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ABSTRACT 

BIRD COMMUNITIES IN SUN AND SHADE COFFEE FARMS IN KENYA 
 

Chris Smith 

Agricultural expansion to meet rising demands for crops is one of the greatest 

threats to terrestrial biodiversity.  Coffee, one of the most valuable trade items in tropical 

countries, provides economic livelihood and habitat for wildlife, especially when it is 

grown under a canopy of shade trees.  In the Neotropics, birds are well studied in coffee, 

where they usually are more abundant and diverse in shaded farms.  However, large 

differences in abundance between nearby study locations suggest these differences are 

regionally specific.  Few studies have been done in coffee in Africa, which comprises 

20% of the world’s area of coffee cultivation.  I studied differences in the bird 

communities between sun and shade coffee in central Kenya, and examined effects of 

vegetation and landscape on bird abundance and diversity.  Sun coffee had higher species 

richness and abundance of all major guilds (omnivores, insectivores, and granivores), and 

showed low community similarity to shade.  Unlike findings from the Neotropics, canopy 

cover appeared to have a negative influence on all guilds, while understory volume of 

weeds increased bird abundance and species richness with a similar magnitude as canopy 

cover.  Forest fragment size, distance from fragment edges, and proportions of landscape 

cover at a 250 m scale did not strongly affect bird communities in sun coffee.  These 
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differences highlight the need for further studies of the effects of coffee cultivation on 

bird abundance and diversity in Africa. 
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 INTRODUCTION  

Along with climate change, agriculture is one of the greatest threats to 

biodiversity (Foley et al. 2005, 2011, Gotelli and Ellison 2013), especially in the tropics, 

where it is the leading cause of deforestation (Geist and Lambin 2002).  Agriculture, 

including cropland and permanent pasture, currently occupies about 40% of the earth’s 

land surface (Foley et al. 2005, 2011, Ramankutty et al. 2008) and production is expected 

to increase by 70% worldwide between 2005 and 2050 (FAO 2009).  Finding strategies 

that minimize the loss of biodiversity while maximizing agricultural yield is clearly one 

of the most pressing needs for conservation (Fischer et al. 2008).  

Of the many agricultural crops grown in the tropics, coffee (Coffea sp.) is one of 

the most valuable legally traded commodities for developing countries (O’brien and 

Kinnaird 2003, Donald 2004).  Cultivated on 10 million hectares worldwide (FAO 2012), 

typically in forested tropical regions with high biodiversity, coffee significantly impacts 

global biodiversity (Mittermeier et al. 1998, Moguel and Toledo 1999, Donald 2004).  

Coffee is a shade-loving crop traditionally grown under a canopy of shade trees (Donald 

2004).  However, coffee is increasingly grown in full sunlight because yields can be 

increased when cultivation is combined with fertilizers and pesticides (Donald 2004).  In 

Mexico, Colombia, the Caribbean, and Central America 1.1 million of 2.5 million ha of 

shade coffee were converted to sun coffee in the early 1990’s alone (Rice and Ward 

1996).  Due to the rapid expansion of sun coffee and its potential influence on tropical 
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biodiversity, understanding the impacts of sun and shade management strategies on 

diversity is extremely important. 

Many studies have compared bird diversity (defined here as species richness and 

eveness) and abundance in shade and sun coffee habitats.  Bird communities frequently 

show higher species richness or total abundance in shade coffee than sun coffee, 

especially as cultivation intensifies (Wunderle and Latta 1996, Greenberg et al. 1997a, 

Gonzalez 1999, Petit and Petit 2003, Gordon et al. 2007, Philpott et al. 2008).  However, 

multiple habitat features influence species richness, and coffee farms exhibit a range of 

variation in vegetation characteristics, making comparisons between sun and shade 

inconsistent and region-specific.  For example, small differences in bird species richness 

and abundance exist between shade and sun coffee farms in Guatemala and Mexico 

(Greenberg et al. 1997b, Mas and Deitsch 2004).  Across 12 studies in Latin America, 

bird species richness increased with greater habitat complexity, especially higher tree 

richness, tree density, canopy height, canopy cover, and canopy depth (Philpott et al. 

2008).  Structural diversity also increases total abundance and species richness on coffee 

farms (Wunderle and Latta 1996, Greenburg 1997 et al. a, b, Calvo and Blake 1998).  

However, in India, increasing shade cover of Silver Oak (Grevillea robusta), an 

Australian tree widely used for shade in Africa, India, and Central America (Rao 1961, 

Baggio et al.1997) was associated with lower bird abundance and richness in coffee 

(Anand et al. 2008, Rao 2011).  . 

Furthermore, the simple label “shade coffee” belies potential variation in 

vegetation complexity that can affect bird diversity among shaded farms (Calvo and 
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Blake 1998, Moguel and Toledo 1999, Philpott et al. 2008).  Moguel and Toledo (1999) 

described a classification system (as modified by Philpott et al. 2008) that categorizes the 

variation of shade coffee farms from “rustic coffee,” with >90% canopy cover of native 

tree overstory, to “shaded monoculture coffee” with complete clearing of native forests 

and <30% cover of introduced shade trees.  Bird species richness is often lower in shaded 

monoculture coffee compared to traditional polyculture farms, where multiple crops are 

grown among native trees (Calvo and Blake 1998, Perfecto et al. 2003, Gordon et al. 

2007, Anand et al. 2008).  Additionally, even within shade coffee farms dominated by the 

same shade tree, significant differences in species richness between two provinces in 

Mexico and nearby Guatemala suggest regionally-specific variation (Greenburg et al. 

1997a, b, Perfecto et al. 2003, Tejeda-Cruz et al. 2004). 

Factors other than vegetation can also influence bird abundance and species 

richness.  Landscape-scale factors are important across a wide variety of agroforestry 

systems (Hill and Hamer 2004, Gordon et al. 2007).   In some coffee systems, landscape-

scale factors such as proximity to large forest fragments best predict species richness or 

abundance (Raman 2006, Anand et al. 2008).  In other cases, however, fragmentation 

appears to have little effect on bird use of shade coffee (e.g., Wunderle and Latta 2000).  

Many mixed forest-agriculture landscapes also show that bird abundance is influenced 

by the proportion of landcover types at broad scales (Mazerolle and Villard 1999).  

Although bird diversity and abundance in coffee is well studied in the Neotropics 

and India (Donald 2004, Raman 2006, Komar 2006, Anand et al. 2008, Philpott et al. 

2008), there are only a few published papers on species richness and abundance of birds 
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on coffee farms in Africa (Gove et al. 2008, Buechley et al. in press).  Despite this lack of 

research, approximately 20% of the 10 million hectares of the world’s coffee in 2012 was 

grown in Africa (FAO 2012).  With such varying and regionally-specific influences of 

habitat variables on bird communities, the patterns of diversity and abundance in sun and 

shade coffee observed in the Neotropics may not apply to coffee systems in Africa. Bird 

communities in African coffee might also be expected to differ from those in Neotropical 

coffee based solely on the different pool of species in each region (Handbook of Birds of 

the World Alive 2014).  The composition of these different pools of species, such as 

numbers of migrants and proportional representation of dietary guilds, could also lead to 

differences in total abundance and species richness in sun and shade coffee.  Little to no 

information exists regarding best management practices to maximize bird biodiversity in 

Africa on coffee farms.  Shade coffee certification programs that help farmers sell coffee 

for higher prices also need this information in order to make informed decisions and 

definitions about “bird friendly” coffee.   

In East Africa, evidence suggests that vegetation characteristics contribute 

substantially to bird species richness and abundance.  Bird species richness can actually 

be higher in mixed agriculture than forests, demonstrating the importance of agriculture 

to birds in this landscape (Mulwa et al. 2012).  Tree density and number of indigenous 

trees, crop diversity, hedge volume, overall increases in structural diversity, and nearest 

intact forest appear to influence species richness and density in agricultural settings in 

East Africa (Naidoo 2004, Gove et al. 2008, Otieno et al. 2011, Mulwa et al. 2012).  
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These studies highlight that factors influencing bird biodiversity may vary between crops 

and habitats, emphasizing the need for coffee-specific research. 

As only a small percentage of land in East Africa is protected by parks (Western 

et al. 2009, Norton-Griffiths and Said 2010), conservation of biodiversity in this region 

must involve agricultural landscapes, including coffee.  These agricultural landscapes 

contain some of the last remaining forests in East Africa, but are largely owned privately 

by farmers, making conservation difficult.  One way to integrate crop production and 

conservation is to examine the ecosystem services provided by biodiversity (Swift et al. 

