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Ladybird communities in
rural woodlands: Does an
invader dominate?

Rachel A. Farrow1*, Helen E. Roy2 and Peter M. J. Brown1

1Applied Ecology Research Group, School of Life Sciences, Anglia Ruskin University, Cambridge,
United Kingdom, 2UK Centre for Ecology and Hydrology, Wallingford, United Kingdom
The invasive alien species Harmonia axyridis (Coleoptera: Coccinellidae) was

first observed in the UK in 2004. Previous studies have demonstrated the

adverse effects on other species of H. axyridis during its early stages of

establishment. However, habitat factors are important in determining

distribution and population trends of ladybirds. Whilst the abundance of H.

axyridis is well known in the UKwithin urban and other managed habitats, much

less is known about its abundance in the wider countryside. Here we present

the results of surveys from rural woodland habitats to assess whether or not H.

axyridis dominates coccinellid communities in these rural habitats. Additionally,

we explored the relationship between coccinellid and aphid abundance within

these habitats. All field sites were in Cambridgeshire or Suffolk, East Anglia, UK

and were surveyed betweenMay andOctober 2016 and 2017. Three deciduous

sites and three coniferous sites were included in the study. Surveys were

conducted using a standardised approach involving sweep-netting within

grass margins and tree beating to sample ladybirds from trees. Three distinct

vegetation structures or layers were surveyed within both the coniferous and

deciduous sites; tree, shrub and herb layer. All captured coccinellids were

identified to species-level. Seventeen species of coccinellid and over 1300

individuals were recorded during the study period from two distinct site types

(deciduous, coniferous). Species richness was lower at deciduous sites (n = 12)

in comparison to coniferous (n = 16) sites. The coccinellid community also did

not appear to be dominated by H. axyridis at rural sites, in contrast to urban

areas. Deciduous woodland appeared to be a lesser preferred habitat of H.

axyridis than coniferous woodland. Additionally, there was a distinct difference

in the coccinellid community in relation to vegetation structure (across the

tree, shrub and herb layers) between coniferous and deciduous sites. Our

results indicate that there appear to be distinct native coccinellid communities

at deciduous and coniferous sites. We discuss the way in which rural

woodlands could act as a refuge for some native coccinellids.

KEYWORDS
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Introduction

The natural world is changing rapidly with increased human

activity having dramatic consequences for biodiversity and

ecosystems (IPBES, 2019). The last 50 years has seen a rapid

escalation in the movement of animals and plants, locally and

globally, often resulting in species establishing in habitats where

they would not otherwise naturally occur (Blackburn et al., 2014;

Lucy et al., 2016). The number of species being introduced to

regions beyond their natural range has risen steadily over the last

two centuries, with increasing trade and travel but also linked to

other drivers of environmental change that facilitate biological

invasions such as land and sea use change, climate change and

pollution (Seebens et al., 2017; IPBES, 2019). Change in

invertebrate biodiversity, including the addition of invasive

alien species within ecological networks, is a major concern

globally (Didham et al., 2005; Mikanowski, 2017). When

introduced to a new region, generalist alien species are more

likely to become invasive than specialist species; this can result in

native specialist species being outcompeted and thereby leading

to functional homogenisation (Clavel et al., 2011). It can be

difficult to ascertain the effect that the presence of an invasive

alien species (IAS) may have on ecosystem function, however in

recent years, there has been evidence of the effects on the

invaded ecosystem and community (Simberloff et al., 2013)

due to invasive alien plants (Liao et al., 2007) and invasive

alien aquatic invertebrates (Crawford et al., 2006; Constable and

Birkby, 2016; Mathers et al., 2016).

Many coccinellid species provide ecosystem services in the

form of pest control (Roy et al., 2012; Honěk et al., 2017).

While there have been notable successes of introducing

coccinellids for biological control (Dixon et al., 1997; Fowler,

2004), a number of introduced species (e.g. Harmonia axyridis,

Coccinella septempunctata) have become established beyond

their release sites and have subsequently had negative effects on

native coccinellid species (Evans, 2000; Adriaens et al., 2008;

Brown et al., 2011a; Roy et al., 2016; Sloggett, 2017); hence

considered as IAS. These IAS are often studied in urban

(Brown et al., 2011a; Viglás ̌ová et al., 2017) or agricultural

habitats (Bianchi et al., 2007; Grez et al., 2008; Grez et al.,

2014a), however less is known of the ecology of these species in

rural habitats1.

