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A B S T R A C T

Global insect declines have been partly attributed to habitat loss and agricultural intensification. Large-scale 
habitat restoration is crucial to address this biodiversity crisis, with woodlands representing a key habitat that 
supports diverse insect communities, particularly beetle assemblages. However, little is known about beetle 
colonisation and establishment processes as woodland is created. Using data from a long-term natural experi-
ment (the WrEN project), we investigate the relative importance of local and landscape characteristics on 
ground-dwelling beetle colonisation and establishment across 60 UK secondary broadleaved woodlands. Our 
sites, planted 12 – 160 years ago, range in size between 0.5 – 32 ha and are embedded in landscapes ranging from 
20 – 90 % agriculture. Using structural equation models, we show that woodland generalist and specialist beetles 
were more abundant in larger woodlands and more species-rich in woodlands with a lower proportion of sur-
rounding agriculture. Woodland specialists were more abundant in woodlands with lower tree densities, a 
positive indirect effect of woodland age. Beetle community composition varied according to woodland age and 
structure, with younger and more homogenous woodlands having more non-woodland species. These findings 
suggest that the agricultural matrix may hinder woodland beetle colonisation into newly established woodlands 
in farmed landscapes. To enhance beetle biodiversity, woodland restoration initiatives should prioritise planting 
larger sites, and active management such as selective thinning that reduces tree density and increases structural 
heterogeneity. We highlight a potential paradox between the benefits of restoration that avoids landscapes with 
high agriculture to promote beetle colonisation vs. targeting these landscapes in efforts to enhance biodiversity.

1. Introduction

Large-scale restoration efforts are underway globally to mitigate 
climate change (Canadell and Raupach, 2008) and tackle the ongoing 
biodiversity crisis (Leclère et al., 2020). Ambitious initiatives such as the 
UN’s REDD+ , the Bonn Challenge, and the UN Decade on Ecosystem 
Restoration aim to reverse centuries of habitat loss by restoring 
degraded landscapes and expanding forests to enhance carbon stocks 
and increase biodiversity (FAO, 2020). While the benefits of increased 
tree cover for carbon storage and climate change mitigation are rela-
tively predictable (Banin et al., 2022), forecasting biodiversity outcomes 
is more challenging (Bastin et al., 2019). This complexity arises partly 
from significant temporal lags, known as ‘colonisation credits’, between 
restoration efforts and subsequent species colonisation and 

establishment (Jackson and Sax, 2010). Colonisation credits reflect the 
time a habitat needs to develop sufficient biotic and abiotic complexity 
to support a diverse range of species. Such lags have been widely 
observed for various species and diverse ecosystems, operating over 
broad spatial and temporal scales (Watts et al., 2020). They may be 
particularly pronounced in habitats like temperate woodlands, charac-
terised by slow development rates (Fuentes-Montemayor, Watts, et al., 
2022).

Within woodlands, beetles fulfil vital ecological functions (e.g., 
nutrient cycling; Nichols et al., 2008), serve as a crucial food source for 
many taxa (e.g., birds and small mammals; Holland, 2002), and act as 
valuable indicators of forest health (Pearce and Venier, 2006). Many 
ground beetle species have experienced substantial declines across 
Europe (Kotze and O’Hara, 2003), including woodlands and pasture (e. 
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g. a 30 % decline in overall abundance in most habitats from 1994 to 
2008 in the UK; Brooks et al., 2012). Historical woodland loss and 
subsequent qualitative degradation are recognised as major contributors 
to beetle population declines in Europe (Seibold et al., 2019). Despite 
recent increases in woodland cover in parts of Europe since the mid-20th 
century (Fuchs et al., 2015), these gains often represent non-native 
coniferous forests for timber, rather than mixed or broadleaf wood-
lands for biodiversity. Transitions from traditional management prac-
tices (such as coppicing and pasture woodlands) to high forest systems, 
where trees are grown to maturity with closed canopies and relatively 
uniform age structures, may have fundamentally altered habitat quality 
for many specialist species. These changes in woodland structure, 
management practices, and the resulting impact on connectivity be-
tween suitable habitat patches likely play significant contributory roles 
in species losses (Lange et al., 2014; Neumann et al., 2017).

Given these historical changes in ongoing woodland restoration ef-
forts, understanding the factors that facilitate beetle colonisation in 
newly created woodlands is crucial. Woodlands created on former 
agricultural land face two potential barriers for beetle colonisation and 
subsequent establishment. The first is the degree to which the sur-
rounding landscape aids or hampers movement across the habitat. 
Agricultural land, often characterised by continuous disturbance 
through intensive agricultural practices (e.g. monocultures, pesticide 
use, continuous stocking), may present a challenging environment for 
woodland beetles to traverse (Eycott et al., 2012). This is particularly 
true for flightless beetles or those with limited dispersal mechanisms 
(Hanson et al., 2016; Woodcock et al., 2012). For example, many large 
flightless carabids (e.g. Carabus spp.) can be restricted to ungrazed 
habitats (Petit and Usher, 1998) and woody features are required to 
facilitate the dispersal of woodland carabids across agricultural land-
scapes (Petit, 1994). Increasing habitat connectivity by creating net-
works of corridors, such as roadside verges, hedgerows, and connected 
woodland patches, can allow beetles to disperse more effectively (Della 
Rocca et al., 2023; Noordijk et al., 2011).

