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Introduction

Agroecosystem practices that aim to increase biodiversity and ecosystem services have the potential to benefit both wildlife and farmers. Shade-coffee systems are well-studied in the Neotropics, but less is known about the relationships among farm management, biodiversity, and ecosystem services in East Africa, where the most commonly used shade trees are native Cordia africana and non-native Grevillea robusta. Ecological theory and empirical evidence suggests that native shade trees should harbor more insects and insectivorous birds than non-native trees, which could translate to more pronounced pest control services on the coffee crop grown below.





Methods

We used artificial plasticine “caterpillars” in a sentinel pest experiment to test the prediction that predation is higher on coffee shrubs near native Cordia than non-native Grevillea shade trees.





Results

We found that there was no significant effect of tree species on bird predation, while predation by arthropods and total predation (birds + arthropods + unknown) was higher near Grevillea than Cordia.





Discussion

While unexpected, these results demonstrated that predators readily attacked sentinel pests on coffee shrubs under both shade tree species. The two tree species may balance and complement each other in attracting avian and arthropod ecosystem providers, with Grevillea attracting arthropod predators and generalist birds, and Cordia attracting insectivorous specialists.
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Introduction

Agricultural expansion is the most pervasive contributor to global biodiversity decline, impacting up to 80% of bird, amphibian, and mammal species (Newbold et al., 2015; Joppa et al., 2016; Tilman et al., 2017; Harfoot et al., 2021). This is especially concerning in tropical biodiversity hotspots including the mountains and foothills of East Africa (Otieno et al., 2011; Mulwa et al., 2021), where widespread agricultural land conversion has led to significant biodiversity loss (Ndang’ang’a et al., 2013).

Amidst ongoing agricultural expansion, agroforestry systems such as shade coffee have emerged as more sustainable alternatives to intensive agriculture (Perfecto et al., 1996; Bhagwat et al., 2008; Gonzalez et al., 2024). Coffee plantations grown beneath shade trees, compared to sun-grown coffee systems, generally support greater diversity and abundance of insects (Perfecto et al., 1996; Philpott et al., 2008), mammals (Caudill and Rice, 2016), and especially birds (De Beenhouwer et al., 2013; Buechley et al., 2015), though some regional differences exist, and benefits may be reduced in landscapes characterized by large pools of open-country species (Smith et al., 2015). Some work also suggests that conservation of forests adjacent to relative intensive coffee cultivation (i.e., land sparing approach) can be good for conservation (Chandler et al., 2013). While shade coffee farms cannot fully replace the specialized habitats needed by many endemic insectivorous birds and understory species (Greenberg et al., 1997; Powell et al., 2015; Ong’ondo et al., 2022), evidence suggests they can harbor some bird and arthropod species that in turn can help control insect pests, including the world’s premier coffee pest, the coffee berry borer (Coleoptera: Curculionidae: Scolytinae Hypothenemus hampei, Ferrari 1876; Abasa, 1975; Kellermann et al., 2008; Karp et al., 2013; Morris et al., 2015; Escobar-Ramírez et al., 2019). In contrast the release of biological control agents such as predator wasps and parasitoids, the management of habitat to favor existing native species of natural enemies of pests (aka conservation biological control), especially birds and ants, has received extensive recent research (e.g., Cowal et al., 2023; Muccio et al., 2024; Moreno-Ramirez et al., 2024) These results are encouraging because coffee is one of the most widely consumed global commodities, with production spanning 10 million ha in tropical regions. Global coffee production exceeded 10 billion kg in 2022/2023, with the majority (about 73%) coming from smallholder farms of less than 5 ha (ICO, 2023).