In any habitat, a small number of dominant coccinellid species

(between two and four) are expected to comprise around 90% of the

community (Honěk, 2012). Selyemová et al. (2007) reported a

diverse coccinellid community in rural coniferous woodland that

was dominated by four species, however, H. axyridis was not

established in the region at the time. When investigating

overwintering coccinellids in coniferous woodland, Holecová et al.
1 In this study the term rural is used to describe the habitats surveyed

that were based in woodland areas that were not within a town or city.
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(2018) reported that H. axyridis was not the most abundant

coccinellid. In the UK, just as H. axyridis was establishing, Brown

et al. (2011a) reported that H. axyridis was largely absent from

coniferous woodland. Furthermore, Purse et al. (2014) predicted

coniferous woodland could be a refuge for native coccinellids

because climate models suggest these habitats are suboptimal for

H. axyridis. Vegetation structure of a habitat can also influence

coccinellid assemblages. Grassland has been shown to be a refuge

for native coccinellid species with very few invasive alien

coccinellids recorded in this habitat (Diepenbrock and Finke,

2013). Rural woodland generally consists of a range of tree

species and areas of wild herbs/grassland. In Michigan (USA)

coccinellid species richness was higher when the habitat was

more complex and contained a range of vegetation structures

from deciduous trees to grassland and crops (Colunga-Garcia

et al., 1997). When non-crop vegetation was added to an

agricultural habitat, coccinellid abundance increased (Woltz and

Landis, 2014) and intraguild predation between a native coccinellid

and H. axyridis decreased (Amaral et al., 2015). Additionally, trees

and grassland tend to have a more diverse coccinellid community

than crops (Honěk, 2012). Beginning to understand how and why

certain habitats are used by particular coccinellid species would be

beneficial to understanding the relationship between H. axyridis

and native specialist coccinellid species (Sloggett and Majerus,

2000a). Competition for food resources from H. axyridis is one of

the reasons why native coccinellids may be negatively affected

(Brown et al., 2011a) and so monitoring aphid abundance adds

another dimension to studies of coccinellid community dynamics.

Harmonia axyridis is an intraguild predator; i.e. it preys

upon other aphid natural enemies including the eggs and larvae

of other coccinellid species (Roy et al., 2011; Brown et al., 2011a).

It has been suggested that an ongoing increase of H. axyridis

numbers may lead to the extinction of some coccinellid species

locally (Harmon et al., 2007; Adriaens et al., 2010; Comont et al.,

2014; Honěk et al., 2016). Harmon et al. (2007) highlighted the

decline of A. bipunctata over a broad geographic range after the

invasion of C. septempunctata and H. axyridis in the North

America. The dramatic decline of Coccinella novemnotata in

North America has also been attributed to a combination of

pressures exerted by both C. septempunctata and H. axyridis

(Losey et al., 2012b; Tumminello et al., 2015; Ducatti et al.,

2017). In Europe there has been a decline in A. bipunctata

(Belgium & UK), Adalia decempunctata and Calvia

quattuordecimguttata (Czech Republic) since the arrival and

establishment of H. axyridis (Brown et al., 2011a; Roy et al.,

2012; Honěk et al., 2016; Brown and Roy, 2018). In the UK,

distribution of H. axyridis is well known within urban and other

anthropogenic habitats and Labrie et al. (2008) reported H.

axyridis surviving very cold winters only where people dwell, as

this species prefers to over-winter in anthropogenic structures.

Additionally, Brown et al. (2011b) reported that H. axyridis

tended to oviposit and feed at sites that have human structures

nearby. However, much less is known on detailed habitat use of
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H. axyridis in the wider countryside (Brown et al., 2011a; Brown

and Roy, 2018).

Considering the aforementioned studies together with the

documented declines of native coccinellids in urban areas

strongly correlated with the presence of H. axyridis in the UK

(Roy et al., 2012), it is important to understand how native

coccinellids are faring in rural areas (Viglásǒvá et al., 2017). The

aim of this study was to explore the relationship between the

invasive alien H. axyridis and native coccinellid species in

rural habitats.
Materials and methods

Field sites

All sites were in Cambridgeshire or Suffolk and were

identified based on the presence of native tree species.

During the 2016 field season, four deciduous sites

(Brampton Wood, Monk’s Wood, Raveley Wood and

Wistow Wood) and two coniferous sites (two sites at King’s

Forest, a much larger woodland at approximately 23km2) were

sampled. Wistow Wood was removed as a site for 2017 as

there were not sufficient tree numbers or grassland habitat to

complete full surveys. An additional coniferous site at King’s

Forest was added for surveying in 2017. Thus, during the 2017

field season three deciduous woodlands (Brampton Wood,

Monk’s Wood and Raveley Wood) and three coniferous

woodlands (three sites at King’s Forest) were surveyed

(Table 1). Site locations can be found in Supplementary

Material Figure S1. Grid references were recorded using a

Garmin GPSmap 60CSx. Surveys took place from the

beginning of May to the end of October incorporating two

seasons: summer (May, June, July) and autumn (August,

September, October). In order to standardise data collection

sampling took place between 10:00 and 16:00 when weather

conditions were favourable, i.e. when the temperature was

greater than 14°C, conditions were dry and wind speeds were

below 5 on the Beaufort scale (Jones et al., 2006). Some surveys

were carried out when the temperature was below 14°C,

however in such instances there was at least 60% sun.
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Humidity and ambient temperature were recorded using an

EasyLog EL-21CFR-2-LCD.
Vegetation layers/structure

Three vegetation layers were selected for data collection;

tree, shrub and herb layer. These layers encompass the key

vegetation types found within a woodland and collectively

contain the majority of UK ladybird species (Roy et al., 2013).

