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Abstract

Background: Intense conversion of tropical forests into agricultural systems contributes to habitat loss and the
decline of ecosystem functions. Plant-pollinator interactions buffer the process of forest fragmentation, ensuring gene
flow across isolated patches of forests by pollen transfer. In this study, we identified the composition of pollen grains
stored in pot-pollen of stingless bees, Tetragonula laeviceps, via dual-locus DNA metabarcoding (ITS2 and rbcl) and
light microscopy, and compared the taxonomic coverage of pollen sampled in distinct land-use systems categorized
in four levels of management intensity (forest, shrub, rubber, and oil palm) for landscape characterization.

Results: Plant composition differed significantly between DNA metabarcoding and light microscopy. The overlap in
the plant families identified via light microscopy and DNA metabarcoding techniques was low and ranged from 22.6
to 27.8%. Taxonomic assignments showed a dominance of pollen from bee-pollinated plants, including oil-bearing
crops such as the introduced species Elaeis guineensis (Arecaceae) as one of the predominant taxa in the pollen sam-
ples across all four land-use types. Native plant families Moraceae, Euphorbiaceae, and Cannabaceae appeared in high
proportion in the analyzed pollen material. One-way ANOVA (p > 0.05), PERMANOVA (R? values range from 0.14003 to
0.17684, for all tests p-value > 0.5), and NMDS (stress values ranging from 0.1515 to 0.1859) indicated a lack of differen-
tiation between the species composition and diversity of pollen type in the four distinct land-use types, supporting
the influx of pollen from adjacent areas.

Conclusions: Stingless bees collected pollen from a variety of agricultural crops, weeds, and wild plants. Plant com-
position detected at the family level from the pollen samples likely reflects the plant composition at the landscape
level rather than the plot level. In our study, the plant diversity in pollen from colonies installed in land-use systems
with distinct levels of forest transformation was highly homogeneous, reflecting a large influx of pollen transported by
stingless bees through distinct land-use types. Dual-locus approach applied in metabarcoding studies and visual pol-
len identification showed great differences in the detection of the plant community, therefore a combination of both
methods is recommended for performing biodiversity assessments via pollen identification.
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Background
Rainforest composition is highly reliant on pollinators
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(e.g. generalist or specialist species) in response to plant
mating strategies [3]. These dynamics between plants and
pollinators play an important role in establishing com-
munity structure and distribution range of species [3].
Bees (Hymenoptera: Anthophila) are considered one of
the main pollinators of tropical trees [4], and declines
in bee populations have been caused by the reduction
of resources due to land-use intensification [2]. Barnes
et al. [5] showed that land-use-induced changes in tropi-
cal forests alter species richness by direct and cascading
effects on landscape conversion, with negative impacts
on plant communities and, consequently, on associated
pollinators. Several studies pointed out that forest frag-
mentation and habitat conversion triggered by agricul-
tural intensification promote a decline in plant-pollinator
composition and changes in functional diversity [1-5].
In Southeast Asia, large-scale rainforest conversion into
monocultures (e.g. oil palm and rubber) is triggering a
steep increase in species extinction rate and consequently
leading to a loss in ecosystem functioning and services
[5, 6]. Disturbances driven by agricultural intensification
in interactions between plants and pollinators interrupt
functional composition and reduce the diversity of polli-
nators, consequently harming pollination services [7-9].
However, detailed evidence of the impact of land-use
intensification on specific pollinators and their develop-
mental plasticity remains lacking [10].

Pollen availability is a function that can be used to
extrapolate measures of community diversity at the
landscape level, with more information on the seasonal
dynamics of the landscape. The intensification of land-
use changes from forest to agricultural systems leads
to a ubiquitous decrease in native plant diversity that
rebounds on plant-pollinator interactions [5, 11, 12].
Knowledge of pollen composition and plant species
diversity allows us to understand functional plant-polli-
nator interactions, and it might reflect species response
to environmental disturbance and biodiversity losses
[13]. However, once the plant diversity of habitats adja-
cent to the hive or nesting sites decreases, the foraging
distances of bees increase proportionally in response
to the impact of the land-use transformations [14—18].
Thus, the resource gap triggered by the intensification of
land use can be buffered by the increase in bees’ foraging
distances [14]. And the pollen influx between fragmented
landscapes can be a proxy for landscape connectivity, as
long-distance gene flow by pollen connects species from
isolated patches via pollination[19].

Plant-pollinator interactions are usually investigated
based on observation of host-plant visitation or sampling
of the pollinators and later identification of pollen car-
riage through morphological characters, which demands
time and expertise [20, 21]. The most used approach to
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assess the floral composition of pollen is via light micros-
copy using micro-morphological analysis of pollen. How-
ever, this process can be time-consuming and laborious,
and the interpretation of results can be challenging since
pollen of some species can be difficult to distinguish
[21-24]. DNA metabarcoding approaches have emerged
as an alternative for biodiversity surveys without prior
taxon identification, enabling simultaneous sequenc-
ing and multi-taxa identification of mixed material, and
among other applications, it is well suited to disentangle
plant-pollinator interactions without the requirement for
palynological knowledge [21, 25]. High yield sequencing
produces a large number of barcode sequences allowing
the identification of multiple species in a single reaction
but does not have the precision to infer the relative abun-
dance of the pollen types due to possible quantitative
biases produced during DNA isolation, amplification,
and sequencing [26]. For plant material identification,
including pollen grains, universal chloroplast markers
(rbcL and matK) have proven to be reasonably success-
ful [27]. Most of the studies have employed the plastid
region rbcL together with the nuclear ribosomal marker
ITS2 because the selection of plant barcode markers
should be a balance between universality and discrimina-
tion, this is achieved by employing both rbcL and ITS2
regions [28].

Stingless bees (Hymenoptera: Apoidea: Apidae:
Meliponini) are recognized as resilient to disturbance,
due to their ecological plasticity and capability of long-
distance dispersal in agricultural or degraded landscapes
[29]. In this study, we selected a generalist species model,
the stingless bee species Tetragonula laeviceps (Smith,
1857), which is widely distributed through landscape
mosaics in Southeast Asia composed of remnants of
rainforest, shrub, rubber, and oil palm plantations. Sting-
less bees deposit the foraged pollen in cerumen pots, or
pot-pollen, which contain wax and resin [30]. Identifying
pollen stored in pot-pollen can be highly informative to
understand bee foraging behavior and for biomonitoring
of terrestrial ecosystems. Despite the decline of special-
ist pollinators because of forest conversion in tropical
landscapes, stingless bees and other generalist pollinators
play an important role in the maintenance of ecosystem
functioning. They offset pollination scarcity of specialist
pollinators and indirectly restore pollination functions
[29, 31]. Colony fitness, reproduction, and diversity of
pollen resources have been associated with plant spe-
cies richness [10, 32], however, the composition of pollen
resources required to maintain colonies of T. laeviceps in
converted agricultural systems remains unknown. In this
study, we installed hives of T. laeviceps in converted rain-
forest areas in central Sumatra, Indonesia, and employed
multi-locus DNA metabarcoding and light microscopy (i)
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to identify the composition of 7. laeviceps pot-pollen, (ii)
to compare the taxonomic assignments of pollen using
both techniques, and (iii) to assess resource use apply-
ing both methods across varying land use types (forest,
shrub, rubber, and oil palm).

Results

A total of 31 samples of mixed pollen material from 18
plots were successfully analyzed in this study (Additional
file 6: Table S1). We detected 72 plant families, 93 gen-
era, and 99 species using both metabarcoding and light
microscopy (Additional file 7: Table S2, Additional file 8:
Table S3, and Additional file 9:Table S4). After filtering
taxa with low coverage (<1% of reads per sample) in the
metabarcoding data sets, 53 families, 63 genera, and 53
plant species were detected using metabarcoding and
light microscopy. The plant families Moraceae, Euphorbi-
aceae, Cannabaceae, and Arecaceae were identified as the
most abundant plant families by DNA-based assessment
and morphological identification (Figs. 1, 2).

Sequencing data

The high-throughput sequencing provided a total of
1,746,360 paired-end reads for rbcL, ranging from 17,803
to 166,036 reads per sample. The mean number of reads
for rbcL per sample was 58,212. The total number of
merged reads was 1,450,655 for rbc L, and a total of 1
,211,945 paired-end reads with Phred Quality Score (Q)
higher than 19 after merging forward and reverse reads.
The mean paired-end length of joined reads was 246 bp
ranging from 100 to 486 bp.

The total number of pair ed-end reads for ITS2 was
1,760,404, the number of reads varied from 11,274 to
197,501 per sample, with a mean of 56,787 reads per
sample. After merging fo rward and reverse reads, we
obtained a total of 969,276 reads for ITS2, and 833,062
pai red-end reads remained after filtering (Q>19,
sequence length>100 bp). The sequences presented a
mean length of 196 bp and a length ranging from 100 to
533 bp after merging forward and reverse reads for each
locus.

