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ABSTRACT
Afromontane landscapes are typically characterised by a mosaic of smallholder farms and the biodiversity impacts of these practices will vary in accordance to local management and landscape context. Here we assess how tropical butterfly diversity is maintained across an agricultural landscape in the Jimma Highlands of Ethiopia. We used transect surveys to sample understory butterfly communities within degraded natural forest, semi-managed coffee forest (SMCF), exotic timber plantations, open woodland, croplands and pasture. Surveys were conducted in 29 one-hectare plots and repeated five times between January and June 2013. We found that natural forest supports higher butterfly diversity than all agricultural plots (measured with Hill’s numbers). SMCF and timber plantations retain relatively high abundance and diversity, but these metrics drop off sharply in open woodland, cropland and pasture. SMCF and timber plantations share the majority of their species with natural forest and support an equivalent abundance of forest-dependent species, with no increase in widespread species. There was some incongruence in the responses of families and sub-families, notably that Lycaenidae are strongly associated with open woodland and pasture. Adult butterflies clearly utilise forested agricultural practices such as SMCF and timber plantations, but species diversity declines steeply with distance from natural forest suggesting that earlier life-stages may depend on host plants and/or microclimatic conditions that are lost under agricultural management. From a management perspective, the protection of natural forest remains a priority for tropical butterfly conservation, but understanding functioning of the wider landscape mosaic is important as SMCF and timber plantations may act as habitat corridors that facilitate movement between forest fragments.
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TROPICAL DEFORESTATION IS A MAJOR DRIVER OF BIODIVERSITY DECLINES (Dirzo & Raven 2003, Gaston et al. 2003), one which continues at pace in response to anthropological pressures such as increasing food and timber demands (Geist & Lambin 2002, Lawrence & Vandecar 2015, Lewis et al. 2015). Expanding production landscapes are unlikely to match the conservation value of natural forests, but many traditional agricultural systems can provide an important refuge for biodiversity (Torquebiau 1992, Bhagwat et al. 2008, Jose 2009). Afromontane landscapes tend to incorporate a broad range of agricultural systems, ranging from traditional agroforestry systems, mono-culture timber plantations, mixed croplands to pasture. Understanding the extent to which these different agricultural systems contribute towards the maintenance of tropical biodiversity will help inform future landscape management and may facilitate the development of nature-based strategies that enhance food production whilst maintaining biodiversity and ecosystem services (Fischer et al. 2014).
Tropical butterflies are a highly diverse group of organisms (Bonebrake et al. 2010) that due to short generation times and high mobility tend to exhibit high sensitivity to land-use change (Lawton et al. 1998, Thomas et al. 2001). In general, butterfly diversity tends to decrease when tropical forest is converted into agricultural land, but the magnitude of this effect can differ quite considerably between agricultural systems. Studies in Indonesia and South America have found that agricultural landscapes support reduced butterfly species richness when compared to tropical forest, but that agroforestry systems support higher numbers of species than annual cropland and pasture (Schulze et al. 2004, Barlow et al. 2007, Francesconi et al. 2013). In Western Africa, cashew forest plantations have been linked to a reduction in butterfly species richness (Vasconcelos et al. 2015) as have annual cultures, though Cameroonian agroforests can support species richness equal to natural forest (Bobo et al. 2006). The conservation value of agricultural systems can also vary in accordance with landscape context and tends to decrease with isolation from natural forest (Horner‐Devine et al. 2003, Schulze et al. 2004, Munyuli 2013). In Costa Rica, plots incorporating both agroforestry and natural forest supported higher species richness than forest plots alone (Horner‐Devine et al. 2003), further emphasising the importance of assessing agricultural impacts in the context of the wider landscape.  
In Ethiopia, forest cover has declined from 40% to 2.7% since the beginning of the 20th century, primarily as a result of expanding agricultural pressures (Pohjonen & Pukkala 1990). The Ethiopian Highlands are a major component of the Eastern Afromontane Biodiversity Hotspot (Mittermeier et al. 2004), covering half of its area, yet the impacts of agricultural expansion on biodiversity remain relatively understudied. Highland communities such as the Jimma Highlands (Fig S1) have a long history of coffee production, with wild coffee traditionally harvested from natural forests. To increase yields coffee growers modify natural forests by thinning trees and removing lianas and shrubs. These semi-managed coffee forests (SMCFs) form a characteristic feature of the Jimma Highlands and the retention of canopy trees means that they are likely to play a valuable role in the conservation of forest-dependent wildlife, especially when compared with more intensive forms of land use. Indeed Ethiopian shaded coffee has been shown to support high levels of bird diversity (Buechley et al. 2015) and may have similar benefits for tropical butterflies in the region. 
The Jimma Highlands also support exotic timber plantations which have expanded five-fold in the past 20 years due to increasing demands for timber and firewood (Bekele 2011). These monoculture plantations do not retain native forest trees but do support some ground flora and understory species associated in un-cleared forest. At lower elevations agricultural practices become more intensive and are typified by croplands of annual cultivars and pasture. This study assesses the relative value of these agricultural systems in terms of tropical butterfly conservation, comparing butterfly abundance, diversity and composition along a land-use gradient ranging from natural forest to SMCF, timber plantation, open woodland, cropland and pasture. We consider how local land use, tree diversity and landscape factors influence butterfly communities, allowing us to assess the relative contribution that different agricultural practices make towards butterfly conservation in the region. 
METHODS
STUDY SITE. - The study took place in the Jimma Highlands of south-western Ethiopia, along a 20 km transect running between the Gumay and Setema Districts. The study transect spanned an altitudinal gradient of 1500 m to 2226 m and incorporated a range of land-use types that are representative of the region, from the intensively managed pasture and cropland associated with the lowlands, up towards the lesser disturbed forest of the highlands (Fig S1). Land use was classified into six distinct categories: natural forest, semi-managed coffee forest (SMCF), timber plantation, open woodland, cropland and pasture. The characteristics of these land-use categories are defined in Table 1. 
