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Abstract — Leafcutter bees collect leaf discs to encase brood cells. However, our understanding of their use of
plants as nesting resources, which is critical for their conservation, is poor. We followed plants and observed bees
cutting leaves to understand the leaf and plant traits of the leaf forage plants of Megachile spp. We studied whether
the leaf size explains the cut size and the number of cuts in the leaves. The bees collected leaves from 59 species, 49
genera and 25 families of plants of various habits. Plant habit, leaf morphotype and leaf size did not influence leaf
choice by the bees. Of the plants surveyed, 45.22% had the distinguishable cutting marks. About 63% and 98% of
the plants the bees used are native to the region and to the tropical southern hemisphere, respectively. Bees selected
leaves over an extreme size range, and the leaf size predicted the number of cuts on a leaf. Comparing our results
with other studies, we conclude that the leafcutter bees’ selection of plants is adapted to the local environment.

Megachile | Megachilidae / leafcutter bee / urban ecosystem / pollinator

1. INTRODUCTION

Bees, evolved from sphecoid wasps (Cardinal
and Danforth 2013; Grimaldi 1999), have retained
their ancestors’ provisioning habit in nests
(Radchenko and Pesenko 1996). However, they
use plant matter, such as a blended pollen and
nectar mixture (Michener 1964; Cane et al.
2011), rather than their ancestors’ likely choice
of animal matter (Evans 1971) as food for their
developing larvae. They have also evolved the
habit of lining the brood cells (Michener 1964).
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users.
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Ancestral sphecoid wasps nested in burrows in the
soil and stored the larvae (the provision of the
brood) there for many days to weeks in unlined
brood cells (Kaltenpoth et al. 2005). Being hy-
drophilic in nature, the provision of bee hives is
susceptible to early spoilage, particularly from
infectious fungal molds (Miiller et al. 1996;
Messer 1985). Larvae are also vulnerable to pre-
dation and parasitism (Eltz et al. 2015; Kruni¢
et al. 2005), so bees construct lined brood cells in
the burrows in pre-existing cavities below and
above ground to reduce predation risk (Eltz
et al. 2015; Cane et al. 1983; Messer 1985).
Most bees use a glandular secretion from Dufour’s
gland to line the brood cell (Williams et al. 1986;
Hefetz 1987; Mitra 2013), but some species of
bees have evolved the habit of using foreign ma-
terials, predominantly plant derivatives and soil
particles, as their lining (Maclvor 2016; Litman
et al. 2011; Cane et al. 1983; Messer 1985).
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Common examples of such species are the resin-
bees and the leafcutter bees belonging to the fam-
ily Megachilidae. While the former collects plant
resins to line cells, the latter collects whole leaves
or leaf cuttings to line the brood cells (Wedmann
et al. 2009; Litman et al. 2011; Maclvor 2016).

The family Megachilidae has ca. 3900 de-
scribed species reported from all over the world,
with 1478 of these species in the genus Megachile
(Michener 2007). Some of these bees are the most
important managed wild pollinators of several
crop plants, especially the managed
M. rotundata in North America (Pitts-Singer and
Cane 2011; Bohart 1972; Kuriakose et al. 2009).
Although we have some information on the nest
biology of Megachile bees (Fischer 1951; Butler
1965; Strickler et al. 1996; Maclvor 2016), the
information is sparse for such important specialist
pollinators, and includes almost no information
from the tropics. However, it is very likely that
the abundance of the leaf plants is also an impor-
tant factor in explaining the geographical distribu-
tion and local abundance of these bees. Therefore,
knowledge about what the bees collect for their
brood cell linings has direct implication in the
conservation of leafcutter bees. In this paper, we
report the leaf plants of leafcutter bees of penin-
sular India in a tropical village habitat. We studied
whether leafcutter bees favored plants with partic-
ular growth habits or with particular leaf morphol-
ogies. We further studied whether the size of leaf
cuts and number of cuts per leaf varied with the
size of the leaves. Since the study took place in a
village habitat, we studied what percent of the leaf
plants were native to the region.

