem et al. (2001), since that time research of animal diseases progressed through a series of foci including economically important domesticated animals, game animals, and zoonoses (diseases transmitted from animals to humans). As in agroecology and conservation biology, Levins’ theory of metapopulation dynamics (Levins 1969) led to a major shift in disease research. Beginning in the 1970s researchers started investigating disease dynamics of wild populations. Perhaps further motivated by the passage of the U.S. Endangered Species Act in the 1980s (Spalding and Forrester 1993), conservation biologists began to apply disease ecology to questions of habitat loss, fragmentation, and threats to wild populations 


(Dobson and Hudson 1986, May 1988, Scott 1988, Hansen and Johnson 1999, Daszak et al. 2000, Altizer et al. 2003) ADDIN EN.CITE . 

Metapopulation theory has been applied to disease ecology in theoretical and empirical forms. One major question requiring both approaches is the rate at which pathogens, target hosts, vectors, and reservoir hosts migrate across the landscape. Movement of these elements across a fragmented landscape led some ecologists to argue that connectivity of the matrix might actually counteract the efforts of conservationists by facilitating disease dispersal (Hess 1994). This question is especially important for conservation efforts that encourage the creation of wildlife corridors (Hess 1994, Hess 1996). Timschl (1984) created analytical models simulating variable velocities of disease propagation across habitat structures and found that funneling host migration (through steep valleys, in his model) resulted in increased disease transmission when compared to broader landscape migration. This finding prompted Hess (1996) to caution conservation managers against corridors, and develop further analytic and simulation modeling to explain his hypothesis that spatial arrangement of habitat patches would influence the spread of disease and rate of local extinctions across a metapopulation.

Hess’ models are one example of many within disease ecology in which the quality of the matrix is not considered (McCallum and Dobson 2002). The author utilizes a classic epidemiological SIR (susceptible-infected-recovered) model to simulate disease transmission across patches arranged in three different ways: island, loop, necklace, and spider configurations (see Fig 1.). The results of this model showed that varying the spatial arrangement of habitat patches influenced the probability of extinction within individual patches as well as estimated life-span for individuals. With low migration, the spider configuration (far right in Fig.1) exhibited the lowest levels of extinction. For all configurations, extinction rates were positively correlated to migration rates. Again, though migration rate can act as a surrogate for matrix quality, these models do not explicitly include parameters that define the quality of the matrix, and offer little insight into the relative influence of patch characteristics such as resource availability, density, size of patch, etc. 
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More recently, some researchers have argued against the idea that habitat connectivity increases populations’ overall vulnerability to disease dispersal. Theoretical and empirical evidence suggests that although more connected populations may be exposed to diseases with greater frequency, the benefits of connectivity in terms of host resistance and genetic diversity counterbalance threats of increased exposure (McCallum and Dobson 2002, Altizer et al. 2003). One argument derived from empirical evidence is that habitat connectivity increases migration of resistance genes as well as pathogen organisms. Carlsson-Graner and Thrall (2002) examined a metapopulation of alpine campion (Lychnis alpina) and their infection rates with anther-smut disease across a landscape with variable connectivity.  Populations with greater levels of connectivity had predictable, but low levels of infection across the landscape, whereas less connected populations experienced unpredictable outbreaks on rare occasions. The authors attribute this regulatory effect to migrations of both pathogens and host genes with pathogen-resistant alleles. 

Potential for combined research
As with conservation biology research, trends in disease ecology pertaining to metapopulations within fragmented landscapes have traditionally been biased toward patch (or island) populations. Unlike conservation biology, however, this bias remains strong today and to date no research has investigated the role of matrix quality on disease dynamics within metapopulations. Vandermeer and Carvajal (2001) suggest that conceptualizing matrix quality as effective migration rate will more closely reflect the complex reality of agroecological landscapes. Creating a functional and complex mathematical model utilizing this substitution, however, presents a challenge for future approaches.  Still, the conceptual approach that matrix quality inherently changes dynamics not only in patches, but across the landscape, has incredible potential to inform disease modeling within similar systems. 

Likewise, disease ecology has potential to inform agroecological modeling by illuminating aspects of the system that have traditionally been avoided. For example, simply substituting matrix quality for migration rate or distance between patches will not provide a realistic proxy for the transmission of pathogens, vectors, and hosts across a landscape. Instead, these disease components will have variable rates of migration and will define matrix “quality” differently. That is, habitat structure within the matrix (canopy diversity, soil quality, etc) may facilitate migration of a host species while hindering its parasite, or vice versa.

Deem et al. (2001) explain that four factors encourage the presence and continuation of diseases within wild host populations: host population density, frequency of contact between hosts, virulence of the pathogen, and the length of time a host remains infected (Anderson and May 1979, May and Anderson 1979). These factors, compounded by effects of habitat fragmentation, create environmental conditions in which populations are particularly threatened by both regional and global extinction. 

Because so much of the global land area is fragmented by agricultural activity, and fragmentation inherently establishes particular population and disease dynamics which may threaten wild species, the next logical step for ecological research is to combine the expertise in the fields of disease ecology, conservation biology, and agroecology. Recognizing the matrix as a habitat rather than a void may inform ecological studies of disease, and considering the matrix as a source of wildlife disease may inform both agroecological and conservation research. This union has the potential to create a more thorough understanding of ecological processes and more effective conservation management of wild populations across agricultural landscapes.
References
Allen, J. C. and D. F. Barnes. 1985. The Causes of Deforestation in Developing Countries. Annals of the Association of American Geographers 75:163-184.

Altieri, M. A. 1994. Biodiversity and Pest Management in Agroecosystems. Haworth Press, New York.

Altieri, M. A. 1995. Agroecology: The Science of Sustainable Agriculture. Westview Press, Boulder.

Altieri, M. A. 1999. Applying Agroecology to Enhance the Productivity of Peasant Farming Systems in Latin America. Environment, Development and Sustainability 1:197-217.

Altizer, S., D. Harvell, and E. Friedle. 2003. Rapid evolutionary dynamics and disease threats to biodiversity. Trends in Ecology & Evolution 18:589-596.

Anderson, R. M. and R. M. May. 1979. Population biology of infectious diseases: Part I. Nature 280:361-367.

Andren, H. 1994. Effects of Habitat Fragmentation on Birds and Mammals in Landscapes with Different Proportions of Suitable Habitat: A Review. Oikos 71:355-366.

Armbrecht, I. and I. Perfecto. 2003. Litter-twig dwelling ant species richness and predation potential within a forest fragment and neighboring coffee plantations of contrasting habitat quality in Mexico. Agriculture, Ecosystems & Environment 97:107-115.

Baker, K. F. and R. J. Cook. 1974. Biological Control of Plant Pathogens. Freeman, San Fransisco.

Balakrishnan, C. N. and M. D. Sorenson. 2007. Dispersal ecology versus host specialization as determinants of ectoparasite distribution in brood parasitic indigobirds and their estrildid finch hosts. Molecular Ecology 16:217-229.

Blanchard, B. D. 1941. The White-crowned Sparrows (Zonotrichia Leucophrys) of the Pacific Seaboard: Environment and Annual Cycle. Univ. Calif. Publ. Zool.

Blaum, N. and M. C. Wichmann. 2007. Short-term transformation of matrix into hospitable habitat facilitates gene flow and mitigates fragmentation. Journal of Animal Ecology 76:1116-1127.

Booth, D. T., D. H. Clayton, and B. A. Block. 1993. Experimental Demonstration of the Energetic Cost of Parasitism in Free-Ranging Hosts. Proceedings: Biological Sciences 253:125-129.

Brooks, T. M., R. A. Mittermeier, G. A. B. da Fonseca, J. Gerlach, M. Hoffmann, J. F. Lamoreux, C. G. Mittermeier, J. D. Pilgrim, and A. S. L. Rodrigues. 2006. Global Biodiversity Conservation Priorities. Science 313:58-61.

Brown, C. R., M. B. Brown, and B. Rannala. 1995. Ectoparasites Reduce Long-Term Survival of their Avian Host. Proceedings: Biological Sciences 262:313-319.

Cantrell, R. S., C. Cosner, and W. F. Fagan. 1998. Competitive reversals inside ecological reserves: the role of external habitat degradation. ournal of Mathematical Biology 16:491-533.

Carlquist, S. J. 1974. Island biology. Columbia University Press, New York.

Carlsson-Graner, U. and P. H. Thrall. 2002. The spatial distribution of plant populations, disease dynamics and evolution of resistance. Oikos 97:97-110.

Chapman, B. and J. George. 1991. The effects of ectoparasites on cliff swallow growth and survival. Pages 69-92 in J. a. M. Z. Loye, editor. Bird-Parasite Interactions: Ecology, evolution, and behavior. Oxford University Press, Oxford.

Christe, P., M. S. Giorgi, P. Vogel, and R. Arlettaz. 2003. Differential species-specific ectoparasitic mite intensities in two intimately coexisting sibling bat species: resource-mediated host attractiveness or parasite specialization? Journal of Animal Ecology 72:866-872.