After taxonomic annotation of sequences, a total of
559,349 reads of rbcL with an average sequence length
of 447 bp, and 234,771 reads of ITS2 with an average
length of 419 bp were taxonomically assigned. For rbcL,
more than 84% of all the sequences obtained in this study
were assigned with more than 99% of similarity to the
sequences in the reference database. While for ITS2, 60%
of all the sequences were assigned with more t han 99% of
similarity to the reference database (Additional file 1: Fig.
S1). Species accumulation curves plotted using species
richness and sequence depth obtained for each marker
were close to saturation, indicating that our sampling
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extensively reflects the biodiversity of the studied area
(Additional file 1: Fig. S1).

OTU assignments in dual-locus metabarcoding datasets
OTU assignments based on the dual-locus approach
identified a total of 59 families, 97 genera, and 98 plant
species (Additional file 7: Table S2, Additional file 8:
Table S3). The nuclear ITS2 region distinguished 29 fami-
lies, 43 genera, and 50 plant species (Additional file 7:
Table S2); and a total of 54 families, 78 genera, and 58
plant species were identified using rbcL (Additional file 8:
Table S3). Redundant taxa identified by both barcode
regions represented 40.7% (N=24) of families (Addi-
tional file 2: Fig. S2), 23.5% (N =23) of genera, and 7.1%
(N=7) of the plant species. The plant composition and
total frequency of each plant family detected by ITS2 and
rbcL were significantly different (Wilcoxon signed-rank
test: V=11,036, p-value <0.001).

After removing the taxa with low proportion of
sequence reads (< 1% reads of each sample), OTU assign-
ments of both loci recovered 32 plant families, 46 gen-
era, and 52 species (Additional file 7: Table S2, Additional
file 8: Table S3). Taxonomic assignments using the ITS2
marker recovered 16 families, 19 genera, and 22 species;
in contrast, rbcL sequences were assigned to 26 fami-
lies, 36 genera, and 32 species. In total, OTU taxonomic
assignments were redundantly identified by both loci
after the removal of low sequence readings in the sam-
ples (<1%) in 31.3% (N =10) of the plant families, 19.6%
(N=9) of the genera, and 3.8% of the species (N=2).
Among the taxa with the highest proportion of reads,
Euphorbiaceae and Moraceae appear as dominant plant
fami lies detected using ITS2 in respectively 49% and
34% of the reads. Cannabaceae (4%), Melastomataceae
(3%), Urticaceae (1.7%), and Arecaceae (1.7%) comprise
the next most abundant plant families identified using
ITS2 (Figs. 1, 2, Additional file 7: Table S2). In addition,
taxon composition detected using rbcL revealed that 21%
of reads were assigned to Lauraceae and 20% to Lami-
aceae. The following most abundant plant families were
Fabaceae (14%), Moraceae (11.5%), Arecaceae (10%), and
Euphorbiaceae (5.5%) (Figs. 1, 2). Most plants detected
by OTU assignments using rbcL were classified as native,
except for Arecaceae and Muntigiaceae (Additional file 8:
Table S3).

Pollen composition by light microscopy

A total of 42 pollen morphotypes were identified using
light microscopy. All morphotypes could be assigned
at the family level (N=33), 20 morphotypes were
identified at the genus level, and only 2 morphotypes
were identified at the species level (Additional file 9:
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Fig. 1 Annotated phylogeny of plant families identified in the pollen samples using dual-locus metabarcoding and light microscopy. Followed
by the representation of the plant families detected by metabarcoding loci (rbcl and ITS2) and light microscopy: presence (full square)—absence
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representation

Table S4). The most abundant plant families detected
via light microscopy were Euphorbiaceae (26%), fol-
lowed by Moraceae (20%), Cannabaceae (10%), Dip-
terocarpaceae (7%), Elaeocarpaceae (7%), Arecaceae

(5%), and Acoraceae (5%) (Figs. 1, 2).

Comparing dual-locus metabarcoding and light
microscopy datasets

Only 19.4% (N = 14) of pla nt families were redundantly
detected by ITS2, rbcL, and light microscopy (Addi-

tional file 2: Fig. S2-A). The proportion of redundant
plant families detected by both methods increased to



Carneiro de Melo Moura et al. BMC Ecology and Evolution

(2022) 22:51

Page 5 of 15

100

Relative abundance (%)

75

50

25
0

Acoraceae Cannabaceae

. Amaryllidaceae . Cleomaceae

. Araliaceae

Arecaceae

. Discoreaceae

rbel ITS2

. Euphorbiaceae . Moraceae

. Fabaceae

. Apocynaceae . Dipterocarpaceae. Lamiaceae
. Lauraceae

. Elaeocarpaceae . Melastomataceae . Sapindaceae

Fig. 2 Relative frequency of the ten most abundant plant families detected in pollen samples using dual-locus metabarcoding (rbcL and ITS2
markers) and light microscopy. Less abundant plant families were grouped as “Others”

Light microscopy

. Urticaceae

. Muntingiaceae. Others

. Primulaceae
. Rubiaceae

27.8% (N=20) when combining data from both loci
and comparing it with the plant families detected by
light microscopy (Additional file 2: Fig. S2-B). After
excluding taxa detected in less than 1% of the total
reads per sample, only 11.3% (N =6) of the plant fami-
lies were detected by ITS2, rbcL and light microscopy
(Additional file 2: Fig S2-C). In contrast, a total of 22.6%
(N=12) of plant families were detected by combining

the taxonomic assignments obtained using the two
metabarcoding loci and light microscopy (Additional
file 2: Fig. S2-D).

The taxa composition at the family level and its
proportions assigned by ITS2 and light microscopy
were significantly different (Wilcoxon signed-rank
test: V=2200, p-value=0.011). Likewise, the taxo-
nomic assignments implemented using rbcL and light
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microscopy showed significant differences (Wilcoxon
signed-rank test: V=0.377, p-value <0.001).

Despite the high number of families detected in the
pollen samples, only a few plant families represent about
70% of the total number of sequence reads and counts via
light microscopy, indicating a predominance of certain
taxa in the samples. The most abundant plant families
were Moraceae, Euphorbiaceae, Cannabaceae, Arecaceae,
Lauraceae, Lamiaceae, Fabaceae, Dipterocarpaceae, and
Elaeocarpaceae (Figs. 1, 2).

Pollen composition across land use types

A higher number of plant families were detected in all
land use systems using the rbcL region compared to
ITS2 or light microscopy (Additional file 2: Fig. S2).
Kruskal-Wallis tests revealed no significant differences
(p-value>0.05) between the occurrence of individual
OTU across the four land use systems for the metabar-
coding and light microscopy datasets. NMDS (ITS2
stress value=0.1859, rbcL stress value=0.1515, and
light microscopy stress value=0.1611, Fig. S3), PER-
MANOVA (ITS2 R*=0.14003; rbcL R*=0.17684; light
microscopy R*=0.14705; p-value>0.5 for all tests; see
Additional file 10: Table S5, Additional file 11: Table S6,
and Additional file 12: Table S7), and One-way ANOVA
(p>0.05) (Additional file 13: Table S8, Figs. 3, 4) indicated
lack differentiation between the pollen composition and
pollen diversity in the four land use systems, suggest-
ing that pollen deposited in pot-pollen can be used as a
diversity proxy at landscape level rather than reflecting
the diversity at plot level.

A wide overlap between the plant families was
observed across the four land use types (Fig. 3), however,
it is interesting to highlight that pollen from character-
istic plant families to primary or secondary forest areas,
e.g., Dipterocarpaceae and Phyllanthaceae, were found
with a greater proportion in less intensively managed
plots (Fig. 3, Additional file 4: Fig. S4). In contrast, pollen
from Asteraceae, Cleomaceae, and Urticaceae, which are
commonly associated with open habitats, were detected
in higher proportions in plots with less percentage of for-
est cover (i.e. rubb er and oil palm plots), likewise, pol-
len from agricultural crops, i.e. Discoreaceae, was mostly
detected in oil palm plots (Fig. 3, Additional file 4: Fig.
S4).

Discussion

Dual-locus metabarcoding and light microscopy were
employed in our study to assess the taxonomic compo-
sition of pollen grains from pot-pollen of stingless bees
and can be recommended as a landscape biomonitor-
ing tool because it is a time- and cost-effective method
for the survey of biological communities [33]. The
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implementation of dual-locus in metabarcoding studies
strikes as a more refined resource for the detection of low
abundant taxa in pollen samples [26, 34]. An extensive
list of plant families was obtained by the combination of
both molecular and morphological-based techniques and
lower taxonomic levels could be assessed by the metabar-
coding approach. Both methods detected the dominant
constituents in the samples and a large number of rare
taxa in low proportions. Strikingly, the lack of differentia-
tion in the taxonomic composition and diversity of pollen
types sampled in the four land use types (forest, oil palm,
rubber, and shrub) was supported by the ANOVA, PER-
MANOVA, and NMDS analyses, which indir ectly may
indicate the influx of pollen from areas adjacent to the
monoculture systems.

