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Abstract
While sustainable agriculture relies on natural pest control, we lack insights into the relative importance of bottom-up and
top-down factors on pest levels, especially along broad environmental and management gradients. To this aim, we focused on
bottom-up and top-down control of herbivore damage in sixty sites in the centre of origin of Arabica coffee in southwestern
Ethiopia, where coffee grows along a management gradient ranging from little or no management in the natural forest to commercial plantations. More speciﬁcally, we examined how canopy cover, percentage of surrounding forest and management
intensity affected caffeine and chlorogenic acid concentration (bottom-up process) and attack of dummy caterpillars by ants
and birds (top-down process), and how these in turn affected pest levels. Caffeine and chlorogenic acid concentrations were
negatively related to canopy cover, while ant attack rate was positively related to canopy cover. Both ant and bird attack rate
increased with the percentage of surrounding forest. Yet, secondary chemistry and caterpillar attack rates were unrelated to herbivory, and herbivory was only directly and positively affected by management intensity. Our study highlights that canopy
cover can have contrasting effects on plant defence and predation, and that changes in bottom-up and top-down factors do 
unlike often assumed  not necessarily translate into reduced pest levels. Instead, direct effects of management on pest levels
may be more important than bottom-up or top-down mediated effects.
© 2021 The Author(s). Published by Elsevier GmbH on behalf of Gesellschaft für Ökologie. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Insect pests cause major damage to agricultural crops
worldwide (Sharma, Kooner, & Arora, 2017). In conventional agriculture, pests are often controlled with pesticides,
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whereas more natural and sustainably managed agricultural
systems rely on natural pest control (Altieri, 1995;
Vandermeer, Perfecto, & Philpott, 2010). Natural pest control is the reduction in pest damage to plants by natural
means and is regarded as an ecosystem service (Naylor &
Ehrlich, 1997). Natural pest control persists in agroforestry,
where crops are grown under the canopy of larger shade
trees (Nair, 1993). Mechanisms providing natural pest control can operate from a bottom-up (i.e. host plant) or topdown direction (i.e. natural enemies) (Cheeke, Cheeke, &
Bakan, 1989). Bottom-up control relates to the production
of secondary compounds by the crop plant as an anti-herbivore defence (Cheeke et al., 1989; Fernandes et al., 2011;
Gershenzon, 1984). These secondary compounds might be
toxic, repellent or antinutritive to the herbivore, and will
thereby deter the herbivore from foraging on the plant tissue
(Mith€
ofer & Boland, 2012). Top-down control is the reduction of pest levels by the herbivores’ natural enemies (i.e.
the third trophic level), such as birds and predatory arthropods (Bianchi, Booij, & Tscharntke, 2006; Naylor & Ehrlich, 1997). For sustainable pest management, it is important
to understand the relative importance of bottom-up and topdown pest control, identify which environment is most conducive for natural pest control, and assess how management
actions can enhance natural pest control. Despite this, bottom-up and top-down pest control have mostly been investigated separately, and studies on bottom-up and top-down
pest control have been limited to a relatively narrow set of
environments
and
management
scenarios
(Guenat, Kaartinen, & Jonsson, 2019; Price & Martinsen, 1994). One promising area to investigate the relative
importance of top-down and bottom-up effects along broad
environmental and management gradients is in the centre of
origin of the crop. Here, the plant grows both under little or
no management in its natural environment and in more
intensively managed plantations (Zewdie, Tack, Adugna,
Nemomissa, & Hylander, 2020).
While bottom-up and top-down pest control are both
important (Dix et al., 1995; Harterreiten-Souza, Togni,
Pires, & Sujii, 2014), they are rarely studied together in
agroforestry. Thus, we lack insights into the relative importance of these two processes (Guenat et al., 2019). From a
bottom-up perspective, most studies have looked at nutrient
levels and plant defences (Abdala-Roberts et al., 2019;
Guenat et al., 2019). Studies on the importance of bottomup control often show that simpliﬁcation of a cropping system can affect the level of chemical defences of the plant
(Morante-Filho, Arroyo-Rodríguez, Lohbeck, Tscharntke,
& Faria, 2016; Tolessa, D'heer, Duchateau, & Boeckx,
2017). For example, Morante-Filho et al. (2016) reported
that the loss of forest cover and complexity along a gradient
from natural forest to cacao agroforestry in Brazil favours
insect herbivory on cacao by reducing bottom-up control.
From a top-down perspective, the majority of studies have
focused on the importance of ants and birds as natural enemies (Johnson, Kellermann, & Stercho, 2010; Karp et al.,

