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ABSTRACT

Connectivity is widely assumed to benefit biodiversity, but this has not been extensively quantified across multiple taxa and
landscapes. Focusing on the UK, where woodland cover is low (13%), we analysed species occurrence records from citizen sci-
ence for over 800 broadleaf woodland-associated invertebrate species from 15 taxonomic groups in relation to woodland cover
and connectivity. Overall, increased woodland connectivity positively affects broadleaf-associated species occurrence (effect
of connectivity across species, accounting for positive effect of broadleaf cover). The benefits of connectivity varied consider-

ably by species: 39% of species showed a significant positive effect, while for 3% it was significantly negative. However, the in-

teraction between cover and connectivity revealed that, overall, connectivity benefits are only found in low cover landscapes.
Our findings emphasise potential biodiversity benefits from maximising connectivity when increasing woodland cover and
highlight the importance of spatial targeting in restoration efforts, especially in landscapes with low woodland cover.

1 | Introduction

The Anthropocene world is experiencing a period of rapid eco-
logical change, making it crucial to mitigate detrimental im-
pacts to ensure a sustainable future (Jaureguiberry et al. 2022;
Pereira et al. 2024; Secretariat of the Convention on Biological
Diversity 2020). The Kunming-Montreal Global Biodiversity
Framework sets 23 global targets to protect and restore

ecosystems, including restoring 30% of all degraded ecosys-
tems and conserving 30% of land, waters and seas (CBD 2022).
To meet these biodiversity targets, improving connectivity is
considered to be an important ecological principle (Watson
et al. 2023). Although landscape-scale land use is known to
shape local faunal communities and species trends (Le Provost
et al. 2021; Seibold et al. 2019), there is a paucity of empir-
ical studies that quantify the positive effects of landscape
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connectivity beyond a few terrestrial species. Connectivity is
increasingly being incorporated into policy and conservation
strategy (CBD 2022; Hordley et al. 2022; Lawton et al. 2010),
and so studies that improve understanding of whether connec-
tivity has benefits for biodiversity across a wide range of taxa
are vital.

Connectivity is usually considered to have a positive effect
on biodiversity by allowing individuals to move more easily
through fragmented landscapes, thereby increasing occu-
pancy in fragments and gene flow across the population, lead-
ing to larger, more persistent populations (Beger et al. 2022).
Studies of spatial configuration of habitat can also be framed
as fragmentation in the negative context of habitat loss (de
Albuquerque and Rueda 2010; Wang et al. 2014), and hence
increasing connectivity is a way to mitigate or reverse the
negative impacts of fragmentation (Humphrey et al. 2015)
especially in areas such as Europe, with low coverage of
wildlife-rich habitat. However, we know less about these po-
tential positive effects (Fletcher et al. 2016) and the relative
importance of connectivity/fragmentation in contrast to hab-
itat availability is still debated (Fahrig et al. 2019; Fletcher
et al. 2018; Riva, Haddad, et al. 2024; Riva et al. 2025). In
order to incorporate connectivity into effective habitat resto-
ration planning, understanding connectivity benefits beyond
individual species or selected taxa is vital as species use land-
scapes in different ways (Savary et al. 2024).

Woodlands (we use ‘woodland’ rather than ‘forest’ to describe
tree cover as this is more typically used in the UK context)
provide many ecosystem services and biodiversity benefits
(Burton et al. 2018), including sequestering carbon and shap-
ing the composition of biological communities (Bowler
et al. 2023; Daskalova et al. 2020). As well as protecting ex-
isting woodlands, the creation of new woodland is needed in
many countries to meet net zero emission commitments and
ecosystem restoration targets in the face of intensifying cli-
mate change (Bateman et al. 2022; Luby et al. 2022). Where
this additional woodland should be created is contentious
because the benefits and costs vary spatially and are altered
by current woodland characteristics, such as species compo-
sition (Sandoval-Martinez et al. 2023), tree density (Sanczuk
et al. 2023), and woodland spatial configuration (Savary
et al. 2024). Evidence from previous empirical studies has
shown that woodland established closer to existing wood-
land grows faster and has greater structural diversity (Hughes
et al. 2023a), and that species can more rapidly colonise this
new habitat (Hughes et al. 2023b). Greater connectivity can
also facilitate climate-driven range shifts of species (Hodgson
et al. 2022). However, connectivity can also have potentially
negative ecological effects, for example facilitating the suc-
cessful establishment and spread of pests, pathogens or inva-
sive species (Maguire et al. 2015) although evidence for this is
limited (Haddad et al. 2014). Overall, the benefits of woodland
connectivity for biodiversity are still uncertain (Bailey 2007),
requiring studies that compare a wide range of species and
taxa (Bowler et al. 2023).

We focus our study on the UK because of the availability of ex-
tensive biological record datasets spanning many taxonomic
groups (Outhwaite et al. 2020). These datasets are curated and

verified through different recording schemes, each focusing
on a specific taxonomic group, but together enable robust anal-
yses of multiple taxa, including invertebrates that are often
overlooked in studies focusing on iconic vertebrate groups
such as birds and mammals despite having an important
role in ecosystems (Chowdhury et al. 2023). The UK has low
woodland coverage, although it has increased from approxi-
mately 4.7% land cover at the beginning of the 20th century
to 13% today (Forest Research 2023), with a statutory target to
reach 16.5% tree and woodland cover by 2050 (DEFRA 2023).
This increase was primarily driven by the establishment of
commercial conifer plantations in the 20th century, and more
recently by broadleaf tree planting (Raum 2020), but none-
theless the UK remains one of the least wooded countries in
Europe (Liu et al. 2023) and so questions about connectivity
benefits are particularly pertinent.

Here, we quantify the ecological benefits of woodland con-
nectivity by analysing data from 3277 species from 15 inverte-
brate recording schemes, of which 864 species were found to be
broadleaf-associated. We quantify woodland cover and connec-
tivity across the UK (1 km? resolution) and relate these to local
species occurrences (18 million records collected by volunteer
recorders). We (1) test the hypothesis that woodland connec-
tivity is positively associated with species occurrence, after ac-
counting for the effects of woodland cover; and (2) examine how
the effects of connectivity vary between species. We (3) examine
interactions between cover and connectivity and their predicted
effect on species occurrence.

2 | Material and Methods
2.1 | Species Occurrence Data

We analysed unstructured species occurrence records for 3277
species from 15 recording schemes, each of which curate citi-
zen science recording of specific taxonomic groups, covering
butterflies and moths (Lepidoptera), caddisflies (Trichoptera),
centipedes (Chilopoda), crickets/grasshoppers (Orthoptera), drag-
onflies and damselflies (Odonata), gelechiid moths (Lepidoptera:
Gelechiidae), ground beetles (Coleoptera: Carabidae), hoverflies
(Diptera: Syrphidae), ladybirds (Coleoptera: Coccinellidae),
mayflies (Ephemeroptera), molluscs (Mollusca), shield bugs
(Hemiptera: Pentatomoidea), soldierflies (Diptera: Stratiomyidae)
and allies and spiders (Arachnida: Araneae and Opiliones) (see
Table S1 for numbers of species, records, and associated UK re-
cording schemes). Recording schemes were selected which in-
cluded records that represented the entire UK and had records
available up until at least 2018 (see Supporting Information:
Methods A for further details).

Each occurrence record represents an observation of a specific
species at a particular place and time. We only included re-
cords with a precise date (day, month and year) and location
(1km Ordnance Survey grid cell resolution or finer). The data
from each recording scheme were analysed separately using
a standardised workflow. We structured the occurrence re-
cords into binary detection-non-detection (i.e., species pres-
ence detected, not detected) data (Isaac et al. 2014). A ‘visit’
was defined as a list of one or more species recorded in a 1 km
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Ordnance Survey grid square on a single date. For a given visit,
the species recorded were classed as detected, value of 1; and
species not recorded for that visit, but recorded on other vis-
its for the same recording scheme, were given a non-detection
value of 0 for that visit.