Taxonomic assignments of mixed pollen using dual-
locus metabarcoding and light microscopy showed that
the most abundant taxa belong to bee-pollinated plants,
including consumable and oil-bearing crops that charac-
terize the study region. Overall, dominant constituents
in the samples displayed concordant relative abundances
across methods. Moraceae, Euphorbiaceae, Arecaceae,
and Cannabaceae were detected with a larger number
of counts by both approaches. Other abundant constitu-
ents in the samples included the family Melastomataceae
with a large number of reads detected by both loci. OTU
assigned to the plant families Lamiaceae and Lauraceae
were represented in a wide number of reads in the taxo-
nomic assignments using rbcL region, as well as mor-
photypes identified as Dipterocarpaceae, Elaocarpaceae,
Acoraceae, Apocynaceae, Discoreaceae, and Rubiaceae
represented a large proportion of the counts detected by
light microscopy.

Variation in the taxonomic coverage by ITS2 and rbcL
has also been observed in other studies [26, 34]. The
variable number of the ribosomal DNA template copies
within and between plant species, together with varia-
tion in primer binding site-specificity, and uneven DNA
concentration of each pollen type could affect the cover-
age of reads per taxon [35] and explain the lower num-
ber of plant families detected in this study for the ITS2
region in comparison with the rbcL region. Given that all
plant families were available in the reference sequence
database used for the taxonomic assignments, the lower
number of plant families detected in sequence assign-
ments using the ITS2 dataset was largely linked to the
low level of percentage of identity between the query
sequences and the reference library. In this study, we
employed a threshold of 95% for the percentage of iden-
tity as a cut-off for sequence assignments. The sequence
similarity score provides information on the taxonomic
level, for some taxa, 99% of similarity might provide taxo-
nomic resolution at lower taxonomic levels (e.g. species
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rank), according to the intraspecific level of polymor-
phism of the barcode locus and availability of reference
sequences. The low percentage of identity between the
query sequence and the database sequences for the ITS2
region can be probably linked to the intrinsic characteris-
tics of this ribosomal region, such as problems in ampli-
fication due to paralogs and pseudogenes [36], or lower
universality and sequence quality compared with plastid
regions [37].

In our study, the overlap in the plant families identi-
fied with the two techniques ranges from 22.2 to 27.8%.

Pollen samples obtained from pot-pollen contain also
honey, wax, and other residual material from the col-
ony, and appear to enclose a fairly restricted number of
dominant pollen constituents and an extensive number
of pollen types in much-reduced proportion, even after
deliberate implementation of homogenization steps for
each sample. Therefore, multiple subsampling would be
essential to access the low abundant taxa present in the
samples [23]. Previous studies on pollen metabarcoding
revealed that ITS2 failed to identify certain plant fami-
lies including Lamiaceae and Salicaceae [35]. We found
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that ITS2 and rbcL failed to detect pollen grains from
13 plant families identified by light microscopy (among
others Acoraceae, Actinidiaceae, Apocynaceae, Diosco-
reaceae, Dipterocarpaceae, and Elaeocarpaceae). DNA
obtained from pollen material has proven to be success-
fully amplified using barcode markers over a large num-
ber of species, especially in angiosperms [22, 23, 25, 26,
38]. Pollen grains display a wide variation in morphol-
ogy (size, shape) of each species, and these morphologi-
cal traits are most likely expected to play a role in the
DNA extraction of the specimens [23]. Distinct outcomes
of the taxonomic composition achieved using ITS2 and
rbcL for pollen identification have also been reported
recently [26], and are associated with the differences in
the taxonomic coverage of the reference sequence, ampli-
fication success, and taxonomic resolution of the two
markers [26]. A good compromise for this issue might be
to employ a combination of techniques as conducted in
the present study.

The percentage of sequence similarity between the
query and the reference sequence has a significant impact
on the OTU assignment. In our analysis, taxonomic
assignments using rbcL outperformed ITS2, with con-
siderably higher sequence similarity. This is probably
because of the lower level of polymorphism observed in
the rbcL locus in comparison with the ITS2 region, and it
is largely representated in the reference databases. Conse-
quently, higher sequence similarity is therefore expected
for rbcL compared to ITS2. While similarity scores and
phylogenetic relatedness are largely correlated, composi-
tion bias and rare heterogeneity reduce this relationship
and may cause spurious identification [39]. RDP classi-
fier, a machine learning approach, has been successfully
used for plant taxa detection as already shown [26, 34,
40], and the accuracy of taxonomic assignments could
be confirmed in our study by verifying the Lowest Com-
mon Ancestor (LCA) with the highest sequence similar-
ity score, and other strategies such as strict filtering in
the pre-processing data analysis (e.g. removal of single-
tons and low abundant taxa). Other studies on Sumatra
flora faced challenges for the taxonomic identification
of some specific clades at the species level [27, 41, 42],
which has been associated in some cases with incomplete
lineage sorting, hybridization, or low levels of polymor-
phism of the markers, hindering the OTU assignments at
lower taxonomic levels. In this study, 16 OTU assigned to
Arecaceae, Burseraceae, Cyperaceae, Fabaceae, Icaci-
naceae, Lauraceae, Monimiaceae, Poaceae, Rubiaceae,
and Rosaceae could only be identified at the family level
in the rbcL dataset. For the ITS2 sequences, all the OTU
could be assigned at the genus level.

The floral composition detected in our study via
metabarcoding and light microscopy largely overlays
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with the most reported interactions between stingless
bees and bee-pollinated plants in Indo-Malayan-Aus-
tralasia [32, 43, 44]. Stingless bees show foraging pref-
erences for flowering plants belonging to the families
Fabaceae, Asteraceae, Malvaceae, Euphorbiaceae, Rubi-
aceae, Arecaceae, and Lamiaceae, spanning a wide vari-
ation in form types and covering pollination of crops,
native and non-native flora [43, 45, 46]. This reflects
the key role of stingless bees in ecosystem function-
ing and services. In addition, some of these flowering
plant families display traits that facilitate pollination
via entomophily, as the development of open corol-
las with numerous stamens allows easy accessibility of
pollen and nectar [47] or development of floral resin
(e.g. Dipterocarpaceae, Euphorbiaceae, Myrtaceae) that
is attractive for resin collecting bees, such as stingless
bees [32, 48, 49]. Many of the plants from the above-
mentioned families are also known to have evolved as
generalists themselves toward pollinators. In order to
maintain a polyfloral pollen diet and a large resin diver-
sity, bees face wider foraging distances [32]. Stingless
bees from the genus Tetragonula have been recorded
to forage distances up to 700 m from their nests [50].
The energy cost of large bee movements is rewarded in
the form of nutritional content and protection against
antagonists achieved through increased resin diversity,
which provides several antimicrobial activities and can
repel larger predators (i.e., ants) [32]. Our intensively
managed study sites located within oil palm and rub-
ber plantations displayed patches of natural habitats
within a 500 m radius, this heterogeneity supports the
wide floral composition of detected pollen demonstrat-
ing environment interlinkages.

The rather homogeneous floral composition of pol-
len from pot-pollen collected from heterogeneous sites,
both lowland forests, shrubland, and agro-ecosystems
(rubber and oil palm plantations) offered information on
stingless bees foraging behavior and reflects the floristic
composition of the landscape. Of particular note is the
wide variety of plant families in the pollen obtained from
monocultures, where both native and alien plant taxa of
different life forms were recorded by DNA metabarcod-
ing and light microscopy. No dramatic shift in biodiver-
sity could be detected among the distinct land use types
by analyzing pollen material in this study. This supports
the fact that stingless bees are generalist species and
actively keep fragmented landscapes sturdily connected
via pollen influx from a wide diversity of plant species.
It reinforces that intensively managed systems are not
essentially nutritional deserts for generalist species, such
as stingless bees, and other bee species [35] because bees
enhance pollen diversity by foraging in more diverse hab-
itats as a strategy for resource “diversity maximization”
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[32]. Adjacent areas to field crop agroecosystems uphold
a large influx of pollen diversity into converted systems.

Forest conversion to agricultural production promotes
direct and cascading impacts on biodiversity [5]. Para-
doxically, crop yield is affected by the decline of biodi-
versity-related ecosystem services [51]. Despite the lack
of differentiation in pollen composition identified in the
four land use types in our study, higher temperatures
have been recorded in more altered land use systems [52].
Higher temperatures and increased exposure is linked to
an increased risk of colony mortality [53]. In this context,
restoration efforts should be directed to the conservation
of remaining forest patches and biological corridors, pro-
viding nutritional and nesting resources (such as resins)
for pollinators [51]. Stingless bees may be beneficial for
counteracting land use fragmentation by supplying pol-
lination services for sustainable agricultural development
and conservation of natural ecosystems [54].

