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Abstract
Monitoring pollinator health and pollination is among the top priorities to safeguard pollinators and secure pollinator services. 
Assessments of sampling methods are therefore essential for developing a standardized protocol for long-term pollinator monitor-
ing. Pan trapping is a popular technique to survey pollinators, but limited information is available on the effect of pan trap diameter 
on the abundance, richness, and body size of sampled bees, as well as on the abundance of bycatch (non-targeted arthropods). We 
conducted experiments using four diameters of yellow pan traps in three habitats (a semi-natural phrygana habitat, a roadside, and a 
salt flat) on the Greek island of Lesvos during a 10-day period in late June/early July of 2017 and 2018. We found that pan traps of 4, 
7, 10, and 12 cm captured a similar richness of bees and have little or no effect on the abundance estimates of bees and flies. Pan trap 
diameter did not affect body size of collected bees. Bycatch accounted for 62.8% of the arthropods collected and increased with the 
diameter of the pan traps in the phrygana and roadside habitats. According to literature, many researchers, especially outside Europe, 
use pan traps of various diameters (7–34 cm), volumes (96.1–2000 ml), and shapes (round, square, rectangular, or hexagonal). To 
reduce potential negative effects on populations of other beneficial arthropods, as well as to minimize processing effort and costs, 
we recommend using small pan traps (7 cm), unless standardized pan trapping protocols have already been adopted.
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Introduction

Declines of bee populations and species across the world 
have raised environmental and economic concerns, as 
bees play a critical role in the maintenance of ecosystems, 
plant reproduction, food security, and social and cultural 
values (Berenbaum et al. 2006; Biesmeijer et al. 2006; 
Klein et al. 2007; Potts et al. 2010, 2016). Pollinator loss 
will negatively affect global human diet and health, crop 
market economies, and farmer and beekeeper livelihoods. 
For example, micronutrient deficiencies caused by a diet 
low in fruits, vegetables, nuts, and seeds, resulting from 
the lack of pollinators, are likely to affect the global rate 
of preventable diseases, such as ischemic heart disease 
(Smith et al. 2015; Potts et al. 2016). Recently, the Inter-
governmental Science-Policy Platform on Biodiversity and 
Ecosystem Services (IPBES) assessed the global status of 
pollinators and pollination. While reinforcing the multi-
faceted relevance of pollinators to human well-being and 
the alarming large-scale declines, it also highlighted the 
urgent need for developing long-term monitoring of pol-
linators and pollination services (IPBES 2016). Indeed, 
monitoring pollinator health and pollination is among the 
ten priorities suggested to governments worldwide to safe-
guard our pollinators and secure pollinator services (Dick 
et al. 2016).

One of the most common methods to survey and moni-
tor pollinators is pan trapping. This passive sampling 
method, consisting of plastic bowls filled with soapy water, 
has allowed a rapid assessment of the richness, diversity, 
abundance, and phenology of bee communities across a 
number of habitats and landscapes of both tropical and 
temperate environments. Pan trapping generally performs 
well in comparison to other sampling methods (e.g., West-
phal et al. 2008), and pan traps are readily available, inex-
pensive, easily replicated, and not collector biased (e.g., 
Westphal et al. 2008; Wilson et al. 2008; Tuell and Isaacs 
2009; Droege et al. 2010; Ulyshen et al. 2010; Nielsen 
et al. 2011; Geroff et al. 2014). The shapes and sizes of pan 
traps vary greatly among published studies. For example, 
researchers have used containers ranging from rectangu-
lar trays (e.g., Easton and Goulson 2013; Andersson et al. 
2017), ice-cream bowls (Larsen et al. 2014) and buckets 
(e.g., Rubene et al. 2015), to plastic party bowls (e.g., 
Wilson et al. 2008).

Several studies have assessed the abundance and com-
position of the captured bees using multiple colors and 
sizes of pan traps, height above ground, and even the use 
of contrasting patterns drawn at the bottom of the bowls 
to resemble nectar guides (e.g., Droege 2005; Wilson 
et al. 2008, 2016; Heneberg and Bogusch 2014; Gonzalez 
et al. 2016; Hall 2016). Such studies have provided sound 

evaluations of this popular sampling method, which is 
essential for developing a standardized protocol for long-
term pollinator monitoring. However, in most cases infor-
mation is still limited and geographically restricted. For 
example, only two studies have assessed the effect of pan 
trap size on the abundance of captured bees. Both studies 
took place in North America and their results are difficult 
to compare because of differences in their experimental 
design. The study in eastern USA (Droege 2005) used 
seven sizes of pan traps ranging from 0.7 oz. to 12 oz. and 
did not detect any effect on the abundance of the collected 
bees. In contrast, the other study in western USA (Wilson 
et al. 2016) only used three sizes of pan traps (3.5, 8.0, and 
20 oz.) and found that larger pan traps (20 oz.) collected 
significantly more bees than smaller traps.