2013; Philpott & Armbrecht, 2006; Sam, Koane, &
Novotny, 2015). Even though top-down control is highly
variable across landscapes (Karp et al., 2018), studies on
top-down control have often demonstrated a higher diversity
and density of natural enemies in more natural systems
(Monguel & Toledo, 1999; Perfecto, Rice, Greenberg, &
Van der Voort, 1996; Philpott & Armbrecht, 2006;
Waltert, Bobo, Sainge, Fermon, & M€uhlenberg, 2005).
Hence, landscape simpliﬁcation can result in a loss of natural enemies, which may in turn reduce crop yield
(Dainese et al., 2019). As one example, richness of ants and
birds, especially that of forest species, declines as agroforestry is intensiﬁed, thereby reducing the potential for topdown control (De Beenhouwer, Aerts, & Honnay, 2013;
Philpott et al., 2008a). Theory predicts that where predators
exhibit efﬁcient top-down control, the environment will
select for plants with relatively low investment in chemical
anti-herbivory defences, meaning that bottom-up and topdown
control
should
complement
each
other
(Terborgh et al., 2001). Unfortunately, no studies have
addressed the joint impact of bottom-up and top-down processes within an agroforestry system. Importantly, many
studies have focused on bottom-up and top-down factors
per se, and do not demonstrate that these factors reduce pest
levels in the ﬁeld or whether they relate to their natural surroundings.
Agroforestry systems differ in their environment and
intensity of management. Differences in the local environment, surrounding landscape and management may impact
the strength of bottom-up and top-down control on pest levels (Gershenzon, 1984; Johnson et al., 2010; Karp et al.,
2013; Perfecto & Vandermeer, 2002; Philpott & Bichier, 2012; Philpott, Greenberg, Bichier, & Perfecto, 2004).
The local environment can affect pests directly, but also
indirectly though changes in the strength of bottom-up and
top-down pest control. For example, canopy cover in agroforestry is often negatively correlated with herbivory
(Bisseleua, Missoup, & Vidal, 2009). Such negative relationship between canopy cover and herbivory might be due
to light and temperature directly affecting herbivore behaviour and abundance, greater resource availability for herbivores due to increased primary production (Richards &
Coley, 2008), lower predation rates on pests in more open
landscapes (Perfecto et al., 2004), or reduced levels of secondary chemistry of plants that grow under lower shade levels. As one example, caffeine concentrations in coffee
berries in Costa Rica are higher in shade-grown plants
(Vaast, Bertrand, Perriot, Guyot, & Genard, 2006). At this
local scale, the diversity and predation pressure by ants and
birds generally increases with the complexity and diversity
of the vegetation, which often directly relates to increasing
canopy cover (Perfecto et al., 2004; Philpott & Armbrecht, 2006). The landscape context is also highly relevant
for top-down control. Top-down control can be enhanced by
surrounding forest cover, as predator communities may be
of greater abundance and diversity when surrounded by
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more natural forest due to spillover effects (Clough et al.,
2010; Gras et al., 2016). As management practices such as
fertilizer use, pruning of shade trees and coffee shrubs, and
weeding generally decrease vegetation complexity and
diversity, management often reduces the diversity and abundance of the ant and bird community as well as the strength
of top-down pest control (Clough et al., 2010; Harvey &
Villalobos, 2007; Van Bael et al., 2008).
The agroforestry crop Arabica coffee (Coffea arabica L.,
Rubiaceae) ﬁnds its origin in East Africa, in the highlands of
southwestern Ethiopia, where it reaches its highest genetic
diversity (Anthony et al., 2002; Tesfaye, Govers, Bekele, &
Borsch, 2014). Here, Arabica coffee is produced along a
broad environmental and management gradient, ranging
from coffee shrubs growing with little or no management in
natural forests to traditional management by smallholder
farmers and modern agricultural practices in commercial
shade plantations (Labouisse, Bellachew, Kotecha, & Bertrand, 2008; Zewdie et al., 2020). This mosaic of coffee production systems offers a natural experimental setting to
explore the relative importance of bottom-up and top-down
processes along a broad environmental and management
gradient.
We investigated the bottom-up and top-down drivers of
herbivory on Arabica coffee along a broad environmental
and management gradient. For this, we quantiﬁed leaf chemistry (caffeine and chlorogenic acid), predation (as attack
rates on plasticine dummy caterpillars) and herbivory across
sixty sites in the Afromontane landscapes in southwestern
Ethiopia, the centre of origin of Arabica coffee. More specifically, we addressed the following questions:
1) What is the effect of canopy cover, percentage of surrounding forest
and management intensity on plant secondary chemistry (caffeine and
chlorogenic acid) and predation by ants and birds?
2) What is the effect of canopy cover, percentage of surrounding forest
and management intensity on herbivory? Is the effect of the environment and management on herbivory direct, or mediated by secondary
chemistry and predation?