Though shaded coffee farms have conservation benefits over sun coffee farms, the term shade coffee belies tremendous variation among and within farms that contain shade trees (Moguel and Toledo, 1999; Kammerichs-Berke et al., 2022). On small farms, native (i.e., indigenous) trees are often incorporated as part of a more rustic management approach, either as legacy remnants of the former forest or intentionally planted within a farm (Moguel and Toledo, 1999). In contrast, larger plantations, including those established during the colonial era of many countries in the Global South, frequently adopt a “shaded monoculture” approach, relying on one or a few tree species cultivated at regular intervals among coffee rows (Moguel and Toledo, 1999). Globally, a relatively small number of shade tree species dominate shaded monocultural coffee systems, such as Grevillea robusta in Kenya, Uganda, India, and Brazil (Baggio et al., 1997; Muchiri, 2004; Kiyingi et al., 2016; Sinu et al., 2021), Inga species in Mexico and Jamaica (Johnson, 2000; Romero-Alvarado et al., 2000), and Albizia spp., Erythrina poeppigiana, and Mangifera indica in some areas of Central and South America (Perfecto and Vandermeer, 2015; Narango et al., 2019).

The choice of shade tree species has significant implications for both farmers and wildlife. Farmers tend to select tree species based on the ecological and economic benefits they provide, such as improving microclimates that can enhance crop yields (Beer, 1987; Soto-Pinto et al., 2000; Takaoka, 2008; Pinard et al., 2014). Shade trees can also offer additional products like fruit and timber, which can complement revenue for smaller land holdings and buffer them from the economic instability of coffee production (Davis et al., 2017). Additionally, research suggests that shade trees may assist farmers in adapting to climate change (Schooler et al., 2020).

The ecological characteristics of specific shade tree species also play a role in managing coffee pests by attracting natural predators, including birds and ants (Kellermann et al., 2008; Railsback and Johnson, 2014; Jaramillo et al., 2011). For example, Johnson (2000) found that coffee plantations in Jamaica with a dominance of native Inga species supported higher populations of birds and beneficial arthropods. Similarly, research in central Kenya identified greater densities of non-pest arthropods on native Cordia compared to non-native Grevillea trees (Kammerichs-Berke et al., 2022). Ants can be important agents of biological control in coffee farms (Vandermeer et al., 2002; Philpott et al., 2006; Milligan et al., 2016; Cowal et al., 2023), and De la Mora et al. (2015) documented higher diversity of ant species and functional guilds in coffee shaded by native trees in Latin America. This aligns with ecological theories of insect coevolution with plants (Southwood et al., 1982; Tallamy, 2004; Tallamy and Shropshire, 2009) suggesting that native host plants are a key driver of insect diversification (Becerra and Venable, 1999), and most herbivorous insects specialize on a few native plant species with which they share a long evolutionary history (Bernays and Graham, 1988), especially in tropical regions (Schemske et al., 2009). As a result, ecosystems dominated by non-native evolutionarily novel plants generally support lower insect diversity, abundance, and biomass compared to those dominated by native plants (Burghardt et al., 2010; Litt et al., 2014). This has important implications for selecting shade tree species and their impact on insectivorous birds and arthropods in coffee farms (Narango et al., 2018).

In central Kenya, two commonly used trees in shaded coffee systems are Grevillea robusta and various species of Cordia, particularly Cordia africana (Muchiri, 2004; Mayoli and Gitau, 2012). Grevillea, introduced from eastern Australia in the 19th century, is popular due to its fast growth (up to 3 m per year in some areas) and its tall structure, which provides effective wind protection (Negash, 1995). Cordia, an evergreen native to East Africa, has a broader canopy and larger leaves than Grevillea, providing more shade. Both species are often planted in evenly spaced rows among understory coffee plants and are valued for their nitrogen-fixing capabilities (Negash, 1995; Lott et al., 2000). Recent work by Kammerichs-Berke et al. (2022) showed that abundance of foliage-dwelling arthropods, and the species richness and overall abundance of foraging birds were all higher on native Cordia than on Grevillea, prompting the hypothesis that native Cordia may be better at mitigating habitat loss and attracting natural enemies that could promote pest control services.

