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Summary

Native woodlands in Ireland are a scarce and highly fragmented resource, covering only a small
proportion of the national landscape. They range from ancient and long-established woodlands
to more recent plantations and newly established native woodlands created through
afforestation or natural regeneration. Despite their limited extent and history of disturbance,
native woodlands support a disproportionately high share of Ireland’s terrestrial biodiversity
and include several habitat types of European conservation importance.

Woodland biodiversity is shaped by processes operating across multiple spatial and temporal
scales. At the landscape level, woodland size, connectivity and proximity to existing seed
sources strongly influence species colonisation and persistence. At the site level, soil
chemistry, hydrology, canopy structure, grazing pressure and management history determine
woodland composition and structure. Successional development, from open early stages
through canopy closure to mature woodland, drives predictable changes in plant, animal and
fungal communities, with structurally complex, heterogeneous woodlands generally supporting
the highest biodiversity.

Native woodlands provide habitat for a wide range of taxa, including vascular plants,
bryophytes, fungi, invertebrates, birds and mammals. Many woodland species depend on
features such as large old trees, deadwood, a diverse understory and stable microclimatic
conditions, which are typically more abundant in semi-natural and long-established
woodlands. While newly created native woodlands can rapidly provide value for generalist
species, some woodland specialists, particularly those with limited dispersal ability, may take
decades to colonise.

In addition to biodiversity conservation, native woodlands deliver multiple ecosystem services.
These include carbon storage and sequestration, regulation of water flows and water quality,
pollination support, pest regulation, soil protection and cultural benefits such as recreation and
well-being. The magnitude and timing of these services depend on woodland type, site
conditions, past land use and management practices. Although trade-offs can occur between
different ecosystem services, particularly where wood production or carbon targets dominate,
well-designed and well-managed native woodlands can enhance ecological resilience while
delivering a broad suite of long-term societal benefits.

Summary - Bullet Points

o Native woodlands support diverse plant, fungal and animal communities, including
woodland specialists and species of conservation concern that are poorly represented
in plantation forests.

e Features such asvaried canopy structure, deadwood, understory diversity and natural
regeneration processes create a wide range of ecological niches and enhance
ecosystem resilience.
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o Native woodlands store carbon in biomass, soils, litter and deadwood, and can act as
long-term carbon sinks, particularly when established on appropriate sites and
managed with minimal disturbance.

o Woodland soils improve infiltration, reduce erosion, moderate peak flows, enhance
water quality and provide shading that benefits aquatic ecosystems.

o Native woodlands strengthen ecological networks, facilitate species dispersal, support
pollinators and other beneficial organisms, and deliver cultural, recreational and health
benefits alongside environmental services.

Main Text

Irish Native Woodland

Only around 2% of the country is covered by what is termed native or semi-natural woodland,
that is, woodland dominated by native tree species. Native woodland can be subdivided into
groups depending on age (Cross & Collins, 2017):

e Possible ancient woodland - stands that have been continuously wooded since 1660,
even if subsequently disturbed or re-planted;

e Longestablished woodlands - stands that have been continuously wooded since the 1
edition OS maps of 1830/1840s but for which there is no evidence it had been wooded
for longer, or for which there is evidence that the wood is not ancient;

e Recentwoodland -woodland likely to have originated since the 1 edition maps; and

o Newwoodland - comprises broadleaf plantations dominated by native species and
created in the last 20 years or so through the afforestation of open land, typically with
support under various forestry programmes. These include sites afforested under the
Native Woodland Establishment Scheme since its launch in 2001.

In general Ireland’s native woodlands are highly fragmented in the landscape, have nearly all be
subject to past silvicultural management or other human-mediated disturbances, and are
frequently altered by naturalised non-native species such as beech and sycamore, or invasive
non-natives such as rhododendron and laurel (Perrin et al., 2009a). Increased native woodland
planting in recent years means many native woodlands are young in age. While older studies
focused on phytosociological classification and surveys of specific sites (Cross, 1998; Kelly,
1981; Kelly & Kirby, 1982), recent national surveys have helped document the location, extent
and condition of existing native woodlands (O’Neill & Barron, 2013; Perrin & Daly, 2010; Perrin
et al., 2009a, 2009b). Detailed surveys of specific native woodland sites have also continued
e.g. wet oakwoods (Cooper & McCann, 2010) and Burren hazelwoods (Long, 2011). Of 1320
sites surveyed in the National Survey of Native Woodlands (Perrin et al., 2009a, 2009b), the
majority of sites were less than 6ha despite larger woodlands being prioritised for survey. Many
of the fragmented older woodlands comprise Annex | habitat under the Habitats Directive, and
therefore have been designated as part of Special Areas of Conservation (SAC’s) and benefit
from the protections of the directive. Four Annex | woodland habitat types occurin Ireland (*
indicates priority habitat):

e 91A0 Old sessile oak woods with llex and Blechnum in the British Isles 91D0 *
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e Bogwoodland 91EQ *
e Alluvial forests with Alnus glutinosa and Fraxinus excelsior (Alno-padion, Alnion

incanae, Salicion albae) 91J0 *
e Taxus baccata woods of the British Isles (* priority habitat)

Native woodlands in Ireland belong to a number of phytosociological categories, principally
acidophilous oak woods (Blechno-Quercetum petrae) dominated by sessile oak (Quercus
petraea) and ash-elm hazel woodland (Corylo-Fraxinetum) on more fertile soils (Braun-
Blanquet & Tuxen, 1952; White & Doyle, 1982). The classification scheme of Fossitt (2000),
developed based on these previous phytosociological approaches, is commonly used in
habitat surveys to classify woodlands in Ireland. Fossitt (2000) describes seven native
woodland categories and two modified non-native woodland categories. More refined
classifications centred around the Fossitt categories were developed by Kelly (2005) and Cross
(2006), and updated following the National Survey of Native Woodlands (Perrin et al., 2009a,
2009b) with some subsequent additions (Cross & Collins, 2017). The British National
Vegetation Classification (NVC) system for woodland (Rodwell, 1991) has not been widely used
in Ireland.

The Irish Vegetation Classification (IVC) System (Perrin & Fitzpatrick, 2018), has recently been
developed, capturing the data generated from national native woodland surveys for the
woodland classification elements, and comprises the most up-to-date evolution of woodland
classification schemes in Ireland. The IVC scheme also identifies affinities with Fossitt, Annex
I, phytosociological alliance and NVC categories. The IVC scheme identifies 5 broad native
woodland community groups comprising 24 community types. Many communities are further
refined with 2 sub community types. The 5 broad groups are as follows:

o  WL1 Quercus petraea — Luzula sylvatica group

o WL2 Fraxinus excelsior — Hedera helix group

o WL3 Alnus glutinosa - Filipendula ulmaria group
o WL4 Betula pubescens — Molinia caerulea group
o WL5 Picea sitchensis — Larix decidua group

Factors affecting woodland biodiversity

Due to its geographical separation from mainland Europe and historic glaciation events, Ireland
supports fewer forest specialists than UK or mainland Europe. Otherwise at regional levels
geo-climatic gradients tend to best explain species composition (Corney et al., 2006). Ata
landscape level the effects of woodland size and the degree of connectivity or fragmentation
have been identified as essential factors in maintaining and restoring forest ecosystems
(Humphrey et al., 2014; Lawton et al., 2010). Many studies in the UK have focused on the
relative benefits of creating or restoring new woodlands, enhancing biodiversity at site level, or
increasing woodland connectivity at a landscape scale thus reducing fragmentation (Humphrey
etal.,, 2014; Watts et al., 2016). A review by Humphrey et al. (2014) found that species
responses (richness, diversity, occurrence) to habitat fragmentation were strongly influenced
by patch area, patch characteristics (e.g. stand structure, tree size, tree species richness) and
isolation (e.g. distance between habitat patches). The viability of some species may be
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influenced by their dispersal ability between habitat patches, requiring an understanding of
landscape-scale habitat characteristics.

At a local/site/woodland patch level climate, substrate, site history, succession development,
site management and grazing are all important (Corney et al., 2006). A mature woodland is
characterised by vertical layers; the canopy layer comprising the layer of leaves and branches
formed by large trees, the understory or shrub layer comprising the vegetation immediately
below the canopy, the herb layer or field layer comprising herbs, grasses and ferns, and the
ground layer comprising bryophytes, fungi, ivy, leaf litter and deadwood (Cross et al., 2010).

A new woodland goes through a series of successional stages before reaching maturity with the
interplay of structure and light driving most change (Ferris & Humphrey, 1999; Guo, 20083; Kirby
et al., 2005; Paquette & Messier, 2011). There are 4 general stages of stand development; stand
initiation, stem exclusion, understory re-initiation, and old growth. Considering the scenario of
a naturally arising woodland, new seedlings will emerge either by regeneration from seed
sources within the site, or colonisation (vegetative spread, or spread via wind, gravity or animal
means) from outside sources, while in contrast in a planted woodland scenario, the forester
will densely plant saplings. Either way, a dense stand of young saplings may develop. Shrubs
such as gorse Ulex europaeus and bramble Rubus fruticosus agg. may also form dense growths
during these early and intermediate stages (Poole et al., 2003). In a natural situation, thisis
then followed by a stem exclusion phase where no new individuals appear, some of the existing
ones die, and remaining species grow larger, while in a planted woodland thinning and tending
will be carried out. As a natural woodland matures there will be an understory re-initiation
phase as gaps appear in the canopy and natural regeneration of trees and shrubs becomes
possible, while in a planted woodland, unless being managed under Continuous Cover Forestry
(CCF) principles (Spazzi et al., 2019), gaps created by thinning are designed to facilitate growth
of the retained trees. Natural old growth forests are typified by gap disturbance dynamics, with
overstory trees that die in an irregular fashion, promoting understory trees to grow upwards into
the gaps created. CCF principles seek to recreate this process.

Long term monitoring studies of woodland development are essential for monitoring change,
both the changing woodland distribution and composition, and responses to drivers such as
climate change and atmospheric pollution (Kirby et al., 2005). The interactive effects of
environmental drivers or stressors such as climate, light, nutrients and grazing can be complex
(Hester et al., 2019; Kirby et al., 2005) resulting in high variability in findings from long term
studies. Data on species environmental affinities such as Ellenberg indices have been used to
understand how communities should change in response to environmental variables e.g.
(Cooper & McCann, 2010; Kirby et al., 2017; Kirby & Thomas, 2000; Wilkins & Aherne, 2016).
Kirby et al. (2005) detected signs of eutrophication in the ground flora that could be related to
adjacent land use, but found these effects declined with high shade as light was acting as the
limiting factor. High grazing levels are known to result in declines in palatable species, but can
also promote positive changes in ground flora by facilitating dispersal of plant species and
controlling competitive dominants, with variation at site-level depending on disturbance
regimes (Corney et al., 2006; Kirby et al., 2005). The boundary type (e.g. rivers, hedges, roads)
was also a significant factor accounting for site level variation in the Kirby et al. (2005) study,
with boundaries acting as physical barrier to grazing and potential dispersal pathway for forest
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herb species, but also potentially facilitating increased disturbance and providing dispersal

pathways. Within sites, soil pH, slope and presence of wet areas or large glades have been
found to account for a large fraction of variation (Corney et al., 2006).