Materials and methods
Study system
The study was conducted in the Afromontane landscapes
of the Gomma and Gera districts in southwestern Ethiopia
(7°370 - 7°560 N and 36°130 - 36°390 E; Fig. 1A). The landscape consists of a mosaic of natural and secondary moist
tropical forests, smallholder coffee farms, a few large coffee
plantations, ﬁelds with annual crops, grazing lands and
human settlements (Lemessa, Hylander, & Hamb€ack, 2013).
Altitude of the study sites varies from 1506 to 2159 m a.s.l.,
though a few higher peaks occur in the study area. Rainfall
in the area is unimodal with 1715 mm per annum, and mean
minimum and maximum temperatures are 12 °C and 26 °C,
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respectively (data source: Agaro and Shira meteorological
stations). The dominant soil type in the study region is nitisol (Kebede, Kebede, Assefa, & Amsalu, 2010; Mohammed
& Bekele, 2014).
In southwestern Ethiopia, coffee is cultivated under a canopy of native tree species. Examples of dominant shade tree
species in the study area are Acacia abyssinica, Albizia
schimperiana, Albizia gummifera, Cordia africana, Croton
macrostachyus, and Millettia ferruginea (Aerts et al., 2011;
Gole, Borsch, Denich, & Teketay, 2008; Koelemeijer, Tack,
Zewdie, Nemomissa, & Hylander, 2021). Local management practices include selective canopy thinning, pruning of
shade trees and coffee shrubs, removal of epiphytes and
slashing of the herb layer.
Common predatory ants in southwestern Ethiopian coffee
forests and agroforestry include species from the following
genera: Crematogaster (St€uber et al., 2021), Tetramorium
(Djieto-Lordon et al., 2001; Kidanu, Azerefegne, & Mendesil, 2021) and Dorylus (Adgaba et al., 2014; Gotwald, 1974).
Common insectivorous birds in coffee agroforests include
R€uppell’s robin-chat (Cossypha semirufa), eastern olive sunbird (Cyanomitra olivacea), blackcap (Sylvia atricapilla),
green-backed camaroptera (Cameroptera brachyura),
dusky-brown ﬂycatcher (Muscicapa adusta), Abyssinian
slaty-ﬂycatcher (Melaernornis chocolatinus) and African
paradise-ﬂycatcher (Terpsiphone viridis) (Buechley et al.,
2015). Coffee leaves are fed upon by a diversity of freefeeding herbivores, including the stinging caterpillar Parasa
lepida, the coffee hawkmoth Cephonodes hylas and the coffee giant looper Acostis selenaria (Abedeta, Getu, Seyoum,
Hindorf, & Berhane, 2015).