Sentinel pest experiments can help quantify ecosystem services by examining predation pressure on agropests by wildlife predators, such as insectivorous birds. By affixing “sentinel pests” on study sites, we can investigate pest removal and pest attack rates by predators. Sentinel pest experiments can be conducted using live (e.g., Milligan et al., 2016) or artificial caterpillars (Nimalrathna et al., 2023), which each have the benefits and drawbacks (Nagy et al., 2020). For example, rearing and keeping pests alive can be challenging, and predation of live pests often leaves no trace, or only fragments of the consumed prey can be found (Howe et al., 2009). A key benefit of using plasticine models is that the clay is malleable and does not harden, which allows predation events to be preserved (Howe et al., 2009). The malleability of the plasticine will also allow observation of marks caused by predator’s mandibles, teeth, or beaks (Nagy et al., 2020). Numerous studies suggest that artificial caterpillars can provide quick, easy, and reliable information on diversity and community of predators and predation rates in managed and natural habitats (Low et al., 2014; Posa et al., 2007; Sam et al., 2015; Seifert et al., 2015; Tvardikova and Novotny, 2012; Sinu et al., 2021). Although caterpillar pests are relatively rare for coffee plants (Perfecto et al., 2004; Milligan et al., 2016), they are still present on surrounding vegetation (X. Gil, pers. obs.) and are an important food sources for birds (Greenberg, 1995). Sentinel pest experiments have been shown to reveal the community of generalist predators of coffee pests, differentiating between ant and bird predation (Milligan et al., 2016; Sinu et al., 2021).

In this study, we assessed the hypothesis that avian and arthropod pest control services on Kenyan shade-coffee farms are more pronounced near native than non-native shade trees based on previous work by Kammerichs-Berke et al. (2022) who examined native Cordia and non-native Grevillea shade trees. Specifically we used an artificial sentinel pest experiment to test the prediction that predation rates would be higher near native Cordia shade trees than near the non-native shade tree Grevillea.





Materials and methods




Study area

The study took place in the highlands and foothills of Kiambu County in central Kenya. Coffee farm sites were in the vicinity of the towns of Limuru and Thika. Surrounding areas consisted of agricultural farms, forest patches, and urbanized and rural towns. Agricultural farms in this region predominately produce coffee and tea. The dry season usually runs from December to March in Kenya (Ayugi et al., 2016; Mumo et al., 2018), with rain typically scarce. Annual rain varies between 750 and 1500 mm in March through May (long rains) and between September and November (short rains; Ayugi et al., 2016; Mumo et al., 2018). However, rainfall during the time of the study was characterized by enhanced, above-average rainfall (KMD, 2020; Wainwright et al., 2020).

Predation sampling was carried out at 6 shade coffee sites located along elevational gradient (1,567–1,874 m); Tinganga, Kamundu 1 and 2 (this large farm was split into two distinct survey sites), Gulmarg, Ruiru, and Theta. Farms had a mean of ~20% shade cover primarily by Cordia and Grevillea, with occasional Albizia gummifera, and intercrops of peas, Pisum sativum, and beans, Phaseolus vulgaris, between coffee plants. We performed the sentinel pest experiment during what is normally the dry season for four and half weeks from December 2019 to January 2020, corresponding to when many coffee berries are growing and susceptible to coffee pests. Three of the six farms had active coffee pickers while experiments were in place, though we timed pest deployment to minimize coincidence with workers, choosing the date of experiment to occur when workers were picking in a different plot. There were no significant differences in predation rates between farms with and without pickers (Gill, unpubl.).