BUTTERFLY SURVEYS. -We conducted butterfly surveys in 29 × 1 ha plots (Fig. S1), encompassing natural forest (4 plots), SMCF (7), timber plantation (3), open woodland (4), cropland (6) and pasture (5). We selected plots through a stratified random sampling design, whereby we identified the main land-use types for the transect using 2008 SPOT5 satellite imagery (Hailu et al., 2014) and placed the 1 ha plots randomly in each land-use type. We surveyed each plot five times between January and June 2015, a period that encompassed the end of the dry season and the beginning of the rainy season (survey one, 31 December 2014 – 9 January 2015; survey two, 26 January – 5 February; survey 3, 28 March – 6 April; survey four, 2–11 May; survey five, 1-10 June). 
Within each plot, we recorded butterflies along five 50 m line transects, spaced at 25 m intervals and traversed in alternate directions. We walked transects at a steady pace, recording all butterflies observed within 2.5 m either side of the transects and 5 m vertically. When possible we photographed butterflies during the transect counts to aid identification. The majority of individuals were identified to species level, but when species level identification was not possible, butterflies were classified into morpho-species. Surveys were all conducted between 0900 h and 1630 h on sunny, windless days. Data collected from the five transects were pooled per plot. Species were assigned to ecological habitat categories in accordance with Munyuli (2012) (nomenclature adapted from Larsen 1996): FDS, forest dependent species; FEW, forest edge and woodland species; MS, migratory species; OHPS, open habitat specialists; or WSS, widespread species.
ENVIRONMENTAL VARIABLES.-We conducted tree surveys in all 29 plots in April 2014. We identified to species level all woody stems with a diameter at breast height (dbh) ≥ 10 cm. Using these data we calculated stem density and tree species richness per 1 ha plot. We also surveyed herbaceous plants and shrubs in five 1 m × 1 m quadrats that were randomly distributed within each plot, identifying all individuals to species level and then collated these data per plot.   
In order to consider the effect of isolation from natural forest, we estimated linear distance from each sampling point to the nearest patch of natural forest using land cover data that was created using a supervised classification of SPOT satellite imagery for the year 2008  (Hailu et al., 2014). Plots were also categorised into five altitudinal bands for analyses: 1) 1500-1636 m; 2) 1637-1779 m; 3) 1780-1836 m; 4) 1837- 2089 m and 5) 2090- 2226 m. 
STATISTICAL ANALYSIS.- Statistical analyses were conducted in R version 3.2 (R Core Team, 2015) using the vegan package (Oksanen et al. 2012). Species accumulation curves were created for each land-use type. Alpha diversity was calculated for each point count using Hill’s numbers (Hill 1973). Hill's numbers are defined to the order of q (qD), whereby parameter q indicates the weight given towards rare or common species. 0D (species richness) is insensitive to relative frequencies, and is therefore weighted towards rare species, 1D (exponential of Shannon) is weighted towards common species, and 2D (inverse Simpson) is weighted towards abundant species. These diversity indices are particularly useful because they are scalable and can provide insight into the representation of rare, common and abundant species within different land-use types (Jost 2006, Tuomisto 2010, Chao et al. 2012). 
Pair-wise species similarity was calculated between natural forest and the five other land-use types (Forest-Plantation, Forest-SMCF, Forest-Woodland, Forest-Cropland, Forest-Pasture). Species similarity was also weighted by the aforementioned q to provide insight into the relative abundance of those shared species; q=0 was calculated as the Sorenson similarity index (insensitive to species abundance), q=1 as the Horn index (weighted towards common species) and q=2 as the Morisita index (weighted towards abundant species) (Chao et al. 2012). This combination of metrics provides insight into not only the proportion of species shared, but the relative abundances of those shared species
Linear mixed-effect models were used to assess the impact of land use and environmental variables on butterfly abundance and all three measures of Hill’s diversity using the lme4 package (Bates 2005). Response variables were log-transformed to normalise the data. The fixed effects included in the full models were: 1) management type, 2) distance from nearest patch of natural forest (considered zero for plots within natural forest) and 3) vegetation (tree density, tree species richness, herb species richness, shrub species richness). Initial investigation suggested that there was considerable seasonal variation in abundance and species richness. To account for this temporal variation in the replicated plots, we included survey round as a random intercept. We also included altitudinal zone as a random intercept to account for spatial autocorrelation of plots along the altitudinal gradient. Best fitting models were selected using the dredge function in R, which returned models with the lowest AIC values (delta AIC < 4).  The strength of the fixed effects retained in the best fitting models were assessed using marginal R2 values calculated using the MuMIn package (Barton 2014) and their significance was determined by comparing the fit of subsequent models using Chi-squared tests (Zuur et al. 2009). Equivalent models were also run for butterfly abundance within the five ecological habitat categories (FDS, FEW, MS, OHPS and WSS), and within the six most abundant sub-families (Coliadinae, Pierinae, Satyrinae, Heliconiinae, Lycaeninae and Papilioninae).
Non-metric multidimensional scaling (NDMS) was used to assess how community composition was affected by land use. This unconstrained ordination technique collapses the species data into two dimensions, allowing differences between land-use categories to be visualised. Because it relies upon rank-orders (rather than absolute abundance) it can accommodate non-linear species responses, allowing the detection of underlying responses to environmental change (Oksanen et al. 2012). The significance of land use was assessed using permutation tests (999 permutations) with the envfit function in R. 
RESULTS
