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Ecosystem services, such as pest control and pollination, are critical benefits of biodiversity important for agricul-
tural production. Predators, including insectivorous birds and ants, can provide important biological controls in
agroecosystems, boosting crop yield and offsetting the need for expensive inputs such as pesticides. Local habitat
and landscape characteristics can affect the delivery of ecosystem services, thereby influencing optimal land al-
location for crop production and biodiversity. In order to better understand the relationship between ecosystem
services and the surrounding habitat, we conducted a sentinel pest experiment to investigate predation levels in
response to a novel pest on coffee farms in central Kenya. The frequency of predation decreased significantlywith
increasing distance from adjacent forest fragments and was correlated with bird species richness. Predation was
also significantly higher on shade compared to sun coffee farms. We conclude that a land sharing approach, via
both the integration of shade trees and the conservation of small forest fragments within or adjacent to a farm,
can support increased levels of pest control services provided by birds and ants in Kenyan coffee farms.
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1. Introduction

Global cropdemand is projected to increase by 70% between2005 and
2050 (Food and Agriculture Organization of the United Nations (FAO),
2009). Meeting the rising agricultural demand will require some combi-
nation of increased land conversion and intensified production, which
both pose serious threats to biodiversity. Two divergent strategies to op-
timize commodity production and biodiversity conservation in the face of
land scarcity have emerged: the land sparing and land sharing strategies
(Fischer et al., 2014). With land sparing, agricultural areas are managed
intensively, creating the maximum agricultural yield from a minimal
area, so that other areas can be “spared for nature” (Green et al., 2005).
Land sharing, however, encourages biodiversity within each farm
(Fischer et al., 2008), whether by including areas that are structurally
similar to native vegetation or having high levels of heterogeneitywithin
the farmed area or along the margins. Realistically, the optimal strategy
will involve both approaches, and research that moves beyond this sim-
ple dichotomy is urgently needed (Kremen, 2015). For example, encour-
aging wildlife that provide ecosystem services, such as pest control,
could actually elevate yield (Şekercio lu, 2006), so that reductions in
acreage, either from incorporating heterogeneity within the farm or pre-
serving other land for nature, may not result in a net loss to the farmer.

Understanding the effects of different agricultural management
strategies on biodiversity can help farmers better promote beneficial
ecosystem services such as pest control. Coffee farms can significantly
illigan).
influence biodiversity on a large scale, because coffee is the most valu-
able tropical export crop in the world, cultivated on 10million hectares
worldwide (Food and Agriculture Organization of the United Nations
(FAO), 2012) with a value of approximately US $90 billion (Jaramillo
et al., 2011). Coffee has received attention in the land sparing versus
land sharing debate due to the range of availablemanagement practices
at the scale of both individual farms and landscapes, which enables
comparison of current management practices (Chandler et al., 2013).
Shade coffee, or coffee grown under a tree canopy, is a widely promoted
example of the land sharing strategy because it can support significant
on-farm biodiversity (Perfecto and Vandermeer, 2015). In contrast,
sun coffee monocultures, which possess lower vegetation complexity,
typically have lower on-farm biodiversity but higher crop yields. If this
higher production can offset yield lost on land protected for biodiversi-
ty, then sun coffee paired with preserved forest fragments may consti-
tute a viable land sparing strategy. Despite a strong pattern suggesting
that shade coffee supports greater biodiversity than sun monocultures
(Armbrecht and Perfecto, 2003; Raman, 2006; Kellermann et al., 2008;
Philpott et al., 2008; Philpott and Bichier, 2012), there is no clear con-
sensus regarding the effects of land sharing versus land sparing man-
agement strategies on biodiversity in coffee, in part because few
studies have examined the differences explicitly (but see Phalan et al.,
2011 and Chandler et al., 2013). In addition, surrounding habitats can
play a role in determining on-farm biodiversity, with adjacent forest
being found in some cases to exert a stronger influence on bird popula-
tions than farm attributes such as shade trees (Bátary et al., 2011).

Encouraging optimal land allocation for biodiversity can, in turn,
benefit agriculture. The “insurance hypothesis” (McNaughton, 1977;
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Tscharntke et al., 2005) holds that biodiversity stabilizes an ecosystem
and buffers environmental disruptions, such as the expansion and
irruption of agricultural pests in response to climate change. Due to cli-
mate change, coffee pests, such as berry borer (Hypothenemus hampei),
are projected to shift in both range and abundance (Jaramillo et al.,
2011) with responses of individual species being highly context-
dependent (Jonsson et al., 2014). One limiting factor in agriculture,
particularly in the developing world, is the availability of expensive in-
puts, such as pesticides (Ndang'ang'a et al., 2013a). By encouraging
the provisioning of ecosystem services, including pest control, farmers
could decrease their reliance on costly chemical inputs (Şekercio lu,
2012). Therefore, it is vital to gain a better understanding of the provi-
sioning of natural pest control services.