Sentinel pest experiment

We performed a sentinel pest experiment of plasticine “caterpillars” (Figure 1) to gauge predation response to a simulated dramatic increase of a novel pest on coffee bushes surrounding the canopy of Cordia and Grevillea shade trees. Sentinel pests consisted of simulated Lepidopteran caterpillars made of plasticine modeling clay (Sargent Art Plastilina Modeling Clay, Van Aken, North Charleston, SC) in the color green in order to remain comparable to other studies (Posa et al., 2007; Howe et al., 2009; Ferrante et al., 2014; Roslin et al., 2017; Muchula et al., 2019). In addition, green caterpillars seem to be perceived by predators as palatable and undefended prey (Howe et al., 2009). Sentinel pests were constructed using a mini stainless-steel extruder (HEVERP Clay & Sugar Paste Extruder, Guang Dong, China) to create long strips of clay. The strips of clay were then cut to a length of 1.5 cm, and molded to resemble arched, geometrid caterpillars (Geometridae; inchworms).




Figure 1 | (a) Sentinel pest presentation on coffee shrubs. (b) Artificial plasticine caterpillar showing signs of bird predation, Kiambu County, Kenya, December and January 2019–2020.



On each of the 6 farms, 20 shade trees (10 Cordia and 10 Grevillea) were selected. Selected trees were at least 10 m apart to preserve independence, since the caterpillars simulated (Geometrids) rarely leave their host plants except to pupate (Wagner and Hoyt, 2022). We placed 15 sentinel pests near each tree, with 3 pests deployed on each of 5 coffee shrubs surrounding the canopy on each tree) for a total of 300 sentinel pests per farm site (15/tree × 20 trees). At each tree site, we chose the closest 5 coffee shrubs surrounding the outside canopy of the tree for the sentinel pest presentation stations. Three plasticine caterpillars were affixed to different leaves on the same coffee plant (Figure 2), placed at a minimum distance of approximately 15–30 cm apart, on the outer 2/3 of the branches and at a height of ~1.5 m. All sentinel pests were placed facing the selected study tree and adhered with super glue (Loctite Super Glue) to the dorsal side of a coffee leaf near the midrib. Sentinel pests were deployed in the morning starting at 08:00 a.m., left exposed for 24 hours, and then collected. Flagging tape was used to aid in relocation of sentinel pests. Care was taken to protect the plasticine from accidental marking by handling during setup and takedown. Ziploc bags were used to transport the sentinel pests into the field and labeled 1.5 ml micro-centrifuge tubes (BioChrom, Jiangsu Kangjian Medical Apparatus Co.) were used to transport the plasticine caterpillars back to the lab. In cases where the glue was especially thick and strong and removal of a sentinel pest would result in spoiling the sample, the whole leaf was removed and stored a Ziploc bag.




Figure 2 | Sentinel pest host shrubs (red) on a shade-coffee farm. At each Cordia and Grevillea tree site (10 on each of 6 farms), the 5 closest coffee plants surrounding the outside canopy of the tree site were chosen to each host 3 sentinel pests per plant for a total of 15 sentinel pests per shade tree site. Study was conducted in Kiambu County, Kenya, December and January 2019–2020.



Once transported back to the lab, marks on sentinel pests were reviewed for predation events with a magnifying lens. A predation event was assigned to samples if they displayed beak or bite marks from birds, arthropods, or other unknown marks. Assignment to predator groups was determined by characteristic marks on plasticine caterpillars. Marks from birds were distinguished by u-shaped or v-shaped beak marks (Howe et al., 2009; Low et al., 2014). Stronger attacks from birds may also result in chunks being removed from the sample. Marks by arthropods were characterized by small slits, scrape marks, stab holes, or paired pincer marks from mandibles (Howe et al., 2009; Low et al., 2014). Ambiguous marks were classified as unknown. Because sentinel pests were left out for 24 hours, multiple predators could attack a single pest or a single predator could attack repeatedly and leave multiple marks, creating multiple predation marks on the same sample. All the field protocols were approved following Humboldt State University Institutional Animal Care and Use Committee (IACUC) permission number 16/17. W306-A.





