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ABSTRACT

Recent policy shifts sparked by environmental and health concerns, insecticide resistance development, and
limited new registrations have caused a dwindling availability of chemical insecticides. Sugar beet, a major cash
crop in temperate agricultural systems, relied on now banned neonicotinoid insecticide seed coatings for pest
control, creating a need for sustainable alternatives. Using a monitoring dataset from 134 sugar beet fields in
Denmark and Sweden collected over five years, we assessed landscape-scale drivers of the occurrence and
damage of five dominant sugar beet pests in the region: black bean aphid, flea beetles, beet leafminers, pygmy
mangold beetle and thrips. We found that insect pests generally cause limited damage to sugar beet in our study
area, with damage thresholds for any of the five pests being exceeded in 20 % of the fields. Damage by thrips was
more common in Denmark and damage by flea beetles and beet leafminer eggs were more common in Sweden.
Pest occurrence or damage could only partly be explained by landscape-scale factors. Cropland cover was
positively related to black bean aphid and thrips damage presence but negatively related to flea beetle and
pygmy mangold beetle damage. Edge density was negatively related to black bean aphid occurrence but posi-
tively related to flea beetle damage. An inter-annual increase in host crop cover was positively related to flea
beetle damage and crop diversity to beet leafminer infestation. We conclude that further research on the cause
and countermeasures for insect pest outbreaks is needed to develop economically and environmentally sus-
tainable insect pest regulation in sugar beet.

1. Introduction

Middle East, East Asia and North America (FAO, 2024b). In 2021, 269.2
Mt of sugar beet were harvested globally which contributed approxi-

Pests, pathogens and weeds cause considerable yield losses in agri-
culture (Oerke, 2006; Savary et al., 2019). Efficient pest control is
essential to secure crop yields and has for decades relied heavily on the
use of pesticides (Deguine et al., 2021). Concerns for biodiversity,
human health and the environment have, however, caused bans of
pesticides believed to be most harmful and a general policy shift away
from chemical pest control in the European Union (Sanchez-Bayo, 2014;
Rundlof et al., 2015; Frank, 2024). As the future of reliable chemical pest
control is no longer guaranteed, novel approaches are needed to ensure
pest control in agricultural landscapes under reduced pesticide use
(Deguine et al., 2021).

Sugar beet, Beta vulgaris vulgaris (var. saccharifera), is a major cash
crop in more than 50 countries in the temperate regions of Europe, the
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mately 20 percent to the global sugar production and highlights the
importance of the crop for the global economy (FAO, 2024a, b). More
than 150 pests are known to harm sugar beet globally (Lange, 1987).
While most insect sugar beet pests have negligible impact on the culti-
vation due to their low densities, more than 40 species periodically
cause significant damage (Lange, 1987). In northern Central Europe,
pests can lower sugar beet yields by more than 30 percent despite
chemical pest control, with nematode pests generally regarded more
important than insect pests (Hanse et al., 2011). To ensure reliable sugar
beet yields, pest control against insects in Europe relies heavily on
prophylactic seed coatings (Hauer et al., 2017). In Northern Europe,
most of the sugar beet fields used to be protected by prophylactic
neonicotinoid insecticide seed coatings until recently (Hauer et al.,
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2017). These seed coatings protected sugar beet seedlings against at-
tacks by most insect pests, in northern Europe primarily beet leafminers
(Pegomya spp.), the pygmy mangold beetle (Atomaria linearis), the black
bean aphid (Aphis fabae), flea beetles of the genus Chaetocnema and
thrips (Thrips spp.) (Hauer et al., 2017; Lemic et al., 2024). While the
European Union banned the use of these neonicotinoid seed coatings in
2018 (Regulation (EC) No 1107/2009), temporary emergency author-
isations retained their availability in several member states in the
following years. In 2023, the European Court of Justice, however, ruled
that these temporary exemptions violated Regulation (EC) No
1107/2009 and as a result, neonicotinoid seed coatings will no longer be
available (European Court of Justice, 2023). With a lack of insecticide
seed coatings providing the same level of protection as neonicotinoids
and resistances against alternative insecticides used in seed coatings or
applied as foliar sprays increasing, alternative means for regulation of
insect pests in sugar beet are needed (Hauer et al., 2017). While negative
consequences of the neonicotinoid ban are well known for the control of
green peach aphid (Myzys persicae) transmitting viruses in sugar beet in
continental Europe (Verheggen et al., 2022; Favrot et al., 2024),
post-ban effects on pest pressure in sugar beet in Sweden and Denmark,
where the green peach aphid only occurs sporadically, are less known.