Site specific soil chemistry has also been found to account for much of the variation in species
composition (Ferris et al., 2000; Wilkins & Aherne, 2016) between forest sites. Key soil
variables influencing plant community composition and diversity are pH, Calcium and available
Nitrogen (Ferris et al., 2000). Climate and atmospheric deposition can influence soil chemistry
via acidification and eutrophication with impacts on woodland flora, with Wilkins and Aherne
(2016) finding that atmospheric nitrogen deposition, even within recommended critical loads,
canresultin the loss of sensitive species in Atlantic oak woodlands via mechanisms associated
with soil eutrophication

The effects of grazing or browsing in semi-natural woodlands in Ireland have been well studied.
Grazing pressure by deer and other species in woodlands has been found to reduce the field
layer and decrease the survival of tree saplings, ultimately changing the structure and
composition of the forest both in terms of both plant and animal life (Beguin et al., 2016; Cote et
al., 2004; Fletcher et al., 2021; Fuller et al., 2014; Kelly, 2002; Perrin et al., 2006; Perrin et al.,
2009b; Perrin et al., 2011; Smith, 2003; Stewart, 2001). While initially exclusion promotes a
more diverse and rich flora (Long, 2011; Newman et al., 2014; Perrin et al., 2006; Perrin et al.,
2011), complete exclusion over longer periods can also cause a decline in ground flora diversity
due to competitive plant species outcompeting woodland specialists (Newman et al., 2014;
Perrin et al., 2011), and as a natural part of woodland ecosystems, carefully managed grazing
populations could be a useful tool in woodland management (Hester, 2000; Kirby et al., 1994,
Mitchell & Kirby, 1990; Stewart, 2001). Changing tree regeneration patterns as a result of grazer
exclusion and their influence on canopy structure can be an issue for conservation
management (Cooper & McCann, 2010; Perrin et al., 2011), particularly where this involves the
establishment of non-native species (Cooper & McCann, 2010; Smith, 2003).

Floral changes are driven primarily by changes in light availability (Kirby et al., 2017). Ancient
woodlands differ greatly from younger forests in regard to their floristic composition (Ferris &
Humphrey, 1999; Hermy et al., 1999; Schmidt et al., 2014; Verheyen et al., 2003) with plants
generally shade tolerate in contrast with the flora of more recent woodland which includes
species with higher light demand.

Typically in an afforestation scenario the vegetation is initially dominated by vigorous grasses
primarily attributed to changes in grazing following exclusion fencing, ground preparation,
drainage and nutrient management, or the effects previous land use, while fauna shifts from
open-habitat specialists to generalists (Buscardo et al., 2008; French et al., 2008; Oxbrough et
al., 2006b; Harrington, 2025). The greatest ecological changes in plantation woodlands occur
when the canopy closes resulting in reduced cover, abundance and diversity of ground flora
(Burton et al., 2018; French et al., 2008; Harrington, 2025). Poorly dispersing species may take a
very long time to colonise slowly developing ecosystems such as forests in fragmented
landscapes (De Frenne et al., 2010; Fuentes-Montemayor et al., 2015). Most colonising shade
species arrive due to an effective dispersal mechanism, proximity of seed sources, or capacity
to thrive in marginal habitats such as hedges or both (Broughton et al., 2021; Garcia et al., 2016;
Smith, 2003; Tiebel et al., 2020). Once the woodland reaches thicket phase, with intense



| Trinity

5= | Busi H R
| Busiriges RWE
shade, plus competition from ivy an scrub vegetation, ground flora colonisation is inhibited

(Harmer et al., 2001). ldeally therefore woodlands need to be large enough to accommodate
open space to mitigate these inhibiting effects of the thicket stage.

In mature conifer woodlands, with the exception of some bryophytes and ferns, vegetation
cover only remains in rides, by tracks and above the highest planted trees, with the vegetation
that does survive typically shade tolerant species associated with the pre-existing habitat
(Bunce et al., 2014). In native woodland plantations in Ireland, woodland indicator plant
species can establish at canopy closure stage, and may establish more readily where sites
were formerly afforested and/or in extensive landscapes (Harrington, 2025).

Planted native woodlands may be suitable for growing timber and other wood products on an
ongoing long-term basis using CCF based on shelterwood, selection/thinning and coppicing
systems that are consistent with natural woodland processes. There is growing interestin
irregular silviculture, also known as Close-to-Nature Forest Management, which promotes the
use of complementary species and natural regeneration, mimicking natural succession, to
develop anirregular forest structure with greater ecological resilience (Spazzi et al., 2019).

Afforestation and Natural colonisation/regeneration

Natural regeneration of forestry is also known as secondary succession, old-field succession,
forest regrowth, spontaneous restoration, passive rewilding or passive restoration (Broughton
etal., 2021; Chazdon et al., 2020), and refers to the regeneration of woodland on a formerly-
wooded site. The term Assisted Natural Regeneration (ANR) has been described to explain the
method of accelerating rather than replacing natural successional processes by removing or
reducing barriers to natural forest regeneration such as soil degradation, competition with
weedy species and recurring disturbances (fire, felling) (Ciccarese et al., 2012). Allowing trees
to regenerate naturally, particularly in areas where there are seed sources nearby and less
intensive past land uses (Chazdon et al., 2020), can increase forest cover and result in more
favorable ecological outcomes (Brancalion et al., 2020; Crouzeilles et al., 2020; Jones et al.,
2018). Because regenerating/colonising species are adapted to local conditions naturally
regenerating forests are typically more resilient to drought, disease, windstorms, or heavy
rainfall than single-species tree plantations (Chazdon et al., 2020).

At a landscape level, the effects of woodland size and the degree of connectivity or
fragmentation have been identified as essential factors in maintaining and restoring forest
ecosystems (Humphrey et al., 2015; Lawton, 2010). Natural colonisation of trees tends to be
most successful where sites are located near existing seed sources (Bauld et al., 2023; Morris &
Davies, 2025), and woodlands created adjacent to existing woodland have been shown to grow
faster, taller and have higher structural diversity than isolated sites (Hughes et al., 2023). Tree-
planting and natural colonisation need not be mutually exclusive approaches to woodland
establishment (Bauld et al., 2023), with colonisation of trees and shrubs from the surrounding
landscape increasing as native woodlands age (Harrington, 2025). Once trees are planted
however, other forest communities of animals, fungi and microbes that are critical to a healthy
functioning ecosystem, may not colonise spontaneously (Bullock et al., 2011; Garcia et al.,
2016).
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Research has highlighted the importance of the presence of woodland species in or adjacent to
the site to accelerate the development of a woodland ecosystem. Quine and Watts (2009)
consider that woodland development is facilitated by targeting new native woodland adjacent
to ancient woodland which increases core habitat area and functional connectivity. De Frenne
et al. (2010) found that recovery of short-lived forest herbs increased with the forest habitat
availability in the landscape. Small perennial forest herbs, however, were generally
unsuccessfulin colonizing post-agricultural forest, even in relatively densely forested
landscape. In a ‘passive rewilding’ study Broughton et al. (2021)) examined woodland
development on two farmland fields abandoned 24 and 59 years ago respectively, both
adjacent to ancient woodland. Closed-canopy woodland re-established close to existing
woodland although species composition differed.

Restoration on former or modified woodland sites yields more positive results in terms of the
composition of the target habitat. Restoration of oak woods in the UK on 1940’s Norway-
Spruce oak mixtures with conifers removed, had a similar species composition to undisturbed
oak stands after ca. 64 years, with (Kirby et al., 2017) attributing this to the ancient woodland
seedbank. Inlreland, regenerating oak woodland (Poole et al., 2003) developed a similar
species composition to that of the pre-felled oak woodland sites, and (Smith, 2003)
demonstrated that cleared conifer plantations established flora characteristic of adjacent open
upland habitat, influenced by the seed bank together with vegetative spread of pre-felled
vegetation in the immediate years after felling, with the successful establishment of planted
and naturally regenerated native trees.

Harrington (2025) found that native woodland plantations were colonised by trees
characteristic of local hedgerows, highlighting the value the hedgerow network may have in
supporting natural colonization alongside afforestation.

In contrast to native woodland afforestation, native woodland created via natural regeneration
in the British uplands typically develops a lower and more open canopy (Bunce et al., 2014).
Where natural regeneration is facilitated adjacent to existing woodland Bunce et al. (2014)
highlights that this characteristic may reduce any potential perceived negative effects on
landscape character by softening the edges of more dense woodland, as well as benefiting
biodiversity by increasing edge habitats. Similarly, Fletcher et al. (2021) discusses how scrub-
type montane woodland, consisting of open woodland and scattered trees rather than a closed
canopy, could be enabled to regenerate in upland areas of Scotland to the natural tree line.
They note that such habitats support unique wildlife, enhance slope stability, retain water
runoff thus limited downstream flooding and potentially reduce windthrow in adjacent forest
plantations. With grazing pressure, a lack of seed sources and competition from grasses
(Bunce et al., 2014), the potential for natural regeneration to achieve woodland expansion on
timescales suitable to contribute to near-term climate targets is not currently understood
(Fletcher et al., 2021).

Woodland Biodiversity & Indicators

The ecological condition of a forest is the overall product of forest structure, composition and
functional processes (Evans et al., 2019), with changes in these attributes or processes likely to
affect the ecosystem services provided. With the vast quantity of potential variables in
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woodland ecosystems, including structural, compositional, environmental, edaphic,
management, functional etc, measurement of all is not practical. The use of indicators or
surrogate measures as proxies for different variables is favoured (Evans et al., 2017; Gao et al.,
2015; Noss, 1999) potentially providing a short-cut in survey or monitoring programmes (Ferris
& Humphrey, 1999). Typically, species-based or habitat-based surrogates are used, with their
efficacy depending on their ability to describe the ecological needs of the target taxa or variable
(Lindenmayer et al., 2014). Surrogates can be used as proxies for different ecosystem
components such as ecological processes and functions, environmental conditions, and the
abundance or diversity of particular groups of species (Lindenmayer et al., 2014). The selected
surrogates are then examined for correlative or causal relationships with patch, site or
landscape level variables.

Species-based surrogates are individual species or sets of species, which are used as proxies
of diversity within a taxon, or of wholesale diversity within an area or over time (Lindenmayer et
al., 2014). Lindenmayer et al. (2000) highlighted various issues with species or guilds as
indicators including lack of taxonomic work on invertebrates, differing responses to
disturbance which are rarely synchronous across taxa, differing spatial scales, and sensitivity
of indicators. Where studies have looked at multiple taxa in forests e.g. (Jokela et al., 2018;
Smith et al., 2007), cross-taxon congruence has been low, suggesting that any single taxonomic
group performed poorly as an indicator of overall biodiversity. Considering indicators for
monitoring trends in forest conditions, Noss (1999) identifies that species which make good
targets for use as indicators are those that can be used to define different attributes that must
be presentin alandscape if itis to retain its biota e.g. area-limited species, resource-limited
species, process-limited species, keystone species or narrow endemic species.