In addition to abundance, assessing the effect of pan 
trap size on bee body size is relevant, as ecological studies 
increasingly use changes in this functional trait to under-
stand how bee communities and species respond to changes 
in the landscape (e.g., Wray et al. 2014; Renauld et al. 2016; 
Normandin et al. 2017). While height above ground appears 
to have an effect on the size of bees collected in pan traps 
(Gonzalez et al. 2016), the study of Wilson et al. (2016) sug-
gests that pan trap size does not. However, the latter study 
used total body length as proxy of body size, which is a weak 
size estimator in bees when compared to the intertegular 
distance (hereafter ITD) (Cane 1987). Body length is a more 
variable measurement than ITD because the bee’s metasoma 
can retract or extend after bees drown in the pan traps. Thus, 
studies at different locations and using a more appropriate 
estimator of body size are necessary to gain a better under-
standing of the effect of pan trap size on captured bees.

Although increasing sample size might be desirable in 
short-term surveys, the effect of pan trap size on the abun-
dance and richness of collected bees remains unknown. If 
large pan traps capture more bees, then they are more likely 
to catch a higher richness than smaller traps. Similarly, the 
effect of pan trap size on non-target arthropods or bycatch 
remains unknown. If large pan traps increase the chances of 
capturing more bees, they might also increase the chances 
of capturing more bycatch. Scientists have used pan traps 
to survey other insects besides bees and these traps cap-
ture a wide range of arthropods that include several insect 
orders and spiders (e.g., Easton and Goulson 2013; Gervais 
et al. 2018). Such a bycatch, which is often discarded or 
left unanalyzed, might negatively affect populations of other 
arthropods, including beneficial predators (e.g., spiders) and 
pollinators such as flies and beetles. It might also influence 
survey effectiveness by reducing space for target species and 
by increasing costs and processing time of sample contents 
(Spears and Ramirez 2015; Spears et al. 2016).

In this paper, we test if (1) large pan traps increase 
abundance and richness of collected bees; (2) large pan 
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traps increase abundance of bycatch arthropods; and (3) 
large pan traps capture larger bees. Because large pan 
traps have a larger diameter and thus a greater surface 
area than small pan traps, we expect the former to increase 
the chances of capturing a higher abundance and richness 
of bees and abundance of bycatch. Considering that the 
majority of bees are small (e.g., Bullock 1999), we also 
expect large pan traps to increase the chances of captur-
ing larger species. We conducted our experiments on the 
Greek island of Lesvos, one of the world’s regions of high-
est bee diversity (e.g., Nielsen et al. 2011), and assessed 
body size differences using ITD. In addition, we exam-
ined the effect of pan trap diameter on the most abundant 
insect orders in our samples (Hymenoptera excluding 
bees, Coleoptera, Diptera, and Hemiptera) and reviewed 
the pan trap dimensions and volumes employed in bee 
surveys globally during a 5-year period (2014–2018). 
We conducted the latter literature survey to contextualize 
our results because the shapes and sizes vary greatly in 

published studies. Finally, we offer conservation recom-
mendations based on our findings.

Materials and methods

Study sites and sampling design

We conducted this work in three habitats around Kalloni 
Bay on the Greek island of Lesvos that we predicted to dif-
fer in their composition of bees, as judged by their location 
and type of vegetation (Fig. 1a–c). We chose these contrast-
ing habitats because we wanted to determine if results were 
independent of the bee community composition. Our first 
site (“phrygana”) consisted of a semi-natural phrygana habi-
tat in Achladeri, near Ancient Pyrra (39º 09′ 17.40″ N, 26º 
16′ 32.74″ E, 1.3 m), at a time of the year characterized by 
abundant, flowering shrubs and bushes of Vitex agnus-castus 
L. (Lamiaceae) and sparse patches of Centaurea solstitialis 