Although pollen identification can be applied indubi-
tably as a biomonitoring tool for biodiversity characteri-
zation, both light microscopy and DNA metabarcoding
methods have major drawbacks. Some plants are difficult
to morphologically distinguish at the species level, so
unambiguous attribution of species based on sequences
available in the reference database is not always possi-
ble. Furthermore, reference databases contain sequences
from samples with unclear morphological species assign-
ments. This becomes more challenging when pollen
originates from tropical species, as the availability of ref-
erence vouchers and specialists is scarcer. In addition,
the use of local databases for taxonomic assignments
provides an equal or higher percentage of plant species
detections compared to regional databases and is asso-
ciated with a lower level of mismatches in OTU assign-
ments [55]. As many tropical species are still lacking
reference sequences, in our study we used regional data-
bases for our taxonomic assignments and confirmed the
assignments by verifying the Lowest Common Ances-
tor (LCA) in the distance tree of results. This approach
has previously provided high levels of accuracy in taxo-
nomic assignments [56]. Even though quantitative data
obtained using metabarcoding has been considered
remarkably reliable, variations in DNA extraction effi-
ciency caused by morphological differences of interspe-
cific pollen grains may bias the amplification of the DNA
copies and consequently affect the sequencing yield [21,
25]. Cross-contamination of samples is also a known
limitation of the metabarcoding approach [25, 26], this
problem is often tackled by conservative filtering thresh-
olds, elimination of sequence reads that might appear in
the negative control samples, or removal of low abun-
dant taxa per sample (<1%) [26, 35]. Furthermore, false
contaminations produced by tag jumps cause improper
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sequence assignments to samples and might take place at
low proportions and mistakenly inflate diversity [57]. On
top of that, a lack of standardization of metabarcoding
bioinformatics pipelines represents a challenge for estab-
lishing this method in new research groups. Neverthe-
less, research focusing on optimizing the metabarcoding
technique is progressing at leap steps [25, 26, 35, 58—60],
as it enables the investigation of new research avenues in
plant-pollinator interactions and landscape monitoring.

Conclusion

Our findings demonstrate that the pollen collection of
the generalist bee species T. laeviceps is not limited by
land use type, and therefore could play an important
role in the pollination of wild plants and crops in a het-
erogeneous landscapes. Fu rthermore, our results point
to the application of stingless bees as a successful model
for landscape characterization and effective implementa-
tion as a large-scale sampling tool via DNA metabarcod-
ing of pollen collected from pot-pollen. Combining light
microscopy and dual-locus metabarcoding for pollen
identification enables a more refined detection of the flo-
ral composition, and it optimizes wildlife monitoring in
terms of minimum invasive sampling, and high cost and
time efficiency. Both techniques complement each other
when applied in tropical studies, since some rare taxa
may be difficult to identify by implementing either meta-
barcoding or light microscopy alone.

Methods

We characterized the land cover by estimating the pro-
portion of natural forest surrounding the beehives based
on manually classified 1.5 m resolution SPOT satellite
imagery with the scale of 1:5000 in the program QGIS
[61]. The quantified land cover was then compared with
supporting imagery in Google Maps and confirmed by
field surveys and local expert knowledge (Darras et al.
in prep.). We estimated the total percentage of the forest
cover using the package “landscapemetrics” [62] in the R
version 4.0.3 [63] to determine the fraction of forest and
shrub cover within a 500 m radius of each installed hive.
We installed three beehives of T. laeviceps in 40 plots
with coverage of 30 to 70% of forest and shrub vegetation
within a 500 m radius set in an agricultural landscape
mosaic in Jambi Province, central Sumatra, Indonesia.
Sites were designated based on a similar gradient of natu-
ral habitat (forest and shrub) composition for all the land
use types while maximizing their extremes, this means
sites were subjected to the trade-off between oil palm and
forest or shrub. Beehives were displayed in boxes under
a shelter protected from sun and rain and exposed from
July to December 2018 (end of field campaign). Samples
of mixed pollen, resin, and wax were collected at the end
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of the field campaign and maintained frozen at — 18 °C.
The pollen composition present in pot-pollen was char-
acterized using DNA metabarcoding and palynological
analysis for a total of 31 colonies located in 18 plots (5
plots located in forest, 5 in oil palm, 5 in rubber, and 3 in
shrub plots), the remaining hives died or were destroyed
(Additional file 5: Fig. S5).

Pollen identification via light microscopy

Aliquots of 3 mL of mixed pollen, wax, and honey were
treated following the standard protocol of the Interna-
tional Honey Commission including acetolysis [64, 65].
One tablet of Lycopodium clavatum was added to each
sample to estimate palynomorph concentrations [66].
Residues were mounted in glycerol jelly for pollen visu-
alization, identification, and counting. Pollen and spore
analyses were carried out using light microscopy. All
identified pollen and spore types were photographed
using a Leica photomicroscope with a 400 x magnifica-
tion. Pollen and spores were identified using the tropi-
cal pollen reference collections of the Department of
Palynology and Climate Dynamics at the University of
Gottingen. Pollen was counted and identified up to a
total sum of 300 pollen grains per sample on two differ-
ent slides to maximize randomness.

DNA extraction, amplification, and high throughput
sequencing

Aliquots of 0.5 ml of the samples were washed to remove
the remaining beeswax and honey, before DNA extrac-
tion by two steps of centrifugation at 11 rpm for 1 min
using 1000 pL nuclease-free water and discarding the
supernatant and repeating the process two times with
1000 pL ethanol 99%, and a final washing step using
nuclease-free water. The samples were transferred to
InnuSPEED Lysis Tubes Z (Analytik Jena AG) containing
steel and glass mini beads. 400 pL of Lysis Solution CBV
was added, and the pollen grains were ruptured using
SpeedMill plus (Analytik Jena AG) for four cycles of
4 min each and intervals of 4 min between cycles. DNA
extraction was carried out using the Innuprep Plant DNA
Kit (Analytik Jena AG), following the manufacturer’s
guide.
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The barcoding markers rbcL and ITS2 were amplified
using the primers set rbcL2 [67] and rbcLa-R [68], and
ITS2 S2F and ITS2 S3R [69], which yielded PCR products
of 350 to 500 bp (Table 1). Each pollen sample was ampli-
fied in PCR triplicates/primer, as increasing the num-
ber of PCR replicates enhances the number of detected
species in metabarcoding samples [70]. PCR reactions
contained a final volume of 15.5 pL using 0.2 pL of Taq
Hot FirePol (5 U/uL) from Solis BioDyne (Estonia),
1.5 pL of 10X PCR Buffer (with 0.8 M Tris—HCI, 0.2 M
(NH,)2S0,), 1.5 pL of MgCl, (25 mM), 1.5 uL dNTPs
(2.5 mM of each dNTP), 6.8 uL. H,0O, 1.5 pL of each for-
ward and reverse primers (5 pmol/pL) and 1 uL DNA
(10-20 ng/uL). Thermal cyclic conditions included an
initial activation step of 95 °C for 15 min, followed by 35
cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min,
and a final extension step of 72 °C for 20 min. Addition-
ally, PCR negative, and positive controls (high-quality
DNA from plant material that was successfully sequenced
previously) were included in all reactions. PCR cleaning
was done using GENECLEAN Kit (MP Biomedicals).

We pooled the PCR products of both amplicons before
library preparation with a final concentration of 200 ng
per sample. Amplicon concentrations were measured
using a Qubit fluorescence spectrophotometer (Life
Technologies). Dual-index sequencing libraries were
prepared using the Illumina TruSeq Nano DNA High
Throughput Library Prep Kit (96 samples), and Illumina
TruSeq DNA CD Indexes (96 indexes, 96 samples), which
ligates A-base ends to the DNA after a phosphorylation
step. This step prepares the DNA for ligation to the index
sequences and allows the sequence recovery from each
sample in the bioinformatics analysis. DNA libraries were
loaded at 10 pM concentrations with 10% PhiX control
spike and sequenced in one single run carried out on Illu-
mina MiSeq using the MiSeq Reagent Kit v2—300 cycles.

Data analysis

Bioinformatics pipeline

The quality of Illumina raw reads was verified using
FastQC [71], followed by the removal of primer
sequences and adapters using Cutadapt [72]. Forward
and reverse reads were merged using the command
-fastq_mergepairs, and singletons, low-quality reads,

Table 1 Barcoding regions, PCR primer sequences, and amplicon sizes

Barcode regions Primer Sequence Size References

rbcl rbcl 2_f TGGCAGCATTYCGAGTAACTC 500 bp Palmieri et al. [68]
rbcla-R_r GTAAAATCAAGTCCACCRCG Kress and Erickson [69]

ITS2 ITS2 S2F _f ATGCGATACTTGGTGTGAAT 350-400 bp Chenetal. [70]

ITS2 S3R_r

GACGCTTCTCCAGACTACAAT
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and short sequences (<Q score 20,<100 bp, ambigu-
ous base-pairs) were removed with Usearch 11.0.667
[73]. Sequences were dereplicated, sorted by size, and
clustered using UPARSE-OTU algorithm in Usearch v.
11.0.667 [74, 75]. Taxonomic assignments of OTU were
done using the trained databases available for the regions
ITS2 [34] and rbcL [76] prepared with the RDP classifier,
a machine learning approach based on the naive Bayes
method [40] using 95% identity. Additionally, all OTU
sequences were subjected to a BLAST search assess-
ment using blastn in the NCBI Genbank to confirm the
accuracy of the taxonomic assignments by verifying the
Lowest Common Ancestor (LCA) in the distance tree
of results with the highest sequence similarity score.
A detailed script of the workflow was added to https://
github.com/CarisMoura/Pollen_Metabarcoding Indon
esia-/blob/main/Pipeline.

We plot a histogram of the percentage of similarity
score for rbcL and ITS2 sequence reads compared against
the reference sequence databases used in the study.
Accumulation curves of taxa detected in the four land
use types (forest, oil palm, rubber, and shrub) were plot-
ted using both metabarcoding loci to evaluate the sample
coverage using RStudio, R version 4.0.3 [63].