Site selection and environmental variables
To investigate the environmental, bottom-up and topdown drivers of herbivory on coffee, we selected 60 sites
across Gomma and Gera districts (Fig. 1A). Predation pressure was measured in a random subset of 30 sites, while all
other variables were measured in all 60 sites. Study sites
were selected to represent the broad gradient of management
in the area, while avoiding spatial autocorrelation (i.e. clustering) in management intensity and environmental characteristics (see also Zewdie et al., 2020). Within each study
site, we selected a 30 £ 30 m plot representative of the site,
with sixteen labelled coffee shrubs on the intersections of
the 10 m gridlines (see Appendix A: Fig. 1). To characterize
the local, spatial and management factors associated with
each site, we measured canopy cover, the area of forest
cover surrounding the site, and coffee management intensity. We calculated canopy cover using ImageJ, version
1.50i (Schneider et al., 2017) from ﬁve photos taken from
above the coffee shrubs (see Zewdie et al., 2020 for details).
We estimated the percentage of forest in the surrounding
landscape for each site using a 1 km radius using ArcMAP
version 10.6.1 (ESRI, 2018). To represent the management
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Fig. 1. Overview of the study area and system. The inset in panel (A) shows the location of the study area (red rectangle) in southwestern
Ethiopia. On the map of the study area, the light and dark grey circles represent the full set of study sites from which we assessed secondary
chemistry and herbivory, and the dark grey circles represent the subset of 30 sites from which we additionally collected data on caterpillar
attack. (B) The chemical structure of the two studied secondary compounds, caffeine and chlorogenic acid. (C) A branch of Coffea arabica
with a dummy caterpillar attached, next to an actual caterpillar. (D) A study site characteristic of intermediate management intensity, with coffee shrubs growing under the canopy of large shade trees. The landcover layer of the map of the study area is from the basemap “OpenStreetMap” (copyright by the OpenStreetMap contributors).

intensity at each site, we used an index, which was previously developed for the same set of sites to characterize the
physical characteristics of growth habit of coffee shrubs
which results from different intensity of management practices (see ''coffee structure index'' in Zewdie et al., 2020).
This index was derived from ﬁve attributes measured on the
coffee shrubs at each site; namely a) the number of orthotropic (vertical) and plagiotropic (horizontal) shoots, b) the
basal stem diameter, c) the perpendicular canopy projection
of the coffee shrub, d) the proportion of coffee height with

plagiotropic shoots, and e) the total height of the shrub.
With these measurements, we ran a cluster analysis using a
K-means clustering algorithm with three groups on the ﬁve
attributes (see Appendix A: Text 1). As the common management practices such as pruning of coffee shrubs, fertilizer
use, weeding and use of herbicides inﬂuence, directly or
indirectly, the architecture of coffee shrubs, the coffee structure index acts as a good proxy for the intensity of such management practices. This continuous index will henceforth be
referred to as management intensity and ranges from 1 to 3,
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where 1 is representative of coffee growing with little or no
management in the natural forest, and 3 is representative of
heavily pruned coffee shrubs in the commercial plantations.
For a more detailed description of this index, see Appendix
A: Text 1 and Zewdie et al. (2020).