The tree and shrub species selected for surveying were all

native to the UK. Additionally, the number of individuals of

each tree/shrub species was sufficient to allow regular visits

during the sampling season at the respective woodland sites

and avoid over-sampling. The herb layer (grassland/grass

layer) comprised low vegetation including grasses,

wildflowers, thistle, bramble, saplings etc. Vegetation height

in the grass margins did not exceed one metre in height. The

shrub layer (intermediate layer) comprised shrubs (Hall et al.,

2004) and immature trees, with the sampled plants being no

higher than three metres. The species selected for data

collection were hazel (Corylus avellana) and hawthorn

(Crataegus monogyna) in deciduous woodland and

immature Scots Pine (Pinus sylvestris) and birch (Betula

pendula) in coniferous woodland. The tree layer (mature

layer) consisted of trees that were over three metres high

with the target species being oak (Quercus robur) and field

maple (Acer campestre) in deciduous woodland and mature

Scots pine (Pinus sylvestris) and silver birch (Betula pendula)

in coniferous woodland. The tree and shrub layer are on

occasion referred to collectively as woodland and the herb

layer referred to as grassland.
Survey methods

Sweep-netting was used to sample coccinellids in the herb

layer. This method involved the use of a sweep net which

comprised of a white canvas bag (46cm in diameter) attached

to a metal ring on a large pole. One sweep was carried out for

one metre of distance walked with 100 metres of grassland
TABLE 1 Locations with woodland type and year surveyed for each field site.

Site Woodland Type Grid References County 2016 Surveys 2017 Surveys

Brampton Wood Deciduous TL1787 7018 Cambridgeshire √ √

Monk’s Wood Deciduous TL1976 8011 Cambridgeshire √ √

Raveley Wood Deciduous TL2444 8184 Cambridgeshire √ √

Wistow Wood Deciduous TL2963 8214 Cambridgeshire √ X

King’s Forest 01 Coniferous TL8223 7374 Suffolk √ √

King’s Forest 02 Coniferous TL8201 7417 Suffolk √ √

King’s Forest 03 Coniferous TL8088 7153 Suffolk X √
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being surveyed at deciduous and coniferous woodland sites

only. Sweeping this area took approximately 25 minutes. An

estimate of the percentage plant cover of the grass margin was

determined by eye at each sampling point. Tree beating was

used to collect ladybirds from the tree and shrub layers. This

method involved using a stick (approximately 1.5 metres in

length) to sharply tap tree branches whereby insects fell onto a

large white beating tray (110cm x 86cm) (Roy et al., 2013).

Three individual branches on each tree were sampled by

tapping each branch three times in quick succession.

Depending on accessibility, each survey was carried out

around the full circumference of the tree. Ten trees of each

species in both the intermediate and mature layers were

surveyed in deciduous and coniferous woodland. Surveying

ten trees within one gradient took approximately 25 minutes.

All captured coccinellids were identified to species level in the

field. Larvae in the early stages of development, especially first

and second instar, are very difficult to identify to species level

in the field and so where there was uncertainty the term ‘Early

Stage Larva’ (ESL) was used. Additionally, third instar

Harmonia spp. larvae are included in the ESL group due to

the similarity between H. axyridis and H. quadripunctata at

this life stage. Just over six percent of larval records were not

identifiable due to their early stage (ESL) (Table S1) and were

excluded from analyses. The number of aphids (adult and

immature) captured during sweeping/tree beating were also

recorded. Due to potentially very large numbers being present

these numbers were estimated in increments of 5 (for example,

1, 5, 10, 15, 20, 25, etc.). Aphids (Aphidoidea) were identified

to superfamily.
Data analysis

Analyses was carried out using R Studio (R Core Team,

2019) except for canonical correspondence analysis which was

carried out in PAleontological Statistics (PAST) Version 3.23

(Hammer et al., 2001). The following R packages were used for
Frontiers in Conservation Science 04
basic analyses and visualisation of data: dplyr (Wickham et al.,

2019), ggfortify (Horikoshi and Tang, 2016; Tang et al., 2016),

ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2018). For

multivariate analyses three packages were used: Hotelling

(Curran, 2018), lattice (Sarkar, 2008) and vegan (Oksanen

et al., 2019). The remaining packages used for regression

analyses were: fmsb (Nakazawa, 2018), lmtest (Zeileis and

Hothorn, 2002), pscl (Zeileis et al., 2008), sandwich, (Zeileis,

2004; Zeileis, 2006), lattice and MASS (Venables and Ripley,

2002). Wilcoxon paired tests were used to compare abundances

of native coccinellids and H. axyridis at the same locations, e.g.

deciduous woodland. Spearman’s correlation was utilised to

investigate any association between both H. axyridis and

native coccinellid abundance and that of aphids.

