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Abstract
1. The composition of agro-ecological landscapes is thought to have important 

 implications for the production of major crops through its effects on pollinator 
abundance and behaviour.

2. We explored the roles of land cover and land cover heterogeneity on bee nest dis-
tribution for the giant honeybee Apis dorsata, a key species for coffee pollination, in 
a complex agroforest landscape. We emphasized scaling and non-uniform effects 
by combining two different approaches of spatial analysis, the point-pattern analy-
sis and surface-pattern analysis.

3. We found non-exclusive, positive effects of agroforests, forest fragments and land-
cover heterogeneity on the presence and number of nests. The distribution of nests 
responded to habitat heterogeneity at small scale (<100 m), forest fragments at 
medium scale (<300 m) and to agroforest at larger scales (500 m to 2 km). Our mul-
tiple approaches highlight that the landscape effects were neither linear nor uni-
form within the study zone. Nests were consistently located in areas of medium 
agroforest density or medium to high forest density, but were absent where forest 
fragments are the most concentrated.

4. The agroforest matrix was particularly important in shaping the size of nest aggre-
gates. Nests tended to be few when there is low tree cover at broad scale, while 
nests were numerous when agroforest patches are abundant within the bees’ 
 foraging range.

5. Synthesis and applications. Our study revealed that structurally complex landscapes 
appear to support bee populations. The spatial arrangement of different land cov-
ers affected honeybee nest distributions by providing nesting and foraging 
 resources across multiple scales. The results suggest that continued intensification 
of small forest fragments and expansion of large monospecies plantations will be 
deleterious to the populations of giant honeybees A. dorsata. Fragmentation of the 
agroforestry matrix at small scales (100s m) does not, however, appear detrimental 
for A. dorsata as long as sufficient diversified resources are available at the land-
scape scale (kms).
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1  | INTRODUCTION

Land- use intensification, habitat loss and fragmentation are thought 
to be driving a decline in bee populations in some regions (Kremen, 
Williams, & Thorp, 2002; Potts et al., 2010; Steffan- Dewenter & 
Westphal, 2008; though see, Ghazoul, 2015 as to the limitations of 
current knowledge). The extent to which such declines will result in 
pollinator- induced crop production deficits remains ill- defined, partic-
ularly in the tropics (Ghazoul, 2005, 2013). Tropical agroforestry land-
scapes are increasingly viewed as regions in which crop production 
needs could be balanced with those of conservation and ecosystem 
service provision (Jha et al., 2014; Perfecto & Vandermeer, 2008). 
Such landscapes are often characterized by a high spatial heteroge-
neity of land covers, various degrees of agricultural intensification, 
and varying extent and quality of remaining natural habitats. These 
heterogeneous landscape mosaics are thought to provide a wide 
variety of habitat conditions and resources for mobile species such 
as bees (Carre et al., 2009; Steffan- Dewenter, Munzenberg, Burger, 
Thies, & Tscharntke, 2002; Williams & Kremen, 2007). The link be-
tween land cover patterns, pollinator populations and pollination ser-
vices remains somewhat contentious, in part because many studies 
have approached this issue at just a single scale of analysis. Processes 
affecting pollinator nesting and foraging behaviours might unfold at 
multiple scales, from the farm or forest stand through to the wider 
landscape. Consequently, a better understanding of how heteroge-
neous landscapes support bee populations at multiple spatial scales is 
necessary to evaluate the extent to which crop pollination services are 
vulnerable to future changes in land use and land cover, and to provide 
land managers with effective recommendations.