A total of 6616 butterflies were recorded, belonging to 64 species (and six morpho-species), the majority of which were fruit-feeding butterflies from the family Nymphalidae (44), followed by Pieridae (19), Papilionidae (5) and Lycaenidae (2) (Table S1 for full species list). Species accumulation curves had not reached their asymptotes, but there was clear separation between land-use types, with natural forest, timber plantation and SMCF exhibiting steeper rates of accumulation than open woodland, pasture and cropland (Fig. 1a). Estimated species richness was highest within timber plantations (Chao ± SE: 79 ± 17), followed by SMCF (72 ± 9) and forest (64 ± 3). Estimated species richness was similar in open woodland (48 ± 6), pasture (51 ± 12) and cropland (49 ± 11). Of the 70 recorded species, three nymphalid species were unique to natural forest (Précis octavia, Charaxes karkloof and Acraea cerasa), two to SMCF (Acraea alciope and Junonia natalica), one to woodland (Pseudacraea eurytus) and one to pasture (Junonia hierta). Timber plantation and cropland did not contain any unique species. The most numerous species overall was Colias electo (16% of all individuals), which was found to be most abundant in natural forest, SMCF and plantation. 
Butterfly abundance per plot differed significantly between land-use types (Table 2) and was highest in SMCF (Individuals per ha ± SE: 41 ± 5), natural forest (37 ± 6) and plantations (35 ±5). Open woodland supported intermediate levels of abundance (23 ± 6), but numbers dropped sharply in pasture (10 ± 3) and cropland (6 ± 1). Hill’s diversity per plot also differed significantly with land use at all levels of q (Table 2). Natural forest supported the highest levels of butterfly diversity (Fig. 1b) followed by plantation and SMCF. Open woodland supported intermediate levels of diversity, but pasture and cropland supported less than a quarter of the diversity associated with natural forest, SMCF and plantation. These trends were true at all levels of q, indicating higher numbers of rare, common and abundant species in the forested habitats. Diversity decreased steeply to the order of q in forest, plantations and SMCF indicating that high numbers of species occurred at low abundances, with fewer species common or abundant. Within pasture and cropland, diversity showed little decline to the order of q, indicating similar numbers of rare, common and abundant species. 
Butterfly communities associated with timber plantation and SMFC exhibited high levels of species similarity with natural forest communities (Fig. 2). Similarity to forest was high for all orders of q  (>80% of species shared), suggesting that not only are timber plantations and SMCF supporting similar species to those in the forest, but that those species are occurring at similar relative abundance. Open woodland, cropland and pasture showed much lower levels of similarity to natural forest communities. These habitats all exhibited a sharp drop in similarity between q=0 and q=1 suggesting that although approximately 60% of forest species were present in open woodland, pasture and cropland, the identities of common and abundant species differed considerably from those associated with natural forest.
In addition to land use, the best-fitting models included distance from the nearest patch of natural forest, with butterfly abundance and diversity (at all orders of q) declining with distance (Table 2). At distances of 500 m diversity was approximately half of that associated with plots adjacent to natural forest, with diversity halving again by 1000 m (Fig. 3). Vegetative variables (tree density and tree, herb and liana species richness) explained little variation and were not retained in the final models. 
COMMUNITY COMPOSITION. - Forty-two of the 70 recorded butterfly species were assigned to an ecological habitat category (Table S1), with the categorised species making up 78% of all observed individuals. The majority of butterflies were migratory species (57% of categorised observations), followed by open habitat specialists (20%) and widespread species (13%). Forest-dependent species and forest edge/woodland species made up just 7% and 1% of observations respectively. All ecological habitat categories exhibited a significant response to land use (Table S3), but the strength and direction of the trends differed between groups. Migratory and forest-dependent species showed the strongest responses to land use (Fig. 4a & c). Both groups occurred at similar abundance in natural forest, timber plantation and SMCF, with numbers dropping off sharply in the other land-use types.  Forest edge/woodland species showed similar patterns, but trends were less pronounced (Fig. 4b). Open habitat specialists occurred in the lowest numbers within cropland and pasture and were most abundant within timber plantation (Fig. 4d). Widespread species showed a strong preference for open woodland (Fig. 4e).
All of the common families and sub-families were significantly affected by land use (Table S2), but again the strength and direction of the effect differed between groups (Fig. S2). Within the Pieridae, the abundance of Coliadinae was strongly influenced by land use, with butterflies occurring at high numbers within natural forest, timber plantation and SMCF, and declining sharply in open woodland, pasture and cropland (Fig. S2a). Pierinae showed a weaker response, but exhibited similar trends (Fig. S2b). The Nymphalidae also tended to occur at low abundance within open woodland, cropland and pasture, though trends differed between sub-families; butterflies from Satyrinae were most abundant within plantations (Fig. S2c-d), whereas those from Heliconiinae occurred at low numbers within plantations and were most abundant in natural forest. Papilonidae exhibited similar trends and were most abundant in forest, followed by plantations and SMCF (Fig. S2e). In contrast to the other sub-families, Lycaeninae occurred in low numbers in natural forest, timber plantation, SMCF and cropland, but were highly abundant in open woodland habitats, with intermediate numbers observed in pasture (Fig. S2f).
NDMS ordination showed that butterfly communities overlapped considerably between all land-use types, with no significant separation between the land-use categories (Fig. S3: R2=0.036, P=0.396). The ordination did reveal some differences in the composition of butterfly families, with species from Lycaenidae showing strong positive loadings with NDMS axis-1 in association with open woodland and pasture habitats. 
DISCUSSION
Butterfly communities in the Jimma Highlands are strongly influenced by agricultural land use, with both abundance and species diversity decreasing sharply in non-wooded farmland such as cropland and pasture. Natural forest supports the highest level of butterfly diversity per plot, but estimates of species richness across all plots suggests that semi-managed coffee forests (SMCFs) and timber plantations support a similar number of species as natural forest, perhaps due to turnover of species between plots. Though SMCFs and plantations were utilised by adult forest butterflies, we found that both abundance and diversity declined with distance from natural forest. This suggests that the persistence of forest species may be contingent on larval host plants or microclimatic conditions present only in the natural forest. 
