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Insect declines are being reported worldwide and private, residential gardens could provide refugia for these
species under increasing land use change. Interest in wildlife-friendly gardening has increased, but many man-
agement recommendations lack a scientific evidence-base. We used a large citizen science scheme, the Garden
Butterfly Survey (GBS), with data from over 600 gardens across Great Britain (2016-2021) to determine how the
surrounding landscape influences the abundance and species richness of butterflies in gardens and whether
wildlife-friendly gardening practices, such as having long grass and providing nectar plants, benefit butterflies.
First, we show that GBS provides reliable estimates of species abundances by comparing with results from stan-
dardised, long-term monitoring data. Garden size and surrounding land use had significant effects on butterfly

abundance and richness in gardens, including positive relationships with garden size, woodland and arable farm-
land and negative relationships with urbanisation. Both the presence and area of long grass in gardens were posi-
tively related to higher butterfly richness and abundance, with the latter being driven by butterflies that use
grasses as larval host plants. These effects differed depending on the surrounding landscape, such that long grass
resulted in higher garden butterfly abundance in landscapes dominated by arable farming, and higher abundance
and richness in highly urbanised areas. The presence of flowering ivy (Hedera spp.) in gardens resulted in higher
abundance of Celastrina argiolus holly blue which uses ivy as a larval host, and of Vanessa atalanta red admiral
and Polygonia c-album comma, which favour it as a nectar source. Our work provides evidence that undertaking
simple wildlife-friendly garden practices can be beneficial for attracting butterflies, particularly in heavily modi-
fied areas. With over 728,000 ha of gardens in Great Britain, the cumulative effect of leaving areas of lawn uncut
and providing nectar and larval host plants could be key for helping biodiversity.

1. Introduction

Insect declines have been documented globally over recent decades
(Dirzo et al., 2014; Wagner et al., 2021), posing a risk to insect-
mediated ecosystem functions and services that humans rely upon
(Ameixa et al., 2018). Loss of insect populations has been linked to land
use change, particularly agricultural intensification and increased ur-
banisation, and climate change (Fenoglio et al., 2021; Outhwaite et al.,
2022; Vaz et al., 2023). In response, there has been extensive media
coverage (Saunders et al., 2020), raising public awareness and encour-
aging action to help stem and reverse declines (Forister et al., 2019;
Habel et al., 2019). Private, residential gardens offer opportunities for
the public to take action and could provide refugia for biodiversity,
helping to alleviate some of the negative pressures faced by insects in
other heavily modified landscapes. An understanding of how the public
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could manage their gardens to become more attractive to insects could
provide meaningful ways for people to help reverse insect declines.
Private outdoor space makes up over 728,000 ha in Great Britain
(GB), and it's estimated that 62 % of this area is vegetated (Office for
National Statistics, 2020). Taken individually, gardens may not appear
to be of great significance to insect biodiversity, but collectively, they
can represent important refuges, provide stepping stones across hostile
landscapes, offer significant resources and contribute to landscape-
scale species richness (Baldock et al., 2019; Goddard et al., 2010; Hill et
al., 2021; Plummer et al., 2023; Tew et al., 2022). Particular features of
gardens, such as the presence of trees, hedges and ponds, have been
shown to increase abundance and richness of insects and birds (Bates et
al., 2014; Tassin De Montaigu and Goulson, 2024; Tassin de Montaigu
and Goulson, 2023). Undertaking wildlife-friendly management actions
in private gardens, such as growing particular flowering plants for nec-
tar and pollen or the provision of artificial nest sites, can also benefit in-
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sects (Garbuzov and Ratnieks, 2014a; Gaston et al., 2005; Griffiths-Lee
et al., 2022; Salisbury et al., 2015). The presence and abundance of nec-
tar plants, for example, can increase the number of insect species
recorded in gardens (Fontaine et al., 2016; Majewska et al., 2018; Pendl
et al., 2022; Quistberg et al., 2016), despite a lack of scientific evidence
underpinning many of the recommended ‘wildlife-friendly’ plant
choices (Delahay et al., 2023; Garbuzov and Ratnieks, 2014b; Rollings
and Goulson, 2019). Other garden management actions endorsed as
wildlife-friendly have not proved effective for insects when tested
(Gaston et al., 2005) or are yet to be assessed. For example, while re-
ducing mowing intensity of urban greenspace results in greater insect
abundance and species richness (Proske et al., 2022; Watson et al.,
2020; Wintergerst et al., 2021), there is little evidence whether uncut
parts of lawn benefit insect communities in private, residential gardens
(but see Helden et al., 2018 and Lerman et al., 2018). Some recom-
mended gardening practices for butterflies, such as planting nectar
plants, may only lead to butterflies visiting gardens, while others such
as leaving patches of uncut vegetation throughout the year, may pro-
vide suitable habitats and larval hostplants for some butterfly species to
breed in the garden. Given the recent increased promotion of long grass
in gardens for biodiversity, partly due to campaigns such as No Mow
May (https://www.plantlife.org.uk/campaigns/nomowmay/), it is im-
portant to establish the benefits of wildlife-friendly garden interven-
tions.

The effectiveness of wildlife-friendly management actions in private
gardens may be moderated by the nature of the surrounding landscape,
which is likely to play a significant role in determining local insect com-
munity composition. In highly urbanised areas, for example, many tax-
onomic groups have reduced abundance and species richness compared
with more rural areas (Clergeau et al., 2006; Fenoglio et al., 2021;
Taylor et al., 2013), although some urban green spaces can support
high insect diversity and the floral resources they require (Hall et al.,
2017; Lynch et al., 2021). Urban gardens often harbour lower insect di-
versity (Bates et al., 2014; Di Mauro et al., 2007; Fontaine et al., 2016),
while gardens surrounded by higher quality habitat, such as woodland
and water bodies, have increased bird and butterfly species richness
(i.e. positive edge effects) (Pendl et al., 2022; Tassin De Montaigu and
Goulson, 2024; Tassin de Montaigu and Goulson, 2023). There is con-
trasting evidence as to the relative importance of site-level characteris-
tics or the surrounding landscape in explaining species richness and
abundance. Some studies suggest that changes made within gardens,
for example more flowering plants, less bare ground and a greater num-
ber of trees, influence the richness and abundance of insects more than
the make-up of the surrounding landscape (Otoshi et al., 2015;
Quistberg et al., 2016; Tassin De Montaigu and Goulson, 2024). How-
ever, other research has demonstrated that the surrounding landscape
was more important than garden characteristics in influencing bird oc-
currence (Chamberlain et al., 2004) and moth assemblages (Ellis and
Wilkinson, 2021). The importance of the surrounding landscape may
also be moderated by site-level characteristics (i.e. the interactions be-
tween the site and the landscape, such as edge effects). Better under-
standing of the determinants of insect biodiversity in domestic gardens,
particularly the contributions of and interactions between the sur-
rounding landscape and garden features and management, are key to
providing effective wildlife gardening advice to the public.

Here, we use data from a citizen science scheme, the Garden Butter-
fly Survey (GBS), to understand which factors influence the abundance
and richness of butterflies recorded in gardens in GB. Citizen science,
the involvement of volunteers in scientific research, has proved highly
effective in biodiversity monitoring and ecological research, but can
also have limitations due to data quality issues such as incorrect species
identification (Brown and Williams, 2019; Dickinson et al., 2010).
Thus, we first check that GBS data provide reliable estimates of species
abundance, by comparison with long-term, standardised monitoring
data from the UK Butterfly Monitoring Scheme (UKBMS). Then, we in-
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vestigate how the landscape surrounding gardens affects butterfly
abundance and richness. Next, we assess the effects of two recom-
mended wildlife gardening practices, providing long grass and flower-
ing ivy (Hedera spp.), on butterfly abundance and richness. To our
knowledge, the efficacy of these practices for butterflies has not previ-
ously been investigated in private gardens. We hypothesise that having
long grass, having a larger area of long grass, and having flowering ivy
present, all of which potentially provide larval resources and nectar for
adult insects, will result in higher butterfly abundance and richness. We
also hypothesise that having long grass will increase the abundance of
butterfly species that use grasses as larval host plants, and having flow-
ering ivy will both increase the abundance of Celastrina argiolus holly
blue, which uses ivy as a larval host plant, and the abundance of
Vanessa atalanta red admiral and Polygonia c-album comma, which fre-
quently feed on ivy nectar (Steel, 2003; Vickery, 1998). Finally, we ex-
plore the interactions between the surrounding landscape and the
wildlife gardening practices to understand the situations in which such
management can increase garden butterfly abundance and richness.
Our overall aim is to identify how wildlife gardening practices and the
surrounding landscape influence butterflies recorded in gardens so as to
provide evidence-based advice for the public and other land managers
to help increase populations of widespread butterflies.