Pollen composition by DNA metabarcoding and light
microscopy

To reduce possible bias connected to unequal sequenc-
ing depth, we opted for conducting all downstream data
analysis with taxa more abundant than 1% per sample
[35, 77] and normalized the out tables based on mean
sequencing depth using the phyloseq package [78] in the
R version 4.0.3 [63].

The plant community profile was displayed in a phy-
logenetic tree and bar plots showing the relative abun-
dance of each taxon assigned to the family level using the
sequencing and light microscopy results implemented
in TimeTree [79] and annotated using iTOL [80]. Differ-
ences in the detected pollen composition using ITS2 and
rbcL markers, and light microscopy were tested using the
Wilcoxon rank-sum exact test implemented in R version
4.0.3 [63]. To facilitate the visualization of the overlap in
the detected plant community using the different meth-
ods, we plotted Venn’s diagrams of the plant families
detected using each approach [81] and bar plots of the
relative frequency of the ten most abundant plant fami-
lies detected per approach using the phyloseq package
[78] in the R version 4.0.3 [63].

Kruskal-Wallis test was also implemented for compari-
sons of individual OTU composition across the four land
use types for metabarcoding and light microscopy in R
version 4.0.3 [63].
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Pollen composition across land use types

The top 10 most abundant taxa per land use type were
displayed in bar plots showing the relative abundance of
each taxon assigned to families based on the sequenc-
ing and light microscopy results using the R package
phyloseq [78]. We inferred alpha diversity (Observed
richness, Shannon and InvSimpson index) per land use
type (forest, shrub, rubber, and oil palm) using the nor-
malized coun ts of reads in the R package phyloseq
with the function estimate_richness [78]. Normality
and homoscedasticity of the alpha diversity values were
tested using Shapiro—Wilk and Levene’s test (Additional
file 14: Table S9), respectively. OTU tables obtained using
rbcL and ITS2 markers were merged using the function
merge_phyloseq in the R package phyloseq. Differences
between observed richness detected by ITS2, rbcL, and
light microscopy across the four land use types were
estimated using One-way ANOVA using the function
aov in the R package agricolae. Non-metric multidimen-
sional scaling (NMDS) ordination of plant family com-
position in pot-pollen detected by both DNA-based and
morphological approaches was estimated based on the
Bray—Curtis dissimilarity between pollen composition of
each colony in the four land use types using the R pack-
age vegan [82]. We conducted a Permutational Multivari-
ate Analysis of Variance (PERMANOVA) test to estimate
dissimilarities in species composition in the different
land use types with the function adonis (n=999 permu-
tations) based on Bray—Curtis dissimilarity.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512862-022-02004-x.

Additional file 1: Figure S1. Percentage of similarity score of rbcL and
ITS2 sequence reads obtained from mixed pollen samples compared
against the taxonomic reference database (at left). Accumulation curve of
taxa detected in four land-use types (forest, shrub, rubber and oil palm)
using the taxonomic assignments achieved using sequence reads of rbcl
and ITS2 of pollen material (in the center). Accumulation curve of species
richness detected in colonies located at each plot (at right).

Additional file 2: Figure S2. Diagrams illustrating overlap between the
plant families’composition detected by dual loci metabarcoding (rbcL
and ITS2) and light microscopy in pot-pollen samples. A) Total number
and percentage of plant families detected using rbcL, ITS2, and light
microscopy. B) Total number and percentage of families detected by the
combined two metabarcoding loci in comparison with the light micros-
copy results. C) Total number and percentage of families detected using
rbcl, ITS2 (excluding taxa present in less than 1% of the total number of
reads per sample), and palynology. D) Total number and percentage of
families detected by the combined two metabarcoding loci (excluding
low abundant taxa detected in less than 1% of the total number of reads
per sample) in comparison with the light microscopy results.

Additional file 3: Figure S3. Non-metric multidimensional scaling of
plant family composition in pot-pollen from four land-use types calcu-
lated using a Bray-Curtis based on: (A) ITS2 (stress value = 0.1859), (B) rbcL
(stress value = 0.1515) and (C) light microscopy (stress value = 0.1611).
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Each point represents the composition of pollen of each plot site located
in the four land-use types (forest, oil palm, rubber and shrub).

Additional file 4: Figure S4.Top 10 plant families detected in pollen
samples via (A) DNA metabarcoding - rbcL and (B) ITS2; and (C) light
microscopy.

Additional file 5: Figure S5. Workflow of experiment design, laboratory
experiments, and summary of pollen metabarcoding pipeline.

Additional file 6: Table S1. Sample information of pot-pollen material
collected from hives installed in four land-use types (forest, shrub, rubber,
and oil palm), including sample IDs used in this study, respective colony
IDs, plot coordinates, and percentage of natural cover (pcNatural) within a
500 m of each installed hive.

Additional file 7: Table S2. OTU assignments and reads count of pot-
pollen samples based on the locus ITS2.

Additional file 8: Table S3. OTU assignments and reads count of pot-
pollen samples based on the locus rbcl.

Additional file 9: Table S4. Morphological identification of pot-pollen
samples based on light microscopy.

Additional file 10: Table S5. Permutational Multivariate Analysis of Vari-
ance (PERMANOVA) test based on rbcl data set with the function Adonis
(999 permutations) of the Bray-Curtis dissimilarities.

Additional file 11: Table S6. Permutational Multivariate Analysis of Vari-
ance (PERMANOVA) test based on ITS2 data set with the function Adonis
(999 permutations) of the Bray-Curtis dissimilarities.

Additional file 12: Table S7. Permutational Multivariate Analysis of
Variance (PERMANOVA) test based on light microscopy data set with the
function Adonis (999 permutations) of the Bray-Curtis dissimilarities.

Additional file 13: Table S8. Results from One-way ANOVA for the
observed richness across the four land-use types (forest, oil palm,
shrub, and rubber) detected by ITS2, rbcL, both loci merged and light
micCroscopy.

Additional file 14: Table S9. Results of Normality test (Shapiro-Wilk) and
Homoscedasticity (Levene's Test) for alpha-diversity metrics (Observed
Richness, Shannon and InvSimpson) estimated for ITS2, rbcL, the merged
loci and light microscopy.

Acknowledgements

We acknowledge Gudrun Diederich and Larissa Kunz for technical assistance,
Oleksandra Dolynska, Thomas Klein, and Fabian Ludewig for technical advice.
We thank the B09 field team assistants for supporting in the experiment set-
ting and sampling collection. This project is part of the Collaborative Research
Centre 990 - EFForTS (Ecological and Socioeconomic Functions of Tropical
Lowland Rainforest Transformation Systems, https://www.uni-goettingen.de/
efforts). We would like to thank the reviewers for their valuable suggestions.

Author contributions

C.CM.M. coordinated and participated in the laboratory work, undertook
bioinformatics processing, performed the data analysis, prepared images,
and drafted the manuscript. CAS. conducted pollen identification via light
microscopy. KL. and S.S. did the fieldwork and played an important role in
the experimental design of this project. M.S.M. reviewed and contributed to
the statistical analysis. All authors contributed to the design of the project.
All authors read, contributed to the improvement, and approved the final
manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study was
funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation), project ID 192626868—SFB 990, in the framework of the collabo-
rative German—Indonesian research project CRC990. The Open Access Pub-
lication Funds of the University of Géttingen covered the costs for the open
access publication of this study. CW. is grateful for funding by the Deutsche
Forschungsgemeinschaft (DFG)—Project number 405945293.

(2022) 22:51

Page 13 of 15

Availability of data and materials

All datasets generated or analyzed during this study are available in the Fig-
share repository, https://figshare.com/s/789797c51e102383e21¢, https://doi.
0rg/10.6084/m9.figshare.19224828.

Declarations

Ethics approval and consent to participate

Research permits for sampling and export permits were emitted by the
Indonesia Ministry of Research, Technology, and Higher Education (Ristekdikti).
Consent to participate: Not applicable. All plant material used in this study
complied with relevant institutional, national, and international guidelines and
legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Forest Genetics and Forest Tree Breeding, University of Got-
tingen, 37077 Géttingen, Germany. 2Department of Palynology and Climate
Dynamics, Albrecht-von-Haller-Institute for Plant Sciences, University of Got-
tingen, 37073 Gottingen, Germany. *Agroecology, Department of Crop Sci-
ences, University of Gottingen, Grisebachstrasse 6, 37077 Gottingen, Germany.
“Statistics and Econometrics, University of Géttingen, Géttingen, Germany.
Department of Biology, IPB University ID, Bogor, West Java 16880, Indonesia.
Department of Ecology of Tropical Agricultural Systems, University of Hohen-
heim, 70599 Stuttgart, Germany. ’ Functional Agrobiodiversity, Department

of Crop Sciences, University of Gottingen, Grisebachstrasse 6, 37077 Got-
tingen, Germany. #Centre of Biodiversity and Sustainable Land Use, University
of Gottingen, 37077 Géttingen, Germany.

Received: 26 October 2021 Accepted: 7 April 2022
Published online: 26 April 2022

References

1. BraunJ, Lortie CJ. Finding the bees knees: a conceptual framework and
systematic review of the mechanisms of pollinator-mediated facilitation.
Perspect Plant Ecol Evol Syst. 2019;36:33-40. https://doi.org/10.1016/].
ppees.2018.12.003.

