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Introduction  

An extensive deciduous forest once covered much of northwest Europe. Depletions and 

fragmentation of this forest commenced with the arrival of agriculture during the early 

Neolithic (ca. 6,500 BP; Smith & Goddard, 1991), continuing to the present day driven by 

human population growth and the demands for food and raw materials. These effects are 

seen within Irish forests and is one of the most dramatic examples of the conversion of 

ancient forest to farmland which is generally dominated today by grass production. The 

forest cover (populated by various tree species) as well as the understory species and 

herbaceous flora have been subjected to severe habitat loss and fragmentation (Mitchel, 

Bennett, & Gonzalez, 2013; Vellend, 2003), and a subsequent impoverishment of biodiversity 

(Humphrey, Peace, Jukes, & Poulsom,  

ABSTRACT  
Newly planted broadleaved woodlands under agri-environment 

schemes lack floral diversity. The dispersal range and colonisation 

rates of herbaceous ground flora in thirty newly planted broadleaved 

woodlands in Northern Ireland were investigated during spring and 

early summer (2017). The colonisation rates of 14 species 

conventionally recognised as Ancient Woodland Indicator Species 

(AWIS) and Woodland Indicator Species (WIS) together with Lesser 

Celandine were assessed and the maximum dispersal distances from 

potential source populations was measured. The study found that the 

nine selected AWIS colonise new habitats significantly more slowly (p 

< 0.001) than the four woodland study species and colonisation rates 

corresponded approximately to the classifications AWIS and WIS. The 

effect of twelve selected habitat variables on species colonisation 

rates revealed that greater species dispersal range was associated 

with the management of the sources both within and bordering to the 

newly planted broadleaved woodlands. Ensuring connectivity to 

mature deciduous woodlands with an integrated, riparian zone 

together with a mosaic of inter- connected, species-rich hedges 

increased species dispersal. These results suggest succession from 

grassland into woodland only begins with the planting of trees. 

Colonisation of woodland plant species should be a key objective of 

establishing newly planted broadleaved woodlands within farmland 

afforestation schemes and should be facilitated by active 

management practices.  
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2004; Watts, 2006). In contrast to Britain, Ireland does not have any documented ancient 

woodlands (Peterken, 1981; Rackham, 1986), although some areas have been wooded more 

or less continuously from 1600 onwards. Attempts at re-afforestation, initiated from the 

seventeenth century onwards, have met with limited enduring success and Northern Ireland 

(NI) currently has only 6% forest cover with less than 1% considered semi-natural, broadleaf 

woodland (Cooper & McCann, 2002). In a further effort to increase deciduous woodland 

cover, Farm Woodland Schemes supported by the Department of Agriculture, Environment 

and Rural Affairs (DAERA) have promoted the planting of small woodlands on farms as well 

as encouraging positive management of existing tree cover. Recently these initiatives have 

been part of general agri-environmental schemes. Whilst welcome, such is the level of 

isolation of mature woods in Northern Ireland, it is not clear whether newly planted 

broadleaved woodlands are colonised by herbaceous flora typical of deciduous woods 

(Goldberg, Kirby, Hall, & Latham, 2007; Verheyen, Guntenspergen, Biesbrouck, & Hermy, 

2003). The homogenisation of the landscape leading to continuous areas of grass-dominated 

fields with narrow hedges (Graham, Gaulton, Gerard, & Staley, 2018) and the consequent 

reduction of the flora of hedgerows and earth banks (Cooper & McCann, 2002) may also 

decrease the capacity of plants to colonise newly planted woodlands and, thus, compromise 

the development of a woodland ecosystem (Peterken & Game, 1984). These remaining 

remnants of ancient land use are key factors in maintaining species richness in agricultural 

landscapes (Schmitz, Sanchez, & de Aranzabal, 2007).  