Shaded coffee systems are frequently associated with positive biodiversity benefits, outperforming sun coffee farms in terms of butterfly species richness (Perfecto et al. 2003), bird abundance (Komar 2006) and subsequent avian ecosystem services such as pest control (Perfecto et al. 2004, Kellermann et al. 2008). Other studies have even found that coffee agroforest can support higher butterfly species richness than natural forest (Bobo et al. 2006). In the Jimma Highlands, we found that SMCF and timber plantations are utilised by equally diverse butterfly communities, despite the considerable reduction of tree species diversity within plantations. Exotic timber plantations tend to be considered in a less positive light from a conservation perspective, but studies in Brazil have found that although butterfly diversity decreases from natural forest into Eucalyptus plantations (Barlow et al. 2007), the plantations do support a relatively diverse community that benefit from the species-rich understory vegetation. Korean pine plantations have even been shown to maintain butterfly species richness at levels equivalent to natural forest (Lee et al. 2014). Our results confirm that timber plantations are utilised by adult forest butterflies, and at equivalent levels to more diverse agroforestry systems such as SMCF. 
SPECIES COMPOSITION AND ECOLOGICAL HABITAT CATEGORIES. - Measures of species diversity can be misleading from a conservation perspective, as disturbed forest can often support elevated butterfly species richness as a consequence of increasing numbers of opportunistic and widespread species (Spitzer et al. 1993, Spitzer et al. 1997, Bobo et al. 2006). In our study, species similarity was extremely high between natural forest and SMCF and timber plantation (>80% species shared), suggesting that both of these agricultural habitats are being utilised by forest species and not just by opportunistic, widespread species. Consideration of ecological habitat categories confirmed that SMCF and timber plantation support similar numbers of forest-dependent species as natural forest, with no increase in the abundance of widespread species. However, timber plantations do appear to support elevated numbers of open habitat specialists from the sub-family Satyrinnae, a pattern also observed in Brazilian Eucalyptus plantations (Barlow et al. 2007). The Satyrianne exhibit diverse responses to forest disturbance, with some species preferring dense undergrowth (Brown & Freitas 2000, Ghazoul 2002) and others flourishing in the open habitats associated within forest disturbance (Daily & Ehrlich 1995, Shahabuddin & Terborgh 1999). Here the high numbers of open habitat specialists presumably reflects a lack of dense undergrowth within the plantations as compared to natural forest and SMCF. 
Tropical butterflies can exhibit considerable vertical stratification from ground to canopy level (Molleman et al. 2006, Ribeiro et al. 2015), with canopy assemblages showing a higher susceptibility to decline in disturbed forest or logged forest than those found at ground level (Whitworth et al. 2016, Dumbrell & Hill 2005). Since we used transect surveys focussed on ground-level species, canopy species are likely to be under-represented in our results. Additional sampling of canopy assemblages could reveal a stronger decline from natural forest into SMCF and plantation forest, since the modified tree communities are likely to be associated with changes in canopy structure.
PROXIMITY TO NATURAL FOREST. - We recorded a high diversity of adult butterflies in both SMCF and timber plantation, however habitat requirements for butterflies can vary through their life cycle. Larval stages often depend on a specific host plant and require distinct microclimatic conditions from their adult counterparts (Fartmann 2006), and though adult butterflies are frequently observed using forest gaps and edge habitats for basking and nectaring (Hill et al. 2001, Tropek & Konvicka 2010, Vlasanek et al. 2013), they typically depend on larval host plants in the understory. An intensive mark-release-recapture study in Papa New Guinea showed that many tropical butterflies can disperse up to 1 km from their larval host plant (Vlasanek et al. 2013), so the presence of adult butterflies within SMCF and timber plantation does not guarantee that these habitats in isolation could support the observed butterfly diversity. 
This is consistent with our finding that butterfly abundance and diversity both decreased with distance from natural forest, with diversity declining by more than half over distances greater than 500 m. Other studies in tropical agricultural landscapes have found that agricultural land use has a stronger effect on butterfly diversity than proximity to forest (Perfecto et al. 2003, Francesconi et al. 2013), but on a wider scale, isolation from contiguous forest is negatively correlated with the species richness of fruit-feeding butterflies in Bornean forest fragments (Benedick et al. 2006). Landscape effects are known to impact butterfly meta-population dynamics in temperate systems (Hanski & Thomas 1994, Hill et al. 1996, Thomas et al. 2001), with occasional immigration from source populations rescuing isolated populations at marginal ‘sink’ sites from extinction (Hanski & Ovaskainen 2003). The meta-population dynamics of tropical systems are less well-established (Bonebrake et al. 2010), but large areas of forest are likely to act as source populations for more isolated forest fragments. Since SMCF and timber plantations are used by a wide diversity of adult butterflies they may be able to increase the permeability of the agricultural matrix by acting as habitat corridors that enable movement between remaining fragments of natural forest (Haddad & Tewksbury 2005).
CONCLUSIONS. - Tropical butterflies are adversely affected by agricultural conversion of natural forest in the Jimma Highlands, but the impact varies dramatically between agricultural practices. Butterfly abundance and diversity are particularly low in non-wooded habitats such as cropland and pasture, so the expansion of these agricultural practices would have strong negative implications for butterfly conservation in the region. Semi-managed coffee forests (SMCF) and timber plantations are utilised by a wide variety of forest butterflies, but diversity declines with increasing distance from natural forest suggesting that natural forest remains crucial to the butterfly life-cycle. From a management perspective, the maintenance of natural forest should be a priority for the conservation of forest butterflies, but SMCF and timber plantations may have the potential to act as habitat corridors that facilitate movement of adult butterflies between otherwise isolated forest fragments.
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TABLE 1. Characteristics of the six land-use categories, with mean tree density and species richness per 1 ha plot.
	