Both bird and arthropod populations play a role in the provisioning of
natural pest control services. Strong evidence suggests that bird popula-
tion characteristics, such as diversity and composition, affect the provi-
sioning of these services. Studies have shown that bird species richness
(Perfecto et al., 2004; Van Bael et al., 2008), bird density (Perfecto
et al., 2004), functional richness (Philpott et al., 2009), both species rich-
ness and predator abundance (Jedlicka et al., 2011), and the presence of
migratory species (Van Bael et al., 2008) are all positively correlatedwith
the top-down control of pests. However, despite this suite of work in the
Neotropics, very few studies have examined pest control services provid-
ed by birds in Africa (De Beenhouwer et al., 2013). In addition to birds,
arthropod predators, particularly ants, have been shown to be pest con-
trol agents in a variety of agroecosystems (Perfecto and Castiñeiras,
1998; Philpott and Armbrecht, 2006), including coffee (Vandermeer
et al., 2002; Armbrecht and Perfecto, 2003).

While the relationships between biodiversity and agricultural inten-
sification, as well as between predator communities and pest control
services, are well documented in coffee (Vandermeer et al., 2002;
Armbrecht and Perfecto, 2003; Perfecto et al., 2004; Van Bael et al.,
2008; Philpott et al., 2009), few studies have examined the effect of
farm and landscape variables on natural pest predation (Maas et al.,
2015). Many studies have been conducted on Neotropical coffee farms,
but very little work has been conducted in Africa (De Beenhouwer
et al., 2013), where pest regulation may differ substantially because cof-
fee is a native crop.While few studies have examined pest populations in
coffee, shade coffee farms in Ethiopia were found to harbor a diverse
community of insectivorous birds (Buechley et al., 2015) and predators
and pollinators together decreased herbivory and increased fruit set in
Tanzania (Classen et al., 2014). Taken together, these studies suggest
that predator communities could be providing important pest control
services on East African coffee farms. In addition, natural pest control
has been observed in another African crop, kale, where pest reductions
have been positively linked to both shade (Guenat, 2014) and the
influence of avian predators, although only during the dry season
(Ndang'ang'a et al., 2013b). Given that Africa accounts for roughly 20%
of land devoted to global coffee production (Food and Agriculture
Organization of the United Nations (FAO), 2012), the region merits
further study.

We investigated pest removal by conducting a sentinel pest experi-
ment on coffee farms in central Kenya. We compared the frequency of
pest removal to landscape characteristics, farm vegetation complexity,
and both bird and ant community parameters to examine how different
land management strategies affected the provisioning of pest control
services.

2. Methods

2.1. Study system

We conducted this experiment in Nyeri County of central Kenya,
located in the agriculturally productive highlands. Coffee farms range
from large estates to small-scale plots embedded in a larger non-
coffee habitat matrix, and cultivation practices include both sun and
shade coffee, or coffee grown under a canopy of trees. In this study
area, farmswere either sun coffee (0% canopy cover) or shademonocul-
ture as classified by Moguel and Toledo (1999). Shade coffee is uncom-
mon in this region, and shade farms that existed had less canopy cover
(mean = 20%) and vegetative diversity (average of 1.4 shade tree spe-
cies per site) than has been described for shade farms in the Neotropics
(Moguel and Toledo, 1999). Overall, wemonitored 21 sites for pest pre-
dation, including 11 in sun coffee and 10 in shade coffee. A site consisted
of two transects of pest presentation stations (see Sentinel Pest
Experiment) and all sites were a minimum of 250 m apart to preserve
independence. The sole exception was a pair of sites that were a
minimum of 75 m apart, but were judged to be independent based on
low bird recapture rates between the sites (b1% recapture rate between
sites, Smith, 2015). Sites were located on five farms: Dedan Kimathi
University of Technology (DKUT) Farm (120 ha), Jungle Estate
(51 ha), Hill Estate (334 ha), Kihuri Estate (19 ha), and Sasini Farms
(210 ha). All sites within a single farm were located within different
coffee blocks, which were discrete areas with distinct management
conditions and histories.

