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prevalence in honeybees and boost colony growth in
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Abstract

1. Despite the major role that insect pollinators play in crop production, agricultural
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intensification drives them into decline. Various conservation measures have been
developed to mitigate the negative effects of agriculture on insect pollinators.
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landscapes that comprised orthogonal gradients of organic agriculture, annual
flower strips and perennial semi-natural habitats. Using structural equation
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modelling, we assessed the effects of conservation measures on the preva-
lence of 11 parasites, Varroa destructor loads and their collective impact on

colony growth.
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. Increasing area coverage of perennial semi-natural habitat related to higher V.

destructor load and indirectly to lower colony growth.

. Increasing area of annual flower strips was associated with lower V. destructor

Number: 405945293 and 493487387 load and indirectly with higher colony growth.

Handling Editor: Tien Ming Lee 5. Increasing area of organic farming related to lower parasite richness and also di-
rectly to improved colony growth.

6. Synthesis and applications: Landscape features can affect pollinators directly
through the provision of food resources and indirectly through modulation of
parasite prevalence. To promote honeybee colony health in agro-ecosystems,
our results suggest that organic agriculture and annual flower strips should be
prioritized conservation measures. Landscape management should consider the
merits and demerits of different measures to sustain healthy populations of pol-

linators in agro-ecosystems.
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1 | INTRODUCTION

Pollinators contribute significantly to agricultural production (Klein
et al.,, 2007; Potts et al., 2016), with the farmed area devoted to
pollinator-dependent crops rising disproportionally faster than pol-
linator supply (Aizen & Harder, 2009). Many wild pollinators face
declines due to agricultural intensification (Dicks et al., 2021); thus,
managed pollinators, especially honeybees (Apis mellifera), are often
the principal means of providing adequate pollination services to
farms (Osterman, Aizen, et al., 2021). However, managed honeybees
also suffer losses due to lack of floral resources, increased parasit-
ism and pesticide (mis-)use (Dicks et al., 2021). Agri-environment
schemes (AES), such as organic farming and annual flower strips, as
well as the conservation of semi-natural habitats (SNH) aim to miti-
gate the impacts of agricultural intensification on insect pollinators
(Batary et al., 2015; European Commission, 2018) and can also be ef-
fective modulators of parasite prevalence in wild pollinators (Manley
etal., 2023).

It is often unclear whether and how such conservation mea-
sures can improve the health and performance of insect pollinators
(Marselle et al., 2021; Tscharntke et al., 2021). Direct benefits of
these measures include improved nutritional resources (Geppert
et al., 2020; Jachuta et al., 2022), which are crucial for the growth
and survival of honeybee colonies (Wintermantel et al., 2019).
Conservation measures can also benefit pollinators through re-
stricted use of pesticides that could otherwise increase mortality,
compromise the immune system and reduce foraging efficiency (Di
Prisco et al., 2013).

Conservation measures can also affect honeybee colonies in-
directly through better resource provisioning; well-nourished bees
are more tolerant not only of pesticides (Barascou et al., 2021) but
also of their parasites (Frizzera et al., 2022; Manley et al., 2017).
High availability of flowers can lower the visitation rate per flower
(Holzschuh et al., 2011) or increase insect richness in the area, dimin-
ishing contact among susceptible individuals and subsequent para-
site transmission (Graystock et al., 2020). On the other hand, flowers
can attract bees, increasing exposure to parasites and leading to
higher parasite prevalence (Cohen et al., 2021; Piot et al., 2019). The
overall long-term impact of conservation measures on pollinators,
especially on honeybees that live in a perennial colony, remains an
open question.