Among pollinators, wild species seem to provide more effective 
and stable pollination services (Garibaldi et al., 2013). In contrast to 
what is known about floral resource use and dependency, we know 
relatively little about the nesting requirements of wild pollinators, and 
especially about factors conditioning nesting choice (Kremen et al., 
2007; Potts et al., 2005; Steffan- Dewenter & Westphal, 2008). The 
distribution of nests of wild social bee species constraints the spatial 
provision of pollination services, since flower visitation generally de-
clines with increasing distance from the nest. It is thus of great interest 
to assess the influence of different factors on nest- site selection and 
to relate them to landscape characteristics at different scales. For in-
stance, very little direct data exist on bee nest density (Kim, Williams, 
& Kremen, 2006; Knight et al., 2005). Nesting location is mainly influ-
enced locally by the availability of suitable nesting habitats and of nest-
ing resources, such as nest trees for open- nesting bee species, as well 
as the availability and diversity of floral resources within the foraging 
distance from the nests (Eltz, Bruhl, van der Kaars, & Linsenmair, 2002; 
Kremen et al., 2007; Samejima, Marzuki, Nagamitsu, & Nakasizuka, 
2004). Depending on the case, the floristics parameters were either 
the main or the least limiting factor for nest density.

Overall, landscape composition influences pollinator abundance 
at multiple scales (Kennedy et al., 2013), as it modulates resource dis-
tribution and hence resource use. Structurally complex and heteroge-
neous landscapes provide higher diversity and spatiotemporal stability 

of resources (Dunning, Danielson, & Pulliam, 1992; Tscharntke et al., 
2012), as different habitats provide resources at different times of the 
year (Miguet, Gaucherel, & Bretagnolle, 2013). Forested habitats, par-
ticularly, provide a high abundance and diversity of important resources 
for bees (Ricketts et al., 2008), as shown for the giant Asian honey-
bee, Apis dorsata (Krishnan, Kushalappa, Shaanker, & Ghazoul, 2012). 
However, forests or (semi- )natural forested habitats represent a vari-
ety of ecosystems with various degrees of human modifications. This 
suggests a need for a finer characterization of forest types and their 
distribution in pollination studies. In South Indian coffee landscapes, 
agroforest coffee plantations and forest patches present similar but dis-
tinct tree cover and understorey layer characteristics (Ambinakudige & 
Sathish, 2009; Bhagwat, Kushalappa, Williams, & Brown, 2005).

In this study, we address how different landscape properties influ-
ence the distribution of nests of the giant Asian honeybee A. dorsata, 
a key pollinating species across Southeast Asia. In particular, A. dorsata 
is the main pollinator of economically important crops such as coffee 
(Krishnan et al., 2012). The spatial pattern of their nests has import-
ant implications for pollination services and thus for the livelihoods of 
smallholder coffee farmers. The issue of scale is critical for the analysis 
of landscape–population distribution interactions, since multiple pro-
cesses operating across several scales affect population distribution 
in landscapes (Tews et al., 2004). In the case of A. dorsata, the local 
condition of the nesting sites and the availability of foraging resources 
at larger scales simultaneously influence the distribution of colonies 
(Boreux, Krishnan, Cheppudira, & Ghazoul, 2012). The large open nests 
of A. dorsata are usually found suspended from branches of large trees 
of preferred species, which probably ensures protection against pred-
ators or adverse conditions (Roy et al., 2011; Singh, Singh, & Singh, 
2007). Given that the foraging range of A. dorsata can exceed 2 to 
3 km (Dyer & Seeley, 1991), we expected nest distribution to respond 
to landscape properties at scales of 100 m to several kilometres. In 
addition, those effects might not be uniform across the landscape. To 
address the issues of scaling and spatial variation in landscape effects, 
we used two complementary approaches. First, we combined two 
types of landscape representation, point- pattern vs. surface pattern, 
associated with two different scales of variation in nest distributions. 
Second, we used multiscale tools of analysis for each representation, 
scrutinizing interactions between nest distributions and land cover 
across a continuous range of scales. Such approaches allow us to un-
ravel different aspects of landscape–pollinator interactions (Dale et al., 
2002; Graf, Bollmann, Suter, & Bugmann, 2005; Schroder & Seppelt, 
2006). Using fully mapped data of nest positions and land cover, we 
tested three alternative (not mutually exclusive) hypotheses: density 
of nests is correlated with heterogeneity in land cover (H1), density of 
agroforests (H2) or density of forest patches (H3).