2. Schrader J, Franzén M, Sattler C, Ferderer P, Westphal C. Woody habitats
promote pollinators and complexity of plant—pollinator interactions
in homegardens located in rice terraces of the Philippine Cordill-
eras. Paddy Water Environ. 2018;16:253-63. https://doi.org/10.1007/
$10333-017-0612-0.

3. Mitchell RJ, Irwin RE, Flanagan RJ, Karron JD. Ecology and evolution of
plant-pollinator interactions. Ann Bot. 2009;103:1355-63. https://doi.org/
10.1093/aob/mcp122.

4. Klatt BK, Holzschuh A, Westphal C, Clough Y, Smit |, Pawelzik E, Tscharntke
T. Bee pollination improves crop quality, shelf life and commercial value.
Proc R Soc B Biol Sci. 2013;281:20132440-20132440. https://doi.org/10.
1098/rspb.2013.2440.

5. Barnes AD, Allen K, Kreft H, Corre MD, Jochum M, Veldkamp E, Clough
Y, Daniel R, Darras K, Denmead LH, et al. Direct and cascading impacts
of tropical land-use change on multi-trophic biodiversity. Nat Ecol Evol.
2017;1:1511.

6. Susanti A, Maryudi A. Development narratives, notions of forest crisis, and
boom of oil palm plantations in Indonesia. For Policy Econ. 2016;73:130-
9. https://doi.org/10.1016/j.forpol.2016.09.009.

7. Le Provost G, Badenhausser |, Le Bagousse-Pinguet Y, Clough Y, Henckel
L, Violle C, Bretagnolle V, Roncoroni M, Manning P, Gross N. Land-use
history impacts functional diversity across multiple trophic groups. Proc
Natl Acad Sci USA. 2020;117:1573-9. https://doi.org/10.1073/pnas.19100
23117.

8. Kovécs-Hostyénszki A, Espindola A, Vanbergen AJ, Settele J, Kremen C,
Dicks LV. Ecological intensification to mitigate impacts of conventional


https://www.uni-goettingen.de/efforts
https://www.uni-goettingen.de/efforts
https://figshare.com/s/789797c51e102383e21c
https://doi.org/10.6084/m9.figshare.19224828
https://doi.org/10.6084/m9.figshare.19224828
https://doi.org/10.1016/j.ppees.2018.12.003
https://doi.org/10.1016/j.ppees.2018.12.003
https://doi.org/10.1007/s10333-017-0612-0
https://doi.org/10.1007/s10333-017-0612-0
https://doi.org/10.1093/aob/mcp122
https://doi.org/10.1093/aob/mcp122
https://doi.org/10.1098/rspb.2013.2440
https://doi.org/10.1098/rspb.2013.2440
https://doi.org/10.1016/j.forpol.2016.09.009
https://doi.org/10.1073/pnas.1910023117
https://doi.org/10.1073/pnas.1910023117

Carneiro de Melo Moura et al. BMC Ecology and Evolution

20.

21

22.

23.

24.

25.

26.

27.

intensive land use on pollinators and pollination. Ecol Lett. 2017;20:673—
89. https://doi.org/10.1111/ele.12762.

Morrison BML, Brosi BJ, Dirzo R. Agricultural intensification drives changes
in hybrid network robustness by modifying network structure. Ecol Lett.
2020;23:359-69. https://doi.org/10.1111/ele.13440.

Kaluza BF, Wallace HM, Heard TA, Minden V, Klein A, Leonhardt SD. Social
bees are fitter in more biodiverse environments. Sci Rep. 2018;8:12353.
https://doi.org/10.1038/541598-018-30126-0.

. Millard J, Outhwaite CL, Kinnersley R, Freeman R, Gregory RD, Adedoja O,

Gavini S, Kioko E, Kuhimann M, Ollerton J, et al. Global effects of land-use
intensity on local pollinator biodiversity. Nat Commun. 2021;12:2902.
https://doi.org/10.1038/s41467-021-23228-3.

Hasan SS, Zhen L, Miah MdG, Ahamed T, Samie A. Impact of land use
change on ecosystem services: a review. Environ Dev. 2020;34: 100527.
https://doi.org/10.1016/j.envdev.2020.100527.

Weiner CN, Werner M, Linsenmair KE, Blithgen N. Land-use impacts on
plant-pollinator networks: interaction strength and specialization predict
pollinator declines. Ecology. 2014;95:466-74. https://doi.org/10.1890/
13-0436.1.

Danner N, Keller A, Hartel S, Steffan-Dewenter I. Honey bee foraging ecol-
ogy: season but not landscape diversity shapes the amount and diversity
of collected pollen. PLoS ONE. 2017;12: e0183716. https://doi.org/10.
1371/journal.pone.0183716.

Steffan-Dewenter |, Kuhn A. Honeybee foraging in differentially struc-
tured landscapes. Proc R Soc Lond B. 2003;270:569-75. https://doi.org/10.
1098/rspb.2002.2292.

Machado T, Viana BF, da Silva Cl, Boscolo D. How landscape composition
affects pollen collection by stingless bees? Landscape Ecol. 2020;35:747—
59. https://doi.org/10.1007/510980-020-00977-y.

Basari N, Ramli S, Mohd Khairi N. Food reward and distance influence

the foraging pattern of stingless bee, Heterotrigona Itama. Insects.
2018,;9:138. https://doi.org/10.3390/insects9040138.

Lichtenberg EM, Mendenhall CD, Brosi B. Foraging traits modulate
stingless bee community disassembly under forest loss. J Anim Ecol.
2017;86:1404-16. https://doi.org/10.1111/1365-2656.12747.

Sujii PS, Tambarussi EV, Grando C, de Aguiar Silvestre E, Viana JPG, Brancal-
jon PHS, Zucchi MI. High gene flow through pollen partially compensates
spatial limited gene flow by seeds for a neotropical tree in forest conser-
vation and restoration areas. Conserv Genet. 2021;22:383-96. https://doi.
0rg/10.1007/510592-021-01344-3.

Bosch J, Martin Gonzalez AM, Rodrigo A, Navarro D. Plant-pollinator
networks: adding the pollinator’s perspective. Ecol Lett. 2009;12:409-19.
https://doi.org/10.1111/j.1461-0248.2009.01296 x.

Bansch S, Tscharntke T, Wiinschiers R, Netter L, Brenig B, Gabriel D,
Westphal C. Using ITS2 metabarcoding and microscopy to analyse shifts
in pollen diets of honey bees and bumble bees along a mass-flowering
crop gradient. Mol Ecol. 2020;29:5003-18. https://doi.org/10.1111/mec.
15675.

Bruni |, Galimberti A, Caridi L, Scaccabarozzi D, De Mattia F, Casiraghi M,
Labra M. A DNA barcoding approach to identify plant species in multi-
flower honey. Food Chem. 2015;170:308-15. https://doi.org/10.1016/j.
foodchem.2014.08.060.

Hawkins J, de Vere N, Griffith A, Ford CR, Allainguillaume J, Hegarty MJ,
Baillie L, Adams-Groom B. Using DNA metabarcoding to identify the floral
composition of honey: a new tool for investigating honey bee foraging
preferences. PLoS ONE. 2015;10: e0134735. https://doi.org/10.1371/journ
al.pone.0134735.

Marzinzig B, Briinjes L, Biagioni S, Behling H, Link W, Westphal C. Bee pol-
linators of Faba Bean (Vicia Faba L.) differ in their foraging behaviour and
pollination efficiency. Agric Ecosyst Environ. 2018;264:24-33. https://doi.
org/10.1016/j.agee.2018.05.003.

Pornon A, Escaravage N, Burrus M, Holota H, Khimoun A, Mariette J, Pelliz-
zari C, Iribar A, Etienne R, Taberlet P, et al. Using metabarcoding to reveal
and quantify plant-pollinator interactions. Sci Rep. 2016. https://doi.org/
10.1038/srep27282.

Bell KL, Fowler J, Burgess KS, Dobbs EK, Gruenewald D, Lawley B,
Morozumi C, Brosi BJ. Applying pollen DNA metabarcoding to the study
of plant-pollinator interactions. Appl Plant Sci. 2017,5:1600124. https://
doi.org/10.3732/apps.1600124.

Carneiro de Melo Moura C, Brambach F, Jair Hernandez Bado K, Krutovsky
KV, Kreft H, Tjitrosoedirdjo SS, Siregar IZ, Gailing O. Integrating DNA

(2022) 22:51

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 14 of 15

Barcoding and Traditional Taxonomy for the identification of dipterocarps
in remnant lowland forests of Sumatra. Plants. 2019;8:461. https://doi.org/
10.3390/plants8110461.

Hollingsworth PM, Graham SW, Little DP. Choosing and using a plant
DNA barcode. PLoS ONE. 2011;6: €19254. https://doi.org/10.1371/journal.
pone.0019254.