Statistical analysis

We used two analyses to investigate predation pressure of sentinel pests by insectivorous predators. The first analysis examined the binary response of the presence or absence of predation events, wherein each caterpillar was recorded as marked (1) or unmarked (0) by a predator, using a Generalized Linear Mixed Model (GLMM) with a binomial distribution. The second analysis examined the intensity of predation events, quantified as the number of strikes observed on a caterpillar, by using a GLMM with a negative binomial distribution. For brevity, the first binary response variable is hereafter referred to as frequency of predation, and the second count response referred to as intensity of predation. For both response variables, analysis was performed separately for bird predation, arthropod predation, and total predation which also included predation by unknown sources.

Both frequency and intensity of predation were analyzed to quantify the main effect of shade tree species (factor with two levels: Cordia and Grevillea), on predation with farm (6), tree number (20 per farm), and coffee shrub (5 per tree) modeled as nested random effects. In addition, farm elevation (m), average site temperature (°C), and rain (raining or not raining) were considered as fixed covariates to account for their potential effects, though temperature and rain were collinear so we retained only rain in the final candidate model set (Table 1). Thus, we ran a total of six candidate model sets: three predator groups (arthropods, birds, total) for each of two response variables (frequency and intensity of predation). All model assumptions were verified with the DHARMA package (Hartig, 2022) and all models were run using the function glmer in the lme4 package (Bates et al., 2015) in the software R (R Core Team 2020). The top model(s) were based on the lowest Akaike Information Criterion score corrected for small sample size (AICc). To consider whether the predation by birds could influence the predation rate by arthropods, for example by bird suppressing predatory arthropods (i.e., intraguild predation), we ran added the bird predation rate as a predictor to the top model of arthropod predation rate identified in the candidate model set. Models within two ΔAICc of the top model were considered competitive and were model-averaged using the MuMIn package (Barton, 2023).


Table 1 | Candidate model set and number of parameters (k) for analysis of predation on sentinel pests in 6 coffee farms in Kenya, 2019–2020.








Results

Of the total of 1800 sentinel pests deployed among six farms, 46 (on Cordia) and 80 (on Grevillea) were lost and unable to be recovered. Among recovered samples, 72 (8.4%) of the Cordia pests and 93 (11.3%) of the Grevillea pests showed signs of predation. Among these 165 sentinel pests depredated, there were 172 identifiable individual predation events, with 56 (32.6%) attributed to birds, 81 (47.1%) to arthropods, and 35 (20.3%) unknown predation events (Table 2). The overall frequency of predation confirmed by arthropods and birds was 4.8% and 3.3%, respectively. These 172 individual predation events resulted from a total of 315 individual marks on sentinel pests by all predators (Table 2).


Table 2 | Number of sentinel pests with evidence of a predation event, along with the percent of retrieved pests from coffee shrubs under Cordia (n = 854) and Grevillea (n = 819) shade trees (and the total number of predation marks in parentheses) by predator type on shade-coffee farms in Kiambu County, Kenya, December and January 2019–2020.






