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Abstract

1. Woodland cover in Britain has increased over the past century and is set to increase

further through woodland creation schemes aiming to tackle climate change. None-
theless, the wider repercussions of increasing woodland cover for species, espe-

cially invertebrates, have not been comprehensively assessed.

. Here, we quantified the woodland associations of 2762 invertebrate species in

Britain across 21 broad taxon groups using species occurrence records collected by
specialist recording societies. We then related the strength of species’ woodland
associations to published estimates of their long-term national distribution trends
between 1970 and 2015.

. Across all taxa, 29% of species were positively associated with broadleaf woodland

cover, whereas 27% of species were negatively associated. There was a slight ten-
dency for species associated with broadleaf woodland to have more positive long-
term distribution trends, but the effect had little explanatory power. For 15% of
species, we detected a non-monotonic association with broadleaf woodland cover,
such that their occurrence peaked at intermediate levels of cover. Intermediate-
cover species had more positive long-term distribution trends than species with

monotonic positive or negative woodland associations.

. Our findings suggest that woodland invertebrates have not consistently increased,

despite the increases in woodland cover. While some caution is warranted owing to
our use of heterogeneous occurrence records, the considerable variation in distribu-
tion trends of woodland-associated species could be explained by the high diversity
of woodland species and ways in which they use woodland habitat. Woodland crea-
tion, or increasing tree cover in general, could have idiosyncratic impacts on species,

depending on how new woodlands are created and managed.
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INTRODUCTION

Woodland cover in Britain has fluctuated throughout the Holocene (Fyfe
et al., 2013; Woodbridge et al., 2014) but by the beginning of the 20th
century comprised only ca. 47% of the land surface (Forest
Research, 2021). Over the 20th century, woodland cover increased,
largely due to conifer plantations for timber production (Harmer
et al,, 2015; Mason, 2007), but more recently also benefiting from broad-
leaf tree-planting, resulting in the 13% coverage present today (Forest
Research, 2021; Raum, 2020). Over a similar time frame, forest cover has
increased in many other countries across Europe (Gerard et al., 2010) and
other temperate regions (Keenan et al., 2015), with land abandonment
and natural expansion contributing to the broader trend. Woodland cover
in Britain is set to increase further over the coming decades as part of the
nature-based strategy to offset carbon emissions and mitigate climate
change, while also restoring and rewilding ecosystems (Bateman
et al., 2022; Committee on Climate Change, 2019; Pértner et al., 2021).
The broader ecosystem consequences of these changes for different taxa
associated with woodlands remain unclear, making it uncertain if tree-
planting schemes will help reverse biodiversity loss.

Insect populations have been reported to be in decline (Fox
et al,, 2015; Hallmann et al., 2017), but a complex picture of community
turnover with winners and losers is typically found (Bell et al., 2020; van
Klink et al., 2020). Due to limited data, inferring large-scale patterns of
decline across taxa and habitats should be treated with caution
(Montgomery et al., 2020). Specifically, in terms of woodland, despite
increases in cover, the evidence so far suggests that the population or
distribution trends of woodland species have not followed the same pat-
tern (Defra, 2021). Woodland birds show, on average, stable trends
across Europe (Gregory et al., 2019), but specialist woodland species
tend to be declining in the United Kingdom (Harrison et al., 2016;
Hewson et al., 2007). A multi-taxa study of insect trends in German for-
ests found declines in the majority of sites, species and trophic groups
(apart from herbivores) over a 10-year period (Staab et al., 2023). In the
United Kingdom, woodland moths, especially those associated with
coniferous woodland, have increased (Tordoff et al., 2022), but, overall,
moth species have declined faster in wooded landscapes (Blumgart
et al., 2022; Macgregor et al., 2021). Based on these well-studied taxo-
nomic groups, it is far from clear whether there are any general patterns
in the trends of woodland-associated species.

Diversity in the findings of previous studies might be partly
explained by differences in how the woodland association of species
was classified. Indicators of species trends within specific habitats are
known to be sensitive to decisions about species’ habitat associations,
which can be subjective (Gregory et al., 2019). Previous studies are also
limited to the most well-sampled taxonomic groups—especially birds,
butterflies and moths—taxa whose responses may not be representative
of other organisms with a diverse range of life cycles, specialisms and
dispersal abilities. Hence, identifying any general patterns and system-
atic differences requires examining a broader range of taxonomic
groups, with a greater diversity of life histories and habitat use, and a
consistent approach to classifying species’ woodland associations.

Cross-taxa analysis that uses a consistent methodology to analyse
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multiple groups will help understand better how different taxa are
affected by environmental changes (Bowler et al, 2015; Daskalova
et al., 2020).

