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ABSTRACT
Accurate pollen collection is essential for understanding bumble bee foraging dynamics, assessing environmental risks and mon-
itoring colony health. Effective monitoring systems provide critical insights into pesticide exposure, floral resource availability 
and pollinator health. This study compares the efficiency of two pollen trap designs, the newly developed JKI trap and the USDA 
3D-printed trap, in collecting pollen from Bombus terrestris colonies. Field tests using traps with two entrance diameters (6.5 and 
7.2 mm) showed that the JKI trap collected significantly more pollen than the USDA trap, with the statistical model predicting 
approximately 24 times higher yields (p < 0.001); no significant effect of entrance diameter on pollen yield was observed. The JKI 
trap's effective performance, coupled with its design flexibility and potential for adaptation across different Bombus species and 
pollinators, makes it a valuable tool for long-term ecological monitoring, floral resource assessments, and pesticide risk studies.

1   |   Introduction

Bumble bees (Bombus spp.) are vital pollinators in both natu-
ral ecosystems and agricultural landscapes, playing a critical 
role in biodiversity conservation and crop production (Goulson 
et al. 2015). However, pollinators face numerous challenges, in-
cluding habitat fragmentation, pesticide exposure and climate 
change (Potts et al. 2010; Blacquière et al. 2012). Assessing pol-
len foraging patterns and resource availability is essential for 
understanding colony health and mitigating risks to pollinator 
populations (Vaudo et al. 2020). In addition to yield, the botan-
ical diversity of collected pollen provides critical insights into 
plant–pollinator interactions, habitat quality and nutritional re-
sources (Dimou et al. 2006; Gehrig 2019).

Traditional pollen collection methods, such as direct sam-
pling from returning foragers, are often invasive and time-
consuming, introducing bias and potential colony disturbance 

(Judd et al. 2020). Automated pollen traps offer an effective al-
ternative, enabling passive and standardised pollen collection 
(Dimou et al. 2006). However, behavioural differences between 
bee species may strongly influence trap performance. While 
honey bee (Apis mellifera) foragers typically return to the hive 
headfirst with compact corbicular loads that can be easily dis-
lodged, Bombus workers often exhibit more variable entry be-
haviours, including lateral or backward approaches, particularly 
in confined entrances (Judd et al. 2020). Furthermore, bumble 
bees carry looser pollen pellets and show high interindividual 
variability in floral choices and pollen composition (Leonhardt 
and Blüthgen  2012), which may impact both collection effi-
ciency and pollen diversity in samples.

While several pollen trap designs have been developed for both 
honey bees and bumble bees, their efficiency often varies across 
pollinator taxa due to such morphological and behavioural dif-
ferences (Dimou et  al.  2006; Judd et  al.  2020; Kiljanek  2024). 
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The USDA 3D-printed pollen trap, for instance, has been ap-
plied in a few monitoring studies but may be suboptimal for 
larger Bombus species or solitary bees, highlighting the need for 
species-specific trap optimisation (Judd et al. 2020). The mod-
ular JKI design with a removable funnel insert was therefore 
tailored specifically to accommodate Bombus terrestris foraging 
behaviour and morphology.

To address these species-specific challenges, the development 
of non-lethal, flexible pollen trap designs aligns with recent 
advancements aimed at reducing stress on pollinators during 
field studies (Kiljanek 2024). Studies have demonstrated that 
3D-printed traps can reliably dislodge corbicular pollen while 
minimising worker disturbance, but variations in pollen yield 
often reflect differences in design efficiency and species-
specific requirements (Dimou et  al.  2006; Kiljanek  2024). 
Beyond yield, analysing the botanical composition of collected 
pollen is crucial for ecological studies, as it helps assess floral 
resource diversity, monitor shifts in foraging preferences and 
detect possible exposure to environmental stressors (Vaudo 
et al. 2020; Gehrig 2019).

The present study evaluates the efficiency of the newly designed 
JKI pollen trap against the USDA trap in semi-controlled field 
settings. By addressing differences in design efficiency, this 
work not only aims to enhance pollen yield but also contributes 
to optimising pollen traps for use across various Bombus species 
and potentially other pollinators. Additionally, the findings in-
form future applications in floral diversity assessments, pesti-
cide exposure studies and broader ecological monitoring efforts 
(Gehrig 2019).