Our datasets of species occurrences span several decades
during which species ranges and occurrences have changed,
as well as woodland cover and connectivity. In our analy-
ses, we account for these temporal changes by computing
presence-absence information for two time periods. We
consider species data from 1990-1999 and 2015-2021 (exact
dates vary by recording scheme, which had different periods
available at time of data request), subsequently termed 1990
and 2015 periods, comprising about 6 million and 12 million
species records across the 15 recording schemes, respectively
(Table S1). These dates were chosen to broadly align with the
cover and connectivity data available from Land Cover Maps
(see below). Species records from before 1990 and 2000-2014
inclusive were therefore removed to create distinct occur-
rence and woodland time windows, thereby accounting for
woodland cover and connectivity changes. The Orkney and
Shetland island groups were excluded from the analysis due
to extremely low tree cover on these islands, as were any other
islands smaller than 10km?.

2.2 | Woodland Cover and Climate Variables

We extracted UK broadleaf woodland and coniferous woodland
cover data separately using UK Land Cover Maps (25m grid
resolution datasets; for England, Scotland, Wales and Northern
Ireland) for 1990 and 2015 (Rowland et al. 2017, 2020). These
maps classify ‘broadleaf woodland’ as stands taller than 5m
with >20% cover, or >30% scrubland (i.e., stands below 5m).
‘Coniferous woodland’ encompasses semi-natural stands and
commercial plantations with a tree cover >20% and primarily
composed of coniferous species, including felled areas assumed
likely to be replanted. We used this information to create maps
of broadleaf and coniferous woodland presence/absence (25m
resolution).

To account for other factors that may affect the spatial vari-
ation in the occurrences of woodland species in later mod-
elling, we also created five ecologically relevant climate
variables considered likely to affect insect population dynam-
ics either directly (e.g., physiological limits) or indirectly (i.e.,
impacting habitat, food or host plants), similar to variables
used in Palmer et al. (2017). These included growing degree
days above 5°C; mean temperature of the coldest month; co-
efficient of variation in daily temperature (K), that is, season-
ality; annual precipitation; and soil moisture. The first four
of these variables were calculated using the HADUK-Grid
Gridded Climate Observations on a 1km grid over the UK
(Met Office et al. 2022). Soil moisture was included from Grid-
to-Grid model estimates of soil moisture for Great Britain
and Northern Ireland on a 1km grid produced as part of UK-
SCAPE (Kay et al. 2021). We calculated climate variables for
the two time periods (1990, 2015) to match the woodland
cover and species occurrence data, by aggregating using the
mean annual value for different annual groupings (1km grid

resolution); 1980-1999 for the 1990 period, and 2000-2019
for the 2015 period (apart from soil moisture where data were
available only for years 1981-1999 and 2000-2010).

2.3 | Quantifying Connectivity

Connectivity can be measured in many different ways (Beger
et al. 2022; Briickmann et al. 2010), including structural con-
nectivity (e.g., FragStats), potential functional connectivity
(e.g., least-cost path or circuit model approaches), or patch-
based network analysis (Fletcher and Fortin 2018). Given both
the 1km grid resolution of the records and the large number of
species included which will use landscapes in different ways,
alandscape, rather than patch-based, approach to quantifying
connectivity was most appropriate (Moilanen 2011; Dennis,
Huck, Holt and McHenry 2024). In order to calculate a sin-
gle measure of potential functional connectivity, we aggre-
gated broadleaf and coniferous woodland maps into a single
layer mapping woodland structure, and calculated woodland
connectivity from this separately for 1990 and 2015. We com-
puted a single landscape connectivity metric because species-
specific information on dispersal and other movement-related
life history traits is lacking for almost all of the species in-
cluded in our analysis. An overview of the methodological
work flow is provided in Figure S1.

We used the Omniscape circuit-model approach (Landau
et al. 2021; McRae et al. 2016) that has been widely used to
simulate potential functional connectivity (Belote et al. 2022;
Martinez-Cillero et al. 2023; Suraci et al. 2023) to compute con-
nectivity for each 25m pixel. Omniscape simulates the move-
ment of organisms across a landscape as the flow of electrical
current through a circuit. The algorithm uses a moving win-
dow approach, iteratively treating every individual 25 m wood-
land pixel as a target for electrical current and connecting that
pixel to all other woodland pixels (source cells) within a given
radius. The metric is affected by both cover and fragmentation,
so we account for woodland cover independently of connectiv-
ity in our later modelling stage. See Landau et al. (2021) for a
fuller description of the Omniscape approach.

In our study, we calculated connectivity using each 25m raster
pixel, that is, at the same resolution as the Land Cover Maps. We
used a buffer distance of 4km around focal 25m target ground
pixels to represent landscape-scale connectivity. We set a sin-
gle resistance value of 100 for all non-woodland pixels (i.e., as-
suming species find it 100 times more difficult to move through
non-woodland pixels). This value minimised cover-connectivity
correlation, which is higher with smaller resistance values;
whilst also reflecting evidence of non-woodland matrix perme-
ability for UK woodland species (Eycott et al. 2011). To explore
the consequences of these decisions, we tested different buffer
distances and resistance values (see Supporting Information:
Methods B). As these were highly correlated with the selected
connectivity layer of 4km radius and 100 resistance, we consid-
ered them unlikely to qualitatively affect our conclusions and
so we do not discuss them further in the main text (Figure S2).

We transformed the 25m datasets to a 1km grid of woodland
cover (proportion cover in each 1km?) and connectivity (median
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within each 1km?) to align with the resolution of species, cli-
mate and soil data.

2.4 | Exploring Species Associations With
Connectivity

We modelled the probability of species occurrence on a visit and
its dependence on woodland cover and connectivity (1990 and
2015) at a 1km grid resolution for the UK. We used the inlabru
R package (Bachl et al. 2019; Bakka et al. 2018; Morera-Pujol
et al. 2022; Seaton et al. 2024) to create a Bayesian spatio-
temporal model of occurrence probability for each species (i.e.,
3277 separate models). For all species we included broadleaf
woodland cover, coniferous woodland cover, and total con-
nectivity, as well as broadleaf cover:connectivity and conif-
erous cover:connectivity interactions as our fixed effects. See
Figures S3-S5 for cover and connectivity values for both peri-
ods, and change between them.

A 2D-mesh was created to cover the UK over which a Matérn
stochastic partial differential equation (SPDE) was fitted to
represent spatial autocorrelation. By additionally including an
AR(1) autoregressive random effect between the two time pe-
riods, this also allowed us to model temporal autocorrelation
(Wiethase et al. 2024). Fitting our models over two linked time
periods means that we provide a strong test of all covariate as-
sociations: with changes in both occurrence and covariate pat-
terns over time, only associations that remain across both time
periods will be identified by our models, reducing the risk of
identifying spurious spatial correlations.

We also included the five climate variables in the model as
second-order random walk effects (Gémez-Rubio 2020; Rue and
Held 2005) to allow for non-linear relationships (growing degree
days above 5°C, mean temperature of the coldest month, coef-
ficient of variation in daily temperature, annual precipitation,
and soil moisture; variable correlation Figure S6). All climate
variables, along with cover and connectivity, were standardised
to have a mean of 0 and a standard deviation of 1.

As we used unstructured species occurrence data, our data
could be affected by sampling variability. We accounted for
species phenologies and variation in visit dates among sites and
years by including week of year as a cyclic second order random
walk term effect which allowed for flexible fitting of highly vari-
able species phenologies, that is, unimodal, bimodal etc. We also
included list length, defined as the number of species recorded
on a given visit for a given recording scheme, as a measure of the
recorder effort, included as a fixed effect factor with three levels:
single record (1 species), short visit (2-3 species), or long visit (4+
species) (Bowler et al. 2021; Boyd et al. 2023). See Supporting
Information: Methods C for model formula.