	Description
	Dominant tree species
	Mean tree density (± SEM)
	
	Mean tree sp. richness (± SEM)

	
Natural forest
	
Uncultivated forest dominated by indigenous trees
	
Apodytes dimidiate, Galiniera saxifrage, Syzygium guineense Millettia ferruginea and  Chionanthus mildbraedii

	
258 ± 50
	
	
15 ± 1

	Timber plantation
	Monoculture timber plantations
	Pinus patula, Grevillea robusta or Eucalyptus camaldulensis

	751 ± 254
	
	1 ± 0

	SMCF

	Semi-managed coffee forest: mixed indigenous shade trees managed to provide optimal conditions for cultivation of Coffea arabica 
	Croton macrostachyus, Albizia gummifera, Ehreta cymosa and Cordia africana

	136 ± 27
	
	15 ± 1

	Open woodland
	Patchy open woodland
	Maesa lanceolate and Acacia abyssinica

	122 ± 47
	
	11 ± 1

	Pasture
	Areas grazed by livestock
	Acacia abyssinica and Ficus vasta

	10 ± 3
	
	4 ± 1 

	Cropland
	Cultivated for annual crops (maize, sorghum and teff)
	Cordia africana and Acacia abyssinica
	7 ± 2
	
	2 ± 0.5

	
	
	
	
	
	


TABLE 2. Results from best-fitting linear mixed-effect models explaining butterfly abundance and Hill’s diversity (0D, 1D, 2D). Models included survey round and altitudinal zone as random effects. Marginal R2 values represent the variation explained by the associated fixed effect, with the significance determined by comparing the fit of subsequent models using Chi-squared. Asterisks indicate significance level (*** P< 0.001; ** P< 0.01). 
	