Parasitism is considered a major cause of poor health of man-
aged pollinators, undermining colony growth and increasing mortal-
ity (Dicks et al., 2021; Pluta & Paxton, 2022). A notorious honeybee
pest, the exotic Varroa destructor (V. destructor) mite, is widely re-
garded as one of the main causes of high honeybee colony losses
(Rosenkranz et al., 2010) due to its ability to vector multiple harm-
ful viruses (Mockel et al., 2011), most notably deformed wing virus
(DWYV; Di Prisco et al., 2016; Natsopoulou et al., 2017). Other
known honeybee parasites, such as black queen cell virus (BQCV),
Microsporidia (Nosema ceranae) and Protozoa (Crithidia mellificae),
have also been linked to colony losses (Evans & Schwarz, 2011;
Natsopoulou et al., 2015). However, there is a lack of knowledge of
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how conservation measures can modulate honeybee parasitism and
ensuing colony health.

To fill this knowledge gap, we evaluated the effects of three
conservation measures at the landscape scale on honeybee colony
growth in the agricultural environment. We introduced standardized
honeybee colonies to 16 agricultural landscapes that varied in the
proportion of surrounding (a) organic agriculture, (b) annual flower
strips and (c) perennial SNH. We then monitored the number of V.
destructor and the prevalence of 11 parasites within colonies, which
we relate to colony growth and ensuing overwinter survival, with
the aim of answering three questions: (i) Do organic farming, annual
flower strips and perennial SNH diminish parasite prevalence in hon-
eybee colonies? (ii) Do these three measures improve honeybee col-
ony growth and (iii) do their effects ultimately improve the survival
of honeybee colonies? We hypothesized that conservation mea-
sures directly benefit colony growth through their greater supply of
food resources and reduced use of pesticides, and indirectly through
better nutrition and a dilution of parasites across the abundance of
flowers that they offer.

2 | MATERIALS AND METHODS

2.1 | Studylandscapes and landscape
characterization

We selected 16 landscapes in southern Lower Saxony and northern
Hesse, Germany, representing three independent gradients of the
percentage of organic crop fields, annual flower strips and fields,
and perennial SNH (Figure 1; Table S1; Appendix S1). We focused
on extensively managed and restored SNH, thus excluded forests
and grasslands. We distinguished between perennial flower strips
and annual flower strips because the former are often scarce in
flowers and do not provide as many food resources or attract as
many pollinators as annual flower areas (Krimmer et al., 2019; Piko
et al., 2021). As mass-flowering crops have been reported to in-
crease the prevalence of parasites in pollinators (Cohen et al., 2021)
yet represent an important food resource for them (Bansch,
Tscharntke, Wiinschiers, et al., 2020; Westphal et al., 2009), we cal-
culated the percentage of oilseed rape field area (Brassica napus,
OSR), the most abundant mass-flowering crop, and the percentage
of organic mass-flowering crops (Vicia faba and Trifolium campestre)
in our landscapes.

Land-use maps were created in Quantum GIS (QGIS Development
Team, 2018) at seven radii (from 500m to 2000m in 250m incre-
ments). Field shapes and crop types for Lower Saxony in 2021
were downloaded from the ‘Servicezentrum Landentwicklung und
Agrarforderung’ (LEA-Portal: https://sla.niedersachsen.de/lande
ntwicklung/LEA). We obtained data on the AES from Integrated
Administration and Control System (IACS) and mapped missing SNH
manually (Table S1). We validated the geospatial data in each study
landscape by ground-truthing. We also estimated flower cover for
each conservation measure across all landscapes (Appendix S1).
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FIGURE 1 (a) Map of the 16 experimental landscapes located in the federal states of Lower Saxony and Hesse (Germany). (b) Study
landscape WM630 and its landscape composition within a 2000m radius around the four experimental hives that were located in the centre
of the landscape. This map is licenced under the Open Data Commons Open Database Licence (OBdL) by the OpenStreetMap Foundation
(OSMF) (https://www.openstreetmap.org/copyright; OpenStreetMap contributions).