Regression models
Generalised linear models (GLM) were utilised to investigate

the effects of site type (deciduous, coniferous), vegetation

structure (tree, shrub, herb) and season (summer, autumn) on

coccinellid and aphid abundance. Data from tree and shrub layer

were analysed together under the collective term ‘woodlands’

when investigating site type while the grassland data was

analysed separately due to differences in sampling method.

Environmental variables (temperature, humidity) were

included in the models. We assessed overdispersion commonly

associated with count data and accordingly used log Likelihood,

Akaike Information Criterion (AIC) and weighted AIC, with the

weighted AIC being the deciding factor as to which model was

the best fit. In the majority of cases, either a zero-inflated

negative binomial (ZINB) model or negative binomial

regression (NB) model were the best fit for the data, and on

occasion the null model was the better fit. Temperature and

humidity were checked for collinearity with a variance inflation

factor (VIF). Neither variables were of concern with a VIF of <

1.2 each, and both were incorporated into the regression models.

Table 2 presents which model was the best fit for explaining the

effects of the variables on H. axyridis, native coccinellid and

aphid abundance in rural woodlands and rural grasslands.
TABLE 2 Final model that was best fit when variables applied under the following conditions.

Location Rural woodland Deciduous woodland Coniferous woodland

Dependent variable

H. axyridis Full ZINB Full ZINB Reduced NB

Native coccinellids Reduced NB Full ZINB Reduced NB

Aphidoidea Full ZINB Full ZINB Reduced NB

Location Rural grassland Deciduous grassland Coniferous grassland

Dependent variable

H. axyridis N/A N/A N/A

Native coccinellids Reduced NB Null model Full ZINB

Aphidoidea Full ZINB Full ZINB Full NB
ZINB, Zero-inflated negative binomial; NB, Negative binomial; N/A, not applicable due not enough data available for analysis.
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Model comparisons can be found in Supplementary Material,

Tables S3–S19.

Diversity
Shannon Diversity was calculated for rural sites only and for

native coccinellid species only. Simpson’s diversity was not

carried out as rare species or those recorded in low numbers

are not given the same consideration by the index as more

abundant species by this measure (Magurran, 2004; Morris et al.,

2014). Differences in diversity across site types and season were

calculated using t-tests while ANOVA was used to assess any

differences in diversity within the vegetation structure followed

by a post-hoc Tukey if any significances were apparent.

Regression models were run to determine if native coccinellid

diversity had any effect on the abundance of H. axyridis and

native coccinellids.

Ordination
Canonical Correspondence Analysis (CCA) detects patterns

of variation in a given community that can be explained by

environmental data. The analysis focuses on beta-diversity (how

dissimilar sites are) instead of alpha diversity (diversity of a site)

(Zuur et al., 2007). This method of multivariate analysis

generates an ordination diagram where a given species point is

at the weighted average or centroid of the sites where it was

recorded (ter Braak and Verdonschot, 1995). The qualitative

environmental variables (site type and vegetation layer) are

illustrated by a point that is the centroid of site points

belonging to that group, for example the weighted average of

the tree layer where the weight is the total abundance of the tree

layer (ter Braak and Verdonschot, 1995). This analysis was used

to investigate the relationship that two variables had on the

coccinellid assemblage; site type (deciduous or coniferous) and

vegetation layer (tree, shrub or herb). The coccinellid data were

fourth root transformed to remove any effect of highly abundant

species (Chessman, 2003; Pickwell, 2012). Interpretation of the

resulting ordination is based on the eigenvalues, statistical

significance determined by Monte Carlo permutation test and

ecological interpretability (ter Braak and Verdonschot, 1995). In

this case, the biplot rule (described below) was applied as the

eigenvalues were less than 0.4 and this rule is more informative

than the centroid rule when eigenvalues are low (ter Braak and

Verdonschot, 1995). Firstly, the direction of maximum change

in the relative abundance of a species (e.g. species X or Y) was

determined by drawing a line from Species X to the origin.

Subsequently the sites were then projected onto the arrow for

Species X, illustrating the share each site (site A or B) has in the

total abundance of each species (ter Braak and Verdonschot,

1995; Zuur et al., 2007). To interpret how a species relates to an

environmental variable, imagine the variable line (e.g. ‘Type’) is

extended in the opposite direction for the same distance,
Frontiers in Conservation Science 05
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perpendicular to the axis, indicating the species relationship

with that variable (Zuur et al., 2007). The combination of

regression models, the Shannon diversity index and the

ordination analysis yielded a detailed representation of

coccinellid assemblages.
Results

Seventeen species of coccinellid totalling 1,330 individuals

were recorded during the study period across three different

vegetation gradients (tree, shrub & herb layer) from deciduous

and coniferous woodland. Just eight of these coccinellid species

were recorded in the herb layer in comparison to 16 species on

trees & shrubs in woodland (see Supplementary Material

Tables S1, S2). Five species (Myzia oblongoguttata, Myrrha

octodecimguttata , Scymnus sutural i s , Subcoccinel la

vigintiquattuorpunctata and Tytthaspis sedecimpunctata)

were recorded in coniferous woodland only, while one

species (Psyllobora vigintiduopunctata) was recorded in

deciduous woodland only. In grassland, four coccinellid

species (Exochomus quadripustulatus , S. suturalis , S.