Colonisation factors  

The fragmentation of ancient and mature woods causes difficulties with dispersal (the 

spread) and the colonisation (the establishment of species within a habitat) of herbaceous 

plants (Goldberg et al., 2007; Ratcliffe, Peterken, & Hampson, 1998). Species survival in such 

a landscape is dependent on habitat connectivity and the species rate of spread (Matlack & 

Monde, 2004), and the spatial relationship between colonisation and habitat formation 

(Norden et al., 2014; Rotherham, 2011). Habitat patch connectivity is therefore vital in the 

persistence of populations in a disjointed landscape (Matlack & Monde, 2004; Holyoak, 

Leibold, Mouquet, Holt, & Hoops, 2005; Nicol & Possingham, 2010). In European agricultural 

systems, hedges play a significant role in connectivity of biological communities (Schmitz et 

al., 2007). Their management and structure is important in retaining biodiversity and thus 

have considerable conservation importance (Hill, Fasham, Tucker, Shewry, & Shaw, 2005; 

Peterken & Game, 1984) particularly where they contain relics of woodland flora (Peterken 

& Game, 1984; Matlack & Monde, 2004; Rose, 2006; Schmitz et al., 2007). However, surviving 

or recreated natural or semi-natural habitats, such as newly planted broadleaved woodland, 

are also important in maintaining diverse communities (Deckers, Hermy, & Muys, 2004). The 

spatial relationships of linear and non- linear habitats therefore determine the ability for 

species to colonise new areas (Humphrey et al., 2015).  

The facility to colonise new habitat is also characteristic of each plant species with some 

species requiring a mosaic of different habitats and others requiring rare and localised 

conditions (Montoya, Rogers, & Memott, 2012). Established networks that have a short 
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timeframe can enhance the ability of a fast-moving species to expand its range whereas 

species with slow colonisation require more permanent habitat corridors (Matlack & Monde, 

2004). Landscape connectivity, therefore, controls abiotic and biotic spatial patterns (Mitchel 

et al., 2013). The interaction between connectivity and multiple ecosystems however is 

poorly understood (Mitchel et al., 2013).  

Poor colonisation of plants and animals may limit the development of plant communities 

in newly planted broadleaved woodlands (Norden et al., 2014). Further, temporal effects on 

dispersal range may relate to r-selected or K-selected species traits. The former is vulnerable 

to competition, produce many propagules and consequently dominate ephemeral habitats, 

whilst, the latter having long generation times and low reproduction rates, are persistent and 

have limited dispersal ability. In stable habitats, K-selected species are successful competitors 

and thus dominate communities.  

Evaluation of the efficacy of afforestation and agri-environment schemes should be an 

integral part of conservation management (Arlettaz et al., 2010; Memmott et al., 2010). 

Therefore, to ensure that communities in newly planted broadleaved woodlands attain 

higher levels of biodiversity, research is required on how to establish ground flora indicative 

of mature and ancient woodlands (Vickers, Rotherham, & Rose, 2000). This should focus on 

understanding variation in plant dispersal and colonisation and how this is influenced by 

landscape and environmental factors (Tilman, 1999).  

The aims of this study therefore, were to: (1) investigate the distribution and abundance 

of herbaceous plant species in newly planted broadleaved woodland; (2) determine the 

classification of the herbaceous plants with respect to their colonisation rates; (3) identify 

environmental and landscape factors that might influence colonisation rates of herbaceous 

plants in these newly planted broadleaved woodlands; and (4) develop evidence-based 

proposals for the siting and subsequent management of newly planted broadleaved 

woodlands to improve the colonisation rates of woodland ground flora.  

Study area and methods  

Study sites  

Thirty newly planted broadleaved woodlands (established 1996 to 2006) across Northern 

Ireland (Figure 1) were selected for detailed survey in 2017, with many of the woods close to 

small urban populations. The total area of woodland surveyed was 51 ha and the individual 

sites’ size ranged from 0.3 ha to 5.7 ha. The altitude of the sites extended from 21 m (min) to 

167 m (max) above sea level and soil pH ranged from 4.14 to 6.98. Twenty-two of the woods 

had public access, 4 had limited public access and 4 were private. Planting dates were collated 

through conversation with landowners or using Woodland Trust (WT) management plans.  