Secondary leaf chemistry, caterpillar attack and
herbivory
To characterize secondary chemistry, we measured the
concentration of caffeine and chlorogenic acid from a pooled
sample of four to ﬁve relatively young leaves, separately for
each of ﬁve randomly selected shrubs per site. Collected
leaves were stored in Zip-lockÓ bags with silica gel to dry
until processing for caffeine and chlorogenic acid extraction.
Air dried leaves were freeze dried (Labconco Corporation,
Kansas City, MO, USA) for 48 h and afterwards ground in
an Ultra-Centrifugal Mill ZM 200 (Retsch GmbH, Haan,
Germany). The extracts were prepared for high pressure liquid chromatography (HPLC) to measure chlorogenic acid
and caffeine as follows. Of the ground plant material,
100 mg dry mass was weighed into 2 mL round bottom
Eppendorf tubes with safe-lock lids, after which 1 mL of
MeOH/H2O (70/30) was added to the tube. Tubes were vortexed, placed in a 70 °C hot water bath to boil for 5 min, and
then transferred to an ultrasonic bath to be sonicated for
15 min and centrifuged thereafter for ten minutes at
10,000 rpm in a Hereus Multifuge X1 (Thermo Fisher Scientiﬁc GmbH, Dreieich, Germany). The resulting supernatant was transferred to a new tube, after which the residue
was extracted a second time by repeating the previous steps.
Both supernatants were then combined. All tubes were
brought to the average mass (3 individual vials ﬁlled with
2 mL of 70/30 MeOH/water) after volume corrections. The
global extract was stored at 20 °C.
We carried out the separation on an  AcclaimTM RSLC
120 C18 column (2.1 £ 150 mm, 120 A, 2.2 mm Thermo
Fisher Scientiﬁc) equipped with an AcclaimTM 300
(4.6 £ 10 mm, 5 mm pre-column ﬁlter, Thermo Fisher Scientiﬁc) mounted on a Thermo Scientiﬁc Ultimate 3000
series system. Liquid chromatography grade solvents were
used throughout. The chromatographic conditions were as
follows: Solvent A (v/v) held 99% H2O and 1% formic acid
and solvent B (v/v) 99% acetonitrile and 1% formic acid.
The column was equilibrated at 100% A for 5 min, before
each injection. After sample injection (5 mL), a linear gradient was run to increase the eluent to 40% B over 20 min,
then to 100% B within 4 min, which was held constant for
3 min, and then returned to the initial conditions. The ﬂowrate was set to 0.4 mL*min1 for the entire runtime. Peaks
were detected with a diode array detector (DAD-3000(RS))
set to wavelengths λ=320 nm for chlorogenic acid and
λ=270 nm for caffeine. The concentration in the samples
was determined with a ﬁve-point external calibration curve
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with authentic standards (chlorogenic acid, 98% purity, caffeine, 99% purity, both acquired from Sigma-Aldrich, Germany) which was run in triplicate in each sample batch. The
concentrations of the calibration points were in the range
from 0.2 mmol to 7.0 mmol for chlorogenic acid and
0.2 mmol to 5.0 mmol for caffeine. We used Thermo Fisher
Scientiﬁc Chromeleon software (Chromeleon 7.2 SR5 MUa;
9624) for calculating the concentrations in each sample.
This number was used and divided by the mass of the
ground sample to obtain the concentration in the leaf samples (mmol/g dry mass).
To assess predation, we used artiﬁcial dummy caterpillars.
Caterpillars were made of plasticine modelling clay (Staedler, Noris Club 8421, green) moulded in a cylindrical shape
around a thin metal wire and measured c. 30 mm in length
and 5 mm in diameter. We placed 5 caterpillars on each of
the 16 labelled coffee shrubs in a randomly selected subset
of 30 study sites (total n = 2400 caterpillars). We assumed
that the use of 80 (dummy) caterpillar individuals per
30 £ 30 m site in an agroforestry system with multiple vegetation layers would only have a minor impact on the equilibrium state of the system and, therefore, reﬂect attack rates
by the local natural enemy community. Caterpillars were
secured to branches with the thin metal wire that went
through the clay caterpillars (Fig. 1E). Caterpillar models
were retrieved after 6.5 § 1.2 (mean § SD) days of exposure and attack marks were assessed and predator groups
identiﬁed according to guidelines speciﬁed by Low, Sam,
McArthur, Posa, and Hochuli (2014). Bird attacks left pecks
and gouges on the clay model, varying in extent (see Appendix A: Fig. 2A-B) while ant attacks were characterized by
mandible marks in the clay (see Appendix A: Fig. 2C-D).
The marks left by ants may differ amongst study regions,
thus, we increased our familiarity with the characteristics of
ant attack marks by placing and observing ten clay caterpillars in each of ﬁve study sites near trails of Crematogaster
ants, which is the predominant genus of arboreal ants in the
study area (St€uber et al., 2021). We discarded 102 out of the
2400 caterpillars due to dislodgment and snail grazing. To
correct for the variation in exposure time amongst sites, we
calculated daily attack rates by birds and ants for each site
using the following formula, based on calculations for survival analysis (Klein,baum & Klein, 2010):