vigintiquattuorpunctata and T. sedecimpunctata) were

recorded at coniferous sites only. Inclusive of all three

vegetation layers, species richness was lower at deciduous

(n = 12) than coniferous (n = 16) sites.
Coccinellids in tree & shrub layer

Rural woodland site type (deciduous and coniferous) was

analysed separately. Native coccinellid abundance was

significantly greater than that of H. axyridis in deciduous

woodland (median = 2 and 0 respectively, Z = -5.43, p <

0.001, r = 0.60) and coniferous woodland (median = 3.5 and 1

respectively, Z = -4.15, p < 0.001, r = 0.50) (Figure 1). The binary

model of the ZINB revealed that the likelihood of recording H.

axyridis was higher in the summer rather than autumn across

rural woodlands combined (z = -3.011, p = 0.003). The only

variable that affected H. axyridis abundance was vegetation layer

in both deciduous only and coniferous only woodland, with a

greater number recorded in the tree layer (z = 2.65, p = 0.008 and

z = 2.82, p = 0.005 respectively) (Figure 1). The abundance of H.

axyridis was higher during the summer (z = 4.78, p < 0.001) in

deciduous woodland with no effect of season apparent in

coniferous woodland. In addition to the results from the

logistic model, the binary model explained in greater detail

what the zeros represented in these data, with the likelihood of

recording H. axyridis being significantly higher in coniferous

woodland in comparison to deciduous woodland (z = 3.67, p =
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FIGURE 1

Mean number (+SE) per site visit of coccinellids recorded in woodland at deciduous-only and coniferous-only sites in Cambridgeshire and
Suffolk. Native = all native coccinellids recorded; Dec. = Deciduous; Con. = Coniferous; Tree = Tree layer; Shrub = Shrub layer. Square brackets
indicate the grouping of the Tree and Shrub layer for the respective deciduous and coniferous sites. Consecutive letters indicate where
significant differences occur.
FIGURE 2

Mean number (+SE) per site visit of coccinellids recorded in the grass layer at deciduous and coniferous sites in Cambridgeshire and Suffolk.
Native = all native coccinellids recorded. Consecutive letters indicate where significant differences occur.
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0.0002). In rural woodland, deciduous sites had a significantly

lower number of native coccinellids than did coniferous sites

(z = -3.16, p = 0.002) (Figure 1). In deciduous woodland,

vegetation layer had no effect on native coccinellid abundance,

however, abundance was significantly higher in the tree layer of

coniferous woodland as opposed to the shrub layer (z = 2.67, p =

0.008) (Figure 1). Season did not influence the abundance of

native coccinellids in deciduous only or coniferous

only woodland.
Coccinellids in herb layer

Eight coccinellid species totalling 405 individuals were

recorded in the grassland habitat. Two of the species, S.

vigintiquattuorpunctata and T. sedecimpunctata were

predominantly confined to grassland (with only two

occurrences of S. vigintiquattuorpunctata on trees). Very few

H. axyridis were recorded in the herb layer (n = 12) and as a

result it was not possible to apply any statistical analysis.

Significantly fewer native coccinellids were recorded in

grassland within deciduous habitat (z = -3.08, p = 0.002) as

indicated by the reduced negative binomial model (Figure 2)

than within grassland in coniferous habitats. In coniferous
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woodland, native coccinellids were significantly more

abundant during summer rather than autumn (z = 3.23, p =

0.001). The null model was the best fit to investigate coccinellid

abundance in grassland at deciduous sites revealing no effect of

season on native coccinellid abundance.
Coccinellid diversity

When considered as an entire habitat, coniferous sites

hosted a significantly higher native coccinellid diversity (t =

5.83, p < 0.001) than deciduous woodlands (Figure 3). In

deciduous woodland sites, native coccinellid diversity varied

significantly (one-way ANOVA: F = 4.35, p = 0.015) with the

tree layer having greater diversity than the grass layer (p = 0.01)

as revealed by a post-hoc Tukey test. Coniferous sites also

exhibited differences between the different vegetation

structures (F = 9.24, p <0.0002) with a significantly lower

diversity in both the shrub layer and grass layer (p = 0.0005 &

p = 0.001 respectively; Figure 3) in comparison to tree layer.