The second barrier is whether species, having reached a new 
woodland, can establish a self-sustaining population. Beetle species vary 
in their response to local habitat characteristics, partly due to differ-
ences in their habitat specificity, with woodland specialists typically 
displaying a stronger association with local woodland characteristics 
than generalists. In young, naturally regenerated woodlands, beetle 
communities generally harbour fewer species and lower abundances 
than mature woodlands (Johansson et al., 2016). This is primarily due to 
the limited availability of resources and habitat complexity in younger 
stands, which affects species groups such as Carabidae (ground beetles) 
and Curculionidae (weevils, bark beetles, and allies). Mature wood-
lands, on the other hand, can support a higher diversity and abundance 
of beetles, including rare and specialised species, due to the presence of 
old trees, dead wood, and a more stable microclimate (Hülsmann et al., 
2019; Johansson et al., 2016). Complex structures such as leaf litter, 
deadwood, and diverse vegetation layers in mature woodlands provide 
niches for various beetle species, enhancing their diversity and abun-
dance (Lassau et al., 2005). Furthermore, woodland size can also in-
fluence beetle community composition, as larger woodlands tend to 
support a higher abundance of woodland specialist species, whilst 
generalist species tend to be more abundant in smaller patches 
(Gaublomme et al., 2008; Neumann et al., 2017). It is evident that to 
better inform restoration projects, we need to consider the relative and 
combined effects of local and landscape characteristics on beetle 
communities.

Despite considerable research on beetle populations in primary and 
secondary woodlands (e.g., Gaublomme et al., 2008; Johansson et al., 
2016) studies over expansive spatial and temporal scales are limited 
(Hülsmann et al., 2019; Lassau et al., 2005). In this study we assess the 
relative influence of local and landscape characteristics on 
ground-dwelling beetle communities in 60 planted secondary wood-
lands over 160 years and across 15,000 km2 in agricultural landscapes in 

Scotland and England. We employed Structural Equation Modelling to 
examine whether woodland age directly influenced beetle abundance, 
richness, and community composition, or whether these effects were 
mediated by age indirectly through changes in woodland characteristics.

We predicted beetle species abundance and richness responses to 
woodland creation and local and landscape variables (such as the 
amount of deadwood and the proportion of surrounding agriculture) to 
vary according to the degree of habitat preference (woodland specialists 
and generalists vs. non-woodland species). We also expected differences 
in beetle community composition across gradients of woodland age, 
size, and proportion of surrounding agriculture, with a gradual com-
munity shift towards specialists as woodlands mature.

2. Methods

2.1. Site selection and study design

This study is part of the WrEN (Woodland Creation and Ecological 
Networks) project, a natural experiment investigating the responses of a 
range of biota to woodland creation (Watts et al., 2016; wren-project. 
com). We employed a systematic approach to select 60 deciduous 
woodlands from the National Forest Inventory (NFI; Forestry Commis-
sion, 2012), which allowed us to identify broadleaf woodland patches 
planted over the last 160 years on previously agricultural land in Scot-
land and England. Sites were selected to represent a gradient in size (0.5 
– 32 ha) and surrounding agricultural characteristics of fragmented 
woodland patches in UK lowland agricultural landscapes (see 2.3 for 
methods). The Scottish sites covered a ~7000 km ² area in central 
Scotland, and England sites an ~8000 km ² area in central England. We 
selected predominantly broadleaved/mixed woodland patches, and 
these were dominated by oak (Quercus spp.) and birch (Betula spp.) in 
lowland agricultural landscapes (Scotland = 57 %, England = 80 % 
agricultural cover; Fig. 1) to minimise variation in topography (39 
Scottish sites: mean elevation = 116.8 ± 68 m; 21 English sites: mean 
elevation = 92.6 ± 27.4 m). Woodland sites were chosen to be a mini-
mum of 1 km from each other to facilitate spatial independence at the 
landscape-scale (Scotland: mean = 34.9 ± 8.2 km; England: mean =
50.1 ± 9.3 km). The age of the restoration site was estimated using 
digital scans of Ordnance Survey maps from the 1840s-1990s (An 
Ordnance Survey/EDINA supplied service http://digimap.edina.ac.uk/) 
identifying the first appearance of each woodland patch (for details see: 
Watts et al., 2016).