Here, we assessed the trends of woodland invertebrate species
(21 taxon groups of insects, spiders, centipedes, and molluscs) in Brit-
ain over a 45-year period (1970-2015). We focused on invertebrates
since their trends are especially poorly documented, but many are
found in woodland habitats performing key ecosystem functions. We
use the term ‘woodland’ rather than forest because the former is
more typically used in the British context because of lower canopy
cover in Britain woodlands compared with forest elsewhere. Our anal-
ysis comprised two main parts. First, we characterised the woodland
association of all species using a standardised model-based approach,
based on the relationship between woodland cover and species’
occurrence. We contrasted models of linear or non-linear woodland
associations (i.e. whether occurrence peaked at intermediate wood-
land cover) to assess the prevalence of different types of woodland
associations across species. To validate our approach and obtain more
detailed information on woodland use, we also extracted woodland
association information from a trait database. Second, we tested
whether woodland-associated species have increased, which would
be consistent with them benefiting from increase in woodland cover,
using distribution trend estimates from a previous study (Outhwaite
et al, 2019; Outhwaite et al., 2020). We used this analysis to also
identify declining and increasing woodland invertebrate species of
conservation concern. We focused the majority of the analysis on
broadleaf woodland associations, because this is the dominant native
tree type, but compared the strength of associations with those of
coniferous woodland, as well as association with ancient woodland

cover, as a measure of woodland quality.

MATERIALS AND METHODS
Species occurrence data

Species occurrence records were collated from various UK and GB
recording schemes (Pocock et al, 2015) to characterise species’
woodland associations. We use the same data as had been used to
estimate species’ distribution trends (Outhwaite et al., 2019). These
records are opportunistic recordings of species, usually collected by
volunteers, but were verified as a plausible observation by members
of the respective specialist recording societies who typically have
strong taxonomic identification (ID) skills. We included data from 21
recording schemes for ants, aquatic bugs, bees, caddisflies, centipedes,
craneflies, dragonflies, empid flies (and hybotids and dolichopodids),
Gelechiids, grasshoppers/crickets, ground beetles, hoverflies, lady-
birds, mayflies, molluscs, moths (macro moths), plant bugs, shield bugs,
soldierflies, spiders and wasps (see Table S1 for a list of associated
recording schemes). Each occurrence record reports an observation of
a specific species in a specific place and time. The temporal and spatial
precision of these records can vary considerably. Here, we only used

those records where the specific date (i.e. day, month and year) of the
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record is known and where the location of the record can be identi-
fied to a 1 km Ordnance Survey grid cell or finer resolution. We used
all data from Britain (i.e. England, Scotland and Wales) since records
for Northern Ireland were sparse for many taxa.

Data from each recording scheme were analysed separately using
the same standardised workflow. We organised the occurrence
records into detection-non-detection data. To do this, we defined
unique ‘visits’ in our data frame based on the sets of species records
collected on the same date in the same 1 km Ordnance Survey grid
cell. Each record provides detection data for a specific species on a
given visit. Non-detection data were inferred from the detection data.
For instance, if there was a detection for species A on a given visit,
then non-detections were inferred for species B and C (i.e. any other
species reported by the same recording scheme). Through these steps,
we created a detection-non-detection variable with values of 1 when
the species was detected/reported on a visit and a value of O when it
was not detected/reported, but other species of the same taxonomic
group were. Grid cells where no species were recorded for any spe-
cies within the taxonomic group were not included in the analyses.
We used species data between 1990 and 2015 to match the time
frame of available woodland cover data.

We subsampled this detection-non-detection data to reduce the
spatial bias in recording (i.e. the large skew in number of visits per grid
cell) and high imbalance in species records (i.e. for most species, there
were a small number of detections vs. a large number of non-detec-
tions), following recent recommendations (Gaul et al., 2022; Robinson
et al., 2020). To do this, we first retained all the detections for each
species (i.e. all the data associated with a response of value 1). Next,
we subsampled the non-detection data for each species separately
(i.e. all the data associated with a response value of O for a given spe-
cies). Subsampling non-detection data involved: (1) removing non-
detection data for a species that was outside the period of year when
the species was ever reported and (2) sampling one non-detection
record each year from all those available within the surrounding
10 km grid of a detection of the species. We compared this approach
with a simpler filtering method (randomly sampling one visit per 1 km
grid cell and year, regardless of whether the species was detected),
but similar results were found (Figure S1). The advantage of only sub-
sampling the non-detection data was that more rare species passed
the threshold for inclusion in the analysis, since all detections were
retained, and that we could better model species’ phenology and
account for variation in sampling dates. Because of the subsampling,
we refer to our modelled response as relative occurrence probability.

We only analysed species with at least 50 detections across at least
20 different 1 km grid cells so that records were sampled across an envi-
ronmental gradient with reasonable sample size. Many rare species (1969)
failed to pass this threshold. We initially analysed data for 3072 species.