There was no effect of seasonality on native coccinellid diversity

in deciduous woodland, however native coccinellid diversity in

coniferous woodlands was higher during the summer (t = -2.23,

p = 0.02). The count part of the ZINB model revealed that native
FIGURE 3

Mean Shannon diversity (+SE) of native coccinellid species at deciduous and coniferous sites and at different vegetation layers across all sites in
Cambridgeshire and Suffolk. Consecutive letters indicate where significant differences occur. Letters on brackets represent differences between
deciduous and coniferous sites collectively.
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coccinellid diversity did not affect H. axyridis abundance,

however, the binary model indicated that the probability of

recording H. axyridis was significantly lower when native

coccinellid diversity was higher (z = -2.37, p = 0.01). As

expected, native coccinellid abundance was higher when native

coccinellid diversity was higher (z = 5.6, p < 0.001).
Coccinellid assemblage

The coccinellid assemblage is represented by an ordination

plot (Figure 4) which is interpreted below by starting with the

environmental variables, Type and Layer. Focusing firstly on the

‘Type’ axis, there is a clear difference in the coccinellid

communities that are associated with coniferous only and

deciduous only sites. Some species are positively associated with

coniferous (M. oblongoguttata, M. octodecimguttata, Scymnus

suturalis., H. quadripunctata) and deciduous (Halyzia

sedecimguttata, A. decempunctata, P. quattuordecimpunctata)

sites while other species are more generalist and are associated

with both sites in varying abundances (H. axyridis, E.

quadripustulatus, C. septempunctata) (Figure 4). The ‘Layer’ axis
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also reveals that certain species are associated with particular

vegetation layers and others are quite generalist in their habitat

preferences. Habitat generalist species appear to aggregate along

the centre of the ‘Layer’ axis (H. axyridis, E. quadripustulatus,

Scymnus suturalis, P. quattuordecimpunctata) while the herb layer

has a distinct coccinellid assemblage (P. vigintiduopunctata, S.

vigintiquattuorpunctata, T. sedecimpunctata) (Figure 4).

Several species show a preference for the tree layer over the shrub

layer in both coniferous (A. bipunctata, M. oblongoguttata, M.

octodecimguttata, H. quadripunctata, Anatis ocellata) and deciduous

sites (Chilocorus renipustulatus, Calvia quattuordecimguttata, H.

sedecimguttata, A. decempunctata) (Figure 4). The herb layer at

coniferous sites is distinct from the other coniferous vegetation layers

and as expected is more similar to the deciduous herb layer (Figure 4).

There was no difference in species diversity between the shrub and tree

layer at deciduous sites and from the CCA plot (Figure 4) it becomes

apparent that coccinellids use both vegetation structures with little

variation between them, particularly when comparing the herb layer.

For example, C. septempunctata (C7) is associated with both the herb

and shrub layer, but with a greater abundance associated with the herb

layer and a lower abundance associatedwith the tree layer. The tree and

shrub layer at coniferous sites host similar coccinellid assemblages to
FIGURE 4

Species-conditional CCA triplot based on a canonical correspondence analysis of the coccinellid and environmental data recorded at rural sites in
Cambridgeshire and Suffolk. Environmental vectors are amplified by a factor of two. Axis 1 explained 99.3% of the variation in the taxon-environmental
structure and axis 2 explained 0.7% of the variation (Eigenvalues were 0.3505 and 0.0024 respectively); Type = coniferous sites (KF01, KF02, KF03 =
Kings Forest site 1, 2 and 3) and deciduous sites (BW = Brampton Wood, MW = Monk’s Wood, RW = Raveley Wood); Layer = tree, shrub and herb layer
(coloured in red, black and gold respectively); coniferous sites are indicated by filled squares, deciduous sites by filled dots and coccinellid species by
blue dots; coccinellid species = (A2, Adalia bipunctata; A10, Adalia decempunctata; AnO, Anatis ocellata; C7, Coccinella septempunctata; C14, Calvia
quattuordecimguttata; ChRe, Chilocorus renipustulatus; ExQ, Exochomus quadripustulatus; H4, Harmonia quadripunctata; H16, Halyzia sedecimguttata;
Hax, Harmonia axyridis; M18, Myrrha octodecimguttata; MyO, Myzia oblongoguttata; P14, Propylea quatuordecimpunctata; P22, Psyllobora
vigintiduopunctata; S24, Subcoccinella vigintiquatuorpunctata; Scy, Scymnus suturalis; T16, Tytthaspis sedecimpunctata).
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each other. For example, E. quadripustulatus (ExQ) was associated

across all coniferous sites for both the tree and shrub layer yet has a

greater association with the tree layer. Two coccinellid species (T.

sedecimpunctata & S. vigintiquattuorpunctata) dominated the herb

layer at coniferous sites that were not associatedwith any other site type

or vegetation layer.

Harmonia axyridis appears as a generalist in the ordination

diagram, being situated close to the origin and almost halfway on

both variable axes. This species, however, was more positively

associated with coniferous sites and with the shrub layer (KF01,

KF03, KF02 & BW), while H. axyridis was negatively associated

with the herb layer at both site types. Associations with certain

native coccinellid species were evident, however these species were

not as abundant asH. axyridis. Both E. quadripustulatus (ExQ) and

A. bipunctata (A2) have a similar association with coniferous sites

as H. axyridis, however A. bipunctata is positively associated with

the tree layer, unlike E. quadripustulatus which seemed to utilise

both the tree and shrub layer (Figure 4).
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Aphids

Across all site types (deciduous, coniferous) and vegetation

structures (tree, shrub and herb layers) a total of 10,683 aphids

(prey) were recorded. Woodland type had an effect on aphid

abundance with significantly lower abundance at deciduous sites

(z = -3.34, p = 0.0008; Figure 5). Vegetation structure had no

effect on aphid abundance at either deciduous or coniferous

woodland sites. Harmonia axyridis abundance was positively

associated with aphid abundance at coniferous-only woodland

while native coccinellid abundance was negatively associated

with aphid abundance at deciduous-only woodland (Table 3).