2.2. Sentinel pest experiment

Weperformed a sentinel pest experiment to simulate elevated levels
of a novel insect pest. This experiment controlled the location and
quantity of pests, thus allowing the response rate to be measured in re-
lation to hypothesized predictor variables, such as distance to forest
fragment and the presence of shade trees. All sentinel pest experiments
were performed in the dry season during a four week period in Decem-
ber 2012 and January 2013 and a sixweek period in December 2013 and
January 2014.

For the experiment we chose large insects that were easy to manip-
ulate and posed no threat to cooperating farmers. The maize stemborer
caterpillar (Sesamia calamistis) is a common crop pest in Africa and is
commercially available from the International Centre of Insect
Physiology and Ecology (ICIPE), from which we obtained third instar
larvae. While lepidopteran larvae are relatively rare on coffee plants
(our arthropod sampling revealed an average of 0.03 larvae per branch),
they are an important food item for birds (Greenberg, 1995) and thus
provide useful subjects for short-term assays of overall insect removal.
While this approach cannot reveal true pest removal rates, it can
provide a measure of predation in relation to forest fragments and
farm vegetation complexity (sensu Perfecto et al., 2004).

A pest presentation station consisted of caterpillars on three adjacent
coffee plants. Each coffee plant had two caterpillars placed on a single
leaf at a height of 1.5 m and in the same cardinal direction. We pinned
caterpillars to the leaf with a black enamel insect pin (Bioquip #3)
inserted through the caterpillar's thorax and secured below the leaf
with green painter's tape. We placed caterpillars by dawn each morning
to eliminate predation by nocturnal predators, and checked and collect-
ed them by 12:15. The discovery during the 2013–2014 field season that
ants (predominantly Pheidole megacephala) were a source of predation
prompted a modification to the setup of the pest presentation stations.
During the second half of the 2013–2014 field season, we protected
half of the branches with an ant barrier containing a mixture of Mortein
Insect Spray (active ingredients: Allethrin [2.09 g/kg] and Resmethrin
[0.39 g/kg]) and petroleum jelly (Vaseline) to prevent access by ants in
order to estimate minimum bird and ant predation. Field trials proved
that the ant barrier effectively excluded ants for a minimum of 12 h.

Due to the low prevalence of shade coffee in the study region, no
shade farms directly adjacent to forest fragments were available.
Therefore, we only examined the effect of forest edge on sun coffee
farms. Sites were 250 m apart and every sun coffee site contained two
transects a minimum of 100 m apart. Each transect consisted of pest
presentation stations placed at 0 m, 10 m, 25 m, 50 m, 75 m, 100 m,
125 m, and 150 m from the forest fragment edge (Fig. 1). This design
allowed us to analyze the effect of distance to forest edge on pest



Fig. 1. Experimental design of the sentinel pest experiment in sun coffee farms. Each letter (A, B, C) represents a single coffee plant with two caterpillars on the same leaf.
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removal on sun farms using stations from 0 to 100 m. We excluded
stations at 125 m and 150 m on the transect from the distance analysis
because they were often less than 100 m from the opposite farm edge.
Shade coffee sites had 100 m long transects, also a minimum of 100 m
apart, with six pest presentation stations positioned along the transect,
all at least 25 m from the coffee edge. Preliminary analyses suggested
that the edge effect from forest fragments decreased significantly by
25 m (see Results for full analyses). Therefore, for comparisons of pest
removal on sun and shade coffee sites, we excluded presentation
stations at 0 m and 10 m from sun coffee sites and distance was not in-
cluded as a variable, yielding six stations per transect in both sun and
shade sites, all a minimum of 25 m from the nearest forest edge. By
excluding presentation stations closer to the edge, the potential edge
effect should also be removed, thus allowing the comparison of vegeta-
tion structure between sun and shade coffee farms.

We set up motion sensor cameras (Reconyx HC500 HyperFire
Semi-Covert IR) at a sample of the presentation stations in an attempt
to determine which species were feeding on the caterpillars. On
average, eight cameras were placed at each site for a total of 122
camera-stations in the study. Cameras were placed a minimum of
1–2 m away from the presentation station to minimize any effects on
predator visitation.