2.5 | Testing the Importance of Connectivity Using
Meta-Analysis

We used meta-analysis to combine the species-level estimates
and explore the general benefits of connectivity among record-
ing schemes. Of the 3277 modelled species, the models of 2271

species converged, and so these were taken forward as they pro-
vided estimated effect sizes for the meta-analysis.

We separated out broadleaf woodland-associated species using
the broadleaf cover effect from the modelling stage. Of the
converged species models, 864 species showed a broadleaf as-
sociation (38.0%), which was assessed by whether the effect of
broadleaf woodland cover on occurrence had a 95% credible in-
terval entirely above zero. In the main text, we focus analyses
only on broadleaf-associated species because broadleaf wood-
land comprises the vast majority of current native and planned
UK woodland cover, but as a comparison, we also defined two
other woodland association groups: coniferous-associated (with
credible interval of the coniferous cover effect above 0= 508 spe-
cies) and woodland-avoiding species (with credible interval of
both broadleaf and coniferous cover below zero=119 species).
We present outputs for the other two woodland association
groups in the Supporting Information (Figures S7 and S8) but do
not present these in the main results. There were 345 species that
were associated with both broadleaf and coniferous woodland
(and hence included in both analyses), and 1125 species that did
not fall into any of the three association groups above.

To test the first hypothesis, that connectivity is positively asso-
ciated with species occurrence, we used Bayesian hierarchical
models with the brms R package (Biirkner 2017). We used the
species-level connectivity effects (i.e., connectivity coefficients
from the inlabru models) and fitted intercept-only, random-
effects regression models, including the standard deviation of the
fixed effect as measurement error in the response to account for
model uncertainty. We included both recording scheme and in-
dividual species as random effects. See Supporting Information:
Methods D for model parameterisation.

To explore the interplay between cover and connectivity effects,
we also fitted models estimating broadleaf cover and broad-
leaf cover:connectivity interaction effects. We then used the
estimated pooled effects across all species for broadleaf cover,
connectivity and broadleaf cover:connectivity interactions to
predict estimated species occurrence across broadleaf cover—
connectivity space.

In addition to the main analysis, we undertook three additional
analyses to explore the robustness of our findings in more depth.
We know that cover and connectivity are linked and so, to sepa-
rate out their effects on species, woodland landscapes were clas-
sified into four cover quartiles, excluding landscapes without
any broadleaf cover (first quartile: 0.01%-1.75% broadleaf cover;
second quartile: 1.75%-5.18% broadleaf cover, third quartile:
5.18%-13.25% broadleaf cover, fourth quartile: 13.25%-100%
broadleaf cover); Figure S9. The main analysis was repeated for
each quartile but with all cover and cover—connectivity interac-
tion terms removed from the model. We spatially subset the en-
tire dataset to only 1x 1km landscapes within the quartile such
that 1x1km cells outside these areas were only considered for
the mesh fitting process for the spatial field.

Our analyses assume species have linear relationships with
woodland availability but we tested for potential non-linear as-
sociations with cover by repeating the main analysis and includ-
ing a broadleaf cover quadratic term. We further tested for any
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FIGURE1 | Connectivity effect sizes for broadleaf-associated invertebrate species, after accounting for woodland cover (connectivity effects oc-
cur in the presence of interactions with broadleaf and coniferous cover, so the credible interval is valid at the mean cover values). (a) Estimated effect

sizes based on Bayesian meta-analysis of models showed a range of values. Density plots sorted by point estimates (black circles) with credible inter-

vals (horizontal black lines) shown, and the solid and dotted grey lines indicating the estimated pooled estimate and credible interval, respectively.

Spatial variables were standardised, hence effect size shown when broadleaf cover is at the mean value of 5.54%. (b) Individual species effect sizes

were more often positive (credible interval entirely above zero) than negative (credible interval entirely below zero) for different recording schemes.

effects of non-linear relationships in our results by repeating the
main analysis but spatially subsetting all data to include only
1x1km landscapes under 30% cover. We did this because pre-
vious work has identified that most species have linearly posi-
tive associations with woodland cover below 30% cover (Bowler
et al. 2023).

3 | Results

3.1 | Species Are Positively Associated With
Woodland Connectivity

Of the 864 broadleaf-associated species, from 15 invertebrate
recording schemes, 336 species (38.9%) showed a positive effect
of connectivity (95% credible interval entirely above zero), 23
species (2.7%) showed a negative effect (95% credible interval
entirely below zero), and 505 (58.4%) were neither positive nor
negative (Figure 1b). Overall, the meta-analysis revealed that
these broadleaf-associated species are, on average, strongly af-
fected by woodland cover as expected (Figure S11), but with an
additional effect of connectivity such that broadleaf woodland-
associated species are more likely to occur in landscapes with
better-connected woodland (Table 1; Figure 1la). This positive
effect of connectivity occurs in the presence of interactions with
broadleaf and coniferous cover (Figure S10), so the credible in-
terval is valid at the mean cover values.

Between-species heterogeneity (=0.33 [0.31-0.35]) in the con-
nectivity effect was much greater than between-recording
scheme heterogeneity (=0.03 [0.00-0.13]). Despite considerable

TABLE 1 | Pooled species effects from meta-analysis of the
individual species results for broadleaf-associated species. See Figure 1
and Figures S11 and S12 for the results for the individual recording
schemes.

Estimate of

pooled effect 95% CI
Connectivity 0.148 0.091, 0.192
Broadleaf cover 0.246 0.198, 0.292
Broadleaf —0.050 —0.60, —0.037

cover:connectivity

variation among species there were still differences between
recording schemes, varying from a slightly positive estimated
effect of connectivity for ground beetles (0.081, 95% Credible
Interval: —0.071, 0.183) to a strongly positive effect for gelechiid
moths (0.184, CI: 0.091, 0.306; Figure 1a).

When the analysis was restricted to landscapes with broad-
leaf cover under 30%, below which we expect linear cover as-
sociations, the results were similar [pooled effect estimates:
connectivity, 0.220 (0.152, 0.290), Figure S14; cover, 0.258
(0.203, 0.309); cover:connectivity, —0.09 (—0.115, —0.069)].
The findings were also broadly similar when we included a
quadratic broadleaf cover term to account for non-linear as-
sociations [pooled effect estimates: connectivity, 0.052 (0.003,
0.107), Figure S15; cover, 0.342 (0.265, 0.415); cover quadratic,
—0.026 (—0.034, —0.012); cover:connectivity, —0.014 (—0.247,
—0.005)]. The pooled effect credible interval estimate for
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connectivity was positive, although this was lower than for
the main analyses assuming linear associations with cover,
and the ranking of recording schemes in terms of the strength
of the connectivity effect differed.

3.2 | Interactions Between Woodland Connectivity
and Cover

Broadleaf cover and woodland connectivity interacted neg-
atively (Table 1) and this was consistent across recording
schemes (Figures S10 and S12). In total, 62.3% of broadleaf-
associated species had a negative interaction (CI <0), with
2.0% positive (CI >0), and 35.8% with the CI crossing 0. The
pooled negative interaction effect estimate meant that increas-
ing woodland connectivity has the greatest positive benefits
for broadleaf-associated species when broadleaf cover is low
(Figure S13). For example, if a landscape has broadleaf wood-
land cover of 10%, then increased connectivity is predicted to
have a large positive effect, but this lessens as cover increases
to 30%, and at 50% (exceptionally high woodland cover in
the UK) the effect is negative, albeit with large uncertainty
(Figure 2).