Frequency of predation

Overall, predation frequency on sentinel pests showed some evidence of being higher on shrubs under Grevillea than under Cordia, though this effect was weaker for birds than for both arthropods and predators overall (Table 3; Figure 3). There was relatively little resolution in the candidate model set for bird predation frequency, with five models included within ΔAICc of the top model, which was the null model (Supplementary Table S1). Model-average coefficients suggested a trend (± 1 SE did not overlap zero) of more frequent bird predation on shrubs under Grevillea than under Cordia and on days with rain, but the 95% confidence intervals for both variables overlapped zero (Table 3). The top four models for arthropod predation frequency all included tree species, with and without the inclusion of elevation and rain as predictors (Supplementary Material S1). The model-averaged coefficients indicated that the frequency of predation was significantly higher on shrubs under Grevillea than those under Cordia, with a 95% confidence interval that did not overlap zero (Table 3). The beta coefficient for tree species (0.52) corresponded to a 68% increase in the probability that a sentinel pest was depredated under Grevillea than under Cordia (Figure 3). Predation by arthropods tended to increase with elevation and the presence of rain, but the 95% confidence intervals for both variables overlapped zero (Table 3). When the bird predation rate was added as a predictor variable to this top model, the fit of the model improved (ΔAICc = 2.22), with arthropod predation rate positively associated with bird predation (β = 1.01 ± 0.45); the effects of tree species and rain were similar to the top model. The top model for the frequency of all predation events, which included unknown predators, included the single variable shade tree species, though models that also included elevation and the presence of rain were competitive (Supplementary Table S1). Model-averaged coefficients indicated that the frequency of predation was significantly higher (by 42%) on shrubs under Grevillea than those under Cordia, with a 95% confidence interval that did not overlap zero (Table 3). Again, predation frequency tended to increase with elevation and the presence of rain, but the 95% confidence intervals for both variables overlapped zero (Table 3).


Table 3 | Model-averaged coefficients ± 1 SE (upper, lower 95% confidence limit) for the frequency and intensity of predation on sentinel pests by birds, arthropods, and total predators (birds + arthropods + unknown) on shade-coffee farms in Kiambu County, Kenya, December and January 2019–2020.






Figure 3 | Boxplots of predation probability for birds (blue, 56 predation events), arthropods (gold, 81 predation events), and total predation (green, 172 predation events) between Cordia and Grevillea shade tree treatments at shade-coffee farms in Kiambu County, Kenya, December and January 2019–2020. Predation probabilities were calculated using model-averaged binomial models for each predator type. All other continuous variables in top models were held at their average and rain was considered absent. Boxes represent interquartile range, whiskers represent upper and lower quartile ranges, and circles represent outlier values.







Intensity of predation

Overall, predation intensity showed little consistent variation with shade tree species, elevation, and rain (Table 3). The top three models in the candidate set for the intensity of bird predation included only elevation and/or the presence of rain (Supplementary Table S1), though both of these variables had coefficients that overlapped zero (Table 3). There was very little evidence that predation intensity by birds varied with shade tree species. The top models for predation intensity by arthropods included the null model as well as models with the single variable elevation, rain, or tree species (Supplementary Table S1). The weight of evidence for a significant difference was weak, however, as all these coefficients had standard errors and 95% confidence intervals that overlapped zero. Similarly, the top four models for total predation intensity included the null model, and coefficients for all variables among competitive models had SEs and 95% confidence intervals that overlapped zero (Table 3).






Discussion

Our results suggest that birds and arthropods readily attacked sentinel pests on coffee shrubs near native Cordia and non-native Grevillea shade trees on coffee farms in Kenya. However, we found no evidence to support our hypothesis that predation rates were higher near native Cordia versus non-native Grevillea. Instead, the results suggest that sentinel pests near Grevillea were more likely to depredated by arthropods and all predators combined. The intensity of predation (number of strikes in plasticine caterpillars) did not show consistent variation with tree species. These results were unexpected, especially since foraging “hot spots” are often made up of vegetative components that have evolved with local food webs and ecosystems (Tallamy, 2004; Narango et al., 2017, 2019). Non-native plants and trees that lack this coevolutionary relationship might therefore support a lower abundance of prey items for avian and arthropod predators (Narango et al., 2019). A companion study showed higher foraging activity by insectivorous birds in Cordia compared to Grevillea trees, though bird abundance in the coffee layer was similar regardless of shade tree species (Kammerichs-Berke et al., 2022). Despite theoretical reasons to suspect higher predation under native than non-native shade trees, our results are consistent with a similar experiment recently done by Sinu et al. (2021) in the Western Ghats of India, where they found similar predation rates with plasticine sentinel pests on coffee shrubs grown under a diverse mix of native shade trees versus shrubs under Grevillea, though their predation rates were higher than ours. Like in our study, they found that most predation was by arthropods, though they also had substantial predation by lizards, which were rare in our system. The only lizard species seen at our study sites were < 5 Jackson’s chameleons (Trioceros jacksonii) seen across all farms over a 6-week field season.