1
daily attack rate ¼ 1  survival ratedays
To estimate herbivory by free-feeding insects, i.e. leaf
damage by externally-feeding chewing insect herbivores,
we recorded the proportion of leaves damaged by freefeeding herbivores. This was measured on two randomly
selected branches, one branch from the lower and one
from the upper part of the coffee shrub, out of all leaves
on these two branches for each of the sixteen coffee
shrubs in all 60 sites (i.e., n = 960 coffee shrubs). All
measurements were made by a single observer (TS), as to
reduce observer bias.
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Fig. 2. The relationship between canopy cover, area of surrounding forest and management intensity, and secondary chemistry, daily attack
rates of clay caterpillars and herbivory. The relationship between canopy cover and (A) caffeine concentration, (B) chlorogenic acid concentration and (C) daily attack rate by ants. The relationship between the percentage of surrounding area with forest and daily attack rates by (D)
ants and (E) birds. (F) The relationship between management intensity and herbivory. Regression lines were ﬁtted with the geom_smooth
function form the ggplot2 package in R (Wickham et al., 2016).

Statistical analyses
To identify the direct and indirect impact of the environment and bottom-up and top-down factors on herbivory, we
used the framework of structural equation modelling in R
version 4.0.2 (R Core Team 2019). For a visual depiction of

the full model, see Appendix A: Fig. 3. The structural equation model was implemented using the psem function in the
package piecewise (Lefcheck, 2016). For all models, we
applied model selection with backward elimination, with a
threshold of P < 0.1 (Crawley, 2012). All analyses were
conducted at the site level. We square-root transformed

H.F. Burger et al. / Basic and Applied Ecology 59 (2022) 2132

27

Fig. 3. Path analysis of the direct and indirect effects of the environment and bottom-up and top-down factors on herbivory on Arabica coffee.
Positive and negative relationships are presented with black and red arrows, respectively. Standardized regression coefﬁcients are presented in
square boxes, arrow thickness scales with the strength of the relationship, and R2-values are reported below response variables. Solid and
dashed arrows represent signiﬁcant (P < 0.05) and marginally non-signiﬁcant relationships (0.05 < P < 0.10), respectively.

chlorogenic acid concentration, bird attack rate and herbivory to meet assumptions of homoscedasticity and normality
of model residuals. None of the predictor variables were signiﬁcantly correlated (All VIF < 1.5; Graham, 2003; see also
Appendix A: Table 1).

Results
Herbivory and environmental variables included a large
range of variation (Appendix A: Table 2). The area of surrounding forest, for example, varied from 5% to 100% and
canopy cover ranged from 13% to 83% (Appendix A: Table
2). Chlorogenic acid concentration reached a maximum of
0.052 mmol/g and showed larger variation than caffeine concentration, with its maximum at 0.024 mmol/g (Appendix A:
Table 2).
Caffeine concentration was negatively related to canopy
cover (F1,58 = 12.9 P < 0.001; Fig 2.A), and a similar trend
was observed for chlorogenic acid (F1,58 = 3.5, P = 0.069;
Fig 2.B and 3, see Appendix A: Table 3). Management
intensity did not relate to the concentration of caffeine and
chlorogenic acid (Fig. 3, see Appendix A: Table 3).
From the total of 2298 caterpillars, 78.7% had attack
marks after the exposure period, and 13.2% bore attack
marks of more than one predator. Ants contributed an 8-fold
higher share of attack on caterpillars than did birds (63.2%
and 8.0%, respectively). Other predators contributing to
attacks were spiders (8.9%), locusts (3.1%), wasps (3.0%),

mammals (2.5%), beetles (1.6%), crickets (1.4%), bees
(0.2%), and cockroaches (0.1%). Ant predation, but not bird
predation, increased with canopy cover (F3,26 = 9.2;
P = 0.005; Figs 2C and 3). Both ant and bird predation
increased with the area of surrounding forest (F3,26 = 8.8;
P = 0.006; and F1,26 = 6.2; P = 0.019, respectively; Figs 2DE and 3).
Herbivory was not affected by canopy cover or the area of
surrounding forest but did increase with management intensity (F1,58 = 7.4; P = 0.009; Figs 2F and 3). Environmental
and management effects on leaf chemistry and predation did
not translate into indirect effects on herbivory. Bottom-up
and top-down factors did not affect herbivory (Fig. 3).