Woodland cover data

We used the UK Land Cover Map in which woodland is classified as

either broadleaf or coniferous woodland (Fuller et al., 2002; Morton
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et al., 2014; Rowland et al., 2017; Rowland et al., 2020). In this map,
broadleaved woodland is defined as stands >5 m high with tree cover
>20% or scrub (<5 m) with a cover >30%. Coniferous woodland is
defined as semi-natural stands and plantations, with cover of conifer-
ous trees >20%, as well as felled areas that are likely to be replanted.
These woodland data are available for 1990, 2000, 2007 and 2015
during our study period. We extracted information on the percentage
broadleaf and percentage coniferous woodland cover in each Ord-
nance Survey grid cell of Britain at 1 km resolution. We matched the
species data to the corresponding woodland cover value of the associ-
ated 1 km grid cell using the woodland data nearest in time to the
year of the species sampling visit. Since woodland cover change tends
to be slow, in annual terms, any slight mismatch between the year of
species observation and the year of woodland cover should not have
a large effect on our results.

As a potential measure of woodland habitat quality, we also
extracted data from the Ancient Woodland Inventory (AWI) for
England, Scotland and Wales (Spencer & Kirby, 1992). These data
comprise the boundaries of Ancient Woodland Sites in each country
(woodland that has persistence since 1600 in England, Wales and
Northern Ireland, and 1750 in Scotland), identified using presence or
absence of woods from old maps, ground survey, aerial photography,
information about the wood's name, shape, internal boundaries and
location relative to other features. From the AWI vector data, we cre-
ated 25 m resolution rasters to match up with the UK land cover map
data. As the AWI categories vary among England, Scotland and Wales,
the data were reclassified to simply indicate whether a pixel contained
ancient woodland and then combined to provide a single AWI dataset
covering Britain. From these data, we extracted the percentage ancient
woodland in each 1 km grid cell.

Species’ woodland associations

As the simplest metric, we first calculated woodland association based
on the strength of the linear association between species’ relative
occurrence probabilities and percentage of woodland cover of 1 km
grid cells within Britain. Species responses to any environmental gra-
dient are often non-linear with peak responses at intermediate values
of the environmental variable. To investigate this, we also quantified
woodland associations in more flexible models that allowed for non-
linear associations to emerge, which identified species associated with
intermediate woodland cover.

Linear associations

We first built a model to quantify the linear association between the
relative occurrence probability of a species (logit-scale) and percent-
age woodland cover and used the slope of this relationship as a con-
tinuous metric of woodland association. For this, we used a
generalised additive mixed model (GAMM) to predict species relative

occurrence (whether a species was recorded on a visit) based on
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percentage broadleaf woodland cover within the 1 km grid cell,
included as a linear term. We included the geographic coordinates of
the grid cell centroids as a bivariate spatial spline to account for any
geographic gradients in occurrence. Year was also included as a ran-
dom effect. To account for variation in sampling effort, we included
additional covariates for list length, following previous analysis
(Bowler et al., 2021; Outhwaite et al., 2019). List length refers to the
number of species from the same taxonomic group reported on a visit
and was included as a factor to separate opportunistic records (list
length of one), from short surveys (list length of two to three species)
and more comprehensive surveys (list length of four or more). We
additionally included day of year, as a spline-based smooth term, in
the detection model to account for variation in sampling days of sepa-
rate visits (Bowler et al., 2021). Each species was modelled individually
(i.e. 3072 GAMMs). We use the regression coefficient for the effect
of broadleaf cover as our measure of woodland association. In subse-
quent analyses, we excluded species with highly uncertain woodland
association estimates, assessed as those with a standard error greater
than 1.5 times the interquartile range of the standard error values
above the third quartile of the standard error values (310 species
were excluded on this basis, leaving 2762 species in total). We
repeated this analysis also to test for coniferous woodland association
using the same methodology, which was used to compare broadleaf
and woodland associations (see the section ‘Broadleaf vs. coniferous

specialism’).

Allowing for non-linearity

Species’ responses to many environmental gradients are non-linear,
causing species occurrence peaks at intermediate values of the gradi-
ent (Citores et al., 2020). In our case, this could represent species
adapted to heterogeneous landscapes comprising both woodland and
open habitats, whose occurrence probability is the highest at an inter-
mediate level of woodland cover within the 1 km grid cell. To allow
for more complex (i.e. non-linear) woodland associations, we ran
another set of GAMM models in which the effect of percentage broad-
leaf woodland cover was modelled with a penalised thin plate regres-
sion spline rather than included as a linear term, using the mgcv
package. To avoid overfitting the curve to the data and ensure biologi-
cally reasonable uni-modal response curves, the spline was constrained
to a low dimension (k = 4, where k is the dimension of the base of the
spline function). Along with broadleaf woodland cover, we included the
same set of covariates as in the previous set of models (i.e. day of year
of visit, list length and the geographic coordinates as a bivariate spatial
spline and year as a random effect). Using these models, we then
derived a response curve for each species by predicting relative occur-
rence probabilities over the full range of possible broadleaf woodland
cover values (0%-100%), setting all other covariate values to their
median. From each model, we extracted the % broadleaf woodland
cover at which this occurrence probability was maximised.