2. MATERIALS AND METHODS
2.1. Study site and sampling

The study was carried out in the North Malabar
region of Kerala State in Peninsular India. The observa-
tions were made in six villages in adjoining the
Nileshwar (12°25.42'N, 75°11.896' E; elevation: 20 m
asl) and Kanhangad (12°28.740'N, 75°10.566'E; eleva-
tion: 24 m asl) municipalities of Kasaragod District. It is
a semi-urban coastal plain area.

The study took place in the breeding season of
Megachile spp between March and July in 2015 and
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2016. In the sampling year 2015, we followed a random
survey in different villages to identify the most common
plants used by the bees (unpublished data). These data
formed the basis of study site selection and an in-depth
investigation in the sampling year 2016. The preliminary
investigation in 2015 showed that a culturally-important
native wild tree species Cassia fistula (Fabaceae; “golden
shower”), which is grown in the yards of most houses in
Kerala, was the most commonly cut plant species in the
study area. C. fistula availability was therefore used as one
criterion for selecting sampling sites in sampling year
2016, based on the prediction that C. fistula is an indicator
species of Megachile spp. However, no sampling points
stood less than 1 km from another. Using a focal C. fistula
tree as a center point, all the plants including herbs, shrubs,
vines and trees within a 100-sq-m area were thoroughly
searched to identify leafcutter bee damage. Wherever a
plant of the 59 species used by the bees was found in the
sampling sites, replicated observations were made on that
plant individual to understand what percent of the plants of
a given species had cuts in the sampling year 2016. This
brought out to a total of 1299 plants of 59 species in the
total sample (Table I). During sampling, we directly ob-
served Megachile disjuncta (F.), M. conjuncta Smith and
M. fulvovestita Smith cutting leaves in many plants, but
direct observations are not available for all the plant spe-
cies. From our direct observations of C. fistula , we found
that the cut sizes made by the bees varied substantially
within species between their foraging cycles (2070 cycles
per day). Therefore, it is difficult to assign one particular
size of cut to one species of bee. Hence, we used
Megachile spp during the whole study. We presume that
the leaf dimension is determined by the size of the cavity
available at that given point of time (Horne 1995). We
collected brood cells from some nest holes, and found that
the cells are lined completely by leaves of only one
particular species of plant (Figure 1). We identified all
the leaf forage plants to family and species, and collected
information on the habit of the plants (tree, shrub, herb,
woody climber, vine) and the economic status of the plants
(ornamental plant, avenue plant, weed, timber plant).
During our leaf cut surveys, we randomly selected
individual plants that showed leafcutter bee damage to
assess the characteristics of leaves used by the bees. Each
leaf that showed damage was measured and assigned an
age (young or old) based on the hardness of the leaves.
Once the leaves were fully mature, and bees were unlikely
to use them, 10-25 damaged leaves/species were collected.
Bees normally begin their cuts on leaf margins, and do not
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Table 1. Leaf sources of leafcutter bees of Megachile spp; percent of cut plants are not shown for the plant species
having no replicated observations

Family Scientific name Habit Leaf Nativity n Percent plants
texture (plants)  having cuts
Annonaceae Annona muricata Tree Glabrous C. 2 50
America
Annona reticulata Tree Coriaceous C. 19 42.11
America
Polyalthia longifolia Tree Glabrous Native 27 3.70
Araceae Amorphophallus Herb Glabrous Native 51 9.80
paeoniifolius
Basellaceae Basella alba Vine Succulent Native 1 -
Combretaceae Combretum indicum Vine Rugose Native 25 8.00
Getonia floribunda Climber Ciliate Native 2 100
Lamiaceae Gmelina arborea Tree Glabrous Native -
Lauraceae Cinnamomum sp. Tree Glabrous - 16 68.75
Persea americana Tree Glabrous C. 5 100
America
Fabaceae Adenanthera Tree Glabrous Native 32 90.63
pavonina
Albizia saman Tree Glabrous C&S. 32 71.88
America
Bauhinia acuminata Shrub Glabrous SE Asia 51 78.43
Bauhinia tomentosa Shrub Glabrous Native 11 63.64
Caesalpinia Shrub Glabrous S. America 16 100
pulcherrima
Cassia fistula Tree Glabrous Native 110 77.32
Centrosema Climber Rugose C&S. 71 28.17
pubescens America
Desmodium Herb Glabrous Native 10 100
gangeticum
Desmodium  sp. Climber Glabrous - 1 -
Erythrina variegata Tree Glabrous Native 1 -
Gliricidia sepium Shrub Glabrous C. 60 11.67
America
Pongamia pinnata Tree Glabrous Native 18 55.56
Psophocarpus Vine Glabrous New 1 -
tetragonolobus Guinea
Cajanuss Climber Glabrous Native 1 -
carabaeoides
Senna siamea Tree Glabrous Native 3 66.67
Lythraceae Lagerstroemia Tree Glabrous Native 2 50
speciosa
Lawsonia inermis Shrub Glabrous Native 12 8.33
Malvaceae Hibiscus rosa - Shrub Glabrous East Asia 1 -
sinensis A
Hibiscus rosa - Shrub Glabrous East Asia 33 99.09
sinensis B
Hibiscus rosa - Shrub Glabrous East Asia 1 -
sinensis C
Meliaceae Azadirachta indica Tree Glabrous Native 39 5.13
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Table I (continued)