Discussion
We investigated bottom-up and top-down control of herbivory on Arabica coffee along an environmental and management gradient. We found that canopy cover negatively
affected caffeine content, but positively affected ant predation. Both ant and bird predation increased with percentage
of surrounding forest. Yet, we detected no effects of bottomup or top-down factors on herbivory, but herbivory was
directly and positively related to management intensity. Herbivory was unrelated to canopy cover or the percentage of
surrounding forest. Taken together, our study highlights that
direct effects of local management on herbivory may be
more important than bottom-up and top-down effects.
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Against our expectation, we found evidence for neither
bottom-up nor top-down effects on herbivory. While we
lack comparative data on the relative importance of topdown and bottom-up effects in other agroforestry systems
(as these studies have focused on either bottom-up or topdown effects), our ﬁndings do match a recent study by
Valdes-Correcher et al. (2020), which showed no effect of
leaf chemistry and bird attack rates on herbivory for the
pedunculate oak Quercus robur. One explanation regarding the absence of bottom-up effects in our study might be
that specialist insect pests are relatively abundant in the
area of origin, where coffee is a common understorey. Specialist herbivores might not be affected by caffeine as
much as generalist herbivores due to the adaptation of caffeine detoxiﬁcation (Ceja-Navarro et al., 2015;
Guerreiro Filho & Mazzafera, 2003). Caffeine may even
act as an attractant to some specialist insects on coffee (e.g.
Leucoptera coffeella; Magalh~aes, Guedes, Demuner, and
Lima (2008)). However, given the scarcity of data on the
composition and level of specialization of the herbivore
community in our study region, we can currently not corroborate whether abundance of specialist herbivores is a
valid explanation of our ﬁndings. While we observed no
indirect effects of the environment on herbivory through
bottom-up and top-down factors, we did ﬁnd a direct positive impact of management intensity on herbivory. This
corresponds with ﬁndings by Sosa-Aranda et al. (2018),
who found that lower management intensity in coffee agroforestry led to less herbivore damage. Although many
authors have proposed that the effect of management on
herbivory is mediated by top-down effects (Clough et al.,
2010; Harvey & Villalobos, 2007; Van Bael et al., 2008),
our study does not support this inference. One explanation
for the lower levels of herbivory in low management intensity sites could be that this environment promotes higher
vegetation diversity and complexity. Indeed, this has often
been shown to reduce the densities of specialist herbivores,
which in a system with many specialist insects would be
expected to reduce herbivory levels (Root, 1973; Stamps &
Linit, 1997). Such higher niche diversity and complexity
may also promote insect diversity and reduce herbivory on
coffee, as such complex environment would prevent the
specialisation of the herbivore community on one or few
host plants (Stamps & Linit, 1997). Higher management
intensity might also affect soil quality, with fertilizer
affecting plant quality for herbivores, thereby increasing
herbivore abundance on and their damage to coffee shrubs
(Gonthier, Dominguez, Witter, Spongberg, & Philpott,
2013). From an applied perspective, it remains uncertain
whether the observed increased free-feeding herbivory
translates into a loss in yield for the coffee farmers. Unfortunately, experimental studies that show a link between
herbivore abundance, leaf damage and yield, such as the
studies by Gras et al. (2016) or Maas, Clough, and
Tscharntke (2013), are lacking for East African agroforestry. If such a connection between leaf damage and yield