2.3. Landcover variables

Adjacent forest fragments differed in size and quality, but were all
composed of secondary growth with a mixture of native and
non-native trees. To examine whether the size of conterminous forest
affected pest removal, we digitized the adjacent forest fragments in
GoogleEarth by identifying contiguous areas dominated by trees.We es-
timated the area of each resulting fragment in ArcMAP 10.1. To capture
differences in the larger non-coffee matrix surrounding each site, we
calculated the proportion of each landcover type within a 125 m buffer
around each site.We digitized landcover layers in GoogleEarth based on
the color and texture of the satellite image and on-the-ground knowl-
edge of the habitat. The resulting layers were divided into the following
landcover types: trees, brush, sun coffee, shade coffee, human struc-
tures, water, and other. We calculated the percentage of each landcover
typewithin a 125m buffer in Program R (Version 3.0.1) using the rgeos
package.

2.4. Vegetation variables

To test the prediction that shade coffee supports higher levels of pest
control, we analyzed the influence of the farm's vegetation complexity
on predation. At each pest presentation station, we sampled coffee
and shade tree vegetation in a 5m radius plot. For coffee,measurements
included coffee density (the proportion of the sample plot covered
by coffee bushes), number of coffee bushes, percent understory
(height b 1.5 m) cover, percent midstory (height 1.5–5 m) cover, and
the average height of both the mid- and understory. We calculated
the volume of the understory vegetation by visually estimating the
height and percent cover of vegetation in the sample plot. We calculat-
ed the volume of the midstory vegetation in the same manner but
included only vegetation between 1.5–5 m tall, thus excluding any
understory vegetation. Measurements of shade trees included percent
shade cover (measured with a densiometer), the number of trees
within 50 m of each plot, an estimate of shade tree density using the
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point-quarter method (Krebs, 1989), and the distance to nearest tree in
each quadrant (measured using a rangefinder), including its species,
canopy depth (the distance from the bottom to the top of the tree can-
opy), and trunk height (the distance from the ground to the bottom of
the canopy). We also calculated shade tree diversity for each transect
using the Shannon–Wiener diversity index based on the proportion of
trees of each species occurring within 25 m. To preserve their utility
for management purposes, vegetation variables were analyzed
independently and not combined and summarized.

2.5. Predator variables

Both birds and ants were important predators in this system. We
obtained information on bird species richness, abundance and composi-
tion from concurrent research of the bird populations at each site
(Smith et al., 2015). Two transects ofmist nets followed the spatial sam-
pling design of the sentinel pest experiment. Mist nets were operated
after, but within 28 days of, the sentinel pest experiment to avoid alter-
ing bird behavior during the experiment (see Smith, 2015 for details on
mist net operation).Whilemist nets are biased against birds that forage
in the canopy, they sample the understory and are considered an effec-
tive method for sampling the bird community in coffee (Chandler et al.,
2013; Buechley et al., 2015; Smith et al., 2015), which would capture
any individuals potentially providing pest control services. Bird capture
rates (per 100 net hours) provided an index of bird abundance.We cal-
culated species richness as an average of the number of species captured
at each distance for the distance analysis and for each transect for the
full analysis (See Model Development and Selection below), because
the capture rate was too low to allow for sufficient precision to estimate
species richness at a net level. We classified species into five foraging
guilds based on established groupings (Kissling et al., 2007). Birds
were also classified based on their level of forest dependence (Bennun
et al., 1996), with forest birds considered to be either forest specialists
or forest generalists. Predictor variables used in the analysis included
total abundance, species richness, insectivore abundance, and forest
bird abundance. Our study was conducted in accordance with
Humboldt StateUniversity's Institutional Animal Care andUseCommittee
(IACUC; Protocol #13/14.W.39-A).

An index of ant abundance at each distance was calculated using
tuna fish baits (Philpott et al., 2006). A strip of canned tuna (shredded,
packed in oil) 4–5 cm wide was placed on each coffee trunk approxi-
mately 1 m above the ground. Baits were examined 30 min after they
were placed, the number of ants presentwas counted and, when neces-
sary, sampleswere collected for identification by the NationalMuseums
of Kenya to estimate species richness.

2.6. Arthropod variables

Weconducted a survey of overall arthropod abundance on the coffee
plants to determine background levels of larval abundance in order to
place the sentinel pest experiment in context. Following the protocol
described by Johnson (2000), we surveyed the arthropod community
at each pest presentation station by taking 2–3 branch samples. We
identified arthropods to order in the field and recorded the number
and length of individuals in each order.