2.2. Ground-dwelling beetle surveys

We sampled ground-dwelling beetles using pitfall traps for ten weeks 
from June to August 2013 and 2014. Scottish sites were sampled in 2013 
(n = 20) and 2014 (n = 19), and English sites were sampled in 2014 
(n = 21). Each site was sampled in one year only. Pitfall traps had an 
aperture of 70 mm and were filled with a 30 % propylene glycol-water 
solution with a small quantity of unscented detergent. Traps were 
covered with a rain cover and arranged in a transect running from the 
edge to the centre of the woodland patch at 0, 1, 2, 5, 10, 25, 50 m and 
thereafter at 25 m intervals to 250 m to capture species with varying 
degrees of woodland affinity (e.g. specialists, generalists). The number 
of points on this transect depended on woodland patch size so that the 
smallest sites only had six trapping locations along the transect (0–25 m 
transect) and the largest 15 (0–250 m transect). Sample collections 
occurred at 2-week intervals. Beetles were only included in the study if 
identified to species level (94.39 % of total catch). All specimens iden-
tified to genus (0.01 %) or sub-family level (5.6 %), such as the taxo-
nomically complex Aleocharinae (Staphylinidae), were excluded from 
analyses. For the purposes of this study, data from all traps across all 
sampling periods were combined at the site level.

We further categorised all species into three distinct categories 
(woodland specialists, woodland generalists, and non-woodland) using 
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a range of sources (Hubble, 2012; Luff, 1998, 2007; Webb et al., 2017). 
Here, we consider woodland specialists to be species with an obligate 
association with woodland habitats, depending on them for most of their 
life cycle. We define ’woodland generalists’ as beetle species that utilise 
a broad range of resources and habitats and, while frequently found in 
woodlands, are not restricted to them (Gaublomme et al., 2008). We 
chose these groups as there is widespread evidence to suggest that 
woodland specialist invertebrates have undergone declines over the past 
few decades (Bowler et al., 2023). In contrast, woodland generalist and 
non-woodland species (those that are typically associated with other 
habitat types such as grasslands or agricultural systems) have experi-
enced mixed trends (Bowler et al., 2023; Brooks et al., 2012).

2.3. Local woodland characteristics

We conducted field surveys during the summers (June – August) of 
2013 and 2014 to characterise the vegetation structure of all woodland 
sites using the point-centred quarter method along an edge-to-interior 
transect (Ferris-Kaan et al., 1992). At each designated point along the 
transect, a cross-shaped marker was established using two perpendicular 
lines (one aligned with the transect direction) to divide the surrounding 
area into four quadrants. Within each quadrant, the distance from the 
centre point to the nearest tree was measured (used subsequently to 
calculate tree density), the species identified, and its diameter at breast 
height (DBH) was recorded (only trees ≥7 cm were included). The 
standard deviation of DBH measurements (tree DBH S.D.) was calcu-
lated as our proxy for structural heterogeneity. A 2 × 2 m quadrat was 

positioned at the centre point to visually assess the woody debris on the 
ground using an index ranging from 1 to 3: 1 represented leaf litter and 
small twigs (≤1 cm in diameter), 2 denoted larger branches (≤10 cm), 
and 3 indicated coarse woody debris (>10 cm), including fallen trees. 
We then calculated an overall site deadwood score by taking the mean of 
these categorical scores across all quadrats for each woodland. Canopy 
cover (%) was evaluated using a sighting tube with an internal crosshair 
(Ferris-Kaan et al., 1992). Ten measurements were taken at 1 m intervals 
perpendicular to the transect at each transect point. For each measure-
ment, the presence of canopy vegetation was recorded if the crosshair 
intersected canopy vegetation.

2.4. Surrounding landscape characteristics

We quantified landscape metrics within a range of buffer sizes 
around each woodland creation site: 100, 250, 500, 1000, 1500, 2000, 
2500, and 3000 m from the woodland edge. We used LCM (2015 
Landcover Map data; (Rowland et al., 2017) data to quantify the pro-
portion of agricultural land (arable and agriculturally improved grass-
land) and NFI data (25 m resolution; Forestry Commission, 2012) to 
calculate inter-patch connectivity of broadleaf woodland. The broadleaf 
woodland connectivity index was calculated using an adapted Incidence 
Function Model (IFM) from Watts and Handley (2010) to assess poten-
tial connectivity at the landscape-scale. This metric combines the areas 
of woodland patches and a dispersal function to calculate connectivity 
among patches, providing a measure of ecological connectivity influ-
enced by patch size, total woodland area, isolation, and configuration 

Fig. 1. Map of Great Britain with Scottish (n = 39) and English (n = 21) woodland creation sites highlighted. Land cover at 25 m resolution shows agriculture 
(including arable, horticulture, and improved grassland) and woodland (including broadleaf, mixed, and yew woodland). Raster from Land Cover Map 2015 
(Rowland et al., 2017).
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(see Supplementary Information Appendix 1 for more detail). At the 
maximum buffer of 3 km from the perimeter of each focal patch, the 
connectivity index ranged from 9 – 21231, with low values indicating a 
landscape with poor broadleaf woodland connectivity and high values 
denoting well-connected broadleaf woodland. All spatial analyses were 
calculated using the ’Simple Features’ (Pebesma, 2018) and ’Raster’ 
(Hijmans et al., 2023) packages in R Statistical Software (R Core Team., 
2021).