2. Methods
2.1. Garden Butterfly Survey data

For this study, we used data from the Garden Butterfly Survey (GBS;
www.gardenbutterflysurvey.org), a citizen science project run by But-
terfly Conservation. There is only a very basic survey protocol for GBS;
participants simply record the maximum number of each butterfly
species that they see on each date that they choose to survey their gar-
den throughout the year. We used records from 2016 to 2021 from gar-
dens in GB.

As participants can record butterflies at any time, the level of
recording effort varies across GBS gardens. To reduce the influence of
recording effort in our analysis, and to focus on gardens which have
recorded butterflies throughout the main flight periods to ensure we ob-
tain an accurate abundance estimate, we only considered gardens
which had a minimum of four recording days in a single year, spread
across the main season of butterfly activity in GB: one day in late spring
(15 April - 15 May), two days at least 10 days apart in summer (1 July -
31 August), and one day in early autumn (15 September - 15 October).
Furthermore, we excluded butterfly species from all our analyses which
were recorded in fewer than 1 % of all GBS gardens, so that our focus
was on commonly observed garden species. Applying these filters gen-
erated a dataset of 823 gardens (Fig. S1) and 31 butterfly species (Table
S1) for analysis.

To examine the seasonal impact of ivy flowers on butterfly abun-
dance and richness, we only included gardens which had butterfly
records during the flowering period of ivy. We only considered gardens
which had a minimum of two recording days in a single year, between 1
September and 30 November, with at least 30 days between the two
visits. Applying these filters generated a dataset of 746 gardens and 26
butterfly species (Table S1) for analysis.

For each garden site, we calculated annual measures of total abun-
dance of each species and of all butterflies and relative species richness
of butterflies, and modelled these metrics in relation to garden size,
land use variables in the surrounding landscape and wildlife gardening
practices, while controlling for recording effort.

2.2. Butterfly abundance

We used generalized additive models (GAMs) to impute missing
daily counts using the rbms package (Dennis et al., 2016; Schmucki et
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al., 2022) in R studio version 4.3 (R Core Team, 2023). For each year,
species-specific flight curves were estimated for the entire year (1 Janu-
ary - 31 December) using sites with a minimum of four visits (two of
which must be positive for the species) and for species with a minimum
of five sites each year. Cupido minimus small blue was not recorded at a
sufficient number of sites for flight curves to be estimated. Species were
also removed if we could not compute a flight curve for each year, re-
moving a further seven species. Using each species' normalised flight
curve for each year, a site index for each species at each site was calcu-
lated by scaling the total observed abundance relative to the proportion
of the flight curve that was surveyed, thus correcting for missing daily
counts (Dennis et al., 2016). As an additional step to ensure robust
abundance calculations, site indices were only included for a species if
the site had been monitored for at least 10 % of the species' flight curve.
Abundance estimates for use in further analyses were produced for 23
species (Table S1).

In addition to these whole-year site abundance indices, we also cal-
culated part-year abundance estimates for a subset of species for the
flowering ivy analyses. We estimated the abundance of C. argiolus dur-
ing the flight period of its second generation each year as that is the
generation that uses ivy as a larval host. From the full-year C. argiolus
flight curves estimated in the previous paragraph, we calculated the
date at which abundance was lowest between the two generational
peaks for each year. The average date across years, 29 June, was taken
as the start of the flight period of the second generation. The abundance
of this generation at each site for 29 June — 31 December was estimated
using the normalised flight curve for C. argiolus for each year, scaling
the total observed abundance relative to the proportion of the flight
curve that was surveyed as before. Similarly, we also estimated the au-
tumnal abundance of the species recorded in gardens during the ivy
flowering season. From the full-year flight curves calculated previously,
we estimated autumnal abundance for each site for 1 September - 30
November each year. Site indices were then summed across species for
each garden to produce a total annual abundance value at each of the
823 sites for 23 species, and an autumnal abundance value at each of
746 sites for 15 species during ivy flowering season.

As flight curves for some species can differ across sites in GB
(Schmucki et al., 2016), we used bioclimatic regions defined in Metzger
et al. (2013) to compute annual flight curves for the cold, temperate
and moist region, which covers much of GB. We also created a second
subset of GBS sites with the greatest levels of sampling (highest number
of recording days) throughout the study period to determine whether
sites with relatively few recording days were biasing the results. This
was quantified as sites in the top 50 % of number of recording days. The
results using the subset of bioclimatic zone sites and subset of more
highly sampled sites were qualitatively similar to those based on all
sites across GB, so we present the results for all sites and provide the
subset results in the supplementary information.

2.3. Collated indices of abundance

To determine how well GBS citizen science data can reflect changes
in species' abundances, we calculated annual collated indices of each
species from GBS data and compared them to UK Butterfly Monitoring
Scheme (UKBMS) indices. The UKBMS is a long-term ‘gold standard’
monitoring scheme that uses repeated standardised counts (mainly
weekly fixed-route transect walks) to assess annual changes in butterfly
species' relative abundance (Middlebrook et al., 2022). UKBMS annual
collated indices for 2016-2021 were derived from Botham et al. (2022),
and the average across this time series set to two (on the log10 scale).
Using the GBS derived site indices, annual GBS collated indices were
calculated by fitting a Poisson generalized linear model with years and
sites as factors using the rbms R package (Schmucki et al., 2022). The
proportion of the flight curve surveyed was included as a weighting.
The year coefficients from the fitted model were extracted and trans-
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formed to a log(10) scale and the mean set to two to enable comparison
with the UKBMS collated indices. We would not expect annual collated
indices to be the same between the two datasets due to differences in
sampling methodology and the habitat types sampled, but rather that
the change in collated indices between years should be similar if the
GBS is capturing population-level change. Therefore, we calculated the
change in annual collated index between each pair of consecutive years
for 2016-2021 to compare between the two datasets.

2.4. Relative species richness

Absolute species richness is an inappropriate measure for comparing
GBS gardens due to substantial differences in the butterfly species pool
in different parts of GB. Instead, we estimated the regional species pool
around each garden in our dataset and calculated the relative species
richness at each of the GBS sites as the proportion of species recorded
relative to the regional pool. The regional species pool was estimated
for all GBS gardens prior to removing sites using the filters above,
which was a total of 4627 gardens. The regional species pool for each
specific garden was calculated as the total number of butterfly species
recorded in all GBS gardens within a 140 km radius. This distance was
selected to ensure that each regional species pool was estimated from at
least 10 GBS sites. The same methodology was used to calculate relative
species richness for gardens which recorded butterflies during the flow-
ering period for ivy, with the regional species pool estimated from
records from all GBS gardens between 1 September and 30 November
(a total of 1888 gardens) within 170 km. This produced a relative
species richness value at each of the 823 sites, and an autumnal species
richness value at each of 746 sites during ivy flowering season.

2.5. Landscape features

To understand the influence of the surrounding landscape on total
butterfly abundance and relative species richness recorded in GBS gar-
dens, we first used the UKCEH Land Cover Map 2015 (Rowland et al.,
2017) to extract the proportions of four land cover types ((1) arable and
horticulture, (2) woodland, (3) urban and suburban, and (4) grassland)
within three buffers (radii of 100 m, 250 m, and 500 m) around each
garden. These buffer sizes were chosen to reflect the immediate land-
scape around gardens, up to a maximum distance where butterflies
have been shown to respond to habitat heterogeneity (Botham et al.,
2015; Hardman et al., 2016; Merckx and Van Dyck, 2002). We also cal-
culated the distance (m) to the nearest grassland and woodland patch,
regardless of buffer size, separately for each garden to provide an esti-
mate of how connected gardens are to semi-natural habitat.

2.6. Wildlife gardening practices

GBS participants optionally provide additional information on four
features within their garden: garden size (in four categories:
1) < 50 m2, 2) 50 m2-100 m2, 3) 100 m2-450 m2 and 4) > 450 m2),
whether participants have long grass in their garden (yes/no), the area
of long grass if present (m2), and whether flowering ivy is present (yes/
no). No definition of long grass is provided, so this feature could include
areas of lawn left to grow long, vegetation along boundaries or even
sown wildflower mini-meadows in gardens. Long grass and flowering
ivy are commonly recommended wildlife-friendly gardening practices
that are expected to benefit butterflies (as well as other insect biodiver-
sity) by providing larval host plant resources and nectar sources. Vari-
ous common grass species are larval hosts for widespread butterflies
found in gardens such as Parage aegeria speckled wood, Maniola jurtina
meadow brown and Pyronia tithonus gatekeeper, while the flower buds
and developing seeds of ivy are frequently used by larvae of C. argiolus.
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2.7. Statistical analysis

We compared the change in annual collated indices between GBS
and UKBMS datasets using a paired t-test on all species and year combi-
nations, and also repeated this after removing a common migrant
species, Vanessa cardui painted lady. We also compared the change in
GBS and UKBMS annual collated indices for each pair of years across
species using paired t-tests.