S. Kambli et al.

Family Scientific name Habit Leaf Nativity n Percent plants
texture (plants)  having cuts
Swietenia mahogani Tree Glabrous SE N. 110 3091
America
Menispermaceae  Anamirta cocculus Woody Glabrous Native 1 -
Climber
Myrtaceae Psidium guajava Tree Coriaceous  C&S. 63 28.57
Amerrica
Syzygium Tree Glabrous SE. Asia 9 2222
samarangense
Nyctaginaceae Bougainvillea sp. Vine Glabrous S. America 52 11.54
Pisonia alba Shrub Glabrous Native 11 100
Oxalidaceae Averrhoa bilimbi Tree Ciliate Native 23 95.65
Averrhoac arambola Tree Glabrous Native 14 64.29
Phyllanthaceae Breynia sp. Shrub Glabrous - 6 50
Breynia vitis -idaea Shrub Glabrous Native 27 33.33
Bridelia stipularis Climber Ciliate Native 2 100
Phyllanthus acidus Tree Glabrous Native 18 94.44
Phyllanthus Shrub Glabrous Native 29 10.34
reticulatus
Phyllanthus sp. Tree Hirsute - 1 -
Sauropus androgynus ~ Shrub Glabrous Native 26 30.77
Piperaceae Piper nigrum Climber Glabrous Native 31 12.90
Rhamnaceae Ziziphus oenopolia Climber Scabrose Native 15 6.67
Rosaceae Rosa sp A Shrub Glabrous Native 17 88.24
Rosa sp B Shrub Glabrous - 17 47.06
Rubiaceae Canthium sp. Shrub Glabrous Native 15 33.33
Ixora sp. Shrub Glabrous Native 21 28.57
Sapindaceae Nephelium Tree Glabrous SE. Asia 36 75
lappaceum
Dimocarpus longan Tree Glabrous Native 87 74
Sapotaceae Mimusops elengi Tree Glabrous Native 1 -
Simaroubaceae Simarouba amara Tree Glabrous C&S. 6 100
America
Verbenaceae Duranta erecta Shrub Glabrous C&S. 1 -
America
Vitaceae Cayratia trifolia Vine Glabrous Native 1 -
Vitis vinifera Climber Floccose SW. Asia 3 66.67

start cutting from previous damage even if the leaves are
wide enough (Figure 1). We counted the number of cuts
per leaf and measured the size of each cutting by plotting
them on graph paper. The maximum length (the longitu-
dinal measurement) and maximum width (perpendicular to
the leaf axis) of the leaves and leaf cuts were measured
using a centimeter ruler. Since our interest was to identify
the shape of the leaf cuts rather than studying the leaf
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herbivory or defoliation, we used the length and width
dimensions of the leaf cuts in our analyses rather than the
leaf area. We then classified the leaves based on texture
and nature as glabrous, ciliate, coriaceous, floccose, hir-
sute, rugose, scabrose or succulent. The shape of leaves
and leaflets were classified as ovate, elliptical, cordate,
linear, lobed/bilobed, thomboid, lanceolate or palmate.
We assessed the geographical origin of the plant species
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using the species information pages of Kew Botanical
Garden and encyclopedia of life (www.eol.org).