2.5. Data analyses

All statistical analyses were conducted using R Statistical Software 
version ( v4.3.2; R Core Team., 2023) within RStudio 2023.12.1 + 402 
"Ocean Storm" release (RStudio Team., 2023).

2.5.1. Beetle abundance and richness in woodland creation sites
We used structural equation models (SEMs) to quantify the relative 

importance of local and landscape-scale characteristics on beetle 
abundance and richness. SEMs are a multivariate technique that can test 
whether a priori hypothesised direct and indirect causal relationships 
between variables are supported by observed data and compare the 
relative effect sizes of predictor variables (Lefcheck, 2016). We devel-
oped a metamodel examining how landscape and local characteristics 
influence beetle communities.

For our analyses, we used the proportion of agricultural land and 
broadleaf woodland connectivity measured at the 3000 m radius buffer, 
as this scale showed the strongest relationships with beetle richness 
during preliminary multi-scale analyses (see Supplementary Appendix 2
for buffer selection approach). These landscape metrics were hypoth-
esised to influence beetle colonisation. At the local scale, we included 
patch size, age, and vegetation characteristics, which were hypothesised 
to directly and indirectly influence beetle establishment (Fig. 2). For 
instance, woodland age could directly affect beetle colonisation simply 
because older woodlands have had more time for beetles to discover 
them, while also indirectly affecting colonisation through its influence 
on vegetation structural characteristics. See Supporting Information 
Appendix 3 for full details on SEM variable selection, hypotheses, and 
model specification for each direct and indirect pathway.

Our approach to accounting for sampling effort follows the principles 
established by Gotelli and Colwell (2001), who distinguish between 
species richness (the number of species for a standardised number of 
individuals) and species density (the number of species per unit area). In 
ecological studies, species richness is the more appropriate measure for 
testing theoretical relationships, as abundance-based standardisation 
accounts for the inherently non-linear relationship between sampling 

effort and species accumulation (Gotelli and Colwell, 2001). To imple-
ment this approach, we log-transformed the total number of traps per 
site and incorporated it into our models as an offset for beetle abun-
dance, thereby standardising abundance by sampling effort. We then 
modelled species richness as a function of this standardised abundance, 
which appropriately accounts for differences in sampling intensity 
across sites while maintaining the ecological relationship between 
abundance and species richness. This standardised abundance will be 
referred to simply as ‘abundance’ throughout the remainder of this 
paper.

Following our metamodel (Fig. 2), we ran three separate models, one 
each for woodland specialists, generalists, and non-woodland species. 
For all three models, abundance was modelled with a negative binomial 
error distribution due to overdispersion in our count data, which is 
typical in ecological datasets. For species richness, we used different 
distributions based on data characteristics: Poisson distributions for 
woodland specialist and non-woodland richness, which showed lower 
counts with limited variance typical of rare species groups, and a 
Gaussian distribution for woodland generalist richness, which displayed 
higher values with greater variance and a more symmetrical distribu-
tion. We specified richness as a response to abundance, assuming that 
sampling more beetles would result in more species being found.

In SEMs, the model output can also highlight significant pathways 
not initially specified in the metamodel. We have incorporated these 
into the final SEM, where a plausible ecological relationship exists. 
Where significant correlations exist between variables but the direction 
of causality is ambiguous or potentially bidirectional, these relation-
ships are included as correlated errors in the statistical model. Corre-
lated errors acknowledge important ecological relationships without 
imposing potentially incorrect causal directionality. These correlations 
are incorporated in the model fitting but are not shown as directional 
paths in the output diagrams. All correlated errors included in our 
models are documented in Table S2.

We log-transformed area in our models to align with the natural 
logarithmic scaling observed in species-area relationships (Lomolino, 
2000). Tree DBH S.D. (standard deviation of tree DBH, a measure of the 
variation in tree size) was log-transformed to reduce skew and meet 
model assumptions. We further opted to use tree density rather than 
canopy cover as these variables were positively correlated (r2 = 0.45) in 
our sites. Additionally, tree density was selected as it represents a more 
practical metric for woodland managers, who can directly manipulate 
stand density through thinning operations

SEMs were performed using the "psem" function in the "piece-
wiseSEM" R package (Lefcheck et al., 2024). Shipley’s test of directed 
separation (Fisher’s C) assessed global SEM fit, where values of p > 0.05 

Fig. 2. Hypothetical structural equation metamodel showing potential local and landscape drivers of woodland beetle species colonisation and establishment within 
planted woodlands. Full details on these variables are within the main text and Supporting Information Appendix 3.
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indicate that observed data supports the model. Predicted outcomes for 
beetle abundance and richness at varying degrees of surrounding agri-
cultural proportion were calculated using the ‘predict’ function as part 
of the ‘effects’ package (Fox et al., 2022). We assessed spatial autocor-
relation within the data by conducting a Moran’s I test, part of the 
DHARMa package (Hartig and Lohse, 2022), to account for the potential 
influence of region (Scotland and England) on beetle abundance and 

richness. There were no statistically significant patterns in spatial 
autocorrelation (p > 0.05).