Habitat-based surrogates are habitat attributes, measured at a site or landscape scale, that are
used as proxies for the presence, abundance or diversity of particular elements or groups of the
biota (Lindenmayer et al., 2014). Lindenmayer et al. (2014) consider that if habitat
requirements of a given species are unknown, or if there are very close links between two or
more taxa e.g. symbiotic relationship, then a species-based surrogate is likely to be superior.
Conversely, habitat-based surrogates are likely to be superior when habitat requirements of a
species are well known and there is a readily measured limited resource that is part of those
requirements e.g. old trees, deadwood, host plants for insects.

Indicators of forest and woodland condition have been developed for sustainable forest
management (FE, 2020), biodiversity monitoring (Gao et al., 2015) and Natura 2000 Sites
(Cantarello & Newton, 2008; Perrin et al., 2009b), but they tend to vary depending on the
purpose, and inconsistent results have been achieved when attempting to find core indicators
that work over wide geographic ranges (Cantarello & Newton, 2008; Gao et al., 2015). Not all
studies of biodiversity indicators clearly identify the relationship between the indicator and their
indicatum (i.e. the indicated aspect of biodiversity), and where correlations have been
identified these have typically only been tested in one or few forest types (Gao et al., 2015). The
exception to this are deadwood indicators which are the only indicator directly related to
biodiversity specified in the pan-European Streamlining European Biodiversity Indicators
system (EEA, 2012) though the tendency for many studies to extrapolate the relationship
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beyond saproxylic beetle and fungal species diversity is likely to be misleading (Gao et al.,
2015).

Structural indicators of habitats, such as heterogeneity and complexity, capture the complex of
niches that enhance the diversity of associated plant, animal and microbial communities and
play a key role the description of biodiversity in forests, with the advantage that they are easily
discernible and can be undertaken rapidly and so are a valuable approach for biodiversity
monitoring (Ferris & Humphrey, 1999; Jokela et al., 2018; Lindenmayer et al., 2014). Most
woodland studies conducted at a site level measure structural attributes of the different
woodland layers such as canopy cover, tree diameter, tree/vegetation height, no. stems,
cover/depth of ground and litter layers, and soil characteristics.

The abundance of dead and dying wood is a key structural indicator for biodiversity in forest
ecosystems, particularly when a range of deadwood is present (Ferris & Humphrey, 1999;
Jokela et al., 2018). Its presence in different forms also indicates the likelihood of particular
functions being met e.g. nutrient cycling. Sweeney et al. (2010) found few large logs but a high
density of small snags (standing deadwood) while characterising the deadwood of Irish forests.
Large living trees are a prerequisite for large logs and snags and these are scare in Irish forests
(Sweeney et al., 2010). They highlight the potential benefit of large deadwood logs for
saproxylic fungi due to the variety of microhabitats and slow decomposition rates, suggesting a
management target should include increased large logs and large diameter snags which also
have value for woodpecker.

Elements of the forest biota contribute in different ways to the functioning of the ecosystem via
provision of habitat and foraging resources, decomposition, nutrient cycling, and alteration of
soil, atmospheric and hydrological dynamics. In order to determine what they key biotic
indicators may be in the context of woodland development and expansion, the evidence for
each group is considered below.

Woodland Habitat & Vascular Plants

The vegetation communities of different mature native woodland communities and their
indicator species have been well described, and could be seen as the ultimate restoration
target from a botanical biodiversity perspective. As highlighted earlier however, new native
woodlands may be established in various ways and subject to varying management measures
and pressures. Coupled with the changes in woodland succession that occur with establishing
woodland, high variability in woodland habitat and floral communities can be expected.

In Ireland, semi-natural woodlands have been found to be more species-rich in terms of ground
flora than plantation woodlands. For example, comparing conifer plantations to native oak ash
woodlands, revealed a greater species richness of forest associated vascular plants in the
native woodlands (Irwin et al., 2014), and streamside broadleaved woodlands were found to be
more biodiverse than streamside conifer plantations (Coroi et al., 2004). Nonetheless the
successional changes that occur in conifer plantations, and the various influencing factors,
may still be relevant to native woodland expansion.

Canopy structure is a key determinant of ground flora richness and diversity at the site scale
and is therefore possibly of overriding importance as a structural indicator, though with varying
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effects depending on the type of woodland in question. The evidence base in Ireland and the
UK is mainly derived from studies of forestry plantations, generally finding vascular plants in
particular are reduced at low light levels associated with canopy closure (Coote et al., 2013;
French et al., 2008; Smith et al., 2007). Stands with a more open canopy, whether due to age or
management, support a greater abundance and diversity of understory vegetation (Fahy &
Gormally, 1998). In conifer plantations in the UK, Ferris et al. (2000) found increasing the
variability in canopy structure (both in terms of vertical stratification and horizontal patchiness)
may enhance species richness and diversity in ground flora communities at the stand scale, for
both lowland and upland forests.

The influence of canopy structure is equally significant in broadleaved woodlands but depends
on the specific woodland characteristics. Evans et al. (2017) considered indicators of dieback
in beech Fagus sylvatica forest characterised by loss of the tree canopy. They identified ground
flora richness, grass cover, beech tree density, seedling and ground flora species richness, and
Rubus spp groundcover amongst the significant indicators. In contrast, primeval beech forest
in central Europe, which typically are characterised by small gaps, do not exhibit a strong
influence of development stage on species richness of composition of ground flora (Kaufmann
etal., 2018).

Past-land use is also a key factor in determining vegetation structure and composition. In
young plantation forests, soil nutrient levels following agricultural use, in conjunction with the
open nature of the canopy, promote vigorous competitive grasses which may hamper the
recruitment of forest species (Smith et al., 2007). Ground flora in pre-thicket plantations is
therefore typically indicative of the former habitat e.g. grassland or heath (French et al., 2008).
Afforestation of wet grassland and peatlands results in a loss of biodiversity associated with
drainage and reduction of open space, with the loss of rare and specialised species associated
with these habitats (O’Callaghan et al., 2016; Oxbrough et al., 2006b; Wilson et al., 2006).
Where plantations or semi-natural woodlands were located in proximity to old woodland, or on
old woodland sites, forest-associated vascular plant diversity increased (Coote et al., 2013;
French et al., 2008; Kirby et al., 2017; Poole et al., 2003; Smith, 2003; Verheyen et al., 2003).

Focusing on particular known woodland indicator species could help identify when a young
establishing woodland community is shifting to a recognisable woodland habitat. In terms of
flora, general woodland habitat compositional indicators are well known (Perrin et al., 2009b)
and a list of ancient woodland indicators has been drafted for Ireland (Perrin & Daly, 2010). The
ancient woodland indicators in Ireland differ from those in the UK, as may forest specialist
species found there do not occur in Ireland, and some that do are of uncertain native status
(Perrin & Daly, 2010). Ancient forest plant species have poor colonisation abilities for new
forest sites, likely due to limited dispersal ability, low diaspore production and low competitive
ability, particularly in higher nutrient conditions (Hermy et al., 1999). Such indicators exist as a
consequence of habitat fragmentation and the resulting ecological isolation (Ferris &
Humphrey, 1999). Negative indictors include invasive and non-native species such as
Rhododendron ponticum, cherry laurel Prunus laurocerasus and sycamore Acer
pseudoplatanus, in addition to species associated with disturbance and pollution.
Competitive species such as Urtica dioica and Rubus fruticosus agg. have expanded in many
forest in western Europe due to disturbance or pollution, and these species outcompete many



| Trinity

s | Business S Fghde Ko,
| School

forest interior species (Hermy et al., 1999). Considering establishing woodlands, the presence
of such species needs to be considered in context, for example Rubus sp. may also have a
positive role in protecting tree seedlings and aiding natural regeneration (Harmer et al., 2010).

Certain plants can also function as keystone species in supporting dependant taxa. Oak s
considered a keystone species in many temperate woodlands (Mitchell et al., 2019). Mitchell
et al. (2019) reviewing literature, identified 2300 species as occurring on oak trees of which 326
were obligate associates, and then explored the implications of the decline in oak on British
woodlands as a result of various diseases and pests, as well as climate change, finding no
individual alternative species supported the high proportion of oak associated species but that
increasing diversity of native tree species within woodland can enhance resilience.

Lower Plants and Fungi

Mosses, liverworts, lichens and fungi serve an important functional and structure role in forest
ecosystems, occurring as epiphytes on trees, or growing on the soil, litter or deadwood.
Epiphyte vegetation has been found to be much more sensitive to forest development
processes than ground flora (Kaufmann et al., 2018), responding not only to light but also to
tree age, tree size and deadwood.

Bryophyte communities contribute significantly to aboveground biomass, effect Cand N
storage, enhance soil organic matter content and water retention, insulate soils, capture
nutrients from the air and provide habitat for a diverse community of microorganisms and
invertebrates (Brosnan & Ellis, 2020; Lindo & Gonzalez, 2010; Turetsky, 2003; Turetsky et al.,
2012; Turetsky et al., 2010).

Studies of Irish conifer plantations (Coote et al., 2013; Coote et al., 2007) have found conifers
generally rich in epiphytic bryophytes, with bryophyte species richness higher in relatively high
canopy cover plantations on poorly drained soils. This was considered due to the lower light
intensities in the shade of conifers and the ability of bryophytes to survive at relatively low light
levels compared to many vascular plants, coupled with their preference for high humidity
conditions away from the competition of vascular plants. Bryophyte richness is typically low at
very high canopy cover however as light levels fall below the threshold of shade adapted plants
(French et al., 2008; Smith et al., 2007). Coote et al. (2007) found no difference between edge
and interior trees in terms of epiphyte diversity in sitka spruce plantation woodland, though
there was a difference in terms epiphyte cover which was enhanced by increased light levels
and live branches in edge trees. Another Irish study comparing conifer plantations to native oak
ash woodlands, revealed a greater species richness of forest associated bryophytes in the
native woodlands (Irwin et al., 2014).

A positive relationship has been identified between deadwood volume and bryophyte species
diversity in boreal (Ferris et al., 2000) and temperate (Coote et al., 2013) forests, highlighting its
importance as a substrate for lower plant development. Older large-diameter trees and
deadwood have been identified as being important to bryophytes and lichens in other studies
(Humphrey et al., 2002; Jokela et al., 2018; Kaufmann et al., 2018; Odor & van Hees, 2013;
Smith et al., 2007). Humphrey et al. (2002) also found lichen species-richness was higher on
decorticate snags (especially in semi-natural Scots pine stands in the Scottish Highlands) and
early successional stands were often the richest for lichens with stumps being important for
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Calicium and Cladonia species. For lichens in particular, indices of continuity have been

described, and there is strong evidence that the species composition of epiphytic lichens
changes with the age and quality of woodland (Gao et al., 2015; Humphrey et al., 2002).