2  | MATERIALS AND METHODS

2.1 | Study area and species

Our study area was located in South India, in the district of Kodagu, 
within the Western Ghats biodiversity hotspot (Myers, Mittermeier, 
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Mittermeier, da Fonseca, & Kent, 2000). The study focused on a 
9.3 km wide area, covering 68 km2 (12.251°N, 75.793°E; Figure 1). 
The landscape is largely covered by coffee plantations (60%) and 
rice fields (33%). Coffee is exclusively produced under shade. Small 
forest fragments cover only 1.5% of the study zone (all patches 
<10 ha, mean size = 1.6 ha), and are largely degraded compared 
to their initial stage (Bhagwat et al., 2005). Forest fragments shel-
ter about 167 different tree species, compared to 162 tree species 
in coffee estates (Bhagwat et al., 2005). The average tree density is 
estimated at 325 ± 104 stems per hectare in coffee plantations and 
1361 ± 599 stems per hectare in forest fragments, while the Shannon 
diversity index for trees is 2.71 in plantations and 3.29 in forest frag-
ments (Ambinakudige & Sathish, 2009).

The rock bee A. dorsata accounts for 58% of the insects visiting 
coffee flowers in the region (Krishnan et al., 2012). Apis dorsata nests 
are often found in aggregations or more rarely singly on a tree. Their 
large body size (17–20 mm) allows them to typically forage up to 
2–3 km (Dyer & Seeley, 1991).

2.2 | Landscape and nest data

In February–March 2014, we exhaustively mapped all the nests of A. dor-
sata in the study area. We localized the quite visible nests by visiting all 
forest fragments within the study zone, and by interviewing 283 plant-
ers on the presence of A. dorsata in their neighbourhood. The high nest- 
site fidelity of A. dorsata (Paar, Oldroyd, & Kastberger, 2000), combined 
with local farmer knowledge of nesting sites and previous mapping of 
nests (Krishnan, 2011) provided good prior knowledge of probable nest 
locations and allowed us to cross- check the comprehensiveness of the 
search. Nest locations were recorded with a Garmin GPSMAP 60CSx.

To characterize the landscape patterns, we used a land cover map 
of the study area, extended by a buffer zone of 2 km to minimize 
edge effects. The land cover map was derived from an IRS- P6 LISS IV 
image of 2008 at a resolution of 5.8 m at nadir. Land cover types were 

classified in five categories (coffee plantation, rice, built up, forest 
fragment and water body), corresponding to resources types poten-
tially used by bees. The exact boundaries of the forest fragments were 
ground- truthed with GPS data collected during field work in 2014.

2.3 | Analysis of nest–landscape pattern interactions

We combined two approaches to explore the relationship between 
nest localization or nest density and landscape patterns at multiple 
scales, the point- pattern analysis and surface- pattern analysis. Both 
methods are well adapted for fully mapped data, as they are robust 
to spatial autocorrelation and are intrinsically scale- dependent, unlike 
classical GLM models (Gaucherel, Alleaume, & Hely, 2008; Schroder 
& Seppelt, 2006). Point- pattern analysis focuses on fine- scale interac-
tions between individual objects (Goreaud & Pelissier, 2003), while 
surface- pattern analysis deals with larger gradient in nest density and 
land cover composition. In contrast to point- pattern, surface- pattern 
analysis allows better consideration for landscape configuration and 
spatial variations in the ecological interactions. In particular, surface- 
pattern analysis estimates correlation for each point of the landscape. 
For comparison purpose, we additionally performed a GLM on the 
number of nests and proportion of different land cover at different 
scales (see Appendix S1).

2.4 | Point- pattern analysis

We considered (1) the locations of nests and (2) the locations of 
patches of forest fragments and of coffee plantations as realizations 
of different spatial point processes. We first performed the Besag L 
function on the nest points (Diggle, 1983) with edge correction, and 
we defined 95% confidence levels of a homogeneous Poisson process. 
Values of L(r) above the upper bounds of the confidence envelope in-
dicate clustering, and those below the lower bounds indicate regular-
ity. We then distributed 10,000 random points in the study zone and 

F IGURE  1 Geographical location of the study area in the Kodagu district, South India, and positions of the nests within the study zone 
[Colour figure can be viewed at wileyonlinelibrary.com]
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assigned to them the corresponding land cover type. The intertype L12 
function (Goreaud & Pelissier, 2003) was then calculated with 95% 
confidence levels of an independent process to explore the interac-
tions (attraction–repulsion) between nests and land cover patches 
(either agroforests or forest fragments). A L12 function above the confi-
dence envelope would reveal that forest fragments are more clustered 
around bee nests than expected by chance. To reduce the sensitivity of 
the results to the initial distribution of points, we calculated the mean 
L12 function on 10 random distributions of landscape points.