Fig. 1   Habitats surveyed (a–c) and pan trap sizes (d) used to sample 
bees in Kalloni Bay, Lesvos Island, Greece. a semi-natural phrygana 
habitat (east Mediterranean low scrub), b unmanaged roadside, c salt 

flat, d pan traps used in the surveys of 4 cm, 7 cm, 10 cm, and 12 cm 
in upper diameter, respectively
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L. (Asteracea). Our second site (“roadside”) was an unman-
aged roadside 6 km southeast of Kalloni (39º 12′ 43.95″ 
N, 26º 16′ 15.21″ E, 2.0 m), with abundant plants of Dau-
cus carota L. (Apiaceae) and Echium italicum L. (Boragi-
naceae), about 30 m wide, and bordered by an olive grove. 
Our last site (“salt flat”), located 1 km west of Skala Kallonis 
(39º 12′ 25.99″ N, 26º 11′ 57.58″ E, − 1.0 m), was a salt flat 
with abundant plants of Salicornia sp. (Amaranthaceae). At 
each site, we set up three transects, each consisting of 24 
pan traps of the following four sizes (Fig. 1d): 4.0 cm × 
3.2 cm in upper diameter and height (29.6 ml, 1 oz.), 7.0 cm 
× 3.5 cm (96.1 ml, 3.25 oz.), 10.3 cm × 3.8 cm (147.9 ml, 
5 oz.), and 12 cm × 4.5 cm (354.9 ml, 12 oz.). Hereafter, 
pan traps of 4, 7, 10, and 12 cm in diameter. Thus, at each 
site we placed 72 pan traps, 18 of each diameter (6 of each 
diameter per transect).

We arranged pan traps in a sequential pattern (smallest to 
largest) and spaced those 5 m apart, the minimum distance 
at which pan traps do not interfere with each other (Droege 
2005). Transects were at least 10 m apart from each other 
(see Supporting information, Fig. 1S). We used plastic bowls 
(Solo® plastics Soufflé Cup) and spray-painted them fluo-
rescent yellow (Rust-Oleum®). We chose yellow because 
preliminary observations suggest that it is the most effective 
color to capture bees at the study area during this time of 
the year (V.H. Gonzalez., pers. obs.). We chose to compare 
plastic party bowls of those four diameters because they are 
readily available, are easy to carry and deploy in the field, 
as well as commonly used in pollinator surveys. We filled 
each pan trap with soapy water to break the water tension.

We collected all arthropods and refilled pan traps with 
soapy water every two days. We aggregated data within and 
across transects, and kept trap diameter per sampling event 
per habitat. We sampled the phygana habitat from June 28 
to July 8, 2017, and the other two habitats from June 12 to 
June 22, 2018. We counted and sorted to the order level 
all arthropods captured in the traps, except for thrips and 
collembolans. These arthropods were often abundant in 
the samples but difficult to quantify because of their small 
size. To assess the composition of the captured bees among 
traps, we determined them to morphospecies (67–72% of 
total number at each site) or species level.

Bee body size

We estimated bee body size by measuring the minimum 
ITD (Cane 1987) with an ocular micrometer on a Leica S6E 
stereomicroscope. For each habitat type, we measured at 
least one specimen of all species or morphospecies collected 
per pan trap diameter. Because Lasioglossum malachurum 
(Kirby) (Halictidae: Halictini) was the most common species 
captured in all traps (see results below), we randomly chose 
at least 25 specimens of this species from each pan trap 

diameter per habitat. We measured 626 bee specimens from 
all habitats (phrygana = 317, roadside = 134, salt flat = 175).

Pan trap size in the literature

To establish the pan trap size more commonly used in bee 
surveys, we conducted a literature search on the Web of Sci-
ence database for articles published between 2014 and 2018 
with the search terms “pan trap bees”. We retrieved 101 
publications and screened them for: (1) pan trap dimensions; 
(2) pan trap volume; and (3) country where surveys were 
conducted. We excluded conference abstracts, reviews, and 
publications that did not include bees in their samples. For 
comparisons, we converted reported dimensions and vol-
umes to centimeters and milliliters. When authors did not 
provide pan trap dimensions but referred to previous works 
for details, we made an effort to find those references to 
extract the information.

Data analyses

We conducted statistical analyses in R (R Core Team 2018) 
and created boxplots and histograms using GraphPad Prism 
version 7.04 (GraphPad Software, San Diego, CA, USA). 
To examine the effect of pan trap diameter and habitat type 
on the abundance of bees and bycatch, including the most 
abundant insect orders in our samples, we used a General-
ized Linear Mixed Effect Model (GLMM) with Negative 
Binomial Distribution. We chose this test because our count 
data did not follow a Normal nor a Poisson distribution and 
were overdispersed. To test for differences in species rich-
ness of bees collected at different pan trap diameter, we used 
a GLMM with a Poisson distribution. To examine the effect 
of habitat and pan trap diameter on the bees’ ITD, we used a 
Generalized Linear Model (GLM) with normal distribution. 
In these models, habitat type and pan trap diameter served as 
fixed factors. To avoid potential effects of temporal autocor-
relation, we considered sampling event as a random factor in 
all GLMMs. We implemented these models using the lme4 
and glmmTMB packages (Bates et al. 2015; Brooks et al. 
2017) and assessed the significance of fixed effects using a 
Type II Wald χ2 test with the car package (Fox and Weisberg 
2019). When factors and factor interactions were significant, 
we used the lsmeans package (Lenht 2016) to conduct mul-
tiple pairwise comparisons with Bonferroni adjustment to 
assess for differences among groups.