2.2 | Honeybee colony monitoring

In May 2021, we placed four colonies of honeybees (Apis mellifera car-
nica) in the centre of each landscape (64 hives; Table S1). Colonies were
standardized to four frames (fully occupied by workers), including two
brood frames per colony. Adult workers and brood frames were mixed
and randomly assigned to the hives from 100 source colonies. Colony
growth (absolute number of honeybees; Imdorf et al., 1987) and the
monthly ‘bottom board’ count of V. destructor fall were assessed each
month from May to December 2021. The overwinter survival of colo-
nies was assessed in March 2022 (detailed description in Appendix S1).
We acquired permission to conduct the fieldwork from the landown-

ers. Our study did not require an ethical approval.

2.3 | Parasite sampling and screening

To screen experimental colonies for parasites, bulk samples of
worker honeybees (30 individuals per colony) from the inside of
two randomly chosen colonies per landscape were collected in
July and from the same colonies at the end of August/beginning of
September. Honeybees were collected on dry ice in the field and
transferred to -80°C before further processing.

Detailed molecular methods are provided in Appendix S1. Primer
sequences and PCR/qPCR protocols are given in Tables S2 and S3.
Briefly, we extracted RNA from the samples with RNeasy Mini Kit
(Qiagen, Hilden, Germany) and synthesized cDNA using M-MLV

Reverse Transcriptase (Promega, Mannheim, Germany). We used
cDNA in gPCRs to screen for the presence of seven viral targets
(DWV-A, DWV-B, BQCV, ABPV, SBV, CBPV and SBPV) and residual
DNA from RNA extracts in PCRs to screen for four eukaryotic tar-

gets (Trypanosomes, Neogregarines, N. ceranae and N. bombi).

2.4 | Statistical analysis

241 | Response variables

We used colony assessment data (mite fall, parasite presence and
colony growth) from August 2021 (second sampling for parasites),
as it expressed the peak strength (Appendix S1) of the colonies and
was undertaken during the last assessment of natural mite fall. This
allowed experimental colonies to be maximally exposed to their re-
spective landscapes and for collection of colony data before varroa
control treatment. Colony growth was expressed as the absolute
number of bees. The varroa mite fall per 100 bees per 30days was
calculated as a measure of V. destructor infestation intensity. The
presence of other parasites was denoted as a binary variable that we
used to generate parasite richness (sum of parasite species found in
each colony), as it may reflect the vulnerability of a colony to an infec-
tion and the immunological cost that may affect other colony param-
eters such as colony growth. We did not use the data on flower cover
in our analysis due to missing information from multiple landscapes
(Appendix S1).
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2.4.2 | Multi-scale modelling approach

Honeybee foraging range varies greatly (Bansch, Tscharntke,
Ratnieks, et al., 2020; Winston, 1987), and bees prioritize attrac-
tive over poorly rewarding resources (Cohen et al., 2021; Osterman,
Theodorou, et al., 2021). Since our landscape variables can vary in
attractiveness and quality, so can the scale at which each of them af-
fects colony growth. Choosing an appropriate scale for a landscape
study is thus difficult as foraging distances are rarely explicitly meas-
ured. An arbitrary scale might miss important relationships if the ac-
tual foraging distance differed from the chosen one (Martin, 2018).
To address the issue, we used a multi-scale modelling approach
(Martin & Fahrig, 2012; McGarigal et al., 2016). We selected the
best spatial scale for each landscape-level variable based on its high-
est absolute Pearson correlation coefficient with the response vari-
able, as proposed by Holland et al. (2004). In our case, the response
variable was the absolute number of bees per colony in August. This
method determines the radius at which the relationship between the
response and a given predictor is the strongest, elucidating the ef-
fects of each landscape variable at a scale that can be biologically
most relevant (Bartholomée et al., 2020; Boscolo & Metzger, 2009);
it is robust and can estimate potential relationships more efficiently
than single-scale models (Martin & Fahrig, 2012).