The composition and configuration of agricultural landscapes can be
utilised to predict or manage insect pest populations and crop damages,
either bottom-up or indirectly top-down via beneficial effects on their
natural enemies (Martin et al., 2019; Almdal and Costamagna, 2023;
Boetzl et al., 2023). Whether and how different aspects of the compo-
sition and configuration of landscapes surrounding sugar beet fields can
be used to predict insect pest outbreaks in sugar beet and target pest
control strategies has, to date, not been investigated.

As sugar beet is an annual crop, sugar beet cover in agricultural
landscapes fluctuates across years. Sugar beet pests need to locate and
disperse to newly established sugar beet fields in spring and depending
on the magnitude of inter-annual change in sugar beet cover, concen-
tration and dilution effects similar to those that have been observed for
insect pests in oilseed rape are likely (Schneider et al., 2015). The cover
of cropland may likewise be a good predictor for insect pests of sugar
beet as increasing cropland cover can increase landscape-wide man-
agement intensity and insecticide use and have been shown to decrease
natural pest regulation of aphids (Meehan et al., 2011; Rusch et al.,
2016). Permanent field edges have been shown to support natural en-
emies and thereby suppress pests (Martin et al., 2019; Boetzl et al.,
2020), but margin structures often present along edges have occasion-
ally been found to act as refugia for pests (Boetzl et al., 2025), which
makes the effects of field edges on pests difficult to predict. An increased
diversity of crops grown in the near surroundings in the preceding
season increases the chance of the host crop or a suitable alternative host
of an insect sugar beet pest to be present and thus could lead to increased
pest populations in sugar beet fields in the following season. While this
relation has been shown for pests of oilseed rape (Boetzl et al., 2023),
crop diversity in the preceding season has also been found to support
natural enemies (Raderschall et al., 2022), indicating an ambivalent role
similar to field edges.

Using a dataset comprised of 134 sugar beet fields assessed weekly
over 5 years in the sugar beet growing regions of eastern Denmark and
southern Sweden, we aimed to assess whether insect sugar beet pest
occurrence and related crop damage can be linked to the surrounding
landscape context at different spatial scales. We hypothesised that (i) a
decrease in sugar beet cover across years leads to pest concentration, an
increase to pest dilution, especially for the more specialised pests (beet
leafminers and the pygmy mangold beetle), that (ii) an increase in
cropland cover, i.e. a simplification of the landscape, leads to lower
natural pest regulation and thus indirectly benefits pest populations and
crop damage, that (iii) permanent edges indirectly reduce pests and crop
damage via fostering natural enemies and natural pest regulation, and
that (iv) increasing the diversity of cultivated crops in a landscape in-
creases the risk of insect pest problems via an increased temporal
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continuity of alternate hosts (Fig. 1).
2. Materials and methods
2.1. Study region and design

Here we made use of the first five years of a monitoring program for
insect pests in sugar beet that was set up in 2019 when neonicotinoid
seed treatments in the crop were banned in practice. The monitoring is
managed by Nordic Beet Research in collaboration with Nordic Sugar A/
S Agricenter DK and SE and the Plant Protection Center at the Swedish
Board of Agriculture. We included data on five sugar beet pests on 134
fields embedded in the intensive agricultural landscapes on the Danish
islands Falster, Lolland, Mgn and Zealand (55 fields) and the southern-
most Swedish county Skane (79 fields) across five years from 2019 to
2023, with 9-36 fields sampled per year (Fig. 2A; Supporting Informa-
tion, Table S1). Sugar beet is an important cash crop in these areas of
Denmark and Sweden with 2.57 Mt and 2.05 Mt harvested in 2021
which corresponds to approximately 1.7 % of the global production
(FAO, 2024b).

The selected sugar beet fields ranged from 3 ha to 120 ha in size
(average £ SE: 21.3 + 1.6 ha) with comparable average field sizes in
both countries (Denmark: 18.9 + 1.6 ha; Sweden: 23.1 &+ 2.5 ha).
Winter cereals were the most common pre-crop in both countries with
72.4 % of all fields (96 % winter wheat), followed by spring cereals with
15.7 % of all fields (95 % spring barley). The remaining 16 fields
(11.9 %) had been cultivated with maize, legumes, various vegetables or
with perennial grass leys in the previous year. Sugar beet is not grown
more often than every third or fourth year on the same field in the study
region. One field each in Denmark and Sweden was re-monitored after
three years while one field in Sweden was re-monitored after four years
following the usual crop rotations (i.e. the dataset comprises 131 unique
fields).

In each field one 25 m long monitoring plot was chosen where the
farmer did not use any foliar insecticides but otherwise managed the
crop in the same way as the rest of the field, in terms of for example
fertiliser, herbicide and fungicide use. The monitoring plot was located
at a distance of at least one sprayer width from the field edge, i.e. at least
24 m, and its width was adapted to the sprayer width and was typically
24-32 m. Seeds in all fields were treated with the pyrethroid seed
coating Force 20CS (Syngenta; 200 tefluthrin, 120 g/unit seed) as part of
standard farming practice. As a pyrethroid, tefluthrin is not systemic and
provides partial but not full control of insect pests in the first weeks after
sowing (Hauer et al., 2017).