2.7. Model development and selection

This experiment included two similar analyses that addressed
separate but related questions examining the underlying mechanisms
driving total pest removal. The first analysis focused primarily on the
effect of distance from forest edge on pest removal, while the second
analysis concentrated on the effect of farm type (sun vs. shade coffee)
on pest removal. Because only sun coffee farms were directly adjacent
to forest fragments in this study system, the first analysis (distance)
was performed only on this subset of the data. Ant variables were only
measured during the 2013–2014 field season. Thus, the full analysis
included only bird variables when examining the influence of the
predator community, but a similar analysis was performed on a subset
of the data to include both bird and ant variables.

To determine the relative importance of the different variables as
predictors of pest removal, we used generalized linear mixed models
with a binomial distribution in the lme4 package in Program R. The
proportion of caterpillars removed at a pest presentation station was
the response variable with site and transect as nested random effects.
Due to the large number of predictor variables under consideration,
we used hierarchical model selection to build a set of candidate models
for each analysis that were compared using the corrected Akaike's
Information Criterion (AICc). The null model included both random
effects, but no fixed effects. Vegetation variables were the first fixed
effects considered as they presumably have a foundational influence
on the other factors analyzed. To build a top vegetation model, we
examined the AICc of each model with a single variable and included
in subsequent analyses only variables that decreased the AICc over the
null model. Once we chose a top model including only vegetation vari-
ables, we then considered variables, depending on the analysis, in the
following order: landcover variables or farm type, predator variables,
and distance. We averaged final models to yield coefficient estimates
and we then assessed model fit by computing both marginal and
conditional R2 values following the method outlined by Nakagawa and
Schielzeth (2013).

3. Results

Predation ranged between zero and 100% at individual pest presen-
tation stations, with a mean of 11.8% of the caterpillars removed. Only
birds and ants were identified eating the caterpillars in the sentinel
pest experiment usingmotion-activated camera footage. Birds removed
an average of at least 3.9% of the caterpillars and ants removed an
average of at least 1.9% of the caterpillars, while the remaining 6% could
not be conclusively assigned to birds or ants. A total of 85 bird species
were captured and, of those species, 36 were classified as insectivores
and 15 as forest-dependent species.

3.1. Effects of distance to forest fragment on pest removal

A mean of 12.0% of the pest presentation stations used in the
distance analysis were depredated. Among the vegetation variables,
the best predictors of pest removal included canopy cover, volume of
midstory vegetation, tree density, and trunk height. When examined
in combination with the top vegetation model, none of the landcover
variables improved the AICc, but each landcover model had a small
portion of the model weight. Therefore, we examined each landcover
variable individually compared to the null model. As none improved
the AICc fit over the null model, we did not include landcover variables
in any further analysis. When bird population parameters were
analyzed with the vegetation variables, the best model included forest
bird abundance, with 62% of the model weight spread between a
model including both the vegetation variables and forest bird abun-
dance and a model including the vegetation variables and total bird
abundance. In the final set of candidate models, the variable of distance
was in all six top models, representing 100% of the model weight
(Table 1). In the single strongest model (ΔAICc = 0, model weight =
0.58) distance (Fig. 2), bird species richness, volumeofmidstory vegeta-
tion, tree density, and trunk height were negatively correlated with
removal, while canopy cover was positively correlated. The second
strongest model included distance, total bird abundance and vegetation
variables, but represented only 15% of the model weight. The marginal
and conditional R2 for the top model were 0.02 and 0.33, respectively,
indicating that while the model fit the data reasonably well, there
remained substantial variation in predation rates unexplained by the
variables in the top model.



Table 1
Support for the final set of models predicting the probability of caterpillar depredation in the distance analysis.

Model K AICc ΔAICc wi Cumulative wi LL

Vegetationa + species richness + distance 9 262.87 0.00 0.58 0.58 −121.62
Vegetation + total abundance + distance 9 265.59 2.72 0.15 0.72 −122.98
Vegetation + distance 8 265.94 3.07 0.12 0.85 −124.32
Vegetation + forest bird abundance + distance 9 267.41 4.53 0.06 0.91 −123.88
Distance 4 268.01 5.14 0.04 0.95 −129.83
Vegetation + insectivore abundance + distance 9 268.04 5.17 0.04 1.00 −124.20
Vegetation + forest bird abundance 8 274.55 11.67 0.00 1.00 −128.63
Vegetation + total abundance 8 275.38 12.50 0.00 1.00 −129.04
Vegetation 7 275.55 12.67 0.00 1.00 −130.27
Vegetation + species richness 8 277.50 14.63 0.00 1.00 −130.10
Vegetation + insectivore abundance 8 277.81 14.94 0.00 1.00 −130.26
Null 3 293.98 31.11 0.00 1.00 −143.89

a Vegetation model includes the following variables: canopy cover, volume of midstory vegetation, tree density, and trunk height.
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3.2. Effects of farm type on pest removal