2004, MEA 2005).  In the Neotropics, increased arthropod or pest removal services and 

higher yields have been linked to higher bird abundance and species richness, especially 

in coffee (Perfecto et al. 2004, Kellermann et al. 2008,  Van Bael et al. 2008, Philpott et 

al. 2009, Johnson et al. 2010, Karp et al. 2013, Railsback and Johnson 2014).  Therefore, 

in order to maximize the potential conservation value of my study, I specifically studied 

bird communities that could provide ecosystem services to farmers.  Using mist nets, I 

investigated the hypothesis that in central Kenya, shade coffee cultivation supports higher 

bird biodiversity and abundance than sun coffee, associated mostly with vegetation 

variables and landscape-scale habitat variables.   Specifically, I tested the predictions 

that: 1) shade coffee has higher abundance, species richness, and evenness than sun 

coffee and these communities show low similarity 2) canopy cover correlates the 

strongest with bird abundance and species richness out of all vegetation characteristics; 

and 3) landscape-scale influences of being closer to larger forest fragments increase bird 

abundance. 
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METHODS 

Study Site 

I conducted this study in Nyeri County, Kenya (elevation 1700 m), which averages 208 

people/km2, of whom 24.5% live in urban areas, primarily in the city of Nyeri 

(population 120,000; USAID KENYA, Kenya Burea of Statistics; Fig 1).  The 

surrounding landscape has seen a 30-60% increase of agricultural area from 1975-2000 

(Brink and Eva 2009).  Locally, coffee is grown on large plantations, where farming 

practices on both shade and sun coffee farm plantations include spraying copper as a 

fungicide (one or two times per year), spot spraying bushes or blocks of coffee with 

insecticides when pest infestations occur, and either bi-yearly application of herbicides 

(usually during the rainy seasons, May-June and Nov-Dec) or more rarely manual cutting 

(personal communication with seven farm managers).   

Field work took place over two years from Dec 2012-Jan 2013, and Dec 2013-Jan 

2014 on a total of five farms.  Coffee farms in this area of Kenya can be large (e.g., > 100 

ha), so a single farm may contain more than one site (Fig 2).  Sites were generally located 

on different coffee blocks: discrete areas within a larger farm separated from other blocks 

by roads and/or hedgerows and usually managed differently from neighboring blocks.  

Sites were therefore defined as sampling locations located ≥ 250 m apart, usually with 

different management conditions or histories (such as age or density of trees and 

frequency of herb layer cutting) from other nearby sites. 
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Observers surveyed four sun coffee sites the first year, and seven sun and 10 

shade sites the second year, totaling 11 sun sites (on four different farms) and 10 shade 

sites (also on four separate farms).  Seven shade sites were located on Sasini farm (210 

ha, 220-300 tons coffee), which is near Aberdares National Park and had shade trees 

dominated by non-native Grevillea robusta.  The remaining three shade sites included 

two with shade dominated by large native Cordia sp. (Kihuri Farm: 19 ha, 13-17 tons 

coffee) and one with a high diversity of native trees including Albizia gummifera, Albizia 

schimperiana, Croton macrocarpa, and Bridelia micrantha (Jungle Farm: 51 ha, 35-56 

tons coffee; Najma 2011).  Canopy cover in shade sites averaged 38%.  Six sun sites were 

located surrounding Dedan Kimathi University of Technology (120 ha, ~50 tons coffee), 

with four sampled the first year and two the second year.  Three additional sun sites were 

located on Hill Farm (334 ha, 120-300 tons coffee) and one on Jungle farm, which all had 

no shade except for sparse short trees and narrow bands of trees (especially Grevillea 

robusta and Cordia sp.) on field margins.  Understory volume varied from roughly 0 m 

tall to 0.3 m tall, and was substantially higher only on sites that had not been recently 

sprayed or manually cut, suggesting management practices drive these differences.  

Understory plants in both shade and sun farms were similar, including (from most 

common to least) Black-jack (Bidens pilosa), Oxygonum sinuatum, Commelina 

bengalensis, Pigweed (Amaranthus hybridus), Wild rape (Brassica rapus), and Cleavers 

(Galium spp.).  
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Figure 1. The location of study sites in Kenya, indicated by the red star.  
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Figure 2.  Boundaries of the 5 farms I sampled in Nyeri, Kenya, with sun coffee sites 

denoted as red and shade coffee sites as green (from M. Milligan, published thesis) 
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Bird Sampling and Guild Classification 

To quantify the bird community relevant to farmers, I used mist nets to sample 

birds using the crop layer, where they have the potential to provide pest removal services.  

I did not use point counts because they often miss secretive, quiet birds that may be less 

visible in thick coffee agriculture (Blake and Loiselle 2001, Wang and Finch 2002, Ralph 

and Dunn 2004).  Each site was sampled for three consecutive days, roughly from 06:00 

to 10:00, depending on weather.  I identified captured birds to species (taxonomy based 

on Zimmerman et al. 1999) and age or sex if possible, fitted each with a metal leg band 

supplied by the National Museums of Kenya, and recorded basic morphometrics 

(including wing chord, weight, tarsus length, and bill depth, width, and length).  Due to 

the lack of shade site adjacent to forest fragments, I could only test the prediction of 

distance from forest fragment edges in sun coffee.  This caused sun coffee sites to have 

two lanes (100 m apart) of eight nets starting at the fragment edge and proceeding 

outward into the coffee at distances of 0, 10, 25, 50, 75, 100, 125, and 150 m (Fig 3).  

Shade sites, in contrast, consisted of two lanes of mist nets (located 100 m apart) with six 

nets each separated by 25 m (Fig 3).  When comparing sun and shade coffee, I removed 

small scale edge-effects from sun coffee sites by eliminating nets 0 and 10 m from 

fragment edges.  This left both sun and shade sites with two lanes of six nets, located 

≥25m from edges.  Net hours were accounted for in shade-sun comparisons because 

during the first year, fewer nets were used. 
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To investigate if guild composition might help explain differences in total 

abundance or species richness between the Neotropics and Kenya, I classified birds into 

guilds (i.e., insectivore, granivore, frugivore, nectarivore, or omnivore) based on the first 

and second major diet preferences following Kissling et al. (2007).  I then re-classified 12 

species (mostly Sunbirds: Nectariniidae to either nectarivores or omnivores) based on 

foraging observations by S. MacDonald and published data from East Africa (Borghesio 

and Laiolo 2004, Ndang’ang’a et al. 2013).  Because only two frugivores and three 

nectarivores were caught, totaling <10 individuals, I did not specifically analyze these 

guilds for community patterns except for species richness and total abundance.  Birds 

were also classified by their dependence on forest habitat and migratory status (Bennun et 

al. 1996, Handbook of Birds of the World Alive 2014).  Forest dependence classifications 

included three categories.  Forest dependent (or specialist) species are ones characteristic 

of the interior of undisturbed forests, forest generalists occur in undisturbed forests or 

secondary forest edges/fragments, and forest visitors are often recorded in forest but not 

dependent upon it (Bennun et al. 1996). 
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Figure 3. Arrangement of mist nets (white lines) in sun and shade coffee, showing two 

lanes per site separated by 100 m, with sun sites abutting forest fragment edges and shade 

sites being >25 m from coffee edges.  Nets were offset from the center line to capture 

birds in different flight paths over short distances. 
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Vegetation Sampling 

To investigate the effect of vegetation characteristics on the bird community, I 

measured vegetation variables within the coffee and shade layer using 10 m circular plots 

centered on each net location. Within the coffee layer, I estimated percent coffee (the 

proportion of the sample plot covered by coffee bushes), and percent cover and height of 

the weedy understory (height <1.5 m) and midstory (height 1.5 to 5 m).  Volume of 

midstory and understory were calculated for each net by multiplying average vegetation 

height by area covered within the plot.  Shade tree variables included: canopy cover 

(measured using a densiometer [Forestry Suppliers, Jackson, Mississippi]), an estimate of 

shade tree density using point-quarter methods (Krebs 1989), and distance to nearest tree 

(using a range finder) in each quadrant, along with its total height, average canopy depth 

(measured from top of the tree to the first large patch of canopy nearest the ground), and 

average trunk height (total height minus canopy depth) using a clinometer. A tree was 

defined as a woody, non-coffee plant greater than 5 m tall.  I identified tree species using 

field guides (Najma 2011) and in consultation with Professor David Muchiri from Dedan 

Kimathi University of Technology. I calculated the Shannon-Wiener index (H’) for shade 

tree diversity at each lane, using only trees within 25 m of plots and excluding trees from 

forest fragments (Gotelli and Ellison 2013).  Data from the first field season only 

included the nearest distance to a single tree.  I therefore calculated the number of trees 

within 25 m of a plot by taking a quarter of the trees counted within a 50 m radius, 
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assuming the two observed tree species occurred at similar proportions to those observed 

at the 50 m scale.  Point-quarter methods were used for the second year (Krebs 1989). 