2.2. Pest data collection

In the monitoring plots, pest occurrence and crop damage were
recorded weekly by observers using standardised crop damage classifi-
cations. Observers were experienced agricultural consultants at Nordic
Beet Research, Nordic Sugar or the Swedish Board of Agriculture. All
observers received specific training each year prior to data collection
and used a common protocol for data collection including example
photos for the pest occurrences and damages to ensure standardised and
comparable monitoring. Observers varied across countries and years,
but each monitoring plot was assessed by the same observer throughout
one season (often several fields in close proximity were handled by the
same observer within a year).

We used recordings of pest occurrence and crop damage that were
assessed on 25 plants (five clusters of five plants) in each monitoring
plot, with plant clusters selected at random, but avoiding plot edges and
tractor tracks. Occurrence or damage of five major sugar beet pests were
assessed: (i) the share of plants with colonies of the black bean aphid,
Aphis fabae Scopoli, 1763 (Hemiptera, Aphididae; colony defined as at
least 10 individuals), (ii) the share of plants with shot damage caused by
flea beetles, primarily Chaetocnema concinna (Coleoptera, Alticini; only
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Fig. 1. Hypothesised relationships between aspects of landscape composition and configuration and sugar beet crop damage by different pests either via direct,
bottom-up effects on the pests or via effects on their natural enemies and thus indirect top-down effects on the pests under the assumption that pest densities are
positively related to crop damage (4 / blue: positive; - / red: negative). A concentration of host crop area between two growing seasons is supposed to result in a
concentration of pests in the remaining host crop area and thus favour crop damage. Increasing cropland cover, i.e. the land on which crops are grown and a measure
for the simplification of agricultural landscapes, is assumed to hamper natural enemies due to a lack of refuge habitats and high management intensity and thus
indirectly benefit crop pests and increase crop damage. An increased edge density, i.e. the total length of unique edges surrounding crop fields, is expected to
indirectly lower pest populations via increased pest regulation by natural enemies and thus decrease crop damage. A higher legacy crop diversity, i.e. the diversity of
crop types grown in the landscape in the previous season, is assumed to foster pest populations and thus increase crop damage via an increased temporal continuity
and availability of resources and host crops. The figures for pest damage patterns are symbolic, for photos see supplementary material Fig. S1.
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plants with > 5 % of the leaf area damaged by flea beetles counted as
damaged), (iii) the share of plants with eggs of beet leafminers of the
genus Pegomya, (several possible species including P. hyoscyami (Panzer,
1809), P. betae (Curtis, 1847) and P. mixta (Villeneuve, 1922); Diptera,
Anthomyiidae), (iv) the share of plants damaged by the pygmy mangold
beetle, Atomaria linearis Stephens, 1830 (Coleoptera, Cryptophagidae)
and (v) the share of plants damaged by thrips, Thrips spp. (Thysanoptera;
mostly T. angusticeps; only plants with > 50 % of the plant affected by
thrips damage counted as damaged). These five groups are the most
prevalent sugar beet pests in Denmark and Sweden (Hauer et al., 2017).
While aphids and beet leafminer eggs were observed directly, the
remaining pests were assessed indirectly through their characteristic
damage to seedlings: shot hole like damage to the leaves caused by flea
beetles, a distortion to seedlings caused by thrips or stem lesions and
chewing damage on leaves caused by pygmy mangold beetle (Larsson
1991; Fig. S1). Pygmy mangold beetle damage was recorded as the share
of plants with stem lesions out of ten dug-up plants (damaged if at least
three lesions were present) and leaf damage caused by the same pest was
recorded as the share of plants with leaf damage out of 25 plants. In our
analyses, we used the share of plants with stem lesions as pygmy man-
gold beetle damage unless the share of plants with leaf damage was
higher in which case it was used instead. Pest occurrence and crop
damage were assessed weekly between weeks 16 and 28, from sowing
(‘dry seed’, crop stage BBCH 0, Meier et al. 1993) until the leaves
covered more than 90 % of the ground (BBCH 39), with an average of
9.4 £ 0.2 weekly observations across sites and years. All non-destructive
assessments were conducted on the same five clusters of five plants
throughout the season. In addition, colonies of green peach aphid, Myzus
persicae (Sulzer, 1776) (Hemiptera, Aphididae), a potential virus vector,
and damage caused by soil borne pests and the silver Y moth, Autographa
gamma (Linnaeus, 1758) (Lepidoptera, Noctuidae) were also assessed,
but recorded aphid colony numbers and damages from moths and soil
borne pests were negligible and not considered further. All data was
collected centrally at the servers of Nordic Beet Research (Holeby,
Denmark) and cleaned by the same project coordinator.