Among the vegetation variables, the best predictors of pest removal
included canopy cover (Fig. 3), whichwas positively correlatedwith re-
moval, and coffee density and shade tree diversity, which were nega-
tively correlated with removal. These three vegetation variables in
combination were better predictors of pest removal than the simple bi-
nary variable of farm type and so were included in all further models.
When combined with the bird population parameters, the model with
the strongest support (Table 2; ΔAICc = 0, model weight = 0.35) in-
cluded the vegetation variables and insectivore abundance, which was
negatively correlatedwith removal. However,modelweightwas spread
fairly evenly over the top model and the following two models, which
included just the vegetation variables (ΔAICc = 0.76, model weight =
0.24), and vegetation and species richness, which was positively corre-
lated with removal (ΔAICc = 0.83, model weight= 0.23), respectively.
The marginal R2 and conditional R2 for the top model were 0.03 and
0.39, respectively, suggesting that again much variation remained
unexplained by the top model.

Ants were present at 92% of the pest presentation stations and abun-
dance at the tuna baits ranged from 0 to greater than 1000 individuals
(mean = 207). Four ant genera were identified, but P. megacephala
was overwhelming the most numerous, accounting for over 90% of
total abundance. Using only data from the 2013–2014 field season
when ant variables were measured, ant abundance was in all eight of
the top models, in combination with the different bird population
Fig. 2.Model prediction of the probability of predation at increasing distance from an adjacent fo
proportion of caterpillars removed in the sentinel pest experiment and were jittered to make o
variables, accounting for 80% of model weight, while ant species rich-
ness was not an important predictor of removal.

4. Discussion

Pest removal on Kenyan coffee farms was influenced by both how a
farm was managed and its surroundings. In this experiment, pest
removal was positively associated with shade tree canopy and, on sun
farms, negatively associated with distance to an adjacent forest
fragment. While our analyses showed clearly that canopy cover and
distance to forest were important factors predicting pest removal, they
also indicate that substantial variation in pest removal rates remains un-
explained by the vegetation, landcover, and predator variables examined
here. Therefore, a more complete understanding of the dynamics of pest
removal rates in Kenyan coffee awaits further experimentation.

Percent canopy cover, the defining characteristic of shade coffee,
was positively correlatedwith pest removal in all themodels examining
total predation, a finding consistent with some studies (e.g., Perfecto
et al., 2004; Philpott and Armbrecht, 2006; Armbrecht and Gallego,
2007). However, this finding differs fromother studies that found either
no relationship between avian pest control and anymeasures of vegeta-
tion complexity, including canopy cover (Kellermann et al., 2008;
Philpott et al., 2009), or a negative correlation (Johnson et al., 2010).
The presence of shade trees could prompt a numerical response in
both birds and ants foraging in coffee (Kellermann et al., 2008; Van
Bael et al., 2008; Philpott et al., 2009), reflecting the tendency of
rest fragment. Dashed lines represent 95% confidence intervals. Points represent the actual
verlapping points distinctly visible.



Fig. 3.Model prediction of the probability of predationwith increasing canopy cover. Dashed lines represent 95% confidence intervals. Points represent the actual proportion of caterpillars
removed in the sentinel pest experiment.
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predators to aggregate in areas of high prey density (Godfray and
Pacala, 1992). Alternatively, higher pest removal with increasing
shade cover may be due to a functional response, whereby birds are
more likely to detect and consume large profitable prey like caterpillars
when they can search for them from above. Our results may differ from
previous studies because Kenyan shade farms generally had low shade
tree diversity and abundance, potentially increasing the incentive for
predators to forage in the coffee layer compared to more diverse
Neotropical shade farms. A simulation model based on data from
Jamaican coffee farms found that if shade trees became too common,
it was no longer profitable for birds to forage in the crop layer, where
there are fewer prey (Railsback and Johnson, 2014).