To assess species diversity per pan trap diameter, we 
estimated the Shannon–Wiener and Simpson (1-D) indices 
using the vegan package (Oksanen et al. 2019). To assess 
the similarity among pan trap diameter, we estimated the 
Morisita-Horn index using both abundance and occurrence 
(presence/absence) data with SpadeR package (Chao et al. 
2016). We used occurrence data because one bee species, 
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L. malachurum, dominated the samples of the habitats sur-
veyed and could potentially affect abundance-based estima-
tions. To assess for differences in these indices among pan 
trap sizes, we calculated a 95% confidence intervals with 
a non-parametric bootstrap with replacement (1000 times). 
Average values are given with standard error and sample 
size.

Results

Bee abundance and diversity

We sampled 13,155 arthropods of which the majority of 
them were hymenopterans (52.1%), coleopterans (20.4%), 
dipterans (11.6%), and hemipterans (10.3%). The remaining 
percentage (5.6%) corresponded to arachnids, blattodeans, 
orthopterans, lepidopterans, and mantises. Bees accounted 
for 37.2% of all arthropods collected. Across habitats, the 
percentage of bees collected by each trap diameter ranged 
from 7.88 to 77.78% ( x = 39.63 ± 1.98, N = 60, 4 pan trap 
diameters × 3 habitats × 5 collection events per site) per 

collection event. Bee abundance was different among habi-
tat types (Wald χ2 = 60.432, DF = 2, P < 0.001) and among 
diameters of pan traps (χ2 = 27.286, DF = 3, P < 0.001). The 
interaction between habitat type and pan trap diameter was 
also significant (χ2 = 14.431, DF = 6, P = 0.025). Pairwise 
comparisons with Bonferroni adjustment indicated that the 
lowest abundance of bees were captured at the salt flat and 
the highest at the phrygana (DF = 1, P < 0.001). Pan trap 
diameter had an effect on bee abundance only at the road-
side. At this habitat, all diameters of pan traps captured simi-
lar numbers of bees, except the smallest pan trap that cap-
tured less bees than pan traps of 10 cm and 12 cm (Table 1, 
Fig. 2).

Pan traps collected between 1 and 13 species of bees 
( x = 7.145 ± 0.29, N = 60) per collection event and there 
were no differences among habitats (χ2 = 2.403, DF = 2, 
P = 0.301) nor pan trap diameters (χ2 = 1.704, DF = 3, 
P = 0.636). The interaction between the type of habitat and 
the diameter of pan trap was also not significant (χ2 = 6.89, 
DF = 6, P = 0.331) (Fig. 3a). During our surveys, L. mal-
achurum was the most common species in all habitats, 
accounting for 85.0%, 91.7%, 56.7% of all bees collected in 

Table 1   Results of pairwise 
comparisons with Bonferroni 
adjustment of the number of 
specimens of bees and bycatch 
captured by different pan trap 
diameter (cm) at three habitats 
(phrygana, roadside, and salt 
flat) on Lesvos Island, Greece

DF 1 in all comparisons. Significant P-value in boldface

Comparison Bees Bycatch

Phrygana Roadside Salt flat Phrygana Roadside Salt flat

4 vs. 7 1.000 0.447 1.000 1.000 0.063 1.000
4 vs. 10 1.000 0.001 1.000 0.054 0.000 0.211
4 vs. 12 1.000 0.005 1.000 0.001 0.000 0.742
7 vs. 10 1.000 1.000 1.000 1.000 1.000 1.000
7 vs. 12 1.000 1.000 1.000 0.048 0.009 1.000
10 vs. 12 1.000 1.000 1.000 1.000 1.000 1.000

Fig. 2   Boxplots showing abundance of bees and bycatch arthropods 
by pan trap diameter within each habitat sampled per collection event 
(N = 5 events per habitat) on Lesvos Island, Greece. Boxplots display 

medians and quartiles. For each habitat, groups with different letters 
above boxplots are significantly different. See text and Table  1 for 
significance values of pairwise comparisons
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the phrygana, roadside, and salt flat habitats, respectively. 
Both Shannon and Simpson’s indices were similar among 
trap sizes in all habitats, as their confidence intervals over-
lapped (Table 2, see Supporting information, Fig. 2S). The 
Morisita-Horn index, either using abundance or occurrence 
data, was close to 1 between pairs of pan trap diameters in 
all habitats and their confidence intervals also overlapped 
(Fig. 4, see Supporting information, Fig. 3S). The number of 
shared species between pairs of pan trap diameters differed 
among habitats. In the phrygana, pan traps of 4 cm and 7 cm 
shared the most species, whereas in the roadside and salt flat 
habitats pan traps of 4 cm and 12 cm and 7 cm and 12 cm 
shared the most species (Fig. 4).