For each of the pests, we selected the maximum value recorded
(weekly average across plants assessed) during the development stage
when the damage caused by the pest would have the largest economic
impact for inclusion in our analyses. For damage caused by flea beetles,
the pygmy mangold beetle and thrips the maximum value up until BBCH
14, and for beet leafminer eggs the maximum value up until BBCH 18
was selected. These crop stages are in line with damage thresholds by
Nordic Sugar, the sugar producer in the region, in their recommended
thresholds for foliar insecticide treatment (Hansen, 2023). The thresh-
olds are illustrated in Figure S2. As black bean aphid colonies can grow
until mid-summer, we avoided biases resulting from fields where
monitoring was abandoned early in the year by selecting the maximum
recorded occurrence after week 22 (end of May), which resembled crop
stage BBCH 18 or higher in the dataset. This yielded data on black bean
aphid occurrence from 120 of the 134 fields. Beet leafminer eggs were
not assessed in Sweden in 2021 bringing the number of fields down to
112 for this pest.

2.3. Geospatial analyses

We used land-use maps from the Integrated Administration and
Control System (IACS) of the European Union provided by the Danish
Agricultural Agency (Landbrugsstyrelsen, 2024) and the Swedish Board
of Agriculture (Jordbruksverket, 2024) of the years 2018-2023 for the
geospatial analyses. In these map layers, information about the identity
and spatial extent of crops grown is given for all crop fields. Land use
information was extracted using ArcGIS Pro (version 3.1.2; Esri Inc.
2023) for all the years of data collection and the respective preceding
years. Prior to extracting the land-use information, we harmonised
land-use categories used in both countries and categorised crop and
land-use classes into 16 land use categories following Boetzl et al. (202.3)
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with slight adaptations., Thirteen arable land uses were included in the
crop diversity measure (spring cereals, winter cereals, spring brassicas,
winter brassicas, pulses, potato, maize, beets, fruits / berries, other
vegetables / herbs, leys, fruit / energy trees, other; Supporting Infor-
mation, Tables S2 & S3) while three non-crop land-uses were not
included (permanent grassland / fallow, temporary fallow and wetlands
on agricultural land). We considered all grasslands without soil distur-
bance as permanent grasslands. In intercropped crops, we assigned the
crop category of the crop with more than 50 % cover if this was speci-
fied, otherwise it was categorised as ‘other’. Cereal or brassica crops
without stated seasonality, which could be grown as winter or spring
crop were also designated as ‘other’ crops. In beets, we combined the
areas covered by sugar and fodder beet as these different cultivars of the
same species share a common pool of pests.

As scales of effect of landscape-features might vary, we extracted
land-use information on three spatial scales using circular buffers
around the monitoring plots in each fields at radii of 500, 1000 and
2000 m as used in previous, comparable studies (Perez-Alvarez et al.,
2018; Boetzl et al., 2023). The minimum distance between monitoring
plots across all years and landscapes was 8988 m in Denmark and
2323 m in Sweden, with considerably higher average minimum dis-
tances across years and landscapes (12,008 m in Denmark and 6648 m
in Sweden). This resulted in slight overlaps between two landscapes in
Sweden at the 2000 m scale in 2020, 2021 and 2022 with overlaps of
30.5 %, 9.6 % and 20.3 %, respectively. Following findings of such
overlap not being problematic for spatial independence (Zuckerberg
et al., 2020) and due to the limited number of landscapes affected, we
believe that the spatial overlap did not affect the validity of our results.

At each spatial scale, we extracted (i) the spatio-temporal isolation of
the beet field as the absolute minimal distance to the nearest beet field in
the previous year (edge to edge), (ii) the absolute change in host crop
cover between years, (iii) the cover of permanent grasslands, (iv) the
cover of arable land with regular soil disturbance as a measure of
landscape-wide land-use intensity, (v) the edge density, measured as the
total edge length of patches under agricultural land-use and (vi) the crop
diversity in the previous year measured as the Shannon diversity of the
13 crop classes (Supporting Information, Tables S2 & S3). The change in
beet cover was calculated as change in absolute cover in percentage
points. The spatio-temporal isolation of sugar beet fields and the cover of
permanent grasslands could not be included in the analyses as the gra-
dients found were highly skewed. Sugar beet is one of the major crops in
the region. In 60.5 % of all fields, the spatio-temporal isolation was
below 100 m with a median isolation in Denmark and Sweden of only
35 m and 10 m, respectively (Fig. 2B). Permanent grasslands, the pre-
dominant open semi-natural habitats in these landscapes, were absent
from 62.0 %, 34.3 % and 6.7 % of these intensive agricultural land-
scapes at the 500 m, 1000 m and 2000 m scales with respective median
grassland covers of 0 %, 0.4 % and 0.9 %. Landscapes were overall
similar in both countries across spatial scales but at 2000 m, landscapes
in Sweden had on average 9.5 % longer edges and 6.9 % higher crop
diversity (t-test, p < 0.05; Table S4).