When the analysis was repeated separately for each of the four
broadleaf cover quartiles, the results for each quartile were similar
(pooled effect connectivity estimates: 0.01%-1.75% cover, 0.0873
(0.016, 0.146), Figure S16; 1.75%-5.18% cover, 0.102 (0.028, 0.165),

1.0

o
©

Relative Occurrence Probability
o
®

0.74

— Low cover (10%)
— Moderate cover 830%)
High cover (50%

0 50 100 150 200

Connectivity
FIGURE 2 | Interaction between broadleaf woodland cover and
woodland connectivity (mean cumulative current flow) using estimat-
ed effect sizes from Bayesian meta-analysis. Occurrence probability es-
timates were calculated by taking the effect size estimate draws from
the separate connectivity, broadleaf cover, and broadleaf cover:connec-
tivity meta-analysis models, and using these to generate a prediction for
each cover/connectivity combination. Darker lines show mean predic-
tion and fainter ribbons show the 95% credible interval. Lines beyond
the limits of observed values within UK landscapes for each cover value
are not shown.

Figure S17; 5.18%-13.25% cover, 0.034 (—0.037, 0.096), Figure S18;
13.25%-100% cover, 0.055 (0.038, 0.069), Figure S19). This indi-
cates conclusions about the benefits of connectivity are evident
regardless of the amount of woodland present, although given
the large interval of the highest quartile due to the distribution of
broadleaf cover in the UK (Figure S9), it is likely this quartile cap-
tured cover as well as connectivity effects (Figure 2). Interaction
between broadleaf woodland cover and woodland connectivity
(mean cumulative current flow) using estimated effect sizes from
Bayesian meta-analysis. Occurrence probability estimates were
calculated by taking the effect size estimate draws from the sepa-
rate connectivity, broadleaf cover and broadleaf cover: connectiv-
ity meta-analysis models, and using these to generate a prediction
for each cover/connectivity combination. Darker lines show mean
prediction and fainter ribbons show the 95% credible interval.
Lines beyond the limits of observed values within UK landscapes
for each cover value are not shown.

4 | Discussion

We quantified the importance of woodland connectivity for a wide
range of invertebrate species in the UK. We were able to make use
of high-quality datasets of occurrences of 3277 invertebrates spe-
cies collected by thousands of expert volunteers over the past 20+
years, demonstrating the value of unstructured ‘citizen science’
recording for detailed analysis of the current status of species, and
their spatial distributions. We modelled the importance of wood-
land connectivity for the occurrence of broadleaf-associated spe-
cies and found that the pooled effects of woodland connectivity
were positive overall, although these varied greatly among our
15 invertebrate recording schemes. Hence we conclude there are
potential benefits to be gained for woodland biodiversity from im-
proving connectivity, above the greater effects of increasing wood-
land cover. A significant interaction term between broadleaf cover
and connectivity revealed that connectivity benefits were greatest
for species occurrence in landscapes with low broadleaf cover lev-
els which constitutes most of the UK.

We found that moths, spiders, and hoverflies benefited most from
woodland connectivity. Conversely, the three groups in our study
that benefited least from connectivity, that is, lowest estimated
effect sizes, were ground beetles, dragonflies and caddisflies
(Figure 1a). The latter two have aquatic larval life stages and so
are influenced more by suitable aquatic habitats than by the con-
nectivity of woodland habitats used relatively briefly by the adults.
However, despite overall positive connectivity benefits for all re-
cording schemes, species responses varied greatly within record-
ing schemes, and nearly all recording schemes contained some
species with a negative association with connectivity.

The large range of effect sizes we observed among taxa is pre-
sumably due to variation in multiple interacting traits at the spe-
cies level that affect responses to connectivity, such as dispersal
ability and trophic level (Gordon et al. 2023; Wang et al. 2024)
but see Martin et al. (2023). This large amount of variation we
observe with taxa highlights that generalising single species
connectivity models to other species should be interpreted cau-
tiously (Liczner et al. 2024), that is, connectivity benefits for one
species may not be seen for another, and that any surrogates
should not necessarily be chosen based on taxonomy.
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Connectivity for broadleaf species was found to have the
overall largest effects when there are low levels of woodland
cover within the landscape. Species may be more sensitive to
connectivity in low cover landscapes as metapopulation dy-
namics become more important as local extinction becomes
more likely. Connectivity is then able to ameliorate potential
extinctions by increasing dispersal between habitat fragments
in the landscape, or leading to larger habitat fragments that
are more resilient to extinction events (Hanski 1998; Herrault
et al. 2016; Uroy et al. 2023). Alternatively, given the low wood-
land cover in the majority of UK landscapes, better-connected
landscapes may also be associated with other beneficial land-
scape features affecting species, such as co-occurring with
more heterogeneous landscapes for multiple habitat types
(Clauzel et al. 2024; Hackett et al. 2024; Maskell et al. 2019).
Better-connected landscapes may reduce edge effects, which
alter the microclimate conditions and vegetation structure at
woodland boundaries, affecting the woodland species that can
occur there (Dennis, Huck, Holt, Bispo, et al. 2024; Dennis,
Huck, Holt and McHenry 2024). The mechanisms underpin-
ning positive effects could be species-specific and would make
a good subject for future research.

Our main results show it is important to consider landscape
spatial configuration alongside woodland cover in predicting
the occurrence of broadleaf-associated species. In landscapes
with low woodland cover and connectivity, such as in the UK,
our findings suggest that maximally increasing connectivity
when undertaking woodland creation (i.e., considering the
spatial configuration of schemes to increase woodland cover
locally) will have additional benefits for many invertebrates.
We find benefits of connectivity are primarily seen at low levels
of broadleaf cover, which suggests connectivity may be moder-
ating the negative effects of fragmentation when the amount
of woodland cover in the landscape is low, supporting limited
existing empirical evidence that this occurs below 20%-30%
(Fahrig 2017). However, species which prefer high woodland
cover landscapes may have been historically filtered out in the
UK (Betts et al. 2019), and benefits of connectivity may be evi-
dent at higher levels of woodland cover in other countries.

Here we look at biodiversity benefits solely in the context of
species occurrence, but connectivity has other benefits too,
such as providing opportunities for range shifting by spe-
cies in response to climate change (Hill et al. 2001; Hodgson
et al. 2022). We also studied connectivity benefits for focal
habitat-associated species (broadleaf woodland), but benefits
may differ for subsets of species, for example, rare species of
conservation concern (Bowler et al. 2023), or between special-
ist and generalist species (Chetcuti et al. 2020). Although we
find an overall positive effect of connectivity, a few broadleaf-
associated species (23; 2.7%) had significantly negative associ-
ations with connectivity, and there are other potential negative
impacts of connectivity, such as increased risk of spread of
pests and disease (Maguire et al. 2015). It is possible that
increasing connectivity for one habitat can also reduce con-
nectivity of other habitats, potentially benefiting focal habitat
species at the cost of others. For example, open-associated spe-
cies might be expected to decrease in occurrence as a result
of increased woodland connectivity, although we did not find
this at the scale of our analysis (Figure S8).

In our study, we have considered woodland to be homogeneous
in terms of quality. However, there will be woodland features
such as age, structure, tree species composition, canopy den-
sity, woodland rides, and type of management and condition
that affect species occurrences (Blumgart et al. 2022; Fuentes-
Montemayor et al. 2022; Spitzer et al. 2008; Staab et al. 2023).
Features outside woodland could also affect connectivity, such
as ancient trees outside woodlands, hedgerows and wood-
pasture (Liu et al. 2023; Nolan et al. 2021; Tiang et al. 2021),
that may be important population sources of woodland species,
as well as aids to dispersal. Given the UK-wide extent of our
study, it was not possible to include this additional information
on woodland features, but this may be interesting to include in
analyses at regional scales where these data are available, and
providing more information on the circumstances when con-
nectivity is most beneficial.