Bee ITD

ITD ranged from 0.59 to 5.53 mm ( x = 1.61 ± 0.64, N = 626 
specimens) and was similar among habitats (χ2 = 1.489, 
DF = 2, P = 0.475) and among pan trap diameters 
(χ2 = 3.338, DF = 3, P = 0.342) (Fig. 3b). We did not find 
an interaction between the type of habitat and the diameter 
of pan trap on the bees’ ITD (χ2 = 6.843, DF = 6, P = 0.336).

Bycatch abundance

Across habitats, the percentage of bycatch ranged from 22.22 
to 92.12% ( x = 60.37 ± 1.99, N = 60) per collection event. 

Fig. 3   Boxplots showing the number of species and morphospecies of 
bees captured per collection event (N = 5 events per habitat) for each 
pan trap diameter (a) and intertegular distance (ITD) of bees col-

lected at each pan trap diameter (b). Values above error bars indicate 
the total number of specimens measured per pan trap diameter. Box-
plots display medians and quartiles

Table 2   Summary of the total 
number of species, number of 
unique species, abundance, 
and diversity measurements 
from the community of bees 
collected using four diameters 
of pan traps in three habitats 
(phrygana, roadside and salt 
flat) on Lesvos Island, Greece

Mean value of Shannon and Simpson (1-D) indices are followed by ± 95% confidence intervals (CI) in 
parentheses

Total  
species

Unique  
species

Abundance Shannon (± 95% CI) Simpson (± 95% 
CI)

Phrygana (cm)
4 23 4 346 1.87 (1.56–2.48) 0.39 (0.25–0.49)
7 29 9 400 2.08 (1.81–2.62) 0.32 (0.20–0.38)
10 25 7 469 1.82 (1.51–2.32) 0.38 (0.25–0.46)
12 25 10 286 1.65 (1.36–2.11) 0.40 (0.29–0.47)
Roadside (cm)
4 19 4 222 2.11 (1.85–2.76) 0.28 (0.11–0.36)
7 14 2 420 1.96 (1.68–2.59) 0.31 (0.13–0.40)
10 17 2 638 2.19 (1.92–2.88) 0.25 (0.11–0.32)
12 17 2 586 2.58 (2.34–3.37) 0.20 (0.02–0.26)
Salt flat (cm)
4 12 2 181 2.34 (1.98–3.39) 0.30 (0.06–0.42)
7 17 4 166 2.67 (2.47–3.46) 0.17 (0.01–0.22)
10 14 3 327 2.63 (2.34–3.60) 0.22 (0.01–0.31)
12 17 3 185 2.51 (2.30–3.28) 0.19 (0.04–0.42)
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Bycatch abundance varied among habitats (χ2 = 85.086, 
DF = 2, P < 0.001) and pan trap diameter (χ2 = 88.360, 
DF = 3, P < 0.001). There was not interaction between 
habitat type and pan trap diameter (χ2 = 6.221, DF = 6, 
P = 0.398). Pairwise comparisons with Bonferroni adjust-
ment detected differences among all habitat types (DF = 1, 
P < 0.001 for all comparisons), with the lowest abundance 
of bycatch captured at the salt flat and the highest at the 
roadside. At the phrygana and roadside habitats, bycatch 
abundance was similar between pan traps of 4 cm and 7 cm 
and between pan traps of 10 cm and 12 cm, the last trap 
diameter capturing more bycatch than the first two. Pan trap 
diameter did not have an effect on bycatch abundance at the 
salt flat habitat (Table 1, Fig. 2).