Brosnan and Ellis (2020) trialed epiphyte indicator species (lichens, mosses and liverworts) in a
variety of native woodlands in Scotland, concluding that species richness and diversity were
significantly explained by ecological stability of woodland stands, heterogeneity of the light
environment, and nitrogen pollution. Aligning with these findings, lichens were found to be
robust indicators for beech woodland dieback in the UK (Evans et al., 2017). Furthermore,
(Scarpitta et al., 2017) examined woodland bryophyte communities responses to nitrogen
deposition, revealing they were much greater than the vascular plant community, and
highlighting the importance of considering this group when looking at plant communities and
environmental change.

Fungi in forest ecosystems provide an essential service in decomposition of deadwood and
release or transport of carbon to soils or atmosphere (Gomez-Brandon et al., 2020; Pan et al.,
2011; Seibold et al., 2021). Ectomycorrhizal and saprotrophic fungi pursue functionally
different lifestyles with respect to their carbon acquisition strategies, the former forming
symbioses with host trees via their roots, and the latter degrading organic matter (Muller et al.,
2020). Fungican also be broadly classified as 'resource-unit- restricted' or 'non-resource-unit-
restricted' the former being confined within the organic resource that they are utilizing releasing
spores to colonise new resources, the latter also extending from a resource as mycelium.
These mycelial cords (longitudinally arranged hyphae) form extensive long-live system which
interconnect nutrient resources, and can reallocate biomass and mineral nutrients when new
resources are encountered (Boddy, 1999). Plants can be associated with arbuscular
mycorrhizal (AM), ectomycorrhizal (ECM) or ericoid mycorrhizal (ERM) fungi in soils depending
on vegetation type, soil conditions and nutrient availability (Averill et al., 2014; Hazard &
Johnson, 2018; Smith, 2008; Wurzburger et al., 2017). ECM fungi are the principal type found in
temperate forests, with many showing a degree of tree-host specificity (Boddy, 1999; Ludley et
al., 2008). Saprotrophic fungi, and their interactions with their grazers, are key regulators of
decomposition and nutrient cycling in woodland ecosystems (Crowther et al., 2012).

There is an abundance of research considering the role of mycorrhizal fungi in nutrient cycling,
the consequences for carbon storage, and the changes in these processes and mycorrhizal
communities as a result of forest succession and disturbance (Averill et al., 2014; Clemmensen
et al., 2013; Clemmensen et al., 2015; Cornelissen et al., 2001; Crowther et al., 2019; Evans et
al., 2017; Friggens et al., 2020; Humphrey et al., 2000; Terrer et al., 2016; Wardle et al., 2004;
Zak et al., 2019), yet knowledge gaps remain. Vegetation productivity and litter turnover have
been identified as key determinants of nutrient cycling and soil carbon storage (Zak et al.,
2019). Generally speaking plants of more fertile environments are characterised by AM fungi,
with ERM/ECM species characterising less productive environments with reduced litter
decomposition rates and increased storage of carbon in the soil (Averill et al., 2014;
Cornelissen et al., 2001; Crowther et al., 2019; Lilleskov et al., 2002). It has been noted
however that the tendency for studies to focus on surface and litter layers may be missing some
of the complexity in the lower soil horizons (Clemmensen et al., 2013; Craig et al., 2018) and
interactions with saprotrophic fungi may also add complexity (Kyaschenko et al., 2017).
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Macrofungal assemblages of different woodland types can be clearly separated on the basis of
climate, tree and vegetation diversity (Humphrey et al., 2000; O’Hanlon & Harrington, 2012). In
Ireland, O’Hanlon and Harrington (2012) identified distinct macrofungal communities in oak,
ash, scots pine and sitka spruce forests, with species richness in non-native forests similar to
native forests.

Within the soil, as well as fungi, the community includes bacteria, archaea, animals and
protists which determine the rate and biochemical pathway of organic matter processing with
consequences for carbon stocks and fluxes, soil fertility and plant growth(Crowther et al.,
2019). Fungi-dominated systems are generally associated with slow decomposition rates,
supporting the growth of slow-growing plants such as trees (Crowther et al., 2014). Grasslands
on the other hand are generally dominated by bacteria which drive rapid nutrient cycling that
promotes the existence of fast growing nutrient rich plant species (Crowther et al., 2014). After
changes in vegetation type through land conversion, invasive species or disturbance events,
soil communities can retain the functional characteristics of former ecosystems which can
persist for several years if not longer.

Mammals

Aside from deer, which have been discussed above in the context of browsing pressure, most
studies of woodland mammals relevant to the Irish fauna consider distribution, population
dynamics and diet of species such as squirrel, pine marten, bats, and small mammals
including recent invasive species e.g.(Lundy et al., 2011; Montgomery et al., 2014; Sheehy &
Lawton, 2014; Twining et al., 2019). For high mobility species, landscape-level attributes are
important, particularly in more homogeneous and intensively farmed landscape (Fuentes-
Montemayor et al., 2017; Humphrey et al., 2014; Lundy et al., 2011). The ecological
requirements for most of these species are well known, and their presence in, or use of, a
woodland site, indicates their supporting habitats and species are also present.

In the UK studies looking at changes in woodland over time, Fuentes-Montemayor et al. (2020)
found that at the local scale high structural heterogeneity, large amounts of deadwood, and a
relatively open understory positively influenced small mammal woodland species, with
livestock grazing having negative effects. Their research demonstrated that the abundance of
both a woodland specialist (Myodes glareolus) and woodland generalist (Apodemus sylvaticus)
did not increase with forest age across all woodlands indicating woodlands are colonised
quickly by these species with even young woodlands having value, however the woodland
generalist was more abundant in woodlands with larger amounts of woody debris and higher
structural heterogeneity (i.e., older woodlands), indicating that woodlands become more
suitable for Apodemus sylvaticus as they mature and develop an old-growth habitat structure.
In a study of wood mice and bank vole in farm woods. Fitzgibbon (1997) identify similarly
identified the influence of habitat heterogeneity, and established that woods well connected
with hedges supported higher densities of both species, pointing to the importance of farm
woodlands as refuges in the landscape. An abundance of early succession bramble habitat
was important for hazel dormouse population abundance (Goodwin et al., 2018), a species of
conservation interested in the UK which is currently establishing in Ireland. In contrast it may
take a long time before newly created woodlands reach successional stages with a habitat
structure likely to provide suitable resources for bats (Fuentes-Montemayor et al., 2017).
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Birds

The evidence for the value of woodlands for birds generally points to the benefits of larger and
native woodland for supporting resilient populations and forests specialists. A strong species-
area relationships exists for birds in British woodlands (Fuller et al., 2001; Hinsley et al., 1995;
Vanhinsbergh et al., 2002). For example Fuller et al. (2001) found almost twice as many species
recorded on woodland plots than in farm woods in England, with the average area of farm
woods typically 1/10™ that of woodland plots surveyed. In small woodlands in arable
landscape in England breeding of woodland species is related to woodland area amongst other
features of the woodland itself (Hinsley et al., 1995).

Community assemblages shift through the successional stages, with generalist species
colonising early developing woodlands, followed by woodland specialists in more mature
woodlands (Baguette et al., 1994; Whytock et al., 2018). Examining bird communities in
woodlands in the UK ranging in age from 10-160 years old (median 50 years) Whytock et al.
(2018) established that older woodlands with mature trees had the highest total bird
abundance and richness. Most studies indicate bird species richness responds to the
presence or absence of structural diversity either at the edges of forests or as part of an
understory, or with the age of the woodland (Burton et al., 2018). Comparing conifer
plantations to native oak ash woodlands revealed a greater species richness of forest
associated birds in the native woodlands, which they consider was due to lower structural
diversity of the plantations and differences in diet preferences (Irwin et al., 2014).

In agricultural landscapes, farmland, hedgerow and woodland show considerable overlap in
species composition, though there are a subset of species with a clear preference for woodland
(Fuller et al., 2001). Many hedgerow species nestin open woodland in early stages of growth,
declining as succession continues (Fuller et al., 2001). Hedgerow species are also typical of
very small woodlands (Fuller et al., 2001; Hinsley et al., 1995). Vanhinsbergh et al. (2002) found
sites connected to hedgerows with trees had more species than sites connected to treeless
hedgerows. Variables describing the landscape surrounding the woods were important for
both woodland species and those typical of open country, e,g. species which use woodland
edge as nesting sites but forage in open landscape were more strongly influenced by woodland
perimeter, other species were influenced by the amount of woodland in the surrounding
landscape (Hinsley et al., 1995).

Ireland lacks the same diversity of forest specialists found elsewhere in Europe (Wilson et al.,
2006) and many woodland specialists such as tawny owl, marsh tit, nuthatch (Fuller et al.,
2001) do not occur here. Woodland specialist indicators in Ireland include coal tit, goldcrests,
spotted flycatcher, treecreeper, chiffchaff and blackcap (Fuller et al., 2001) great-spotted
woodpeckers (Ferris & Humphrey, 1999; Fuller et al., 2001) and jays (Hougner et al., 2006).
Woodpeckers have a particular value as indicators because they are reliant upon the presence
of deadwood, large old broadleaved trees in which to excavate nest holes, and on a supply of
invertebrate food (Ferris & Humphrey, 1999) and have been expanding their range in Ireland in
recent years (Coombes & Wilson, 2015).

Considering new woodland, most evidence again relates to plantation forests. Pre-
afforestation land use has been shown to influence bird communities, with species in younger
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woodland stages being typical of open, unforested habitats, and woodland generalists
colonising in older stages (Wilson et al., 2006). Ram et al. (2020) reached similar conclusions
finding that may farmland birds (and butterflies) use clearfell areas for up to 10 years after
felling, with particular benefit at past meadow sites. Where afforestation occurs on peatland
and upland grasslands, habitat specialists associated with these habitats that are sensitive to
afforestation are ultimately lost (Wilson et al., 2012). Graham et al. (2015) describes how the
density of bird species of conservation concern increased in response to the afforestation of
intensively managed grassland, but decreased in response to afforestation of peatlands and
less-intensively managed grasslands. Researchers recommend that afforestation should focus
on sites of low biodiversity value, and that conservation efforts should seek to restore the
former meadow/peatland habitats in extensive and peatland areas (Graham et al., 2015; Ram
et al., 2020).

A review by (Burton et al., 2018) found that there is strong evidence that edge effects generated
by conifer plantations negatively affect a number of open ground bird specialists, particularly in
upland contexts, and that raven, golden eagle and red kite have all been found to avoid forestry
plantations.

Other studies indicate that availability of young woodland is particularly important for several
bird species. The Burton et al. (2018) review cites studies which show black grouse in Scotland
has been positively associated with new native pinewoods. A national comparison of Tree pipit
(Anthus trivialis) and Lesser redpoll (Acanthis cabaret) abundance with changing coniferous
woodland cover over time shows that abundance declines correlate with a decrease in the
availability of young woodland, however a causal relationship could not be established with
population trends (Burgess et al., 2015).