2.5.2. Beetle community composition across woodland age categories
To compare the composition of the full beetle community (woodland 

specialists, generalists, and non-woodland species) across woodland 
development stages, we categorised woodland creation sites into three 

Fig. 3. Structural equation models showing local and landscape-level drivers of beetle species abundance and richness for (A) woodland specialists, (B) woodland 
generalists, and (B) non-woodland species within 60 planted woodlands in Scotland and England. Significant positive relationships are shown with black lines, and 
significant negative relationships are shown with red lines. The thickness of each line denotes the strength of the relationship, with thicker lines showing a stronger 
relationship and dashed lines representing marginal significance (<0.10). Numbers are standardised path coefficients from the SEM. Significant correlated errors (i.e. 
correlated variables with no causal explanation) included in the model are not shown (see Supporting Information Appendix 3 for more details).
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distinct temporal categories based on forest stand dynamics described 
by Oliver and Larson (1996). These classifications are relevant for de-
ciduous woodland systems in the UK. The categories—’stand initiation’ 
(10–30 years), ‘stem exclusion’ (31–80 years), and ‘understorey reini-
tiation’ (81–160 years; hereby referred to as ‘initiation’, ‘young’, and 
‘mature’ respectively)—were applied to all 60 sites, resulting in 18 
initiation, 13 young, and 29 mature woodlands.

All of the following analyses and functions were performed with the 
‘vegan’ package (Oksanen et al., 2024). We conducted an ordination 
using non-metric multi-dimensional scaling (NMDS) on a Bray-Curtis 
dissimilarity matrix. Ordinations were conducted on site-level data 
based on the proportion of total captures that each species comprised at 
each site. For each site, species data were pooled across all collection 
sessions and trap locations. We used a pairwise ANOSIM approach to 
determine differences between the centroid (the geometric centre of 
each group) of each woodland development stage group.

As with the SEMs, we assessed the effect of the development stage, 
surrounding landscape (proportion of agricultural land and broadleaf 
woodland connectivity), and woodland structure (deadwood, tree DBH 
S.D., tree density, woodland area) on community composition using a 
permutational multivariate analysis of variance (PERMANOVA; ‘adonis’ 
function), with 9999 permutations to calculate significance. Finally, a 
similarity percentage procedure (SIMPER) was performed to determine 
which beetle species contributed the most to the differences between the 
development stages.

3. Results

3.1. Abundance and richness of woodland specialists, generalists, and 
non-woodland beetles in planted woodlands

We recorded 23,244 beetles of 163 species over 37,310 trap days in 
60 woodlands; of these, 109 species were categorised as woodland 
generalists, 16 as woodland specialists, and 38 as non-woodland species 
(Table S3). Woodland generalists comprised the majority of beetles 
(n = 23,244; 90.2 % of the total catch), with specialist (n = 176) and 
non-woodland (n = 2355) species representing a smaller fraction (9.8 % 
of the total catch). Carabidae (n = 13,764, SR = 54), Staphylinidae 
(n = 11,045, SR = 66), and Hydrophilidae (n = 574, SR = 1) were the 
most abundant families (Table S4).

As expected, abundance (corrected for sampling effort by including 
log-transformed number of traps per site as an offset) and richness were 
positively associated for all beetle groups (Figs. 3a, 3b & 3c; Table S5). 
Woodland specialists were more abundant in larger, low-density, and 
older (an indirect effect mediated by tree density) woodlands and were 
less species-rich in woodlands with a greater extent of surrounding 
agriculture (Fig. 3a & Table S5). Similarly, woodland generalist beetles 
were more abundant in larger woodlands and less species-rich in 
woodlands with more surrounding agriculture (Fig. 3b & Table S5). For 
specialists and generalists, increasing arable proportion from 20 – 90 % 
decreased richness from 1.97 to 0.59 and 20.2–14.1 per site, respectively 
(a reduction of approximately 70–30 %). In contrast, non-woodland 
beetles were more abundant in younger woodlands with a higher pro-
portion of agriculture in the surrounding landscape (Fig. 3c & Table S5), 