The abundance of the most common insect orders col-
lected in our surveys varied depending on the habitat type 
and diameter of the pan trap. The interaction between 
habitat type and pan trap diameter was only significant for 
non-Anthophila Hymenoptera and Hemiptera (Table 3). 
Non-Anthophila Hymenoptera were more abundant at the 
phrygana habitat, Coleoptera and Hemiptera were more 
abundant at the roadside habitat, and Diptera at the salt flat 
habitat (Fig. 5, Table 1S). Pan traps of all diameters captured 
similar abundance of Diptera in all habitats, except at the 
roadside where pan traps of 12 cm collected more than pan 
traps of 4 cm (Fig. 5c). For the remaining insect groups, 
abundance tend to increase with the diameter of the pan 
traps, particularly in the habitat(s) where each group was 

Fig. 4   Venn diagrams showing the number of shared species and 
mean value of Morisita-Horn similarity index using abundance data 
from each bee community collected with four diameters of pan traps 
at three habitats on Lesvos Island, Greece (phrygana, roadside, and 

salt flat). Circles represent pan traps of different diameters. The two 
values at the intersection between circles represent the number of 
shared species (top value) and mean value of Morisita-Horn similar-
ity index (bottom value)
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most commonly collected. In those habitats, pan traps of 
12 cm only or both 10 cm and 12 cm captured more than pan 
traps of other diameters (Fig. 5a, b, d).

Pan trap size usage

We found 93 publications (x = 18.60 ± 1.87, 14–25 publica-
tions per year) that matched our criteria and used pan traps 
to survey or monitor bees (see Supporting information, 

Table 2S). About 45% (N = 42) of these publications are 
from studies conducted in North America, mostly from the 
US. Neither pan trap dimensions nor volume was available 
in 25% of these publications. Some (34%) provided pan trap 
diameter (upper diameter and sometimes lower) and often 
included depth or height of the trap. In a few cases (14% of 
publications reviewed), authors provided both the dimen-
sions and volume of the traps. Pan trap dimensions, volume, 
and shape varied among studies (Fig. 6), especially those 

Table 3   Summary of results from generalized linear mixed effect models to examine the effect of pan trap diameter and habitat type on the abun-
dance of the most common insect groups collected using four diameters of pan traps in three habitats of Kalloni Bay, Lesvos Island, Greece

Wald χ2 value is followed by P-value (significant values in boldface)

Source Insect group

DF Non-Anthophila Diptera Coleoptera Hemiptera

Habitat 2 36.87, P < 0.001 14.31, P < 0.001 120.06, P < 0.001 98.15, P < 0.001
Pan trap diameter 3 41.45, P < 0.001 79.26, P < 0.001 29.51, P < 0.001 65.83, P < 0.001
Habitat × pan trap diameter 6 18.73, P = 0.005 11.21, P = 0.082 3.30, P = 0.770 13.78, P = 0.032

Fig. 5   Boxplots showing abundance of the most common arthropod 
groups collected by each pan trap diameter within each habitat per 
collection event (N = 5 events per habitat) on Lesvos Island, Greece. 

Boxplots display median and quartiles. For each habitat, groups 
with different letters above boxplots are significantly different. See 
Table 1S for significance values of pairwise comparisons
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conducted outside of Europe (see Supporting information, 
Table 2S). Pan trap volume ranged from 96.1 ml to 2000 ml  
( x = 397.3 ± 47.5, N = 52 publications) or 3.25 oz. to 67.6 oz. 
( x = 13.43 ± 1.61, N = 52), upper diameter from 7.25 cm to 
34.00 cm ( x = 15.05 ± 1.18, N = 32), and depth (height) from 
3.00 cm to 13.50 cm ( x = 8.09 ± 0.76, N = 22). Most studies 
used rounded plastic bowls, but some employed 2 L square 
ice-cream containers (Larsen et al. 2014), rectangular alu-
minum trays (Andersson et al. 2017), buckets (Rubene et al. 
2015), and hexagonal weighing trays (Gezon et al. 2015).

Discussion

In the habitats surveyed, pan trap diameter had little or no 
effect on the abundance of captured bees (Fig. 2a, Table 1). 
Pan traps of all diameters caught a similar number of species 
(Fig. 3a) and had comparable diversity indices (Table 2), as 
well as high similarity indices (Fig. 4). Thus, these results 
are not consistent with our expectations that pan traps with 
large diameters increase the chances of capturing a higher 
abundance and number of species when compared with 
pan traps of small diameters. These results provide sup-
port to previous observations by Droege (2005) in eastern 
North America that pan trap size has little to no effect on 
the abundance of collected bees. However, we carried out 
short-term experiments that took place towards the end of 
the main activity period of bees. As a result, the overall 
availability of flowers, as well as the composition of the bee 
fauna active at the time, may not have been representative 
of the sampled habitats. Bees are more likely to encounter 
pan traps when floral resources are scarce (Cane et al. 2000; 
Wilson et al. 2008; Baum and Wallen 2011) and, under such 
conditions, all colored pan traps would appear attractive to 

them regardless of the pan trap diameter. These observations 
are strengthened by the high number of bee specimens rela-
tive to the small number of species detected (26–43 spp.). 
Although Nielsen et al. (2011) surveyed bees from March 
through July on Lesvos’ phrygana habitats, they collected a 
comparable number of specimens, but they recorded a three 
times higher level of species richness. Thus, our results may 
only apply under these conditions and future studies should 
assess the impact of floral phenology.

