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ARTICLE INFO ABSTRACT

Keywords: Agrochemical use and habitat loss associated with agriculture are drivers of biodiversity loss worldwide, and
Organic management biodiversity-friendly farming practices, including organic management, are increasingly promoted by policy and
Farmland industry in an attempt to offset this. Grapes are an important perennial crop globally, and in the UK, viticulture is
Biodiversity . . . . . .
Viticulture the fastest growing agricultural sector and sustainable vineyard management is promoted by the Sustainable
. Wines of Great Britain ‘SWGB’ scheme. Here, we performed the first assessment of the simultaneous effects of
Ground vegetation cover R X X X R L. N i
Ecotoxicity surrounding habitats and vineyard management practices on bird and arthropod biodiversity across 22 English

vineyards (10 certified-organic, 11 SWGB-accredited, and 3 both). We surveyed birds using point counts and
arthropods with pitfall traps, and used linear mixed modelling to relate diversity and abundance to habitat and
management predictors at landscape and local scales. We show that arthropod abundance is significantly higher
on organic vineyards, whilst bird diversity is significantly lower on SWGB-accredited vineyards, but we find no
other significant effects of organic certification or SWGB-accreditation on biodiversity. We also find no signifi-
cant effects of the surrounding habitat structure on the biodiversity of birds and arthropods. Instead, we show
that ecotoxicity scores derived from agrochemical use data have a significant negative impact on bird diversity,
and on arthropod abundance and diversity. Organic status predicts a significant reduction in ecotoxicity scores,
but only when application frequency is not considered, and contradictorily, SWGB-accredited vineyards have
higher ecotoxicity scores than those without accreditation. Ground vegetation cover has a consistent, positive
effect on bird and arthropod diversity, with model predicted diversity increasing 1.5 and 2.5-fold, respectively, in
vineyards with the highest vegetation cover, and herbicide use has a negative effect on the vegetation cover. Our
research demonstrates that individual management practices have a stronger effect on vineyard biodiversity than
the habitat context, overall management regime or certification. Our study sets an important baseline for
vineyard management and accreditation schemes and generates key recommendations for improvement. To
benefit biodiversity within vineyards, we recommend that sustainability accreditation schemes include re-
quirements to reduce the ecotoxicity of used agrochemicals, and promote higher ground vegetation cover and
height by reducing herbicide use.

1. Introduction steadily declining by ~9% per decade, supporting strong declines in

Europe and a negative relationship with land use change (van Klink

Habitat loss, landscape simplification and increased chemical use
associated with agricultural expansion and intensification are major
causes of biodiversity loss globally (Pereira et al., 2012; Newbold et al.,
2016). A recent Europe-wide analysis found agricultural intensification,
and particularly the associated agrochemical use, to be the main driver
of most bird population declines (Rigal et al., 2023). Similarly, a global
study found terrestrial arthropod abundance and biomass to have been
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et al., 2020). These declines not only risk extinctions of rare species, but
also threaten the loss of key ecosystem functions that benefit agriculture
(Hendershot et al., 2020).

Grapevines are an important global crop, with over 7 million hect-
ares of land dedicated to their production, which accounts for about 5%
of the global cover by perennial crops (Ritchie and Roser, 2013, Ven-
kitasamy et al. 2019). At landscape scale, increased vineyard cover has
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been shown to have a detrimental effect on biodiversity, including on
birds (Assandri et al., 2016; Pithon et al., 2016), bats (Rodriguez-San
Pedro et al., 2019), and arthropods (Geldenhuys et al., 2022). However,
maintaining habitat heterogeneity, through habitat retention and pro-
vision within vineyards can help offset these impacts (Winter et al.,
2018; Paiola et al., 2020), particularly in more homogenous landscapes
where resources are otherwise limited (Assandri et al., 2016; Martin
etal., 2019). For example, retention of native woodlands and hedgerows
within Swiss (Guyot et al., 2017), German (Rosch et al., 2023), and
Chilean vineyards (Steel et al., 2017; Munoz-Saez et al., 2020) enhanced
bird abundance and diversity, whilst wildflower mixes and reduced
mowing that increased ground vegetation cover benefited arthropod
and bird diversity in European (Puig-Montserrat et al., 2017;
Griffiths-Lee et al., 2023) and South African vineyards (Geldenhuys
et al., 2022). Studies from Europe (Brambilla et al., 2017), and South
America (Munoz-Saez et al., 2020) have also demonstrated the potential
for vineyards to support high abundances of threatened and endemic
bird species.

The viticultural industry faces pressure to move towards more
environmentally sustainable management (Merot et al., 2019; Barbaro
et al., 2021), intensified by the new Global Biodiversity Framework,
which sets a target to manage agricultural landscapes sustainably,
‘including through a substantial increase of the application of biodiversity
friendly practices’ (Keping, 2023). Managing agricultural landscapes in
ways that are less detrimental to biodiversity is often encouraged
through agri-environmental schemes and accreditations, and rewarded
through compensation or higher product prices (Tscharntke et al., 2012;
Boetzl et al., 2021). Globally, organic farming has been shown to
enhance species richness on agricultural land by an average of 30%,
though this positive effect is greater in more homogenous and
intensively-managed agricultural landscapes (Tuck et al., 2014).