2   |   Material and Methods

2.1   |   Trap Design

The JKI pollen trap is a modular, 3D-printed device developed for 
passive and non-lethal collection of corbicular pollen from B. ter-
restris workers. It is specifically designed to interface seamlessly 

with commercial hives from Biobest (Biobest Deutschland 
GmbH, Kissing, Germany) and can be custom-adapted to fit 
other hive systems through minor modifications of the mount-
ing interface (Figure S1–S5).

At its core, the trap features a replaceable funnel-shaped pass-
through insert that regulates ingress and egress through the 
hive entrance (Figure 1A). As bees walk through this fixed in-
ternal structure, the geometry and constriction points gently 
dislodge corbicular pollen loads from their hind legs without 
injuring the bees. Unlike the USDA 3D-printed trap described 
by Judd et al. (2020), which employs a vertical filter panel with 
three circular entrance holes and external dislodging ridges 
that bees must squeeze past when entering the colony, the JKI 
trap guides the forager through a pre-formed tunnel system 
with smoother contact points designed to remove pollen via 
natural walking movement rather than compression. This ap-
proach minimises resistance and allows natural bidirectional 
traffic.

Following prototype testing, a single funnel variant was selected 
for its reliable performance across variable worker sizes. The 
trap is attached to the hive using two PLA (polylactic acid) or 
aluminium hooks (Figure 1B), offering secure but easily remov-
able installation without disturbing the colony. Dislodged pollen 
falls into a covered tray positioned beneath the entrance insert. 
This collection tray is magnetically held in place, though elastic 
bands may also be used in field settings.

All components were printed using polylactic acid (PLA; BASF 
Ultrafuse PLA), a biodegradable polymer commonly used for 3D 
printing. Although PLA has limited resistance to UV radiation 
and high humidity, previous tests conducted with this material 
in outdoor conditions over the course of 1 year did not reveal 
signs of mechanical degradation. In our study, the traps were 
deployed in protected areas (e.g., shaded nest entrances under 
rain covers), further reducing environmental exposure. For ex-
tended use under harsh outdoor conditions, more durable ma-
terials such as polyethylene (PE) may be considered. Detailed 
images of the trap are provided as Figure S1–S5.

FIGURE 1    |    (A) CAD rendering of the funnel-shaped pass-through insert used for pollen removal. (B) Exploded view of the trap components, in-
cluding the entrance module, collection tray, lid and attachment hooks. [Colour figure can be viewed at wileyonlinelibrary.com]
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2.2   |   Experimental Design

Preliminary trap design tests and method optimisations were 
conducted from May to August 2024. The formal field trials 
were conducted over approximately 8 weeks, from 3 September 
to 25 October 2024, within the city of Braunschweig (Germany), 
adjacent to the Julius Kühn-Institut's experimental field area 
(~8.5 ha), which provided diverse floral resources including test 
crops, wildflowers and hedgerows. Additional forage was avail-
able from a nearby graveyard and residential backyards, offer-
ing a heterogeneous urban foraging environment for bumble 
bees. Five colonies of B. terrestris were housed in commercially 
available Biobest plastic hives enclosed in cardboard hulls. For 
weather protection, each unit was placed inside a standardised 
wooden hive typically used for honey bees (Hohenheimer 
Einfachbeute). The colonies were arranged equidistantly to min-
imise location bias. B. terrestris was selected due to its ecological 
relevance, widespread agricultural use as a generalist forager in 
Europe, and its established role as a model organism in pollinator 
research. Future trials are planned to assess the JKI trap's per-
formance across other Bombus species and solitary pollinators.

Each hive was fitted with either a JKI or USDA pollen trap at 
the entrance, and traps were rotated weekly to mitigate colony-
specific effects and minimise potential biases arising from indi-
vidual colony foraging behaviour. Two entrance diameters—6.5 
and 7.2 mm—were tested to evaluate their influence on pollen 
yield. Each week, both trap types and entrance diameters were 
systematically rotated across the five colonies, ensuring that each 
combination (trap type × entrance diameter) was equally repre-
sented throughout the study period (exact combinations per col-
ony and week are documented in the raw dataset: DOI 10.17605/
OSF.IO/JXBHK).