The sweat bee L. malachurum was the most common spe-
cies in all habitats, accounting for 56.7% to 91.7% of all 
collected bees. This is an obligately eusocial bee species 
that is common in transformed environments and widely 
distributed in Europe and northern Africa. It builds subterra-
nean nests in hard, exposed soils, sometimes forming dense 
aggregations of more than 1000 nests. Each nest consists of 
as few as four workers in the spring, but it might contain up 
to 80 workers in the summer (Knerer 1992). Thus, the high 
abundance of this species in our pan traps can be explained 
by the type of habitats we surveyed, which were within or 
near rural environments, as well as by the time of year (late 
June/early July), particularly if traps were located near nest 
aggregations. The high abundance of L. malachurum at our 
study sites could have influenced the chances of capturing 
other species by reducing the available space within the pan 
traps, especially in traps of small diameter. However, traps 
of all diameters captured a similar number of species and 
did not differ in their diversity nor similarity indices, the 
latter calculated using both abundance and occurrence data 
(Table 2, see Supporting information, Figs. 2S, 3S). In addi-
tion, excluding L. malachurum from the analyses revealed 
differences only in the abundance of the remaining bee spe-
cies among habitats (χ2 = 53.007, DF = 2, P < 0.001), not 
among pan trap diameters (χ2 = 1.861, DF = 3, P = 0.602) 

Fig. 6   Histograms showing the frequency of pan trap diameter (N = 32 publications) and volume (N = 52 publications) recorded in studies pub-
lished between January 2014 and December 2018. Asterisks indicate pan trap diameters and volumes used in the present work
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or the interaction between these two factors (χ2 = 9.779, 
DF = 6, P = 0.134). Thus, the little to no effect of pan trap 
diameter on the abundance estimates of bees did not result 
from the high dominance of L. malachurum in our samples.

We found no effect of pan trap diameter on the body size 
of captured bees (Fig. 3b), as estimated from their ITD. 
Thus, our results are not consistent with our expectations 
that large pan traps increase the chances of capturing larger 
bees and they support previous observations by Wilson et al. 
(2016) despite using body length as proxy of body size. 
Although large pan traps may increase the chances of captur-
ing larger bees, all our pan traps were at ground level. Forag-
ing ability depends on body size (Greenleaf et al. 2007) and 
bees tend to forage in the horizontal stratum (Gumbert and 
Kunze 1999; Cane et al. 2000). Thus, pan traps placed at the 
same level, regardless of their diameter, may capture bees 
of a particular range of body size. Indeed, at least one study 
(Gonzalez et al. 2016) demonstrates that pan trap height, 
even as small as 70 cm above ground, influences the body 
size of the collected bees. Large-bodied bees were rare on 
our traps and, in one occasion, the largest trap (12 cm) at the 
phrygana habitat captured a single individual of the carpen-
ter bee Xylocopa violacea (L.) (Apidae, Xylocopini). This 
single record does not reflect the abundance of that carpenter 
bee in the area, as we frequently found it throughout the day 
foraging at inflorescences of Vitex agnus-castus L. (Lami-
aceae). The effect of pan trap diameter at different heights 
above ground is so far unknown.

The effect of pan trap diameter on the abundance of 
bycatch is one of the most significant results of our work, 
as it has practical implications for the development of logis-
tically feasible and environmentally sustainable pan trap-
ping. While pan trap diameter had little or no effect on 
the abundance of bees captured, it significantly influenced 
bycatch abundance in the phrygana and roadside. In these 
habitats, the abundance of bycatch increased with pan trap 
diameter (Fig. 2b), which means greater chances of affect-
ing local populations of arthropods, as well as higher costs 
and longer processing time of sample contents. In contrast, 
pan trap diameter did not have an effect on the abundance 
of bycatch at the salt flat (Fig. 2b), which might be the result 
of its depauperate arthropod fauna due to it being a less 
structurally complex habitat when compared with the other 
two (Fig. 1). Except for the abundance of Diptera (Fig. 5c), 
which exhibited a similar pattern to that of bees, the abun-
dance of the remaining insect groups increased with pan 
trap diameter, particularly in those habitats where they were 
most commonly collected (Fig. 5a,b,d). Thus, these results 
are consistent with our expectations that pan traps with large 
diameters increase the chances of capturing a higher abun-
dance of bycatch when compared with small pan traps. They 
also suggest that pan trap performance by diameter might 
also be context-dependent, similar to the performance of 

pan traps by color depending on the type of habitat and bee 
community (e.g., Heneberg and Bogusch 2014).