In the UK, the viticultural industry is the fastest growing agricultural
sector, attributed to increasing summer temperatures making the
climate increasingly comparable to other European wine-growing re-
gions (Nesbitt et al., 2019). Due to the recent expansion, specific rec-
ommendations for UK viticulture are lacking, and research is limited,
though a recent industry survey found heavy reliance on agrochemicals
(Griffiths-Lee et al., 2022). To address this, a national sustainability
scheme called Sustainable Wines of Great Britain (henceforth ‘SWGB’)
has been formed and over 80 vineyards, accounting for over 55% of the
UK’s vineyard hectarage, are now members (WineGB, 2022). This
scheme strives to ensure environmental, social, and economic sustain-
ability within the industry through a process of continual improvement
(WineGB, 2022). It lacks minimal requirements or specific targets, but
rather provides broad recommendations such as “create new habitats in
order to increase biodiversity, such as hedges”, and members commit to a
continual cycle of improvement towards sustainability, with minimal
agrochemical use and biodiversity conservation strongly encouraged.

By working in multiple English vineyards spanning a range of man-
agement practices, and also varying in the structure of their surrounding
landscapes, we provide the first simultaneous assessment of the effects
of surrounding semi-natural habitats and management on vineyard
biodiversity. Our aims were: (1) to assess the relative impact of sur-
rounding habitat structure and vineyard management on bird and
arthropod abundance and diversity, and (2) to compare bird and
arthropod abundance and diversity between certified-organic and non-
organic vineyards, and based on SWGB accreditation status. Due to
their differing mobility, we predict surrounding semi-natural habitats to
have a stronger effect on birds than on arthropods, while in contrast we
predict arthropods to be more strongly affected by vineyard manage-
ment, including organic viticulture, which we expect to have an overall
positive effect on biodiversity.
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2. Materials and methods
2.1. Study vineyards

This study took place within 22 English vineyards from across the
UK’s key wine-growing regions (Fig. 1). Sites were chosen to represent
the broader English vineyard industry, with 10 sites being certified
organic and 12 non-organic, and half being accredited through the
SWGB scheme (three sites were accredited through both). Sites were
selected using an objective site selection protocol following Gillespie
et al. (2017) to maximise landscape structure and management gradi-
ents. Study sites were selected from a list of candidate sites, ensuring
that they: (i) are within UK’s key viticultural regions (Fig. 1), (ii) grow
the key UK grape varieties (WineGB, 2022), (iii) are established vine-
yards (planted before 2018), and (iv) are >1 ha in size to enable suffi-
cient sampling. We characterised the landscape complexity and
configuration of the candidate sites and selected sites that contrasted the
most in surrounding habitats complexity, as well as in management (e.g.
organic versus non-organic), whilst controlling for vineyard size. Full
details are given in Appendix A.

2.2. Biodiversity sampling

We sampled bird and arthropod communities in 2021 and 2022,
repeating surveys three times each year, with sampling seasons aligning
with the key stages of the vine lifecycle (‘budding’: early to mid-April;
‘flowering’: late June-mid-July; ‘harvest’: mid-September to mid-
October).

2.2.1. Birds

We performed 10-minute point counts across 44 locations during
each survey season (average 1.81 + 0.18 SE point counts per site, range
1-4, depending on vineyard size), and in total, we performed 222-point
counts across the six sampling periods. We aimed to conduct a survey at
all 44 locations each sampling period, but this was limited by poor
weather and access restrictions, thus we performed between 35 and 40
point counts per period. Point count locations were placed in vine fields,
at least 50 m from boundary habitats, and minimum 250 m from other
point count locations (see Appendix B for a diagram). Surveys were
conducted between 05:00 — 09:00 and within 3 hours of sunrise, which
varied between sampling seasons. Surveys only took place on dry and
still days (Bibby et al., 2000), and were performed by the same observer.

2.2.2. Arthropods

Arthropod communities were sampled using pitfall traps along 79
transects across 21 vineyards each survey season (average of 3.85 +
1.89 SD transects, range 2-10). We deployed pitfall traps along transects
running perpendicular to the field boundary (see Appendix B), with
traps placed directly underneath vines at 20-meter intervals. Transects
varied in length depending on field size and were 40 (3 traps, n=10
transects), 60 (4 traps, n=37) or 80 (5 traps, n=30) meters in length.
Transects ran from 3 distinct boundary types: woodland (n=32 tran-
sects), hedgerow (n=32), or open boundary lacking any features
(n=15). We aimed to evenly distribute transects of different lengths and
from different boundary types between certified-organic and non-
organic, and between SWGB-accredited and non-SWGB vineyards.
This was possible for hedge and woodland transects up to 60 m in
length, but out of the 16 open-boundary transects, 15 were in non-
organic and 14 in SWGB-accredited vineyards, whilst of the 30 80-
meter transects, 25 were in non-organic and 23 in non-SWGB vineyards.