In summary, there was substantial variation among species
but, overall, woodland connectivity was positively associated
with broadleaf-associated invertebrate species occurrence in
the UK. This was evident even after taking the larger effect of
woodland cover into account. In the UK, we found that wood-
land connectivity benefits were greatest in landscapes with low
woodland cover. This suggests that benefits for biodiversity can
be maximised by designing woodland creation schemes to in-
crease connectivity in regions with low woodland cover.

Author Contributions

C.A.C.,, C.M.B,, D.E.B.,, M.J.O.P,, J.K.H., P.C.LW. designed the study.
R.H. processed the species presence records. C.A.C., C.M.B., D.E.B.,
M.J.O.P. conducted the analysis. C.A.C. and D.E.B. wrote the first draft
of the manuscript. All authors contributed substantially to discussions
and to revising the paper.

Acknowledgements

This work was supported by a project grant (NE/V02020X/1) within the
UKRI Future of UK Treescapes Research Programme. The programme
is funded by the Natural Environment Research Council (NERC),
the Economic and Social Research Council (ESRC) and the Arts and
Humanities Research Council (AHRC), with additional support from
UK Government bodies—the Department for Environment, Food and
Rural Affairs (Defra), Forestry Commission, and the Scottish and Welsh
Governments. We would like to thank the many recording schemes and
individual recorders that collected the record data used for the analyses in
this paper, including: Butterfly Conservation, British Dragonfly Society,
Centipede Recording Scheme (British Myriapod and Isopod Group),
The Conchological Society of Great Britain and Ireland, Ephemeroptera
(Mayfly) Recording Scheme, Gelechiid Recording Scheme, Ground
Beetle Recording Scheme, Hoverfly Recording Scheme, Orthoptera
Recording Scheme (Grasshoppers and Related Insects Recording Scheme
of Britain and Ireland), Soldierflies and Allies Recording Scheme, Spider
and Harvestman Recording Scheme (British Arachnological Society),
Terrestrial Heteroptera Recording Scheme (Shieldbugs and Allies),
Trichoptera (Caddisfly) Recording Scheme, UK Ladybird Survey. Special
thanks to Damian McFerran and Michael McCourt (CEDaR, National
Museum NI) for supplying record data from Northern Ireland.

Data Availability Statement

The code and data that support the findings of this study are openly
available in figshare at https://figshare.com/s/87fe97433cded40
afe47. All covariate data used in the analysis are publicly available:
climate data from https://data.ceda.ac.uk/badc/ukmo-hadobs/data/

7 of 10

85UB01 7 SUOWILLIOD dAIIR1D 3[dfedt dde U Aq pausenob ae Sapile VO ‘85N JO 3N Joj Akeiqi8ulUO 8|1 LD (SUORIPUOD-PUE-SWLBIALID"AB | IM Afe.d1Bul Uo//:Sty) SUORIPUOD pue SWLB | 8u 89S *[6202/50/cZ] Uo AreiqiTauliuo AB|im ‘ABojospAH 3 ABoj0oT Jod anued YN Ad TETOLDR/TTTT'OT/I0P/W0D A8 I AIq1jeUUO//SANY WOj papeojumod 'S ‘SZ0Z ‘8rZ0TorT


https://figshare.com/s/87fe97433cded40afe47
https://figshare.com/s/87fe97433cded40afe47
https://data.ceda.ac.uk/badc/ukmo-hadobs/data/insitu/MOHC/HadOBS/HadUK-Grid/v1.1.0.0

insitu/MOHC/HadOBS/HadUK-Grid/v1.1.0.0, soil moisture data from
https://catalogue.ceh.ac.uk/documents/c9a85f7c-45e2-4201-af82-
4c833b3f2c5f, landcover data from https://www.ceh.ac.uk/data/ukceh
-land-cover-maps. We provide code to process these open datasets in
the figshare repository as well as the processed versions of these data.
Raw species data is available upon request from Biological Records
Centre (BRC: https://www.brc.ac.uk/) and Centre for Environmental
Data and Recording (CeDAR: https://www.nationalmuseumsni.org/
cedar) under licence from the data owners, as our licence to use these
prohibits direct sharing of the raw data, though the authors can pro-
vide the archived dataset to colleagues seeking to replicate this pro-
cess who have approved requests from the BRC and CeDAR. All code
required to run the processing and distribution modelling of species
data are provided in the figshare repository, where we also provide
processed covariate datasets and a single anonymised species dataset
to enable replication of the species occurrence modelling. All data re-
quired for the meta-analyses is provided.

Peer Review

The peer review history for this article is available at https://www.webof
science.com/api/gateway/wos/peer-review/10.1111/ele.70131.

References

Bachl, F. E., F. Lindgren, D. L. Borchers, and J. B. Illian. 2019. “Inlabru:
An R Package for Bayesian Spatial Modelling From Ecological Survey
Data.” Methods in Ecology and Evolution 10: 760-766.

Bailey, S. 2007. “Increasing Connectivity in Fragmented Landscapes:
An Investigation of Evidence for Biodiversity Gain in Woodlands.”
Forest Ecology and Management 238: 7-23.

Bakka, H., H. Rue, G.-A. Fuglstad, et al. 2018. “Spatial Modeling With
R-INLA: A Review.” WIREs Computational Statistics 10: e1443.

Bateman, I. J., K. Anderson, A. Argles, et al. 2022. “A Review of Planting
Principles to Identify the Right Place for the Right Tree for ‘Net Zero
Plus’ Woodlands: Applying a Place-Based Natural Capital Framework
for Sustainable, Efficient and Equitable (SEE) Decisions.” People and
Nature 5: 271-301.

Beger, M., A. Metaxas, A. C. Balbar, et al. 2022. “Demystifying
Ecological Connectivity for Actionable Spatial Conservation Planning.”
Trends in Ecology & Evolution 37: 1079-1091.

Belote, R. T., K. Barnett, K. Zeller, A. Brennan, and J. Gage. 2022.
“Examining Local and Regional Ecological Connectivity Throughout
North America.” Landscape Ecology 37: 2977-2990.

Betts, M. G., C. Wolf, M. Pfeifer, et al. 2019. “Extinction Filters Mediate
the Global Effects of Habitat Fragmentation on Animals.” Science 366:
1236-12309.

Blumgart, D., M. S. Botham, R. Menéndez, and J. R. Bell. 2022. “Moth
Declines Are Most Severe in Broadleaf Woodlands Despite a Net
Gain in Habitat Availability.” Insect Conservation and Diversity 15:
496-509.

Bowler, D. E., C. A. Cunningham, C. M. Beale, et al. 2023. “Idiosyncratic
Trends of Woodland Invertebrate Biodiversity in Britain Over 45 Years.”
Insect Conservation and Diversity 16: 776-789.

Bowler, D. E., D. Eichenberg, K.-J. Conze, et al. 2021. “Winners and
Losers Over 35 Years of Dragonfly and Damselfly Distributional Change
in Germany.” Diversity and Distributions 27: 1353-1366.

Boyd, R. J., T. A. August, R. Cooke, et al. 2023. “An Operational
Workflow for Producing Periodic Estimates of Species Occupancy at
National Scales.” Biological Reviews 98: 1492-1508.

Briickmann, S. V., J. Krauss, and I. Steffan-Dewenter. 2010. “Butterfly
and Plant Specialists Suffer From Reduced Connectivity in Fragmented
Landscapes.” Journal of Applied Ecology 47: 799-809.

Biirkner, P.-C. 2017. “Brms: An R Package for Bayesian Multilevel
Models Using Stan.” Journal of Statistical Software 80: 1-28.