2.2. Data analyses

We plotted the dimensions (length and width) of the
leaves and the leaf cuts made by the bees on each plant
species using box plots to see the variation in the leaf
dimensions within a species (Crawley 2007). We plotted
the length and width dimensions of the leaves selected by
the bees in a scatterplot to understand the kind of leaf
types mostly used to make cuttings. We used linear
mixed effect models using the “Ime” function in the

A =) i [
Figure 1. The distinguishable urn-shaped cuts of leafcutter bees on leaves of a Cassia fistula , ¢ Amorphophallus
paeoniifolius , d Caesalpina pulcherrima , e Averrhoa carambola , and f Polyalthia longifolia , and b a brood cell
lined by the leaves of Caesalpina pulcherrima

“nlme” package to examine whether the leaf dimensions
(leaf length and leaf width) and dimensions of leaf cut-
tings (cutting length and cutting width) varied between
the plant species. We used a linear model using the “lm”
function to examine the effect of leaf dimensions on the
cutting dimensions. In order to understand whether the
number of cuts in leaves is affected by the leaf size, we
tested the significance of leaf dimensions using the gen-
eralized linear models using the “glm” function and
poisson class of error distributions. We used a chisquare
test to investigate whether the bees favored certain plant
growth habits or morophotypes. All the analyses were
performed in R 3.2.3 (R Core Team 2014).
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3. RESULTS
3.1. Diversity of plants

Megachile spp. collected leaves from 59 species
of plants belong to 49 genera and 25 families, and
from plants with many different growth habits (tree:
25 species; shrub: 18 species; climber including
woody climber: 9 species; vines: 5 species; herb: 2
species) and leaf characteristics (Table I; Figure 1).
The bees’ preference for tree over other plant growth
habits was significant (X 2=229.07, P =0.000003).
A total of 34 (62.96%) species out of 54 species
studied for their geographic origin were native to
India or southern Asia (Table I). With the exception
of Vitis vinifera and Swietenia mahagoni, all the
other plants have geographical origins in tropical
parts of the southern hemisphere in the old and
new worlds. Irrespective of the habits and geograph-
ic origin, all plant species flushed new leaves during
the study period, and the bees only cut young leaves.
Forty-eight out of 59 species had glabrous leaves,
and the remaining species had either ciliate (3 spp.),
coriaceous (2 spp.), floccose (1 sp.), hirsute (1 sp.),
rugose (2 spp.), scabrose (1 sp.) or succulent (1 sp.)
leaves. The bees’ preference for the glabrous leaves
over the non-glabrous (glaucous) leaves was signif-
icant (X?=23.20, P =0.000001). The family
Fabaceae contained the greatest number of species
(15 spp.; 25.42%) that the bees selected for the leaf
cuttings, followed by Phyllanthaceae (7 spp.).
About 68% of the plants selected by the bees in this
study are cultivated ornamental or medicinal plants.

Of 1299 plants from the 59 species which
were used by the bees, 45.22% of the plants
had leaf cuts. Fabaceae contained the greatest
number of species (15 spp.; 42%) used by the
bees followed by Phyllanthaceae (7 spp.). The
frequency of plants that showed leafcutter bee
damage ranged between 3.70 and 100% per
species with an average of 61.58% per species.
Table I provides the details of the plant species
and the frequency of cut plants per species.

3.2. Morphology and dimension of leaves
and leaf cuttings

The leaf plants of leafcutter bees were domi-
nated by plants with ovate leaves (44.83%),
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followed plants with elliptical leaves (20.69%)
and the plants with other types of leaves (cordate
(10.34%), linear (6.9%), lobed/bilobed (5.17%),
rhomboid (5.17%), lanceolate (3.45%), palmate
(1.72%)). Leafcutter bees used ovate leaved plants
significantly more often than plants with other leaf
shapes (X? =16.33, P =0.00005).