2.4.3 | Statistical models

All statistical analyses were performed in RStudio (v. 2022.07.1)
using R (v. 4.2.2) (R Core Team, 2022). All models were fitted using
the ‘Ime4’ package (Bates et al., 2015). We used linear mixed models
(LMM) and generalized linear mixed models (GLMM) to explain: mite
fall with gamma distribution (varroa model), log-transformed para-
site richness with Gaussian distribution (parasite richness model), the
absolute number of bees with negative binomial distribution (colony
growth model) and overwinter survival with binomial distribution
(survival model; Table S4). All models included landscape variables
as predictors. Additionally, the parasite richness model included mite
fall as a predictor. The colony growth and survival models included
both mite fall and parasite richness as predictors. We examined the
potential outlier in the colony growth model (Appendix S1, Table S5).

To avoid overfitting, we used the Akaike information crite-
rion corrected for small sample size (AlICc; ‘MuMin’ package,
Barton, 2020) and chose only the landscape predictors in the models
with the lowest AlCc scores (Table S4). Parasite richness and varroa
fall were always included as predictors in respective models to ac-
count for their potential confounding effect.

We performed an additional analysis to see if the effect of or-
ganic farming is driven by mass-flowering crops (Appendix S1;
Table S6). We also investigated the relationship between the land-
scape variables and the presence of each parasite species in a series
of GLMMs (Appendix S1).

Each model included ‘landscape_ID’ as a random factor. The pre-
dictor variables were standardized to a mean of O and a standard
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deviation of 1. We checked residuals, dispersion, variance inflation
factors and Moran's | of each model using the ‘DHARMa’ package
(Hartig, 2020). The significance of parameters was assessed using
Type Il Wald tests (package ‘car’, Fox et al., 2022). We calculated
estimated marginal means using ‘emmeans’ (Lenth, 2022).

244 | Structural equation modelling

To evaluate possible direct and indirect relationships between con-
servation measures, mites, parasites and colony growth, we used
piecewise structural equation modelling (SEM, package ‘piece-
wiseSEM’, Lefcheck, 2016). We used the best models that describe
varroa mite fall, parasite richness and colony growth to construct the
SEM. Hypothesized and non-hypothesized paths were assessed with
the d-separation test while the fit of the SEM was evaluated using
Fisher's C statistic. We omitted the colony survival model in our SEM
because the results carried very little information and strained the
capacity of the SEM with additional pathways. Estimates were scale
standardized to produce total effects (TE), expressed as a product of
the indirect effects summed with the direct effects (Lefcheck, 2016)
on a standard deviation scale.

3 | RESULTS

3.1 | Scale-dependency of conservation measures
effects

The spatial scales at which honeybee colony growth was best as-
sociated with conservation measures were as follows: 500m for
OSR and annual flower strips, 750m for SNH and 2000 m for organic
farming (Table S7). Although different scales resulted in slightly dif-
ferent p-values favouring the scales chosen by multi-scale approach,
there were no qualitative changes in the results across scales
(Appendix S2), suggesting that our landscape variables affected col-

ony growth across different spatial scales in similar ways.

3.2 | Effect of conservation measures on V.
destructor infestation intensity and parasite
prevalence in honeybees

The mean monthly varroa fall per 100 bees ranged from O to 1
(0+£0.01 in July, 0.23+0.20 in August; mean+SD). On average, a
colony was infected with 1.7+1.16 and 2.4 +0.93 viral or eukary-
otic parasites in July and August, respectively. Overall, parasite
prevalence was higher in August (July—84.4% and August—100%
of colonies infected with at least one parasite). DWV-B, BQCV and
trypanosomes increased in prevalence from July to August from
21% to 65%, from 71% to 81% and from 56% to 78%, respectively.
Meanwhile, DWV-A and ABPV maintained the same prevalence in
both months (3%). SBV and neogregarines decreased between the
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2months (from 15% to 6%, and from 6% to 3%, respectively). CBPV,
SBPV, N. ceranae and N. bombi were not detected in any of the colo-
nies (Figure 2). For all further statistical analyses, we used August
data because the mite fall was higher and colonies were exposed
longer to a landscape.