We used pitfall traps to sample arthropods (following methodology
from Brown and Matthews, 2016), deploying 1713 traps across the six
sampling periods (average 291 per sampling period, range: 237-316;
totalling 786 in 2021, and 927 in 2022). Clear plastic cups with 10 cm
diameter were placed in the ground with the cup lip flush with the soil
surface, and covered with a metal mesh square (0.8 cm mesh size) to
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Fig. 1. Map of the UK showing the area, in hectares, of commercial vineyards per county in England. White circles indicate study sites. Examples of two 2.5 km
landscape buffers from contrasting landscapes are shown. Hectarage data were from EnglishWine.com, compiled by Stephen Skelton.

reduce by-catch. Traps were filled with ~50 ml of water with organic
unscented washing up detergent (10 ml detergent per 5 L water) and left
for 24 hours after which the catch was drained, and any earthworms and
slugs were discarded. Collected specimens were stored in 75% ethanol.
Across the sampling seasons, 34 traps were damaged or destroyed, and
catch from these was discarded. All arthropods were identified to order
level.

2.3. Characterising landscape structure and vineyard management

2.3.1. Habitat characteristics

We mapped the landcover habitats using the CEH Land cover 2021
map (Marston et al., 2022) at two spatial scales. First, we used a ‘land-
scape-scale’ buffer of 2.5 km around the central coordinates of each site,
which was large enough to encompass the whole of our largest site,
whilst minimising the overlap of buffers between sites. We used this size
buffer as the availability of semi-natural habitats in the wider landscape
can be an important driver of vineyard bird communities (e.g. Guyot
et al., 2017; Munoz-Saez et al., 2020). Except for two site pairs, the
landscape buffers did not overlap and were spatially independent. Sec-
ondly, we used a ‘local-scale’ buffer of 200 m around bird point count

locations, and 100 m around arthropod transects, which was informed
by similar studies (Caprio et al., 2015; Barbaro et al., 2021). At both
scales, we calculated the cover by woodland (combining coniferous and
deciduous), semi-natural grassland and agricultural (including
improved grassland) areas, as well as total vine area, the average field
size, and edge density. The presence of freshwater bodies was limited (at
most constituting 0.02% of the landscape buffer), so instead, we calcu-
lated the length of ‘linear water features’, which included rivers and
streams, though this predictor was only calculated at the
landscape-scale, as rivers and streams were absent from the local scale.
At the local scale, we calculated the length of ‘linear wooded features’
which included hedgerows and tree lines within vineyards, as these may
harbour biodiversity or be used as stepping stones for species using the
vine fields. We performed this in QGIS (3.30.00).

The amount of semi-natural habitats around our study sites ranged
between <1% and 42% in a 2.5 km radius buffer (Fig. 1) and the vine-
yards also varied in vine hectarage, which ranged between 1 and 182 ha
(mean 24.39 ha; covering 0.05-9.27% of each buffer). There were a few
significant differences in vineyard size and the surrounding habitats
between organic and non-organic, and between SWGB-accredited and
non-SWGB sites, with the mean field size being significantly larger at
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SWGB-accredited (4.50 ha + 0.02) than non-SWGB sites (4.16 ha +
0.04,t(19) =2.617, p = 0.017), and the length of linear wooded features
being higher in non-organic (1496.4 m + 5.41) than organic sites
(1150.4 m + 7.13, t(42) = —3.664, p <0.001), and higher in SWGB-
accredited (1487.0 m + 4.62) than non-SWGB sites (1157.4 m + 9.21,
t(42) = 3.463, p <0.001; Appendix C).

2.3.2. Management

Ground vegetation cover across English vineyards varies across the
vine lifecycle, between sites and within the vine rows (see Appendix D
for examples). To measure this variation, at 0 and 40 m along one
arthropod transect (see Appendix B) in each sampling field, we
measured sward height across the alleyway between two vine rows
(18-22 measurements per alleyway, depending on its width), and we
also estimated proportion of bare ground, to the nearest 5%, using a
randomly placed 50x50 cm quadrat. We computed a crude ground
vegetation cover metric from these measurements: veg cover = y [ground
vegetation height] * (1 — proportion bare ground), where p is the average
across the transect. For landscape scale analyses, ground vegetation
cover was averaged per site, giving an indication of the general man-
agement at each site, whilst for local scale analyses, we used the value
measured at the given survey location and time.

Through a vineyard management survey completed by site man-
agers, we collected information on chemical inputs and vineyard man-
agement practices across our study sites. First, by using the reported lists
of chemical inputs from each vineyard, we calculated a measure of
ecotoxicity by obtaining environmental toxicity information for indi-
vidual active ingredients from the Pesticide and Bio-pesticide Properties
Databases (Lewis et al., 2016; see Appendix E for details), which was
also used by similar recent studies (e.g. Moth et al., 2021). The databases
include environmental toxicity (ecotoxicity) assessments for active in-
gredients, which are calculated based on the substances’ impact (as
indicated by LC50 and LD50 values) on several organism groups (e.g.
mammals, birds, honeybees), and these are aggregated to give a single
categorical rating (low, moderate and high; Lewis et al., 2016) per active
ingredient. We translated these ratings to numerical scores (low = 1,
moderate = 2, high = 3) and as our sites used standard concentrations of
agrochemicals, we summed the scores for all active ingredients used to
derive an overall ‘Ecotoxicity score’ (calculated for each of 21 sites that
provided the necessary information). Higher Ecotoxicity scores indicated
either the use of a higher number of agrochemicals, which could affect
more species groups, and/or of agrochemicals with higher environ-
mental toxicity. Recent research has shown that the frequency of agro-
chemical application is an important driver of biodiversity responses to
toxicity (Moth et al., 2021), so to account for this, we additionally
created an ‘Ecotoxicity frequency score’ by multiplying each active in-
gredient’s Ecotoxicity score by its number of annual applications and
summed these values (for each of 17 sites that provided the necessary
information). Higher Ecotoxicity frequency scores indicated high rates of
agrochemical applications, which increase the exposure of organisms to
the substances and may increase the likelihood of supplying a lethal
dose.