 

 

Landscape-scale Covariates 

To investigate if landscape scale covariates impacted bird diversity, M. Milligan 

digitized forest fragments and land-cover types around each site using 2012 satellite 

images from GoogleEarth and field observations. Fragment boundaries were digitized in 

GoogleEarth and their areas calculated using ArcMAP 10.1. To analyze if nearby 

vegetation influenced the bird community, M. Milligan estimated the proportion of each 

landcover type within a 125 m radius buffer around each site using Program R (Version 

3.0.1) package rgeos (Version 0.3-4).  Cover types included brush (defined as tall, dense 

undergrowth with no or sparse short trees present), forest (areas dominated by either 

native or non-native trees, often with dense understory), grassland (grassy areas with few 

or no brush clumps), coffee, and other habitat (including other cultivation and human 

structures).  A 125 m buffer was used because it represents a larger scale habitat 

perspective, including multiple home ranges of small passerines or flocks (see Siffczyk et 

al. 2003, Kumstatova et al. 2004, or Githiru 2003 for examples of species caught in our 

study).  Percent grassland and “other” categories were not used in analysis because these 

categories comprised <5% of total cover for almost all sites.  
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Analysis 

Variable Selection for Shade-Sun analysis 

I used a Bayesian state-space approach to estimate the differences between sun 

and shade communities and the effects of vegetation differences, while accounting for 

imperfect detection probability.  However, because of the difficulty of performing model 

selection using a Bayesian framework (Royle and Dorazio 2008), I first used generalized 

linear mixed effect models (GLMM) with poisson distributions on raw data to identify 

which of the eight the vegetation covariates had the strongest association with bird 

abundance.  The scale of analysis was at the site level because capture probability was 

extremely variable at a net level.  However, preliminary analyses also suggested that 

capture rates between net lanes within a site sometimes differed significantly.  I therefore 

ran two groups of GLMM analyses, one using lane nested within site and a second using 

just site as random effects to investigate which vegetation covariates were most important 

and if results differed when lanes were not considered for analysis.  Data for the analyses 

included all sites (sun and shade) from 2013/14 (two lanes of six nets) and from 2012/13 

(two lanes of four nets).  As a result of the difference in effort, net hours were included as 

a fixed effect in GLMM models.  Response variables included total abundance, species 

richness, and abundance of omnivores, granivores, and insectivores.  Preliminary 

analyses suggested all variables were collinear with coffee type (sun or shade); the 

category of shade or sun coffee was therefore added to the GLMM final candidate model 

set, involving no covariates.  Too few migrant and forest-dependent species (that are 
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often of special ecological interest for biodiversity) were caught to merit separate 

analyses on these groups. See Distance and Landscape-scale Analysis for further details 

on GLMM models. 

 

Shade versus Sun Analysis 

I followed methods for a Bayesian analysis as described by Chandler et al. (2013) 

who used a hierarchical model that separated the detection process (i.e. detection 

probability) from the state process (i.e. underlying abundance).  The detection process 

was modeled using a removal model, which assumed population closure and constant 

probability of removal (i.e. new capture; Chandler et al. 2013, Pollock 1991) over the 

three days each site was sampled.  Preliminary analysis suggested that the number of new 

captures declined over the three days of sampling, confirming a primary assumption of 

this approach.   

Following Chandler et al. (2013), the detection process was modeled by defining 

capture probability as a logit transformed linear function of each species (i) at each site 

(j): 

Logit (pij) = α0i +  α1 × Yearj 

where p is a different capture probability for each species (i) at each site (j), α0 is a 

species-specific intercept, and α1 is a coefficient representing the effect of year (Yearj). 

The parameter α0i was assumed to be a normally distributed random variable with mean 

µ and variance σ.  Within each site, cumulative net hours varied little across occasions (1, 

2 and 3) in a single year (mean and 95% CI of day 1, 2 and 3 from 2012: 29.8±1.1, 29.9 ± 
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1.3, 29.75±0.75 and 2013: 48.9±1.3, 49.7±0.7, 48.7±0.7).  However eight nets were used 

in 2012 and 12 were used in 2013, making effort different between years; the effect of 

Yearj was thus used to take into account this discrepancy.  See Appendix A for full model 

details.  

The state process, or variance in abundance among sites, was defined as a 

Poisson-distributed variable with mean λij, which was a linear function of two vegetation 

covariates (Veg1 and Veg2, or understory volume and canopy cover respectively) 

measured for each site (j): 

Log (λ ij) = β0i + β1i × Veg1j + β2i × Veg2j  

where β0i is a species specific intercept, and β1i and β2i are species-specific 

coefficients for the effects of vegetation.  Each species-specific beta parameter (i.e. B1i) 

was assumed to be a variate from a normal distribution with a different mean µ and 

variance σ.   

To assess abundance and diversity differences in sun and shade coffee, I 

categorized the estimated number of species at each site (Nij) into their respective guilds 

or the categories of sun and shade coffee, using abundance per site as a unit because 

number of shade and sun sites differed.  I calculated species richness by assuming any 

species with estimated abundance ≥1 was present and summing across each iteration to 

estimate total number of species present (per site).  To investigate whether shade and sun 

coffee had similar evenness, I calculated Shannon-Wiener diversity indices (H’) in two 

ways: for each site independently, and for results of all sites pooled within either shade or 

sun categories (Gotelli and Ellison 2013).  I used two methods because pooling results 
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can mask site-specific variation.  To assess the community similarity between sun and 

shade sites, I calculated the abundance-based Chao-Jaccard similarity index (Chao et al. 

2005), using the number of individuals at each site (from the means of posteriors from 

Nij) and program EstimateS (9.1.0, Colwell 2013).  This assumed all sites came from a 

larger community, from which 210 site comparisons between every sun and shade site 

were made, with the mean of these comparisons reported (Colwell 2013).  The mean of 

comparisons made just among shade sites and just among sun sites was also calculated to 

determine how similar sites within each communities were to each other (Colwell 2013).  

Lastly, I calculated a correlation coefficient (r) for the Bayesian model output against the 

raw data for abundance of each species at each site to examine if raw data served as a 

good index of abundance. 

To assess the effects of vegetation on bird communities, I created four 

management scenarios to show effects from the most important vegetation covariates of 

canopy cover and understory volume (see Results for variable selection justification) on 

bird abundance.  I examined scenarios using all four combinations of high and low values 

for each of these two vegetation variables.  I used standardized covariate values for 

canopy cover and understory volume I observed on the landscape to create scenarios 

relevant to farmers.  Six study sites (all in sun coffee at Dedan Kimathi University) 

showed much higher understory volume than others (mean 26.6 vs. 2.6 m3 per plot, 

corresponding to roughly 33 cm vs. 3 cm tall complete understory cover).  Estimates of 

“high” and “low” understory volume, along with average canopy cover at shade (high 

value; 38%) and sun sites (low value; 3%) were used in combination to create these four 
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scenarios.  I included abundance of granivores, insectivores, omnivores, and combined 

totals (per site) as response variables for each scenario.  Finally, to investigate whether 

each guild was affected differently by understory volume or canopy cover, I averaged 

each vegetation variable’s slope for all species within a given guild, and calculated 95% 

credibility intervals of these estimates. 

Although all “high” understory volume in this study was found on sun farms, high 

understory volume can be found in shade coffee, as evidenced by an understory volume 

of 27.3 m3 per plot on a farm measured during pilot work for this project (C. Wendt, 

unpublished data).  Because all sites with high understory volume were located in sun 

farms, it was possible the effect of understory volume would be disproportionately 

expressed in sun coffee.  As such, I ran the same Bayesian model, excluding these six 

outlier sites with high understory volume from the data, to investigate if these sites would 

change the direction of effects for understory volume and canopy cover. 

I used a Gibbs sampler (R package rjags 3-13, linked to JAGS 3.4.0) to generate 

an approximation of the posterior probability distribution of model parameters.  I used  

vague uniform or normal priors for all model parameters (Kery 2010).  I assessed 

convergence and analyzed Markov Chain Monte Carlo (MCMC) chains produced by 

JAGS using package coda (version 0.16-1) and package sirt (version 0.47-36) to save 

results.  The complicated vegetation model was run for 3 million burn-in iterations, with 

3 chains sampled 50,000 times (thinned every tenth iteration), totaling 15,000 pooled 

iterations.  I used the Gelman-Rubin statistic and manual inspection of trace plots of the 

MCMC chains to assess convergence, considering sets of chains with values under 1.10 



20 
 

  

and with no trends across trace plots as converged (Gelman and Rubin 1992).  The 

probability that the difference was greater than zero is reported as a posterior p-values 

(Meng 1994, Chandler et al. 2013).   

 

Distance and Landscape-scale Analysis 

To investigate if distance from edge of forest fragment and landscape-scale 

vegetation variables affected bird abundance, I examined capture data at individual nets 

arranged along a gradient of increasing distance from forest fragments at sun coffee sites.  

I used raw capture data because correcting for capture probability was extremely difficult 

and possibly inaccurate due to low sample sizes and high variability at the level of the 

individual net.  Captures for each net were summed over the three days for 10 sun sites 

(each with two lanes of six nets from 0-100 meters).  I did not use net hours as a random 

effect because total net hours varied little from the mean of 11.8 (95% CI: 11.68-11.93).  