The average length (8.68 +0.30 (SE) cm,
range = 1.6-29.00 cm; #349=13.77, P =0.000)
and average width (4.62+0.21 cm, range = 1—
24.6 cm; £349=10.61, P =0.0000) of the leaves
used by the bees to cut leaf discs varied signifi-
cantly among the plant species (Online Resource,
Fig. S1). The length and the width of the leaves
used by the bees were positively correlated (R =
052, One-Way ANOVA: F1,640=703.6, P =
0.0000), suggesting that the bees used the ovoid
shaped leaves better than the linear kind of leaves
(Online Resource, Fig. S2). The average length
(1.89£0.03 (s.e.) cm; range = 0.6-5.1 cm; £ 349 =
33.18, P =0.000) and average width (1.11+0.11
cm; range=0.3-3.2 cm; f349=34.66, P =
0.0000) of the leaf cuttings were also significantly
different between the plant species (Online Re-
source, Fig. S3). The scatterplot showed that the
width of the cuttings was increasing with the
length of the cuttings (R?=0.56, one-way
ANOVA: F|40=2829, P =0.0000) (Figure 2).
Interestingly, length of the leaves predicted a
small amount of the variation in the length
(R 2=0.009, one-way ANOVA: F'| ¢40=6.304,
P =0.01) and width (R*=0.03, one-way
ANOVA: Fy 20 =19.08, P =0.00001) of the leaf
cuttings (Figure 3), but width of the leaves did not
explain any variation in the leaf cutting dimen-
sions (Online Resource, Fig. S4). An average of
2.28 cuts (+0.13, range = 1-18; n =270 leaves)
were counted per leaf. As expected, the number of
cuts significantly increased with the length (z =
11.410, P =0.0000) and width (z =11.996, P =
0.0000) of the leaves (Figure 4).

4. DISCUSSION

The overall aim of this study was to identify and
understand the leaf and plant traits of the leaf forag-
ing plants used by the leafcutter bees of Megachile
spp. to line their brood cells. We found that the bees
collect leaves from 59 species of plants of various
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Figure 2. The relationship between the length and
width of the leaf cuttings

habits, leaf morphotypes, and leaf sizes, indicating
that none of these physical attributes of the plants
limit the selection of plants by the leafcutter bees.
The list of species is dominated by the members of
Fabaceae, which concurs with the observations
made by other studies in the northern hemisphere
(Maclvor 2016; Butler 1965; Hobbs 1956; Hobbs
and Lilly 1954; Fischer 1951). However, only one
other study (Maclvor 2016) has made serious ef-
forts to investigate the diversity of leaf-foraging
plants of leafcutter bees. We surveyed plants to
investigate which ones the bees used as nesting
resources, while Maclvor (2016) collected leaves
from the trap nests and used DNA barcode tech-
niques to identify the plants used by the bees in
Canada. The results of both the studies are highly
comparable; the number of species (59 vs. 54; X 2=
0.14, P =0.70), genera (51 vs. 46; X?= 0.16, P =
0.68) and families (23 vs. 24; X*=0.02; P =0.88)
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of plants collected by the bees in the present study
and Maclvor (2016) were not significantly different.
Needless to say, neither the species nor the genera
selected by the bees in these two continents were
similar except for Rosa spp. However, 17% (7 of 41
families) of the families between these two conti-
nents were similar. This indicates that the leafcutter
bees’ selection of leaf plants probably evolved as an
adaptation to the local environment, and perhaps is
driven by the abundance of the suitable species in a
given habitat. Since the bees make cuttings only
from newly flushed leaves, the suitability of a plant
species might be explained to a greater extent by
whether leaf flushing is synchronous with the breed-
ing period of the bees. However, exceptions were
found in our study as predicted to be a likely leaf
source for leafcutter bees were Mangifera indica
(Anacardiaceae; flushed leaves are reddish), Saraca
asoca (Fabaceae; flushed leaves are reddish),
Passiflora edulis (Passifloraceae; flushed leaves
are green) and Litchi chinensis (Sapindaceae;
flushed leaves are green), all common native plants
flushing at our study site and time. However, we
surveyed more than 30 plants of each of these
species in many heavily cut sites in the study area,
and none had the characteristic cutting marks of the
leafcutter bees. At most sites, both lychee
(L. chinensis) and rambutan (Nephelium
lappaceum ) saplings were present in the same or-
chard, but the bees collected leaves only from the
latter species along with other species of plants. The
bees make cuttings only from the margin of the
structurally-rigid young leaves (not very tender
leaves), and very rarely they make a second cutting
from the first cut (Figure 1). Therefore, it is very
unlikely that the leafcutter bees exert a defoliation

-
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Figure 3. The relationships between the length of the leaves with the length and width of the leaf cuttings
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Figure 4. The relationships of length and width of the leaves with the number of cuts in leaves

pressure on a plant as reported by Nugent and
Wagner (1995), except for very young saplings.
The toughness of the hard midrib and veins of older
leaves might prevent the bees from using them
(Horne 1995). Except in the terminal part of the
young leaves, the bees rarely make a cutting through
the midbrib part of even the younger leaves.