Christe, P., O. Glaizot, G. Evanno, N. Bruyndonckx, G. Devevey, G. Yannic, P. Patthey, A. Maeder, P. Vogel, and R. Arlettaz. 2007. Host sex and ectoparasites choice: preference for, and higher survival on female hosts. Journal of Animal Ecology 76:703-710.

Christe, P., A. P. Møller, G. Gonzalez, and F. de Lope. 2002. Intraseasonal variation in immune defence, body mass and hematocrit in adult house martins Delichon urbica. Journal of Avian Biology 33:321-325.

Clark, L. 1991. The nest protection hypothesis: the adaptive use of plant secondary compounds by European Starlings. Pages 205-221 in J. a. M. Z. Loye, editor. Bird-parasite interactions. Ecology, Evolution, and Behavior. . Oxford University Press, Oxford.

Clayton, D. H. and B. A. Walther. 1997. Collection and quantification of arthropod parasites of birds. Pages 419-440 in D. H. Clayton and J. Moore, editors. Host - Parasite Evolution: General Principles & Avian Models. Oxford University Press, Oxford, England.

Cohen, E. B. and C. A. Lindell. 2004. Survival, habitat use, and movements of fledgling White-throated Robins (Turdus assimilis) in a Costa Rican agricultural landscape. The Auk 121:404-414.

Collins, W. W. and C. O. Qualset. 1999. Biodiversity in agroecosystems. CRC Press, Boca Raton, USA.

Cruz-Angon, A. and R. Greenberg. 2005. Are epiphytes important for birds in coffee plantations? An experimental assessment. Journal of Applied Ecology 42:150-159.

Daily, G. C., G. Ceballos, J. Pacheco, G. Suzan, and A. Sanchez-Azofeifa. 2003. Countryside Biogeography of Neotropical Mammals: Conservation Opportunities in Agricultural Landscapes of Costa Rica. Conservation Biology 17:1814-1826.

Daily, G. C., P. R. Ehrlich, and G. A. Sanchez-Azofeifa. 2001. Countryside Biogeography: Use of Human-Dominated Habitats by the Avifauna of Southern Costa Rica. Ecological Applications 11:1-13.

Daszak, P., A. A. Cunningham, and A. D. Hyatt. 2000. Emerging Infectious Diseases of Wildlife-- Threats to Biodiversity and Human Health. Science 287:443-449.

de Lope, F. G., G;  Perez, JJ; Moeller, AP. 1993. Increased detrimental effects of ectoparasites on their bird hosts during adverse environmental conditions. Oecologia 95:234-240.

Deem, S. L., W. B. Karesh, and W. Weisman. 2001. Putting Theory into Practice: Wildlife Health in Conservation. Conservation Biology 15:1224-1233.

Desowitz, R. S. 1991. The malaria capers: more tales of parasites and people, research and reality. Norton, New York.

Dietsch, T. V. 2005a. Seasonal variation of infestation by ectoparasitic chigger mite larvae (Acarina: Trombiculidae) on resident and migratory birds in coffee agroecosystems of Chiapas, Mexico Journal of Parasitology 91:1294-1303.

Dietsch, T. V. 2005b. Seasonal variation of infestation by ectoparasitic chigger mite larvae (Acarina: Trombiculidae) on resident and migratory birds in coffee agroecosystems of Chiapas, Mexico. Journal of Parasitology 91:1294-1303.

Dietsch, T. V. 2008. A Relationship Between Avian Foraging Behavior and Infestation by Trombiculid Larvae (Acari) in Chiapas, Mexico. Biotropica 40:196-202.

Dobson, A. P. and P. J. Hudson. 1986. Parasites, disease and the structure of ecological communities. Trends in Ecology & Evolution 1:11-15.

Dunham, J. B. and B. E. Rieman. 1999. Metapopulation Structure of Bull Trout: Influences of Physical, Biotic, and Geometrical Landscape Characteristics. Ecological Applications 9:642-655.

Ehrlich, P. R. 1988. Loss of diversity: causes and consequences. Pages 21-27 in E. O. Wilson, editor. Biodiversity. National Academy Press, Washington, D.C.

Foster, M. S. 1969. Synchronized Life Cycles in the Orange-Crowned Warbler and Its Mallophagan Parasites. Ecology 50:315-323.

Frankham, R. 1997. Do island populations have less genetic variation than mainland populations? Heredity 78:311-327.

Frankham, R. 1998. Inbreeding and Extinction: Island Populations. Conservation Biology 12:665-675.

Funk, S. M., C. V. Firello, S. Cleaveland, and M. E. Gompper. 2001. The role of disease in carnivore ecology and conservation. Pages 443-466 in J. L. Gittleman, S. M. Funk, D. MacDonald, and R. K. Wayne, editors. Carnivore Conservation. Cambridge University Press, Cambridge.

Geist, H. J. and E. F. Lambin. 2002. Proximate Causes and Underlying Driving Forces of Tropical Deforestation. BioScience 52:143-150.

Gilbert, K. A. and E. Z. F. Stez. 2001. Primates in a fragmented landscape: Six species in Central Amazonia. Page 478 in R. O. Bierregaard, C. Gascon, T. E. Lovejoy, E. O. Wilson, and R. Mesquita, editors. Lessons from Amazonia: The ecology and conservation of a fragmented forest. Yale University Press, New Haven, CT.

Gosler, A. G. 1987. Pattern and process in the bill morphology of the Great Tit Parus major. Ibis 129:451-476.

Gotelli, N. J. 1991. Metapopulation Models: The Rescue Effect, the Propagule Rain, and the Core-Satellite Hypothesis. The American Naturalist 138:768-776.

Greenberg, R., P. Bichier, A. C. Angon, C. MacVean, R. Perez, and E. Cano. 2000. The impact of avian insectivory on arthropods and leaf damage in some Guatemalan coffee plantations. Ecology 81:1750-1755.

Greenberg, R., P. Bichier, and J. Sterling. 1997. Bird Populations in Rustic and Planted Shade Coffee Plantations of Eastern Chiapas, Mexico. Biotropica 29:501-514.

Greenberg, R., Peter Bichier, Andrea Cruz Angon, Robert Reitsma. 1997. Bird Populations in Shade and Sun Coffee Plantations in Central Guatemala. Conservation Biology 11:448-459.

Gustafson, E. J. and R. H. Gardner. 1996. The Effect of Landscape Heterogeneity on the Probability of Patch Colonization. Ecology 77:94-107.

Halladay, P. and D. A. Gilmour, editors. 1995. Conserving biodiversity outside protected areas: the role of traditional agro-ecosystems. IUCN--The World Conservation Union, Gland, Switzerland.

Hansen, L. J. and M. L. Johnson. 1999. Conservation and Toxicology: Integrating the Disciplines*. Conservation Biology 13:1225-1227.

Hanski, I. 1999. Metapopulation ecology. Oxford University Press, New York.

Hanski, I. and M. Gilpin. 1997. Metapopulation Biology: Ecology, Genetics, and Evolution. Academic Press, San Diego, CA.

Hanski, I. and D. Simberloff. 1997. The metapopulation approach, its history, conceptual domain and application to conservation. Pages 5-26 in I. Hanski and M. E. Gilpin, editors. Metapopulation Biology: Ecology, Genetics, and Evolution. Academic Press, London.

Harrison, S. 1991. Local extinction in a metapopulation context: An empirical evaluation. Biological Journal of the Linnean Society 42:73-88.

Harrison, S. and A. Hastings. 1996. Genetic and evolutionary consequences of metapopulation structure. Trends in Ecology & Evolution 11:180-183.

Harrison, S., D. D. Murphy, and P. R. Ehrlich. 1988. Distribution of the Bay Checkerspot Butterfly (Euphydryas-editha bayensis): evidence for a metapopulation model American Naturalist 132:360-382.

Heeb, P., M. Kolliker, and H. Richner. 2000. Bird-Ectoparasite Interactions, Nest Humidity, and Ectoparasite Community Structure. Ecology 81:958-968.

Hernandez-Divers, S. M., P. Villegas, F. Prieto, J. C. Unda, N. Stedman, B. Ritchie, R. Carroll, and S. J. Hernandez-Divers. 2006. A Survey of Selected Avian Pathogens of Backyard Poultry in Northwestern Ecuador. Journal of Avian Medicine and Surgery 20:147-158.

Hess, G. 1996. Disease in Metapopulation Models: Implications for Conservation. Ecology 77:1617-1632.

Hess, G. R. 1994. Conservation Corridors and Contagious Disease: A Cautionary Note. Conservation Biology 8:256-262.

Holl, K. D. 1999. Factors limiting tropical rainforest regeneration in abandoned pasture: seed rain, seed germination, microclimate, and soil. Biotropica 31:229-242.

Holmes, J. C. 1996. Parasites as threats to biodiversity in shrinking ecosystems. Biodiversity and Conservation 5:975-983.