We assessed the importance of the land cover of the surrounding
landscape and of wildlife gardening practices on butterfly abundance
and richness in three steps. Firstly, we constructed linear mixed effects
models (LMMs) using the Ime4 package (Bates et al., 2015) to look at
the impact of the surrounding landscape on both total abundance and
species richness. To further control for the influence of recording effort
on our results, we calculated the number of days on which butterflies
were recorded in each garden for each year and included this as a co-
variate in these and all subsequent models. Models had either total but-
terfly abundance or relative species richness as response variables, gar-
den size and the number of recording days as covariates and the propor-
tion of each land cover variable (arable, urban, woodland and grass-
land) in a given buffer size and the distance to the nearest woodland or
grassland as explanatory variables as both linear and quadratic terms.
All landscape variables were standardised to 0 mean and 1 standard de-
viation. LMMs were chosen to reflect both response variables being con-
tinuous variables, as opposed to integers, and due to no zeros being pre-
sent in the dataset. There were 6 models in total — one for each of the
three buffer sizes for total abundance and one for each buffer for species
richness. Year was also included in each model as a random intercept.
Gardens in the largest size category were removed from the landscape
models and all subsequent analyses as some of these gardens reported
very large areas of long grass extending onto surrounding land, and
therefore did not represent butterflies recorded in gardens only. Fur-
thermore, we removed gardens for which no size information was pro-
vided, resulting in 663 gardens included in the surrounding landscape
models.

A correlation matrix of all explanatory variables was created to
check for collinearity between variables. We considered variables to be
correlated if r > 0.7. Urban and grassland were highly (negatively) cor-
related and because grassland was less strongly correlated with both re-
sponse variables, it was removed from the models. Checks were done
for each LMM (and all subsequent LMMs) to test the degree to which
the model assumptions were met. Specifically, we generated fitted ver-
sus residuals plots, observed versus fitted plots, and QQ plots to check
for normal distribution of residuals. Total abundance was log trans-
formed to meet assumptions of normality. To determine whether to re-
tain the quadratic term of each landscape variable, we used the dredge
function in the MuMIn package (Barton, 2020) by retaining garden size,
the number of recording days and the linear term of each landscape
model and running all other combinations. To identify the most parsi-
monious model, we identified a top model set containing models with
AAIC < 2. Where there were multiple equivalent models with AAIC <2,
the model with the fewest number of predictors was selected. The qua-
dratic terms that remained in selected models were used in the interac-
tion models described below. Each landscape model was run again us-
ing the subset of bioclimatic zone and the more highly sampled GBS
sites.

Next, we used LMMs with either total butterfly abundance or rela-
tive species richness as the response variable, garden size and number
of recording days as covariates, and each of the three wildlife gardening
practices (presence of long grass, area of long grass, and presence of
flowering ivy) as an explanatory variable in separate models, with year
as a random intercept. Area of long grass was standardised to 0 mean
and 1 standard deviation. Gardens were removed from this analysis
where no information was provided for the wildlife gardening practice
in question. In models with area of long grass, only gardens with long
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grass present were used. Therefore, for the presence of long grass, 647
gardens were analysed, 581 for flowering ivy, and 284 gardens for area
of long grass. The models with presence or area of long grass were also
run with the abundance and richness of grass-feeding butterflies (those
that use grasses as larval host plants, Table S1) and non-grass feeding
butterflies separately. Models with presence of flowering ivy were also
run with the combined autumn abundance of V. atalanta and P. c-album
butterflies and the abundance of second generation C. argiolus as re-
sponse variables separately. The garden practices models were all run
again using the subset of bioclimatic zone and the more highly sampled
GBS sites.

Finally, we tested for interactions between wildlife gardening prac-
tices and landscape variables at each buffer size. Visualisations (Fig. S2)
revealed that the sample sizes of gardens with differing wildlife garden-
ing practices were insufficient across gradients of land-use variables to
assess all possible interactions. We excluded all interactions between
area of long grass and landscape variables, and interactions between
both the presence of long grass and flowering ivy and woodland cover.
Thus, we only tested interactions between presence of long grass or
flowering ivy and gradients of arable and urban cover. For these inter-
actions, we considered quadratic interactions if a quadratic term was
retained in the selected landscape model at a particular buffer size. As
with other models, garden size and the number of recording days were
included as covariates, alongside the proportion of woodland within a
given bulffer size and the distance to nearest woodland and grassland,
with year as a random intercept. For each interaction model, to identify
the most important interaction, we use backwards stepwise deletion to
a minimum adequate model of variables significant at p < 0.05 using
the step function in the ImerTest package (Kuznetsova et al., 2017). We
then compared the AIC values between minimum adequate interaction
models for each buffer size.

3. Results

3.1. Comparison of change in species' collated indices between GBS and
UKBMS datasets

Across all species and year combinations, the difference in annual
collated index change derived from GBS and UKBMS datasets was non-
significant (t;;4 = —1.26, p = 0.21) providing evidence that annual
butterfly population growth rates were similar when derived from
structured and unstructured datasets (Fig. 1). When a regular migrant
species, V. cardui, was removed, the difference in annual collated index
change was still non-significant (Fig. S3; Table S2). Looking into annual
collated index change across species for each pair of consecutive years
separately, we again find no significant differences between GBS and
UKBMS datasets, although the change between 2020 and 2021 is mar-
ginally non-significant (Fig. S4; Table S3).

3.2. Effects of the surrounding landscape

We assessed the influence of four UKCEH land cover types (arable,
grassland, urban/suburban, and woodland) and the distance to nearest
grassland and woodland on the abundance and relative species richness
of butterflies recorded in GBS gardens, while accounting for the size of
gardens and recording effort (number of recording days). Landscape
models with 500 m buffer size had the lowest AIC for total abundance
and 250 m buffer size for relative richness (Table S4), therefore these
are the results we focus on here. The same buffer sizes were selected
when we looked at the subsamples of sites within one climatic zone and
those with the highest recording effort (Table S5). The relationships be-
tween abundance and species richness and landscape variables at all
buffer sizes are shown in Figs. S5 and S6 with regression results shown
in table S4.
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Fig. 1. Change in annual collated indices derived from GBS and UKBMS
datasets across all species (n = 23) and consecutive year comparisons for
the period 2016-2021. The dashed line represents a reference line where
GBS = UKBMS with an intercept of zero and slope of one.

For butterfly abundance, we found a positive linear relationship
with the proportion of arable within the 500 m buffer (Fig. 2a) and a
negative linear relationship with the amount of urban cover surround-
ing gardens (Fig. 2b). There was no significant relationship with wood-
land cover (Fig. 2¢), distance to nearest woodland (Fig. 2d) or distance
to the nearest grassland (Fig. 2e).

Garden species richness was positively related to arable cover (Fig.
2f) and woodland cover (Fig. 2h), and negatively to urban cover (Fig.
2g). There was a negative linear relationship between species richness
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and distance to the nearest woodland (Fig. 2i), meaning that gardens
with closer woodlands had more butterfly species, but there was no sig-
nificant relationship with distance to the nearest grassland (Fig. 2j).
The relationships between both garden butterfly abundance and species
richness and the surrounding landscape variables were qualitatively
similar when we looked at sites within one climate zone and sites with
the highest recording effort (Table S5). The only exceptions were that
there was a significant negative relationship between abundance and
woodland distance within the single climate zone sites and a non-
significant relationship between species richness and arable cover for
the most recorded sites.

3.3. Effects of wildlife gardening practices

Out of the 647 gardens included in the presence of long grass analy-
sis, 284 gardens (43.9 %) had long grass. We found a significant posi-
tive relationship for both butterfly abundance and relative richness
with garden size and the number of recording days (Table S6). After
controlling for the effect of garden size and recording effort, we found
that gardens with long grass recorded a significantly higher abundance
of butterflies than those with no long grass (Fig. 3a). However, the ef-
fect was small; on average gardens with long grass were predicted to
have 8 additional butterflies (102.0 versus 94.0) compared to those
without long grass. We also found a significant relationship when look-
ing at the total abundance of grass-feeding butterflies, but not for other
butterflies (Table S6), suggesting that the positive relationship between
presence of long grass and garden butterfly abundance is driven by the
attraction or breeding of grass-feeding butterflies. Similarly, the pres-
ence of long grass in gardens resulted in higher relative species richness
compared to absence of long grass (Fig. 3b), but again the increase was
modest. Gardens without long grass recorded 27.0 % on average of the
regional species richness and this increased to 29.1 % in gardens with
long grass. We also found significant positive relationships between
species richness and the presence of long grass when only considering
butterflies that use grasses as larval host plants and also for those that
don't use grass (Table S6).The results were qualitatively similar when
analysing sites within one bioclimatic zone and the subset of sites with
the greatest recording effort, except that the relationship between
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abundance and presence of long grass was non-significant for the subset
of sites with the highest recording effort (Table S6).