Sampling design Belt transect  

A number of methods can be used to determine species abundance (Glaves, Rotherham, 

Wright, Handley, & Birbeck, 2009). However, for this study a variation on the belt transect 

method was used to monitor changes in vegetation across the  
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Figure 1. Distribution of selected newly planted broadleaved woodland sites (sites are grouped 

into single point where applicable).  

selected sites (Hill et al., 2005). Quadrats were not used since many of the study species were 

limited in their distribution and consequently vegetation cover density was not measured, 

but species distance from habitat source was recorded. Each wood was surveyed twice, in 

late April or early May and secondly in late May or early June. The woods’ internal 

circumference (2.5 m away from the boundary) was walked and any study species located 

2.5 m either side of this transect was recorded. When a study species was located, the 

distance to the seed or vegetative source in the newly planted broadleaved woodland 

boundary or internal location was measured with a measuring wheel. On completion of the 

first transect, a further transect was walked 5 m from the first, again measuring the dispersal 

distance between source and the located study species. This method was repeated until the 

middle of the wood was reached. Where the exact location of the source plants could not be 

located, the distance to the nearest boundary was measured.  

Habitat analysis  

Twelve habitat variables were selected as potentially influencing the dispersal and 

colonisation of the study species (Table 1).  
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Table 1. Description of the habitat variables recorded for modelling colonisation rates (φ = β/A) 

per year (n = 30).  

Variable  Measurement  Mean (SD)  Min  Max  

Tree Species  Tree species at point of colonisation: Oak, Ash, Birch, 
Willow spp./Hazel, Rowan, Hawthorn, Cherry, 
Apple,  
Field Maple, Sycamore, Horse Chestnut Beech Scots 

Pine, non-native  

-  -  -  

Mean tree spacing  Distance between trees (m)  2.54 (0.64)  1.86  4.74  
Habitat Connectivity  Distance to nearest mature broadleaved/mixed wood 

(Km)  
0.674  
(1.015)  

0  3.6  

Total perimeter of 

site  
Boundary edge distance (m)  580.43  

(330)  
193.5  1573.9  

Source boundary 

type  
Colonising plant source description: Hedgerow, 

Mature Wood, Riparian, Hedge Bank, Hedgerow & 

ditch, Thicket or Copse  

-  -  -  

Linear length (m) of 

the source habitat  
Distance of wood edge type (bordering & internal) (m)  379.62  

(380.22)  
0  1405.3  

Soil Texture  Predominant soil texture of site: Sandy Loam, Silt, 

Loam, Clay Loam, Clay Silt, Sandy Loam  
-  -  -  

pH  Mean of the pH of site  5.07  
(0.614)  

4.15  6.92  

Maximum altitude 

at site  
Height above sea level (m)  69.1  

(39.91)  
21  167  

Topography of site  Difference in min and max altitude  11.17 

(7.46)  
0  35  

Previous land use  Land use prior to plantation as classified by Fossitt: 

(2007) Improved Agricultural grassland (GA1), 

Amenity grassland improved (GA2), Dry Meadow & 

grassy verge (GS2), Wet grassland (GS4), Spoil and 

bare ground (ED2), Conifer Plantation (WD4), 

Improved Agricultural grassland with wet grassland. 

(GA1 & GS4), Amenity grassland improved with 

some wet willow-alder- ash woodland (GA2 & 

WN6), Amenity grassland improved with Spoil and 

bare ground (GA2 & ED2)  

-  -  -  

Current manager/ 

owner  
Owner (and manager) of planted site: Woodland 

Trust, DAERA, Private  
-  -  -   

(a) Tree species – the canopy above each study species location was recorded 

(presence/absence) as each category of wood is linked to its own ground flora (Fossit, 

2000).  

(b) Mean tree spacing – (density may increase or decrease shading) measured using the 

nearest neighbour method as described by Wheater, Bell and Cook (2011) (mean 

distance (m) of 5 adjacent trees).  

(c) Habitat connectivity – each site’s distance to the closest existing mature 

broadleaf/mixed wood was either measured in the field or, where distance was more 

than 100 m, using Ordnance Survey maps of Northern Ireland. This was to record the 

general characteristics of the sites’ wider landscape features, in other words the sites 

connectivity.  

(d) Total perimeter of each site was measured in the field (m), but where dense 

vegetation made this impossible, Google Earth supplemented field measurements. 
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This measurement was to provide information on the length of the possible entry 

points of the study species’ sources.  