Percent coffee, volume of understory and midstory, canopy cover, canopy and trunk 

height, tree diversity, and tree density were used as vegetation covariates, while total 

fragment size, distance from fragment edge, and percent brush, coffee, and forest were 

used as landscape level covariates.  Response variables included total birds captured and 

abundance of insectivores, omnivores, and granivores.  Because species richness was 

very low at a net level, it was not possible to use as a response variable.  Instead, I 

averaged species richness across all 20 lanes for each distance.   

I used hierarchical model selection using GLMM models to test whether, after 

accounting for the variation explained by the best vegetation model, do landscape 
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variables improve model fit?  I first used Pearson product-moment correlation 

coefficients (r) along with variance inflation factors (VIF) to investigate collinearity 

between variables, generally counting correlation coefficients > .80 or VIF numbers >5 

as collinear; these variables were not used together in the same model (Mason and 

Perreault 1991, Craney and Surles 2002, O’brien 2007).  I performed two methods for 

variable selection, both using single vegetation covariates in GLMM models using 

package lme4 (1.1-7).  First, a model set with the eight single-variable models was 

ranked using AICc values, considering all variables close to the top model in model 

weight as important (discluding those which represented a large drop in model weight 

from the top models).  Secondly, I used marginal R2 values (following methods by 

Nakagawa and Schielzeth 2013) to evaluate the importance of each covariate, with higher 

R2 values deemed important.  These models all included random effects of lane nested 

within site, with an additional variable (1|Unit) to estimate overdispersion (Kery et al. 

2010).  I then created models using the most important vegetation variables 

independently and in combinations to create a candidate model set, and selected the top 

model for further analyses.  Finally, I created a new candidate model set using the top 

vegetation model, while adding distance and landscape variables singly to investigate if 

they decreased AICc values below the vegetation model (See Table 2 for example).  

When model selection uncertainty was high, I assumed an effect was important if its 

model averaged 95% confidence intervals did not overlap zero.  I also calculated 

marginal and conditional R2 values for the final top model (Nakagawa and Schielzeth 

2013).  Lastly, because this analysis included only sun coffee sites, I made no 
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conclusions about vegetation variables because the data portray an incomplete picture of 

how vegetation functions in coffee as a whole. 
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RESULTS 

In total, I captured 2026 birds representing 83 species, including 991 omnivores (24 

spp.), 604 granivores (19 spp.), 373 insectivores (35 spp.), 33 nectarivores (three spp.), 

and 25 frugivores (two spp.).  I caught 24 forest visitors, 12 forest generalist species, and 

two forest dependent species (Bennun et al. 1996, Appendix 2). Of these only four forest 

generalist species and one forest dependent species had >8 total captures (forest 

generalists: 177 in sun and 118 in shade coffee; forest dependents: 17 in sun and one in 

shade coffee; Bennun et al. 1996).  A total of seven migrant species were caught, 

accounting for 11% of raw captures (Appendix B).  Overall, the Bayesian hierarchical 

model estimated mean abundances per site of 130 omnivores, 133 granivores, 71 

insectivores, four frugivores, and 10 nectarivores; estimated migrant abundance was 33.7 

individuals per site.  

 

Variable Selection for Shade versus Sun Analysis 

Based on the model selection process, the most important covariates influencing 

total abundance, species richness, and abundance of omnivores, granivores, and 

insectivores were similar at both the lane and site level (Appendix C and D).  I therefore 

chose to use site as the independent unit to maximize the numbers of captures within each 

sample unit for easier parameter estimation. Understory volume was important for nearly 
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every response variable in the site and lane level analyses. Canopy cover and tree density 

also were important for omnivore and insectivores, with model averaged 95% confidence 

intervals that did not overlap zero.  As these two variables were nearly collinear and 

represent similar measures of habitat, I chose canopy cover as the second variable in 

addition to understory.  Midstory volume was also important for three response variables 

at the lane level.  However, as it was nearly collinear with and represented similar habitat 

measures as understory volume, I chose to only use the latter.   Understory volume and 

canopy cover were therefore used as the most important covariates influencing bird 

communities.   

 

Shade versus Sun Analysis 

Estimates of abundance and species richness per site were generally greater in sun 

compared with shade coffee.  The estimates of abundance in sun coffee were always 

higher compared to shade coffee: 6.8 times larger for omnivores, 10.6 times larger for 

granivores, and 3.3 times larger for insectivores (posterior p > 0.99 for all comparisons; 

Fig 4).  Species richness followed a similar pattern with richness in sun 1.95 times higher 

for omnivores, 2.66 times higher for granivores, and 1.82 times higher for insectivores 

compared with shade coffee; frugivores and nectarivores made up a relatively small 

proportion of both communities (Table 1).  Communities were similar in the proportion 

of species present for each guild (Table 1).  The mean Chao-Jaccard similarity index 

between sun and shade coffee comparisons was 0.40, suggesting these two communities 
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were relatively different.  However, similarity within sun sites (mean = 0.86) and within 

shade sites (mean = 0.84) was much higher, suggesting similar communities are found 

within each management type.  Shannon-Wiener diversity indices for each site in sun and 

shade showed substantial overlap of evenness (Fig. 6), with a mean H’ within shade sites 

of 2.83 and 3.07 in sun sites.  Data from all sites pooled into sun and shade also showed 

little difference (posterior p = 0.38) in evenness.  Lastly, I found the correlation 

coefficient of predicted bird abundance to raw capture data totals (excluding six high 

abundance outliers with high leverage) was relatively high (r = 0.55), suggesting that raw 

data (and conclusions made from it) were a relatively good index for abundance.  

I found the effect of vegetation on bird communities showed a surprising negative 

effect for canopy cover (β2=-0.68), and a similar but positive effect of understory volume 

(β1=0.72) with 95% credibility intervals of slopes that did not overlap zero.  Similarly, 

the means of all slope estimates for granivores (β1= 0.96, β2= -0.71), insectivores (β1= 

0.63, β2=-0.49), and omnivores (β1=0.69, β2=-0.91) all showed canopy cover and 

understory volume had relatively similar influences on all guilds (similar in magnitude, 

but in opposite directions), with no 95% credibility intervals overlapping zero (Fig 8).  

Under the four management scenarios I created using combinations of low and high 

amounts of canopy cover and understory volume, the model predicted substantial 

differences between nearly every scenario (most posterior p-values >0.95, Fig 7) for 

nearly all response variables (total abundance and numbers of omnivores, granivores, and 

insectivores).  I consistently found the combination of low understory with high canopy 

cover had the fewest birds and high understory with low canopy cover had the most.  
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Finally, results from the second analysis that excluded data from sites with unusually 

high understory volume revealed slopes with similar direction as the full analysis 

(β1=0.10, β2=-0.30).  This suggests that not including sites with both high canopy cover 

and high understory did not influence the direction of slopes in the full model. 

 

Distance and Landscape-scale Analysis 

I found that distance to fragment edge and landscape covariates had little effect on 

total abundance or abundance of omnivores, or insectivores in sun coffee sites. The top 

models included only vegetation variables and accounted for most of the AICc weight 

(Table 2, conditional and marginal R2 values: R2=0.45 and R2=0.04, R2=0.29 and 

R2=0.03, R2=0.63 and R2=0.04 respectively).  All model-averaged 95% confidence 

intervals of coefficients for the effects of distance and landscape covariates overlapped 

zero (Table 2).  For granivore abundance, I found fragment size, distance, and proportion 

of coffee within a 125m radius improved model fit over a vegetation-only model (Table 

3, conditional R2=0.46, marginal R2=0.02).  Model averaged 95% confidence intervals 

overlapped zero for all but fragment size, suggesting that granivore abundance increases 

as size of adjacent forest fragments decrease.  Additionally, a coarse visual inspection of 

species richness at increasing distance from an adjacent forest fragment suggested no 

relationship (Fig 9).
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Table 1. Species richness estimates and proportion of community per site for five feeding guilds in sun coffee, shade coffee, 

and both combined.  Estimates are corrected for capture probability by Bayesian modeling, with means of posterior 

distributions presented here. 

Average species richness per site 

  Ominvore Granivore Insectivore Frugivore Nectarivore 

Total 12.14 9.06 14.83 0.69 1.59 

Shade 8.09 5.57 10.34 0.44 1.07 

Sun 15.82 14.83 18.91 0.91 2.06 

      Species richness as proportion of community 

  Ominvore Granivore Insectivore Frugivore Nectarivore 

Total 31.7% 23.6% 38.7% 1.8% 4.2% 

Shade 31.7% 21.8% 40.5% 1.7% 4.2% 

Sun 30.1% 28.2% 36.0% 1.7% 3.9% 
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Table 2. Final AICc model selection using raw data from total abundance, and abundance of three dominant bird guilds in 

sun coffee.  GLMM models with lane nested within site were used as random effects.  Veg represents the top vegetation 

model to which effects of fragment size, proportional landscape composition within 250 m, and distance from forest edge 

were added.  Covariates were considered important if 95% model-averaged confidence intervals did not overlap 0 (*). 

 

Total Abundance 
      Model K AICc  ΔAICc wAICc Cum. 