Invertebrates

Invertebrates are considered useful as indicators due to their ecological and functional
importance, forming the basis of many food webs and ecological interactions, and undertaking
crucialroles in pollination, seed dispersal, soil aeration, decomposition and nutrient cycling
processes (Taylor & Doran, 2001).

Species with limited dispersal abilities are likely to be more specialised in their habitat
requirements and may be priorities for conservation action due to vulnerability to habitat loss
and fragmentation (Bailey, 2007; Brouwers & Newton, 2009). Different groups of woodland
species may require different degrees of habitat connectivity based on their relative dispersal
ability and associated degree of habitat specialisation (Bailey, 2007). Ehrlich (1996) highlights
that without more knowledge of invertebrate population range, the frequency of occurrence
and structure of metapopulations, it is very difficult to judge the adequacy of small forest
reserves for invertebrate conservation. This is particularly true for some groups that are
taxonomically relatively unknown.

Invertebrate studies have largely focused on ground-dwelling arthropods and/or plantation
woodlands. Ground beetles (Carabidae, Coleoptera) have been well-studied, particularly in
coniferous woodland (Butterfield et al., 1995; Coll et al., 1995). As a group they are considered
sensitive indicators of temperature and moisture gradients, and different habitat types support
distinct, identifiable communities, which have been well described and are readily sampled in
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pitfall traps (Butterfield et al., 1995; Poole et al., 2003). As potential indicators they integrate a
substantial amount of ecological information relating to other parts of the biological
communities to which they belong (Ferris & Humphrey, 1999).

The carabid community assemblage is known to change following the establishment of conifer
plantations, with open ground species becoming less common, and generalist and forest
species more common, however studies comparing overall diversity to pre-existing or reference
habitats vary in their findings (Burton et al., 2018). In an Irish context a few recent general
studies have considered the differences between native species sites and plantation conifer
species sites, generally finding the native sites to be more species-rich. Plantations which
included native species, or are comprised solely of ash, supported a greater arthropod
diversity than non-native conifer stands (Oxbrough et al., 2016). While in a study comparing the
canopy fauna of spruce plantations to native woodland, Pedley et al. (2014) found canopies of
conifer plantations supported approximately half the number of beetle species, and half the
number of Diptera and Hemiptera families as native forests, identifying canopy-dwelling beetle
indicator species for native woodland in Ireland from several feeding guilds. Irwin et al. (2014)
demonstrated that species richness of canopy dwelling beetles was higher in oak and ash
woodlands than in Sitka spruce plantations, while ground beetle assemblages were similar,
which they suggested was due to a lack of forest specialist species. Fahy and Gormally (1998)
compared an Atlantic oak woodland to a clearfell and plantation site in same region, finding
highest plant species richness and a distinct carabid beetle species community in the oak
woodland relative to the other sites, though clearfell areas were more species-rich than conifer
plantations, with the authors highlighting the benefits of including open areas within forestry
plantations. In contrast, Day et al. (1993) reported that no site-specific carabids were found in
an oak woodland when the woodland was compared with an adjacent conifer plantation,
though they suggest the diverse fauna in the latter may have been influenced by former upland
habitats.

Maintaining features of structural diversity such as wet areas, edge habitats and clearfell areas
would appear to support a diverse carabid population (Butterfield et al., 1995; Jokela et al.,
2018; Spake et al., 2016), though other studies found no effect of reduced canopy cover (Evans
etal., 2017). Carabid beetle communities of regenerating forests have been studied by Poole et
al. (2003) and Ings and Hartley (1999) with the studies indicating that community composition
was strongly influenced by vegetation composition and structure. While Poole et al. (2003)
found lower species richness and diversity at the regenerating site compared to the mature
site, Ings and Hartley (1999) found the open habitats had greatest species richness compared
to woodland.

A recent study of carabid functional diversity finds that, as increasing canopy cover generally
drives down functional diversity, management which emulates natural disturbance regimes
through gap creation and close-to-nature forestry will be beneficial to carabids (Spake et al.,
2016), however no relationship between vegetation diversity (either taxonomic of functional)
and carabid functional diversity was found, suggesting management that promotes a
functionally diverse understory shrub layer will not necessarily enhance carabid functional
diversity in coniferous plantations. The authors discuss that while using functional metrics
should in theory work better as surrogates than taxonomic metrics, as they reflect species
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interactions with the environment, cross-taxon congruence is not necessarily improved,

particularly in situations where environmental variables such as canopy cover have a high
importance in determining biodiversity.

Few studies consider a broad range of invertebrate taxonomic groups, or examine trends over
time, but a recent exception is the research by Seibold et al. (2019) which analysed data from
ca. arthropod 2700 species over a 9 year period in German forests and grasslands, finding
diversity decreased at a landscape scale over time. The authors found that in forests, increases
in heterogeneity in local habitats moderate declines which is consistent with other studies.

A number of studies have focused on the spider (Arachnida, Araneae) community. As they
respond to changes in structural heterogeneity of their habitat, they are useful indicators for
habitat disturbance such as grazing which has a negative effect on spider abundance and
species richness through the loss of understory vegetation (Fuller et al., 2014). The structure of
the lower vegetation layers (in terms of percentage cover) and the forest stand (degree of
canopy openness) are major factors affecting spider assemblages (Oxbrough et al., 2006a;
Smith et al., 2007). As for the pattern in birds and beetles, the transition from open habitats to
forest with increasing stand age, and the associated changes in ground vegetation and canopy
cover, influence spider assemblages (Coote et al., 2013). Fuller et al. (2014) found the spider
assemblages of oak and yew woods in Killarney to be largely composed of common species
associated with broad-leaved and conifer woodland in Ireland. Lower species richness found
in yew woods relative to oak woods was attributed to the lower understorey cover and species
richness, similar to plantation forests in Ireland (Oxbrough et al., 2005).

Ants (Hymenoptera), a taxon known to have an important role in ecosystem functioning
(Folgarait, 1998), have been found to favour broadleaf woodlands with open canopies due to
their response to warmer environments (Greve et al., 2018; Niechoj, 2011). Hairy wood ants, a
localised species in Ireland, are considered to be a keystone species and a priority for
conservation (Breen, 2014).

Butterfly (Lepidoptera) populations can be tied to very precise habitat conditions such as larval
food plant requirements or shading conditions, and hence may be used as indicators of habitat
change or loss (Ferris & Humphrey, 1999). While certain specialist butterflies (e.g. speckled
wood, purple hairstreak) are adapted to woodland food plants, again open areas and woodland
rides are likely to provide refugia for butterflies of both woodlands and open habitats (Sparks et
al., 1996) with the loss of such areas considered a concern for butterfly conservation (van
Swaay et al., 2006).

While there are around 35 species of butterfly in Ireland, there are approximately 1500 species
of moth (Lepidoptera) (NBDC, 2021"), many of which are associated with woodland (Broome et
al., 2011). Nocturnal moths, particularly due to their diversity and abundance, are important
pollinators (Rader et al., 2016; Walton et al., 2020), have a vital role in the food chain of many
species such as birds and bats, and are a sensitive indictor of environmental quality (Fuentes-
Montemayor et al., 2012). As for patterns with other insect groups, Broome et al. (2011) found
that moth assemblages in coppiced woodland changed over time with canopy cover from open

! https://pollinators.ie/magical-moths/
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habitat species to woodland specialists whose larval food consisted of material such as lichen
and decaying leaves.

Woodland composition, size and shape is important in determining moth abundance and
richness. A study by Merckx et al. (2012) revealed high abundance and species richness of
macromoths in late successional, structurally diverse, deciduous woodland. A study in the UK
found larger woodland patches located close to other woodlands, and those with a large
number of tree species, support a higher species richness and abundance of moths (Fuentes-
Montemayor et al., 2012). Woodlands with compact shapes (less edge exposed) supported
more woodland specialists which were associated with the core habitat area. Their study also
showed that the presence of grazing stock in a woodland patch has strong negative effects on
moth abundance and diversity.

Woodland creation scheme sites were predicted to have lower moth abundance and species
richness than older semi-natural woodlands, however the magnitude of difference depended
on the habitat specificity and dispersal abilities of different moth groups, suggesting that the
woodland creation sites are better at providing suitable resources for generalist species and for
species less limited by dispersal (Fuentes-Montemayor et al., 2015).

Caterpillars of certain moths such as the winter moth and mottled umber can cause significant
defoliation of oak seedlings (Humphrey & Swaine, 1997) and are clear negative indicators,
though there is little evidence of this being a significant factor in Irish Woodlands (Kelly, 2002).

Small forest fragments in agricultural landscapes have a positive effect on bee (Hymenoptera)
species richness (Proesmans et al. 2019a), providing foraging and nesting habitat, with edge
habitats of particular importance. The authors considered bare soil, Rubus-cover and sloped
forest edges as proxies for nesting site quality. The effects of herb layer cover on bee species
richness and activity-abundance were much stronger in spring than in summer, while bee
species richness was also strongly positively correlated with forest age in spring (Proesmans et
al. 2019a). Early successional stages of woodland have also been shown to benefit abundance
and species richness of solitary and cleptoparasitic bees (Taki et al., 2013).

Hoverflies (Diptera) may have value as potential indicators of diversity in other arthropod
groups since they have varying habitat requirements and functional roles (Ferris & Humphrey,
1999). They have been found to be associated with open spaces in plantation forests,
particularly unplanted glades, with broadleaved woody vegetation and wet habitat features
important (Gittings et al., 2006). As part of studies on Wren Project woodlands Fuller et al.
(2018) found that local scale variables relating to habitat quality (structural heterogeneity of
trees and understorey cover) had the strongest influence on hoverfly species abundance and
richness, with no effect of landscape-scale variables. Proesmans et al. (2019b) did not find the
hoverfly community to respond to forest fragments in the landscape to the same degree as the
bee community, with the exception of older forest sites which supported forest specialist
species.

In young native woodland plantations Harrington (2025) highlighted the potential biases
introduced depending on the sampling methods and metrics chosen, and whether community
composition, richness or abundance was being examined. Compositional data revealed more
than simpler metrics, showing bee community appeared to respond more to site level factors,
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and the hoverfly community to the wider landscape, which can potentially be explained by their
life history strategies.

Young native woodland plantations, with flowering trees and shrubs planted at the edges
combined with expanding peripheral hedgerows, may provide important foraging resources,
particularly in the spring (Harrington, 2025). As woodlands age, they begin to offer a broader
suite of resources beyond floral provisions. These include flowering wind-pollinated and insect-
pollinated trees (Allen & Davies, 2023; Bertrand et al., 2019; Persson et al., 2018; Urban-Mead
etal., 2021), as well as overwintering sites, deadwood, and other non-floral resources (Requier
& Leonhardt, 2020). Bare ground in grassland systems has been found to benefit ground-
nesting bees (Lichtenberg et al., 2025). Together, these features may support a more
functionally diverse pollinator community, offering habitat niches for species with varied life-
history traits. Forests have been shown to provide favourable nesting conditions for
bumblebees (Mola et al., 2021), with nest searching bumblebee queens frequently observed in
woodland interiors and along edges (Kells & Goulson, 2003; Svensson et al., 2000).