Focussing on the 284 gardens with long grass, we again found that
larger and more frequently recorded gardens had higher abundance
and relative species richness of butterflies (Table S7). Gardens with a
greater area of long grass had significantly higher total abundance (Fig.
3c) and relative species richness (Fig. 3d). Increasing the area of long
grass in a garden from 5 m2 to 400 m2 resulted in a change in abun-
dance from 120.5 to 170.2 and a change in relative species richness
from 31.2 % to 38.9 %. These relationships were driven by higher
abundance and species richness of grass-feeding butterflies being found
with greater area of long grass (Table S7), whereas the abundance and
richness of other butterflies showed no change as area of long grass in-
creased. We found qualitatively similar results when analysing sites
that are within one bioclimatic zone and the subset of sites with the
greatest recording effort, except that the relationship between abun-
dance and area of long grass was non-significant for the subset of sites
with the highest recording effort (Table S7).

Out of the 581 gardens included in the ivy analysis, 62.4 % of gar-
dens were reported to have flowering ivy present. We found no relation-
ship between the presence of flowering ivy and the abundance and rela-
tive richness of butterflies between September and November when ivy
is in flower (Table S8). However, when we looked at the combined au-
tumn abundance of V. atalanta and P. c-album butterflies, which are
known to preferentially feed on ivy flowers, higher abundance was
recorded in gardens where flowering ivy was present (Fig. 4a). Once
again, the effect size is small with an increase from 12.0 butterflies in
gardens without ivy to 13.4 butterflies in gardens with flowering ivy.
Finally, we found that the abundance of C. argiolus butterflies during
their second generation in the summer when these butterflies lay their
eggs on ivy flower buds, was higher in gardens with flowering ivy than

those without (Fig. 4b), again with a small effect size and an increase in
annual abundance from 5.1 to 6.7 (Table S8).

3.4. Interactions between wildlife gardening practices and surrounding
landscape features

Within the set of presence of long grass interaction models, we
found that both the 250 m and 500 m buffer size for abundance had the
lowest AIC, and the 250 m buffer size for relative richness (Table S9), so
we report the results of those models here. Within the best fitting mod-
els, we found significant linear interactions between the proportion of
arable and urban land cover within both 250 m and 500 m of gardens
and presence of long grass on total butterfly abundance. In gardens
with long grass, there was a positive relationship between total abun-
dance and proportion of arable, whereas this relationship was negative
in gardens without long grass (Fig. 5a). Thus, in gardens surrounded by
very high levels of arable, those that had long grass were predicted to
have nearly double the total abundance of butterflies compared to gar-
dens without long grass (145.1 vs 75.1). For urban land cover, we found
a stronger negative relationship between total butterfly abundance and
proportion of urban when gardens did not have long grass compared to
those that did (Fig. 5b) i.e. the presence of long grass in gardens pro-
vides a buffering effect against the decrease in butterfly abundance that
occurs across the urbanisation gradient. As for abundance, gardens
without long grass showed a stronger negative relationship between
relative species richness of butterflies and surrounding urban cover
than those with long grass (Fig. 5c). In the most urban areas, gardens
with long grass are predicted to have 92.0 butterflies and 28.5 % of the
regional species richness, compared to 78.3 butterflies and 25.4 % of
the regional species richness in gardens without long grass.
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Within the set of presence of flowering ivy interaction models, we
found that the 500 m buffer size had the lowest AIC for both abundance
and relative richness (Table S10), which are the results we show here.
For both total abundance and species richness, we found no significant
interactions between flowering ivy and urban or arable land cover sur-
rounding gardens (Table S10).

4. Discussion

Using a citizen science approach, we set out to understand what de-
termines the abundance and species richness of butterflies recorded in
GB gardens, and to explore the efficacy of two commonly recommended
wildlife gardening practices for butterflies. We found that the land use
of the surrounding landscape and garden size were important in deter-

mining abundance and richness of butterflies in gardens. However, we
also show that undertaking two simple wildlife-friendly garden prac-
tices, leaving grass to grow long and having flowering ivy, can increase
the abundance and richness of butterflies in gardens. Furthermore, we
found that having long grass in a garden was particularly effective at in-
creasing butterfly sightings in heavily modified landscapes comprising
high amounts of arable farmland or urban cover. As agricultural inten-
sification and urbanisation are important drivers of decline in butter-
flies, our results could help alleviate the negative pressures butterflies
face.

We found that the land-use composition of the landscape surround-
ing gardens was an important determinant of butterfly abundance and
richness recorded in gardens, after accounting for the size of gardens
and recording effort. Although not all studies have found such an effect
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on butterflies in gardens (e.g. Tassin De Montaigu and Goulson, 2024),
it is an unsurprising result given that the local landscape provides the
pool of butterfly populations available to visit gardens. The wider land-
scape (within a 500 m buffer) around gardens best explained the vari-
ance in butterfly abundance compared to smaller buffers of 250 m and
100 m, whereas the landscape within a 250 m buffer best explained
variance in butterfly richness. We found that gardens surrounded by
high proportions of arable had higher abundance and relative species
richness, which is unexpected given studies highlighting the role of in-
tensive arable farming in driving butterfly declines (Burns et al., 2016;
Habel et al., 2019; Warren et al., 2021). Instead, our result may suggest
that gardens surrounded by hostile matrix of arable land are providing
a refuge for some widespread butterflies but further research is required
to understand the effects for particular species. Gardens situated in
more urbanised areas had lower abundance and richness, indicative of
reduced urban species pools and depressed population levels. This is
consistent with many studies showing negative effects of urbanisation
on insects (Bergerot et al., 2011; Corcos et al., 2019; Jones and Leather,
2012; Tassin De Montaigu and Goulson, 2024) due to reduced habitat
availability, quality and connectivity and abiotic stressors such as pol-
lution. In contrast, gardens located within more wooded landscapes and
closer to woodland patches recorded higher richness, possibly reflect-
ing these gardens being situated in more rural areas with fewer barriers
to dispersal but also larger local populations and species pools of butter-
flies associated with these semi-natural habitats.

Looking at the gardens themselves, we found a consistent effect of
garden size and recording effort on both abundance and richness,
whereby larger gardens and more frequently sampled gardens record
more species and a higher number of individual butterflies, as we had
hypothesised. Studies have shown that gardens which provide nectar
and larval host plants can have a positive impact on butterflies
(Fontaine et al., 2016; Levy and Connor, 2004; Majewska et al., 2018)
and other insects (Majewska and Altizer, 2020). We examined the effec-
tiveness of simple, cheap and low maintenance changes the public
could make to their gardens to make them more attractive to butter-
flies. We found that having long grass increased butterfly abundance
and richness, although the average magnitude of these increases was
small. Previous research has shown that reducing mowing intensity in
urban green spaces can support higher biomass, abundance and rich-
ness of insects (Aguilera et al., 2019; Proske et al., 2022; Wastian et al.,
2016; Wintergerst et al., 2021). However, few studies have shown the
benefits of leaving grass to grow in private residential gardens (Helden
et al., 2018; Lerman et al., 2018). Lerman et al. (2018) investigated the
impact of mowing less frequently in suburban gardens in the USA and
found that gardens mown every two weeks had significantly higher bee
diversity, compared to being mown once a week. This was likely driven
by increased floral resources when lawns are cut less frequently
(Hemmings et al., 2022). It is probable that much less frequent mowing
than this would bring further benefits for insects. In GBS gardens with
long grass, we found that the increase in butterfly abundance was dri-
ven by species that utilise grasses as larval host plants. This suggests
that these butterflies were attracted to the potential larval resources
created by patches of long grass. In our assessment of the presence of
flowering ivy in gardens, we also found evidence that this management
practice might be providing breeding habitat for butterflies. Summer-
generation C. argiolus butterflies, which lay their eggs on ivy buds, had
higher abundance in gardens with flowering ivy present compared to
those without, providing further support that the wildlife-friendly gar-
den practices investigated here not only benefit adult butterflies, but
potentially larval stages too. Gardens which had flowering ivy did not
have significantly higher abundance and richness of butterflies in au-
tumn when ivy flowers. However, we did show that flowering ivy pro-
vides an attractive nectar resource for V. atalanta and P. c-album butter-
flies, with gardens supporting higher abundance of these species when
flowering ivy is present. Hedera spp. are often seen as nuisance plants
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by the public due to fears of damage to buildings and trees, however
our evidence showcasing the benefits of ivy for butterflies could help
change opinions of this pollinator-friendly plant (Wignall et al., 2023).