2.5 | Surface- pattern analysis: MHM and CMP  
methods

We first calculated continuous surface variables using the multiscale 
heterogeneity map (MHM) method (Gaucherel, 2007). The MHM 
method calculates for each pixel of study area a pattern index (e.g. 
the density of a specific land cover type) at increasing scales (i.e. using 
different sizes of moving windows around the central pixel). It then 
produces a map of the mean value of the index at successive scales, 
and thus a distance- weighted density estimate (Dormann et al., 2007). 
This method overcomes the problem of scale sensitivity of local spatial 
variables such as density or heterogeneity indices (Gaucherel, 2007; 
Gaucherel et al., 2010). Here, we calculated the multiscale density of 
nests and three landscape metrics: (1) the multiscale density of agro-
forests; (2) the multiscale density of forest fragments; (3) a multiscale 
heterogeneity map with five land cover categories. Heterogeneity 
is measured by a connectivity index, which takes into account both 
the composition and the configuration of land covers. It is defined as 
H = RC – 1, with RC the relative contagion expressed as (Li & Reynolds, 
1993):

where Pij is the probability of patch type i being adjacent to patch type 
j. This heterogeneity index is expected to increase with land cover 
diversity in a specific surrounding.

In a second phase, we compared the MHM map of nest density 
and the three MHM maps of landscape indexes, using the surface- 
pattern Correlation Map and Profile (CMP) method (Gaucherel et al., 
2008). This method is based on a comparison made among moving 
windows centred on each pixel (for both maps) of the study zone.  
A cross- correlation index, defined as a coefficient of linear correlation, 
can thus be extracted from the moving windows, and for different 
widths (scales) of the moving window.

We computed correlation maps at successive spatial scales from 
100 m to 4 km, chosen to take account of both the effects of fine 
stochastic patterns and broader gradients in the landscape. We then 
computed a multiscale map as the average of all monoscale maps, as 
well as a scaling profile as the mean cross- correlation index value over 
the whole study zone. Consequently, this method simultaneously ex-
plores spatial and scaling relationships, and thus detects local relative 
variations in the patterns as well as larger scaling effects. The absence 
of correlation may be interpreted as independent patterns. We finally 
analysed in more detail areas presenting high significant negative and 
positive correlation values.

3  | RESULTS

3.1 | Distribution of bees

We found 112 nests in the study zone of 68 km2, either aggregated 
on the same tree or not (Figure 1, 10 solitary nests and 8 aggregates 
>4 nests). Nests were found in forest fragments (38% of the nests) 
or in coffee plantations (62% of the nests), with an average density 
of 1.6 nests/km2. The aggregated pattern of the nests was con-
firmed by the significantly positive value of the empirical L(r) function 
(Figure 3a). The characteristic scale of aggregation was 30 m, though 
the L(r) function for nests remains positive even at larger scales 
(>2.2 km). This could correspond to some heterogeneity in the pat-
tern or to larger scale trend, as shown in the multiscale map of nest 
density (Figure 2a).

3.2 | Point- pattern analysis

The L12 intertype function shows a positive attraction between the 
nests and the agroforest patches from 20 to 1,650 m, as the L12 
function is significantly higher than expected by chance (Figure 3b). 
Moreover, the strength of the attraction between the nests and the 
agroforest patches exhibits two local peaks at 140–300 m (secondary 
peak) and at 1,500 m (main peak). The observed values of the L12 in-
tertype function between the nests and the forest fragments are also 
higher (more aggregated) than expected under a null model of com-
plete independence, at distances between 33 and 1,100 m (Figure 3c). 
The positive interaction of forest fragments on nests peaks at 385 m, 
with a weak negative effect at large distance (>1,640 m). We conclude 
that A. dorsata nests and agroforests tend to be positively correlated 