There was a negative association between aphid and native

coccinellid abundance in deciduous grassland (Table 3).
Discussion

In this study, native coccinellids were more abundant than

H. axyridis in both coniferous and deciduous woodland. This

contrasts with studies on coccinellid assemblages in urban

habitats which are dominated by H. axyridis (Brown et al.,

2011a; Viglásǒvá et al., 2017). When comparing deciduous and

coniferous woodland habitats, the coniferous sites hosted a

higher number of native coccinellids than did deciduous sites.

Previous studies have suggested that coniferous habitat may act

as a barrier to the continuing establishment of H. axyridis,

thereby providing a refuge for native coccinellids from H.

axyridis (Brown et al., 2011a; Purse et al., 2014), but our
TABLE 3 Significance of Spearman correlations for coccinellid
abundance with aphids recorded from trees at different site types.

Associated Insects Harmonia axyridis Native coccinellids

Aphids

Deciduous Woodland 0.086 -0.35

Coniferous Woodland 0.26 -0.13

Deciduous Grassland n/a -0.48

Coniferous Grassland n/a 0.10
Significant r2 values are shown in bold.
FIGURE 5

Mean number (log10+1 transformed) (+SE) per site visit of H. axyridis and native coccinellids recorded in relation to records of Aphids in East
Anglia. Native = native coccinellids recorded. Consecutive letters indicate where significant differences occur.
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results do not support this. It is possible that H. axyridis has

adapted to conditions found at coniferous sites in the UK and

can overwinter successfully within them. Harmonia axyridis is

highly phenotypically plastic and can adapt to available habitats,

prey efficiently (Majerus et al., 2006) and climatic extremes

(Sloggett and Majerus, 2000b).

When inve s t i ga t ing ove rw in t e r ing cocc ine l l i d

assemblages, Holecová et al. (2018) found that even though

H. axyridis was one of the most abundant species on Scots

Pine, the majority of the time, either E. quadripustulatus or C.

septempunctata made up a larger proportion of overwintering

coccinellids, being similar to that observed in this study.

Coniferous woodlands experience less extreme temperature

variation than deciduous woodlands (Ferrez et al., 2011) and

greater overwintering success as a result could explain the

increased abundance of native coccinellids at these sites.

Additionally, considering the preference H. axyridis has for

more sheltered overwintering sites, it is possible that the large

area of coniferous plantation in this study provided sufficient

shelter to enable this species to overwinter successfully. With

a shortage of knowledge on coccinellid assemblages at

overwintering sites (Pendleton and Pendleton, 1997-2019;

Hodek, 2012; Holecová et al., 2018) investigating the

overwintering coccinellid assemblages in coniferous

woodland would provide further knowledge of coccinellid

behaviour and importantly how climate change may influence

coccinellid assemblages in the future. Another feature of the

coccinellid life cycle that may be impacted by climate change

is diapause. As the onset of diapause varies among coccinellid

species (Hodek, 2012) the coccinellid community can vary.

Studies on coccinellid diapause tend to focus on one of a small

number of species and very little is known in relation to how

diapause may impact coccinellid assemblages. Exploring the

influence of diapause would lead to a greater understanding

of the coccinellid community.

There was a distinct difference in the coccinellid community

in relation to vegetation structure (tree, shrub and herb layer)

between coniferous and deciduous sites. Within these individual

site types, vegetation structure affected both the abundance and

distribution of different species. The tree layer in both deciduous

and coniferous woodland supported the greatest coccinellid

diversity and in both cases differed to the herb layer. At urban

sites, Viglásǒvá et al. (2017) found that coccinellid diversity also

differed across the different vegetation types that were surveyed,

with higher species diversity in trees in comparison to nettle

stands. The herb layer in this current study also hosted a

different coccinellid community to that of the tree and shrub

layer, likely due to the very different food sources available in the

herb layer (mildew, plant material, different aphids). Similar

findings were reported by Viglás ̌ová et al. (2017) for the

coccinellid species observed on nettle stands. The differences

reported in this current research relate to both site types with
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a unique coccinellid assemblage at both coniferous

and deciduous sites. Grassland specialists dominated the

herb layer at coniferous sites (e.g. T. sedecimpunctata & S.

vigintiquattuorpunctata), while generalist coccinellids, such C.

septempunctata dominated at deciduous sites. Interestingly,

Viglásǒvá et al. (2017) reported seasonal differences in how C.

septempunctata used different vegetation structures, with greater

numbers in nettles in the summer, and higher abundance on

trees later in the year. No such seasonal effect was evident within

our study, however, C. septempunctata did make use of the

different vegetation layers as previously illustrated.