Burton, V., D. Moseley, C. Brown, M. J. Metzger, and P. Bellamy. 2018.
“Reviewing the Evidence Base for the Effects of Woodland Expansion
on Biodiversity and Ecosystem Services in the United Kingdom.” Forest
Ecology and Management 430: 366-379.

CBD. 2022. “Kunming-Montreal Global Biodiversity Framework.” Last
Accessed 24 September 2024. https://www.cbd.int/gbf.

Chetcuti,J., W.E.Kunin,andJ. M. Bullock.2020. “Habitat Fragmentation
Increases Overall Richness, but Not of Habitat-Dependent Species.”
Frontiers in Ecology and Evolution 8: 607-619.

Chowdhury, S., M. P. Zalucki, J. O. Hanson, et al. 2023. “Three-Quarters
of Insect Species Are Insufficiently Represented by Protected Areas.”
One Earth 6: 139-146.

Clauzel, C., C. Godet, S. Tarabon, et al. 2024. “From Single to Multiple
Habitat Connectivity: The Key Role of Composite Ecological Networks
for Amphibian Conservation and Habitat Restoration.” Biological
Conservation 289: 110418.

Daskalova, G. N., I. H. Myers-Smith, A. D. Bjorkman, et al. 2020.
“Landscape-Scale Forest Loss as a Catalyst of Population and
Biodiversity Change.” Science 368: 1341-1347.

de Albuquerque, F. S., and M. Rueda. 2010. “Forest Loss and
Fragmentation Effects on Woody Plant Species Richness in Great
Britain.” Forest Ecology and Management 260: 472-479.

DEFRA. 2023. “Environmental Improvement Plan 2023.” Last Accessed
24 September 2024. https://www.gov.uk/government/publications/
environmental-improvement-plan.

Dennis, M., J. J. Huck, C. D. Holt, et al. 2024. “Land-Cover Gradients
Determine Alternate Drivers of Mammalian Species Richness in
Fragmented Landscapes.” Landscape Ecology 39: 146.

Dennis, M., J.J. Huck, C. D. Holt, and E. McHenry. 2024. “A Mechanistic
Approach to Weighting Edge-Effects in Landscape Connectivity
Assessments.” Landscape Ecology 39: 68.

Eycott, A. E., M. Marzano, and K. Watts. 2011. “Filling Evidence
Gaps With Expert Opinion: The Use of Delphi Analysis in Least-Cost
Modelling of Functional Connectivity.” Landscape and Urban Planning
103:400-409.

Fahrig, L. 2017. “Ecological Responses to Habitat Fragmentation per
se.” Annual Review of Ecology, Evolution, and Systematics 48: 1-23.

Fahrig, L., V. Arroyo-Rodriguez, J. R. Bennett, et al. 2019. “Is Habitat
Fragmentation Bad for Biodiversity?” Biological Conservation 230:
179-186.

Fletcher, R., and M. Fortin. 2018. Spatial Ecology and Conservation
Modeling. Springer.

Fletcher, R. J., N. S. Burrell, B. E. Reichert, D. Vasudev, and J. D. Austin.
2016. “Divergent Perspectives on Landscape Connectivity Reveal
Consistent Effects From Genes to Communities.” Current Landscape
Ecology Reports 1: 67-79.

Fletcher, R. J., R. K. Didham, C. Banks-Leite, et al. 2018. “Is Habitat
Fragmentation Good for Biodiversity?” Biological Conservation 226: 9-15.

Forest Research. 2023. “Forestry Statistics.” Last Accessed 24 September
2024. https://www.forestresearch.gov.uk/tools-and-resources/statistics/
forestry-statistics/forestry-statistics-2023/.

Fuentes-Montemayor, E., K. J. Park, K. Cordts, and K. Watts. 2022.
“The Long-Term Development of Temperate Woodland Creation
Sites: From Tree Saplings to Mature Woodlands.” Fortschritte der
Lungenkrankheiten 95: 28-37.

Gomez-Rubio, V. 2020. Bayesian Inference With INLA. 1st ed. Chapman
and Hall/CRC.

8 of 10

Ecology Letters, 2025

85UB01 7 SUOWILLIOD dAIIR1D 3[dfedt dde U Aq pausenob ae Sapile VO ‘85N JO 3N Joj Akeiqi8ulUO 8|1 LD (SUORIPUOD-PUE-SWLBIALID"AB | IM Afe.d1Bul Uo//:Sty) SUORIPUOD pue SWLB | 8u 89S *[6202/50/cZ] Uo AreiqiTauliuo AB|im ‘ABojospAH 3 ABoj0oT Jod anued YN Ad TETOLDR/TTTT'OT/I0P/W0D A8 I AIq1jeUUO//SANY WOj papeojumod 'S ‘SZ0Z ‘8rZ0TorT


https://data.ceda.ac.uk/badc/ukmo-hadobs/data/insitu/MOHC/HadOBS/HadUK-Grid/v1.1.0.0
https://catalogue.ceh.ac.uk/documents/c9a85f7c-45e2-4201-af82-4c833b3f2c5f
https://catalogue.ceh.ac.uk/documents/c9a85f7c-45e2-4201-af82-4c833b3f2c5f
https://www.ceh.ac.uk/data/ukceh-land-cover-maps
https://www.ceh.ac.uk/data/ukceh-land-cover-maps
https://www.brc.ac.uk/
https://www.nationalmuseumsni.org/cedar
https://www.nationalmuseumsni.org/cedar
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70131
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/ele.70131
https://www.cbd.int/gbf
https://www.gov.uk/government/publications/environmental-improvement-plan
https://www.gov.uk/government/publications/environmental-improvement-plan
https://www.forestresearch.gov.uk/tools-and-resources/statistics/forestry-statistics/forestry-statistics-2023/
https://www.forestresearch.gov.uk/tools-and-resources/statistics/forestry-statistics/forestry-statistics-2023/

Gordon, S. C.C.,J. G. A. Martin, and J. T. Kerr. 2023. “Dispersal Mediates
Trophic Interactions and Habitat Connectivity to Alter Metacommunity
Composition.” Ecology 105: e4215.

Hackett, T. D., A. M. C. Sauve, K. P. Maia, et al. 2024. “Multi-Habitat
Landscapes Are More Diverse and Stable With Improved Function.”
Nature 633: 114-119.

Haddad, N. M., L. A. Brudvig, E. I. Damschen, et al. 2014. “Potential
Negative Ecological Effects of Corridors.” Conservation Biology 28:
1178-1187.

Hanski, 1. 1998. “Metapopulation Dynamics.” Nature 396: 41-49.

Herrault, P.-A., L. Larrieu, S. Cordier, et al. 2016. “Combined Effects of
Area, Connectivity, History and Structural Heterogeneity of Woodlands
on the Species Richness of Hoverflies (Diptera: Syrphidae).” Landscape
Ecology 31: 877-893.

Hill, J. K., Y. C. Collingham, C. D. Thomas, et al. 2001. “Impacts of
Landscape Structure on Butterfly Range Expansion.” Ecology Letters 4:
313-321.

Hodgson, J. A., Z. Randle, C. R. Shortall, and T. H. Oliver. 2022.
“Where and Why Are Species’ Range Shifts Hampered by Unsuitable
Landscapes?” Global Change Biology 28: 4765-4774.

Hordley, L. A., G. D. Powney, T. Brereton, et al. 2022. “Developing a
National Indicator of Functional Connectivity.” Ecological Indicators
136: 108610.

Hughes, S., W. Kunin, K. Watts, and G. Ziv. 2023a. “New Woodlands
Created Adjacent to Existing Woodlands Grow Faster, Taller and Have
Higher Structural Diversity Than Isolated Counterparts.” Restoration
Ecology 31: €13889.

Hughes, S., W. Kunin, G. Ziv, and K. Watts. 2023b. “Spatial Targeting of
Woodland Creation Can Reduce the Colonisation Credit of Woodland
Plants.” Ecological Solutions and Evidence 4: €12263.