(e) The general structure and shape of the source habitat was recorded within seven 

broad categories as this was expected to affect study species diversity. These source 

habitats were either at the boundary or located within the study sites. The general 

condition of a hedge (where present) was not considered in the study, since the newly 

planted broadleaf woodland may have had a negative or positive effect on plant 

growth, but rather its construction. Double and single rows of the hedge shrubs were 

put into a single category of hedge.  

(f) The linear length (m) of the source habitat was recorded directly in the field. This 

included both internal linear lengths and boundary linear length of source.  

(g) Soil texture, particle size directly influences water-holding capacity and nutrient 

availability (Wheater et al., 2011). Field assessments of the soil texture were 

measured (3 samples each), using the American Scale mechanical analysis texture 

designation (Townsend, 1973; Trudgill, 1989).  

(h) Soil pH influences plant growth and soil samples were collected at each site using a 

random sampling method (3 samples each). To ensure accuracy the soil pH was 

analysed using a PHTS 200 meter and a Combo pH & EC (Hanna) meter. The difference 

in pH range from both metres was 0–0.75. The mean pH level for each site was used.  

(i) Altitude of the sites including the maximum and minimum heights above sea level was 

recorded using Google Earth. The maximum altitude (m) was used to represent the 

site.  

(j) The topography of a site can affect the distribution of plants (Wheater et al., 2011). 

Therefore, the altitude range (difference between maximum and minimum heights 

(m)) within each site was also calculated. The internal meso-topography was not 

considered, as each site had limited colonisation from the selected study’s species. 

Although individual plant growth may be affected by meso- topography it was not 

seen to be a feature of the dispersal of the study species.  

(k) The sites previous land use may influence subsequent colonisation characteristics as 

each habitat has its own vegetation types (Averis, 2013). Data on previous use were 

collected either through conversation with owners, or through analysis of the WT 

management plans (Woodland Trust, 2017). Neighbouring habitat was also examined 

as well as the site’s current grassland species. These three pieces of information were 

used to determine a site’s previous use and habitat was subsequently classified 

according to Fossit (2000). It is important to note that Lesser Celandine does occur in 

some grassland but is largely restricted to shaded sites (Nicholson, 1983).  

(l) The current manager/owner of each newly planted broadleaved woodland site – 22 

sites were owned by the WT, 4 by DAERA and 4 were privately owned.  

Study species  

The study investigated dispersal and colonisation in 14 representative herbaceous species, 

subdivided into three species types (Table 2)  
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(1) Ancient woodland indicator species (AWIS) which are woodland specialists as 

identified by Kirby, Pyatt, and Rodwell (2003/2012) and are a group of plants strongly 

linked to a native deciduous woodland environment but occur less often in other 

habitats.  

Table 2. Study species classified into AWIS, WIS and LC including life form, species frequency (5 

very common and characteristic of the habitat, 4 common and 3 widespread), and agency of 

dispersal.  

Study Species  
Study 

classification  

Woodland 
abundance*  

 Life Form  (Grime et al.,  
(Grime et al., 2007)  2007)  

Agency of dispersal 

(Grime et al., 2007)  
Bluebell (Hyacinthoides non- 

scripta)  
AWIS  Geophyte  5  

(buds below soil 

surface)  

Unspecialised capsule  

Common Dog Violet (Viola 

rivinana)  
AWIS  Hemicryptophyte  3  

(buds at soil 

level)  

Seed with an elaiosome 

(dispersed short distance 

by ants)  
Golden Saxifrage 

(Chrysosplenium 

oppositifolium)  

AWIS  Chamaephyte  3  
(buds < 250 mm above 

soil level)  

Unspecialised  

Greater Stitchwort (Stellaria 

holostea)  
AWIS  Chamaephyte  5  

(buds < 250 mm above 

soil level)  

Unspecialised capsule  

Hart’s Tongue (Asplenium 

scolopendrium syn. Phyllitis 

scolopendrium)  

AWIS  Fern – Not specified Not 

in Grime et al. (2007)  
specified in 

Grime et al.  
(2007)  

Wind – Spore – Not 

specified in Grime et al. 