We rated vineyard management practices in terms of their potential
benefits to or detrimental impacts on biodiversity. We did this using the
Conservation Evidence database (ConservationEvidence.com, 2023),
which provides effectiveness categories for management practices (such
as sowing cover crops) intended to conserve biodiversity. These cate-
gories are derived from an expert elicitation process in which a panel of
independent experts evaluates the available scientific evidence linked to
each action, for effectiveness, certainty and harms. Final scores,
following an iterative Delphi process, are converted to one of five
effectiveness categories, as described in Sutherland et al. (2021), and
these are reported on the website. We translated the Conservation Evi-
dence categories to quantitative scores as follows: ‘beneficial’ = 2, ‘likely
to be beneficial’ = 1, ‘trade-offs between benefits & harms’, ‘unknown
effectiveness’ = 0, ‘unlikely to be beneficial’ = —1, and ‘likely to be
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ineffective or harmful’ = —2. Then, for each site, we summed the scores
for all vineyard management practices employed to calculate a ‘Practice
score’ for each study site. Further details are provided in Appendix E.

We tested for collinearity between our predictors and we found a
strong negative correlation between woodland and agricultural habitats
cover (r(21) = —0.876, t-value = —9.305, p-value<0.001) and strong
positive correlations between: total vine area and length of linear
wooded features (r(21) = 0.880, t-value = 9.342, p-value<0.001),
average field size and total vine area (r(21) = 0.815, t-value = 20.701, p-
value<0.001), total edge density and woodland cover (r(21) = 0.775, t-
value = 16.482, p<0.001) and so, we only included woodland cover and
average field size, which we considered more ecologically meaningful
predictors, in subsequent landscape-scale analyses. We also found
moderate correlations between the Ecotoxicity score and woodland cover
(r(20) = —0.417, t-value = —6.701, p<0.001), the Ecotoxicity frequency
score and woodland cover (r(16) = -0.637, t-value = —11.131,
p<0.001), and the Practice score and length of linear water features (r
(20) = 0.538, t-value = 9.324, p<0.001), but retained all variables in
models as the correlations were below 0.7, thus unlikely to distort model
estimations (Dormann et al., 2013).

2.4. Data analyses

2.4.1. Response variables

For birds, the response variables were: abundance, species richness
and Shannon diversity. We calculated these separately for each point
count location and survey across the sampling periods (n=222). All
observed species were included in analyses, including non-native species
such as common pheasant (Phasianus colchicus), due to their potential
role in contributing to vineyard functions such as pest control or grape
damage (anecdotal reports from vineyard managers).

For arthropods, the response variables were total abundance, and for
samples containing individuals from more than one order (n=813), we
calculated order Shannon diversity. We calculated these for each pitfall
trap separately across all sampling locations and periods (n=1679).

2.4.2. Models

We performed a set of general(ized) linear mixed models (GLMMs) to
test the relative effects of habitat characteristics and vineyard manage-
ment on bird and arthropod biodiversity. All analyses were performed in
R 4.3.0 (R Core Team, 2021), and all models were fitted using the spaMM
package (Rousset, 2018). We included a spatial autocorrelation func-
tion, called the Matérn term, which uses the latitude and longitude of
survey locations to calculate distance between every point pair and then
calculates similarity between these along a distance gradient, account-
ing for spatial autocorrelation between survey locations (Rousset and
Ferdy, 2014). This term replaces the need for random effects of survey
locations (e.g. transects or point counts at each site) to be included in
models.

Firstly, we related each of the five response variables described
above to certified organic and SWGB-accreditation statuses, to under-
stand whether the overall management regime is indicative of biodi-
versity. Secondly, to identify the relative importance of semi-natural
habitats and finer-scale management predictors on biodiversity, we
related each response variable to the habitat and management pre-
dictors described above, including an interaction between ground
vegetation cover and season to account for vegetation cover varying
across the sampling seasons. These models were repeated for predictors
calculated at the landscape and local scales. All models also included
survey season and year as fixed effects to account for temporal non-
independence of samples. We did not run a single model containing
all habitat and management predictors, as well as the organic and
SWGB-statuses, to avoid model overparameterization (Harrison et al.,
2018). If season showed a significant effect, we undertook post-hoc
contrast analysis to see which seasons significantly varied from each
other, using the emmeans package (Lenth et al., 2023).
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The normality of residuals was tested using Shapiro-Wilk tests, and
Gaussian error distributions were employed in models with normally
distributed residuals, which included all bird models. Arthropod data
were zero-inflated and therefore we performed hurdle models for these
responses, which is a two-step modelling approach consisting of a
presence-absence model followed by a truncated model excluding zeros
(Potts and Elith, 2006). The presence-absence model was fitted using a
binomial error distribution with a clog link function. The arthropod
abundance truncated model was fitted using a negative binomial error
distribution as this could not be normalised through transformation and
showed overdispersion with a Poisson distribution, whereas arthropod
order Shannon diversity met assumptions of normality and was there-
fore fitted using a Gaussian distribution. We inspected the distribution of
residuals, dispersion and checked for influential points using the
DHARMa package (Hartig, 2022). For the arthropod abundance model,
we removed one outlier, where arthropod abundance was over double
the next highest value, and 91% of individuals were ants, likely indi-
cating a nearby nest. Model outputs with the retained outlier are re-
ported in Appendix F.