2.4. Statistical analyses

All statistical analyses were performed in R 4.4.1 for Windows (R
Development Core Team, 2024). We fitted separate generalised mixed
effects models (‘glmmTMB’) for each of the five pests and each of the
three spatial scales (package glmmTMB, version 1.1.9.9000, (Brooks
et al., 2017)). Each model contained the respective pest occurrence or
damage as response (proportion), and ‘country’ (factor, two levels),
‘host crop cover change’ (continuous), ‘cropland cover’ (continuous),
‘total edge length’ (continuous), and ‘crop diversity’ (continuous) as
fixed effects as well as ‘year’ (factor, five levels) as random intercept. All
continuous fixed effects were z-scaled to multiples of the standard de-
viation and mean centred using the ‘scale’ command to improve model
fits. All responses were left-bound and zero inflated, counted
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proportions. We thus fitted all models as zero-inflated gamma models
with a log-link (model results for the binary part reported in Supporting
Information, Table S5, results for the truncated part reported in Sup-
porting Information, Table S6). Field size was not correlated with any of
the responses in initial analyses and thus not included in the models
(Pearson’s |r| < 0.15).

All models were checked for under- and overdispersion, zero-
inflation and suitability of chosen residual distributions using the
DHARMa package (version: 0.4.6, Hartig 2022) and we detected no
violation of the model assumptions. Across all models fitted, ten pre-
dictors in five models (one third of all models) had variance inflation
factors above 2.5 but below 5, which is regarded as indication of low to
moderate correlation (Menard, 2002; James et al., 2013). These
elevated VIF occurred predominantly at the 2000 m scale (eight pre-
dictors in four models), resulting in a maximum increase of the standard
error by 2.2 times (Supporting Information, Table S6). This moderate
collinearity is not per se a problem but rather indicates that analyses of
reduced models would be biased and that the coefficient estimates ob-
tained from the full models, albeit less precise, are more realistic and
trustworthy (Morrissey and Ruxton, 2018). Model residuals were tested
for spatial autocorrelation with Moran’s I tests and none was detected in
any of the models (p > 0.062). We obtained model outputs using type III
sums of squares Wald chi- square tests with the command ‘Anova’ (li-
brary ‘car’, version 3.1-2, (Fox and Weisberg, 2019)) and R? values with
the command ‘performance’ (library ‘performance’, version 0.12.2,
(Liidecke et al., 2021)).

3. Results
3.1. Pest occurrence and crop damage in Denmark and Sweden

The occurrence or damage thresholds for pest control were rarely
reached across all five years in either Denmark or Sweden (Fig. 3), with

30 of the 134 fields having recorded pest occurrence or damage above
the threshold for at least one pest. In Denmark, the pest most commonly
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exceeding the threshold was thrips, followed by black bean aphids and
the pygmy mangold beetle. In Sweden, the pests most commonly
exceeding the threshold were flea beetles and black bean aphids, fol-
lowed by beet leafminers and thrips (Fig. 3). While most pests were
found to cause occasional damage above the threshold across the whole
study region, thrips damage was especially high on the Danish island
Lolland (Fig. 3).

The differences between the countries in pest occurrence and dam-
age were also reflected in the statistical models. The probability for
thrips damage was 21 % higher and its magnitude was on average 109 %
higher in Denmark than in Sweden (calculation based on estimated
marginal means obtained from the 1000 m scale models; Fig. 4, Sup-
porting Information, Tables S5 & S6). Flea beetle damage was 124 %
more likely and flea beetle damage and the share of plants with beet
leafminer eggs were on average 104 % and 199 % higher in Sweden than
in Denmark (calculation based on estimated marginal means obtained
from the 1000 m and 500 m scale models, respectively; Fig. 4, Sup-
porting Information, Tables S5 & S6). In addition, black bean aphid
presence was 31 % less likely in Sweden (2000 m scale model; Sup-
porting Information, Table S5) but when they occurred, a higher share of
plants tended to have black bean aphid colonies in Sweden, but only in
the 1000 m and 2000 m scale models (Fig. 4, Supporting Information,
Table S6).