Saproxylic insects, those dependent on deadwood, typically have low dispersal ability and
together with their sensitivity to forest management (i.e. removal of deadwood) are therefore at
particular risk from human induced disturbance and habitat fragmentation (Grove, 2002). This
functional group includes representatives from all major insect orders (especially beetles and
flies), and accounts for a large proportion of the insect fauna in any natural forest (Grove, 2002).
While decomposition is brought about primarily by the activity of fungi and other
microorganisms it is often mediated by saproxylic invertebrates (Grove, 2002).

Saproxylic beetles have been found to be associated with late successional stage forests
(Stenbacka et al., 2010) with abundance, species richness and species composition varying
strongly with the amount and quality of deadwood (Gao et al., 2015; Jokela et al., 2018). In a
landscape level experiment within oak woodlands containing veteran trees, Mestre et al. (2018)
found a negative impact of habitat isolation on deadwood decomposition through changes in
community weighted mean bodymass of saproxylic primary consumers. lIsolation also
decreased saproxylic species diversity.

Species living on old broadleaved trees and deadwood such as epiphytic lichens, and
saproxylic species living on deadwood, may demonstrate metapopulation dynamics (Mestre et
al., 2018; Snall et al., 2003). Suitable host trees and deadwood constitute distinct habitat
patches, requiring the species to colonise new suitable hosts at the same average rate as the
old hosts become unsuitable, otherwise the local population will go extinct (Huuskonen et al.,
2021).

Deadwood restoration has had a positive effect on saproxylic beetle species richness (Doerfler
et al., 2020), with increased habitat heterogeneity of deadwood associated with larger logs
important (Bouget et al., 2014; Brin et al., 2011). While associations may be expected between
dead wood variables and species richness in fungi and saproxylic beetles, Jokela et al. (2018)
also found an association with deadwood and non-saproxylic beetles, ascribing this to soil
disturbance that could occur with deadwood creation which favour may favour these species.

In contrast to beetles, saproxylic Diptera have been poorly studied. One study in Scotland
(Rotheray et al., 2001) identified important microhabitats to include decaying sap under bark
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and decaying sapwood , and important tree species including birch, scots pine, ash and aspen,

with oak less important. In plantation forests in Ireland saproxylic hoverflies were positively
associated with volume of deadwood (Smith et al., 2007).

Examining decomposition process at a global scale, Seibold et al. (2021) modelled the
contribution of insects to global deadwood decomposition, using uncaged and closed-cage
deadwood treatments in a variety of climatic locations, finding rates were highest in the tropics
and were influenced by temperature and precipitation and the presence of termites, and
discussing the role of fungi supressing decomposition in colder wetter regions.

Studies of other invertebrate groups and woodland change appear to be rare. In an Irish context
Long (2011) found higher abundances and richness of snails in hazel woodlands and scrub
relative to grasslands in the Burren. Woodland restoration has been found to affect soil
invertebrates, with evidence for greater earthworm diversity following native woodland
restoration on agricultural soils (Ashwood et al., 2019) and on moorland (Butt & Lowe, 2004).

Woodland Ecosystem Services

Forests contribute a range of important ecosystem services including habitat for biodiversity,
timber and forest products, carbon storage and sequestration, local climate regulation, erosion
protection, catchment protection, and amenity and recreation (Bullock et al., 2016; Felipe-
Lucia et al., 2018; Thomas et al., 2015). Traditionally forests have been managed for timber
production favouring a low diversity of high-yielding and often non-native species. This kind of
management while providing the provisioning service of timber and timber products, alters
forest structures which can affect a range of ecosystem services such as maintenance of soil
functions, carbon storage and cultural services directly and indirectly (Bullock et al., 2016). The
ecosystem services provided by new native woodland, whether managed for conservation or for
sustainable timber production, have been the subject of limited research.

Provisioning Services

There are annually produced accounts of the wood and wood-product provisioning services of
commercial forests in Ireland (DAFM, 2021). These mainly comprise roundwood for timber
production, though as the estate largely comprises softwoods these are low grade products.
Fuelwood or biomass is another key outlet for harvested wood products. Thereis also a
proportion that goes to the paper industry. Recent figures (DAFM, 2021) state that the total
roundwood harvest in 2018 (including firewood) was 3.69 million m?, the highest level since
records began, with 3.24million m® comprising softwood available for processing. The
contribution of any native woodland harvesting is not separately specified, and may not yet be
realised due to the age of the woodlands.

Other provisioning services include forest foods (berries, nuts, herbs and edible fungi), seed,
bark, resins, dyes, craft material, foliage, and game (deer, woodcock). Generally these are
relatively minor industries in Ireland (Bullock et al., 2016), though Ni Dhubhain et al. (2012)
estimate values for foliage and game industries in 2010 as €2.5million and €1.8million
respectively. Collier et al. (2004) point to climate and labour costs as issues for establishing
nut, berry and fungi industries of a scale that could compete with other countries.
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The primary objective of the native woodland establishment and conservation schemes is
biodiversity and conservation, and wood and non-wood production is only considered where
compatible with this objective (Cross & Collins, 2017). Timber and other wood products may be
realised at commencement through the removal of non-native trees, otherwise wood
production can be progressed at suitable sites through Continuous Cover Forestry (CCF)
systems of selection, shelterwood or coppicing. The scheme requires retention of
approximately 5-10% as minimal intervention areas where trees are allowed to complete their
entire life cycle.

Most studies linking provisioning ecosystem services to biodiversity relate to studies of
commercially management forests. There is strong evidence for the effects of tree species
diversity and functional diversity on ecosystem productivity (Gamfeldt et al., 2013) as a result of
complementarity or selection effects (Loreau & Hector, 2001; Zhang et al., 2012). In a regional
scale study of the relationships between tree species richness and multiple ecosystem
services provided by boreal and temperate production forests, Gamfeldt et al. (2013) identified
positive relationships with tree biomass, berry production and game production potential. The
diversity-productivity relationship is explained by the niche complementarity hypothesis, that is
certain combinations of species are complementary in their patterns of resource use through
niche partitioning and, influenced by environmental conditions, can increase average rates of
productivity and nutrient retention (Hooper et al., 2005). This effect may be more importantin
less productive environments (Paquette & Messier, 2011). In contrast, the selection effect
(Loreau & Hector, 2001), leads to competitive exclusions favouring a few dominant highly
productive species in more productive conditions (Guo, 2003; Paquette & Messier, 2011). A
meta-analyses of field experiments and forest plantation trials by Zhang et al. (2012) found that
forest productivity increased with evenness (relative abundance), species richness and trait
variation and plateaued at high species richness. They attributed the positive effects of tree
diversity on productivity to niche complementarity, and consider that a ‘ceiling’ of productivity
gain may occur at a high level of species diversity due to functional redundancy and therefore,
richness (alone) as a reliable predictor of ecosystem functioning may be limited in naturally
productive communities.

Carbon sequestration and storage

Forests hold a stock (store or pool) of carbon in their soils, litter (organic debris) and biomass of
their organisms (Ciccarese et al., 2012; Pan et al., 2011). They also continue to absorb or
sequester CO, from the atmosphere acting as a sink through growth of new biomass, or serve
as a source of CO2 when total respiration or oxidation of plants, soil and organic matter exceed
net primary productivity. The carbon stocks and fluxes in forests have been the subject of
significant global research as photosynthetic carbon capture by trees is considered to be the
most effective strategy to limit the rise of CO2 across the globe. While estimating this potential
for forestry to mitigate climate change is the subject of much debate (Bastin et al., 2019;
Veldman Joseph et al., 2019), ambitious targets are being set at national and international
levels for increased afforestation, and for the conservation and restoration of existing forests.

Although much of the focus has been on above-ground plant biomass and positive effects for
carbon sequestration, both above and below ground organisms plan an important role in
carbon flux (Wardle et al., 2004). The world’s soils store more carbon than is presentin plants
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and in the atmosphere combined (Fontaine et al., 2007; Friggens et al., 2020; Jobbagy &
Jackson, 2000). Pan et al. (2011) estimated that deadwood, litter, soil, and harvested wood
products together accounted for 35% of the global sink (net inflow of carbon) and 60% of the
global forest carbon stock (absolute quantity of carbon held). A large proportion of this is
stored in high latitude regions, associated with tundra and ericaceous heathland vegetation
rather than forests (Friggens et al., 2020). The stocks and fluxes of carbon in soil are influenced
by climate, soil characteristics (incl. texture and fertility), past land use practices, forest
management, and biotic factors including tree and associated mycoorhizal species (Barcena et
al., 2014; Craig et al., 2018; Guo & Gifford, 2002; Jobbagy & Jackson, 2000; Laganirere et al.,
2010; Wardle et al., 2004). These factors control nutrient cycling and rates of decomposition of
soil litter and deadwood (Foster & Bhatti, 2017; Seibold et al., 2021), which are key supporting
ecosystem services in the context of carbon sequestration and storage. Fertile soil conditions
are likely to support rapid, leaky, nutrient cycles and low net accumulation of soil carbon
relative to plant biomass, whereas infertile conditions should support slow nutrient cycles in
which nutrients are conserved and soil carbon sequestration promoted (Vicca et al., 2012;
Wardle et al., 2004), and as noted earlier mycorrhizal fungi are an important factor in the
process.

The consequences of land use change and afforestation for soil carbon stocks and fluxes has
been the subject of substantial research globally. Veldman et al. (2015) highlights however that
the contribution of soil carbon to total carbon stocks is substantial in most terrestrial
ecosystems not just woodland, and increased tree cover on grasslands, savannas and
shrublands may not deliver carbon gain. Land use change such as afforestation causes
disturbance to the ecosystem, affects below-ground microbial communities, and influences
carbon fluxes and stocks, resulting in the emission of, or providing a sink for, carbon (Barcena
et al., 2014; Friggens et al., 2020).

Studies indicate that there is a net soil carbon gain following afforestation of croplands, former
plantation forests, or other soil carbon-depleted systems, with losses generally observed
following afforestation of more soil carbon-rich systems such as grasslands or boreal habitats
(Ashwood et al., 2019; Barcena et al., 2014; Chazdon et al., 2020; Ciccarese et al., 2012;
Laganirere et al., 2010; Veldman et al., 2015). There is typically a transition phase observed
with an initial loss of soil carbon followed by recovery, which can be minimized by reducing pre-
planting disturbances (Laganirere et al., 2010). Afforestation on agricultural land can take
more than 30 years before significant increases in soil carbon are detected (Barcena et al.,
2014; Laganirere et al., 2010) though ultimately changes can be substantial (Fletcher et al.,
2021). In addition to the past land use, the type of woodland being planted is important. Guo
and Gifford (2002) found that broadleaf tree plantations placed onto prior native forest or
pastures did not affect soil carbon stocks, whereas pine plantations reduced soil carbon
stocks. In contrast, an Irish study Wellock et al. (2011) did not detect a significant change of
soil carbon of afforested sites relative to paired sites, though caveated their conclusions noting
the high variability in other factors, including soil type and stand age, between their selected
sites. Carbon cycling depends strongly on the productivity of plant species and the
decomposition rates of the litter they produce (Cornelissen et al., 2001; Xiong et al., 2020).
Studies have found a larger significant effect of deciduous afforestation on soil carbon in the
uppermost soil layer compared with coniferous forestry (Barcena et al., 2014; Laganirere et al.,
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2010; Melvin et al., 2015), and while forest litter/floor carbon sequestration was higher in
conifer forests, these effects change over time as the forest develops (Vesterdal et al., 2008).
Vesterdal et al. (2013) reviewed evidence for tree species effects on soil carbon stocks finding
effects were clearest for forest floor carbon stocks and less so for mineral soil carbon stocks.
Carbon distribution between forest floor and mineral soil differs among tree species suggesting
some species may be better engineers for sequestration of carbon in stable form in the mineral
soil but it unclear whether the key mechanism is root litter input or macrofauna activity.