Jaffé R, Castilla A, Pope N, Imperatriz-Fonseca VL, Metzger JP, Arias MC,
Jha S. Landscape genetics of a tropical rescue pollinator. Conserv Genet.
2016;17:267-78. https://doi.org/10.1007/510592-015-0779-0.
Khongkwanmueang A, Nuyu A, Straub L, Maitip J. Physicochemical pro-
files, antioxidant and antibacterial capacity of honey from stingless bee
tetragonula laeviceps species complex. E3S Web Conf. 2020; 141: 03007.
https://doi.org/10.1051/e3sconf/202014103007.

Kaiser-Bunbury CN, Mougal J, Whittington AE, Valentin T, Gabriel R,
Olesen JM, Bluthgen N. Ecosystem restoration strengthens pollination
network resilience and function. Nature. 2017,542:223-7. https://doi.org/
10.1038/nature21071.

Kaluza BF, Wallace H, Keller A, Heard TA, Jeffers B, Drescher N, Blithgen N,
Leonhardt SD. Generalist social bees maximize diversity intake in plant
species-rich and resource-abundant environments. Ecosphere. 2017,8:
e01758. https://doi.org/10.1002/ecs2.1758.

Taberlet P, Coissac E, Pompanon F, Brochmann C, Willerslev E. Towards
next-generation biodiversity assessment using DNA metabarcoding:
Next-Generation DNA metabarcoding. Mol Ecol. 2012;21:2045-50.
https://doi.org/10.1111/j.1365-294X.2012.05470.x.

Sickel W, Ankenbrand MJ, Grimmer G, Holzschuh A, Hartel S, Lanzen J,
Steffan-Dewenter |, Keller A. Increased efficiency in identifying mixed
pollen samples by meta-barcoding with a dual-indexing approach. BMC
Ecol. 2015;15:20. https://doi.org/10.1186/512898-015-0051-y.

Richardson RT, Lin C-H, Sponsler DB, Quijia JO, Goodell K, Johnson RM.
Application of ITS2 metabarcoding to determine the provenance of
pollen collected by honey bees in an agroecosystem. Appl Plant Sci.
2015;3:1400066. https://doi.org/10.3732/apps.1400066.

Feliner GN, Rosselld JA. Better the devil you know? Guidelines for insight-
ful utilization of NrDNA [TS in species-level evolutionary studies in plants.
Mol Phylogenet Evol. 2007;44:911-9. https://doi.org/10.1016/j.ympev.
2007.01.013.

China Plant BOL Group, Li D-Z, Gao L-M, Li H-T, Wang H, Ge X-J, Liu J-Q,
Chen Z-D, Zhou S-L, Chen S-L, et al. Comparative analysis of a large data-
set indicates that internal transcribed spacer (ITS) should be incorporated
into the core barcode for seed plants. Proc Natl Acad Sci. 2011; 108,
19641-19646, doi:https://doi.org/10.1073/pnas.1104551108.

Galimberti A, De Mattia F, Bruni |, Scaccabarozzi D, Sandionigi A, Barbuto
M, Casiraghi M, Labra M. A DNA barcoding approach to characterize pol-
len collected by honeybees. PLoS ONE. 2014,9: e109363. https://doi.org/
10.1371/journal.pone.0109363.

Smith SA, Pease JB. Heterogeneous molecular processes among the
causes of how sequence similarity scores can fail to recapitulate phylog-
eny. Brief Bioinform. 2016. https://doi.org/10.1093/bib/bbw034.

Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for

rapid assignment of RRNA sequences into the new bacterial taxonomy.
Appl Environ Microbiol. 2007;73:5261-7. https://doi.org/10.1128/AEM.
00062-07.

Amandita FY, Rembold K, Vornam B, Rahayu S, Siregar 1Z, Kreft H, Fin-
keldey R. DNA barcoding of flowering plants in Sumatra, Indonesia. Ecol
Evol. 2019;9:1858-68. https://doi.org/10.1002/ece3.4875.

Wati R, Amandita FY, Brambach F, Siregar IZ, Gailing O, de Melo Moura
CC. Filling gaps of reference DNA barcodes in syzygium from rainforest
fragments in Sumatra. Tree Genet Genomes. 2022;18:6. https://doi.org/10.
1007/511295-022-01536-7.

Bueno FGB, Kendall L, Alves DA, Tamara ML, Heard T, Latty T, Gloag R.
Stingless bee floral visitation in the global tropics and subtropics. BioRxiv,
2021. https://doi.org/10.1101/2021.04.26.440550.

Pangestika NW, Atmowidi T, Kahono S. Pollen load and flower constancy
of three species of stingless bees (Hymenoptera, Apidae, Meliponinae).
TLSR. 2017,28:179-87. https://doi.org/10.21315/tlsr2017.28.2.13.
Leonhardt SD, Heard TA, Wallace H. Differences in the resource intake of
two sympatric Australian stingless bee species. Apidologie. 2014;45:514—
27. https://doi.org/10.1007/513592-013-0266-x.

Elliott B, Wilson R, Shapcott A, Keller A, Newis R, Cannizzaro C, Burwell C,
Smith T, Leonhardt SD, Kdmper W, et al. Pollen diets and niche overlap


https://doi.org/10.1111/ele.12762
https://doi.org/10.1111/ele.13440
https://doi.org/10.1038/s41598-018-30126-0
https://doi.org/10.1038/s41467-021-23228-3
https://doi.org/10.1016/j.envdev.2020.100527
https://doi.org/10.1890/13-0436.1
https://doi.org/10.1890/13-0436.1
https://doi.org/10.1371/journal.pone.0183716
https://doi.org/10.1371/journal.pone.0183716
https://doi.org/10.1098/rspb.2002.2292
https://doi.org/10.1098/rspb.2002.2292
https://doi.org/10.1007/s10980-020-00977-y
https://doi.org/10.3390/insects9040138
https://doi.org/10.1111/1365-2656.12747
https://doi.org/10.1007/s10592-021-01344-3
https://doi.org/10.1007/s10592-021-01344-3
https://doi.org/10.1111/j.1461-0248.2009.01296.x
https://doi.org/10.1111/mec.15675
https://doi.org/10.1111/mec.15675
https://doi.org/10.1016/j.foodchem.2014.08.060
https://doi.org/10.1016/j.foodchem.2014.08.060
https://doi.org/10.1371/journal.pone.0134735
https://doi.org/10.1371/journal.pone.0134735
https://doi.org/10.1016/j.agee.2018.05.003
https://doi.org/10.1016/j.agee.2018.05.003
https://doi.org/10.1038/srep27282
https://doi.org/10.1038/srep27282
https://doi.org/10.3732/apps.1600124
https://doi.org/10.3732/apps.1600124
https://doi.org/10.3390/plants8110461
https://doi.org/10.3390/plants8110461
https://doi.org/10.1371/journal.pone.0019254
https://doi.org/10.1371/journal.pone.0019254
https://doi.org/10.1007/s10592-015-0779-0
https://doi.org/10.1051/e3sconf/202014103007
https://doi.org/10.1038/nature21071
https://doi.org/10.1038/nature21071
https://doi.org/10.1002/ecs2.1758
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1186/s12898-015-0051-y
https://doi.org/10.3732/apps.1400066
https://doi.org/10.1016/j.ympev.2007.01.013
https://doi.org/10.1016/j.ympev.2007.01.013
https://doi.org/10.1073/pnas.1104551108
https://doi.org/10.1371/journal.pone.0109363
https://doi.org/10.1371/journal.pone.0109363
https://doi.org/10.1093/bib/bbw034
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1002/ece3.4875
https://doi.org/10.1007/s11295-022-01536-z
https://doi.org/10.1007/s11295-022-01536-z
https://doi.org/10.1101/2021.04.26.440550
https://doi.org/10.21315/tlsr2017.28.2.13
https://doi.org/10.1007/s13592-013-0266-x

Carneiro de Melo Moura et al. BMC Ecology and Evolution

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

of honey bees and native bees in protected areas. Basic Appl Ecol.
2021;50:169-80. https://doi.org/10.1016/j.baae.2020.12.002.

Phillips RD, Peakall R, van der Niet T, Johnson SD. Niche perspectives on
plant-pollinator interactions. Trends Plant Sci. 2020;25:779-93. https://
doi.org/10.1016/j.tplants.2020.03.009.

Armbruster WS, Lee J, Baldwin BG. Macroevolutionary patterns of defense
and pollination in Dalechampia Vines: adaptation, exaptation, and evo-
lutionary novelty. Proc Natl Acad Sci. 2009;106:18085-90. https://doi.org/
10.1073/pnas.0907051106.

Requier F, Leonhardt SD. Beyond flowers: including non-floral resources
in bee conservation schemes. J Insect Conserv. 2020;24:5-16. https://doi.
0rg/10.1007/510841-019-00206-1.

Smith JB, Heard TA, Beekman M, Gloag R. Flight range of the Australian
stingless bee Tetragonula Carbonaria (Hymenoptera: Apidae). Austral
Entomol. 2017,56:50-3. https://doi.org/10.1111/aen.12206.
Montoya-Pfeiffer PM, Rodrigues RR, Alves dos Santos |. Bee pollinator
functional responses and functional effects in restored tropical forests.
Ecol Appl. 2020. https://doi.org/10.1002/eap.2054.