Finally, given the influence of ground vegetation cover on bird and
arthropod diversity (see Sections 3.1. and 3.2), we fitted a Gaussian GLM
with ground vegetation cover (logged term) as a response variable, and
mowing and cultivation frequency per year, herbicide use, sowing of
cover crops or wildflower mixes and average field size as predictors.

We used full models, which we did not seek to simplify (following
Shutt et al., 2018) and we interpreted predictor significance based on
whether the model estimates with 95% confidence intervals passed zero,
and if p < 0.05. We used full models as our choice of predictors was
hypothesis-driven, and non-significant predictors were retained in
models as they still hold some explanatory power and may be important
confounder variables (Smith, 2018; Sutherland et al., 2023). All
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response and predictor variables, model structure, error terms and link
functions are summarised in Appendix F.

3. Results
3.1. Birds

Across 222-point count surveys, we recorded 6853 individuals
belonging to 61 species, including 15 Red-listed species of conservation
concern in the UK (Stanbury et al., 2021; see species list in Appendix G).
Bird abundance did not vary significantly between organic and
non-organic sites (GLMM: t-value=-0.691, p>0.05), nor between
SWGB-accredited and non-SWGB vineyards (t-value=-0.723, p-val-
ue>0.05, Fig. 2a). Bird abundance was significantly higher at flowering
(Tukey t-value=4.132, p-value<0.001) and harvest (t-value=17.31,
p-value<0.001) than at budding, and significantly higher at harvest
than flowering (t-value=3.017, p-value<0.001, Fig. 2a). Landscape and
local scale semi-natural habitats cover and management did not have a
significant effect on bird abundance (Fig. 3).

Bird species richness did not significantly vary between organic and
non-organic sites (t-value=-0.751, p-value>0.05), but it was signifi-
cantly lower at SWGB-accredited than non-SWGB vineyards (t-value=-
2.196, p-value=0.036, Fig. 2a). Species richness was significantly higher
at harvest than at budding (t-value=2.102, p-value=0.015), but the
differences between other seasons were not significant (Tukey p-val-
ue>0.05, Fig. 2a). Bird species richness was not significantly affected by
landscape or local scale semi-natural habitats cover or by vineyard
management predictors (Fig. 3).

Bird Shannon diversity did not significantly vary between organic
and non-organic sites (t-value=0.157, p-value>0.05), and it was
significantly lower at SWGB-accredited than non-SWGB vineyards (t-

(a) Birds
Abundance Species Richness Shannon diversity
Certified organic 4 : - : i :
SWGB-accredited 4 4 —— | —
Season flowering A : - . : i :
Season harvest 4 1 - - —— 4 —
Year 2022 - : ] ——t : ] :
025 000 025 050 15 -1.0 -05 00 05 02 01 00 0.1
(b) Arthropods
Abundance ShannonI diversity
Certified organic E—o— |
SWGB-accredited | |
Season flowering : —_—— |
Season harvest { —e— 1 { = :
Year 2022 -0-: | ——
tlw 0.1 olo 0.1

Model estimates

Fig. 2. Estimates and 95% confidence intervals from GLMMs comparing bird (a) and arthropod (b) response variables between vineyards (n=22) accredited through
different schemes. For birds, the modelled response variables were: abundance (marginal R>=0.42), species richness (R>=0.16) and Shannon diversity (R?=0.27); for
arthropods, the response variables were: abundance (R2=0.20) and order Shannon diversity (R?=0.12).
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(a) landscape-scale
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Fig. 3. Estimates and 95% confidence intervals from GLMMs at (a) the landscape-scale (2.5 km buffer around each site, n=22), and (b) the local-scale (200 m buffer
around each point count survey, n=44) for the effects of habitat and management predictors on bird abundance (marginal R? = 0.46 at landscape scale, R = 0.27 at
local scale), species richness (R?=0.35and 0.03, respectively), and Shannon diversity (R?=0.63 and 0.16, respectively). Estimates in black indicate predictors with

supported effects (95% CI do not cross zero, and p<0.05).

value=-2.631, p=0.012, Fig. 2a). Shannon diversity was significantly
lower at harvest than at budding (t-value=-2.123, p-value=0.002), but
the differences between other seasons were not significant (Tukey p-
value>0.05). At both, the landscape (t=2.010, p-value=0.026) and local
scales (t=1.866, p-value=0.01), ground vegetation cover had a signifi-
cant positive effect on Shannon diversity (Fig. 3). Model predicted
Shannon diversity was 1.5 and 1.2-fold higher in vineyards with the
highest vegetation cover compared to those with the lowest cover at the
landscape (Fig. 4a) and local-scales (Fig. 4c), respectively. At the land-
scape scale, Shannon diversity declined significantly with increasing
Ecotoxicity score (t=-2.662, p=0.019; Fig. 3a), and the model predicted
Shannon diversity was 11% higher in vineyards with the lowest Eco-
toxicity score, compared to at vineyards with the highest Ecotoxicity score
(Fig. 4b). Shannon diversity was also negatively and significantly
affected by vine cover at the local scale (t-value=-2.559, p-value=0.018,
Fig. 3b), and the predicted Shannon diversity was 13% lower at point
count locations surrounded by the highest vine cover in the study (85%)
compared to the lowest (10%, Fig. 4d).