3.2. Pest occurrence and crop damage in relation to landscape predictors

Each landscape predictor affected at least one pest at one of the
scales. The inter-annual change in sugar beet cover was positively
related to flea beetle damage at the 500 m scale, which increased by
15.4 % for every ten percentage points inter-annual increase in sugar
beet cover (Fig. 4 & 5 A, Supporting Information, Table S6). In black
bean aphids and thrips, increasing cropland cover at the 500 m scale
increased the probability of pest occurrence and crop damage, respec-
tively (Supporting Information, Table S5). Cropland cover was nega-
tively related to damage caused by flea beetles at the 500 m and 2000 m
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threshold open. For further explanation of the thresholds, see 2.2. The unit for the y-axis is stated in the respective panel titles. For an enlarged version of the maps,

see Fig. S3.
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(z scaling); thus coefficients can be interpreted as changes in the response on the log scale per 1 standard deviation of the fixed effect (for standard deviations, see

Table S4). The coefficients were obtained from the truncated part of the zero-inflated models. (*) indicates p < 0.1, * p < 0.05, ** p < 0.01, *

statistics, see Table S6.

scales and damage caused by the pygmy mangold beetle at the 1000 m
scale, with damage decreasing by 14.2 %, 24.3 % and 18.7 % per ten %
increase in cropland cover, respectively (Figs. 4, 5B & C, Supporting
Information, Table S6). Edge density was positively related with damage
caused by flea beetles at the 2000 m scale with damage increasing by
11.0 % per 10,000 m edge length (Fig. 4 & 5D, Supporting Information,
Table S6). Edge density was, however, also negatively related to black
bean aphid occurrence at the 1000 m and 2000 m scales, with a decrease
by 45.2 % and 11.9 % per 10,000 m edge length, respectively (Fig. 4 &
5E, Supporting Information, Table S6). The crop diversity in the pre-
ceding year increased beet leafminer occurrence by 27.4 % per 0.1 units
of crop diversity at the 2000 m scale (Fig. 4 & 5 F, Supporting Infor-
mation, Table S6).

4. Discussion

Analysing a monitoring dataset of five insect pests in sugar beet
collected in 134 commercially grown fields over five years in two
countries, we found pest occurrence and damage to be generally low,
with damage thresholds for at least one of the pests being exceeded in
20 % of the fields. Flea beetle damage and beet leafminer occurrence
was more common in Sweden while damage caused by thrips was more

* p < 0.001. For

common in Denmark. These differences could possibly be related to
differences in cropping systems with more alternative hosts such as
oilseed rape for flea beetles (Boetzl et al., 2025) in Sweden, and climate,
with more suitable weather conditions for thrips in Denmark (Davidson
and Andrewartha, 1948). Pest occurrence and damage across all pests
varied, however, strongly across individual fields. Since measurements
were conducted only in a small part of each field, within-field variability
in pest occurrence and crop damage remains unknown. Despite sporadic
outbreaks in the monitoring plots of individual fields, pests and crop
damage were often absent, resulting in a limited ability to evaluate
landscape-scale drivers. Nevertheless, we found some landscape-level
effects that can be integrated in sugar beet pest management.

In contrast to our first hypothesis, the inter-annual change of host
crop cover was overall not a strong predictor for pest occurrence and
damage in sugar beet. We only found a positive relation between an
inter-annual increase in sugar beet area and the damage caused flea
beetles on sugar beet plants at the smallest spatial scale of 500 m but not
at the other two spatial scales. As inter-annual change of host crop cover
was much more pronounced at the smallest spatial scale than on the
larger spatial scales (Table S4), increases rather indicate an inter-annual
concentration of host crop fields close to the studied fields. This could in
turn have increased flea beetle damage in the monitoring plots due to
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Fig. 5. Selected statistically significant (p < 0.05) landscape effects with the largest effect sizes on sugar beet insect pest occurrence and damage responses. All
results are shown in Fig. 3. Solid lines are marginal model predictions for the radius stated in italics, grey areas are 95 % confidence intervals, and points are the raw
data. From top left to bottom right: The percentage of plants damaged by flea beetles in relation to the absolute change in host crop cover from the previous year to
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and percentage of plants with eggs of beet leafminers in relation to Shannon crop diversity in the previous year (F). Panels are ordered by the order of hypotheses and
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the aggregation behaviour of flea beetles (Li et al., 2024). The absence of
effects of inter-annual change in host crop cover was especially sur-
prising in two of the more specialised sugar beet pests for which strong
effects would be expected, beet leafminers and the pygmy mangold
beetle. An inter-annual decrease in host crop cover has previously been
shown to concentrate specialised pests of winter oilseed rape on the
remaining fields (Schneider et al., 2015; Scheiner and Martin, 2020;
Fricke et al., 2023). Compared to earlier work on pest densities, we do
not find concentration effects, which could be due to just, apart from
aphids, measuring crop damage, which might not only be related to pest
abundance but also plant density and growth rate of the crop. In contrast
to some previous studies, we used absolute changes in host crop cover
instead of relative changes. The same absolute changes can translate to
drastically different relative changes in host crop cover, with landscapes
having low host crop cover yielding larger relative changes that can be
influential for results. As pest individuals reproduce on absolute crop
area, we chose to relate absolute changes in host crop cover to measures
of pest occurrence or damage. To determine how to best relate changes
in host crop cover to changes in pest occurrence or damages, assess-
ments of pest occurrence on multiple crop fields across several years in
the same landscapes would be needed. A similar, absolute change-based
analysis of specialised Brassica pests found mixed effects of host crop
cover change, with the strongest effects similarly at the 500 m scale
(Scheiner and Martin, 2020). In general, sugar beet fields were rather
uniformly distributed across years and the landscape in our study area
(Fig. 1). This temporal stability is likely a result of relatively stable
contracts with the sugar producer, leading to limited changes in the host
crop cover between years in the landscapes, especially on the 1000 and
2000 m scales (Fig. 1 & Table S4).