	
	Marginal R2GLMM
	AIC
	Δ AIC
	χ2

	Abundance
	~ land-use + distance from natural forest 
	0.51
	377
	0
	

	
	~ land-use only
	0.48
	388
	11
	53.54 ***

	
	~ distance from natural forest only
	0.19
	422
	44
	8.79 **

	
	
	
	
	
	

	0D
	~ land-use + distance from natural forest
	0.49
	207
	0
	

	
	~ land-use only
	0.48
	218
	11
	53.04 ***

	
	~ distance from natural forest only
	0.14
	274
	68
	9.10**

	
	
	
	
	
	

	
	~ land-use + distance from natural forest
	0.46
	174
	0
	

	1D
	~ land-use only
	0.46
	183
	10
	72.92 ***

	
	~ distance from natural forest only
	0.13
	222
	49
	7.53 **

	
	
	
	
	
	

	
	~ land-use + distance from natural forest
	0.38
	190
	0
	

	2D
	~ land-use only
	0.38
	200
	10
	55.25 ***

	
	~ distance from natural forest only
	0.10
	221
	31
	7.20 **

	
	
	
	
	
	





FIGURE 1. (a) Species accumulation curves and (b) Hill’s diversity associated with the six land-use categories. Hill’s diversity indices represent the mean diversity per plot (± SEM) and are weighted to the order of q, which reflects the sensitivity of the indices to the relative abundance of species: q=0 is sensitive to rare species, q=1 is sensitive to common species and q=2 is sensitive to highly abundant species.
FIGURE 2. Species similarity of butterfly communities in the agricultural land-use categories as compared to natural forest. Species similarity is calculated using three indices that are weighted to the order of q; q=0 represents similarity of rare species, q=1 of common species and q=2 of abundant species.
FIGURE 3. Effect of distance from natural forest on butterfly abundance (a) and Hill’s diversity (b)-(d).
FIGURE 4. Impact of land use on butterfly abundance across five ecological habitat categories. Bars represent mean abundance per plot and error bars represent SEM.
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Table S1. List of butterfly species and their total abundance within each land-use category. Ecological habitat categories are defined according to Munyuli (2012): FDS= forest dependent species, FEW= forest edge and woodland species, MS= migratory species, OHPS= open habitat specialist, WSS= widespread species.
	
	Habitat cat.
	
	
NF
	
SMCF
	
PLNT
	
WD
	
CRP
	
PAST

	LYCAENIDAE
	
	
	
	
	
	
	
	

	Polymmatinae
	
	
	
	
	
	
	
	

	Polymmatinae sp1
	
	
	
	31
	
	156
	
	64

	Polymmatinae sp2 
	
	
	
	41
	
	195
	
	58

	NYMPHALIDAE
	
	
	
	
	
	
	
	

	Biblidinae
	
	
	
	
	
	
	
	

	Eurytela dryope (Cramer, 1775)
	WSS
	
	3
	11
	1
	4
	
	

	Sevenia boisduvali
(Wallengren, 1857)
	FDS
	
	1
	22
	3
	
	
	

	Charaxinae
	
	
	
	
	
	
	
	

	Charaxes brutus (Cramer, 1779)   
	FEW
	
	1
	5
	5
	
	3
	1

	Charaxes karkloof van Someren & Jackson, 1957       
	
	
	1
	
	
	
	
	

	Danainae
	
	
	
	
	
	
	
	

	Amauris albimaculata Butler, 1875    
	FDS
	
	3
	3
	
	
	
	

	Amauris echeria (Stoll, 1790)   
	
	
	2
	17
	
	4
	1
	

	Amauris ochlea (Boisduval, 1847)       
	
	
	5
	10
	1
	
	
	

	Danaus chrysippus (Linnaeus, 1758)    
	MS
	
	6
	7
	4
	1
	1
	3

	 Danainane sp1
	
	
	5
	6
	
	
	
	

	Heliconiinae
	
	
	
	
	
	
	
	

	Acraea acara Hewitson, 1865
	
	
	16
	4
	6
	1
	1
	1

	Acraea aganice Hewitson, 1852 
	
	
	9
	
	3
	
	
	

	Acraea alciope Hewitson, 1852   
	FDS
	
	
	5
	
	
	
	

	Acraea anacreon Trimen, 1868
	
	
	5
	
	2
	
	
	

	Acraea cabira Hopffer, 1855  
	FEW
	
	7
	
	2
	
	
	

	Acraea cerasa Hewitson, 1861
	
	
	1
	
	
	
	
	

	Acraea encedon (L.)
	WSS
	
	5
	5
	
	
	
	

	Acraea esebria Hewitson, 1861
	
	
	26
	13
	
	
	
	

	Acraea horta (L.)  
	
	
	8
	1
	2
	1
	1
	

	Acraea lycoa Godart, 1819     
	FDS
	
	8
	6
	1
	
	1
	1

	Acraea rahira Boisduval, 1833
	
	
	
	10
	
	
	7
	

	Acraea serena (Fabricius, 1775)
	WSS
	
	20
	5
	
	
	3
	

	Phalanta phalantha (Drury, [1773])
	MS
	
	3
	22
	1
	11
	3
	10

	Libytheinae
	
	
	
	
	
	
	
	

	Libythea labdaca Westwood, 1851   
	MS
	
	9
	11
	14
	9
	
	

	Limenitidinae
	
	
	
	
	
	
	
	

	Neptis goochii Trimen, 1879    
	
	
	18
	30
	1
	2
	
	5

	Neptis laeta Overlaet, 1955
	WSS
	
	33
	67
	12
	10
	
	4

	Neptis saclava Boisduval, 1833
	WSS
	
	9
	13
	1
	1
	
	2

	Pseudacraea eurytus (L.)
	FDS
	
	
	
	
	2
	
	

	Nymphalinae
	
	
	
	
	