The intensity of V. destructor infestation (varroa model) was ex-
plained by a negative relationship with the percentage of annual
flower area (;(2:9.89, p<0.01; Table 1, Figure 3) and a positive re-
lationship with the percentage of perennial SNH (;(2=4.87, p=0.03;
Table 1, Figure 3). In the parasite richness model, parasite richness
was positively related to mite fall (;(2=16.21, p<0.01; Table 1,
Figure 4), and negatively related to the percentage of organic crops
(;(2:4.79, p=0.03; Table 1, Figure 4). Estimated marginal means

from the models are presented in Table S8. Our models explaining

individual parasite presence/absence did not show any significant
relationships (Table S9).

3.3 | Effects of conservation measures and
parasites on colony growth

The mean absolute number of bees was 7847.22+2115.46 in July
and 8276.61+3189.86 in August. In the colony growth model,
the absolute number of bees decreased with increasing parasite
richness (y*=6.22, p=0.01; Figure 5) but increased with the per-
centage of organic crops (y?=4.03, p=0.04; Table 1, Figure 5).
Mite fall was not related to the number of bees (;(2:0.01, p=0.97;
Table 1).
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FIGURE 2 Parasite prevalence in honeybee colonies in July (first column for each parasite; faded colours) and August (second column).
Presented are only parasites that were detected in at least one colony in one of the sampling rounds.

TABLE 1 Best models explaining parasite richness in honeybee colonies, their Varroa destructor mite fall, absolute number of bees and
colony survival. Bold terms indicate significant relationships. Upward pointing arrows indicate positive relationships and downward pointing

arrows indicate negative relationships.

Response variables Explanatory variables Estimate
Mite fall Perennial SNH [%] 0.43 1t
Annual flower strips [%] -0.57 ]
Log-parasite richness Mite fall 0.23 ¢t
Organic farming [%] -0.13 |
Absolute number of bees Log-Parasite richness -0.52 ]
Organic farming [%] 0.19 1
Mite fall <0.01
Absolute number of bees Trypanosome presence -0.31 )
Organic farming [%] 0.26 ¢
Mite fall -0.10
Colony survival Absolute number of bees 1.42
Log-Parasite richness 3.80
Mite fall -1.09

;{2 p Marginal R? Conditional R?
4.87 0.03 0.50 0.52
9.89 <0.01

16.21 <0.01 0.40 0.46
4.79 0.03

6.62 0.01 0.41 0.41
4.03 0.04

0.01 0.97

4.22 0.04 0.37 0.37
8.84 <0.01

2.28 0.13

2.72 0.10 0.20 0.20
1.10 0.30

1.32 0.25
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The best model examining the relationship between individual
parasites and colony growth included a negative relationship with
the prevalence of trypanosomes ()(2:4.42, p=0.04; Table 1), a pos-
itive relationship with the percentage of organic crops (;(2:8.84,
p<0.01; Table 1) and an insignificant relationship with the mite fall
(;(2=2‘28, p=0.13; Table 1). Estimated marginal means from the
models are presented in Table S8.

3.4 | Effects of conservation measures,
parasites and colony growth on colony survival

Throughout the study period, six of 60 colonies died before winter
(90% survival), and another six colonies died during winter (80% an-
nual survival). The best model explaining colony survival included in-
significant relationships with the absolute number of bees (;(2: 2.72,
p=0.10), parasite richness (y?=1.10, p=0.30) and mite fall (;>=1.32,
p=0.25; Table 1).
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3.5 | Structural equation model

Our SEM included three best models explaining mite fall, para-
site richness and colony growth with seven direct paths (Figure 6;
Table S10). Non-hypothesized paths were non-significant (Fisher's
C statistic=7.84, p=0.65, df=10). Through model selection, the
percentage of OSR was omitted in every model and thus was not
included in the SEM.