Fig. 4. Non-metric multidimensional scaling (NMDS) of beetle community composition based on relative abundance data (the proportion of total captures per site for 
each species; Bray-Curtis index) for initiation (10–30 years, n = 18), young (31–80 years, n = 13), and mature (81–160 years, n = 29). Each symbol is shaped 
according to the development category it represents, depicting one woodland community based on the relative abundance of all beetle species found within 
woodland sites, including woodland specialists, woodland generalists, and non-woodland species. The size of the shapes indicates the proportion of agriculture in the 
surrounding landscape, with larger symbols representing higher agricultural coverage. The full shapes indicate the geometric centre of each group (the centroids). 
The blue significance lines illustrate the results of the pairwise ANOSIM analysis of the centroids (see Table S6 for results). Contour lines illustrate the variation in 
woodland heterogeneity (as measured by the standard deviation of tree DBH). Species names include the 21 species identified as the ten most influential for each 
pairwise comparison of development stages (see Table S7 for full results), which were significant at p < 0.05 based on permutation-based p-values. They are coloured 
by their habitat affiliation: generalists = black, non-woodland = orange.
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with abundance increasing 208 % from 16.5 to 50.8 in woodlands with 
20–90 % agriculture in the surrounding 3 km buffer. The amount of 
deadwood did not affect beetle abundance or richness in any of our 
models.

3.2. Beetle community response

Beetle communities showed marked differences between mature 
woodlands (81–160 years) and those at the initiation stage (10–30 years; 
Fig. 4 & Table S6), with a marginally significant difference also observed 
between young and initiation stage woodlands (Fig. 4 & Table S6). 
While woodland development stage influenced beetle community 
composition, PERMANOVA analysis revealed a stronger effect of struc-
tural heterogeneity (tree DBH S.D.; Table S6) and the proportion of 
surrounding agriculture (Table S6). We found a greater prevalence of 
non-woodland beetle species in younger sites with lower structural 
heterogeneity and higher proportions of surrounding agricultural land 
(Fig. 4). Beetle communities were more variable in woodlands with a 
higher proportion of agriculture in the surrounding landscape (Fig. 4 & 
Table S6).

The SIMPER analysis identified 45 species (Fig. 4 & Table S7) that 
significantly contributed to driving part of the observed differences in 
the species compositions between different development stages. Three 
non-woodland species (Calathus fuscipes, Harpalus affinis, and Harpalus 
rufipes) and woodland generalists including Tasgius morsitans, Pter-
ostichus madidus, and Ocypus olens, were more common in initiation 
woodlands (10 – 30 years; Fig. 4 & Table S7). Shifts in the occurrence 
and abundance of woodland generalist species primarily drove changes 
in community composition between young (31 – 80 years) and mature 
(81 – 160) woodlands. Woodland generalists Nebria brevicollis, Nicro-
phorus vespilloides, and Anotylus rugosus were more associated with 
young woodlands (Fig. 4 & Table S7), whilst Serica brunnea was the only 
species significantly associated with mature woodlands (Table S7).

4. Discussion

In this study, woodlands with a greater extent of surrounding agri-
cultural land tend to harbour fewer woodland specialist and generalist 
beetle species while supporting higher abundances of non-woodland 
species. In contrast, woodland specialist and generalist species are 
more abundant in larger woodlands. As expected, older woodlands had 
lower tree density, increased structural heterogeneity (tree DBH S.D.), 
and more deadwood. Woodland specialists were more abundant in older 
woodlands with reduced tree density, and non-woodland beetles were 
more abundant in younger woodlands. Woodland age had a direct 
negative effect on the abundance of non-woodland beetle species, but an 
indirect positive effect on woodland specialists, as mediated by reduced 
tree density within older woodlands. Additionally, we found that dif-
ferences in overall beetle community composition were driven by 
several key woodland characteristics - age, tree DBH, and the amount of 
surrounding agriculture. Specifically, non-woodland beetle species were 
more prevalent in younger woodlands with more agricultural land in the 
surrounding landscape.

4.1. Responses of beetles with differing habitat preferences

As hypothesised, we found that the beetle abundance and richness 
responses varied according to their degree of habitat specificity. 
Woodland specialist richness was 70 % lower in sites with 90 % sur-
rounding agriculture compared to sites with 20 % surrounding agricul-
ture, while generalist richness was 30 % lower across the same gradient, 
highlighting the disproportionate impact of agricultural intensification 
on woodland specialists (Table S8). Several interacting mechanisms may 
explain this heightened vulnerability. Resource limitations, particularly 
the reduced availability of deadwood and leaf litter in agricultural 
matrices (Taboada et al., 2006) combine with dispersal constraints 

across inhospitable agricultural environments to impact specialist spe-
cies (Davies and Margules, 1998; Driscoll and Weir, 2005). These effects 
are exacerbated by agricultural management practices, with grazing 
pressure significantly constraining woodland carabid distributions (Petit 
and Usher, 1998). For example, flightless carabids in agricultural land-
scapes (e.g., Carabus spp.) exhibit particular sensitivity to grazing, being 
largely restricted to ungrazed areas where complex habitat structures 
and taller vegetation provide both means of dispersal and refuge. This 
suggests that woodland specialist flightless carabids would face similar 
or even greater challenges when attempting to disperse through grazed 
agricultural matrices.