	
	
	

	Hypolimnas anthedon (Doubleday, 1845)    
	
	
	7
	13
	1
	2
	4
	3

	Hypolimnas misippus (Linnaeus, 1764)   
	MS
	
	6
	10
	
	1
	
	2

	Junonia hierta (Fabricius, 1798)      
	MS
	
	
	
	
	
	
	1

	Junonia natalica (Felder & Felder, 1860)
	
	
	
	2
	
	
	
	

	Junonia oenone (Linnaeus, 1758)
	WSS
	
	
	3
	
	8
	25
	1

	Junonia terea (Drury, 1773)
	WSS
	
	13
	1
	11
	9
	
	4

	Precis octavia (Cramer, 1777)
	WSS
	
	10
	
	
	
	
	

	Protogoniomorpha anacardii (L.)
	FDS
	
	5
	12
	10
	1
	
	

	Protogoniomorpha parhassus (Drury, 1782)
	FDS
	
	3
	9
	13
	
	
	

	Vanessa dimorphica (Howarth, 1966)
	
	
	6
	
	14
	
	2
	1

	Satyrinae
	
	
	
	
	
	
	
	

	Bicyclus anynana (Butler, 1879)
	OHPS
	
	35
	54
	66
	18
	
	1

	Bicyclus safitza (Westwood, 1850)
	
	
	51
	145
	60
	12
	6
	

	Satyrinae sp1
	
	
	9
	17
	12
	4
	4
	1

	Melanitis leda (Linnaeus, 1758)     
	WSS
	
	2
	11
	2
	5
	13
	

	Ypthima asterope (Klug, 1832)
	OHPS
	
	9
	39
	21
	9
	11
	

	Ypthima impure Elwes & Edwards, 189
	OHPS
	
	15
	40
	12
	11
	16
	3

	PAPILIONIDAE
	
	
	
	
	
	
	
	

	Papilioninae
	
	
	
	
	
	
	
	

	Graphium Leonidas (Fabricius, 1793)
	MS
	
	2
	2
	
	3
	1
	

	Papilio dardanus  Brown, 1776
	WSS
	
	28
	20
	4
	
	
	

	Papilio demodocus Esper, 1798
	MS
	
	14
	12
	3
	2
	2
	1

	Papilio euphranor Trimen, 1868
	
	
	4
	6
	7
	
	
	1

	Papilio nireus (L.)
	FEW
	
	11
	19
	11
	3
	1
	2

	PIERIDAE
	
	
	
	
	
	
	
	

	Coliadinae
	
	
	
	
	
	
	
	

	Catopsilia florella (Fabricius, 1775)   
	MS
	
	9
	1
	1
	
	
	

	Catopsilia gorgophone (Boisduval, 1836)
	
	
	3
	
	5
	
	5
	

	Catopsilia sp1
	
	
	7
	10
	1
	3
	2
	5

	Colias electo (L.)
	MS
	
	95
	374
	102
	32
	2
	3

	Coliadinae sp1 
	
	
	
	6
	
	
	16
	2

	Eurema brigitta (Stoll, [1780])
	MS
	
	8
	10
	14
	
	3
	

	Eurema desjardinsii (Boisduval, 1833)
	MS
	
	17
	13
	7
	
	
	

	Eurema hecabe (L.)
	MS
	
	54
	43
	31
	6
	2
	6

	Coliadinae sp2
	
	
	6
	12
	1
	
	
	

	Pierinae
	
	
	
	
	
	
	
	

	Belenois aurota (Fabricius, 1793)  
	MS
	
	16
	4
	14
	6
	23
	11

	Belenois creona (Cramer, 1776)
	MS
	
	13
	15
	4
	5
	2
	11

	Belenois gidica (Godart, [1819])
	MS
	
	14
	6
	2
	13
	19
	12

	Belenois raffrayi (Oberthür, 1878)   
	FDS
	
	6
	9
	
	
	
	

	Belenois zochalia (Boisduval, 1836)
	
	
	21
	14
	11
	7
	10
	16

	Leptosia alcesta (Stoll, [1782])
	WSS
	
	3
	13
	8
	1
	
	

	Mylothris rueppellii (Koch, 1865)    
	
	
	9
	59
	8
	7
	8
	9

	Pieris brassicae (L.)
	
	
	22
	46
	4
	1
	3
	3

	Pieris rapae (L.)
	
	
	6
	19
	1
	
	1
	1






Table S2. The effect of land-use on butterfly abundance within common sub-families. Results from linear mixed-effect models including survey month and altitudinal zone as random effects. Marginal R2 values represent the variation explained by land-use, with the significance determined by comparing the fit of land-use model to a null model using Chi-squared. Asterisks indicate significance level (*** P< 0.001; ** P< 0.01). 
	