Wt LL 

Veg 6 769.26 0 0.28 0.28 -378.26 
Veg + Proportion brush 7 769.95 0.69 0.2 0.48 -377.48 
Veg + Fragment size 7 770.25 0.99 0.17 0.65 -377.62 
Veg + Distance 7 770.55 1.29 0.15 0.79 -377.77 
Veg + Proportion coffee 7 771.04 1.78 0.11 0.91 -378.02 
Veg + Proportion trees 7 771.49 2.24 0.09 1 -378.25 
Veg=Canopy cover + Canopy height         

       Omnivore Abundance 
 Model K AICc  ΔAICc wAICc Cum. 

Wt LL 

Null 7 637.38 0 0.33 0.33 -311.19 
Veg + Proportion brush 8 638.1 0.72 0.23 0.55 -310.4 
Veg + Distance 8 639.42 2.05 0.12 0.67 -311.06 
Veg + Fragment size 8 639.5 2.13 0.11 0.78 -311.1 
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Veg + Proportion coffee 8 639.57 2.2 0.11 0.89 -311.14 
Veg + Proportion trees 8 639.6 2.23 0.11 1 -311.15 
Veg=Canopy height + Canopy cover  + Midstory volume     

   
    Granivore Abundance 

     Model K AICc  ΔAICc wAICc Cum. 
Wt LL 

Veg + Fragment size* 6 508.07 0 0.39 0.39 -247.67 
Veg + Distance 6 509.87 1.79 0.16 0.54 -248.56 
Veg + Proportion coffee 6 509.91 1.84 0.15 0.7 -248.58 
Null 5 510.24 2.17 0.13 0.7 -249.86 
Veg + Proportion brush 6 510.66 2.59 0.11 0.7 -248.96 
Veg + Proportion trees 6 511.66 3.59 0.06 0.7 -249.46 
Veg= Canopy Cover             

      
 Insectivore Abundance  

    Model K AICc  ΔAICc wAICc Cum. 
Wt LL 

Null 5 415.75 0 0.3 0.3 -202.61 
Veg + Fragment size 6 416.22 0.47 0.23 0.53 -201.74 
Veg + Proportion brush 6 416.97 1.22 0.16 0.69 -202.11 
Veg + Proportion coffee 6 417.75 2 0.11 0.8 -202.5 
Veg + Distance 6 417.82 2.07 0.11 0.9 -202.54 
Veg + Proportion trees 6 417.97 2.22 0.1 1 -202.61 
Veg= Percent coffee             
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Figure 4. Average abundance and 95% credibility intervals of the three dominant bird 

guilds in coffee farms in Kenya, showing abundance (corrected for capture probability) in 

shade and sun farms.  Posterior p-values >0.95 are indicated by different letters, 

compared just within each guild. 
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Figure 5. Shannon-Wiener diversity index mean and 95% credibility intervals for bird 

community in 10 shade and 11 sun coffee sites, showing relative overlap of community 

evenness. 
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Figure 6. Predicted values of total abundance and abundance of granivores, insectivores, 

and omnivores per site in 4 management scenarios as predicted by a Bayesian model, 

using combinations of low and high understory volume and canopy cover.  Values for 

canopy cover and understory volume were based off those observed on farms (see 

methods for more details). Different letters indicate posterior p-values > 0.95. 
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Figure 7. Mean and 95% credibility intervals of slopes for effects of understory volume 

and canopy cover on granivores, insectivores, and omnivores.  Slopes were previously 

standardized to make their effects comparable. 

 

 

 

 

 



34 
 

  

 

     

Figure 8. A visual representation of the effect of distance from a forest fragment edge on 

species richness.  Means represent the total number of species caught at each distance, 

averaged across 10 sites and error bars represent 95% confidence intervals. 

 

0 20 40 60 80 100

0
5

10
15

20

Distance from forest fragment (m)

A
ve

ra
ge

 s
pe

ci
es

 ri
ch

ne
ss

 p
er

 



35 
 

  

DISCUSSION 

Bird communities in Kenyan coffee are very different than those commonly 

studied in the Neotropics.  Unlike farms studied in the Neotropics, sun coffee in Kenya 

appears to support higher abundance and species richness than shade coffee.  Shade and 

sun sites have relatively similar evenness, but support distinctly dissimilar communities 

of birds.  I found farm vegetation may drive these differences between sun and shade 

coffee, with canopy cover and understory volume having equivalent but opposite effects.  

Canopy cover was negatively associated with bird abundance, while understory volume 

was positively associated with bird abundance.  Lastly, on a small scale, fragment size, 

distance from forest fragments, and other habitats bordering coffee farms seem to have 

little influence on bird abundance in sun coffee.   

Coffee is of global importance to tropical bird diversity, with nearly 20% of its 

cultivation lying in Africa (FAO 2012, Donald 2004).  With little or no studies of bird 

communities in coffee in Africa, comparisons between sun and shade bird communities 

in Kenya are important for providing a more complete perspective of bird diversity in 

coffee worldwide.  In this study, sun coffee sites harbored higher species richness and 

abundance than shade coffee, in contrast to a large body of literature from the Neotropics 

suggesting shade coffee has higher abundance and species richness (Wunderle and Latta 

1996, Greenberg et al. 1997a, Gonzalez 1999, Gordon et al. 2007, Philpott et al. 2008).  

Many studies of bird communities in Neotropical coffee treat sun and shade coffee as 

categorical management strategies (Wunderle and Latta 1996, Greenberg 1997b, Calvo 
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and Blake 1998, Gonzalez 1999, Perfecto et al. 2003, Tejeda-cruz and Sutherland 2004).  

In Kenya, these categories are sometimes poor predictors of bird abundance when the 

volume of weedy understory varies.  For total abundance and abundance of nearly all 

guilds, coffee with high canopy cover and high understory volume appears to have 

similar abundance as coffee with no tree cover and high understory volume (Fig 6).  This 

pattern coincides with a recent meta-analysis of 12 studies in which many vegetation 

variables were similar or better predictors of species richness than the simple sun/shade 

farm type (Philpott et al. 2004).  However community similarity was generally low 

between shade and sun coffee, while similarity within each farm type was high, 

suggesting that these categories of management are distinct and are generally good 

predictors of bird diversity. Nonetheless, vegetation variables such as understory volume 

provide a more complete and precise picture of the bird community. 

Why do patterns of diversity in sun and shade appear to be so different between 

Kenya and the Neotropics?  The answer may in part stem from the different pool of 

species in each region, and the community composition (such as abundance of guilds) 

this in turn creates.  Studies in Neotropical shade coffee (usually conducted when 

migrants are present), suggest overall species richness and total abundance consist 

primarily of omnivores and insectivores, with frugivores and nectarivores making up the 

remainder of communities (Canaday 1996, Wunderle and Latta 1996, Komar 2006, 

Greenberg et al. 1997a, Petit et al. 1999, Johnson 2000, Tejada-Cruz and Sutherland 

2004, Jones et al. 2002).  All but Canaday (1996) and Wunderle and Latta (1996) used 

point counts, but guild composition from these two studies appear relatively similar to 
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other studies using point counts.  Additionally, Wunderle and Latta (1996) conducted 

simultaneous point counts and mist netting in sun and shade coffee and found guild 

composition never differed >20% between the techniques (averaging 14%, SE: 3.9%) in 

sun and shade coffee.  Although fewer studies have looked at species richness and 

abundance of guilds in sun coffee, they appear to follow patterns found in shade coffee 

(Wunderle and Latta 1996, Greenberg et al. 1997b).  In the only study done in India, the 

bird community also appeared to be made of similar proportions of each guild as the 

Neotropics (Shahabuddin 1997).  In all systems, granivores make up <11% of species 

richness or abundance (Greenberg et al. 1997b, Tejada-Cruz and Sutherland 2004, Komar 

2006).   

In contrast, in Kenya granivores appear to make up a much larger proportion of 

the species richness (shade: 22% and sun: 28%) and abundance (shade: 25% and sun: 

40%) in both communities, especially in sun coffee.  Studies of bird communities near 

Kakamega Rainforest in western Kenya, observed similarly high abundances and species 

richness of granivores in agriculture (Otieno et al. 2011).  Several other community 

patterns also appear quite different than the Neotropics: frugivores show much lower 

species richness (1.7%) and abundance (~1%) in both sun and shade coffee.  Insectivore 

abundance in Kenya also represents a smaller portion of the community, especially in sun 

coffee (35% in shade and 18% in sun).  Community composition, as measured by relative 

proportions of guilds, appears to be quite different between the Neotropics and Kenya, 

likely playing a part in the differences between sun and shade coffee.   
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The reason behind the overall high abundance and species richness of granivores 

in Kenyan coffee may also help explain why granivore numbers are higher in sun coffee 

compared with shade.  Of all human modified landscapes worldwide, granivore numbers 

are generally highest in open habitats with few trees (Tscharntke et al. 2008).   Sub-

Saharan Africa has the highest amount of grassland (defined as open habitats including 

savannah, shrubland and non-woody grassland) in the world:  14.46 million km2 or ~60% 

of its area.  In contrast, the Neotropics have few grasslands: the Carribean and Central 

America have the lowest area of grasslands in the world (1.05 million km2, or ~31% of its 

area), while South America has only slightly more (4.87 million km2, or ~27% of its area) 

with the majority located in southern South America where little coffee is grown (White 

et al. 2000).  It is possible that the higher proportion of granivores (38%) in my study 

compared to those in the Neotropics (<11%) reflects biogeographic differences in open 

habitat that over evolutionary time translated into differences in guild abundance between 

these regions.  Granivores worldwide may be 4-5 times more abundant in open 

agriculture than intact forest and agroforestry systems (Tscharntke et al. 2008), 

additionally providing an explanation for the smaller-scale effect of higher numbers of 

granivores in sun than shade coffee.  High numbers of granivores in sun coffee also may 

be connected to the large effect of weedy understory that is especially apparent in sun 

coffee, where weeds produce the seeds that are a major food source for granivores.   