Planting on deeper peat has been found to deliver less carbon benefit than the existing peatland
habitat, resulting in loss of carbon, and the consensus has moved towards rewetting of
peatlands wherever possible as a move to rehabilitate or restore (Renou-Wilson et al., 2010;
Vanguelova et al., 2018). In addition to loss of soil carbon during drainage, establishment and
harvesting phases (Hargreaves et al., 2003 ; Vanguelova et al., 2018 ; Friggens et al., 2020),
recent studies indicate that maturing plantation forests on drained blanket peatland soils
continue to be net sources of carbon (Jovani-Sancho et al., 2021). In some situations however,
where rewetting is not considered viable, planting and/or natural regeneration of birch may
provide biodiversity benefits (Renou-Wilson et al., 2010). Native woodland afforestation on
shallow peat soil may deliver a carbon benefit but slower growth means this may take time to
be realised (Matthews et al., 2020). In a Scottish study looking at restoring native woodland,
Warner et al. (2021) identified that the loss of soil carbon may occur even with low-density
native afforestation establishing using low-disturbance planting methods, identifying that
ongoing monitoring is needed to get a clearer understanding of the soil carbon response
following native woodland afforestation.

Soil carbon in general may be underestimated as global studies have often focused on just the
top 1Tm or less (Jobbagy & Jackson, 2000; Pan et al., 2011; Warner et al., 2021). A large pool of
carbon is stored below the first meter with turnover slowing with depth, and introducing deeply
rooted vegetation into shallow-rooted systems might help store carbon deep in soil acting as a
potential long term carbon sink e.g. afforestation of areas dedicated to annual crops or pasture.
In contrast, Fontaine et al. (2007) investigated the stability of carbon in deep soil layers, with
results suggesting that the supply of fresh plant-derived carbon to the subsoil stimulated the
microbial mineralisation of old carbon stores, noting that any change in land use and
agricultural practices that increase the distribution of fresh carbon along the soil profile could
stimulate the loss of ancient buried carbon.

A few studies have proposed methods for calculating the change in soil carbon under naturally
regenerating woodlands (Fletcher et al., 2021; Warner et al., 2021). Calculations based on two
long-term experiments found a significant increase in soil carbon resulting from natural
woodland regeneration on arable lands (Powlson et al., 1998), while Sozanska-Stanton et al.
(2016) estimated high sequestration rates for natural afforestation of acid grasslands. As
natural regeneration does not involve the same level of soil disturbance as planting, it has the
potential to become a net carbon sink much sooner than planted trees, and could therefore be
an important tool for climate change mitigation (Fletcher et al., 2021). Expansion of native
woodland has been predicted to be more effective than plantation forestry as the latter is
subject to more regular and complete disturbance (e.g. clearfelling) releasing stored CO; into
the atmosphere (Lewis et al., 2019). A “Potential for Native Woodland” model was used to
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estimate the carbon sequestration potential of Scottish native woodland from natural
regeneration (Fletcher et al., 2021). They found that if native woodlands expanded to the
potential estimated by the model that they would cover an additional 50% of Scotland’s land
area, but that even allowing native woodlands to expand to an additional 10% of their potential
area would represent a doubling of native woodlands in Scotland. This study suggested that
expansion of native woodland through allowing natural regeneration, with less disturbance than
planting native woodland, across the Scottish uplands could meet 35-45% of the ‘woodland
creation’ carbon removal targets indicated for achieving net zero emissions in the UK.

While new secondary forests have been shown to have rapid rates of carbon sequestration
(Poorter et al., 2016; Vila-Cabrera et al., 2017), there is significant debate about whether old
forests may continue to act as significant carbon sinks (Gundersen et al., 2021; Luyssaert et al.,
2008; Luyssaert et al., 2021) with uncertainties around some of the analytical approaches taken
and biometric data used. Some researchers conclude that long-term carbon sequestration is
promoted by growth of long-lived, slow-growing tree species with dense wood and slow
turnover of woody tissues. These species increase in abundance and biomass throughout the
course of natural forest regeneration and when old growth forests reach high above-ground
biomass and lose individuals owing to competition or small-scale disturbances, there is
generally new recruitment or an abundant second canopy layer waiting in the shade of the
upper canopy to take over and maintain productivity (Chazdon, 2008; Luyssaert et al., 2008).
Other studies indicate that while old growth forests may continue to accumulate carbon,
productivity declines more rapidly than restoration with age (Tang et al, 2014) and carbon sink
saturation may ultimately occur in the absence of management and conservation strategies
(Chazdon, 2008; Nabuurs et al., 2017).

DAFM (2021) estimated the national forest estates in Ireland amounts to 311.7 million tonnes of
carbonin 2017, with 79.1% in forest soils, 17.9% in tree biomass, and the remaining 3% in
deadwood and litter. Net sequestration from Irelands forests was 4.9MT CO,eq in 2019,
inclusive of hard wood product (HWP) removals and emissions from fires and deforestation,
with general trends influenced by the national harvest, extent of deforestation or afforestation,
and changes in age class structure. About half of carbon in harvested timber is stored in HWP’s
but these carbon stores are eventually released back into the atmosphere (DAFM, 2021). Uses
of wood products for bioenergy, or as substitutes for energy intensive materials such as
concrete, also ultimately reduce the relative fossil fuel emissions (DAFM, 2021).

Recent studies and models have found that afforestation, considering the whole value chain
from forest to wood products and energy, delivers significant climate mitigation gains (Forster
etal., 2021; Nabuurs et al., 2017). Forster et al. (2021) modelled GHG mitigation across the life
cycle of wood use, under the categories of; production, use, cascading use and end-of-life.
Their model revealed that 1ha of newly planted commercial sitka spruce forestry could achieve
a much greater GHG mitigation than delivered by newly planted broadleaf conservation forests,
or than by leaving a conifer forest unharvested. While harvesting reduces terrestrial carbon
storage this is offset in their model by carbon storage within harvested wood products, fossil
fuel substitution, bioenergy carbon capture and storage, and concrete substitution. The
ultimate GHG mitigation provided by the conifer plantation is primarily explained by the faster
tree growth rates in commercial plantations and multiple plantation cycles. While they state
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their results counter the conclusions of other recent studies questioning the climate
credentials of commercial forestry e.g. (Lewis et al., 2019), the Lewis et al. (2019) analysis
focuses on the GHG mitigation potential of tropical plantations, which have differing

management/harvesting scenarios and after-use considerations, and are unlikely to be directly
comparable.

There are concerns regarding the implications of climate change for the future potential of
forests to continue to act as carbon sinks (Bastin et al., 2019; Hof et al., 2017). Hof etal. (2017)
modelled the effect of planting tree species more suited to a predicted future climate in
Canada to test a potential climate adaptation strategy to increase forest resilience, finding the
capacity of the forest landscape to sequestered carbon would largely depend on precipitation
rates rather than temperature, but that negative effects may be counteracted to some extent by
increasing resilience through tree species diversity in forests.

The nature of the lands afforested under the native woodland scheme, and the low disturbance
planting and management methods used, suggest these sites could provide a significant
ecosystem service in terms of carbon sequestration and storage, though the timescale for
realising benefits may be uncertain. A number of tools and literature values exist for calculating
carbon sequestration, flux and storage in woodlands. These include the Teagasc Carbon Tool?
(though only includes oak and birch native woodland forest types), a number of commercial
offerings (Treemetrics, CarbonSpace), and Natural England’s up-to-date review of research
values for different habitats (Gregg et al., 2021). The review of studies above points to the
importance of understanding the ecological dynamics of decomposition and nutrient cycling in
the litter and soil layers, as well as carbon sequestration of understory vegetation, and any
tools which focus solely on tree biomass are likely to substantially underestimate carbon
stocks.

Water-related services

A complex range of interacting factors influence the potential for forests to reduce flooding
downstream. A comprehensive review was undertaken by Nisbet et al. (2006) which clearly
summarised they key mechanisms. They note that trees can directly use more water relative to
other land uses due to interception in canopies, with conifers tending to have greater water use
as they intercept water throughout the year, particularly in winter when conditions are typically
wettest. Furthermore they conclude woodlands can also affect flood flows through soils, which
have a more open structure, acting as sponges and holding back and delaying the passage of
rainwater to streams and rivers. They highlight new woodland planting has the greatest benefit
where it is replacing or buffering agricultural land uses. Woodlands can also delay the
progression of flood flows through the hydraulic roughness created by woody debris dams and
the physical presence of trees in the channels, which reduces flood velocity and increases
local water storage in the floodplain. They note however that while reducing the severity of
downstream flood events, these approaches typically raise concerns regarding upstream
flooding and wash out of large woody debris. They discuss how the benefits of woodland
planting depend on design and management approaches, with closed canopies offering the
greatest benefit, possibly favouring single age plantations. Where floodplain woodlands are

2 http://interactive.teagasc.ie/Open/ForestryCarbon/SppForm
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created, they point to the importance of straddling the width of the floodplain. Finally, they

explain that clear-felling, ground cultivation, forest roads and drainage all speed up water loss
from woodland sites.

Evidence for the effect of woodland on flows mainly derives from studies of conifer plantations.
In an analysis of observational data of US plantation scenarios, Jackson et al. (2008) found
plantations decreased stream flow, with 13% of streams drying out completely for one year. A
recent study by Xiao et al. (2021) compared paired similar catchments in Ireland and the UK,
one of which had coniferous trees removed using minimally disturbing methods. They found
while dry-weather baseflows increased in the woodland removal catchments, only the smallest
and most frequent peak storm flows increased. The authors highlight that while this indicates
afforestation may reduce these flows, there is no evidence from this study for any moderating
effect of forests on large floods. Nisbet et al. (2006) suggest that the focus of research on
conifer plantations, with the benefits potentially offset by forestry management practices, may
be affecting the research findings. They consider that semi-natural forests which are unaffected
by these activities may off greater scope for flood reduction, albeit with lower water use. This
theory is supported by a recent study in the UK (Monger et al., 2022) which compared
catchments with mature semi-natural woodland to agricultural catchments, finding the
wooded catchments resulted in reduced peak flows and took longer to response to storm
events. Monger (2025) simulated peak streamflow under 1in 10 year and 1 in 50 year storm
events for a native woodland plantation in a small catchment, finding reductions of over 5% in
both cases. They estimated the 100-year flood regulation service of the proposed woodland to
be worth £2.02 * 0.54 million, equivalent to £12,300 = 3300 per hectare of woodland,
comparable to the financial value of carbon sequestration of the woodland.