	
	Marginal R2GLMM
	AIC
	Delta AIC
	χ2 (df=5)

	Pieridae
	
	
	
	
	

	Coliadinae
	~ Land-use
	0.54
	381
	0
	107.47***

	
	~ Null model
	
	472
	91
	

	Pierinae
	~ Land-use
	0.17
	352
	0
	

	
	~ Null model
	
	366
	14
	31.21***

	Nymphalydiae
	
	
	
	
	

	Satyrinane
	~ Land-use
	0.43
	381
	0
	75.02***

	
	~ Null model
	
	440
	59
	

	Heliconiinae
	~ Land-use
	0.20
	357
	0
	31.26***

	
	~ Null model
	
	370
	13
	

	Lycaenidae
	~ Land-use
	0.10
	381
	0
	19.09**

	Lycaeninae
	~ Null model
	
	383
	2
	

	Papilionidae
	~ Land-use
	0.19
	280
	0
	32.58***

	Papilioninae
	~ Null model
	
	292
	12
	







Table S3. The effect of land use on butterfly abundance within ecological habitat categories. Results from linear mixed-effect models including survey month and altitudinal zone as random effects. Marginal R2 values represent the variation explained by land-use, with the significance determined by comparing the fit of land-use model to a null model using Chi-squared. Asterisks indicate significance level (*** P< 0.001; ** P< 0.01). 

	
	
	Marginal R2GLMM
	AIC
	Delta AIC
	χ2 (df=5)

	Ecological habitat category
	
	
	
	

	Forest Dependent
	~ Land-use
	0.22
	593
	0
	23.44***

	
	~ Null model
	
	609
	15
	

	Forest Edge/Woodland
	~ Land-use
	0.13
	455
	0
	13.81*

	
	~ Null model
	
	456
	1
	

	Migratory species
	~ Land-use
	0.29
	1021
	0
	24.36**

	
	~ Null model
	
	1056
	35
	

	Open habitat specialists
	~ Land-use
	0.20
	794
	0
	18.28**

	
	~ Null model
	
	813
	19
	

	Widespread
	~ Land-use
	0.08
	1231
	0
	0.013*

	
	~ Null model
	
	1259
	28
	










Figure S1. Map of the study site in the Jimma Highlands, southwestern Ethiopia depicting main land-use categories along the altitudinal transect. White circles indicate locations of sampled plots.




Figure S2. Abundance of sub-families within the six land-use categories. Bars represent mean abundance per plot and error bars represent SEM.
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 Figure S3. Non-metric multidimensional scaling plot illustrating butterfly community structure in relation to land-use. Circles represent butterfly species, with colours indicating their family. Land-use categories: F= natural forest, PLNT= plantation, SMCF= semi-managed coffee forest, W= open woodland, C= cropland and P= pasture. F
PLNT
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W
P
C




A      Pieridae: Coliadinae
Pieridae: Coliadinae	1.975100541153644	2.4122181206020041	1.810927645390874	0.93778979925844996	0.44192412795437802	0.17480147469979301	1.975100541153644	2.4122181206020041	1.810927645390874	0.93778979925844996	0.44192412795437802	0.17480147469979301	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	9.8722445182500085	10.823410576466671	13.37292517025714	2.0633333333000001	0.98333333336666695	0.63333333339999998	
B     Pieridae: Pierinae
Pieridae: Pierinae	1.155175204580976	0.90068560995654101	0.93935887995401801	0.92542861887990002	0.62155965754933495	0.87308503667497706	1.155175204580976	0.90068560995654101	0.93935887995401801	0.92542861887990002	0.62155965754933495	0.87308503667497706	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	5.4457872802500003	3.4888888889333338	5.2976870745999971	1.9833333332499981	2.2221288514999999	2.5306666665200002	
C  Nymphalidae: Satyrinae
Nymphalidae: Satyrinae	1.4985917061100591	3.408251814191638	2.0193138690321302	0.77718415105650895	0.51796586128590605	9.3865151505811206E-2	1.4985917061100591	3.408251814191638	2.0193138690321302	0.77718415105650895	0.51796586128590605	9.3865151505811206E-2	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	6.0240239953999994	11.509387996999999	8.7172789113714195	2.9733333331999998	1.6333333333	0.17866666668	
D Nymphalidae: Heliconiinae
Nymphalidae: Heliconiinae	1.6166312599875381	0.53929136989387505	1.1343314814521011	0.42755937311799502	0.30354791506102802	0.451382731607268	1.6166312599875381	0.53929136989387505	1.1343314814521011	0.42755937311799502	0.30354791506102802	0.451382731607268	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	5.6787986411000002	1.544800950666666	2.7257142857428569	1.06666666665	0.51111111109999996	0.70933333336000004	
E   Lycaenidae: Lycaeninae 
Lycaenidae	0	0	1.8707780708975399	9.5398574166199772	0	3.2255645500697501	0	0	1.8707780708975399	9.5398574166199772	0	3.2255645500697501	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	0	0	2.0571428570571428	17.519999999850011	0	4.88	
F  Papilionidae: Papillioninae
Papilioninae	0.94690803633304399	0.67550484594664595	0.56879469595917698	0.19477832654611599	7.9268688043984695E-2	6.9602043396887595E-2	0.94690803633304399	0.67550484594664595	0.56879469595917698	0.19477832654611599	7.9268688043984695E-2	6.9602043396887595E-2	Forest	Plantation	SMCF	Woodland	Cropland	Pasture	2.9434782610500001	1.6335115864666669	1.66421768717143	0.41666666670000002	0.133333333333333	0.14666666668	
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