Holyoak, M. and S. P. Lawler. 1996. The Role of Dispersal in Predator--Prey Metapopulation Dynamics. The Journal of Animal Ecology 65:640-652.

Hughes, J. B., G. C. Daily, and P. R. Ehrlich. 2002. Conservation of tropical forest birds in countryside habitats. Ecology Letters 5:121-129.

Hurtrez-Boussès, S. 1996. Interactions hote-parasite: le systeme mesange bleue-Protocalliphora en region mediterraneenne. University of Montpellier II.

Hurtrez-Boussès, S., P. Perret, F. Renaud, and J. Blondel. 1997. High blowfly parasitic loads affect breeding success in a Mediterranean population of blue tits. Oecologia 112:514-517.

Jones, J., P. R. Perazzi, E. H. Carruthers, and R. J. Robertson. 2000. Sociality and foraging behavior of the Cerulean Warbler in Venezuelan shade-coffee plantations. The Condor 102:958-962.

Krementz, D. G. and G. W. Pendleton. 1990. Fat Scoring: Sources of Variability. The Condor 92:500-507.

Lafferty, K. D. and M. K. Armand. 1999. How Environmental Stress Affects the Impacts of Parasites. Limnology and Oceanography 44:925-931.

Latta, S. 2003. Effects of scaley-leg mite infestations on body condition and site fidelity of migratory warblers in the Dominican Republic. The Auk 120:730-743.

Leopold, A. 1933. Game management. Scribner's, New York.

Levins, R. 1969. Some demographic and genetic con-

sequences of environmental heterogeneity for biological

control. Bulletin of the Entomological Society of America 15:237-240.

Lima, S. L. 1986. Predation Risk and Unpredictable Feeding Conditions: Determinants of Body Mass in Birds. Ecology 67:377-385.

Lin, B. a. P. R. 2007, in press. Soil random roughness and depression storage on coffee farms of varying shade levels. Agricultural Water Management 92:194-204.

Lindell, C. A., T. A. Gavin, R. D. Price, and A. L. Sanders. 2002. Chewing Louse Distributions on Two Neotropical Thrush Species. Comparative Parasitology 69:212-217.

Lindstrom, K. M., Johannes Foufopoulos, Henrik Parn, and Martin Wikelski. 2004. Immunological investments reflect parasite abundance in island populaitons of Darwin's finches. Proceedings of the Royal Society 271:1513-1519.

Luck, G. W. and G. C. Daily. 2003. Tropical Countryside Bird Assemblages: richness, composition, and foraging differ by landscape context. Ecological Applications 13:235-247.

Lyles, A. M. and A. P. Dobson. 1993. Infectious disease and intensive management: population dynamics, threatened hosts, and their parasites. Journal of Zoo and Wildlife Medicine 24:315-326.

MacArther, R. H. and E. O. Wilson. 1967. The Theory of Island Biogeography. Princeton University Press, Princeton.

May, R. M. 1988. Conservation and Disease. Conservation Biology 2:28-30.

May, R. M. and R. M. Anderson. 1979. Population Biology of Infectious Diseases: part II Nature 280:455-461.

McCabe, T. T. 1943. An Aspect of Collectors' Technique. The Auk 60:550-558.

McCallum, H. and A. Dobson. 1995. Detecting disease and parasite threats to endangered species and ecosystems. Trends in Ecology & Evolution 10:190-194.

McCallum, H. and A. Dobson. 2002. Disease, habitat fragmentation and conservation. Proceedings of the Royal Society B: Biological Sciences 269:2041-2049.

McCauley, D. E. 1989. Extinction, Colonization, and Population Structure: A Study of a Milkweed Beetle. The American Naturalist 134:365-376.

Mendez, V. E., S. R. Gliessman, and G. S. Gilbert. 2007. Tree biodiversity in farmer cooperatives of a shade coffee landscape in western El Salvador. Agriculture Ecosystems & Environment 119:145-159.

Moguel, P. and V. M. Toledo. 1999. Biodiversity Conservation in Traditional Coffee Systems of Mexico. Conservation Biology 13:11-21.

Møller, A. P. 1990. Effects of Parasitism by a Haematophagous Mite on Reproduction in the Barn Swallow. Ecology 71:2345-2357.

Møller, A. P. 1993. Ectoparasites Increase the Cost of Reproduction in their Hosts. The Journal of Animal Ecology 62:309-322.

Moyer, B. R., D. M. Drown, and D. H. Clayton. 2002. Low humidity reduces ectoparasite pressure: implications for host life history evolution. Oikos 97:223-228.

Opdam, P. 1991. Metapopulation theory and habitat fragmentation: a review of holarctic breeding bird studies. Landscape Ecology 5:93-106.

Perfecto, I., A. Mas, T. Dietsch, and J. Vandermeer. 2003. Conservation of biodiversity in coffee agroecosystems: a tri-taxa comparison in southern Mexico. Biodiversity and Conservation 12:1239-1252.

Perfecto, I., R. A. Rice, R. Greenberg, and M. E. van der Voort. 1996. Shade Coffee: A Disappearing Refuge for Biodiversity. BioScience 46:598-608.

Perfecto, I. and J. Vandermeer. 2002. Quality of Agroecological Matrix in a Tropical Montane Landscape: Ants in Coffee Plantations in Southern Mexico. Conservation Biology 16:174-182.

Perfecto, I., J. H. Vandermeer, G. L. Bautista, pez, Nu, G. I. ez, R. Greenberg, P. Bichier, and S. Langridge. 2004. Greater predation in shaded coffee farms: the role of resident neotropical birds. Ecology 85:2677-2681.

Petit, L. J. and D. R. Petit. 2003. Evaluating the Importance of Human-Modified Lands for Neotropical Bird Conservation. Conservation Biology 17:687-694.

Philpott, S. M., P. Bichier, R. Rice, and R. Greenberg. 2007. Field-testing ecological and economic benefits of coffee certification programs. Conservation Biology 21:975-985.

Proctor, H. and I. Owens. 2000. Mites and birds: diversity, parasitism and coevolution. Trends in Ecology & Evolution 15:358-364.

Pulliam, H. R. 1988. Sources, Sinks, and Population Regulation. The American Naturalist 132:652-661.

Rice, R. and J. Ward. 1996. Coffee, conservation, and commerce in the Western Hemisphere. Smithsonian Migratory Bird Center, Washington, D.C.

Roberts, F. S. 1976. Discrete mathematical models with applications to social, biological, and environmental problems. Prentice Hall, Englewood Cliffs, NJ.

Rózsa, L., J. Reiczigel, and G. Majoros. 2000. Quantifying parasites in samples of hosts. Journal of Parasitology 86:228-232.

Sabelis, M., O. Diekmann, and V. Jansen. 1991. Metapopulation persistance despite local extinction: Predator-prey patch models of the Lotka-Volterra type. Biological Journal of the Linnean Society 42:267-283.

Sanchez, S., J. Javier Cuervo, and E. Moreno. 2007. Does habitat structure affect body condition of nestlings? A case study with woodland Great Tits Parus major. Acta Ornithologica 42:200-204.

Saumier, M. D., M.E. Rau, and D.M. Bird. 1991. Behavioral changes in breeding American Kestrels infected with Trichinella pseudospiralis. Pages 290-213 in M. Z. J.E. Loye, editor. Bird-parasite interactions: Ecology, evolution, and behaviour. Oxford University Press, Oxford.

Scott, M. E. 1988. The Impact of Infection and Disease on Animal Populations: Implications for Conservation Biology. Conservation Biology 2:40-56.

Soule, M. E. 1991. Conservation: Tactics for a Constant Crisis. Science 253:744-750.

Spalding, M. G. and D. J. Forrester. 1993. Disease monitoring of free-ranging and released wildlife. Journal of Zoo and Wildlife Medicine 24:271-280.

Sturkie, P. D. and P. Griminger. 1986. Body Fluids: blood. Pages 102-129 in P. D. Sturkie, editor. Avian Physiology. Springer, New York.

Suorsa, P., H. Helle, V. Koivunen, E. Huhta, A. Nikula, and H. Hakkarainen. 2004. Effects of forest patch size on physiological stress and immunocompetence in an area-sensitive passerine, the Eurasian treecreeper (Certhia familiaris): an experiment. Proceedings of the Royal Society B: Biological Sciences 271:435-440.

Taylor, A. D. 1990. Metapopulations, Dispersal, and Predator-Prey Dynamics: An Overview. Ecology 71:429-433.

Taylor, C. L. 2008. Foraging Behavior of Two Forest Birds in a Coffee Agroecosystem in Mexico: An Indication of Habitat Quality? University of Michigan, Ann Arbor, MI.

Tejeda-Cruz, C. and W. J. Sutherland. 2004. Bird responses to shade coffee production. Animal Conservation 7:169-179.

Timschl, W. 1984. Influence of landscape on the spread of an infection. Bulletin of Mathematical Biology 46:869-877.

Tinbergen, J. M. and M. C. Boerlijst. 1990. Nestling Weight and Survival in Individual Great Tits (Parus major). The Journal of Animal Ecology 59:1113-1127.