3.2. Arthropods

We deployed 1679 pitfall traps and arthropods were caught in 59%
of the traps (988). The probability of arthropod presence was

significantly higher in the flowering (t-value=5.296, p-value<0.001)
and harvest seasons (t-value=7.189, p-value<0.001), compared to the
budding season, and it was significantly lower in 2022 compared to
2021 (t-value=-5.697, p-value<0.001; Fig. 5a). The probability of
arthropod presence decreased away from the field edge (t-value=-3.311,
p-value<0.001), whilst the Practice score (t-value=5.558, p-val-
ue<0.001) and ground vegetation cover (t-value=5.523, p-val-
ue<0.001) had a significant positive effect on arthropod presence
(Figs. 5a, 6a-c).

Altogether, we caught 8726 individuals belonging to 19 orders, with
the most abundant orders being Araneae (n=2155), Coleoptera
(n=2045) and Hymenoptera (n=1867, see Appendix G for the list of
orders). Arthropod abundance was significantly higher at certified-
organic than non-organic sites (GLMM: t-value=2.354, p-val-
ue=0.024), and it did not vary significantly between SWGB-accredited
and non-SWGB sites (t-value=-0.315, p-value>0.05, Fig. 2b).
Arthropod abundance was significantly higher at flowering than at
budding (t-value=2.329, p-value<0.001) and harvest (t-value=1.891,
p-value=0.021), and the abundance at harvest was also significantly
lower than at budding (t-value=-3.211, p-value<0.001; Fig. 2b). The
Practice score had a significantly positive effect on arthropod abundance
(t-value=2.439, p-value=0.015, Fig. 5b), and the predicted abundance
was 29% higher at vineyards with the highest Practice score compared to
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sites with the lowest score (Fig. 6g). Ground vegetation cover had a
significantly positive effect on arthropod abundance at both the land-
scape (t-value=2.217, p-value=0.033) and local scales (t-value=4.717,
p-value<0.001, Fig. 5), and the predicted arthropod abundance was
33% higher at the highest vegetation cover compared to the lowest cover
(Fig. 6d-e). The Ecotoxicity score had a significant negative effect on
arthropod abundance (t-value=-2.026, p-value=0.043, Fig. 5b), and the
predicted arthropod abundance at vineyards with the lowest Ecotoxicity
score was 12% higher than in vineyards with the highest Ecotoxicity score
(Fig. 6f).

Arthropod order Shannon diversity did not differ significantly be-
tween certified-organic than non-organic sites (t-value=1.251, p-val-
ue>0.05; Fig. 2b), nor between SWGB-accredited and non-SWGB sites
(t-value=-0.789, p-value>0.05; Fig. 2b). Shannon diversity of arthropod
orders was significantly lower at harvest than at budding (t-value=-
3.214, p-value=0.003, Fig. 2b), but it did not vary significantly between
the other seasons (Tukey p-value>0.05). Ground vegetation cover had a
significantly positive effect on arthropod Shannon diversity at both the
landscape (t-value=2.610, p-value<0.001) and local scales (t-

value=6.067, p-value<0.001; Fig. 5), and the predicted Shannon di-
versity was 50% higher at sites with the highest vegetation cover
compared to the lowest (Fig. 6h-i). Shannon diversity declined signifi-
cantly with increasing Ecotoxicity score (t-value=-2.415, p-val-
ue<0.001), and increasing Ecotoxicity frequency score (t-value=-3.987,
p-value<0.001, Fig. 5b). The predicted Shannon diversity in vineyards
with the lowest Ecotoxicity and Ecotoxicity frequency scores was 12% and
38% higher than in vineyards with highest scores, respectively (Fig. 6j-
k).

3.3. Management differences between vineyards

Ecotoxicity scores were significantly lower for certified-organic
(12.33 + 2.69 SE) than for non-organic vineyards (33.17 + 2.69; t
(19)=-4.758, p<0.001; Fig. 7a), whilst the Ecotoxicity score was signif-
icantly lower at non-SWGB (17.20 + 2.78) than SWGB-accredited
vineyards (30.64 + 4.74; t(19)=2.385, p<0.05; Fig. 7b). The Ecotox-
icity frequency scores did not vary based on vineyard management
(certified-organic vs non-organic: t(15)=0.005, p-value>0.05; SWGB-
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Fig. 5. Estimates and 95% confidence intervals from hurdle GLMMs at (a, b) the landscape-scale (2.5 km buffer around each site, n=22), and (c) the local-scale
(100 m buffer around each transect, n=79) for the effects of habitat and management predictors on arthropod presence (a, marginal R? = 0.31), abundance (R?
= 0.56 at the landscape, R? = 0.18 at the local-scale) and order Shannon diversity (R* = 0.19 and R? = 0.15, respectively; b, ¢). Estimates in black indicate predictors

with supported effects (95% CI do not cross zero, and p<0.05).

accredited vs non-SWGB: t(15)=1.319, p-value>0.05).