Pest removal on sun farms was also positively correlated with
proximity to an adjacent forest fragment. Birds may nest or roost in
forest patches and venture into the farm edge to forage (Jirinec et al.,
2011). This finding underscores that adjacent habitat can contribute to
the delivery of an ecosystem service by mobile organisms (Ricketts,
2004; Kellermann et al., 2008; Wenny et al., 2011; Karp et al., 2013),
and provide an incentive for habitat protection near farm edges. How-
ever, other landscape variables, including fragment size and the amount
of forested area within a 125 m radius, were not associated with pest
control. In addition, the number of forest birds was not related to pest
removal. In this system, small patches of forest on sun farm edges ap-
pear to be sufficient to deliver insectivorous birds and ants into the
farm, perhaps because predators in our systemwere not strongly forest
dependent. This contrasts with a previous study suggesting that greater
surrounding forest cover increased avian control of coffee berry borer
on farms in Costa Rica (Karp et al., 2013).
Table 2
Support for the final set of models predicting the probability of caterpillar depredation in
the farm type analysis.

Model K AICc ΔAICc wi Cumulative
wi

LL

Vegetationa + insectivore abundance 7 508.82 0.00 0.35 0.35 −247.16
Vegetation 6 509.58 0.76 0.24 0.59 −248.61
Vegetation + species richness 7 509.65 0.83 0.23 0.82 −247.58
Vegetation + total abundance 7 511.58 2.76 0.09 0.91 −248.55
Vegetation + forest bird abundance 7 511.70 2.88 0.08 0.99 −248.61
Null 3 517.27 8.46 0.01 1.00 −255.58

a Vegetation model includes the following variables: canopy cover, coffee density, and
shade tree diversity.
Taken together, these results suggest that a land sharing approach,
incorporating both shade trees within the farm and small forest patches
on farm edges, could promote increased pest control services. Land
sharing encourages biodiversity within the farm, and shade coffee, a
widely promoted example, has been positively linked to pest control
in the Neotropics (Philpott and Armbrecht, 2006; Armbrecht and
Gallego, 2007). Our results extend this pattern to East Africa. Ourfinding
that pest removal was not related to size of adjacent forest fragment,
and the low removal rate more than 25 m from a forest edge (Fig. 2),
suggest that forest fragments only influence the provisioning of pest
control services on a small spatial scale. Thus, a coarsely scaled land
sparing system, coupling large blocks of sun coffeewith preserved forest
elsewhere, may not facilitate pest removal services provided by birds
and ants in this study system. Instead, small patches of forest dispersed
across the agricultural landscape would be more beneficial. In addition,
the influence on pest control services of other forms of land sharing,
such as the incorporation of hedges, riparian corridors, or single large
trees, all of whichwere observed in our study area, should be examined
in the future as they are often more practical on the smallholder farms
still responsible for the majority of coffee production (Jha et al., 2014).
Labeling land sparing and land sharing land allocations is scale-
dependent (Fischer et al., 2014), and some may consider this scenario
a finely scaled example of land sparing, but since it would be most real-
istically achieved by incentivizing individual land owners to conserve
forest patches, it is more consistent with the practice of land sharing
from a farmer's perspective.

While pest removal was positively correlated with canopy cover,
other vegetation variables, including coffee density and shade tree
diversity, had a negative influence on removal. Additional vegetation
variables were important in the distance analysis, but due to the small
sample size of sun coffee sites, we only drew conclusions about the im-
portance of vegetation variables from the broader farm type analysis.
Lower coffee densities could increase avian foraging success by making
prey more conspicuous, resulting in the negative relationship we
observed. In contrast to coffee densities, greater shade tree diversity
would be expected to positively affect bird and ant diversity and thus
pest control services, as has been shown on coffee farms in Mexico
(Perfecto et al., 2004). However, the majority of shade coffee farms in
this study system had very low levels of tree diversity, so these results
should be interpreted with caution. Sites with a greater range of shade
tree diversity should be included in future studies to determine if this
result extends to other regions.
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The frequency of pest removal in this study was a result of a combi-
nation of avian and ant predation, but results suggest that, of known
removals, birds were responsible for up to twice as much predation as
ants. Biodiversity has been linked to ecosystem stability and resilience
(McNaughton, 1977; Tscharntke et al., 2005), and, as this will become
increasingly important with the expansion of pests as a result of climate
change (Chapin et al., 2000), it is important to understand the effect of
the predator community on the provisioning of pest control services.
In the full analysis, bird abundance and species richness were positively
correlatedwith pest removal, coincidingwith results of previous studies
that found positive relationships between bird abundance (Perfecto
et al., 2004) and bird diversity (Perfecto et al., 2004; Van Bael et al.,
2008) with the top-down control of pests.