Van Riper III, C., S. G. Van Riper, M. L. Goff, and M. Laird. 1986. The Epizootiology and Ecological Significance of Malaria in Hawaiian Land Birds. Ecological Monographs 56:327-344.

Vandermeer, J. 1995. The Ecological Basis of Alternative Agriculture. Annual Review of Ecology and Systematics 26:201-224.

Vandermeer, J. and R. Carvajal. 2001. Metapopulation Dynamics and the Quality of the Matrix. The American Naturalist 158:211-220.

Vandermeer, J. and I. Perfecto. 1997. Editorial: The Agroecosystem: A Need for the Conservation Biologist's Lens. Conservation Biology 11:591-592.

Vandermeer, J. and I. Perfecto. 2007. The Agricultural Matrix and a Future Paradigm for Conservation. Conservation Biology 21:274-277.

Whiteman, N. K. and P. G. Parker. 2004. Body condition and parasite load predict territory ownership in the Galapagos Hawk. The Condor 106:915-921.

Wilby, A. and M. B. Thomas. 2002. Natural enemy diversity and pest control: patterns of pest emergence with agricultural intensification. Ecology Letters 5:353-360.

Wilcove, D. S., D. Rothstein, J. Dubow, A. Phillips, and E. Losos. 1998. Quantifying Threats to Imperiled Species in the United States. BioScience 48:607-615.

Witter, M. S. and I. C. Cuthill. 1993. The Ecological Costs of Avian Fat Storage. Philosophical Transactions: Biological Sciences 340:73-92.

Wolf, M. and G. O. Batzli. 2001. Increased prevalence of bot flies (Cuterebra fontinella) on white-footed mice (Peromyscus leucopus) near forest edges. Canadian Journal of Zoology 79:106-109.

Wright, A. and M. Gompper. 2005. Altered parasite assemblages in raccoons in response to manipulated resource availability. Oecologia 144:148-156.

Yorinks, N. and C. T. Atkinson. 2000. Effects of malaria on activity budgets of experimentally infected juvenile apapane (Himatione sanguinea). The Auk 117:731-738.



Chapter 3
Agricultural management and avian ectoparasites: parasite pressure along the coffee agricultural intensification gradient in Chiapas, Mexico

Abstract
Coffee accounts for a large part of agricultural land in Latin America, and shaded coffee agroecosystems have been recognized as potential refuges of biodiversity. Bird populations in particular have been shown to increase in diversity and abundance in less intensified coffee agroecosystems. Though pathogens and parasites are a major force behind population dynamics of wild populations, the parasite loads of bird hosts in coffee agroecosystems have only been the topic of one former study, which found higher chigger mite prevalence in a more intensified coffee habitat. This study investigates the relationship between coffee management and avian ectoparasite load to better understand the extent to which agricultural management influences parasitism and body condition of birds inhabiting coffee systems. During the rainy season of 2006 (May to July) passerine birds were captured by mist-netting in four habitats of a coffee agroecosystem in the Soconusco Region of Chiapas, Mexico. The habitats represented four different levels of the agricultural intensification gradient. Three indices of body condition were recorded for captured birds: subcutaneous fat score, weight-to-wing ratio, and hematocrit. Avian ectoparasites were sampled using standard feather dusting methodology.
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Results indicate that agricultural management does affect parasite load, but that this relationship may depend on host-parasite interactions, sex, age and/or behavioral trait of the bird host. Higher lice prevalence (proportion of the population with at least one parasite on a given host) was found among bird hosts in the most intensified system, while higher mite prevalence was found in the least intensified system. Patterns in prevalence across the habitats were also different for reproductive male and female birds late in the breeding season. Reproductive females exhibited a higher prevalence of lice in the shaded monoculture than in the commercial polyculture. Reproductive males had higher mite prevalence in the shaded monoculture than the commercial polyculture. For all birds, parasite intensity (number of parasites on a given host) was highest in the most intensified system, but showed no difference among other habitats, suggesting a threshold response to intensification. Adult birds showed no changes in body condition across the habitats, but hatchyear birds had significantly lower body condition in the forest fragment. Finally, different body condition indices exhibit opposing overall patterns of lice load intensity. In summary, this study shows that agricultural management influences parasite loads of resident bird populations, which in turn influences body condition. This indirect effect of agricultural management on the fitness of avian populations could have important implications for bird conservation across heterogeneous agricultural landscapes.  

Introduction
The reconciliation of coffee production and biodiversity conservation has long been the topic of a large body of research 
 ADDIN EN.CITE 
(Perfecto et al. 1996, Moguel and Toledo 1999, Armbrecht and Perfecto 2003)
. Daily et al. (2001) and Vandermeer and Perfecto (2007) emphasize the importance of biodiversity conservation at the landscape level, including both forest fragments and the surrounding agricultural matrix. This may be accomplished through management of agroecosystems that intentionally promote biodiversity and that facilitates the migration of organisms between patches of natural habitat 
 ADDIN EN.CITE 
(Halladay and Gilmour 1995, Collins and Qualset 1999, Mendez et al. 2007, Vandermeer and Perfecto 2007)
. 

One of the most widely documented examples of the effect of coffee management and its effect on biodiversity is that of wild bird populations. Both resident and migrating birds benefit from coffee agroecosystems that are managed to provide avian habitats 
 ADDIN EN.CITE 
(Greenberg 1997, Greenberg et al. 1997, Luck and Daily 2003, Perfecto et al. 2004)
. Characteristics of particular importance for encouraging bird diversity include increased canopy cover with diverse tree species (Greenberg 1997) , diverse vegetation structure (Perfecto et. al. 1996), availability of certain tree species (Luck and Daily 2003) and more abundant nesting sites (Cruz-Angon and Greenberg 2005). Investigations of bird species within coffee systems have examined habitat use 
 ADDIN EN.CITE 
(Greenberg 1997, Greenberg et al. 1997, Hughes et al. 2002)
, foraging behavior 
 ADDIN EN.CITE 
(Jones et al. 2000, Tejeda-Cruz and Sutherland 2004, Cruz-Angon and Greenberg 2005, Dietsch 2008)
, reproductive success (Cohen and Lindell 2004), species richness across a management intensification gradient (Petit and Petit 2003) and the role of birds as biocontrol agents 
 ADDIN EN.CITE 
(Greenberg et al. 2000, Perfecto et al. 2004)
. 

Despite this prolific body of literature, very few studies have attempted to explore the role of parasitism of birds within coffee agroecosystems 
 ADDIN EN.CITE 
(Greenberg et al. 2000, Lindell et al. 2002, Dietsch 2005a)
. Ectoparasites of birds such as mites and lice reduce the long-term fitness of their avian hosts directly by increasing costs of reproduction by decreasing brood size, body mass of fledglings, and  increasing incubation time (Møller 1993). Ectoparasites may also impact reproductive success by reducing survivorship of young (Møller 1990, Brown et al. 1995). Feather-feeding ectoparasites may indirectly effect host ability to thermoregulate by reducing feather mass (Booth et al. 1993).

Presence of parasites may also have negative effects on parent-offspring interactions (Saumier 1991). Many ectoparasites reproduce at the same time as their hosts, thereby increasing opportunities for successful transmission to new hosts (Foster 1969). Some nymphs of blood-feeding mites and ticks live in the nest itself, traveling to nestling or adult bird hosts for bloodmeals (Proctor and Owens 2000). This host-parasite relationship makes both juvenile and adults providing parental care particularly vulnerable to infestation, which may in turn lower their overall fitness (Christe et al. 2002). Adults rearing nestlings heavily infested with blood-sucking ectoparasites may also increase their frequency of feeding to counter any energy deficit the young experience (Hurtrez-Boussès 1996). Maintenance of optimal body condition is very important for young birds, because as nestlings begin to fledge, their condition influences their probability of survival (Tinbergen and Boerlijst 1990). 

Parasites similarly influence bird host fitness during nesting. Saumier et al. (1991) found that American Kestrel (Falco sparverius) adults with parasitemia changed their incubation time and parental care behavior. Likewise, the study also showed that uninfected adults altered their parental care toward infected offspring (Saumier 1991). Fledglings infected with blood-borne parasites may also decrease in body mass and/or develop anemia, which decreases available oxygen in the blood, and in turn may hinder their ability to sustain activity during foraging or escape from predators 
 ADDIN EN.CITE 
(Clark 1991, Hurtrez-Boussès et al. 1997, Yorinks and Atkinson 2000)
. During a study in which Hawaiian Apapane (Himatione sanguinea) juveniles were experimentally infected with avian malaria (Plasmodium relictum), the parasitemia induced a period of almost complete inactivity in all hosts (Yorinks and Atkinson 2000). The authors conclude that in the wild, this behavioral effect of infection would increase a host’s vulnerability to predation and decrease its ability to compete for food resources with non-infected hosts. For that reason, preinfection body mass and fat reserves may be crucial in determining an individual’s probability of surviving acute parasitemia (Yorinks and Atkinson 2000).