We observed frequencies of predation of 3.3% and 4.8% per 24 h period for arthropods and birds, respectively, fell within the range found elsewhere by other studies in other regions on different crops. For example, Howe et al. (2009) reported an overall predation rate of 3.8% on cotton in Uganda, with 88% of that from arthropods. Similarly, Howe et al. (2015) found an overall 2–4% predation rate per day on cotton plants, with arthropods dominating. Lemessa et al. (2015) had mean daily predation rate of 1.5% for birds and 1.6% for arthropods. Tadesse et al. (2023) reported a 31.6% attack rate for arthropods, while the artificial caterpillars attacked by birds were at 22.7%, though their design left the caterpillars out for 30 days. A review paper by Lövei and Ferrante (2017) reported an overall median predation rate of 8.8% per day.

Effects of tree architecture and leaf morphology on the visibility of immobile sentinel prey may have contributed to our observed outcome of similar bird predation on sentinel pests between shade trees despite evidence from Kammerichs-Berke et al. (2022) for more bird activity and more insect prey on Cordia. For instance, Cordia’s canopy is more rounded and dense compared to Grevillea’s, which has a narrower and more open-structure canopy composed of fern-like pinnately compound leaves. The coffee layer surrounding Grevillea might therefore be more visible and more easily navigable for foraging birds and open-flyers, potentially making it easier to locate and depredate sentinel pests. An experimental study on sentinel clay spiders found that bird attack rates were significantly higher in microhabitats with low leaf litter and understory cover (Mason et al., 2018). Birds rely on visual cues for hunting far more than arthropod predators (Sam et al., 2015), so this proposed explanation is unlikely to apply to the higher frequency arthropod-caused predation on sentinel pests we observed.

The frequency of arthropod predation was significantly higher on coffee shrubs near Grevillea trees than near Cordia. On possible explanation for this result could arise from a vegetation structure on and under Grevillea that favors insect predators. Kammerichs-Berke et al. (2022) found that temperatures were higher (and less buffered) under Grevillea than under Cordia, which perhaps favors some insect predators, such as ants. Work in Central America suggests ant abundance and diversity tends to be higher in shaded than in sun-coffee (Philpott et al., 2006), but certain species (e.g., Hymenoptera: Formicidae: Solenopsis geminate, Fabricius 1804) are more associated with sun coffee (Perfecto et al., 1996). In this region of Kenya, Pheidole megacephala (Hymenoptera: Formicidae: Fabricius 1793) tends to be the dominant predatory ant in coffee farms (Milligan et al., 2016), but whether it is more common under Grevillea or Cordia is unknown. Regardless, the net effect of higher temperature under Grevillea could, over time, lead to more pests, as the economically damaging coffee berry borer is expected to increase its range and abundance with climate change (Jaramillo et al., 2011). Thus, farm managers should consider both the biotic and abiotic characteristics of shade trees species that could affect pest abundance, as well as the provisioning of additional services such as carbon sequestration, cooler microclimates, soil health, and mulch production (Nyberg and Högberg, 1995; Yadessa et al., 2008; Alemayehu et al., 2016; Schooler et al., 2020; Sinu et al., 2021; Kammerichs-Berke et al., 2022). Alternative explanation, for example the role of chemical attractants and volatile compounds from Grevillea that may attract insects, remains poorly understood, though its leaf extracts showed termiticidal activities against Heterotermes indicola (Afzal et al., 2019) and bark extracts have antioxidant, antibacterial, antifungal properties, so this seems unlikely. Nonetheless, this topic merits further investigation but was beyond the scope of this study.