Drescher J, Rembold K, Allen K, Beckschéfer P, Buchori D, Clough Y, Faust
H, Fauzi AM, Gunawan D, Hertel D, et al. Ecological and socio-economic
functions across tropical land use systems after rainforest conversion.
Philos Trans R Soc B Biol Sci. 2016;371:20150275. https://doi.org/10.1098/
rstb.2015.0275.

Roubik DW. Stingless bee nesting biology. Apidologie. 2006;37:124-43.
https://doi.org/10.1051/apido:2006026.

Cortopassi-Laurino M, Imperatriz-Fonseca VL, Roubik DW, Dollin A, Heard
T, Aguilar I, Venturieri GC, Eardley C, Nogueira-Neto P. Global meliponicul-
ture: challenges and opportunities. Apidologie. 2006;37:275-92. https.//
doi.org/10.1051/apid0:2006027.

Arstingstall KA, DeBano SJ, Li X, Wooster DE, Rowland MM, Burrows S,
Frost K. Capabilities and limitations of using DNA metabarcoding to study
plant-pollinator interactions. Mol Ecol. 2021;30:5266-97. https://doi.org/
10.1111/mec.16112.

Mousavi-Derazmahalleh M, Stott A, Lines R, Peverley G, Nester G, Simpson
T, Zawierta M, De La Pierre M, Bunce M, Christophersen CT. EDNAFlow,
an automated, reproducible and scalable workflow for analysis of envi-
ronmental DNA sequences exploiting Nextflow and singularity. Mol Ecol
Resour. 2021;21:1697-704. https://doi.org/10.1111/1755-0998.13356.
Schnell 1B, Bohmann K, Gilbert MTP. Tag jumps illuminated—reducing
sequence-to-sample misidentifications in metabarcoding studies. Mol
Ecol Resour. 2015;15:1289-303. https://doi.org/10.1111/1755-0998.12402.
Richardson RT, Eaton TD, Lin C, Cherry G, Johnson RM, Sponsler DB.
Application of plant metabarcoding to identify diverse honeybee pollen
forage along an urban-agricultural gradient. Mol Ecol. 2021;30:310-23.
https://doi.org/10.1111/mec.15704.

Ruppert KM, Kline RJ, Rahman MS. Past, present, and future perspectives
of environmental DNA (EDNA) metabarcoding: a systematic review in
methods, monitoring, and applications of global EDNA. Glob Ecol Con-
serv. 2019;17: e00547. https://doi.org/10.1016/j.gecco.2019.e00547.
Leidenfrost RM, Bénsch S, Prudnikow L, Brenig B, Westphal C, Wiinschiers
R. Analyzing the dietary diary of bumble bee. Front Plant Sci. 2020;11:287.
https://doi.org/10.3389/fpls.2020.00287.

QGIS Development Team QGIS Geographic Information System. 3. Open
Source Geospatial Foundation Project. 2019.

Hesselbarth MHK, Sciaini M, With KA, Wiegand K, Nowosad J. Landscap-
emetrics : an open-source R tool to calculate landscape metrics. Ecogra-
phy. 2019;42:1648-57. https://doi.org/10.1111/ecog.04617.

RTeam, Core. R: A Language and Environment for Statistical Computing.
2013.

Louveaux J, Maurizio A, Vorwohl G. Methods of Melissopalynology. Bee
World. 1978;59:139-57. https://doi.org/10.1080/0005772X.1978.11097
714.

Faegri K, Iversen J, Kaland PE, Krzywinski K. Textbook of pollen analysis.
Wiley: Chichester; New York; Brisbane, 1992; ISBN 978-0-471-93719-7.
Stockmarr J. Tablets with spores used in absolute pollen analysis. Pollen
Spores. 1977;13:615-21.

Palmieri L, Bozza E, Giongo L. Soft fruit traceability in food matrices using
real-time PCR. Nutrients. 2009;1:316-28. https://doi.org/10.3390/nu102
0316.

Kress WJ, Erickson DL. A two-locus global DNA barcode for land plants:
the coding RbcL gene complements the non-coding TrnH-PsbA spacer

(2022) 22:51

Page 15 of 15

region. PLoS ONE. 2007;2: e508. https://doi.org/10.1371/journal.pone.
0000508.

69. Chen S, Yao H, Han J, Liu C, Song J, ShiL, ZhuY, Ma X, Gao T, Pang X, et al.
Validation of the ITS2 region as a novel DNA barcode for identifying
medicinal plant species. PLoS ONE. 2010;5: e8613. https://doi.org/10.
1371/journal.pone.0008613.

70. Alberdi A, Aizpurua O, Gilbert MTP, Bohmann K. Scrutinizing key steps for
reliable metabarcoding of environmental samples. Methods Ecol Evol.
2018;9:134-47. https://doi.org/10.1111/2041-210X.12849.

71. Simon, A. FastQC: a quality control tool for high throughput sequence
data. 2010.

72. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10. https://doi.org/10.14806/ej.17.1.
200.

73. Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26:2460-1. https://doi.org/10.1093/bioinformatics/
btq461.

74. Edgar RC. UPARSE: highly accurate OTU sequences from microbial ampli-
con reads. Nat Methods. 2013;10:996-8. https://doi.org/10.1038/nmeth.
2604,

75. Prasad DV, Madhusudanan S, Jaganathan S. UCLUST-A new algorithm for
clustering unstructured data. ARPN J Eng Appl Sci. 2006; 10:2108-2117.

76. Bell KL, Loeffler VM, Brosi BJ. An RbcL reference library to aid in the identi-
fication of plant species mixtures by DNA metabarcoding. Appl Plant Sci.
2017;5:1600110. https://doi.org/10.3732/apps.1600110.

77. Tommasi N, Ferrari A, Labra M, Galimberti A, Biella P. Harnessing the
power of metabarcoding in the ecological interpretation of plant-pol-
linator DNA data: strategies and consequences of filtering approaches.
Diversity. 2021;13:437. https://doi.org/10.3390/d13090437.

78. McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interac-
tive analysis and graphics of microbiome census data. PLoS ONE. 2013;8:
e61217. https://doi.org/10.1371/journal.pone.0061217.

79. Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: a resource for
timelines, timetrees, and divergence times. Mol Biol Evol. 2017,34:1812-9.
https://doi.org/10.1093/molbev/msx116.

80. Letunic |, Bork P. Interactive tree of life (ITOL) v4: recent updates and new
developments. Nucleic Acids Res. 2019;47:W256-9. https://doi.org/10.
1093/nar/gkz239.

81. Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R. InteractiVenn:
a web-based tool for the analysis of sets through Venn diagrams. BMC
Bioinformatics. 2015;16:169. https://doi.org/10.1186/512859-015-0611-3.

82. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'Hara RB,
Wagner H. R Package 'Vegan”: Community Ecology Package, Version 2.4.3;
2013. https://CRAN.R-project.org/package=vegan.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1016/j.baae.2020.12.002
https://doi.org/10.1016/j.tplants.2020.03.009
https://doi.org/10.1016/j.tplants.2020.03.009
https://doi.org/10.1073/pnas.0907051106
https://doi.org/10.1073/pnas.0907051106
https://doi.org/10.1007/s10841-019-00206-1
https://doi.org/10.1007/s10841-019-00206-1
https://doi.org/10.1111/aen.12206
https://doi.org/10.1002/eap.2054
https://doi.org/10.1098/rstb.2015.0275
https://doi.org/10.1098/rstb.2015.0275
https://doi.org/10.1051/apido:2006026
https://doi.org/10.1051/apido:2006027
https://doi.org/10.1051/apido:2006027
https://doi.org/10.1111/mec.16112
https://doi.org/10.1111/mec.16112
https://doi.org/10.1111/1755-0998.13356
https://doi.org/10.1111/1755-0998.12402
https://doi.org/10.1111/mec.15704
https://doi.org/10.1016/j.gecco.2019.e00547
https://doi.org/10.3389/fpls.2020.00287
https://doi.org/10.1111/ecog.04617
https://doi.org/10.1080/0005772X.1978.11097714
https://doi.org/10.1080/0005772X.1978.11097714
https://doi.org/10.3390/nu1020316
https://doi.org/10.3390/nu1020316
https://doi.org/10.1371/journal.pone.0000508
https://doi.org/10.1371/journal.pone.0000508
https://doi.org/10.1371/journal.pone.0008613
https://doi.org/10.1371/journal.pone.0008613
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.3732/apps.1600110
https://doi.org/10.3390/d13090437
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1093/molbev/msx116
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1186/s12859-015-0611-3
https://CRAN.R-project.org/package=vegan

	Biomonitoring via DNA metabarcoding and light microscopy of bee pollen in rainforest transformation landscapes of Sumatra
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Sequencing data
	OTU assignments in dual-locus metabarcoding datasets
	Pollen composition by light microscopy
	Comparing dual-locus metabarcoding and light microscopy datasets
	Pollen composition across land use types

	Discussion
	Conclusion
	Methods
	Pollen identification via light microscopy
	DNA extraction, amplification, and high throughput sequencing
	Data analysis
	Bioinformatics pipeline

	Pollen composition by DNA metabarcoding and light microscopy
	Pollen composition across land use types

	Acknowledgements
	References