Environmental conditions like resource availability and climatic conditions may play an important role in determining the extent to which parasites influence their hosts (Hurtrez-Boussès et al. 1997, Yorinks and Atkinson 2000). Suboptimal environmental conditions for bird hosts may lead to increased parasite loads and decreased reproductive success 
 ADDIN EN.CITE 
(de Lope 1993, Latta 2003, Whiteman and Parker 2004)
.  For example, Latta (2003) found that scaley-leg mite (Knemidokoptes jamaicensis) infestations of two warbler species were higher in dry scrub habitats where birds roosted communally than in more humid pine habitats where those same host species did not roost communally. This difference may be attributable to the habitat conditions per se or host behavioral adaptations to those conditions. In fragmented habitats, if management practices limit bird populations to relatively small patches of suitable habitat such that population densities within these patches increase, host parasite loads may also increase. 

Within the agricultural matrix itself, there could be opposing effects of management on parasite loads. For example, coffee systems under more intensified management practices have scarcer resources for bird populations, as compared to less intensified, shaded systems (Tejeda-Cruz and Sutherland 2004, Taylor 2008). Because birds in habitats of low resource availability have been shown to have higher ectoparasite loads (Whiteman and Parker 2004), more intensified systems may increase host vulnerability to parasitism. On the other hand, the denser leaf litter and higher humidity in heavily shaded plantations (Lin 2007, in press), may also encourage populations of lice and mites (Moyer et al. 2002). This would suggest that although birds in the high-shade system may exhibit higher parasite loads, more prevalent resources in that habitat may counterbalance possible negative effects on body condition.

Investigating patterns of chigger mite (Acarina: Trombiculidae) infestations on birds foraging in two coffee management systems, Dietsch (2007) found that the level of host infestation was negatively correlated with the level of agricultural intensification. Still,  the two management systems used in this study are relatively similar on the intensification gradient (Moguel and Toledo 1999). The present study broadens the scope of that study by examining all ectoparasites across a greater breadth of the agricultural intensification gradient. 

This study investigates the relationship between coffee management and avian ectoparasite load in an attempt to better understand how management decisions influence parasitism and survivorship of birds inhabiting agroecological systems. Within this broad framework lie three research objectives. The first of these is to examine the extent to which agricultural management affects ectoparasite load on resident bird hosts. The second objective is to examine if and how agricultural management influences the body condition of birds. And the third objective is to determine whether that body condition is related to parasite load. The second and the third objectives are important in order to understand possible effects on bird survival.
Methods

Study Site


This study was conducted in four habitats of a coffee agroecosystem in the Soconusco Region of Chiapas, Mexico, near the town of Tapachula. The habitats in this study were chosen to reflect the coffee intensification gradient developed by Moguel and Toledo (1999). These four habitats are: shaded monoculture, commercial polyculture, traditional polyculture, and forest fragment. All sampling was conducted at 900-1200m in altitude. The shaded monoculture, Finca Hamburgo (15°10' N, 92° 19' W), is a 900 hectare low-shade, non-organic plantation. This habitat is a shaded coffee plantation, though it is intensively managed utilizing herbicides with sparsely distributed shade trees mostly in the genus Inga (Mas and Dietsch, 2003). The commercial polyculture, Finca Irlanda (15°10' N, 92° 20'W), is a 300 hectare certified shade-grown organic plantation that has a high diversity of shade tree species, although approximately 70 per cent of the trees are four species of Inga. and Alchornia obstusifolia. This farm is certified shade-grown by the Rain Forest Alliance. The traditional polyculture habitat is a 10 hectare plot located within the property of Finca Irlanda, though it represents a less-intensively managed system and with a higher diversity of native shade trees chosen by the plantation owner to reflect the local forest canopy. This area receives less pruning and management than the regular production areas on the farm and is certifies as bird-friendly by the Smithsonian Migratory Bird Center. The fourth habitat, forest fragment, is a 17 hectare relatively undisturbed humid forest fragment located in the valley between Finca Irlanda and Finca Hamburgo, and contains a high canopy of densely-packed, highly diverse trees.   

Mist Netting 

Birds were captured using passive mist netting during the rainy season between 24 May 2006 and 22 July 2006. Nets were open between the hours of 0600 to 1100 in three-day intervals in each of the three habitats, sampling the habitats in a rotation for the duration of the sampling period. Total netting effort amounted to 2044.5 net-hours in shaded monoculture, 1506.0 net-hours in commercial polyculture, 1617.0 net-hours in the traditional polyculture, and 1239.0 net-hours in the forest fragment. For each bird captured, standard morphological measurements, molting status, and mass were collected (Pyle, 1997). To identify recaptures, approximately 5mm of feather was clipped from the outer most right retrix. Recaptured birds were released at the net without further processing.

Body condition 

Body condition of captured birds was interpreted using three methods. The first of these was a standard fat score that ranks the amount of fat accumulated around the furcula (Blanchard 1941, McCabe 1943).  Second, a weight-to-wing ratio was calculated for each capture to compare bird weights among birds of different sizes (Dietsch 2005a). Finally, a small blood sample was taken from the brachial vein of the bird. No more than two microhematocrit tubes of 70 µL each were filled for each blood sample. The microhematocrit tubes were stored on ice in the field, and centrifuged at the end of each day using a microhematocrit centrifuge (LW Scientific ZIPOcrit) to obtain a hematocrit reading for each bird. Hematocrit readings can indicate infection and/or anemia 
 ADDIN EN.CITE 
(Sturkie and Griminger 1986, Hurtrez-Boussès et al. 1997, Christe et al. 2002)
 and because blood-sucking ectoparasites might lead to anemia (Chapman and George 1991) these readings offer body condition information for captured birds not indicated by fat scores and wing-to-mass ratio indices.
Ectoparasite Sampling
All captured birds were scored for chigger mite (Acarina: Trombiculidae) infestation using the rapid visual ranking protocol developed by Deitsch (2005). Non-anchoring ectoparasites such as lice and mites were sampled by dustruffling birds with Adams Flea and Tick Dust II containing 0.1% pyrethrin and 1.0% piperonyl butoxide. Pyrethrin is a natural insecticide and is harmless to birds (Walther and Clayton 1997). Approximately 2 grams of dust was distributed evenly through the bird’s plumage and the bird placed in a paper bag for 10 minutes (Lindell et. al., 2002). The bird was removed and gently ruffled over a collecting surface for approximately 1 minute. The collecting surface was red, easing identification and collection of both dark and light ectoparasites, and laminated for cleaning between dustruffling samples (Walther and Clayton, 1997). Contents of the bag were emptied onto the collecting surface and ectoparasites were put in vials containing 70% ethyl alcohol using tweezers and a jeweler’s magnifying visor. Samples of anchored ectoparasites such as chigger mites, feathers containing nits, or mites emerging from nares seen before dusting were removed from the bird, placed in a separate vial, and labeled as such. 


In the laboratory at the University of Michigan’s Museum of Zoology, vial contents were quantified and broadly categorized. Mite specimens were mounted on slides and identified by Dr. Barry OConnor. Lice specimens were identified by Dr. Jason Weckstein, at the Field Museum in Chicago, Illinois.
Statistical Analysis


Parasite prevalence, the proportion of individuals in the population with at least one ectoparasite, was compared across habitats using Fisher’s Exact Test Quantitative Parasitology 3.0). Parasite intensities, the number of parasites per individual bird host in a population, were also compared across habitats. Because parasite intensities across most populations are positively skewed, the median intensity is a more accurate reflection of a “typical” infestation (Rózsa et al. 2000). Comparisons of parasite intensity medians made using Mood’s median test (Quantitative Parasitology 3.0). Fat scores were ordinal data and hematocrit scores did not meet the normality assumption for parametric tests, and so these body condition indices were compared across habitats using Kruskal-Wallis nonparametric tests and pairwise comparisons were made using Mann-Whitney U nonparametric tests (SPSS v. 15.0). Weight-to-wing measurements did meet the parametric test assumptions, and so were compared using ANOVA (SPSS v. 15.0). 
Parasite prevalences and intensities were compared across birds with different levels of body condition. For parasite load comparisons across birds with different fat scores, Fisher’s exact test was used to compare prevalences, and Mood’s median test was used to compare intensities (Quantitative Parasitology 3.0). To compare parasite loads across birds with different weight-to-wing, ANOVA was used.  

Finally, body condition indexes and parasite intensities were compared using correlations. Fat score and parasite intensity were analyzed using Kendall’s tau-b correlation because of the ordinal nature of fat score data (SPSS v. 15.0). Weight-to-wing ratio and intensity was analyzed using Pearson’s correlation (SPSS v. 15.0).