While the effect sizes of each of these wildlife gardening practices
on butterflies were small in our study, given that GB has over
720,000 ha of private gardens, the cumulative effect of adoption could
be beneficial to populations of widespread butterflies. Our findings pro-
vide an important evidence-base for the effectiveness of widely pro-
moted wildlife-friendly gardening practices (e.g. the No Mow May cam-
paign), thereby encouraging more people to change the way they man-
age their gardens. Aside from attracting more butterflies, such practices
are likely to benefit other biodiversity and increase human connection
with nature (Hamlin and Richardson, 2022), generating wellbeing im-
provements (Martin et al., 2020; Pritchard et al., 2020) and counteract-
ing the ‘extinction of experience’ (Soga and Gaston, 2016). Despite all
these benefits, it is important to bear in mind that many butterfly
species cannot be conserved in gardens. This is especially true for
species with highly specialised habitat requirements, many of which
are already threatened with extinction in GB (Fox et al., 2022).

The benefits of wildlife-friendly garden practices can mitigate the
negative effects of the surrounding landscape for gardens in heavily
modified landscapes. We found that gardens without long grass had a
stronger negative relationship between both total abundance and
species richness and urban land cover compared to gardens with long
grass. In highly urbanised areas, gardens with long grass have higher
species richness and total abundance compared to those without long
grass. This suggests that the presence of long grass in gardens is buffer-
ing species against the negative effects of increasing urbanisation.
Fontaine et al. (2016) also found that the negative impacts of urbanisa-
tion on butterflies could be partly mitigated by changing garden man-
agement, specifically providing more nectar plants and ceasing pesti-
cide use. In addition to the urban effects, we also found that gardens
surrounded by high levels of arable land held higher total abundance of
butterflies when long grass was present. This seemingly counterintu-
itive result, given the generally hostile nature of modern arable farm-
land to butterflies and wider biodiversity, may indicate that gardens
with long grass are acting as refuges for certain butterflies within a ma-
trix of poor-quality habitat. Further research to understand this interac-
tion at the species or trait level would be informative. For example,
landscapes dominated by arable farming often retain grass-feeding but-
terflies, such as M. jurtina and P. tithonus in field margins, providing
source populations for the colonisation of gardens with long grass and
perhaps driving the observed interaction.

Our analyses make use of unstructured citizen science monitoring
with only a basic sampling protocol. While this enabled a large quantity
of data to be collected from a wide geographic area, identification er-
rors and sampling bias could impact our results (Johnston et al., 2023;
Kosmala et al., 2016). We mitigated for this in three ways: first by com-
paring measures of butterfly species annual change from GBS with
those from a long-running standardised monitoring scheme (UKBMS),
secondly by filtering sites based on recording effort, and finally by in-
cluding the number of recording days as a covariate in models. We
found that year-on-year changes in annual collated indices for species
derived from GBS were very similar to those derived from the UKBMS,
demonstrating that reliable estimates of abundance can be derived from
citizen science data (as has also been shown for a different UK citizen
science butterfly project, the Big Butterfly Count; Dennis et al., 2017).
Furthermore, we only considered gardens which had recorded butter-
flies through the year and re-ran the analysis on a subset of gardens
with the highest levels of recording which yielded qualitatively similar
results. Our results are also consistent after controlling for the signifi-
cant positive effect of number of days in which participants recorded in
their gardens on butterfly abundance and relative species richness.

Our study is, of course, correlative. While we are confident that long
grass and flowering ivy are responsible for the increases in butterflies
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seen in gardens, there are other potential confounding factors that we
have not measured, e.g. the presence of other attractive nectar plants,
and these features may be acting as a proxy for other wildlife-friendly
garden practices. We treated ‘long grass’ as a uniform feature as we
have no information about the structure, botanical composition or man-
agement regime for long grass in each garden, all of which are aspects
that could alter its attractiveness as a resource for butterflies. In addi-
tion, we have not investigated the mechanisms behind the effects we
found, although our separation of grass-feeding and non-grass-feeding
butterflies suggests that the benefits may be due to long grass offering
potential or actual breeding habitat rather than any increase in other
resources (e.g. nectar, shelter) for butterflies. Future research should
look at whether (and in what circumstances) garden long grass is being
used as breeding habitat, as well as developing evidence-based advice
on long-term management of long grass habitat for butterflies and other
insects in residential gardens. In addition, our land use category of ur-
ban makes no distinction within the category between buildings/hard
surfaces and urban green spaces such as gardens, which can bring im-
portant environmental benefits (Cameron et al., 2012). Future research
could develop a more nuanced understanding of the impact of urbanisa-
tion on butterflies found in gardens by separating grey and green space
in urban areas.

After controlling for the other factors that determine the number
and variety of butterflies seen in GB gardens, the simple wildlife-
friendly garden practices we examined were shown to be effective in in-
creasing butterfly abundance and richness, particularly in heavily mod-
ified agricultural and urban landscapes. Given that people often have
little agency over the size of their garden or the land use in the sur-
rounding landscape, our findings provide the public with meaningful
ways to increase butterflies and help during the current biodiversity cri-
sis. Furthermore, while we only examined effects within private gar-
dens, we might expect similar results if the wildlife-friendly measures
explored here were implemented in other green spaces, such as parks,
cemeteries, and road verges. Our results therefore enable a wide range
of people and organisations to make evidence-based decisions to help
boost insect numbers.

CRediT authorship contribution statement

Lisbeth A. Hordley: Writing — review & editing, Writing — origi-
nal draft, Visualization, Methodology, Formal analysis, Conceptual-
ization. Richard Fox: Writing — review & editing, Supervision,
Methodology, Investigation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Data availability

Garden Butterfly Survey data can be requested from Butterfly Con-
servation. Derived data and R scripts are available on GitHub (https://
github.com/lhordley/Garden-butterflies)

Acknowledgements

We are very grateful to all of the participants in Butterfly Conserva-
tion's Garden Butterfly Survey and to colleagues who helped to create,
publicise and run the project. In particular, many thanks are due to Pe-
ter Eeles, who created and maintained the GBS website through which
all of the data used in this study were captured. The GBS is funded by
Butterfly Conservation and this study was funded by the Heather Corrie
Fund from Butterfly Conservation. We thank Emily Dennis for statistical

Science of the Total Environment xxx (xxxx) 171503

advice. Nigel Bourn, Emily Dennis and three anonymous reviewers pro-
vided helpful comments which improved the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2024.171503.

References

Aguilera, G., Ekroos, J., Persson, A.S., Pettersson, L.B., Ockinger, E., 2019. Intensive
management reduces butterfly diversity over time in urban green spaces. Urban
Ecosyst. 22, 335-344. https://doi.org/10.1007/5s11252-018-0818-y.

Ameixa, O. M. C. C,, Soares, A. O., Soares, A. M. V. M,, Lillebg, A. 1., 2018. Ecosystem
services provided by the little things that run the world, en, B. S., Grillo, O. (Eds.).
IntechOpen Limited, pp. 267-302. https://doi.org/10.5772/intechopen.74847.

Baldock, K.C.R., Goddard, M.A., Hicks, D.M., Kunin, W.E., Mitschunas, N., Morse, H.,
Osgathorpe, L.M., Potts, S.G., Robertson, K.M., Scott, A.V., Staniczenko, P.P.A., Stone,
G.N., Vaughan, I.P., Memmott, J., 2019. A systems approach reveals urban pollinator
hotspots and conservation opportunities. Nat. Ecol. Evol. 3, 363-373. https://
doi.org/10.1038/s41559-018-0769-y.

Barton, K., 2020. MuMIn: Multi-Model Inference. R package version 1.43.17.

Bates, A.J., Sadler, J.P., Grundy, D., Lowe, N., Davis, G., Baker, D., Bridge, M., Freestone,
R., Gardner, D., Gibson, C., Hemming, R., Howarth, S., Orridge, S., Shaw, M., Tams,
T., Young, H., 2014. Garden and landscape-scale correlates of moths of differing
conservation status: significant effects of urbanization and habitat diversity. PloS One
9, €86925. https://doi.org/10.1371/journal.pone.0086925.

Bates, D., Méchler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using Ime4. J. Stat. Softw. 67. https://doi.org/10.18637/jss.v067.i01.

Bergerot, B., Fontaine, B., Julliard, R., Baguette, M., 2011. Landscape variables impact the
structure and composition of butterfly assemblages along an urbanization gradient.
Landsc. Ecol. 26, 83-94. https://doi.org/10.1007/510980-010-9537-3.

Botham, M.S., Fernandez-Ploquin, E.C., Brereton, T., Harrower, C.A., Roy, D.B., Heard,
M.S., 2015. Lepidoptera communities across an agricultural gradient: how important
are habitat area and habitat diversity in supporting high diversity? J. Insect Conserv.
19, 403-420. https://doi.org/10.1007/510841-015-9760-y.