The JKI trap design featured modular, interchangeable funnel-
shaped pass-through inserts. Several geometries were proto-
typed, and the final configuration—a compact insert with an 
outer diameter of 18.3 mm, entrance diameters of 6.5 or 7.2 mm 
and internal dislodging arms of 7.5 mm height—was selected 
for its consistent performance across the natural size range of 
Bombus workers (see Figure 1A).

Behavioural observations were conducted at each hive entrance 
between 10:00 and 14:00 CEST, a time window that includes the 
typical peak of B. terrestris pollen foraging activity under favour-
able weather conditions (Leonhardt and Blüthgen  2012). Each 
colony was observed for 10 min per session, and only under suit-
able foraging conditions (i.e., no rain, dry weather and ambient 
temperatures ≥ 15°C). Disturbance indicators, such as hesitations 
at the entrance or changes in foraging rates, were recorded but 
found to be minimal across all tested colonies. Additionally, col-
ony development was monitored by recording weekly weight gain 
for each hive. These data were included in the statistical model as 
a fixed effect (colony_weight_g) and are available in the pub-
licly shared raw dataset (see DOI: 10.17605/OSF.IO/JXBHK).

2.3   |   Pollen Collection

Pollen samples were collected daily from each colony over the 8-
week trial period. After each collection, fresh pollen weight was 

determined immediately. These daily yield values were used 
directly for statistical analyses without pooling across days. To 
prevent moisture loss, pollen samples were handled quickly and 
stored at −20°C. The archived samples are available for potential 
future palynological or residue analyses, which were not part of 
the present study.

2.4   |   Statistical Analysis

Pollen yield data (g per daily sampling interval) were analysed 
using a Tweedie Generalised Linear Mixed Model (GLMM) with 
a log link to account for the right-skewed distribution and po-
tential zero-inflation of pollen weights. The full model formula 
was as follows:

pollen _ weight _ g~trap _ type* trap _ diameter 
+colony _ weight _ g+sampling _ no+(1|week)

Fixed effects included trap type, entrance diameter, interpolated 
colony weight and sampling number, while sampling week was 
modelled as a random intercept to capture temporal variability. 
Each observation represented pollen yield collected over a 1-day 
sampling interval.

Model diagnostics included simulation-based residual plots 
and checks for overdispersion to confirm model adequacy. The 
explanatory power of the model was assessed using marginal 
(fixed effects only) and conditional (fixed and random effects) 
R2 values.

All analyses were conducted using R v4.4.0 (R Core 
Team 2024), with significance thresholds set at α = 0.05. Post 
hoc comparisons evaluated pairwise differences in pollen yield 
across trap types and entrance diameters. Additional method-
ological details, including model comparisons, interpolation 
procedures and diagnostics, are available in Supplementary 
Method S1.

Environmental variables such as temperature and humidity 
were not included as covariates in the statistical analysis. This 
decision was based on the study design, which systematically 
rotated trap types across colonies and timepoints, ensuring 
that each trap was exposed to a representative and balanced 
range of field conditions. Our focus was on comparing rela-
tive trap performance under realistic, variable field conditions 
rather than attributing yield variability to specific weather 
parameters.

3   |   Results

3.1   |   Pollen Collection Efficiency

The JKI trap demonstrated significantly higher pollen collec-
tion efficiency than the USDA trap. Across all colonies and 
sampling weeks, the JKI trap yielded on average 15 times more 
pollen than the USDA trap (mean weekly yield: 1.18 vs. 0.08 g, 
respectively, Figure  2). This empirical trend was supported 
by statistical modelling: a Tweedie Generalised Linear Mixed 
Model predicted that the JKI trap collected approximately 24 
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times more pollen than the USDA design (p < 0.001). These 
consistent results highlight the robustness of the JKI trap 
under variable field conditions and its potential to improve the 
precision of pollen-based ecological monitoring and pollinator 
health assessments.

3.2   |   Effect of Entrance Diameter

No statistically significant differences in pollen yield were ob-
served between the 6.5 and 7.2 mm entrance diameters (p = 0.54, 
Figure  3). This finding suggests that entrance size does not 
substantially affect pollen collection, providing design flexibil-
ity and adaptability based on practical considerations, such as 
worker size variation within colonies or across different Bombus 
species. The absence of an entrance diameter effect also implies 
that optimising trap design beyond entrance size may be more 
critical for maximising efficiency.