Results

A total of 208 passerine birds from 40 species were mistnetted over 6406.5 total mist net hours during the summer of 2006. Table 1 presents the number of bird captures and net hours in each habitat. Table 2 presents a list of the bird species captured and the frequency of captures in each of the four habitats. Rarified curves of the observed bird species per individual in the four habitats were not significantly different (Fig. 1). 
Parasite Prevalence


Birds in the forest fragment had a higher prevalence of lice than the other habitats, among all captured birds (Fig. 2a), though this difference was not significant (Fisher’s exact test, two-tailed p<  0.0513). Prevalence of mites in all birds was significantly different between habitats, with 13.0% of birds in the forest fragment, 32.0% in traditional polyculture, 22.2% in the commercial polyculture and 52.6% in the shaded monoculture having at least one mite (Fisher’s exact test, two-tailed, p=0.006).  Further exploring these differences with pairwise comparisons reveals that the commercial polyculture had a significantly higher prevalence of mites than both the forest fragment (p=0.007, Fisher’s exact test) and the shaded monoculture (p=0.005, Fisher’s exact test) (Fig. 2b).


Reproductive adults captured late in the breeding season (the second half of the field season) showed some differences across habitats. Among reproductive females, the shaded monoculture had significantly higher prevalence of lice than the commercial polyculture (p=0.002, Fisher’s exact test, Fig. 3a). Mite prevalence was not significantly different across habitats for reproductive females (Fig. 3b). Among reproductive males, mite prevalence was significantly higher in the shaded monoculture system than in the commercial polyculture system (0.032, Fisher’s exact test) but no significant differences were detected for lice prevalence (Fig. 4). Due to low sample sizes of reproductive males, lice prevalence comparisons exclude forest fragment data, and mite prevalence comparisons exclude both forest fragment and traditional polyculture.


Parasite Intensity



The frequency distributions of lice intensity (Fig. 5) and mite intensity (Fig. 6) for all birds was positively skewed, as is the case for most parasite distributions (Rózsa et al. 2000). For all captured birds, the difference in median lice intensity across all habitats was almost significant (Mood’s median test, p=0.054, Fig. 7a), though the shaded monoculture had a significantly higher median intensity than the traditional polyculture system (Mood’s median test, p=0.013). Mite intensity for all captured birds was not significantly different across habitats (Mood’s median test, p=0.249, Fig. 7b). 

Prevalence and intensity in common multi-habitat species


Clay-colored robins (Turdus greyi) were captured in all four habitats, though sample sizes of robins examined for parasites were low in forest (n=  2) and traditional polyculture (n= 2). Between the commercial polyculture and shaded monocultures, Clay-colored robins did not have different prevalence (Fisher’s exact test, p= 1.000) nor intensity (Mood’s median test p= 1.000,)  of lice across habitats. Likewise, Clay-colored robins did not have different prevalence (p= 0.335, Fisher’s exact test) nor intensity (Mood’s median test, p= 1.000) of mites. 

Red-legged honeycreepers (Cyanerpes cyaneus) were captured in all but the forest fragment. Though sample sizes were relatively low (forest (n= 12), traditional polyculture (n= 6), commercial polyculture (n= 9), and shaded monoculture (n= 9)), prevalence and intensity of parasites was compared for the three remaining habitats. Neither the prevalence of lice (p=1.000, Fisher’s exact test) nor mites (p=0.588, Fisher’s exact test) on Red-legged honeycreepers was significantly different across the habitats. Likewise, the intensity of lice (Mood’s median test, p= 0.674) and mites (Mood’s median test, p=1.000) also showed no significant differences across habitats. 

Body condition across habitats
For all birds (pooled data), fat scores of those captured in the forest fragment were significantly lower than those birds found in all other habitats (Kruskal Wallis x2= 16.915, p<0.001) (Fig 12). To control for age ratio differences across the habitats, this analysis was performed on two different age categories. For adult captures, no differences in fat scores emerged across the habitats (Kruskal Wallis x2= 4.066, p< 0.254) although the trend was the same as for the pooled data (Fig. 8a). Hatchyear birds, had significantly lower fat scores in the forest than in all agricultural habitats (traditional polyculture (Mann-Whitney U, Z=  -2.555, p< 0.011), commercial polyculture (Mann-Whitney U, Z=  -2.532, p< 0.011) and shaded monoculture (Mann-Whitney U, Z=  -3.533, p< 0.000), Fig. 8b) . 


Weight-to-wing ratios across the habitats were not significantly different for all birds (ANOVA F=1.224, p<0.302), though as above, while adult weight-to-wing ratios did not differ across habitats (ANOVA, F= 0.514, p<0.673, Fig. 9a), among hatchyear birds, those in the forest fragment had significantly smaller mean weight-to-wing ratios than in the shaded monoculture (ANOVA, F=4.417, p< 0.009, Fig. 9b). 

The third index of body condition was hematocrit, which is the proportion of blood cells to blood plasma. No differences were detected in hematocrit scores across the habitat types for all birds (Kruskal Wallis x2= 1.863, p< 0.601), adult birds (Kruskal Wallis x2= 0.809, p< 0.847) nor hatchyear birds (Kruskal Wallis x2= 2.479, p< 0.479).  

Parasite loads and body condition


Parasite load was compared across birds with different fat scores, regardless of habitat. Fisher’s exact test was used to compare the prevalence of parasites across bird hosts with different fat scores. No significant differences in prevalence were found, for lice (p= 0.396) nor mites (p=0.258). Lice intensity, on the other hand, was significantly different across bird hosts with different fat scores (Mood’s median test, p=0.030). Exploring this difference further with pairwise comparisons reveals that those birds with a fat score of 3 have a significantly lower intensity of lice than those birds with a fat score of 1 (Mood’s median test, p= 0.010) or fat score of 2 (Mood’s median test, p=0.020) (Fig. 10). 


Parasite intensities were also compared to body condition with correlations. Fat score was negatively correlated with lice intensity across all birds (tau-b (n=77) = -0.195, p< 0.032). When age groups are analyzed separately, hatchyear birds do not exhibit a significant correlation (tau-b (n=53)= 0.079, p< 0.757), however, fat score and lice intensity remain significantly negatively correlated among adult birds (tau-b (n=55)= -0.235, p< 0.031).  No correlation was found between fat score and mite intensity across all birds (tau-b (n=41) = -0.059, p< 0.635). 

Though lice intensity is negatively correlated with fat score, a positive correlation was found between weight-to-wing ratio and lice intensity among all birds (Pearson’s, r (n=74) = 0.422, p< 0.000, Fig. 11). As in the previous analysis, this correlation was not found among hatchyear birds (Pearson’s r(n=18) = 0.079, p< 757), but weight-to-wing ratios and lice intensity remained strongly positively correlated among adult birds (Pearson’s, r(n=52) = 0.451, p<0.001). No correlation was found between wing-to-weight ratio and mite intensity across all birds (Pearson’s r (n=40) = 0.005, p<0.977). 

Discussion

Though a few studies have explored avian parasites within coffee agroecosystems, 
 ADDIN EN.CITE 
(Lindell et al. 2002, Hernandez-Divers et al. 2006)
, to the best of my knowledge only one study has investigated the possible effects of coffee management intensification on ectoparasite loads of bird hosts (Dietsch 2008). Dietsch’s research showed that prevalence of chigger mites among bird hosts was higher in the less intensified coffee agroecosystem. Previous research has shown that environmental factors such as suboptimal habitat, (Whiteman and Parker 2004) habitat fragmentation 
 ADDIN EN.CITE 
(Opdam 1991, Gilbert and Stez 2001, Wolf and Batzli 2001)
, and high humidity (Moyer et al. 2002) can increase parasite loads of organisms. The present study investigates how environmental factors associated with agroecosystem management influence parasite loads of birds within coffee systems. The general hypothesis of this study was that although birds inhabiting more intensified coffee systems would have higher parasite loads than birds in less intensified systems, bird populations across the agricultural intensification gradient would exhibit similar body condition due to the relatively higher abundance of food resources in less intensified systems (Taylor 2008).

The results of this study suggest that the extent to which management influences parasite load may be more complex than the hypothesis assumes. A major force behind habitat loss and fragmentation in Latin America has been agriculture 
 ADDIN EN.CITE 
(Holl 1999, Daily et al. 2001, Geist and Lambin 2002)
. One of the most economically important agricultural products in this region is coffee. With an estimated 44% of agricultural land devoted to coffee production in northern Latin America (Rice and Ward 1996), management systems range from traditional, heavily shaded “rustic” plantations, to large unshaded monocultures (Moguel and Toledo 1999). Agricultural management may play an important role in determining parasite prevalence and intensity across bird populations inhabiting these systems, though parasite loads of diverse bird populations may also depend on other factors such as host specialization of parasite species 
 ADDIN EN.CITE 
(Christe et al. 2003, Balakrishnan and Sorenson 2007)
, presence of other parasites (Heeb et al. 2000) and host life history traits (Dietsch 2005a). 