Humphrey, J. W,, K. Watts, E. Fuentes-Montemayor, N. A. Macgregor,
A. J. Peace, and K. J. Park. 2015. “What Can Studies of Woodland
Fragmentation and Creation Tell Us About Ecological Networks? A
Literature Review and Synthesis.” Landscape Ecology 30: 21-50.

Isaac, N. J. B., A.J. van Strien, T. A. August, M. P. de Zeeuw, and D. B.
Roy. 2014. “Statistics for Citizen Science: Extracting Signals of Change
From Noisy Ecological Data.” Methods in Ecology and Evolution 5:
1052-1060.

Jaureguiberry, P., N. Titeux, M. Wiemers, et al. 2022. “The Direct
Drivers of Recent Global Anthropogenic Biodiversity Loss.” Science
Advances 8: eabm9982.

Kay, A. L., A. C. Rudd, H. N. Davies, R. A. Lane, and V. A. Bell. 2021.
Grid-to-Grid Model Estimates of Soil Moisture for Great Britain and
Northern Ireland Driven by Observed Data (1980 to 2011). NERC EDS
Environmental Information Data Centre. https://doi.org/10.5285/c9a85
f7c-45e2-4201-af82-4c833b3f2c5f Last Accessed 24 September 2024.

Landau, V. A., V. B. Shah, R. Anantharaman, and K. R. Hall. 2021.
“Omniscape.jl: Software to Compute Omnidirectional Landscape
Connectivity.” Journal of Open Source Software 6: 2829.

Lawton, J. H., P. Brotherton, V. K. Brown, et al. 2010. Making Space
for Nature: A Review of England’s Wildlife Sites and Ecological Network.
DEFRA. Last Accessed 24 September 2024. https://www.researchgate.
net/publication/268279426_Making_Space_for_Nature_A_Review_
of_England's_Wildlife_Sites_and_Ecological _Network.

LeProvost, G.,J. Thiele, C. Westphal, et al. 2021. “Contrasting Responses
of Above- and Belowground Diversity to Multiple Components of Land-
Use Intensity.” Nature Communications 12: 3918.

Liczner, A. R., R. Pither, J. R. Bennett, et al. 2024. “Advances and
Challenges in Ecological Connectivity Science.” Ecology and Evolution
14: €70231.

Liu, S., M. Brandt, T. Nord-Larsen, et al. 2023. “The Overlooked
Contribution of Trees Outside Forests to Tree Cover and Woody Biomass
Across Europe.” Science Advances 9: eadh4097.

Luby, I. H., S. J. Miller, and S. Polasky. 2022. “When and Where to
Protect Forests.” Nature 609: 89-93.

Maguire, D. Y., P. M. A. James, C. M. Buddle, and E. M. Bennett. 2015.
“Landscape Connectivity and Insect Herbivory: A Framework for
Understanding Tradeoffs Among Ecosystem Services.” Global Ecology
and Conservation 4: 73-84.

Martin, A. E.,J. K. Lockhart, and L. Fahrig. 2023. “Are Weak Dispersers
More Vulnerable Than Strong Dispersers to Land Use Intensification?”
Proceedings of the Royal Society B: Biological Sciences 290: 20220909.

Martinez-Cillero, R., B. Siggery, R. Murphy, A. Perez-Diaz, I. Christie,
and S.J. Chimbwandira. 2023. “Functional Connectivity Modelling and
Biodiversity Net Gain in England: Recommendations for Practitioners.”
Journal of Environmental Management 328: 116857.

Maskell, L. C., M. Botham, P. Henrys, et al. 2019. “Exploring
Relationships Between Land Use Intensity, Habitat Heterogeneity
and Biodiversity to Identify and Monitor Areas of High Nature Value
Farming.” Biological Conservation 231: 30-38.

McRae, B., K. Popper, A. Jones, et al. 2016. Conserving Nature's
Stage: Mapping Omnidirectional Connectivity for Resilient Terrestrial
Landscapes in the Pacific Northwest. Nature Conservancy. Last
Accessed 24  September 2024. https://www.researchgate.net/
publication/304842896_Conserving_Nature's_Stage_Mapping_
Omnidirectional_Connectivity_for_Resilient_Terrestrial_Landscapes_
in_the_Pacific_Northwest.

Met Office, D. Hollis, M. McCarthy, M. Kendon, and T. Legg. 2022.
HadUK-Grid Gridded Climate Observations on a 1km Grid Over the
UK, v1.1.0.0 (1836-2021). NERC EDS Centre for Environmental Data
Analysis. https://doi.org/10.5285/bbca3267dc7d4219af484976734c9527.
Last Accessed 24 September 2024.

Moilanen, A.2011. “On the Limitations of Graph-Theoretic Connectivity
in Spatial Ecology and Conservation.” Journal of Applied Ecology 48:
1543-1547.

Morera-Pujol, V., P. S. Mostert, K. J. Murphy, et al. 2022. “Bayesian
Species Distribution Models Integrate Presence-Only and Presence-
Absence Data to Predict Deer Distribution and Relative Abundance.”
Ecography 2023: e06451.

Nolan, V., T. Reader, F. Gilbert, and N. Atkinson. 2021. “Historical Maps
Confirm the Accuracy of Zero-Inflated Model Predictions of Ancient
Tree Abundance in English Wood-Pastures.” Journal of Applied Ecology
58:2661-2672.

Outhwaite, C. L., R. D. Gregory, R. E. Chandler, B. Collen, and N. J.
B. Isaac. 2020. “Complex Long-Term Biodiversity Change Among
Invertebrates, Bryophytes and Lichens.” Nature Ecology & Evolution 4:
384-392.

Palmer, G., P. J. Platts, T. Brereton, et al. 2017. “Climate Change,
Climatic Variation and Extreme Biological Responses.” Philosophical
Transactions of the Royal Society, B: Biological Sciences 372: 20160144.

Pereira, H. M., 1. S. Martins, I. M. D. Rosa, et al. 2024. “Global Trends
and Scenarios for Terrestrial Biodiversity and Ecosystem Services From
1900 to 2050.” Science 384: 458-465.

Raum, S. 2020. “Land-Use Legacies of Twentieth-Century Forestry in
the UK: A Perspective.” Landscape Ecology 35: 2713-2722.

Riva, F., C. Galan-Acedo, A. E. Martin, and L. Fahrig. 2025. “Why We
Should Not Assume That Habitat Fragmentation Is Generally Bad for
Restoration: A Reply to Watts and Hughes (2024).” Restoration Ecology
33:e14385.

Riva, F., N. Haddad, L. Fahrig, and C. Banks-Leite. 2024. “Principles
for Area-Based Biodiversity Conservation.” Ecology Letters 27: €14459.