RC=1+
∑n

i=1

∑n

j=1
Pij

ln
(

Pij
)

2 ln (n)

F IGURE  2 Multiscale map of (a) nest density (MHM), (b) 
agroforest density, (c) forest fragment density and (d) heterogeneity 
index, calculated for successive scales from 100 m to 4 km [Colour 
figure can be viewed at wileyonlinelibrary.com]
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both at small and large distances, while A. dorsata nests interact posi-
tively with forest fragments at fine scales only (up to 385 m).

3.3 | Surface- pattern analysis

The previous L12 functions assume that the point process is station-
ary. The intertype function provides a quantitative description of 
the interaction between nests and tree- covered patches averaged 
across the entire landscape, and thus fails to reveal spatial varia-
tions contrary to the CMP method. The average cross- correlation 
CMP index between agroforest and nest densities is very low at all 
scales (CMP ~ 0.06). Nonetheless, the local presence of high positive 
and negative correlations at each spatial scale contradicts the simple 
hypothesis that nests are always found in areas with high density of 
agroforests (Figures 4 and 5). Two patterns emerge when analysing 
separately areas with high positive and high negative correlations at 
all scales (Figure 5). On the one hand, high positive correlations (>0.6) 
cover 10% of the landscape. Those areas are characterized by medium 
values of nest density (Figure 5c), but lower values of agroforest den-
sity relative to the whole landscape (Figure 5e; p < .001). Positive cor-
relations indicate that, in those regions, when nest density decreases 
(or as the distance to the nest increases), the agroforest density is also 
further decreasing from 100 m to 4 km (from low density to very low 
density of agroforest). On the other hand, high negative correlations 
(<−0.6) are found for 12% of the study area. They are located around 
areas of high nest concentrations and are characterized by high nest 
density values (Figure 5c) and high density of agroforests (Figure 5e; 
p < .001). Hence, the density of agroforests increases as the nest den-
sity decreases. Areas with local positive and negative correlations are 
clearly differentiated by, respectively, low and high values of the agro-
forest density (Figure 5c). Those results are robust, and remain similar 
with reduced threshold values (CMP = ±0.2).

The overall cross- correlation index between the density of nests 
and the density of forest fragments is positive and relatively high at all 
scales (CMP ~ 0.3). Distinct negative and positive correlations again 

are detected in the landscape, but positive correlations cover a larger 
portion of the study zone (40% of the landscape; Figure 6a). This fea-
tures an overall positive effect of forest fragments on the nests from 
100 m onwards. The profile of CMP correlation is quite stable with 
increasing scales, typical of a fine- scale interaction. Positive correla-
tions are detected for all values of forest density <0.003 and all values 
of nest density (Figure 6b,c). We confirmed the positive influence of 
forest fragments on nest distribution, yet not where forest fragments 
are the most concentrated (no significant correlation detected when 
the density of forest fragments >0.003, Figure 6c). The results are in 
line with the Ripley intertype function.

Similar to the effect of forest fragments, the overall correlation 
between landscape heterogeneity and nest density is positive at all 
scales (CMP ~ 0.25; Figure 2a,d and Figure S2 in Appendix S2). The 
pattern of nest density is significantly and positively correlated to the 
pattern of land cover heterogeneity on a large fraction of the land-
scape. This indicates a nesting preference for areas with high hetero-
geneity of land cover types at all scales and in particular at small scales.