3.3   |   Statistical Model Summary

The Generalised Linear Mixed Model (GLMM) identified trap 
type as the most significant predictor of pollen collection effi-
ciency, with marginal R2 = 0.724 and conditional R2 = 0.765, in-
dicating that a large proportion of the variance in pollen yield 
can be explained by trap design. Entrance diameter and envi-
ronmental variables, including temperature and humidity, had 
minimal influence on overall pollen yield, suggesting that the 
primary differences in collection efficiency stem from trap de-
sign rather than external factors.

4   |   Discussion

The significantly higher performance of the JKI pollen trap—pre-
dicted to yield over 24 times more pollen than the USDA design—
underscores the importance of species-specific, behaviourally 
aligned trap architecture. The USDA trap (Judd et al. 2020) uses 
a vertical filter panel with fixed-diameter entry holes and exter-
nally mounted ridges that forcibly scrape off pollen as bees enter 
through the passage. In contrast, the JKI design features a funnel-
shaped insert that facilitates gentle pollen removal through a 
guided walking motion. This likely improves both pollen yield 
and forager acceptance. By accommodating worker size varia-
tion, the trap offers a standardised yet adaptable tool, consistent 
with earlier findings on the need for flexible monitoring designs 
in heterogeneous bee populations (Dimou et al. 2006). However, 
potential limitations such as forager disturbance, incomplete pol-
len removal or behavioural changes should be assessed. Future 
refinements may focus on optimising funnel geometry or mate-
rial choice to further improve performance.

Previous applications of the USDA trap provide important con-
text for interpreting our findings. While our results demon-
strated that the JKI trap substantially outperformed the USDA 
design, it should be noted that the USDA pollen trap was orig-
inally developed for B. huntii (Judd et  al.  2020), a species dif-
fering considerably in size and morphology from B. terrestris. 
Despite these differences, Kiljanek (2024) successfully applied a 
modified USDA trap with a 6.25 mm entrance diameter to B. ter-
restris colonies, achieving daily pollen yields ranging from 0.036 
to 5.83 g under high floral resource conditions. These yields 
are comparable to those observed in our study for the USDA 
trap, confirming its basic applicability to B. terrestris under 
favourable circumstances. However, both studies highlight 

FIGURE 2    |    Pollen collection efficiency of JKI and USDA pollen 
traps across all sampling events (log10 scale). Each point represents a 
single pollen collection event; boxplots show the distribution of fresh 
pollen weight per trap type. Red dots indicate the arithmetic mean per 
group. The JKI trap consistently yielded significantly more pollen than 
the USDA trap (p < 0.001, Tweedie GLMM). The y-axis is displayed on 
a logarithmic scale to accommodate the strong right skew in pollen 
yield. An asterisk indicates statistical significance between trap types. 
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    Pollen collection by trap entrance diameter (6.5 vs. 
7.2 mm) shown on a logarithmic scale. Each point represents a single pol-
len collection event; boxplots summarise the distribution of fresh pollen 
weight per entrance diameter. Red dots indicate the arithmetic mean per 
group. No significant difference was observed between the two diameters 
(p = 0.54, Tweedie GLMM). The y-axis is log10-transformed to account 
for data skewness. ‘n.s.’ indicates the absence of a statistically significant 
effect. [Colour figure can be viewed at wileyonlinelibrary.com]
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substantial variability and generally modest pollen yields with 
the USDA trap. In contrast, the newly developed JKI trap con-
sistently achieved significantly higher pollen yields across a 
heterogeneous urban landscape, emphasising the importance of 
species-specific trap design optimisation for reliable ecological 
monitoring.

The substantial difference in average pollen yield between the 
JKI and USDA traps cannot be attributed to entrance diameter 
alone, as this parameter showed no significant effect in our tri-
als. Instead, we propose that the internal architecture of the trap 
insert is the key determinant. The USDA trap (Judd et al. 2020) 
employs a fixed plastic barrier with four dislodging ridges po-
sitioned along the passage through which foragers must enter 
the hive. In contrast, the JKI trap features a funnel-shaped 
pass-through insert equipped with elongated, slightly curved 
dislodging arms (see Figure 1A). These arms extend beyond the 
inner rim of the funnel, guiding pollen-laden hind legs through 
a narrowing channel. As the corbicular pollen becomes fixated 
along the arm surface, the only available movement is for the 
bee to pull its leg through the constriction, thereby dislodging 
the pollen (see Figure S3). This mechanical dislodging mecha-
nism appears to function more effectively across a broader range 
of worker sizes and may explain the consistently higher yields 
achieved with the JKI design.