It is important to note that our study sites were embedded in land-
scapes dominated by intensive agricultural practices, characteristic of 
much of the UK’s agricultural matrix. While agricultural landscapes 
have been a feature of European ecosystems since the Neolithic times, 
the intensity of modern farming practices is a significant departure from 
historical land management, especially in the post-war period (Robinson 
and Sutherland, 2002). The effects we observe in this study may 
potentially be less pronounced in landscapes with less intensive agri-
cultural systems that retain natural features that aid beetle movement 
and dispersal.

The impacts of agricultural intensification extend beyond habitat 
modification to create physiologically challenging conditions for both 
generalist and specialist beetles. Landscape modification can create 
temperature and humidity gradients that penetrate hundreds of metres 
into woodland patches (Zellweger et al., 2019). While all beetles face 
physiological challenges in intensively managed landscapes - for 
instance, Tiede et al., (2022) found that increasing cropland coverage 
correlated with declining ladybird (Coccinellidae) body condition - 
woodland specialists are particularly vulnerable. Typically adapted to 
stable woodland conditions, these specialists often lack the physiolog-
ical plasticity to cope with environmental fluctuations (Lövei and Sun-
derland, 1996; Ng et al., 2018). Such physiological impacts may reduce 
reproductive success, survival rates, and biological control efficacy 
across Coleoptera families, with specialists experiencing more severe 
effects due to their limited adaptive capacity.

Specialist vulnerability raises important questions about ecosystem 
functionality. While generalist species may persist and continue to 
perform some ecological functions, specialists often fulfil unique roles 
that cannot be fully replicated by generalists (Olden, 2006). For 
example, many woodland specialist beetles have co-evolved with spe-
cific microhabitats. Predatory carabids and Staphylinids may specialise 
in hunting under loose bark, soil, or accumulated leaf litter, playing 
crucial roles in regulating prey population and maintaining natural 
trophic structures (Antvogel and Bonn, 2001; Gossner et al., 2013). The 
loss of specialist predators can have cascading effects on agricultural 
systems - Petit and Usher (1998) demonstrated how the decline of 
specialist carabid beetles from woodland refuges can lead to outbreaks 
of pest species such as slugs, which generalist predators may be less 
efficient at controlling. Furthermore, it has been suggested that the 
physiological adaptations that make specialists vulnerable to agricul-
tural intensification could be the same traits that make them particularly 
effective at their ecological roles (Winqvist et al., 2014). For example, 
morphological adaptations such as specialised body sizes and shapes 
that allow predatory carabids to hunt efficiently in woodland leaf litter 
could also reduce their mobility in open agricultural landscapes (Ng 
et al., 2018). When specialists are replaced by generalists, key ecosystem 
functions may be performed less efficiently or lost entirely, potentially 
reducing both the stability and resilience of woodland ecosystems 
(Clavel et al., 2011). This suggests that maintaining woodland specialist 
communities is crucial for preserving ecosystem functionality, particu-
larly in increasingly fragmented landscapes.

Non-woodland beetle abundance increased by 208 % in sites as the 
surrounding agriculture rose from 20 % to 90 % agricultural cover 
(Table S8). This dramatic increase suggests that agricultural intensifi-
cation actively facilitates the spillover of open-habitat species into 
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woodland patches (Tscharntke et al., 2012). These species are typically 
better adapted to disturbed conditions, possessing broader physiological 
tolerances that allow them to thrive in human-modified landscapes 
(Didham et al., 2007). This pattern could represent a form of biotic 
homogenisation (McKinney and Lockwood, 1999; Olden, 2006), where 
agricultural species increasingly dominate woodland communities, 
creating novel competitive pressures that may compound habitat 
modification effects and accelerate woodland specialist decline. Such 
fundamental reshaping of beetle communities could have significant 
implications for woodland ecosystem functioning, as species adapted to 
agricultural conditions replace those co-evolved with woodland 
habitats.

Contrary to our expectations, we did not detect significant effects of 
increased woodland connectivity on beetle communities 
(Sverdrup-Thygeson et al., 2017). This may be due to the generally low 
numbers of specialists in our study system, limiting our ability to discern 
connectivity effects. Additionally, the relatively isolated nature of most 
study sites likely constrained colonisation opportunities, potentially 
masking any connectivity effects that might be apparent in more con-
nected woodland networks.

An important limitation is that our connectivity metric focused solely 
on broadleaf woodland patch connectivity and did not incorporate po-
tential dispersal corridors such as hedgerows or other linear landscape 
features that may serve as critical movement pathways for woodland 
beetles (Neumann et al., 2017). This omission could explain the lack of 
detected connectivity effects, as beetles may utilise these landscape el-
ements for dispersal between otherwise isolated woodland patches. 
Furthermore, specialists within our study may exhibit various dispersal 
behaviours and responses to different landscape elements, such that 
simplified connectivity metrics do not uniformly predict their distribu-
tion patterns (Driscoll et al., 2013; Hendrickx et al., 2009). Further 
investigation incorporating these linear connecting habitats into con-
nectivity measures and examining the dispersal traits of different beetle 
functional groups could help elucidate these patterns.