In landscapes with higher perennial SNH cover, the mite fall
increased ($=0.27, p=0.03). In contrast, with increasing cover-
age of annual flowers, varroa loads decreased (f=-0.35, p <0.01).
Higher mite fall was associated with higher parasite richness
(#=0.58, p<0.01), which in turn was associated with lower num-
bers of bees (f=-0.50, p=0.01). There was no direct relationship
between mite fall and colony growth (4=0.01, p=0.97). Both pe-
rennial SNH and annual flower strips were associated with colony
growth indirectly, through varroa and parasites, though in qual-
itatively different ways (SNH: negatively; annual flower strips:
positively). V. destructor infestation was also indirectly associated

with reduced colony growth through increasing parasite richness.
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An increase in organic crop cover was associated with a direct
decrease in parasite richness (=-0.33, p=0.05) and a direct in-
crease in colony growth (#=0.32, p=0.04), potentially benefit-
ing colony growth indirectly and directly. Parasite richness had
the greatest total effect on colony growth (TE=-0.50), followed
by organic farming (TE=0.49) and intensity of varroa infestation
(TE=-0.29). The total effect of annual flower strips and peren-
nial SNH with colony growth were minor (TE=0.10 and -0.08,
respectively; Table S11).

4 | DISCUSSION

Here, we compared the relation of three conservation measures to
the growth, parasitism and survival of experimental honeybee col-
onies in agricultural landscapes. With an increasing proportion of
organic farming, parasite richness decreased and colony growth in-
creased. An increase in annual flower strips and perennial SNH was
associated with a respective decrease and an increase in mite fall.
Higher mite fall was linked to higher parasite richness, and thereby
lower colony growth. Ultimately, organic farming and annual flower
strips seemed to benefit colony growth while perennial SNH de-
tracted from colony growth.

The growth of a honeybee colony is largely dependent on food
resources provided by its surroundings. Annual flower strips offer
abundant floral resources that secure a colony's nutritional needs
throughout the season (Klatt et al., 2020). Our results suggest that
the annual flower area might support honeybees indirectly as it
was related to lower V. destructor loads. Organic farming has pre-
viously been reported to benefit colony growth (Wintermantel
et al., 2019). Besides this pronounced relation, we found that or-
ganic farming also related to lower parasite diversity in a colony.
Organic farming not only provides food resources in the form
of flowering crops but also weeds growing within and along the
edges of fields (Geppert et al., 2020). By meeting their nutritional
needs in organically managed farmland, a honeybee colony may be
less vulnerable to the detrimental effects of parasite infestation
or infection (Frizzera et al., 2022). Moreover, both annual flower
strips and organic agriculture can contribute to the dilution of par-
asites, annual flower strips through the sheer abundance of flowers
(Graystock et al., 2020; Manley et al., 2023) and organic farming
through weeds scattered in small patches within crops (Crochard
et al., 2022), which allows bees to disperse over larger areas. We
also found that the relationship of colony growth and parasitism to
organic farming is not driven by mass-flowering crops, but rather
by a complementary effect of mass-flowering and non-mass-
flowering organic agriculture.

In surprising contrast, we found that perennial SNH in the land-
scape was associated with higher varroa loads and, indirectly, lower
colony growth. In our study, flower cover in perennial SNH was simi-
lar to that in organic fields, though much lower than in annual flower

strips. Perennial SNH are often less attractive to pollinators than

annual flower strips (Piko et al., 2021), and some flowering SNH,
such as grassy strips, are cut multiple times throughout the season.
This abrupt disruption in food provision and possible concentration
of bees on small flowering areas may increase parasite transmission.
In previous studies, abundant SNH has been associated with an in-
crease (Fearon et al., 2022) but also a decrease (Cohen et al., 2021)
in parasite prevalence among diverse bee species, and an increase in
pollinator species diversity, which highlights the importance of SNH
to non-Apis pollinators (Krimmer et al., 2019; Piko et al., 2021). The
discrepancies between habitat types considered as ‘SNH’ or ‘natu-
ral/green area’ in the literature make it difficult to elucidate the ef-
fects of these habitats on pollinators.