Despite natural fluctuations in weather conditions during the 
study period, we did not include temperature, humidity or pre-
cipitation as covariates in the analysis. Since trap types and 
entrance diameters were systematically rotated across colonies 
and timepoints, each design experienced a balanced range of 
field conditions. Therefore, the substantial difference in pollen 
yield is unlikely to be attributable to environmental variables 
but rather reflects inherent trap performance under realistic for-
aging conditions.

Recent studies indicate that efficient pollen traps not only im-
prove pollen yield but also enhance the accuracy of floral re-
source mapping, which is essential for understanding habitat 
quality (Gehrig  2019). Pollen analysis provides insights into 
plant-pollinator interactions and identifies key forage plants, 
particularly in degraded landscapes where floral resource 
scarcity affects pollinator health (Kiljanek  2024). Integrating 
pollen composition analysis with yield measurements would 
further increase the ecological value of the JKI trap, offering 
a more comprehensive view of pollinator diets and floral re-
source availability. Molecular or microscopic identification 
methods could be applied to future samples to track changes in 
foraging preferences over time or in response to environmental 
stressors.

Moreover, the adaptability of the JKI trap offers significant ad-
vantages in pesticide exposure studies, which rely on accurate 
pollen sampling to assess pollinator risk (Kiljanek  2024). The 
increased pollen yield enhances the reliability of detecting pes-
ticide residues and evaluating sublethal effects on colony devel-
opment (Hester et al. 2023; Strange et al. 2023). Future studies 
should combine pollen yield and residue analyses to assess not 
only how much pollen is collected but also its contamination 
levels. This approach could identify critical periods of pesticide 
exposure and inform better risk management strategies.

The lack of a significant effect from entrance diameter con-
trasts with findings in honey bee studies, where entrance size 
often influences pollen capture (Dimou et al. 2006). This dif-
ference may be attributed to morphological and behavioural 
differences between bumble bees and honey bees, such as 
foraging patterns or corbicular pollen attachment. Testing the 
JKI trap across other Bombus species and solitary bees is nec-
essary to determine whether this effect generalises to diverse 
species or is specific to B. terrestris. Comparative trials with 
species like B. pascuorum, B. lapidarius or solitary bees would 
help determine the JKI trap's broader suitability and guide 
species-specific adaptations if needed.

Future studies should expand the scope of the JKI trap's application 
by validating its performance across different Bombus species and 
in diverse environmental settings, such as agricultural landscapes, 
urban environments and natural reserves. Additionally, integrat-
ing pesticide residue quantification and pollen composition anal-
ysis will allow for comprehensive monitoring of pollinator health 
and habitat quality. Cross-species validation and long-term moni-
toring will help establish the JKI trap as a key tool in both applied 
ecological research and pollinator risk assessments.

In summary, the JKI pollen trap demonstrated higher pollen col-
lection efficiency compared to the USDA trap, making it a valuable 
tool for monitoring B. terrestris foraging dynamics and nutritional 
ecology. Its lack of sensitivity to entrance diameter enhances its 
design flexibility, while its adaptability across various conditions 
suggests broad applicability. By addressing potential limitations, 
validating its performance across additional species and integrat-
ing pollen diversity and pesticide residue analyses, future research 
can unlock its full potential in ecological monitoring and risk 
assessment. By addressing challenges observed in earlier USDA-
based designs, the JKI trap offers a robust and scalable solution 
with strong potential for standardised pollen collection across dif-
ferent bumble bee species and environments.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table S1. Visual summary of model 
coefficients. Figures S1–S5. JKI pollen trap in the field. Figure S1. JKI 
pollen trap mounted on a Biobest bumble bee hive, featuring a trans-
parent lid for visual inspection. Figure S2. Close-up view of the three 
inserts beneath the transparent lid, showing bidirectional bumble bee 
traffic. Figure S3. As bumble bees pass through the inserts, corbicular 
pollen is stripped from their hind legs. Figure S4. Corbicular pollen 
collected approximately 2 h after trap deployment during favourable for-
aging conditions in May 2024. Figure S5. Corbicular pollen collected 
approximately 24 h after trap deployment during favourable foraging 
conditions in May 2024. 
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