The study found that the bees selected small
(1.6 cm long by 1 cm wide) to large leaves (29 cm
long by 24.6 cm wide) with an average of 8.68 cm
long and 4.62 cm wide leaves. Therefore, it is
unlikely that the leaf size is a very important
criterion for the selection of plants as suggested
by some previous studies (Horne 1995;
Eigenbrode et al. 1999). We found that the size
of leaves varied greatly within and among plant
species. Interestingly, neither the length nor the
width of the leaf explained much of the variation
in size of leaf cuts, which seems to be independent
of the size of the leaves. However, leaf size did
predict the number of cuttings on the leaves
(Eigenbrode et al. 1999). From our observations
on C. fistula (one of the largest-leaved species), a
leafcutter bee makes several trips between the
nesting site and a given leaf for cuttings until the
leaf margin is completely used (Figure 1). On
many occasions, the same bee made cuts of dif-
ferent dimensions during its cycle of visits. On
one occasion, an individual of M. disjuncta made
64 trips between a rose plant and its nest hole
(distance = 0.5 m) between 0800 and 0830 hours.
All three bee species that we encountered in this
study are native to India, and are similar in body
size. We have direct observations that a single bee
made cuts of different dimensions in large leaves
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(e.g. C. fistula ) and that the small leaves received
cuts of similar size to those in the large leaves.
This indicates that cut size is not specific to a
given bee species, but might be determined by
the size of the cavity available for nesting. More-
over, Maclvor (2016) also reported a greater over-
lap in the leaf resources used by the three bee
species of his choice in Canada.

A possible explanation for the abundance of
glabrous and ovate leafy plants in the leaf source
of leafcutter bees may be that such plants are
abundant in the habitat. However, this needs to
be further investigated. Since the purpose of leaf-
lining brood cells is to limit fungal invasion into
the provisions (Eltz et al. 2015; Messer 1985),
comparative analyses of the leaf phytochemicals
of the plants that are selected and not selected by
the bees might enrich our knowledge on the leaf
preference of leafcutter bees. Most of the Fabaceae
and Rosaceae plants have large quantities of anti-
microbial tannins and flavanoids (Borchardt et al.
2008; Nickell 1959), which might explain why
these species are frequently used as leaf sources
across continents (Maclvor 2016).

Our study agrees with Maclvor (2016) that
leafcutter bees make use of a greater diversity of
plants of different habits and leaves of different
morphotypes for leaf cuttings to line brood cells than
previously documented (Hobbs and Lilly 1954;
Butler 1965). However, few in-depth investigations
on the leaf preference of leafcutter bees are available
in the literature. To our surprise, all the studies on the
leaf preference of leafcutter bees are reported from
urban (Maclvor 2016) or agricultural environments
(Hobbs and Lilly 1954; Butler 1965). This would
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probably explain the high proportion of native and
exotic ormamental and crop plants in the list of leaf
plants of leafcutter bees. This gives opportunities and
challenges for the conservation of leafcutter bees.
Omamental plants are integral part of urban parks
and households, which offer both pollen and nectar to
the bees, and are known to support a high diversity of
bees (Fortel et al. 2014; Garbuzov and Ratnieks
2014). A careful selection of ornamental plants could
sustain populations of leafcutter bees. This informa-
tion would be helpful for landscape planners and
agriculturists while selecting plants for greenscaping
the urban ecosystems (Threlfall et al. 2015) and
establishing a suitable agrienvironmental scheme
(Potts et al. 2005). On the other hand, we do not
know what plants the leafcutter bees use for nest
lining in native habitats, such as forests and grass-
lands, particularly in tropical areas (Raw 2004). In-
terestingly, the ecology of this important pollinator
and its plant-herbivore interactions are poorly repre-
sented in the literature.
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