4.2. Influence of woodland size

Woodland patch size significantly influenced beetle abundance, 
which in turn tends to drive beetle species richness in all cases (although 
this was marginal with specialists). Consistent with island biogeography 
principles, both woodland specialist and generalist beetles showed 
higher abundance in larger woodland patches (Debinski and Holt, 
2000). This pattern likely emerges from the more stable microclimates 
and reduced edge effects that larger woodland interiors provide (Davies 
and Margules, 1998). Notably, specialist beetle species responded more 
strongly to woodland area, suggesting a greater dependence on the 
specific environmental conditions maintained within larger woodland 
interiors (Ewers and Didham, 2006; Neumann et al., 2017).

The ecological conditions within woodlands vary according to their 
size, with larger woodlands typically providing more diverse micro-
habitats and resources. Larger woodlands tend to maintain more stable 
environmental conditions including temperature, humidity, and light 
regimes that benefit woodland-associated species. In contrast, smaller 
woodlands are characterised by proportionally greater edge effects - 
with steep gradients in light exposure, temperature, and moisture levels 
(Zellweger et al., 2019). These environmental variations, coupled with 
the higher edge-to-interior ratio in smaller patches, could influence the 
composition of beetle communities.

4.3. Influence of woodland age and structure

Our results demonstrate that woodland maturation drives shifts in 
beetle community composition. Clear compositional differences were 
evident between initiation-stage woodlands (10 – 30 years) and both 
young (31 – 80 years) and mature woodlands (81 – 160 years), though 
young and mature woodlands supported more similar assemblages. Non- 

woodland species dominated younger woodlands, while specialist 
abundance decreased in dense stands. These patterns reflect the gradual 
development of woodland structure and associated microhabitats over 
time, particularly through changes in structural complexity 
(Fuentes-Montemayor, Park, et al., 2022; Gaublomme et al., 2008).

Structural heterogeneity, specifically variability in tree DBH S.D., 
emerged as a significant driver of beetle community composition. This 
metric represents the diversity of tree sizes and ages within a stand, 
which creates varied light regimes, temperature profiles, and micro-
habitats that can support different beetle assemblages (Parisi et al., 
2021). Similar patterns have been observed in other taxonomic groups, 
such as plants and hoverflies (Fuller et al., 2018; Waddell et al., 2024). 
Lower specialist abundance within dense, homogeneous stands appears 
linked to their specific environmental requirements for activities such as 
hunting and foraging (Gaublomme et al., 2008; Vodka et al., 2009).

Contrary to expectations, we found no significant relationship be-
tween deadwood and beetle communities, despite its documented 
importance for woodland biodiversity (Gossner et al., 2013, 2016). This 
could be because Carabids – the most abundant family in our study – 
show less dependency on deadwood compared to other beetle groups 
(Kacprzyk et al., 2021). Carabids primarily use deadwood for shelter and 
overwintering rather than feeding, and few studies have demonstrated 
strong positive relationships between Carabid abundance and deadwood 
volume (Fuller et al., 2008; Kacprzyk et al., 2021). While pitfall traps 
effectively sample ground-dwelling beetles, they are less suitable for 
capturing saproxylic species, which are typically surveyed using emer-
gence traps or direct sampling of deadwood habitats. Therefore, dead-
wood availability may influence our sampled communities less than 
studies focusing on saproxylic beetles. The lack of relationship may also 
partly reflect our methodological approach, which only provided a 
coarse index (1− 3) of deadwood availability and potentially missed 
important metrics relating to volume and decay stages.

5. Conclusions and implications

This study reveals that ground-dwelling beetle communities respond 
to woodland characteristics across multiple spatial scales. Our findings 
present an important restoration paradox: while woodland creation and 
restoration may be most successful at promoting specialist beetle colo-
nisation in landscapes with lower agricultural cover, there may be 
greater biodiversity gains from targeting interventions within intensive 
agricultural landscapes where woodland habitat is scarce. The in-
fluences of tree density and structural heterogeneity on woodland 
specialist abundance and beetle community composition, respectively, 
suggest that management interventions such as variable-density thin-
ning and diversification of age classes could enhance habitat conditions 
for these species, regardless of landscape context. While our results focus 
on ground-dwelling beetles, the observed relationships between habitat 
specificity, landscape context, and structural complexity extend to other 
taxonomic groups (Fuller et al., 2018; Waddell et al., 2024). Under-
standing how these patterns influence ecosystem processes - particularly 
given specialists’ unique and irreplaceable functional roles compared to 
their more persistent generalist counterparts (Clavel et al., 2011) - 
would provide valuable insights for conservation planning.
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