We simplified the species-specific response curves into a smaller

characteristic set using a cluster analysis. For this, we first calculated
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the derivatives of the species response curves, that is, how much
occurrence changes per 1% increase in woodland cover, along the full
possible gradient between 0 and 100%. As input data, we used the
predictions of the GAMMSs based on the best estimates. We did not
explicitly include the uncertainty of the GAMM, but excluded species
whose predictions were highly uncertain (as above, based on whether
the mean standard error of the predictors was >1.5 times the inter-
quartile range above the third quartile). We then created a distance
matrix that quantified how much the derivatives differed among spe-
cies at different points along the gradient, using Manhattan distances
(Simpson, 2022). Finally, we grouped together species with similar
sets of derivatives over the gradient used partitioning around med-
ioids (‘pam’) clustering (Maechler et al., 2022). We selected the opti-
mum number of clusters based on the average silhouette width, using
the pamk function in the fpc package (Hennig, 2020). To account for
uncertainty in cluster membership, we calculated the silhouette width
for each species and removed those that had a negative silhouette
width (i.e. not assessed to be typical of the cluster, 15% of species)
from subsequent analysis with the clusters, but similar results were

made without this exclusion step.

Broadleaf versus coniferous specialism

We used outputs from the first set of GAMMs estimating linear asso-
ciations of species with broadleaf and coniferous woodland to calcu-
late a measure of specialism towards one woodland type or the other.
This was calculated as the log-ratio of the linear woodland association
coefficients for each woodland type. Positive values reflected a
greater association of broadleaf over coniferous woodland; zero
reflected equivalent associations and negative values reflected a
greater association of coniferous over broadleaf woodland. For sim-
plicity, we defined broadleaf specialists as those with log-ratio >2 and

coniferous specialists as those with log-ratio smaller than —2.

Species’ distribution trends

Our estimates of species’ woodland association were related to their
trends in national-scale annual occupancy estimates from 1970 to
2015 in Britain available for our study species from a previous study
(Outhwaite et al., 2019). These annual occupancy estimates are the
predicted proportion of 1 km grid cells in which a species was present
(out of the total number of sampled 1 km grid cells) and were pro-
duced using Bayesian occupancy-detection models applied to the
same species occurrence data that were used to determine woodland
associations in the present study. Previously, these estimates were
used to assess general patterns of invertebrate change in the
United Kingdom (Outhwaite et al., 2020). These annual estimates are
available from Outhwaite et al. (2019) as samples from the posterior
distributions of each annual occupancy estimate for each species.

For the present study, we took 999 samples of the posteriors for

each species and year and used these to calculate species’ long-term
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distribution trends. Distribution trends were summarised by
comparing the occupancy estimate of the first and last years, follow-
ing Outhwaite et al. (2019):

_1
Dmmmmnmm_<gy 14>xm0

Here, f and s were predicted annual occupancies in the final and
starting years, respectively, and nyear was the number of years over
the study period (1970-2015). Species’ distribution trends were cal-
culated separately for each random sample from the posteriors and
then summarised across the 999 samples as the mean, standard devia-
tion and 95% quantiles. Some species had extreme and highly uncer-
tain trend estimates. We excluded species (n = 128 species) if the
standard error of the trend estimate was an outlier based on the same
approach we used to deal with uncertainty of woodland association
estimates.

To investigate the overall relationships between species’ distribu-
tion trends and woodland associations, we used meta-analysis mixed
effects models to combine data for all species across all taxonomic
groups, with woodland association as the predictor and species distri-
bution trend as the response. Woodland association was tested, in
separate models, as both the continuous linear association (scaled to
units of standard deviation) and as the categorical woodland associa-
tion cluster, as estimated from the above models. These models
accounted for the uncertainty in the estimated distribution trends
using the standard error of the estimated distribution trends in the
model weights (inverse variance) and in the overall 95% confidence
interval (Viechtbauer, 2010). Taxon was included as a random inter-
cept to account for differences in the mean distribution trends of each
taxonomic group. These models were run using the metafor package
and rma.mv function (Viechtbauer, 2010). Significance was tested at
the 5% level based on the frequentist interpretation of probability.

Finally, to visualise the annual time-series, we also calculated
multi-species indicators by calculating the geometric mean of the
annual occupancies of species within each forest association cluster
for each taxon group, similarly summarising across the 999 sample as

mean and 95% quantiles.