Botham, M.S., Middlebrook, I., Harris, S., Harrower, C., Lowe, M., Roy, D.B., 2022. United
Kingdom Butterfly Monitoring Scheme: Collated Indices 2020. NERC EDS
Environmental Information Data Centre. (Dataset). https://doi.org/10.5285/
f00fb86d-25¢2-4f98-b882-c661511c93ac.

Brown, E.D., Williams, B.K., 2019. The potential for citizen science to produce reliable and
useful information in ecology. Conserv. Biol. 33, 561-569. https://doi.org/10.1111/
cobi.13223.

Burns, F., Eaton, M.A., Barlow, K.E., Beckmann, B.C., Brereton, T., Brooks, D.R., Brown,
P.M.J., Fulaij, N.A., Gent, T., Henderson, 1., Noble, D.G., Parsons, M., Powney, G.D.,
Roy, H.E., Stroh, P., Walker, K., Wilkinson, J.W., Wotton, S.R., Gregory, R.D., 2016.
Agricultural management and climatic change are the major drivers of biodiversity
change in the UK. PloS One 11, e0151595. https://doi.org/10.1371/
journal.pone.0151595.

Cameron, R.W.F., Blanusa, T., Taylor, J.E., Salisbury, A., Halstead, A.J., Henricot, B.,
Thompson, K., 2012. The domestic garden - its contribution to urban green
infrastructure. Urban For. Urban Green. 11, 129-137. https://doi.org/10.1016/
j.ufug.2012.01.002.

Chamberlain, D.E., Cannon, A.R., Toms, M.P., 2004. Associations of garden birds with
gradients in garden habitat and local habitat. Ecography 27, 589-600. https://
doi.org/10.1111/j.0906-7590.2004.03984.x.

Clergeau, P., Croci, S., Jokiméki, J., Kaisanlahti-Jokim&ki, M.-L., Dinetti, M., 2006.
Avifauna homogenisation by urbanisation: analysis at different European latitudes.
Biol. Conserv. 127, 336-344. https://doi.org/10.1016/j.biocon.2005.06.035.

Corcos, D., Cerretti, P., Caruso, V., Mei, M., Falco, M., Marini, L., 2019. Impact of
urbanization on predator and parasitoid insects at multiple spatial scales. PloS One
14, e0214068. https://doi.org/10.1371/journal.pone.0214068.

Delahay, R.J., Sherman, D., Soyalan, B., Gaston, K.J., 2023. Biodiversity in residential
gardens: a review of the evidence base. Biodivers. Conserv. 32, 4155-4179. https://
doi.org/10.1007/5s10531-023-02694-9.

Dennis, E.B., Morgan, B.J.T., Freeman, S.N., Brereton, T.M., Roy, D.B., 2016. A
generalized abundance index for seasonal invertebrates. Biometrics 72, 1305-1314.
https://doi.org/10.1111/biom.12506.

Dennis, E.B., Morgan, B.J.T., Brereton, T.M., Roy, D.B., Fox, R., 2017. Using citizen
science butterfly counts to predict species population trends. Conserv. Biol. 31,
1350-1361. https://doi.org/10.1111/cobi.12956.

Di Mauro, D., Dietz, T., Rockwood, L., 2007. Determining the effect of urbanization on
generalist butterfly species diversity in butterfly gardens. Urban Ecosyst. 10,
427-439. https://doi.org/10.1007/s11252-007-0039-2.

Dickinson, J.L., Zuckerberg, B., Bonter, D.N., 2010. Citizen science as an ecological
research tool: challenges and benefits. Annu. Rev. Ecol. Evol. Syst. 41, 149-172.
https://doi.org/10.1146/annurev-ecolsys-102209-144636.

Dirzo, R., Young, H.S., Galetti, M., Ceballos, G., Isaac, N.J.B., Collen, B., 2014.
Defaunation in the Anthropocene. Science 345, 401-406. https://doi.org/10.1126/
science.1251817.

Ellis, E.E., Wilkinson, T.L., 2021. Moth assemblages within urban domestic gardens
respond positively to habitat complexity, but only at a scale that extends beyond the
garden boundary. Urban Ecosyst. 24, 469-479. https://doi.org/10.1007/s11252-


https://doi.org/10.1016/j.scitotenv.2024.171503
https://doi.org/10.1016/j.scitotenv.2024.171503
https://doi.org/10.1007/s11252-018-0818-y
https://doi.org/10.5772/intechopen.74847
https://doi.org/10.1038/s41559-018-0769-y
https://doi.org/10.1038/s41559-018-0769-y
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0020
https://doi.org/10.1371/journal.pone.0086925
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/s10980-010-9537-3
https://doi.org/10.1007/s10841-015-9760-y
https://doi.org/10.5285/f00fb86d-25c2-4f98-b882-c661511c93ac
https://doi.org/10.5285/f00fb86d-25c2-4f98-b882-c661511c93ac
https://doi.org/10.1111/cobi.13223
https://doi.org/10.1111/cobi.13223
https://doi.org/10.1371/journal.pone.0151595
https://doi.org/10.1371/journal.pone.0151595
https://doi.org/10.1016/j.ufug.2012.01.002
https://doi.org/10.1016/j.ufug.2012.01.002
https://doi.org/10.1111/j.0906-7590.2004.03984.x
https://doi.org/10.1111/j.0906-7590.2004.03984.x
https://doi.org/10.1016/j.biocon.2005.06.035
https://doi.org/10.1371/journal.pone.0214068
https://doi.org/10.1007/s10531-023-02694-9
https://doi.org/10.1007/s10531-023-02694-9
https://doi.org/10.1111/biom.12506
https://doi.org/10.1111/cobi.12956
https://doi.org/10.1007/s11252-007-0039-2
https://doi.org/10.1146/annurev-ecolsys-102209-144636
https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1007/s11252-020-01050-x

L.A. Hordley and R. Fox

020-01050-x.

Fenoglio, M.S., Calvifio, A., Gonzélez, E., Salvo, A., Videla, M., 2021. Urbanisation drivers
and underlying mechanisms of terrestrial insect diversity loss in cities. Ecol. Entomol.
46, 757-771. https://doi.org/10.1111/een.13041.

Fontaine, B., Bergerot, B., Le Viol, 1., Julliard, R., 2016. Impact of urbanization and
gardening practices on common butterfly communities in France. Ecol. Evol. 6,
8174-8180. https://doi.org/10.1002/ece3.2526.

Forister, M.L., Pelton, E.M., Black, S.H., 2019. Declines in insect abundance and diversity:
we know enough to act now. Conserv. Sci. Pract. 1, e80. https://doi.org/10.1111/
csp2.80.

Fox, R., Dennis, E.B., Brown, A.F., Curson, J., 2022. A revised red list of British butterflies.
Insect Conserv. Divers. 15, 485-495. https://doi.org/10.1111/icad.12582.

Garbuzov, M., Ratnieks, F.L.W., 2014a. Quantifying variation among garden plants in
attractiveness to bees and other flower-visiting insects. Funct. Ecol. 28, 364-374.
https://doi.org/10.1111/1365-2435.12178.

Garbuzov, M., Ratnieks, F.L.W., 2014b. Listmania: the strengths and weaknesses of lists of
garden plants to help pollinators. BioScience 64, 1019-1026. https://doi.org/
10.1093/biosci/ biul50.

Gaston, K.J., Smith, R.M., Thompson, K., Warren, P.H., 2005. Urban domestic gardens
(ID): experimental tests of methods for increasing biodiversity. Biodivers. Conserv. 14,
395-413. https://doi.org/10.1007/s10531-004-6066-x.

Goddard, M.A., Dougill, A.J., Benton, T.G., 2010. Scaling up from gardens: biodiversity
conservation in urban environments. Trends Ecol. Evol. 25, 90-98. https://doi.org/
10.1016/j. tree.2009.07.016.

Griffiths-Lee, J., Nicholls, E., Goulson, D., 2022. Sown mini-meadows increase pollinator
diversity in gardens. J. Insect Conserv. 26, 299-314. https://doi.org/10.1007/
$10841-022-00387-2.

Habel, J.C., Samways, M.J., Schmitt, T., 2019. Mitigating the precipitous decline of
terrestrial European insects: requirements for a new strategy. Biodivers. Conserv. 28,
1343-1360. https://doi.org/10.1007/s10531-019-01741-8.

Hall, D.M., Camilo, G.R., Tonietto, R.K., Ollerton, J., Ahrné, K., Arduser, M., Ascher, J.S.,
Baldock, K.C.R., Fowler, R., Frankie, G., Goulson, D., Gunnarsson, B., Hanley, M.E.,
Jackson, J.I., Langellotto, G., Lowenstein, D., Minor, E.S., Philpott, S.M., Potts, S.G.,
Sirohi, M.H., Spevak, E.M., Stone, G.N., Threlfall, C.G., 2017. The city as a refuge for
insect pollinators. Conserv. Biol. 31, 24-29. https://doi.org/10.1111/cobi.12840.