The results of this study indicate that parasite prevalence changed with agricultural management, though the patterns of this change were different for the two parasite taxon, lice and mites. Lice prevalence across all birds was significantly different across the agricultural intensification gradient, and highest in the least intensified system, the forest fragment. Mite prevalence, on the other hand, was also significantly different across the habitats, but was highest in the most intensified system, shaded monoculture. This finding is contrary to the results of Dietsch (2008), where a higher prevalence of mites was found in the less intensified coffee system, though this work evaluated the presence of chigger mites (Acarina: Trombiculidae) while the present study was conducted during a time of low chigger mite abundance and therefore evaluated a large spectrum of feather mites. The mechanism underlying the different patterns found for lice and mite prevalence may be a factor of particular environmental conditions in the four habitats that either encourage or discourage the presence of these taxon (Sanchez et al. 2007).

In addition to differences in parasite prevalence relative to parasite taxon, prevalence across the habitats showed different patterns for male and female bird hosts. While more female birds had lice in the most intensified system, no patterns emerged for mite prevalence across the habitats. On the contrary, more male birds had mites in the most intensified system, but not patterns emerged for lice across habitats. Because the field season aligned with the bird breeding season, these results could indicate that sex-specific behavior during the breeding season may influence parasite prevalence across the habitats for the different host sexes. For example, because parasites time their own reproduction with that of their hosts and often utilize the nest as a medium for vertically transferring to young, female birds with more physical contact with offspring and nest material may exhibit higher parasite loads. On the contrary, if male birds are foraging for food to bring back to the nest and spending the majority of their time in the humid underbrush, they may contract more parasites that prefer that habitat. Sex-biased prevalence of ectoparasites has also been documented for bats and was attributed to behavioral and life-history trait differences between the sexes (Christe et al. 2007). 

The overall difference in lice intensity across the habitats was nearly significant, and the most intensified system had the highest mean intensity of lice. This pattern suggests that perhaps lice intensity in a given bird population does not respond to the quality of the habitat except in the most extreme cases. 

Body condition across the habitats also showed different patterns for different subgroups of birds. When comparing all birds, neither weight-to-wing nor hematocrit body indexes showed any differences across the habitats. Fat scores, however, were significantly lower in the forest fragment than the other habitats. Though no patterns emerged among adult birds, hatchyear birds had a significantly lower fat score and mean weight-to-wing ratio in the forest fragment than the other habitats. These results may be due to the small size of the forest patch (approximately 17 ha). In a study explicitly examining the effects of forest patch size on body condition and immunocompetence, Suorsa et al. (2004) found that although adult birds showed no differences in body condition across forest patches of different sizes, nestlings in smaller patches had lower body mass and fat scores. This finding suggests that for the present study, habitat size may contribute to the body condition differences found across the agricultural management systems. However, the traditional polyculture habitat was even smaller than the forest, measuring only 10 ha. We would assume that hatchyear birds in traditional polyculture would also have weight-to-wing ratios and fat scores significantly lower than those in commercial polyculture and shaded monoculture. Low sample sizes of hatchyear birds (forest: n=16, traditional polyculture: n=13, commercial polyculture n=5, shaded monoculture n=8) may veil the actual patterns of hatchyear bird body conditions across these habitats. 
 
Finally, correlating body condition against intensity of parasites revealed different patterns for different parasites and indexes of body condition. Though mite intensity showed no correlations with body condition, lice intensity was correlated with body condition both negatively and positively, depending on the index used. For the fat score index, birds with higher scores (better body condition) had fewer lice. On the other hand, for the weight-to-wing index, those birds with higher ratios (better body condition) had more lice. It is important to remember that the differences in these patterns may also be attributable to factors not explicitly measured here. For example, despite efforts to standardize fat scoring, between-observer measurements have been found to vary quite a bit (Krementz and Pendleton 1990). Comparing the fat scores of birds may require understanding the differential costs of higher fat reserves for those individuals, such as predation risk (Witter and Cuthill 1993). Higher fat scores may in fact be indicative of less predictable food resources as a means of insurance against food scarcity (Gosler 1987) but also may present a tradeoff between survival during scarce resources and risk of predation (Lima 1986). Utilizing this logic, higher fat score would perhaps indicate a less fit individual, and therefore increase vulnerability to lice infestation. Weight-to-wing ratios, on the other hand, may be more indicative of an individual’s long-term body condition in that it reflects muscle mass in addition to fat. Birds in better body condition may therefore be capable of tolerating a higher level of parasite load. 
Interestingly, although the overall trends that exist between the different body condition indices and lice load are different, both correlations exhibit a similar pattern relative to habitat. For any given level of body condition, birds captured in the most intensified agricultural system had higher lice intensity. This is perhaps most obvious in the weight-to-wing ratio index, where the majority of birds captured in the shaded monoculture have lice loads far above the mean regression line. These results suggest that birds living in more intensified agricultural systems are under greater pressure from lice parasites, regardless of their relative body condition.

Conclusion

This study examined the extent to which agricultural management influences the ectoparasite loads of birds. The results reveal that this relationship is perhaps more complicated than initially hypothesized. Parasite prevalence across management intensities may be influenced by host-parasite interactions, parasite specialization, and parental roles of adult birds during the breeding season. Parasite intensity was highest in the most intensified system, and so may only respond to high levels of habitat modification resulting from agriculture. Additionally, the body condition of hatchyear birds may be more sensitive to habitat conditions than adult birds, and though not explicitly examined here, this sensitivity may depend on the size of the habitat fragment. Finally, body condition and lice intensity were correlated for both fat score and weight-to-wing ratio indexes, though these correlations were opposite. However, regardless of index, for any given level of body condition birds in the most intensified system generally had higher lice loads than birds of other habitats. 

In summary, this study indicates a relationship between agricultural management and ectoparasite loads of birds. Like so many ecological relationships, this interaction is complex and influenced by a variety of factors. Given the possible negative effects of parasite load on avian fitness and the importance of agroecological systems as habitats for the conservation of bird species, this study shows an important need to clarify the relationship between agriculture and avian parasite loads. Future research of avian ectoparasites within agroecosystems should explore the relative influences of habitat fragment size, seasonal variation, and availability of foraging resources on parasite load of avian populations. 

[image: image7.emf]Late breeding season lice prevalences of 

reproductive male birds

0

10

20

30

40

50

60

70

80

90

100

Commercial polyculture Shaded monoculture

Habitat

Percent prevalence (%)


	Habitat
	Number of birds captured
	Net hours (h*m)
	Average capture rate (birds/net hour)

	Forest fragment
	47
	1239
	0.037934

	Traditional polyculture
	50
	1617
	0.030921

	Commercial polyculture
	67
	1506
	0.044489

	Shaded monoculture
	44
	2044.5
	0.021521
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	Captured bird species in four habitats of the coffee agroecosystem

	Bird species
	Habitat

	English name
	Latin name
	Forest fragment

	Traditional polyculture
	Commercial polyculture
	Shaded monoculture

	Black-crested Coquette                  
	Lophornis helenae                                 
	-
	1
	-
	-

	Black-headed Saltator                   
	Saltator atriceps                                 
	1
	-
	-
	-

	Blue-crowned Motmot                     
	Momotus momota                                    
	1
	-
	-
	-

	Blue-tailed Hummingbird                 
	Amazilia cyanura                                  
	3
	8
	8
	-

	Cinnamon Hummingbird                    
	Amazilia rutila                                   
	-
	-
	1
	-

	Clay-colored Robin                      
	Turdus grayi                                      
	1
	6
	9
	12

	Dusky Flycatcher                        
	Empidonax oberholseri                             
	-
	-
	1
	-

	Dusky-capped Flycatcher                 
	Myiarchus tuberculifer                            
	-
	-
	1
	1

	Gray-breasted Wood-Wren                 
	Henicorhina leucophrys                            
	1
	-
	-
	1

	Great Kiskadee                          
	Pitangus sulphuratus                              
	-
	2
	-
	-

	Lesser Greenlet                         
	Hylophilus decurtatus                             
	-
	-
	1
	-

	Long-tailed Manakin                     
	Chiroxiphia linearis                              
	3
	-
	-
	-

	Ochre-bellied Flycatcher                
	Mionectes oleagineus                              
	19
	1
	1
	1

	Orange-billed Nightingale-Thrush        
	Catharus aurantiirostris                          
	1
	-
	-
	1

	Plain Wren                              
	Thryothorus modestus                              
	-
	-
	1
	1

	Prevost's Ground-Sparrow                
	Melozone biarcuata                                
	-
	-
	2
	1

	Red-crowned Ant-Tanager                 
	Habia rubica                                      
	2
	-
	-
	-

	Red-legged Honeycreeper                 
	Cyanerpes cyaneus                                 
	-
	7
	10
	9

	Rufous Sabrewing                        
	Campylopterus rufus                               
	3
	-
	2
	-

	Rufous-and-white Wren                   
	Thryothorus rufalbus                              
	-
	1
	-
	-

	Rufous-breasted Spinetail               
	Synallaxis erythrothorax                          
	-
	-
	1
	-

	Rufous-browed Wren                      
	Troglodytes rufociliatus                          
	-
	2
	-
	-