Relationship with other habitat classifications and
conservation status

To confirm the accuracy of our woodland association measures, we
extracted information on species woodland use from the Pantheon
trait database (Webb et al., 2018). This database listed 79% of our
species and provided habitat classification data for 73%. We note,
however, that some taxonomic groups were poorly represented by
this database (50% or fewer species represented for aquatic bugs,
bees, centipedes, ground beetles, molluscs, and plant bugs), but we
used all the data that were available. We mapped our estimates of
woodland association with the ‘tree-associated’ habitat classification

from this database and used a linear model to test whether tree-
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associated species had higher woodland association estimations. To
investigate differences in the trends of species using woodland in dif-
ferent ways, we extracted more detailed information on woodland
use available within the Pantheon database, which could not be calcu-
lated from the occurrence records. Specifically, we extracted informa-
tion on whether species were classified as using the following
woodland strata: arboreal, decaying wood or shaded woodland floor.
We selected only species that were classified as using one of these
woodland strata and not any others, that is, specialist woodland spe-
cies of these strata. We then repeated a similar trend analysis above,
using meta-analysis models, to calculate the mean trends of species
within each of these groups.

Finally, we investigated the trends of species of conservation con-
cern to identify whether and which woodland species are particularly
at risk, given the low woodland cover of the United Kingdom. We
used official conservation designations that reflected broad-level des-
ignations such as UK Biodiversity Action Plan priority species list,
national red lists and NERC Section 41 species (see Table S2 for full
list of included designations). We used a simple Chi-square test (x?) to
ask whether woodland species were more likely to have a conserva-
tion designation than other species. We note that some species might
not have a designation due to insufficient data or assessment.

All analysis was run in R version 4.1.2 (R Core Team, 2021). Box-
plots in the Results section show the median (central line within the
box), lower and upper quartiles (the border of the box) and the range

(the full line or ‘whiskers’, minus outliers).

RESULTS
Species’ woodland associations

We characterised the woodland association of 2762 species across
21 taxonomic groups. Our first approach to assess woodland associa-
tion was based on the linear association between percentage broad-
leaf cover and species relative occurrence (Figure 1a,b). Based on
these estimated linear associations, 791 (29%) species across all taxa
had a significantly positive association with broadleaf woodland cover,
753 species a negative relationship (27%) and 1218 species (44%) a
non-significant relationship. Taxa with the highest proportion of sig-
nificant woodland-associated species were moths and grasshoppers/
crickets, whereas mayflies and aquatic bugs had the least.

Our woodland linear association estimates showed some consis-
tency with habitat data available in the Pantheon database, with our
estimates generally separating ‘tree-associated’ species from ‘other
habitat’ species (p-value of mean difference < 0.001; see Figure S2).
Deviations are likely because our estimates were based on the statisti-
cal association between occurrence and woodland cover at a large
spatial scale (1 km) rather than based on species’ ecology as consid-
ered by Pantheon. Species’ associations with broadleaf woodland
were also strongly correlated with their estimated associations with
ancient woodland cover (median correlation coefficient across
taxa = 0.84, Figure S3).
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FIGURE 1 Linear: (a) Example linear relationships between broadleaf woodland cover percentage and (logit-scale) relative occurrence
probability to a grid cell in Britain—shown for ant species. (b) Density plots of these species-specific linear woodland associations across all taxa.
Taxa are ordered by the median value. The vertical dashed zero line reflects the line of no association. Nonlinear: (c) Cluster analysis of woodland
non-linear response curves in Britain—shown are the mean response curves of species within each taxa (i.e. shown are 21 response curves for
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species. See Figure S5 for example species response curves.

Our second approach allowed for more complex, non-linear rela-
tionships between broadleaf woodland cover and species relative
occurrence. When comparing the woodland association estimates
based on linear relationships with the clusters based on the non-linear
relationships, the two approaches largely agreed in separating species
associated with woodland and those associated with open habitat
(Figure S4). The fitted non-linear relationships were still broadly flat or
monotonic for most species (85%). For the remaining 15% of species,
relative occurrence probability peaked at intermediate woodland
cover (median of the peak for these species was 37% woodland cover,
interquartile range = 30%-45%).

Cluster analysis of these species response curves identified four

main clusters (Figure 1c): species with an increase in relative occurrence

with increasing woodland cover (labelled ‘woodland-associated’); spe-
cies whose relative occurrence decreased with increasing wood-
land cover (labelled ‘open-associated’); species whose relative
occurrence peaked at an intermediate woodland cover value
(labelled ‘intermediate-associated’) and species whose relative
occurrence did not strongly change along the woodland cover gra-
dient (labelled ‘no strong association’). After excluding species
with uncertain cluster membership, 26% of species were included
in the woodland-associated cluster—associated with either inter-
mediate (7%) or high woodland cover (19%) (Figure 1b,c). The
remaining species were in the open habitat association cluster
(24%) or no strong association cluster (50%). Taxa with the most
woodland species were moths and empid flies (Figure 1d).
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FIGURE 2 Multi-species indicators (MSI): each ribbon shows the 95% Cl of the mean annual occupancy of species in Britain within each
taxon group, according to their assigned woodland-association cluster (labelled by the colours). Time-series are standardised to 100 in year 1 to

facilitate comparison.