However, while avian species richness had a positive effect on pest
removal in the broader farm type analysis, it actually had a negative ef-
fect on removal in the distance analysis, which included only sun coffee
sites. Species richness at the sun coffee sites was most likely driven by
granivorous species, which were frequently observed foraging on the
understory vegetation (M.C.M., personal observation), whereas the
majority of insectivores were either forest generalist or forest visitor
species (Bennun et al., 1996; Smith, 2015). In addition, the abundance
of insectivores was a poor predictor and was actually negatively related
to pest removal. Functional richness has been suggested to be amore ac-
curate predictor of ecosystem services (Philpott et al., 2009), and previ-
ous studies found insectivore abundance (Van Bael et al., 2008),
functional richness (Philpott et al., 2009) and predator abundance
(Jedlicka et al., 2011) to be positively correlated with the control of
pests. While higher insectivore abundance would be expected to in-
crease pest removal, 36 out of the 85 bird species detected in our
study system were classified as primarily insectivorous (Smith et al.,
2015) and it is possibly too broad a classification to be meaningful. In-
stead, a single abundant species or set of species could be driving pest
removal as seen in a similar study in Indonesia (Maas et al., 2015).
Some of these results are not what may be expected and, given that
our sample size is modest, should be interpreted with some caution
and await future confirmation.

Ant abundance was also positively correlated with pest removal,
while ant species richness was not an important predictor of removal,
a finding consistent with a study of pest removal by ants on a Mexican
coffee plantation (De laMora et al., 2008). This contrastswith a previous
study that suggested that ant diversity could increase predator
responses of ants (Philpott and Armbrecht, 2006). In our system, how-
ever, ant species richness at the level of an individual coffee bush was
very low, which could explain the lack of importance. Local ant abun-
dance may be driven by farm vegetation characteristics such as canopy
cover (Philpott, 2005) or the spatial distribution of their nests, which
Vandermeer and colleagues have found to be a factor affecting pest con-
trol by Azteca ants, a keystone species that nests in shade trees in
Neotropical coffee agroecosystems (Vandermeer et al., 2008, 2010). P.
megacephala was overwhelmingly the most abundant carnivorous ant
in our system. It is well-known to feed on honeydew excreted by scale
insects, which it protects on plants by aggressively removing other in-
sects, including lepidopteran larvae (Bach, 1991), and this pattern has
been confirmed in a coffee ecosystem (Reimer et al., 1993). Unlike
Azteca ants, however, P. megacephala nests underground, so it may
not be as affected by shade tree cover or distribution. Working in
Tanzania, Seguni et al. (2011) found that P. megacephala suppressed
numbers of arboreal predatory ants known to protect tree crops
(Oecophylla sp.), but only if ground vegetation cover was low. Addition-
al research should examine the influence of shade tree distribution and
ground cover on the abundance and pest control services by ground-
and tree-nesting ants in African coffee.

Other influences, including weather, mammalian predation, or
human or mechanical error could be responsible for removals in
sentinel pest experiments. These explanations are unlikely in our
study because the result would likely be a random pattern, not the
predictable influence of shade and distance to forest fragment apparent
here. Caterpillars were placed just before dawn every morning to ex-
clude nocturnal predators, mammals were rarely observed in the coffee
during the day, and remote cameras only detected birds and ants visit-
ing the caterpillars. In addition, all experimentswere conducted in areas
where the coffee was not being actively picked to avoid any influence of
coffee workers. Consequently, the patterns observed in this experiment
are most likely a result of some combination of avian and ant predation.
However, our study was conducted during the dry season, and the time
of year could influence bird and ant activity and thus their role as provi-
sioners of pest control services. A previous study on Kenyan kale farms
found a positive influence of birds on pests only during the dry season
(Ndang'ang'a et al., 2013b). Pest availability and intake presumably
vary by season and the applicability of the patterns observed here to
other seasons should be examined in the future.

In summary, both birds and ants are providing ecosystem services in
coffee farms in central Kenya. The sentinel pest experimentmimicked a
dramatic increase in a novel insect pest (from 0.03 to 2 lepidopteran
larvae per branch) and a combination of birds and ants were able to re-
move 12% of pests over a period of about 6 h. In addition, the different
farm types and surrounding habitat had a clear impact on pest control
services. With coffee pests such as coffee berry borer projected to ex-
pand in both range and abundance with climate change (Jaramillo
et al., 2011) and the impacts of different management strategies on
pest populations being highly context-dependent (Jonsson et al.,
2014), the provisioning of natural pest control services will only
increase in importance. These results suggest that a land sharing
approach, via both the integration of shade trees and the conservation
of small forest fragments within a farm, can support increased levels
of pest control services provided by both birds and ants in Kenyan coffee
farms.
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