Although pan traps of all diameters captured similar abun-
dances of Diptera at the phrygana and salt flat habitats, pan 
traps of 12 cm collected more specimens than pan traps of 
4 cm at the roadside (Fig. 5c). Thus, pan trap diameter at 
this habitat had at least some effect on the abundance of this 
insect group. Diptera is a highly diverse insect order with 
taxa ranging from pollinators to agricultural pests, and thus 
responses to pan traps might be different depending on the 
taxonomic group. For example, although Diptera appears to 
be attracted to non-florescent pan traps (Shrestha et al. 2019), 
color preference varies among families and even genera (e.g., 
Campbell and Hanula 2007). Some taxa respond to white and 
blue while others respond to yellow, such as the olive fruit 
fly Bactrocera oleae (Rossi), an agricultural pest efficiently 
collected using yellow sticky traps (e.g., Burrack et al. 2008). 
Hover flies (Syrphidae) and bombyliid flies (Bombyliidae) 
are among the most commonly collected taxa with yellow 
and blue pan traps (Campbell and Hanula 2007; Saunders and 
Luck 2013) and, considering their relationships with flowers, 
they may respond to similar visual cues and exhibit similar 
responses to pan traps as bees. However, we do not know 
the taxonomic composition of Diptera in our samples, which 
precluded us from conducting further analyses. Nevertheless, 
our results contribute significantly to the dearth of informa-
tion regarding passive sampling protocols for monitoring 
non-bee pollinators, which have been under-represented in 
pollination studies (Hall and Reboud 2019).

Our literature review from papers published between 
2014 and 2018 revealed that pan trap dimensions, volume, 
and shape vary among studies. However, it appears that 
researchers prefer two diameters of pan traps, 7 cm and 
12–16 cm (Fig. 6). It seems researchers do not use smaller 
traps (4 cm), except in an experimental context as in Droege 
(2005) and the present study. Although we do not know the 
cause of this variation in the size of pan traps, it might sim-
ply reflect differences in the material available locally to 
researchers for pan traps. For instance, while bee surveys 
in the U.S. often use readily available 7 cm Solo® plastics 
cups, bowls of this volume are not often easy to find in other 
countries. Much larger plastic bowls (15–18 cm) are usu-
ally the only option available to researchers (V.H. Gonzalez, 
pers. obs.).

Conservation implications and future 
directions

Given the increasing popularity of pan trapping for sur-
veying and monitoring bees, establishing an optimal size 
of pan trap that maximizes catches while reducing impact 
on the local arthropod fauna, as well as monetary costs, 
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is highly relevant. In our study, bycatch accounted for 
62.8% of the arthropods collected, and we showed that 
it increases with pan trap diameter in two of the habitats 
sampled. We also demonstrated that pan trap diameter 
does not affect the abundance and richness of the cap-
tured bees and abundance of flies, although the short 
duration and timing of our experiments could have influ-
enced our results. In addition, we only used one pan trap 
color and thus the effect of pan trap diameter for other 
colors remains unknown. Future studies should address 
these limitations as well as differential responses at lower 
taxonomic levels (family or genera) of the insect orders 
analyzed in the present study. The latter aspect is par-
ticularly important for Diptera, as several taxa are key 
pollinators that sometimes entirely replace bees and their 
role in pollination in some environments and ecosystems 
(e.g., Lefebvre et al. 2018).

If future studies support our results, then to mini-
mize bycatch in both bee and non-bee pollinator surveys, 
namely flies, researchers might want to use bowls of 7 cm 
in upper diameter and about 4 cm in depth (3.25 oz.). 
This size of bowl uses less plastic, water, and paint than 
those of 10 cm and 12 cm, making it more sustainable 
and easier to carry and deploy in the field. For example, 
Shapiro et al. (2014) suggest that 30 bowls per transect is 
the minimum number of bowls that maximizes sampling 
efficiency. Thus, a single 30-bowl transect of 7 cm cups 
requires about 2.9 L (or 2.2 L if cups are ¾ filled) per 
collection event. Using larger bowls (10 cm and 12 cm) 
would increase by 1.5 and 3.7 times the amount of water 
required per transect. We do not recommend using bowls 
of 4 cm mainly because these were less stable than other 
traps and the water often evaporated between collection 
periods. However, using a propylene glycol solution can 
prevent evaporation (Thomas 2008), but this is not always 
available and also increases costs. Finally, an important 
aspect to consider is comparability with previous studies. 
Especially in Europe, where the vast majority of research-
ers use standardized pan trapping protocols (Westphal 
et al. 2008), we advocate their use to ensure continuity 
and comparability of results.
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