Relationships between broadleaf woodland
association and distribution trends

The predicted time-series of mean annual occupancy of species in
each of the four woodland-association clusters varied among taxa
(Figure 2). To facilitate comparison, the annual time-series for each
species were summarised by a single distribution change metric based
on the change in occupancy for species between 1970 and 2015
(Figure 3).

Across all species and taxa, there was a slightly positive effect of
broadleaf woodland association (the linear association; Figure 1a) on spe-
cies' distribution trends (Figure 3a, meta-analysis: slope of the
relationship = 0.049, 95% Cl =0.032, 0.066), suggesting that species
with stronger positive associations with broadleaf woodland had slightly
more positive trends, on average. Woodland association, however, only
explained 0.3% of the variation in trends among species and so has little
biological significance. Similar positive but heterogeneous effects were
found between distribution trends and ancient woodland cover associa-
tion (Figure S6, meta-analysis: slope of the relationship = 0.047, 95%
Cl = 0.030, 0.065). For both broadleaf cover and ancient woodland cover,
the pattern was not consistent within taxon groups: only two groups had
significant positive relationships (hoverflies, mayflies), whereas two other
groups had significant negative relationships (empid flies, Gelechiids).

Among the four woodland-association clusters, species in the
woodland-associated cluster did not differ in mean trends from those
in the open habitat-associated cluster (meta-analysis 95% Cl of mean
difference = —0.09, 0.02). Species in the intermediate-associated
cluster had more positive trends than those in the woodland-
associated cluster (95% Cl of mean difference = 0.11, 0.32) or the
open habitat-associated cluster (95% Cl of mean difference = 0.08,
0.28) and slightly more than those in the no strong association cluster
(95% Cl of mean difference = 0.03, 0.22).

But, again, despite these differences in mean trends, there was
considerable variation among species in each woodland cluster
across the taxonomic groups, with increases and decreases in all
clusters (Figure 1c,d). Based on the Pantheon database habitat clas-
sification, tree-associated species had a similar diversity of trends
(Figure S7).

Differences in the trends of coniferous- versus
broadleaf-associated species

Species’ linear associations with broadleaf woodland cover and conif-
erous woodland cover were generally correlated (median correlation

across taxa = 0.48, Figure S8). More species had significantly positive
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FIGURE 3 Long-term distribution trends in relation to species broadleaf woodland association in Britain, when assessing woodland
association based on the linear relationship between relative occurrence probability and broadleaf woodland cover (a) or as a categorical
woodland association cluster based on non-linear relationships (b), across all taxa. Boxplots show the distribution of species’ distribution trends
separately for each taxon group, for those species in either (c) the ‘woodland-associated’ or ‘intermediate-associated’ cluster or (d) species in the
‘open-associated’ cluster. The vertical dashed line shows the line of no change in distribution size between 1970 and 2015. Grey points are the
underlying species, and numbers indicate the number of species for each boxplot.

associations with broadleaf woodland than with coniferous woodland
(29% vs. 21% of species). Species associated with broadleaf
woodland had, on average, slightly more positive trends (or rather less
negative trends) than species associated with coniferous woodland
(Figure 4a, 95% Cl of mean difference = —0.69, —0.43), but trends of
both woodland groups varied substantially among taxa (Figure 4b).

Effects of woodland stratum on species trends

Of the species with data in the Pantheon database (71% of study spe-
cies), 19% of species are arboreal (i.e. occurring in and on trees,
including the canopy, trunks and branches), 6% are associated with
decaying wood (i.e. decay within a tree's heartwood) and 15% occur
on shaded woodland floor (i.e. found in closed canopy woodland and
scrub). Both arboreal and shaded woodland floor species had mean

negative trends (Figure 5, meta-analysis: arboreal 95% Cl of

trend = —0.73, —0.24, shaded floor 95% ClI of trend = —0.58, —0.08),
whereas species associated with decaying wood had no consistent
mean trend (95% Cl = —0.41, 0.20).