4  | DISCUSSION

The present study provides a new direct estimation of the density of 
wild nests of a key pollinator, A. dorsata, and how nest distribution 
relates to different land cover types across a variety of spatial scales. 
The average density of 1.6 nests/km2 is comparable to indirect esti-
mates of nest density in protected areas in the Western Ghats (Roy 
et al., 2011) and shows that A. dorsata can persist in human- modified 
landscapes. By combining spatial point- pattern and surface- pattern 
analyses, we further demonstrated that the nest distribution re-
sponded to multiple landscape properties at multiple scales simultane-
ously. In particular, both the agroforestry matrix and forest fragments 
influence the presence of nests, although the scale and direction of 
the interactions vary across the two land covers and are not uniform 
across the study zone. This implies that robust multiscale approaches 

F IGURE  3  (a) Besag L(r) univariate function for the nests. Besag L12 intertype function (b) between nests and agroforests, and (c) between 
nests and forest fragments. The solid lines represent observed values, the horizontal dotted lines represent the expectation under complete 
spatial randomness (theoretical) for (a) or complete spatial independence for (b) and (c), and the grey lines represent the 95% local confidence 
interval based on 999 simulations of a Poisson process or of an independent process [Colour figure can be viewed at wileyonlinelibrary.com]
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are needed to understand the distribution of social bees in complex 
landscape (Gaucherel et al., 2010; Graf et al., 2005).

4.1 | Landscape complexity and supplementation  
hypothesis

Our results showed that landscape complexity, in particular the spa-
tial arrangement of forest fragments and coffee plantations at vari-
ous scales, is related to the settlement of A. dorsata nests. The L12 
intertype function analyses revealed significant positive effects of 
forest fragments and agroforests on the presence of nests at local 
scales (100 to 300 m, confirmed by the GLM method in Appendix 
S1). This scale of interaction is associated with immediate nesting 
conditions. Coffee plantations and forest fragments both provide 
substantial amounts of large native trees, key nesting resources 
for A. dorsata (Sivaram, Roopa, Shubharani, & Suwannapong, 2012; 
Thomas et al., 2009). More than half of the nests were found in agro-
forests, contradicting previous studies that suggest that A. dorsata 
preferentially nest in natural forest patches (Krishnan et al., 2012; 

Roy et al., 2011; Thomas et al., 2009), although in relation to the 
proportion of each land cover in the landscape, the density of nests 
in forest fragments is higher (chi- test, p < .001), suggesting more 
favourable nesting conditions. Forest fragments experience lower 
anthropogenic disturbance and have higher density and diversity of 
suitable large nesting trees than coffee plantations (Ambinakudige & 
Sathish, 2009; Bhagwat et al., 2005). This pattern is not, however, 
consistent across the landscape, as the CMP analysis revealed that 
while nests were associated with smaller forest fragments at local 
scales, they were absent in the vicinity of the largest aggregates of 
forest fragments (Figure 6c, absence of significant correlation for 
high values of forest fragments).

The intertype L12 function also showed a significant positive spa-
tial association between nests and agroforests up to 140–300 m, 
and again at 1,500 m, while nests responded to forest fragment ag-
gregations at scales less than 400 m only (Figure 3). The influence of 
agroforests and forest fragments differed across scales, and might 
be explained by differences in availability and quality of foraging 
 resources. Forest fragments provide a wider diversity of foraging 

F IGURE  4 Results of the comparison between (a) the MHM density of nests and (b) the MHM density of agroforests, using the CMP 
method. (c) cross- correlation profile through spatial scales from 100 to 4 km. The black line represents the average cross- correlation value over 
the whole landscape at each scale, the red and blue lines represent the positive and negative correlations. The monoscale cross- correlation 
maps for 100 m, 2 km and 4 km are displayed. Hot and cold colours relate to positive and negative correlation, respectively [Colour figure can be 
viewed at wileyonlinelibrary.com]
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 resources, hosting about 167 different tree species, a majority of them 
being bee pollinated (Bhagwat et al., 2005; Krishnan, 2011; Sivaram 
et al., 2012). Nonetheless, these forest patches cover very small areas 
of the landscape and their importance as foraging locations might 
therefore be much reduced. The fine-  to broader- scale positive effect 
of agroforests might be explained by the availability of substantial 
foraging resources from shade trees. According to Krishnan (2011), 
coffee plantations present on average 80 to 120 bee pollinated trees 
in flower per hectare from more than 100 different species during 
the stay of A. dorsata in the landscape between January and June. 
The composition of each plantation and phenology of each species 

are unique and bees might thus mix pollen and nectar from different 
plantations at various distances and at different period of time. This 
hypothesis is supported by other studies on bees (Sivaram et al., 2012; 
Williams & Tepedino, 2003). The diversity and abundance of native 
shade trees in coffee plantations and forest fragments might ensure 
spatiotemporal stability of nectar and pollen availability.