 Another important difference in the bird communities in Neotropical versus 

Kenyan coffee is the relative numbers of migrants.  Neotropical coffee farms are 

renowned for their high abundance and richness of migrant species, especially in Central 
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America, where communities may be nearly half Nearctic migrants (Greenberg et al. 

1997b, Wunderle 1999, Johnson 2000, Leyequién et al. 2010).  I found only 7 of 83 total 

species were migrants, and model predictions corrected for capture probability estimated 

that migrants composed 10% of species richness and 7.7% of abundance per site.  A 

similar study in Ethiopian shade coffee in shade coffee also had an extremely low 

proportion of migrants (Buechley et al. in press). Both Neotropical and Palearctic 

migrants are largely frugivorous or insectivorous (Levey and Stiles 1992, Pearson and 

Lack 1992), and the comparative lack of migrants in this study aligns with observed guild 

differences of both fewer insectivores and frugivores.  However, while migrants are more 

abundant in the Neotropics, they can be equally abundant in shade and sun coffee 

(Wunderle and Latta 1996, Greenberg et al. 1997b), although in central Kenya there 

appear to be more in sun coffee (posterior-p <0.001) but at low abundance.  Therefore 

migrants do not appear to explain the higher numbers of birds in Kenyan sun coffee 

compared to the Neotropics because of the relatively low abundance of migrants in 

Kenya and because Neotropical studies show similar abundances in shade and sun coffee. 

Vegetation influences, including the large positive effect of understory and 

negative effect of canopy cover on all guilds in Kenyan coffee farms, are patterns not 

observed in the Neotropics (Philpott 2004, Komar 2006) that may also be driving 

differences between communities in sun and shade coffee.  A meta-analysis on effects of 

nine vegetation variables across studies in coffee in the Neotropics showed understory 

height and ground cover had the smallest effect of all vegetation variables while canopy 

cover had a strong positive influence on bird abundance (Philpott et al. 2004).  One 
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hypothesis for this pattern may be regional differences in food availability for birds in 

shade canopies.  In the Neotropics, birds forage mostly in the canopy (Greenberg et al. 

1997a, Wunderle and Latta 1998, Jones et al. 2002, Komar 2006), with foraging in trees 

accounting for between 76% and 66% of total observations.  Arthropod numbers in 

Neotropical coffee studies are also higher in canopy trees than in coffee or adjacent 

forests (Greenberg et al. 2000, Johnson 2000).   It is possible that central Kenya has 

fewer arthropods in shade trees compared to the Neotropics, thereby making other 

substrates (such as the understory or ground) more important foraging habitats.  Based on 

foraging observations in shade coffee from this study, the number of observations across 

all guilds  did not differ significantly between the categories of ground/understory and 

canopy trees (means of 35% and 51%; Sean MacDonald unpublished data), suggesting 

Kenyan birds as a whole forage less in shade trees compared to their Neotropical 

counterparts.  Similarly for insectivores in Kenyan shade coffee, 32% of observations 

were in the air, 31% in shade trees, and 34% on the understory/ground (Sean MacDonald 

unpublished data).  This suggests shade trees provide similar or lower amounts of insect 

foraging opportunities as the understory and ground, especially when considering the 

visual bias of more easily observing birds feeding in overstory shade trees.  Foraging 

observations in other agricultural habitats in Kenya (small-scale agriculture dominated by 

low-growing food crops such as potatoes, kale, peas, maize, etc.) also show a large 

proportion of ground-based foraging, with 54% of observations on the ground, compared 

with 24% on crop plants that included shade and crop trees (Ndang’ang’a et al. 2013).  

Finally, arthropods sampled on invasive G. robusta. and native Cordia sp. trees that 
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dominate  shade coffee plantations in much of central Kenya (Carsan et al. 2013), showed 

similar or lower average length, abundance, and diversity to those found on coffee 

bushes, which generally have low insect numbers (M. Milligan unpublished data, 

Johnson 2000).  Cumulatively, this suggests shade trees on coffee farms in Kenya 

provide less food (especially insects) compared to the shade trees in the Neotropics, thus 

making other foraging surfaces like the understory layer more important for foraging and 

thus more influential on bird communities. 

Landscape-scale variation appears to have little effect on bird communities in 

Kenyan sun coffee farms. Factors such as the size of an adjacent forest fragment, 

proportion of brush or forest surrounding an area, and distance from fragment edge were 

not strong predictors of bird abundance with the exception of granivores.  Otieno et al. 

(2011) surveyed farms outside a nearby rainforest and did not observe differences in 

diversity of guilds with increasing distance from fragments, although granivores showed 

a weak trend decreasing in species richness with increasing distance, similar to my study.  

However, it is important to remember the scale at which these variables were measured. 

The impact of distance from edge of forest fragments (up to 100 m), size of adjacent 

fragments, and landscape cover variables within a 125 m radius on bird communities 

were all examined on small scales.  It is possible that on a landscape scale, distance from 

larger fragments or forest reserves impact bird communities, especially since our study 

sites were all relatively close to Aberdares National Park (none were >10 km away).  In 

addition, within larger sun coffee plantations (i.e. >1 km from a forest fragment), it is 

possible that bird community dynamics are also different than the patterns observed here.  
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Finally, it is possible that the surrounding landscape influences bird communities in 

shade coffee; however, I was unable to study any potential patterns due to a lack of forest 

fragments directly adjacent to shade coffee farms. 

In many coffee landscapes in the Neotropics, birds are responsible for ecosystem 

services of pest removal that can boost yield (Kellermann et al. 2008, Johnson et al. 2010, 

Karp et al. 2013).  In the Neotropics, coffee berry borer is the main pest affecting coffee 

(Jaramillo 2006), whereas at high elevations in Kenya and in my study system, coffee 

berry borer is relatively rare (unpublished data, J. Waumbibo). In nearby Tanzania, birds 

increased coffee yield by 9% without significantly reducing coffee berry borer (Classen 

et al. 2014).  However, herbivory on coffee was significantly reduced, suggesting that the 

increase in yield was due to the bird community somehow decreasing insect herbivores 

(Classen et al. 2014).   In this study system, herbivorous mealy bugs (Planococcus 

kenyae) and greenscales (Coccus sp.) are the main coffee pests and are typically reduced 

by insect predators, such as parasitoid wasps (Bardner 1978, Chacko et al. 1978, DeBach 

and Rosen 1991).  This suggests the bird community could indirectly help farmers by 

reducing predators of parasitoid wasps and other insects that prey on herbivorous insects, 

thereby increasing beneficial predators and boosting yield. 

In suggesting that sun coffee has higher abundance and species richness than 

shade coffee, I assume that mist nets and my analyses which accounts for imperfect 

detection probability yielded comparable estimates of the bird community in each farm 

type.  This could be violated if there were many more species that went completely 
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undetected in the shaded farms than in the sun farms.  This does not appear to be the case, 

based on more than 500 foraging observations (S. MacDonald unpubl. data). Of the 53 

species observed foraging in the shade canopy, only 10 (or 19%) were not caught in nets 

(8 of which were seen a single time).  A relatively similar fraction of species observed 

foraging in sun coffee were also not caught in nets (4 of 39 species, or 10%). Moreover, 

all of the infrequently caught canopy species were assigned low capture probabilities by 

the Bayesian model, helping correct estimated abundances for biased sampling of canopy 

species.  Thus, while mist nets like all bird survey techniques are imperfect, the evidence 

suggests that my sampling effort and analyses that account for low capture probabilities 

enabled meaningful comparisons of shade and sun coffee in my study system.  
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CONCLUSION 

As little research has been conducted in African coffee farms, it is possible that 

the patterns observed in Kenyan bird communities, which differ drastically from patterns 

previously observed in the Neotropics, may extend across a larger continental scale.   

Shade coffee in this study is representative of much of the coffee landscape in East 

Africa, roughly 75% of which is composed of low diversity shade monocultures (Jha et 

al. 2014).  Similarly, 2/3 of species richness and 80% of bird abundance were made up of 

species that range extensively throughout sub-Saharan Africa, including many of the 

most common birds in these landscapes (Handbook of Birds of the World Alive 2014).   