Alternatively, intraguild predation could have complicated our results (Müller and Brodeur, 2002). For example, higher bird abundance on native Cordia (Kammerichs-Berke et al., 2022) could contribute to the reduction of populations of predatory arthropods (including ants and spiders) in turn releasing herbivorous prey such as caterpillars, from control. Intraguild predation has been shown to operate in shaded coffee systems, though perhaps more for bats than for bird predators (e.g., Karp et al., 2014). Though our study was not designed to test this idea explicitly, we did see that arthropod predation frequency was positively associated with bird predation, which is not consistent with the hypothesis that birds suppressed predatory arthropods. Understanding the net effect of insectivorous predators requires a better understanding of their diets, work that was traditionally laborious or impossible but increasingly feasible with recent advances in molecular scatology and high throughput sequencing (e.g., PCR as in Karp et al., 2014, or next generation sequencing and metabarcoding as in Jedlicka et al., 2017; Hoenig et al., 2022).

We might also consider the possibility that birds foraging in coffee bushes are those able to adapt to novel environments, and if so, may not be responsive to specific tree species. Some work suggest bolder, more neophilic individuals are best able to exploit novel environments (Holtmann et al., 2017). Insect communities associated with Cordia canopy and understory may be different from the coffee layer surrounding Grevillea due to changes in shade, temperature, and understory density (Withaningsih and Rabbany, 2019). Thus, Grevillea may attract a different bird community than those solely associated with Cordia’s canopy. Perhaps Grevillea’s understory and surrounding areas are better suited for novel environment seekers, with occasional visitations from more specialist insectivores (Greenberg, 1990).

Other contributing variables and factors that may have influenced the data include farm site management variation and human activity. This study was conducted over a 4-week period, limiting the assessment of temporal variation. Sentinel pest experiments were conducted during coffee picking, which could influence predation rates by the presence of coffee workers, though they moved quickly through coffee rows, rarely spending more than 20 min near our experimental shrubs. Moreover, human presence in coffee rows occurs nearly all weeks of the year in Kenya (picking, pruning, planting, understory maintenance, etc.), so human presence in the system is perhaps best considered a regular component part of the environment, rather than as an episodic disturbance. In addition, pickers were present at both Cordia and Grevillea sites, so their presence should not confound our comparison of shade tree species.

In conclusion, the hypothesis that the native shade tree, Cordia, would support higher predation rates on sentinel pests than the non-native shade tree, Grevillea, was not supported. Instead, we observed higher frequency of predation by arthropods and all predators combined on coffee shrubs near Grevillea. However, while we found no support for our hypothesis, we did find that predation attacks on artificial caterpillars occurred on coffee bushes surrounding both trees, providing evidence that avian and arthropod predators were utilizing both native and non-native shade trees and confirming this technique could be useful for future studies in the region. Furthermore, the findings of Kammerichs-Berke et al. (2022) and Milligan et al. (2016) suggest that insectivorous birds prefer Cordia over Grevillea, coupled with evidence that insectivorous birds can meaningfully reduce live pests in East African coffee (Classen et al., 2014; Milligan et al., 2016) suggest value for the native Cordia as a shade tree in coffee farms in Kenya. However, Grevillea may play role in mixed shade-tree systems, where it provides favorable conditions for other birds, such as generalists, and omnivorous residents, and predatory insects. The two tree species may balance and complement each other in attracting avian and arthropod ecosystem providers; with Grevillea attracting arthropod predators and generalist birds, and Cordia attracting insectivorous specialists.
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We ran a total of 6 candidate model sets: three predator groups (arthropods, birds, total) for
each of two response variables (frequency and intensity of predation). Fixed predictors
included species of shade tree (Cordia or Grevillea), elevation (in m, scaled), and rain during
the trial (binary yes/no). Random effects included shrub number (1 to 5) nested within shade
tree number (1 to 10) and farm identity (6).