for our study region would be established, coffee farmers
that ﬁnd high levels of damage by free-feeding herbivores
might consider reducing the management intensity.
While bottom-up and top-down factors did not relate to
herbivory, we did ﬁnd an effect of the environment on leaf
chemistry and predation. The decrease of caffeine concentration with increasing canopy cover contrasts with some
previous studies. For example, Borges, Boff, Mantovani,
and Radomski (2019) showed that yerba mate (Ilex paraguariensis; Aquifoliaceae) had higher concentrations of
both caffeine and chlorogenic acid in more shaded agroforests, and Tuccio, Pinelli, Godina, Medina, and Agati (2019)
found higher levels of caffeine concentration in the beans
of coffee grown in shade than in sun. Matching our ﬁnding
of a negative trend between chlorogenic acid concentration
and canopy cover, Tolessa et al. (2017) found that chlorogenic acid concentration in coffee berries decreased with
canopy cover in southwestern Ethiopia, but that an opposite trend existed for coffee grown at higher altitudes
(19502000 m a.s.l.). This could indicate that concentrations of leaf chemistry might be highly context-dependant,
and that we need to consider the joint inﬂuence of a wider
range of environmental predictors (Moreira, Petry,
Mooney, Rasmann, & Abdala-Roberts, 2018). The opposite relationship of caffeine and chlorogenic acid with canopy cover might indicate that selective pressures exerted
by herbivores on secondary compounds might differ, for
example when specialist herbivores have evolved tolerance
to certain compounds. Contrary to leaf chemistry, predation by ants was positively affected by canopy cover. This
can likely be explained by the widespread abundance of
arboreal ants belonging to the genus Crematogaster in the
study region (Klimes, Fibich, Idigel, & Rimandai, 2015;
St€uber et al., 2021). For arboreal ants, canopy cover is
important for movement (Adams, Schnitzer, & Yanoviak,
2017; MacDougal, 2019; Powell, Costa, Lopes, & Vasconcelos, 2011) and increasing canopy cover and thereby connectivity is often seen as a way to increase biocontrol by
ants in agroforests (Jimenez-Soto, Morris, Letourneau, &
Philpott, 2019). While we did not ﬁnd evidence for bottom-up and top-down control, and can thus not evaluate
their relative importance, we do note that the contrasting
effects of canopy cover on leaf chemistry and predation by
ants does match the expectation of a complementary relationship between bottom-up and top-down control
(Terborgh et al., 2001). Regarding the landscape context,
our result of higher ant and bird predation with a higher
percentage of surrounding forest matches previous ﬁndings
of higher ant (De la Mora, Murnen, & Philpott, 2013; Perfecto & Vandermeer, 2002) and bird predation
(Roels, Porter, & Lindell, 2018) in agroforestry systems
close to forests. To increase predation by natural enemies,
it may thus be rewarding to leave more natural forest stands
within the landscape to promote spillover of predator communities (Roels et al., 2018), even though we did not ﬁnd
an imprint of spillover effects on free-feeding herbivory.
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From a methodological perspective, our study used
structural equation modelling to detect direct and indirect
effects of bottom-up and top-down forces on herbivory. As
such, the approach gives us a holistic view of the system.
While this method is often used to infer causality from
empirical data (in this case an experimental assessment of
predation rate, laboratory analyses of secondary compounds, and ﬁeld surveys of herbivory and environmental
and management variables), causality can ultimately only
be derived from manipulative studies. Further insights
might thus be gained from direct manipulation of speciﬁc
processes. For example, exclosures or enclosures might be
used to experimentally examine the impact of predation on
herbivory (Denmead et al., 2017; Philpott, Perfecto, &
Vandermeer, 2008b), and genetic crop varieties with different levels of secondary compounds can be employed to
assess the bottom-up effects of speciﬁc secondary compounds.
Our study highlights the importance of studying ecological networks from a holistic perspective, including bottomup and top-down forces as well as environmental and management impacts, to be able to reveal both direct and indirect effects of natural pest control. By doing so, we
demonstrated that direct effects of management on pest levels may be more important than bottom-up or top-down
mediated effects. From an applied perspective, this information is highly relevant in a landscape where management intensity is increasing to provide economic beneﬁts
for smallholder farmers, while there is a simultaneous societal demand for sustainable agriculture. Speciﬁcally, our
ﬁndings suggest that free-feeding herbivory will become
more problematic when management is intensiﬁed, but
also informs us that to understand these mechanisms we
may have to look at other factors than bottom-up and topdown effects.
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