The Practice scores were significantly higher at non-SWGB than at
SWGB-accredited vineyards (0.89 + 0.82 and —1.25 + 0.66 respec-
tively; t(19)=2.040, p-value>0.05; Fig. 7d), but did not vary between
certified-organic and non-organic vineyards (non-organic: —1.45 +
0.74; certified-organic: 0.90 + 0.67; t(19)=1.823, p-value>0.05;
Fig. 7c). There were no significant differences between vineyards under
different management in mowing (certified-organic vs. non-organic: t
(19)=-0.265, p<0.05; SWGB-accredited vs. non-SWGB: t(19)=0.087, p-
value>0.05), cultivation frequency (certified-organic vs. non-organic: t
(19)=-1.170, p-value>0.05; SWGB-accredited vs. non-SWGB: t(19)=
1.748, p-value>0.05), or overall ground vegetation cover (certified-
organic vs. non-organic: t(19)=0.974, p-value>0.05; SWGB-accredited

vs. non-SWGB: t(19)=-0.804, p-value>0.05; see Appendix I).

Ground vegetation cover was significantly higher in vineyards that
did not use herbicides than those that did (t-value=2.760, p-val-
ue=0.015), and it significantly decreased with field size (t-value=-
2.784, p-value=0.014; Fig. 8a-c).

Full model results are reported in Appendix H.

4. Discussion

We found vineyard management practices, rather than the sur-
rounding semi-natural habitats, to be the key drivers of differences in
bird and arthropod biodiversity across English vineyards. We show that
neither organic certification nor a wine industry sustainability
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accreditation scheme are currently indicative of higher biodiversity, as
the only positive impact on vineyard biodiversity was seen for arthropod
abundance in organic vineyards, whilst we found lower bird diversity in
SWGB-accredited vineyards. Across Europe, mixed effects of organic
viticulture on bird diversity have been noted, as some studies, like ours,
failed to detect an effect (Assandri et al., 2016, 2017a), whilst others
reported positive effects (Puig-Montserrat et al., 2017; Rollan et al.,
2019; Barbaro et al., 2021; Beaumelle et al., 2023). We may have found
stronger effects if we included plant diversity in our comparisons, as
plants have been shown to benefit from organic viticulture more than
mobile organisms (Fuller et al., 2005; Assandri et al., 2016; Ostandie
et al,, 2021). Furthermore, the benefits resulting from organic, or
otherwise sustainable management, may be stronger in landscapes that
are more homogenous and intensively managed than those in our study
(Tuck et al., 2014; Rollan et al., 2019). The species found across English
vineyard landscapes may also be generalists and less sensitive to farming
and management practices, as farmland biodiversity across lowland

England has been strongly altered since mid-20th Century by agricul-
tural intensification (Robinson and Sutherland, 2002).
SWGB-accredited vineyards had significantly higher Ecotoxicity
scores, which were negatively related to bird and arthropod diversity,
and arthropod abundance. A direct negative effect of insecticide and
fungicide use on biodiversity was previously demonstrated across Eu-
ropean farmland (Geiger et al., 2010; Rigal et al., 2023). Whilst organic
vineyards used fewer chemicals, which resulted in significantly lower
Ecotoxicity scores, the frequency with which chemicals were applied was
higher, leading to the Ecotoxicity frequency score not differing signifi-
cantly between organic and non-organic sites. Across Europe, the
application frequency of organic agrochemicals, such as copper and
sulfur used to treat fungal diseases, is higher compared to synthetic
fungicides due to their lower efficacy (Moth et al., 2021; Reiff et al.,
2021). This is an important distinction, as we found the Ecotoxicity fre-
quency score to have a stronger negative effect on arthropod diversity
than the Ecotoxicity score alone. This aligns with similar findings from
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European vineyards where, for example, higher rates of pesticide ap-
plications in organic vineyards were linked to lower predatory phyto-
seiid mite densities compared to conventional vineyards (Moth et al.,
2021). This means that organic management without efforts to minimise
application frequency may not be sufficient to support biodiversity on
farms, especially as organically certified agrochemicals such as copper
and sulfur have detrimental effects for biodiversity and microbial ac-
tivity (Karimi et al., 2021). The need for repeated chemical applications
may be having additional impacts, with increased levels of disturbance
arising from management linked to higher incidence of bird nest aban-
donment (Assandri et al., 2017b), whilst repeated machinery use may
increase soil compaction, especially in vineyards with smaller fields
(Clough et al., 2020), which organic vineyards in our study had.

In line with previous vineyard research (Paiola et al., 2020; Winter
et al., 2018), we found strong positive effects of ground vegetation cover
on biodiversity. This is not surprising as ground vegetation provides
shelter and more stable conditions for invertebrates, and food for both
invertebrates and birds (Arlettaz et al., 2012; Winter et al., 2018). We
found herbicide applications to decrease vegetation cover, whilst
increasing a site’s Ecotoxicity score, and detrimental effects of herbicide
use on biodiversity have been shown in other European vineyards
(Nascimbene et al., 2012; Duarte et al., 2014; Winter et al., 2018).
Ground vegetation cover was also lower in vineyards with larger fields,
which may be related to more intensive management methods, such as
the use of heavier machinery and increased ground disturbance and
trampling by vineyard workers (Cabodevilla et al., 2021).