New patterns in the effects of both canopy cover and understory vegetation on bird 

communities, differing from those previously observed in the Neotropics, all highlight 

the need for more research on a little-studied continent responsible for much of the 

world's coffee production.   
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APPENDIX A 

Appendix A. Definition of Bayesian model in the JAGS dialect of BUGS language 

model { 
mu.beta0 ~ dnorm(0, 0.01) #priors for species specific intercept  
sd.beta0 ~ dunif(0, 5)   #(assumed to follow a normal distribution) 
tau.beta0 <- 1/(sd.beta0*sd.beta0) 
 
mu.beta1 ~ dnorm(0, 0.01) #priors for species-specific slopes of understory volume  
sd.beta1 ~ dunif(0, 5)   #(assumed to follow a normal distribution) 
tau.beta1 <- 1/(sd.beta1*sd.beta1) 
 
mu.beta2 ~ dnorm(0, 0.01) #priors for species-specific slopes of canopy cover  
sd.beta2 ~ dunif(0,5)   #(assumed to follow a normal distribution) 
tau.beta2 <- 1/(sd.beta2*sd.beta2) 
 
mu.logitp ~ dnorm(0, 0.1)       #priors for species-specific capture probabilities  
sd.logitp ~ dunif(0, 5)                  #(assumed to follow a normal distribution) 
tau.logitp <- 1/(sd.logitp*sd.logitp) 
 
alpha1 ~ dnorm(0, 0.01)   #priors for capture probability covariate year 
     
for(i in 1:83) {     #for 83 species (i)  
    beta0[i] ~ dnorm(mu.beta0, tau.beta0) #species level random effect: intercept  
    beta1[i] ~ dnorm(mu.beta1, tau.beta1) #species level random effect: slope of 

#understory 
beta2[i] ~ dnorm(mu.beta2, tau.beta2) #species level random effect: slope of 

#canopy cover 
 

alpha0[i] ~ dnorm(mu.logitp, tau.logitp) #species level random effect: capture 
#probability 

   
for(j in 1:21) {     ##for 21 sites (j)    
     log(lambda[i,j]) <- beta0[i] + beta1[i]*understoryvolume[j] + beta2[i]*canopycover[j] 

    ##model for biological process, with abundance  



 

 

##assumed to have poisson distribution of mean 
##lambda 

         
logit(p[i,j]) <- alpha0[i] + alpha1*year[j] ##model for capture probability, assumed to 

##come from a binomial distribution with 
##probability p. Year is a  

 ##dummy variable for differences in net 
##hour between year 1 and 2  

  
   N[i,j] ~ dpois(lambda[i,j])       ##Start of removal model, assumed to be a multinomial  
     y[i,j,1] ~ dbin(p[i,j], N[i,j])     ## distribution made of 3 binomial distributions, used to  
  N2[i,j] <- N[i,j]-y[i,j,1]       ## estimate capture probability.  N is lastly assumed to  
     y[i,j,2] ~ dbin(p[i,j], N2[i,j])   ## have a poisson distribution with mean lambda for the  
  N3[i,j] <- N2[i,j]-y[i,j,2]       ## biological process part of model. 
     y[i,j,3] ~ dbin(p[i,j], N3[i,j])  
 } 
  }} 
 

 

 

 

 

 

 

 

 

 

 



 

 

APPENDIX B 

Appendix B. List of all species used for the Bayesian analysis and their guild, migratory 

status, forest classification, and the effects of understory volume and canopy cover on 

them. 

 
Guilds: G=granivore, I=insectivore, N=nectarivore, O=omnivore, F=frugivore),  
Forest classification (based on Benun et al. 1996): f=forest visitors, F1=forest generalists, 
FF=forest specialists) 
Slopes of the effect of understory volume and canopy cover were previously standardized 
and appear on a log scale. 
Species Latin Name Guild Migratory? Forest 

Classific-
ation 

Effect of 
Understory 

Volume 

Effect of 
Canopy 
Cover 

African Citril Serinus 
citrinelloides 

G  f 1.053 -0.097 

African Dusky 
Flycatcher 

Muscicapa adusta I  F1 0.443 0.465 

African Firefinch Lagonosticta 
rubricata 

G   0.864 -0.366 

African Golden 
Weaver 

Anaplectes 
rubriceps  

G   1.225 -0.335 

African Green Pigeon Treron calva F  F1 0.741 -0.689 
African Paradise 
Flycatcher 

Terpsiphone viridis I  f 0.228 0.8 

African Yellow 
Warbler 

Chloropeta 
natalensis 

I   0.644 -1.103 

Amethyst Sunbird Nectarinia 
amethystina 

N  f 0.657 -1.499 

Baglafecht Weaver Ploceus baglafecht O  f 0.846 0.2 
Black-And-White 
Mannikin 

Lonchura bicolor G  f 1.67 -3.495 

Black-Crowned 
Tchagra 

Tchagra senegala I   1.405 -0.739 

Black-Headed 
Weaver 

Ploceus 
melanocephalus 

O  FF 1.09 -2.284 

Black Saw-Wing Psalidoprocne I  f 0.864 -0.799 



 

 

Species Latin Name Guild Migratory? Forest 
Classific-

ation 

Effect of 
Understory 

Volume 

Effect of 
Canopy 
Cover 

holomelas 
Blackcap Sylvia atricapilla O Migratory F1 1.135 -0.296 
Brimstone Canary Serinus sulphuratus G   0.992 0.198 
Bronze Mannikin Lonchura 

cucullatus 
G   1.661 -1.93 

Bronze Sunbird Nectarinia 
kilimensis 

N  f 1.112 0.323 

Brown-Crowned 
Tchagra 

Tchagra australis I   0.817 -1.347 

Brown Parisoma Parisoma lugens I   0.518 0.268 
Cape Robin-Chat Cossypha caffra I  f 0.087 0.168 
Chestnut Sparrow Passer eminibey G   0.919 -0.753 
Chin-Spot Batis Batis molitor I   0.061 -0.531 
Cinnamon-Chested 
Bee Eater 

Merops oreobates I  F1 0.741 0.694 

Collared Sunbird Anthreptes collaris O  F1 -0.052 -0.195 
Common Bulbul Pycnonotus 

barbatus 
O  f 0.99 -0.409 

Common Fiscal Lanius collaris I   1.037 0.043 
Common Waxbill Estrilda astrild G   0.724 -0.81 
Common 
Whitethroat 

Sylvia communis O Migratory  0.968 -0.581 

Crimson-Rumped 
Waxbill 

Estrilda rhodopyga G   0.59 -1.104 

Emerald-Spotted 
Wood Dove 

 Turtur chalcospilos G  f 1.021 -1.273 

Golden-Breasted 
Bunting 

Emberiza 
flaviventris 

O   0.128 -1.362 

Green-Headed 
Sunbird 

Nectarinia 
verticalis 

O  F1 1.104 -0.425 

Grey-Backed 
Camaroptera 

Camaroptera 
brachyura 

I  f 0.352 -0.336 

Grey-Capped Warbler Eminia lepida I  f 1.011 -0.447 
Grey Headed 
Sparrow 

Passer griseus O   1.044 -1.343 

Hinde'S Babbler Turdoides hindei I   1.067 -0.264 
Holub'S Golden 
Weaver 

Ploceus xanthops O   1.167 -0.654 



 

 

Species Latin Name Guild Migratory? Forest 
Classific-

ation 

Effect of 
Understory 

Volume 

Effect of 
Canopy 
Cover 

Lesser Honeyguide Indicator minor O  f 0.823 -0.726 
Lesser Masked 
Weaver 

Ploceus 
intermedius 

O   0.722 -0.22 

Marico Sunbird Nectarinia 
mariquensis 

O   0.534 -0.019 

Marsh Warbler Acrocephalus 
palustris 

I Migratory  1.03 -0.337 

Montane White-Eye Zosterops 
poliogaster 

O  F1 -0.38 -0.647 

Northern Brownbul Phyllastrephus 
strepitans 

I  f 0.745 -0.79 

Olivaceous Warbler Hippolais pallida I Migratory  1.01 -0.768 
Olive Thrush Turdus olivaceus O  F1 0.086 -0.173 
Pale Flycatcher Bradornis pallidus I   0.119 -0.276 
Purple Grenadier Uraeginthus 

ianthinogaster 
G   1.193 -1.125 

Rattling Cisticola Cisticola chiniana I   1.337 -1.747 
Red-Billed Firefinch Lagonosticta 

senegala 
G   0.992 0.016 

Red-Billed Quelea Quelea quelea G   0.73 -1.437 
Red-Cheeked Cordon 
Bleu 

Uraeginthus 
bengalus 

G   0.918 -0.282 

Red-Collared 
Widowbird 

Euplectes ardens O   1.23 -2.971 

Red-Faced Cisticola Cisticola erythrops I   0.936 -0.964 
Red-Fronted Barbet Tricholaema 

diademata 
O   0.916 -0.427 

Red-Throated 
Wryneck 

Jynx ruficollis I  f 0.516 0.452 

Rufous Chatterer Turdoides 
rubiginosus 

I   0.947 -0.753 

Rufous Naped Lark Mirafra africana I   0.928 -0.747 
Rufous Sparrow Passer rufocinctus G   1.325 -0.577 
Ruppell'S Robin Chat Cossypha semirufa I  F1 1.438 -0.405 
Scarlet-Chested 
Sunbird 