90f 10

85UB01 7 SUOWILLIOD dAIIR1D 3[dfedt dde U Aq pausenob ae Sapile VO ‘85N JO 3N Joj Akeiqi8ulUO 8|1 LD (SUORIPUOD-PUE-SWLBIALID"AB | IM Afe.d1Bul Uo//:Sty) SUORIPUOD pue SWLB | 8u 89S *[6202/50/cZ] Uo AreiqiTauliuo AB|im ‘ABojospAH 3 ABoj0oT Jod anued YN Ad TETOLDR/TTTT'OT/I0P/W0D A8 I AIq1jeUUO//SANY WOj papeojumod 'S ‘SZ0Z ‘8rZ0TorT


https://doi.org/10.5285/c9a85f7c-45e2-4201-af82-4c833b3f2c5f
https://doi.org/10.5285/c9a85f7c-45e2-4201-af82-4c833b3f2c5f
https://www.researchgate.net/publication/268279426_Making_Space_for_Nature_A_Review_of_England%27s_Wildlife_Sites_and_Ecological_Network
https://www.researchgate.net/publication/268279426_Making_Space_for_Nature_A_Review_of_England%27s_Wildlife_Sites_and_Ecological_Network
https://www.researchgate.net/publication/268279426_Making_Space_for_Nature_A_Review_of_England%27s_Wildlife_Sites_and_Ecological_Network
https://www.researchgate.net/publication/304842896_Conserving_Nature%27s_Stage_Mapping_Omnidirectional_Connectivity_for_Resilient_Terrestrial_Landscapes_in_the_Pacific_Northwest
https://www.researchgate.net/publication/304842896_Conserving_Nature%27s_Stage_Mapping_Omnidirectional_Connectivity_for_Resilient_Terrestrial_Landscapes_in_the_Pacific_Northwest
https://www.researchgate.net/publication/304842896_Conserving_Nature%27s_Stage_Mapping_Omnidirectional_Connectivity_for_Resilient_Terrestrial_Landscapes_in_the_Pacific_Northwest
https://www.researchgate.net/publication/304842896_Conserving_Nature%27s_Stage_Mapping_Omnidirectional_Connectivity_for_Resilient_Terrestrial_Landscapes_in_the_Pacific_Northwest
https://doi.org/10.5285/bbca3267dc7d4219af484976734c9527

Riva, F., C.J. Martin, C. Galdn Acedo, et al. 2024. “Incorporating Effects
of Habitat Patches Into Species Distribution Models.” Journal of Ecology
112: 2162-2182.

Rowland, C. S., C. G. Marston, R. D. Morton, and A. W. O'Neil. 2020.
Land Cover Map 1990 (25m Raster, GB) v2. NERC Environmental
Information Data Centre. https://doi.org/10.5285/1be1912a-916e-42c0-
98cc-16460fac00e8. Last Accessed 24 September 2024.

Rowland, C. S., R. D. Morton, L. Carrasco, G. McShane, A. W. O'Neil,
and C. M. Wood. 2017. Land Cover Map 2015 (25m Raster, GB). NERC
Environmental Information Data Centre. https://doi.org/10.5285/bb15e
200-9349-403c-bda9g-b430093807c7. Last Accessed 24 September 2024.

Rue, H., and L. Held. 2005. Gaussian Markov Random Fields. Chapman
and Hall/CRC.

Sanczuk, P., K. de Pauw, E. de Lombaerde, et al. 2023. “Microclimate
and Forest Density Drive Plant Population Dynamics Under Climate
Change.” Nature Climate Change 13: 840-847.

Sandoval-Martinez, J., E. I. Badano, F. A. Guerra-Coss, et al. 2023.
“Selecting Tree Species to Restore Forest Under Climate Change
Conditions: Complementing Species Distribution Models With Field
Experimentation.” Journal of Environmental Management 329: 117038.

Savary, P., J.-P. Lessard, and P. R. Peres-Neto. 2024. “Heterogeneous
Dispersal Networks to Improve Biodiversity Science.” Trends in Ecology
& Evolution 39: 229-238.

Seaton, F. M., S. G. Jarvis, and P. A. Henrys. 2024. “Spatio-Temporal
Data Integration for Species Distribution Modelling in R-INLA.”
Methods in Ecology and Evolution 15: 1221-1232.

Secretariat of the Convention on Biological Diversity. 2020. “Global
Biodiversity Outlook 5—Summary for Policy Makers.” Montréal. Last
Accessed 24 September 2024. https://www.cbd.int/gbo5.

Seibold, S., M. M. Gossner, N. K. Simons, et al. 2019. “Arthropod Decline
in Grasslands and Forests Is Associated With Landscape-Level Drivers.”
Nature 574: 671-674.

Spitzer, L., M. Konvicka, J. Benes, R. Tropek, I. H. Tuf, and J. Tufova.
2008. “Does Closure of Traditionally Managed Open Woodlands
Threaten Epigeic Invertebrates? Effects of Coppicing and High Deer
Densities.” Biological Conservation 141: 827-837.

Staab, M., M. M. Gossner, N. K. Simons, et al. 2023. “Insect Decline
in Forests Depends on Species’ Traits and May Be Mitigated by
Management.” Communications Biology 6: 338.

Suraci, J. P., C. E. Littlefield, C. C. Nicholson, M. C. Hunter, A. Sorensen,
and B. G. Dickson. 2023. “Mapping Connectivity and Conservation
Opportunity on Agricultural Lands Across the Conterminous United
States.” Biological Conservation 278: 109896.

Tiang, D. C. F., A. Morris, M. Bell, C. N. Gibbins, B. Azhar, and A. M.
Lechner. 2021. “Ecological Connectivity in Fragmented Agricultural
Landscapes and the Importance of Scattered Trees and Small Patches.”
Ecological Processes 10: 20.

Uroy, L., A. Ernoult, A. Alignier, and C. Mony. 2023. “Unveiling the
Ghosts of Landscapes Past: Changes in Landscape Connectivity
Over the Last Decades Are Still Shaping Current Woodland Plant
Assemblages.” Journal of Ecology 111: 1063-1078.

Wang, X., F. G. Blanchet, and N. Koper. 2014. “Measuring Habitat
Fragmentation: An Evaluation of Landscape Pattern Metrics.” Methods
in Ecology and Evolution 5: 634-646.

Wang, Z., J. M. Chase, W. Xu, et al. 2024. “Higher Trophic Levels and
Species With Poorer Dispersal Traits Are More Susceptible to Habitat
Loss on Island Fragments.” Ecology 105: e4300.

Watson, J. E. M., R. Venegas-Li, H. Grantham, et al. 2023. “Priorities
for Protected Area Expansion so Nations Can Meet Their Kunming-
Montreal Global Biodiversity Framework Commitments.” Integrative
Conservation 2: 140-155.

Wiethase, J. H., P. S. Mostert, C. R. Cooney, R. B. O'Hara, and C. M.
Beale. 2024. “Spatio-Temporal Integrated Bayesian Species Distribution
Models Reveal Lack of Broad Relationships Between Traits and Range
Shifts.” Global Ecology and Biogeography 33: €13819.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

10 of 10

Ecology Letters, 2025

85UB01 7 SUOWILLIOD dAIIR1D 3[dfedt dde U Aq pausenob ae Sapile VO ‘85N JO 3N Joj Akeiqi8ulUO 8|1 LD (SUORIPUOD-PUE-SWLBIALID"AB | IM Afe.d1Bul Uo//:Sty) SUORIPUOD pue SWLB | 8u 89S *[6202/50/cZ] Uo AreiqiTauliuo AB|im ‘ABojospAH 3 ABoj0oT Jod anued YN Ad TETOLDR/TTTT'OT/I0P/W0D A8 I AIq1jeUUO//SANY WOj papeojumod 'S ‘SZ0Z ‘8rZ0TorT


https://doi.org/10.5285/1be1912a-916e-42c0-98cc-16460fac00e8
https://doi.org/10.5285/1be1912a-916e-42c0-98cc-16460fac00e8
https://doi.org/10.5285/bb15e200-9349-403c-bda9-b430093807c7
https://doi.org/10.5285/bb15e200-9349-403c-bda9-b430093807c7
https://www.cbd.int/gbo5

	Connectivity Benefits Most Woodland Invertebrate Species but Only in Landscapes With Low Woodland Cover
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Species Occurrence Data
	2.2   |   Woodland Cover and Climate Variables
	2.3   |   Quantifying Connectivity
	2.4   |   Exploring Species Associations With Connectivity
	2.5   |   Testing the Importance of Connectivity Using Meta-Analysis

	3   |   Results
	3.1   |   Species Are Positively Associated With Woodland Connectivity
	3.2   |   Interactions Between Woodland Connectivity and Cover

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Data Availability Statement
	Peer Review
	References