Conservation priority species

A total of 468 (17%) of our study species had a conservation designa-
tion. Across these species, more species were declining (72 or 15%,
based on significant trends only) than increasing (24 or 5%; Figure 6).
Most of the species with significant declining trends were placed in
the no strong association woodland cluster (41 or 63%), but this clus-
ter contained the largest number of species in total. Overall, there
was no association between woodland association cluster and the
direction of significant trends for species with a conservation designa-
tion (chisq = 1.75, df = 3, p = 0.63; Figure 6). Declining species with

a conservation designation and a woodland association include
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(a) Boxplots show the distribution of species’ distribution trends in Britain for those associated with broadleaf or coniferous

woodland, across all species. The vertical dashed line is the line of no change in distribution size between 1970 and 2015. The grey points show
the underlying data points for each species. (b) Boxplots are the same as (a) except split for each taxon group. Numbers indicate the number of
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FIGURE 5 Boxplots show the distribution of species’ distribution
trends in Britain using different woodland strata, for each taxon
group. The vertical dashed line is the line of no change in distribution
size between 1970 and 2015. The grey points show the underlying
data points for each species, and the numbers indicate the number of
species in each group.

species of moths (Macaria wauaria, Brachylomia viminalis, Mniotype
adusta), bees (Andrena coitana, Eucera longicornis), molluscs (Acicula
fusca, Azeca goodalli), soldierflies/horse flies (Sargus flavipes, Hybomitra
bimaculata), spiders (Hypselistes jacksoni) and wasps (Ectemnius
ruficornis). By contrast, increasing species with a conservation
designation and a woodland association include species of spiders
(Xerolycosa nemoralis, Dolomedes fimbriatus, Marpissa muscosa), bees

(Osmia bicolor) and ants (Lasius brunneus).

DISCUSSION

Despite ongoing increases in woodland cover in the United Kingdom,
a few studies have assessed the impacts of increasing woodland cover
on species (Burton et al., 2018; Spake & Doncaster, 2017). Our study
reveals considerable variation in species’ woodland associations and
the long-term trends of invertebrates in Britain. Depending on the
method, we estimated between 26% and 29% of species are posi-
tively associated with broadleaf woodland cover (including those
associated with intermediate levels) across our focal taxon groups. On
average, species associated with broadleaf woodland had slightly
more positive distribution trends between 1970 and 2015, but the
relationship only explained 0.3% of the variation in trends, and
the direction and magnitude of this effect varied among different
taxon groups. Since we do not find strong evidence of a consistent
increase of woodland invertebrates across all taxa, our findings sug-
gest that increased woodland cover over recent decades in Britain has
not provided the appropriate conditions for most woodland inverte-
brate species to thrive. Moreover, our findings indicate the complexity
of invertebrate biodiversity change, with both loss and gains expected
according to species’ woodland associations, as a result from future
woodland creation for climate change mitigation, a pattern already
predicted for vertebrate taxa (Douglas et al., 2020).

Woodland invertebrates might not have consistently benefited
from increases in woodland cover because of a combination of the
state of existing woodlands and insufficiency of new woodlands. Most
woodlands in Britain are in a poor ecological condition (only 7% are

classified ‘favourable’) and lack many habitat quality indicators,
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including deadwood, structural heterogeneity and diverse ground veg-
etation that are important for invertebrates (Ditchburn et al., 2021;
Fuller et al., 2018). While tree-planting schemes have created new
woodlands, there has probably been insufficient time for them, in
most cases, to become established with a diversity of structure/form
(Fuentes-Montemayor, Watts, et al., 2022). Also, other factors that
contribute to the poor condition of existing woodlands, such as graz-
ing and browsing damage from herbivores and eutrophication, may be
limiting the development, and biodiversity value, of new woodlands.
In general, woodland habitats in Britain have tended to become more
structurally homogeneous with more dense canopies and fewer clear-
ings, with management practices limiting the development of old-
growth features (Quine et al., 2011; Reid et al., 2021).

Invertebrate species can be associated with trees or woodland

cover in diverse ways, but the low heterogeneity of British woodlands

ed broadleaf woodland association cluster (shown in the separate

and associated low habitat quality has probably offered few opportu-
nities for many species except the most generalist. Indeed, we found
overall declines of woodland specialists of specific strata, occurring on
woodland floor or arboreal habitats, although habitat classification
data were not available for all species. Previous studies have espe-
cially highlighted the loss of open clearings and early succession areas
in British woodlands due to a cessation or reduction of management
practices such as coppicing, thinning and wood pasture (Thomas
et al., 2015). Loss of coppiced woodlands has been linked with
declines of specific woodland species such as the High Brown Fritil-
lary butterfly (Argynnis adippe). Similarly, we found declines of the Lit-
tle Emerald moth (Jodis lactearia), which favours open woodland.
Thomas et al. (1994) found that many declining or threatened inverte-
brate species in the United Kingdom were associated with the earliest

and latest seral stages of habitats including woodland clearings and
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ancient trees. A more recent synthesis of invertebrate trends in the
United Kingdom found evidence of widespread declines of species
that specialise on early seral stages within woodland (Thomas
et al., 2015), but their trends were not compared with those of other
woodland habitats.