Hamlin, 1., Richardson, M., 2022. Visible garden biodiversity is associated with noticing
nature and nature connectedness. Ecopsychology 14, 111-117. https://doi.org/
10.1089/eco. 2021.0064.

Hardman, C.J., Harrison, D.P.G., Shaw, P.J., Nevard, T.D., Hughes, B., Potts, S.G., Norris,
K., 2016. Supporting local diversity of habitats and species on farmland: a comparison
of three wildlife-friendly schemes. J. Appl. Ecol. 53, 171-180. https://doi.org/
10.1111/1365-2664.12557.

Helden, A.J., Morley, G.J., Davidson, G.L., Turner, E.C., 2018. What can we do for urban
insect biodiversity? Applying lessons from ecological research. Zoosymposia 12,
51-63. https://doi.org/10.11646/zoosymposia.12.1.6.

Hemmings, K., Elton, R., Grange, 1., 2022. No-mow amenity grassland case study:
phenology of floral abundance and nectar resource. Ecol. Solut. Evid. 3, €12179.
https://doi.org/10.1002/2688-8319.12179.

Hill, M.J., Wood, P.J., Fairchild, W., Williams, P., Nicolet, P., Biggs, J., 2021. Garden pond
diversity: opportunities for urban freshwater conservation. Basic Appl. Ecol. 57,
28-40. https://doi.org/10.1016/j.baae.2021.09.005.

Johnston, A., Matechou, E., Dennis, E.B., 2023. Outstanding challenges and future
directions for biodiversity monitoring using citizen science data. Methods Ecol. Evol.
14, 103-116. https://doi.org/10.1111/2041-210X.13834.

Jones, E.L., Leather, S.R., 2012. Invertebrates in urban areas: a review. Eur. J. Entomol.
109, 463-478. https://doi.org/10.14411/eje.2012.060.

Kosmala, M., Wiggins, A., Swanson, A., Simmons, B., 2016. Assessing data quality in
citizen science. Front. Ecol. Environ. 14, 551-560. https://doi.org/10.1002/fee.1436.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2017. ImerTest package: tests in
linear mixed effects models. J. Stat. Softw. 82. https://doi.org/10.18637/
jss.v082.i13.

Lerman, S.B., Contosta, A.R., Milam, J., Bang, C., 2018. To mow or to mow less: Lawn
mowing frequency affects bee abundance and diversity in suburban yards. Biol.
Conserv. 221, 160-174. https://doi.org/10.1016/j.biocon.2018.01.025.

Levy, J.M., Connor, E.F., 2004. Are gardens effective in butterfly conservation? A case
study with the pipevine swallowtail, Battus philenor. J. Insect Conserv. 8, 323-330.
https://doi.org/10.1007/510841-004-0796-7.

Lynch, L., Kangas, M., Ballut, N., Doucet, A., Schoenecker, K., Johnson, P., Gharehaghaji,
M., Minor, E.S., 2021. Changes in land use and land cover along an urban-rural
gradient influence floral resource availability. Curr. Landsc. Ecol. Rep. 6, 46-70.
https://doi.org/10.1007/s40823-021-00064-1.

Majewska, A.A., Altizer, S., 2020. Planting gardens to support insect pollinators. Conserv.
Biol. 34, 15-25. https://doi.org/10.1111/cobi.13271.

Majewska, A.A., Sims, S., Wenger, S.J., Davis, A.K., Altizer, S., 2018. Do characteristics of
pollinator-friendly gardens predict the diversity, abundance, and reproduction of
butterflies? Insect Conserv. Divers. 11, 370-382. https://doi.org/10.1111/
icad.12286.

Martin, L., White, M.P., Hunt, A., Richardson, M., Pahl, S., Burt, J., 2020. Nature contact,
nature connectedness and associations with health, wellbeing and pro-environmental
behaviours. J. Environ. Psychol. 68, 101389. https://doi.org/10.1016/
j.jenvp.2020.101389.

Merckx, T., Van Dyck, H., 2002. Interrelations among habitat use, behavior, and flight-
related morphology in two cooccurring Satyrine butterflies, Maniola jurtina and
Pyronia tithonus. J. Insect Behav. 15, 541-561. https://doi.org/10.1023/A:
1016385301634.

Metzger, M.J., Bunce, R.G.H., Jongman, R.H.G., Sayre, R., Trabucco, A., Zomer, R., 2013.

10

Science of the Total Environment xxx (xxxx) 171503

A high-resolution bioclimate map of the world: a unifying framework for global
biodiversity research and monitoring. Glob. Ecol. Biogeogr. 22, 630-638. https://
doi.org/10.1111/geb.12022.

Middlebrook, I., Botham, M.S., Brice, C., Conway, R., Downey, B., Fox, R., Heywood, J.,
Lowe, M., Noble, D., Peck, K., Robinson, A., Roy, D.B., 2022. United Kingdom
Butterfly Monitoring Scheme Report for 2021. Butterfly Conservation, UK Centre for
Ecology & Hydrology, British Trust for Ornithology and Joint Nature Conservation
Committee. https://ukbms.org/publications.

de Montaigu, Tassin, Goulson, D., 2023. Habitat quality, urbanisation & pesticides
influence bird abundance and richness in gardens. Sci. Total Environ. 870, 161916.
https://doi.org/10.1016/j.scitotenv.2023.161916.

Office for National Statistics, 2020. Access to gardens and public green Space in Great
Britain.

Otoshi, M.D., Bichier, P., Philpott, S.M., 2015. Local and landscape correlates of spider
activity density and species richness in urban gardens. Environ. Entomol. 44,
1043-1051. https://doi.org/10.1093/ee/nvv098.

Outhwaite, C.L., McCann, P., Newbold, T., 2022. Agriculture and climate change are
reshaping insect biodiversity worldwide. Nature 605, 97-102. https://doi.org/
10.1038/541586-022-04644-x.

Pendl, M., Hussain, R.I., Moser, D., Frank, T., Drapela, T., 2022. Influences of landscape
structure on butterfly diversity in urban private gardens using a citizen science
approach. Urban Ecosyst. 25, 477-486. https://doi.org/10.1007/s11252-021-01168-
6.

Plummer, K.E., Dadam, D., Brereton, T., Dennis, E.B., Massimino, D., Risely, K.,
Siriwardena, G.M., Toms, M.P., 2023. Trends in butterfly populations in UK
gardens—new evidence from citizen science monitoring. Insect Conserv. Divers.
https://doi.org/10.1111/icad.12645.

Pritchard, A., Richardson, M., Sheffield, D., McEwan, K., 2020. The relationship between
nature connectedness and eudaimonic well-being: a meta-analysis. J. Happiness Stud.
21, 1145-1167. https://doi.org/10.1007/s10902-019-00118-6.

Proske, A., Lokatis, S., Rolff, J., 2022. Impact of mowing frequency on arthropod
abundance and diversity in urban habitats: a meta-analysis. Urban For. Urban Green.
76 (1277), 14. https://doi.org/10.1016/j.ufug.2022.127714.

Quistberg, R.D., Bichier, P., Philpott, S.M., 2016. Landscape and local correlates of bee
abundance and species richness in urban gardens. Environ. Entomol. 45, 592-601.
https://doi.org/10.1093/ee/nvw025.

R Core Team, 2023. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rollings, R., Goulson, D., 2019. Quantifying the attractiveness of garden flowers for
pollinators. J. Insect Conserv. 23, 803-817. https://doi.org/10.1007/s10841-019-
00177-3.

Rowland, C.S., Morton, R.D., Carrasco, L., McShane, G., O’Neil, A.W., Wood, C.M., 2017.
Land Cover Map 2015 (Vector, GB). NERC Environmental Information Data Centre.

Salisbury, A., Armitage, J., Bostock, H., Perry, J., Tatchell, M., Thompson, K., 2015.
Enhancing gardens as habitats for flower-visiting aerial insects (pollinators): should
we plant native or exotic species? J. Appl. Ecol. 52, 1156-1164. https://doi.org/
10.1111/1365-2664.12499.

Saunders, M.E., Janes, J.K., O’Hanlon, J.C., 2020. Moving on from the insect apocalypse
narrative: engaging with evidence-based insect conservation. BioScience 70, 80-89.
https://doi.org/10.1093/biosci/biz143.

Schmucki, R., Pe’er, G., Roy, D.B., Stefanescu, C., Van Swaay, C.A.M., Oliver, T.H.,
Kuussaari, M., Van Strien, A.J., Ries, L., Settele, J., Musche, M., Carnicer, J.,
Schweiger, O., Brereton, T.M., Harpke, A., Heliol4, J., Kiihn, E., Julliard, R., 2016. A
regionally informed abundance index for supporting integrative analyses across
butterfly monitoring schemes. J. Appl. Ecol. 53, 501-510. https://doi.org/10.1111/
1365-2664.12561.