Apis dorsata nests were also associated with coffee agroforest 
regions where local habitat heterogeneity was high (CMP methods, 
confirmed by the GLM method in Table S1 in Appendix S1). In other 
words, bee nests are observed in coffee plantations that occurred 
close to natural forest patches, waterbodies, rice paddies and built- up 

F IGURE  5  (a) Multiscale correlation map, computed by averaging CMP monoscale maps over the whole range of scales (from 100 m to 
4 km). Areas of high positive correlation are surrounded in red (CMP > 0.6) and high negative correlation in blue (CMP < −0.6). (b) and (d) 
Locations of positive and negative correlation areas on the initial maps of nest and agroforest densities. (c) and (e) Distribution of values of 
nest density and agroforest density, in the whole landscape (in black), in areas of high negative correlation (in blue) and in areas of high positive 
correlation (in red). The dotted vertical lines show the mean values of the distribution [Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE  6  (a) Multiscale correlation map from the comparison between the density of nests and the density of forest fragment. Areas of 
high positive correlation are surrounded in red (CMP > 0.6) and high negative correlation in blue (CMP < −0.6). (b) and (c) Distribution of values, 
respectively of density of nests and density of forest fragments, in the whole landscape (in black), in areas of high negative correlation (in blue) 
and in areas of high positive correlation (in red) [Colour figure can be viewed at wileyonlinelibrary.com]
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areas (see also Steffan- Dewenter et al. (2002), Winfree, Griswold, and 
Kremen (2007) for similar results in other agricultural contexts). The 
positive effect of land cover heterogeneity, as a proxy for resource 
heterogeneity, also suggests that A. dorsata responds positively to spa-
tially separated resources and/or is not affected by the fragmentation 
of land cover. Although causation cannot strictly be inferred from our 
correlation statistics, the significance of the pattern observed across 
methods supports the hypothesis that A. dorsata responds to land-
scape supplementation and complementation (Dunning et al., 1992; 
Tscharntke et al., 2012), where different patch types host different 
kinds of required resources, substitutable or not, used for different 
purposes or present at different periods of the year. Further data on 
resources and seasonal and annual population dynamics of A. dorsata 
would be an important next research step to confirm how complex 
landscapes facilitate resource use by honeybees.

4.2 | Importance of the agroforestry matrix

Our results reaffirm the importance of the agroforestry matrix to main-
tain the ecological function of pollination in the landscape (Perfecto 
& Vandermeer, 2008). The fine-  to broader- scale positive effect of 
agroforests complements previous works on pollination in coffee 
landscapes that have tended to focus on the more local scale effects 
of the matrix (Jha & Vandermeer, 2010; Klein, Steffan- Dewenter, & 
Tscharntke, 2003). The point- pattern analysis and surface- pattern 
analysis showed that nest presence and density are correlated to 
agroforests, not only at a single scale but across a characteristic range 
of scales, which is determined by the bee foraging range (Figures 3b 
and 4c). The apparent absence of response to agroforests at interme-
diate scales (between 300 and 1,000 m) might be explained by the 
fragmented nature of the tree cover, since the average extent of tree- 
covered regions is around 300 m (Figure 7) and might reveal the toler-
ance of honeybees to habitat fragmentation (Kennedy et al., 2013).

The CMP method revealed some modulations in the effect of the 
agroforestry matrix on nest distribution at larger scale. Although nests 
were consistently located in areas of moderate tree cover (Figure 5e), 
we highlighted two contrasting large- scale effects of agroforests in 
different parts of the landscape. In one region, agroforest tree cover 
increased with increasing distance from large aggregates of nests at 
scale over a few kilometres. Conversely, in another region of the land-
scape, agroforest tree cover decreased with increasing distance from 
small nest aggregates (Figure 5c,e). In other words, the broad- scale tree 
cover environment is high around large aggregates of nests and much 
lower around small aggregates. These results imply a positive feedback 
likely played by the tree cover on the presence of giant honeybee nests 
at broad scales (Figure 7). The nests tend to be isolated or few when the 
amount of tree- covered patches at broader scale is insufficient whereas 
the nests are numerous when the amount of agroforest patches are im-
portant within bees’ foraging range. Subtle variations in tree cover ap-
pear to modulate population size of pollinators at the landscape scale. 
This again supports the idea that the agroforestry matrix contributes 
to spatiotemporal resource supplementation and complementation, 
an important element of population survival and reproduction (Miguet 