Broadleaf expansion has generally resulted in small, scattered
woodlands rather than large blocks of woodland (Quine et al., 2011).
This may explain why we found more positive increases of species
that were associated with intermediate woodland cover—these spe-
cies are likely those adapted to a heterogeneous landscape of small
woodland patches within an open landscape. The fragmentation of
existing woodlands and woodland species populations would also
explain a slow recovery of woodland ecosystems and associated
fauna. Even for highly mobile organisms such as birds, there can be
large temporal lags before newly created habitat is colonised
(Whytock et al., 2018). While evidence suggests that some woodland
species colonise newly created sites (Fuller et al, 2018; Warner
et al., 2021), generalists are usually the first to establish (Fuentes-
Montemayor, Park, et al., 2022; Whytock et al., 2018). For woodland
specialists, including saproxylic species, colonisation and recovery
may be slow even if suitable habitat, such as dead wood, is available.
Many studies agree on the importance of creating woodland in the
right places, for instance, near ancient woodland, to facilitate the colo-
nisation of woodland species, especially specialists (Burton
et al., 2018). For some warm-adapted woodland species, climate
change may foster their expansion and colonisation if woodlands are
well-connected. For instance, we found positive trends of the jumping
spider, Ballus chalybeius, a species with a conservation designation
(‘Nationally Scarce’) that is especially associated with oak woodland,
but its distribution has been so far mostly limited to southern England.

We focused on species’ associations with woodland using land
cover data at a coarse spatial-scale. Species’ habitat associations,
however, do not necessarily map onto vegetation types such as grass-
land or woodland (Dennis et al., 2014; Platts et al., 2019). Species’
habitat use can also be defined in a broader sense by resource avail-
ability and environmental conditions. We were not able to capture
many of the nuanced ways in which species use woodland habitats
and the resources within them, at smaller spatial scales. Expert knowl-
edge could help unpack some of these nuances, by defining the spe-
cific microhabitats, resource use and biotic interactions of species,
which may help explain some of the variation in the trends of differ-
ent woodland species that we observed. Better understanding of the
diversity of woodland associations among species could help inform
conservation action, not just in terms of land cover but also in terms
of species’ resource requirements (Dennis et al., 2006; Dennis
et al.,, 2014).

Analysis at a final spatial-scale, lower than the 1 km of our study,
could also help understand the effects of specific woodland attributes
and proxies of woodland quality, although there is a lack of spatio-
temporal data on different aspects of woodlands over our study
period. Further work could also seek to understand interactions
between woodland changes and other drivers of change. Invertebrate

species trends are not solely affected by habitat cover (Wagner

e |

et al., 2021). A diverse range of drivers, including urbanisation, agricul-
tural intensification and associated practices, climate change and pol-
lution, contribute to observed insect declines. The absence of an
increase in woodland invertebrates, despite increases in woodland
cover, could be explained by overriding effects of these other drivers
of change.

We analysed a large number of species of different taxa over
nearly five decades, but our findings still have several limitations. First,
our analysis was based on occurrence data not collected with a stan-
dardised protocol. Hence, some caution is needed when interpreting
both our forest association estimates and the distribution trend esti-
mates. To account for variation in sampling effort, we included a num-
ber of detection covariates in models (day of year and list length)
(Bowler et al., 2021; Outhwaite et al., 2020) with these types of data.
Nonetheless, the trend estimates could still be affected by changes in
sampling effort through time that is unexplained by these covariates.
Our estimates of forest association could be affected by spatial sam-
pling biases: broadleaf woodlands tend to be sampled more than other
habitats, while coniferous woodlands are under-sampled (Border
et al, 2019). Scotland is generally under-recorded for invertebrates
but has some of the highest woodland cover, and cover change, in the
United Kingdom especially in coniferous woodland. Clearly large-scale
standardised data would be preferable, but such data are not available
for most invertebrates, except Lepidoptera. In the absence of standar-
dised data, our analysis uses a common statistical approach to account
for variation in recorder effort, and we expect that our general conclu-
sions across our wide range of species and taxa are robust.

Our analysis highlights the diversity of woodland invertebrate
species and their distribution trends. Despite general increases in
woodland cover, several studies have already highlighted the lack of
deadwood, ancient trees, open areas and structural diversity in British
woodlands. Increases in woodland cover so far have probably not pro-
vided suitable new habitat for many woodland invertebrates. Cur-
rently, the United Kingdom has a target for 17% of woodland cover
by 2050, but planting new woodlands will not instantly produce
diverse structural forms of woodland that invertebrates need, even if
managed appropriately. Careful spatial planning is needed to ensure
that any future woodland creation balances the needs of both wood-
land and open habitat specialists, as well as carbon sequestration
goals. Moreover, existing and new woodlands need to be carefully
managed to ensure they have the habitat and resource heterogeneity
to meet the diverse requirements of different woodland invertebrate
species.
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