Considering water resources, Nisbet et al. (2011) suggest that while conifer forests in particular
may reduce water yields, native broadleaved woodland is likely to have a relatively minor
impact on water yield and low flows, although there is a need to strengthen the evidence base
in the UK. The effects of afforestation of various types of woodland on groundwater recharge
(i.e. quantity of water percolating down to the water table) could be positive or negative, with
site specific factors such as including land cover, rainfall, infiltration, evapotranspiration and
spatial distribution of the water table being important (Allen & Chapman, 2001).

Increased canopy shading prevents lethal water temperatures during hot weather, restricts
weed growth and has an important role in providing a cool water refuge for protecting fish and
other aquatic life from summer warming, though excessive shading can have negative effects
(Broadmeadow et al., 2011). Trees also benefit fish by providing a food source through the
direct input of terrestrial invertebrates that fall from the canopy and indirectly through leaf litter,
which supports macroinvertebrate communities (Broadmeadow & Nisbet, 2004).

The effects of forests on water quality are variable. Woodland can reduce soil erosion and
sediment delivery to watercourses by sheltering land from wind, reducing water run off due to
water use by vegetation, protecting soil from becoming compacted and improving soil strength
and stability (Broadmeadow & Nisbet, 2004; Nisbet et al., 2011). Disservices could include
diffuse pollution due to forestry management operations such as inappropriate site selection
and species mix/density, fertiliser and pesticide application, and harvesting/felling operations
(Nisbet et al., 2011). Forestry is known to be a contributing factor in the acidification of surface
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waters and groundwaters in acid sensitive regions due to the enhanced ability of trees to
scavenge acidic sulphur and nitrogen pollutants from the atmosphere, being higher for conifer
trees than broadleaves (Allen & Chapman, 2001; Nisbet et al., 2011). Breakthrough nitrate due
to nitrate saturation may also be an issue as forests age (Nisbet et al., 2011). In contrast,
riparian and floodplain woodland have been proposed as potential nutrient soaks adjacent to
surface waters, and various studies demonstrate the nitrate reduction potential of woodland
buffers (Addy et al., 1999; Nisbet et al., 2011; Schultz et al., 1995). Riparian buffers also protect
against pesticide via shelterbelts reducing spray drift (Reichenberger et al., 2007) and
interception of run-off (Lowrance et al., 1997).

Pollination

Pollination is an essential ecosystem services, undertaken by bee and non-bee pollinators, and
is largely undervalued in Ireland (Stout et al., 2019). Landscape composition is a key factor in
determining the abundance and richness of wild pollinators with higher abundances and
diversity typically associated with low-intensity landscapes (Kennedy et al., 2013; Larkin &
Stanley, 2021; Ricketts et al., 2008; Taki et al., 2011), however most studies have focused on
pollination services within the agricultural matrix rather than within forests (Proesmans et al.,
2019b). Agroforestry, orinclusion of forest patches at a landscape scale, can support diverse
flower visiting insect communities on nearby arable land, with positive effects on crop yields
(Kremen et al., 2004). For example, in California, Kremen et al. (2004) calculated that
approximately 40% cover of upland habitat (oak woodland and chaparral) within 2.4 kilometres
of a crop was required if the landholders wanted to obtain their entire pollination service from
native bees. The authors note that in this case it is possible to distinguish between the service
provider (the assemblage of native bee pollinators) and its supporting system (the amount of
upland habitat required to conserve bee populations that provide a given level of service).

Preserving forest areas close to coffee plantations has been found to increase coffee
production, likely by increasing local pollinator populations (Olschewski et al., 2006; Priess et
al., 2007). The amount of forest surrounding cranberry mashes was related to pollinating
bumblebee density in the US (Pfeiffer et al., 2019), and proximity to woodland was found to
drive pollinator visitation to apple orchards (Joshi et al., 2016)). The same effect has not be
found in honeybees (Gaines-Day & Gratton, 2016), and while Delaney et al. (2020)
demonstrated that diversity of woody species within shea tree parklands was associated with
the provision of pollination services, there was no relationship with landscape composition.
Breland et al. (2018), in an investigation as to how restoration (via thinning) and land use history
affect bee communities and pollination function, found that while the pollinator community
showed a response to restoration with increased abundance and richness, there was little
effect of past land use, and no difference in pollination.

Broadleaved woodland is one of the top habitats for nectar production per unit area in the UK
(Baude et al., 2016) and has been found to support high abundances of key pollinator groups,
potentially linked to the presence of bramble, ivy and flowering trees as sources of pollen and
nectar (Alison et al., 2022; Allen & Davies, 2023; Baude et al., 2016; Jones et al., 2021).
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Other Regulatory Services

A range of other regulatory and supporting services are derived from well managed biodiverse
woodlands, with the maintenance of these services increasingly important for ecosystem
resilience (Bennett et al., 2009).

Disturbance regulation services, in addition to the water-control services highlight above,
include regulation of pests, wind and fire. Research, reviews and meta-analyses have
suggested that diverse forests are more resistant and resilient to pests and diseases (Haas et
al., 2011; Hof et al., 2017; Guyot et al., 2016; Huuskonen et al., 2021; Jactel et al., 2021; Roberts
etal., 2020). For example, Roberts et al. (2020) reviewed the effects of a wide range of
commercial forest management options on the primary and secondary infection rates of forest
pathogens and subsequent forest recovery, finding reduced connectivity, stump removal and
increase tree species diversity most increased forest resilience to pathogens. In their review
Brockerhoff et al. (2017) find evidence that natural forests, with mixed structure and species,
are more resilient to major wind events, however with regard to resistance and resilience to
fire, species-specific traits are important and further research is needed.

In the context of air quality, woodland can be efficient at capturing and removing pollutants
from the atmosphere. The benefits of urban woodlands and trees have received particular
attention (Pearce et al., 2021; Thomas et al., 2015). The potential existing for spatially targeted
woodland to be used as a mitigation measures for pollutant removal in agricultural settings has
also been explored (Nisbet et al., 2011).

Cultural Services

Commonly recognised cultural ecosystem service categories include: cultural diversity and
identity, spiritual and religious values; knowledge systems, including education; inspiration;
aesthetic values; cultural heritage values; and recreation and ecotourism (Costanza et al.,
1998; MEA, 2005). The relative importance of these factors is influenced by a societies value-
belief systems, and the extent to which they have access to surplus wealth and leisure (MEA,
2005). Recreation and tourism are by far the most commonly mapped cultural ecosystem
services in forest-related assessments, largely because of the ease with which economic-
based values can be measured, although estimates can vary widely (Brockerhoff et al., 2017).

Studies find forests provide physical and mental health benefits through providing
opportunities for recreation (Ward Thompson et al., 2005). Physical health benefits from
recreation can improve life chances and reduce the burden on public health budgets, yet are
difficult for woodland managers to quantify. In one study however, Moseley et al. (2018)
calculated the energy expenditure of visitors to woodlands, converting the values to Quality
Adjusted Life Years and economically assessing at an individual and woodland level.

In the context of rising timber demand in Ireland, Duesberg and Ni Dhubhain (2019) investigated
the most intensive forest management options that would be acceptable to forest stakeholders
(NGO’s) with an interest in environmental and recreational forest ecosystem services, finding
that conflict would likely arise with any intensification as the current practices are considered
largely unacceptable. Other studies considered community level social responses to
afforestation, finding negative associations and little social acceptance of conifer plantationsin
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some regions, and positive associations with amenity and recreation in other regions with a

longer history of forest establishment (Carroll et al., 2011; Ni Dhubhain et al., 2009). The
relative perceptions of native woodland have not been explored.

Few studies have attempted to link forest biodiversity or ecological value to cultural ecosystem
services, and in those that have, the question has been considered at quite a high level. A
review by Lovell et al. (2014) failed to identify a specific role for a biodiverse natural
environmental in promoting better health, concluding that there is a need to focus on the
specific ecosystem services and processes through which biodiversity may generate good
health and well-being. Irvine and Herrett (2018) examined the relationship between the
ecological quality of forests and the cultural ecosystem services they deliver for human health
and well-bring in a UK and Irish context, finding cultural services were mainly derived from
social meaning/woodland experiences, with no apparent difference between biodiverse woods
and plantation forests. As part of a review of the linkages between biodiversity attributes
across multiple biomes and ecosystem services, Harrison et al. (2014) considered recreational
(species based) and landscape aesthetics as cultural ecosystem services finding species
abundance to be positively related to species-based recreation, and community/habitat
structure positively related to landscape aesthetics. In an example of how more direct links
can be explored, Hougner et al. (2006) described the seed dispersal service provided by
Eurasian jays (Garrulus glandarius) in oak forest in the National Urban Park of Stockholm,
Sweden, and estimated the replacement cost of the service this species provides. Oak forest
makes a substantial contribution to the cultural, recreational and biodiversity value of the park,
and the foraging and dispersal behaviour of jays facilitates acorn germination to an extent much
greater than other animals species.

Trades-offs between Ecosystem Services

The provisioning services providing humans with food, timber and fibre often come at the cost
of the loss of other ecosystem services such as flood control, genetic resources or pollination
(Bennett et al., 2009; MEA, 2005). Ecosystem ‘disservices’ associated with tree planting may
therefore occur, for example industrial monocultures or plantation forests may result in trade-
offs between timber production and biodiversity (Brancalion et al., 2020; Lewis et al., 2019), or
in arid environments tree planting may increase the risk of fires (Bowman et al., 2019), or can
destroy native non-forest ecosystems such as biodiverse grasslands, savannas and open-
canopy woodlands (Veldman et al., 2015). In light of their study of the trade-offs between berry
production, wood production and biodiversity in Scandinavian forest, Granath et al. (2018)
considers this issue for forest management suggesting ecosystem services should be managed
at a landscape level rather than site level to optimise for multifunctionality.

Most studies of trade-offs have looked at commercial forestry as a provisioning or regulatory
(carbon) service, and considered different management or expansion options. Fuller and
McKenzie (2013) considered the trade-offs and synergies between woodfuel production and
biodiversity, highlighting that less intensive woodfuel and forest management in temperate
forests could reduce shading and create larger areas of young regeneration, noting such
management can result in mixed understory structure including both early successional stages
and mature /deadwood habitats. Jackson et al. (2008) examined the trade-offs between the
benefits of carbon sequestration, and regulatory services associated with water and soil
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chemistry, finding as well as reducing stream flow, plantations result in acidification and
salinisation of soils. In their recent analysis which found significant benefits of expansion

coniferous forest plantations for carbon, Forster et al. (2021) noted that they had not
considered trade-offs with the substantial land requirements or the negative implications for

biodiversity and food security.
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