Nectarinia 
senegalensis 

N   0.156 -0.546 

Siffling Cisticola Cisticola 
brachypterus 

I   0.868 -1.383 



 

 

Species Latin Name Guild Migratory? Forest 
Classific-

ation 

Effect of 
Understory 

Volume 

Effect of 
Canopy 
Cover 

Singing Cisticola Cisticola cantans I   1.069 -1.167 
Speckled Mousebird Colius striatus F   1.137 -0.347 
Spectacled Weaver Ploceus ocularis I  f 0.73 -0.707 
Speke's Weaver Ploceus spekei O   1.04 -4.315 
Streaky Seedeater Serinus striolatus G  f 0.466 0.095 
Tambourine Dove Turtur tympanistria G   1.016 -0.311 
Tawny-Flanked Prinia Prinia subflava I  f 0.555 -1.797 
Thick Billed 
Seedeater 

Serinus burtoni O  FF 0.493 0.158 

Tree Pipit Anthus trivialis I Migratory f 0.127 -0.115 
Variable Sunbird Nectarinia 

venustus 
O  f 0.122 -0.893 

White-Bellied Tit Parus albiventris I  f -0.219 0.09 
White-Browed Scrub 
Robin 

Cercotrichas 
leucophrys 

I   0.944 -0.409 

White-Eyed Slaty 
Flycatcher 

Melaenornis 
fischeri 

I  F1 0.696 1.263 

White Starred Robin Pogonocichla 
stellata 

O  F1 0.41 0.189 

Willow Warbler Phylloscopus 
trochilus 

I Migratory f 0.143 -0.173 

Yellow Bishop Euplectes capensis O   1.258 -2.195 
Yellow-Breasted 
Apalis 

Apalis flavida I  f 0.062 -0.739 

Yellow-Crowned 
Canary 

Serinus canicollis G  f -0.13 0.67 

Yellow-Rumped 
Seedeater 

Serinus reichenowi G   1.024 -0.517 

Yellow-Rumped 
Tinkerbird 

Pogoniulus 
bilineatus 

O  F1 0.462 -0.745 

Yellow Wagtail Motacilla flava I Migratory  -0.938 -2.722 
Yellow-Whiskered 
Greenbul 

Andropadus 
latirostris 

O  F1 0.391 -1.5 

 

 



 

 

APPENDIX C 

Appendix C. AICc model selection results for Bayesian Analysis done at the lane level. 

For each response variable, raw capture data was totaled for each lane, using site nested within lane as a random effect in 
GLMM models.  An additional random effect was included as a factor for each observation to estimate overdispersion, while 
fixed effects included net hours.  Canopy cover, tree density, and tree diversity (SWDI) were collinear and therefore never 
combined in the same model.  I considered covariates important (*) when model averaged 95% confidence intervals did not 
overlap zero.  
 
Undrstry volume and Midstry volume represent the volume of weedy understory and midstory respectively; Canopy ht 
represents the distance between the top of the tree and its lowest section of canopy; Trunk ht represents the distance between 
the ground and the lowest portion of canopy; Canopy cvr represents canopy cover; Sun or Shade represents either sun or 
shade coffee management strategies. 
Omnivore 

      Model K AICc ΔAICc wi Cum.Wt LL 
Undrstry volume* + Canopy ht* 7 317.32 0 0.42 0.42 -150.01 
Undrstry volume* + Canopy cvr 7 318.35 1.04 0.25 0.67 -150.53 
Undrstry volume + Canopy  + Canopy ht* 8 319.53 2.21 0.14 0.81 -149.58 
Undrstry volume* 6 320.06 2.75 0.11 0.92 -152.83 
Canopy cvr 6 321.79 4.48 0.04 0.96 -153.7 
Canopy Ht* 6 323.33 6.02 0.02 0.98 -154.47 
Sun or Shade 6 323.9 6.58 0.02 1 -154.75 
Null 5 326.06 8.74 0.01 1 -157.2 

       Granivore 
      



 

 

 

 

 

 

 

 

Model K AICc ΔAICc wi Cum.Wt LL 
Undrstry volume* 6 277.96 0 0.45 0.45 -131.78 
Undrstry volume* + Midstry volume 7 278.03 0.07 0.44 0.89 -130.37 
Undrstry volume* + Pct coffee 7 280.73 2.77 0.11 1 -131.72 
Null 5 295.26 17.31 0 1 -141.8 
Midstry volume 6 296.79 18.84 0 1 -141.2 
Pct coffee 6 296.94 18.98 0 1 -141.27 
Sun or Shade 6 298 20.04 0 1 -141.8 

       Insectivore 
      Model K AICc ΔAICc wi Cum.Wt LL 

Null 5 260.32 0 0.19 0.19 -124.33 
Tree density* 6 260.57 0.25 0.17 0.36 -123.09 
Tree density* + Pct Coffee 7 260.69 0.37 0.16 0.52 -121.7 
Tree density* + Undrstry volume 7 260.77 0.45 0.15 0.67 -121.74 
Pct coffee 6 260.98 0.66 0.13 0.8 -123.29 
Undrstry volume 6 261.95 1.63 0.08 0.88 -123.77 
Tree density* + Pct coffee+ Undrstry volume 8 262.18 1.86 0.07 0.95 -120.91 
Sun or Shade 6 262.96 2.64 0.05 1 -124.28 



 

 

APPENDIX D 

Appendix D. AICc model selection results for Bayesian Analysis done at the site level. 

For each response variable, raw capture data was totaled for each site, using site as a random effect in GLMM models.  An 
additional random effect was included as a factor for each observation to estimate overdispersion, while fixed effects 
included net hours.  Canopy cover, tree density, and tree diversity (SWDI) were collinear and never combined in the same 
model.  I considered covariates important (*) when model averaged 95% confidence intervals did not overlap zero.   
 
Undrstry volume and Midstry volume represent the volume of weedy understory and midstory respectively; Canopy 
represents canopy cover; Sun or Shade represents either sun or shade coffee management strategies. 
Total Abundance 

      Model K AICc ΔAICc wi Cum.Wt LL 
Understry volume* 4 217.67 0 0.92 0.92 -103.58 
Null 3 223.5 5.83 0.05 0.97 -108.04 
Sun or Shade 4 224.87 7.2 0.03 1 -107.19 

       Species Richness 
      Model K AICc ΔAICc wi Cum.Wt LL 

Understry volume* 4 140.21 0 0.95 0.95 -64.85 
Null 3 146.67 6.46 0.04 0.99 -69.63 
Sun or Shade 4 148.72 8.52 0.01 1 -69.11 

       Omnivores 
      Model K AICc ΔAICc wi Cum.Wt LL 



 

 

Understry volume* + Canopy  cvr* 5 192.95 0 0.33 0.33 -89.47 
Canopy  cvr* 4 193.49 0.54 0.25 0.57 -91.5 
Understry volume* + Trunk ht 5 194.92 1.98 0.12 0.69 -90.46 
Sun or Shade 4 195.78 2.83 0.08 0.77 -92.64 
Understry volume* 4 195.79 2.84 0.08 0.85 -92.64 
Understry volume* + Canopy  cvr* + Trunk ht 6 196.06 3.12 0.07 0.92 -89.03 
Understry volume* + Canopy  cvr* 6 196.91 3.96 0.04 0.97 -89.45 
Null 3 197.45 4.5 0.03 1 -95.02 

       Granivore 
      Model K AICc ΔAICc wi Cum.Wt LL 

Understry volume* 4 161.2 0 1 1 -75.35 
Null 3 174.03 12.83 0 1 -83.31 
Sun or Shade 4 177.12 15.91 0 1 -83.31 

       Insectivore 
      Model K AICc ΔAICc wi Cum.Wt LL 

Null 3 157.61 0 0.26 0.26 -75.1 
Understry volume + Tree density 5 158.28 0.66 0.19 0.45 -72.14 
Understry volume 4 158.8 1.19 0.14 0.6 -74.15 
Tree density 4 158.81 1.19 0.14 0.74 -74.15 
Midstory volume 4 159.15 1.53 0.12 0.86 -74.32 
Sun or Shade 4 160.64 3.03 0.06 0.92 -75.07 
Midstory volume + Tree density 5 161.34 3.73 0.04 0.96 -73.67 
Understry volume + Tree density + Midstory volume 6 161.55 3.94 0.04 1 -71.78 
Understry volume + Tree density + Midstory volume + SWDI 7 166.16 8.55 0 1 -71.77 
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