Schmucki, R., Harrower, C.A., Dennis, E.B., 2022. Rbms: computing generalised
abundance indices for butterfly monitoring count data. R Package Version 113.
https://github.com/RetoSchmucki/rbms.

Soga, M., Gaston, K.J., 2016. Extinction of experience: the loss of human-nature
interactions. Front. Ecol. Environ. 14, 94-101. https://doi.org/10.1002/fee.1225.

Steel, J., 2003. Butterfly gardening. Webbs Barn Designs, Kingston Bagpuize, Oxfordshire,
UK.

Tassin De Montaigu, C., Goulson, D., 2024. Factors influencing butterfly and bumblebee
richness and abundance in gardens. Sci. Total Environ. 908, 167995. https://doi.org/
10.1016/j.scitotenv.2023.167995.

Taylor, L., Taylor, C., Davis, A., 2013. The impact of urbanisation on avian species: the
inextricable link between people and birds. Urban Ecosyst. 16, 481-498. https://
doi.org/10.1007/s11252-012-0283-y.

Tew, N.E., Baldock, K.C.R., Vaughan, L.P., Bird, S., Memmott, J., 2022. Turnover in floral
composition explains species diversity and temporal stability in the nectar supply of
urban residential gardens. J. Appl. Ecol. 59, 801-811. https://doi.org/10.1111/1365-
2664.14094.

Vaz, S., Manes, S., Khattar, G., Mendes, M., Silveira, L., Mendes, E., de Morais Rodrigues,
E., Gama-Maia, D., Lorini, M.L., Macedo, M., Paiva, P.C., 2023. Global meta-analysis
of urbanization stressors on insect abundance, richness, and traits. Sci. Total Environ.
903, 165967. https://doi.org/10.1016/j.scitotenv.2023.165967.

Vickery, M., 1998. Gardening for butterflies. Butterfly Conservation, Dedham, Essex, UK.

Wagner, D.L., Grames, E.M., Forister, M.L., Berenbaum, M.R., Stopak, D., 2021. Insect
decline in the Anthropocene: death by a thousand cuts. Proc. Natl. Acad. Sci. 118,
€2023989118. https://doi.org/10.1073/pnas.2023989118.

Warren, M.S., Maes, D., van Swaay, C.A.M., Goffart, P., Van Dyck, H., Bourn, N.A.D.,
Wynbhoff, I., Hoare, D., Ellis, S., 2021. The decline of butterflies in Europe: problems,
significance, and possible solutions. Proc. Natl. Acad. Sci. 118, €2002551117. https://
doi.org/10.1073/pnas.2002551117.

Wastian, L., Unterweger, P.A., Betz, O., 2016. Influence of the reduction of urban lawn


https://doi.org/10.1007/s11252-020-01050-x
https://doi.org/10.1111/een.13041
https://doi.org/10.1002/ece3.2526
https://doi.org/10.1111/csp2.80
https://doi.org/10.1111/csp2.80
https://doi.org/10.1111/icad.12582
https://doi.org/10.1111/1365-2435.12178
https://doi.org/10.1093/biosci/%20biu150
https://doi.org/10.1093/biosci/%20biu150
https://doi.org/10.1007/s10531-004-6066-x
https://doi.org/10.1016/j.%20tree.2009.07.016
https://doi.org/10.1016/j.%20tree.2009.07.016
https://doi.org/10.1007/s10841-022-00387-2
https://doi.org/10.1007/s10841-022-00387-2
https://doi.org/10.1007/s10531-019-01741-8
https://doi.org/10.1111/cobi.12840
https://doi.org/10.1089/eco.%202021.0064
https://doi.org/10.1089/eco.%202021.0064
https://doi.org/10.1111/1365-2664.12557
https://doi.org/10.1111/1365-2664.12557
https://doi.org/10.11646/zoosymposia.12.1.6
https://doi.org/10.1002/2688-8319.12179
https://doi.org/10.1016/j.baae.2021.09.005
https://doi.org/10.1111/2041-210X.13834
https://doi.org/10.14411/eje.2012.060
https://doi.org/10.1002/fee.1436
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1016/j.biocon.2018.01.025
https://doi.org/10.1007/s10841-004-0796-7
https://doi.org/10.1007/s40823-021-00064-1
https://doi.org/10.1111/cobi.13271
https://doi.org/10.1111/icad.12286
https://doi.org/10.1111/icad.12286
https://doi.org/10.1016/j.jenvp.2020.101389
https://doi.org/10.1016/j.jenvp.2020.101389
https://doi.org/10.1023/A:1016385301634
https://doi.org/10.1023/A:1016385301634
https://doi.org/10.1111/geb.12022
https://doi.org/10.1111/geb.12022
https://ukbms.org/publications
https://doi.org/10.1016/j.scitotenv.2023.161916
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0265
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0265
https://doi.org/10.1093/ee/nvv098
https://doi.org/10.1038/s41586-022-04644-x
https://doi.org/10.1038/s41586-022-04644-x
https://doi.org/10.1007/s11252-021-01168-6
https://doi.org/10.1007/s11252-021-01168-6
https://doi.org/10.1111/icad.12645
https://doi.org/10.1007/s10902-019-00118-6
https://doi.org/10.1016/j.ufug.2022.127714
https://doi.org/10.1093/ee/nvw025
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0305
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0305
https://doi.org/10.1007/s10841-019-00177-3
https://doi.org/10.1007/s10841-019-00177-3
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0315
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0315
https://doi.org/10.1111/1365-2664.12499
https://doi.org/10.1111/1365-2664.12499
https://doi.org/10.1093/biosci/biz143
https://doi.org/10.1111/1365-2664.12561
https://doi.org/10.1111/1365-2664.12561
https://github.com/RetoSchmucki/rbms
https://doi.org/10.1002/fee.1225
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0345
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0345
https://doi.org/10.1016/j.scitotenv.2023.167995
https://doi.org/10.1016/j.scitotenv.2023.167995
https://doi.org/10.1007/s11252-012-0283-y
https://doi.org/10.1007/s11252-012-0283-y
https://doi.org/10.1111/1365-2664.14094
https://doi.org/10.1111/1365-2664.14094
https://doi.org/10.1016/j.scitotenv.2023.165967
http://refhub.elsevier.com/S0048-9697(24)01644-9/rf0370
https://doi.org/10.1073/pnas.2023989118
https://doi.org/10.1073/pnas.2002551117
https://doi.org/10.1073/pnas.2002551117

L.A. Hordley and R. Fox

mowing on wild bee diversity (Hymenoptera, Apoidea). J. Hymenopt. Res. 49, 51-63.

https://doi.org/10.3897/JHR.49.7929.
Watson, C.J., Carignan-Guillemette, L., Turcotte, C., Maire, V., Proulx, R., 2020.

Ecological and economic benefits of low-intensity urban lawn management. J. Appl.

Ecol. 57, 436-446. https://doi.org/10.1111/1365-2664.13542.
Wignall, V.R., Balfour, N.J., Gandy, S., Ratnieks, F.L.W., 2023. Food for flower-visiting
insects: appreciating common native wild flowering plants. People Nat. 5,

11

Science of the Total Environment xxx (xxxx) 171503

1072-1081. https://doi.org/10.1002/pan3.10475.

Wintergerst, J., Késtner, T., Bartel, M., Schmidt, C., Nuss, M., 2021. Partial mowing of
urban lawns supports higher abundances and diversities of insects. J. Insect Conserv.
25, 797-808. https://doi.org/10.1007/s10841-021-00331-w.


https://doi.org/10.3897/JHR.49.7929
https://doi.org/10.1111/1365-2664.13542
https://doi.org/10.1002/pan3.10475
https://doi.org/10.1007/s10841-021-00331-w

	Wildlife-friendly garden practices increase butterfly abundance and species richness in urban and arable landscapes
	1. Introduction
	2. Methods
	2.1. Garden Butterfly Survey data
	2.2. Butterfly abundance
	2.3. Collated indices of abundance
	2.4. Relative species richness
	2.5. Landscape features
	2.6. Wildlife gardening practices
	2.7. Statistical analysis

	3. Results
	3.1. Comparison of change in species' collated indices between GBS and UKBMS datasets
	3.2. Effects of the surrounding landscape
	3.3. Effects of wildlife gardening practices
	3.4. Interactions between wildlife gardening practices and surrounding landscape features

	4. Discussion
	CRediT authorship contribution statement
	Acknowledgements
	References


	fld77: 
	fld78: 
	fld188: 
	fld189: 
	fld205: 
	fld212: 
	fld213: 