et al., 2013; Riedinger, Mitesser, Hovestadt, Steffan- Dewenter, & 
Holzschuh, 2015). In addition, unlike forest fragments, coffee plants are 
characterized by temporary pulses of floral resources over a few weeks 
in February and March. This readily available and abundant resource 
(Sivaram et al., 2012) has been shown to coincide with the migration 
and settlement of A. dorsata nests between January and June (Krishnan, 
2011). Similar studies have shown the importance of the availability of 
rich food sources for large aggregates of A. dorsata during the migration 
and nest establishment period (Singh et al., 2007).

In summary, we found similar, non- exclusive, positive effects of agro-
forests, forest fragments and land cover heterogeneity on the presence 
and number of nests in the landscape. Our multiscale approach high-
lights that effects are neither linear, nor uniform within the landscape, as 
shown by the low average value of CMP across the study zone or by the 
absence of nests in areas of highest density of forest fragments. It also 
involves different scales of response (fine scales for forest fragments and 
land cover heterogeneity, and broad scales for agroforests; Figure 7). 
Thus, the perspective that forests and natural habitats uniformly benefit 
bee presence (Garibaldi et al., 2011; Klein, Cunningham, Bos, & Steffan- 
Dewenter, 2008; Ricketts et al., 2008) appears to be more complex in 
heterogeneous landscapes, at least for A. dorsata.

4.3 | Implications for landscape management

Despite significant contributions of honeybee pollination to coffee pro-
duction (Krishnan et al., 2012), specific measures to protect wild popu-
lations are not common in local management practices (Ghazoul, 2007). 
The landscape analysis proposed in this study highlighted important 
implications for landscape management and pollination services. The 
heterogeneity in the spatial distribution of nests and presence of large 
aggregates, a tendency also observed among other eusocial bees (Singh 
et al., 2007; Wattanachaiyingcharoen, Wongsiri, & Oldroyd, 2008), is 
likely to translate into uneven pollination benefits for coffee farmers.

The study stresses the importance of considering multiple scales 
for management. At the agroforest scale, retaining large native shade 
trees would increase the availability of nesting resources and the spa-
tiotemporal stability of foraging resources. Given that the size of in-
dividual plantations is much smaller (a few ha) than the foraging area 
covered by A. dorsata (around 1,000 ha), the benefits of conserving 
tree diversity would only be realized if it is scaled up across many plan-
tations in the landscape.

Maintaining a complex heterogeneous landscape, including the 
preservation of remnant natural forest patches, would also favour 
A. dorsata populations. Other studies have also emphasized the 
need to retain small fragments of natural habitat within agricultural 
landscapes to support bee populations (Kremen et al., 2002), while 
our results additionally emphasize the value of landscape mosaic 
(Perfecto & Vandermeer, 2008). The results of the surface- pattern 
analysis on forest fragments showed that the presence of forest 
fragment is not systematically associated with the presence of 
nests; the conservation of forest fragments is thus not a sufficient 
condition for conserving pollinators. On the other hand, the frag-
mentation of tree cover at small scales (100s of metres) does not 



1238  |    Journal of Applied Ecology PAVAGEAU Et Al.

appear detrimental for A. dorsata, as long as sufficient and  diverse 
resources are available at the landscape scale (kms). Finally, the 
study allowed us to identify areas of conservation importance that 
sustain large aggregates of A. dorsata nests. Due to site fidelity of 
A. dorsata from 1 year to the next (Krishnan et al., 2012; Paar et al., 
2000), those are the areas where trade- off between livelihood and 
conservation could be lean in towards conservation for the sake of 
the maintenance of populations of pollinators.
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