The abundance of H. axyridis, when present, was not

influenced by native coccinellid diversity, however, when

native coccinellid diversity was higher, the probability of

occurrence of H. axyridis was lower. In an agricultural habitat,

Grez et al. (2021) reported native coccinellid diversity to be

negatively associated with non-native coccinellid abundance. It

is widely documented that H. axyridis is often the most

abundant coccinellid at urban sites, however this was not the

case for rural woodland and grassland habitats in this study.

Adalia bipunctata is reported to have high niche overlap with H.

axyridis (Sloggett, 2008), however, the extent of co-occurrence

between H. axyridis and A. bipunctata is likely to vary between

habitats (urban/rural, tree/grass). Recently, Gardiner et al.

(2021) reported native coccinellid diversity to be positively

associated with forested habitat, while being negatively

associated with urbanised habitats.

A negative relationship was observed between native

coccinellid and aphid abundance at deciduous sites but at

coniferous sites H. axyridis and aphid abundance were

positively correlated. The majority of coccinellids recorded at

deciduous sites were C. septempunctata, which is a species that is

known to tolerate areas with low aphid density (Honěk, 1985).

The third and fourth most frequently observed coccinellids at

deciduous sites were P. quattuordecimpunctata and A.

decempunctata, both of which are also tolerant of low aphid

abundance (Honěk, 1985). The relationship between coccinellid

abundance and that of aphids, however, is not an easy one to

tease apart, in part due to the dynamic nature of both aphid and

coccinellid populations. Vandereycken et al. (2013) reported a

positive relationship between aphids and coccinellids in a range

of crop habitats. Conversely, when investigating coccinellids in

urban areas, Viglásǒvá et al. (2017) found the relationship

between common coccinellid species and aphid abundance to

be non-linear with coccinellid abundance increasing with that of

aphids, however when aphid abundance became very high,

coccinellid abundance decreased. Furthermore, Brown et al.

(2011a) and Brown and Roy (2018) did not find any

correlation between H. axyridis or aphidophagous coccinellids

and aphid abundance. A network ecology approach may reveal

more about the complex relationship between coccinellids

and aphids.
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Conclusion and future work

The decline of native coccinellids is not solely a consequence

of the arrival of H. axyridis and indeed some studies show that

native species were in decline prior to its arrival (e.g. A.

bipunctata & C. quinquepunctata in Czech Republic, Honěk

et al., 2016). Climate change, land use change, intensification of

agricultural practices (Honěk et al., 2016) and increased

anthropogenic disturbance (Brown and Roy, 2018) may all

have contributed to the decline of these species alongside the

arrival of H. axyridis. There are suggestions that the initial

decline of native species will reverse and that the invasive alien

and native populations may stabilise and co-exist (Hentley et al.,

2016). Research by Honěk et al. (2016) illustrates just how

important long-term population studies are in having baseline

data prior to the establishment of an IAS but also in determining

how native coccinellid abundance can fluctuate over several

years. Long-term studies in a range of habitats are needed to

reveal a more complete picture on native coccinellid

communities and how they change in the presence of IAS and

other drivers of environmental change. Other process may be

influencing the differences we observed between coniferous and

deciduous sites, perhaps connectivity or adjacent land use or a

combination of the two. Including these aspects in future work

would enhance our knowledge of coccinellid communities and

contribute to informing conservation action.

Coccinellid communities are not often the sole focus of

studies and information on their structure tends to come as an

add-on to other works (Honěk, 2012). More research needs to be

initiated to investigate the coccinellid community as a whole and

not just focus on individual species. In this study H. axyridis was

less abundant than native coccinellids as a group within both

rural woodland and rural grassland. A distinct native coccinellid

assemblage was present within all three vegetation layers (tree,

shrub and herb layer) sampled. Moving this research further

forward, it would be interesting to explore how the coccinellid

community varies with seasonality.

With increasing pressures from multiple drivers acting at

varying temporal and spatial scales (Bonebrake et al., 2019), it is

important to continue research into the dynamics of native

coccinellid communities to inform appropriate conservation

action. There is increasing evidence that the composition of

landscapes can determine community composition (Gardiner

et al., 2009), indeed Grez et al., 2014b demonstrated the

importance of heterogeneous landscapes for increasing

coccinellid diversity and abundance within agricultural systems.

Indeed, conserving insect diversity, particularly as the pressure

from global environmental change increases, will depend on

improving spatial and temporal heterogeneity, including

maintaining unique habitats and ensuring functional

connectivity, to create landscape mosaics (Samways et al., 2020)

that benefits insects including coccinellids. We have demonstrated
Frontiers in Conservation Science 11
the importance of different woodland habitats in supporting

diverse coccinellid communities. Considering the complex

relationship between aphids and generalist coccinellids it is

important to further understand the importance of coccinellid

diversity, how the communities exist in different landscape

contexts and their role in ecosystem functioning.
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