According to our second hypothesis we expected a higher cropland
cover to indirectly increase pest problems via increased landscape-wide
management-intensity, lowering natural pest regulation (Meehan et al.,
2011; Rusch et al., 2016). While a higher cropland cover indeed
increased the probability of black bean aphid occurrence and thrips
damage, we observed the opposite for the magnitude of crop damage
caused by the two univoltine sugar beet pests, flea beetles and the
pygmy mangold beetle. Disturbances such as insecticide applications
likely have stronger negative effects on univoltine pests with limited
reproduction capabilities like flea beetles and the pygmy mangold beetle
than on multivoltine insect crop pests. As we did not have access to data
on landscape-wide management intensity or insecticide use, we could
not verify a possible relation between these factors and cropland cover
in our study region. In addition, we could not directly test possible
simultaneous effects of the availability of refugial habitats for pests that
are negatively related to cropland cover. The most important non-crop
habitat in the study region, permanent grassland, was almost entirely
absent from the studied landscapes. Our results indicate that for flea
beetles that need non-crop habitats for overwintering to complete their
life cycle, the lack of refugial habitats might reduce crop damage (Boetzl
et al., 2025). The pygmy mangold beetle, in contrast, predominantly
overwinters directly in the soil of the attacked sugar beet fields
(Cochrane and Thornhill, 1987) and a relation to non-crop refugial
habitat seems unlikely. We thus believe that cropland cover primarily
acted as a predictor for landscape-wide management intensity and
insecticide use that in turn negatively affected the pygmy mangold
beetle in our study.

According to our third hypothesis, we expected an indirect negative
effect of increased edge density on pest occurrence and damage medi-
ated by the beneficial effect of field edges on natural pest control. Field
edges foster richness and density of natural enemies (Martin et al., 2016,
2019; Boetzl et al., 2024) and stabilise natural enemy populations across
the crop rotation (Boetzl et al., 2020). Edge density was found to pro-
mote aphid suppression in soybean (Almdal and Costamagna, 2023), to
lower densities of Phyllotreta flea beetles in spring oilseed rape (Boetzl
et al., 2023) and cereal leaf beetles in wheat (Gonzalez et al., 2022). In
contrast, we found varying effects of edge density on pest occurrence
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and crop damage in sugar beet: While the proportion of plants with
black bean aphid colonies was negatively related to edge density as
expected, the crop damage caused by flea beetles was positively related
to edge density. Flea beetles, at least in part, overwinter in crop field
edges and grassy margin structures along edges, and emerge from these
early in the season (Boetzl et al., 2025). Aphids, in contrast, overwinter
in woody vegetation and colonise the field later in the year, and thus
might be more affected by natural enemies originating from field edges
(Ostman et al., 2001, 2003; Boetzl et al., 2024). Our results emphasise
that non-crop habitats and field edges can have ambivalent effects for
different pests (Karp et al., 2018). For certain pests, field edges can act as
refuges as they are comparably undisturbed islands in a highly volatile
cropping landscape. Pest densities can be elevated along field edges
(Ingrao et al., 2017) and crop damage caused by pests can increase with
edge density (Martin et al., 2016). Pests that can complete their life cycle
within crop fields have been found to not be affected at all by edge
density (Martin et al., 2019). Recommendations for increased edge
density (e.g. Tscharntke et al. 2021) should thus be nuanced. For a sugar
beet pest management that aiming at regulating multiple pests simul-
taneously, increasing edge density is not a promising measure as benefits
for aphid regulation might be outweighed by drawbacks in mitigation of
flea beetle damage. Edge density as a metric is a combination of effects
of the field edge per se, the field margin, i.e. the non-crop area that can
either be present or absent outside the field along the edge, and the
average field sizes in a landscape. Field margin composition and man-
agement might further also matter. Unveiling which of these local or
landscape-scale field edge properties affect different pests and their
natural enemies will be necessary to inform pest management.