	Rufous-capped Warbler                   
	Basileuterus rufifrons                            
	-
	1
	4
	2

	Southern House Wren                     
	Troglodytes a. musculus                           
	-
	2
	2
	4

	Spot-breasted Wren                      
	Thryothorus maculipectus                          
	-
	-
	2
	1

	Streak-headed Woodcreeper               
	Lepidocolaptes souleyetii                         
	-
	-
	1
	-

	Unknown
	Unknown
	-
	5
	-
	1

	Violet Sabrewing                        
	Campylopterus hemileucurus                        
	7
	-
	1
	-

	Western Flycatcher                      
	Empidonax difficilis/occid.                       
	-
	-
	1
	-

	White-breasted Wood-Wren                
	Henicorhina leucosticta                           
	1
	-
	2
	-

	White-collared Seedeater                
	Sporophila torqueola                              
	-
	2
	1
	2

	White-throated Flycatcher               
	Empidonax albigularis                             
	-
	1
	-
	-

	White-throated Robin                    
	Turdus assimilis                                  
	2
	-
	-
	-

	White-tipped Dove                       
	Leptotila verreauxi                               
	1
	-
	-
	-

	White-winged Tanager                    
	Piranga leucoptera                                
	-
	-
	-
	2

	Yellow-billed Cacique                   
	Amblycercus holosericeus                          
	1
	-
	-
	-

	Yellow-green Vireo                      
	Vireo flavoviridis                                
	-
	8
	14
	4

	Yellow-olive Flycatcher                 
	Tolmomyias sulphurescens                          
	-
	1
	-
	-

	Yellow-winged Tanager                   
	Thraupis abbas                                    
	-
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Chapter 4
Conclusion


Tropical landscapes are increasingly fragmented due to the establishment of agricultural lands 
 ADDIN EN.CITE 
(Holl 1999, Daily et al. 2001, Geist and Lambin 2002)
. The diversity of impacts of habitat fragmentation on wild population dynamics has sparked interest and concern among disease ecologists, conservation biologists and agroecologists. Though these fields of study may focus on similar landscape-level questions, their theoretical approaches range form classical metapopulation theory (Levins 1969) to island biogeography theory (MacArther and Wilson 1967) or approached that have evolved from these classic models to include matrix quality 
 ADDIN EN.CITE 
(Vandermeer and Carvajal 2001, Perfecto and Vandermeer 2002, Vandermeer and Perfecto 2007)
. Perhaps because these disciplines utilize diverse approaches to similar ecological questions across heterogeneous and fragmented landscapes, they present the opportunity for a more holistic understanding of pathogen and parasite dynamics across fragmented landscapes dominated by agriculturally managed systems.  


A large part of neotropical agricultural land is dedicated to the production of coffee (Rice and Ward 1996), and a large body of literature exists that details the importance of coffee management practices on bird populations 
 ADDIN EN.CITE 
(Perfecto et al. 1996, Greenberg 1997, Greenberg et al. 2000, Perfecto et al. 2003, Petit and Petit 2003, Perfecto et al. 2004, Tejeda-Cruz and Sutherland 2004, Philpott et al. 2007)
 making bird populations a fitting subject organism to empirically investigate the connections that may exist between parasite ecology and agricultural management. These studies underscore the importance of habitat characteristics that encourage bird populations such as increased canopy cover with diverse tree species (Greenberg 1997) , diverse vegetation structure (Perfecto et. al. 1996), availability of certain tree species (Luck and Daily 2003) and more abundant nesting sites (Cruz-Angon and Greenberg 2005). Still, only one known study has explicitly investigated the role of coffee agroecosystem management on avian parasites (Dietsch 2008). 

Parasites can have extensive negative impacts on their bird hosts including increasing reproductive costs (Møller 1993), decreasing survivorship (Møller 1990, Brown et al. 1995) and inducing anemia 
 ADDIN EN.CITE 
(Clark 1991, Hurtrez-Boussès et al. 1997, Yorinks and Atkinson 2000)
. Environmental conditions such as suboptimal habitat (Whiteman and Parker 2004) and humidity 
 ADDIN EN.CITE 
(Heeb et al. 2000, Moyer et al. 2002)
 have been shown to increase ectoparasite loads on bird hosts. Within the context of agricultural matrix, these findings could have important implications for the overall fitness of bird populations.

Additionally, there could be opposing effects of management on parasite loads. For example, coffee systems under more intensified management practices have scarcer resources for bird populations, as compared to less intensified, shaded systems (Tejeda-Cruz and Sutherland 2004, Taylor 2008). Because birds in habitats of low resource availability have been shown to have higher ectoparasite loads (Whiteman and Parker 2004), more intensified systems may increase host vulnerability to parasitism. On the other hand, the denser leaf litter and higher humidity in heavily shaded plantations (Lin 2007, in press), may also encourage populations of lice and mites (Moyer et al. 2002). This would suggest that although birds in the high-shade system may exhibit higher parasite loads, more prevalent resources in that habitat may counterbalance possible negative effects on body condition.

In this research, I have explored the connections between disease ecology, conservation biology and agroecology in two ways. First, I reviewed the theoretical trajectories of these fields as they relate to the transmission of parasites and pathogens across fragmented landscapes. Secondly, I empirically investigated the influence of agricultural management on the ectoparasite loads of birds within a coffee agroecosystem. Specifically, I compared ectoparasite loads and host body conditions across four habitats that represented the coffee management intensification gradient (Moguel and Toledo 1999). The results of this research indicate that agricultural management does in fact influence ectoparasite loads of birds. However, these results also suggest that the relationship between agricultural management and parasite load is complex and may be influenced by factors such as parasite taxon and life-history traits, host behavior, sex, and age. 

The conclusions of the second chapter of this thesis confirm the conclusions of the first. Empirically, I have shown that agricultural management does influence the parasite loads and body condition of birds within the agroecological matrix. The underlying mechanisms that drive this relationship, however, remain undefined in their complexity. Therefore to more thoroughly understand the ecological dynamics that occur at this interface of disease ecology, conservation biology, and agroecology, further research should integrate the different theoretical approaches traditionally reserved for those disciplines.  
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Tables





Table 1. Number of bird captures and net hours (h*m) in each of the four habitats during the months 


of May-July, 2006 





Table 2. Frequency of bird species captures in each of the four habitats during the months of May through July, 2006.





Fig. 1. Rarefaction curves for birds captured in each of the four habitats.  
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Fig. 2. Lice (a) and mite (b) prevalences for all birds across the four habitats





Mite prevalences of reproductive female birds late in the breeding season
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Fig. 3. Late in the breeding season, a significantly greater proportion of reproductive females in the shaded monoculture had lice (a) than in the commercial polyculture (p=0.002, Fisher’s exact test), though there were no differences across the habitats in prevalence of mites (b) on reproductive female birds. 
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Mite prevalences of reproductive male birds late in the breeding season
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Lice prevalences of reproductive male birds late in the breeding season
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Fig. 4. Late in the breeding season, there were no differences across the habitats in lice prevalence (a) on reproductive male birds, though mite prevalence (b) was significantly higher in the shaded monoculture system than in the commercial polyculture system (0.032, Fisher’s exact test)
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Fig. 5. Lice intensity frequency distributions for all birds across the habitats. Like most parasite distributions across a host population, these distributions are positively skewed.
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Fig. 6. Mite intensity frequency distributions for all birds across the habitats. Like most parasite distributions across a host population, these distributions are positively skewed.
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Fig.7 Lice intensity (a) was nearly significantly different across the habitats (p=0.054, Mood’s median test) and the shaded monoculture had a significantly higher median intensity than in traditional polyculture (Mood’s median’s test, p=0.013). Mite intensity (b) was not significantly different across the habitats.
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Fig 8. Median fat score comparisons for age classes of birds. Adult birds (a) showed no significant differences (Kruskal Wallis x2= 4.066, p< 0.254). Hatchyear birds (b) had significantly lower fat scores in the forest than in traditional polyculture (Mann-Whitney U, Z=  -2.555, p< 0.011), commercial polyculture (Mann-Whitney U, Z=  -2.532, p< 0.011) and shaded monoculture (Mann-Whitney U, Z=  -3.533, p< 0.000). 
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Fig. 9. Mean weight-to-wing ratio comparisons for age classes. Adult bird ratios did not differ across habitats (ANOVA, F= 0.514, p<0.673). For hatchyear birds, those in the forest fragment had significantly smaller mean weight-to-wing ratios than in the shaded monoculture (ANOVA, F=4.417, p< 0.009). 
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Fig. 10. Median intensity of lice was significantly different across bird hosts with different fat scores (Mood’s median test, p= 0.030). Birds with a fat score of 3 had significantly lower intensity of lice than those birds with a fat score of 1 (Mood’s median test, p=0.010) or fat score of 2 (Mood’s median test, p=0.020). 








Body condition v. lice intensity





Fig. 11. Weight-to-wing ratio was positively correlated with lice intensity among all birds (Pearson’s, r (n=74) = 0.422, p< 0.000).
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