Parasitism is an important, although often unexplored, link
between the landscape and honeybee colony growth. We report
that the richness of parasites may be detrimental to colony fit-
ness, but possibly mitigated by conservation measures. Our SEM
showed a clear link between the landscape, varroa mites, parasite
richness and colony growth, with no direct connection between
the intensity of varroa infestation and colony growth. The level
of infestation with varroa mites in our colonies was generally low
and might have been too low to directly affect colony growth. On
the other hand, it suggests that the indirect effect of varroa on
colonies through parasite diversity is more pronounced than the
direct effect of its feeding on honeybees. Varroa not only vectors
viruses but also compromises the immune system of honeybees,
which in turn makes hosts more vulnerable to other infections such
as DWV (Nazzi et al., 2012). Although we did not find any relation-
ship between viral agents and colony growth, we found a negative
relationship of trypanosome (Crithidia spp., Lotmaria spp.) presence
with honeybee colony growth. In support, recent studies (Gémez-
Moracho et al., 2020; Liu et al., 2020) reported malnutrition and a
shorter lifespan of honeybees infected with C. mellificae and L. pas-
sim. It is important to note that parasite prevalence is not an ideal
estimate of parasitic burden and may not relate to lower fitness. It
may fluctuate across or between years and can be biased by the
initial parasite community of a colony. We could not make certain
that our colonies were varroa- and other parasite-free at the be-
ginning of the study, although we homogenized the workers and
brood frames drawn from a large pool of source colonies to ensure
an even distribution of parasites.

Although all three conservation measures and parasites were
related to colony growth, there was ultimately no relationship with
overwinter mortality of colonies. Potential effects on colony survival
in our study might have been nullified by supplying colonies with
food according to their individual needs and by treatment against
varroa. These common beekeeping practices were conducted after
parasite sampling and colony assessment at the end of the beekeep-
ing season.

In our comparison of the total effects of the conservation mea-
sures, organic farming had potentially the greatest impact on hon-
eybee colony growth, while the effects of annual flower strips and

perennial SNH were markedly lower. Conservation measures are
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aimed at supporting a diversity of pollinators. While efficiency in
the provision of that support for honeybees is highly desirable and
policies should strive to maximize their benefits, other bee species
and other flower visitors also need to be taken into consideration.
Although we inferred SNH to have a negative impact on honeybee
colonies, it plays an important role in supporting wild bee species
(Eeraerts, 2023; Geppert et al., 2020; Krimmer et al., 2019) and
provides long-term stability in the provision of floral resources
(Ammann et al., 2024) and the ecosystem service of pollination to

crops and wild plant species alike.

5 | CONCLUSIONS

Our results contribute to the ongoing debate on whether the im-
plementation of conservation measures benefits the health and
fitness of a major commercial pollinator, A. mellifera, by showing
that it depends on the type of conservation measure. Furthermore,
they highlight how a comprehensive landscape-scale assessment of
environmental variables can elucidate crucial links with honeybee
colony health. We provide evidence that organic farm management
and annual flower strips limit parasite presence and improve hon-
eybee colony growth, although the efficiency of organic farming is
superior. Our study supports the initiative of the European Green
Deal to achieve 25% organic farming coverage in agricultural land
by 2030 (Pe'er et al., 2022). The slight negative effect of peren-
nial SNH on honeybee health calls for a closer inspection of these
habitats as, even though they did not prove to be beneficial to hon-
eybee colonies in our study, there is still considerable evidence of
their benefits to other pollinators (Eeraerts, 2023; Martinez-NuUfez
et al., 2022). Provision of additional flowering resources and pro-
motion of organic agriculture might be important in creating suit-
able landscapes for a broader range of bee species and other insect

pollinators.
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