Landscape-level crop diversity in the preceding year has been posi-
tively related to the richness of natural enemies (Raderschall et al.,
2022) but also to pest densities, likely due to the provision of alternate
host crops facilitating the persistence of the pests in the landscape
(Boetzl et al., 2023). The fourth hypothesis of a positive relation be-
tween landscape-level crop diversity in the preceding year and pest
occurrence and damage was only confirmed for beet leafminer occur-
rence at the 2000 m scale. Apart from beet cover in the previous year
that was negatively correlated with beet leafminer occurrence (Pearson:
r = —0.22; p < 0.018), this result seems to have been driven especially
by the presence of potato and other vegetables. In landscapes where
potato or other vegetables had been present (38 and 63 out of 112
landscapes), a higher average share of the beet plants had mines of beet
leafminers (10.0 % vs. 3.9 % for potato and 7.8 % vs. 3.6 % for other
vegetables). The occurrence of the beet leafminer was positively corre-
lated with the landcover of potato (Pearson: r = 0.35; p = 0.033) and
other vegetables (Pearson: r = 0.36; p = 0.004) in the preceding year.
While beet leafminers mainly reproduce on wild and cultivated mem-
bers of the Amaranthaceae family, e.g. sugar beet, spinach or several
species of the genus Atriplex, they do occasionally reproduce on various
Solenaceae and have been reported attacking potatoes. This suggests
that potato and other vegetables act as alternative host for at least one of
the species of beet leafminers in our region and requires confirmation, e.
g., by systematic trapping across candidate crops. The absence of
negative effects on pest occurrence and damage emphasises that
increasing crop diversity might not always be beneficial for pest control.
Alternative host crops should be identified, and their spatiotemporal
distribution should be minded in pest management strategies, rather
than crop diversity per se.

Our results indicate a limited influence of landscape-scale drivers on
pests in unsprayed plots of sugar beet fields with a pyrethroid seed
treatment. No single landscape-scale simultaneously affected damage by
all pests. For growers, our results can nevertheless be useful for deter-
mining some risk factors for pests in their sugar beet crops. This
knowledge can be further developed into a predictive tool that would
enable growers to receive information on field-specific risk based on
landscape factors and increase monitoring and management for high-
risk pests. Based on our results, low cropland cover decreases the
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probability of presence of black bean aphids and thrips damage but in-
creases the risk for severe damage by pygmy mangold beetle and flea
beetles. High crop diversity in the preceding year (or potentially rather
potato crops), increases the risk for infestation by beet leafminers.
Strong inter-annual concentrations in beet area at a small scale should
be avoided as they can lead to a concentration of flea beetles. A low edge
density reduces flea beetle injury but increases aphid densities. To some
extent the landscape aspects examined here can also be manipulated by
sugar beet growers to reduce pressure from certain pests should they
become chronically problematic, although this would often require
collective action of communities of land managers at the landscape scale
(Lundin et al., 2021). Especially for thrips that most often caused rele-
vant damage beyond the pest control threshold, however, no
landscape-level predictors for the magnitude of crop damage were
found, possibly due to their polyphagous nature. For some pests like beet
leafminers and the pygmy mangold beetle, the generally low damage
levels might, however, have camouflaged potential landscape-level
drivers. If a pest is predominantly absent, factors that modulate pest
densities will likely not be detected.

In summary, we found that insect pests generally caused limited
damage to sugar beet in Denmark and Sweden in a five-year period
following the ban of neonicotinoid seed treatments. They nevertheless
had occasional outbreaks above thresholds that would cause significant
economic damage in individual fields if not treated chemically with
foliar applications of insecticides. To produce sugar beets with dwin-
dling opportunities for chemical insect control, the cause of such occa-
sional economical damage needs to be better understood, and
countermeasures developed. We demonstrated here that landscape scale
drivers affect pest occurrence and damage patterns, but incidental fac-
tors such as weather, conservation biological control (Jachowicz et al.,
2024), field management and crop rotation including the use of cover
crops (Heimbach and Garbe, 1996) and intercropping with service crops
(Favrot et al., 2024), sugar beet fertiliser and weed management (Purvis
and Curry, 1984), as well as alternative and environmentally sustainable
pesticide options (e.g., Jactel et al. 2019) can also modulate pest
occurrence and damage and deserve further attention. In addition,
insect-transmitted sugar beet diseases could cause economically rele-
vant yield loss even at low pest densities (Hauer et al., 2017) and should
be included in future assessments. Further, we only examined the net
effect of bottom-up and top-down landscape scale drivers on insect pest
densities and crop damage, and it would be useful to differentiate be-
tween them in future studies, e.g., by including measurements of natural
enemies and biological control. Integrating landscape-scale drivers with
local field management would be needed for the development of
economically and environmentally sustainable insect pest regulation in
sugar beet.
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