Vine cover reduced Shannon diversity of the bird community at the
local scale, supporting the observed negative effect of increasing vine
cover in other European vineyards (Pithon et al., 2016; Rosch et al.,
2023). This is likely because alternative surrounding habitats, such as
hedgerows and woodland patches that are abundant across English
vineyards, provide important habitats for birds (Rosch et al., 2023).
These habitats may also be important for supporting arthropod com-
munities, as arthropod presence decreased away from field edges.
However, contrary to previous findings (Paiola et al., 2020; Barbaro
et al., 2021; Rosch et al., 2023) and our predictions, we found no other
effects of surrounding semi-natural habitat area on vineyard biodiver-
sity. This could be because we measured these effects at larger spatial
scales than those considered by other studies (e.g. Rosch et al., 2023), or
that the species inhabiting English vineyards may be generalists and
well-adapted to agricultural conditions, as shown in previous research
for birds (Robinson and Sutherland, 2002) and arthropods (Geldenhuys
et al., 2022), and so, may be less reliant on the surrounding habitats.
Alternatively, responses to semi-natural habitats could vary between
organism groups or taxa (Beaumelle et al., 2023).

A caveat to our findings is the coarseness of the ecotoxicity mea-
surements used to calculate our ecotoxicity scores, as well as of only
considering arthropod biodiversity at the order level. Firstly, the
response of organisms to agrochemicals depends on environmental
factors beyond those tested in laboratory studies on which ecotoxicity
measures are based (Niederlehner et al., 1990; Chapman et al., 1998),
whilst the synergistic and antagonistic interactions of co-applied agro-
chemicals are largely unknown (Herndndez et al., 2017). Secondly,
earlier research has found varying responses to semi-natural habitats
and management of different arthropod groups in vineyards. For
example, whilst overall arthropod diversity responded positively to
organic management in Italian and French vineyards, there were sig-
nificant differences in responses between arthropod orders (Beaumelle
et al., 2023), with organic farming benefitting arachnids but not cara-
bids, with further differences in the responses between guilds (Caprio
et al.,, 2015). Similarly, vineyard fungicides were found to harm
non-target predatory mites more than pest mites (Reiff et al., 2021), and
s0, a finer taxonomic resolution should be considered in future studies,
particularly when focussing on ecosystem functions.
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4.1. Synthesis, management and policy implications

Across English vineyards, we found that individual management
practices had a stronger influence on vineyard biodiversity than the
overall management regime or the surrounding habitats. Farming cer-
tifications have a lot of governmental and societal support and their
uptake is increasing (Furopean Commission, 2023; Gomes et al., 2023),
but our research demonstrates that these may not reliably predict the
expected higher biodiversity. It is therefore important to look beyond
farming certifications or industry-accreditations; for example, across the
UK viticultural industry, non-organic vineyards can be low-input and
have reduced mowing and harbour more biodiversity than organic and
SWGB-accredited vineyards. We identified key drivers of biodiversity in
vineyards, which we use to make management recommendations for
supporting biodiversity, and which should be used by those involved in
the regulation of organic or ‘sustainable’ farming. Firstly, the types of
agrochemicals used, and the frequency of application should be care-
fully managed to reduce detrimental impacts. Moving to organic man-
agement alone may not achieve this, as agrochemicals permitted within
organic certifications, for example copper, can both have high ecotox-
icity scores and lower efficacy, thus requiring repeated applications.
Instead, vineyard managers should be encouraged to consult the
open-access PBPD database (Lewis et al., 2016) to assess the environ-
mental ecotoxicity scores and opt for chemicals with lower scores, a
strategy already shown to benefit arthropod diversity in South African
vineyards (Geldenhuys et al., 2022). Our research supports the recom-
mendations of other recent studies (Assandri et al., 2017b; Moth et al.,
2021; Reiff et al., 2023) that minimising agrochemical application fre-
quency should be a priority for biodiversity-friendly viticulture. The
second recommendation is to increase vegetation cover in vineyards,
and eliminating herbicide applications should be a priority here, espe-
cially as it is associated with high environmental toxicity. Ground
vegetation can be diversified and its cover increased by sowing cover
crops and wildflowers, which has been shown to effectively increase
biodiversity in vineyards, and yield further benefits through enhanced
natural pest control (Winter et al., 2018; Brambilla and Gatti, 2022;
Griffiths-Lee et al., 2023).

The English viticultural industry has a strong focus on sustainability,
evidenced by the wide uptake of the SWGB-accreditation. However, we
found SWGB-accredited vineyards to host lower bird diversity, and have
higher Ecotoxicity scores than non-accredited vineyards. At present the
scheme’s accreditation does not appear to be indicative of higher
biodiversity or the use of management practices expected to be positive
for biodiversity. Our results suggest that herbicide use is not compatible
with biodiversity-friendly vineyard management, and so we suggest that
SWGB could introduce a minimal requirement of no herbicides. None-
theless, the results presented here should not undermine the value of the
scheme, which only started in 2020, as members commit to continual
improvement and annual reporting of management across many areas,
including biodiversity conservation. However, this also showcases the
importance of studying and identifying the drivers of biodiversity across
novel agro-ecosystems to enable accreditation schemes to make
evidence-based recommendations and set minimal requirements that
ensure their objectives are realised.
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