(2007)  
Primrose (Primula vulgaris)  AWIS  Hemicryptophyte 

(buds at soil 

level)  

5  Seed with an elaiosome 

(dispersed short distance 

by ants)  
Ramsons (Allium ursinum)  AWIS  Geophyte  

(buds below soil 

surface)  

5  Unspecialised capsule  

Wood Anemone (Anemone 

nemorosa)  
AWIS  Geophyte  

(buds below soil 

surface)  

5  Animal – dispersule with an 

awn or with spiny calyx 

teeth  
Wood Sorrel (Oxalis acetosella)  AWIS  Hemicryptophyte 

(buds at soil 

level)  

5  Animal – dispersule 

adhesive through the 

secretion of mucilage  
Enchanter’s nightshade (Circaea WIS 

lutetiana)  
Geophyte  

(buds below soil 

surface)  

4  Animal – dispersule with an 

adhesive burr  

Jack-in-the-Pulpit (Arum  WIS 

maculatum)  
Geophyte  

(buds below soil 

surface)  

5  Animal -dispersule by an 

ingested berry  

Herb Bennet (Geum urbanum)  WIS  Hemicryptophyte 

(buds at soil 

level)  

5  Animal – dispersule with an 

awn or with spiny calyx 

teeth  
Male Fern (Dryopteris filix-mas)  WIS  Fern – Not specified Not specified in Wind – spore – Not in 

Grime et al.  Grime et al.  specified in Grime 
et al.  

 (2007)  (2007)  (2007)  
Lesser Celandine (Ranunculus  Not ficaria 

– includes spp. verna  classified  
& ssp. fertilis)  

Geophyte  4  Seed with an elaiosome  
 (buds below soil  (dispersed short distance  
 surface)  by ants)  
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*1 = largely absent, 2 = infrequent, 3 = widespread, 4 = common, 5 = very common.   

(2) Woodland indicator species (WIS), as identified by Fossit (2000) which are found in 

various woodland types, but crucially they are not considered as woodland specialists 

by Kirby et al. (2003/2012).  

(3) Lesser Celandine (LC) (Ranunculus ficaria), was also included in the study and is 

abundant in recently planted woodlands throughout NI (personal observation). 

Significantly it is not considered as an ancient woodland species or a woodland species 

either by Kirby et al. (2003/2012) or Fossit (2000) but is considered a shade tolerant 

species (Grime, Hodgson, & Hunt, 2007).  

All 14 species are reasonably widespread in woodlands (Peterken, 1974, 2000; Spencer, 

1991), tolerant to adverse conditions and are relatively long lived (Wright & Rotherham, 

2011). The selected species (9 AWIS, 4 WIS plus LC) are easily identified, are widespread and 

common and have a distribution range throughout NI (Table 2). They tolerate a wide range 

of soil types and pH, but with seven selected species avoiding soils with a pH of <4.5, however 

only three of the sites fell marginally below this value (Table 1). It is recognised that the 14 

species although common within NI, may not always be present, due to biodiversity loss, in 

the newly planted broadleaf woodland’s surrounding habitat. Therefore, not all sites had the 

14 selected species in the boundary habitat. Where this occurred, their absence was 

recorded, but only those species present could be used to determine dispersal range and 

colonisation rates.  

Grime et al. (2007) described a functional approach to species type showing life form, 

abundance within woodland, and agency of dispersal. All plant species of interest have 

passive modes of dispersal with density of seed often low immediately under the plant, rising 

to a peak close by and steeply falling with distance (Begon, Townsend, & Harper, 2006). 

However, eight of the study species also have a “mutualistic agent” (Begon et al., 2006) where 

seed destination and dispersal are more uncertain. Wood Anemone (Anemone nemorosa), 

Enchanter’s Nightshade (Circaea lutetiana) and Herb Bennet (Geum urbanum), for example, 

have seeds that may catch in animal fur, and Jack-in- the-pulpit (Arum maculatum) has a berry 

which is often ingested by birds or small mammals, thereby also increasing their respective 

dispersal ranges.  

Results  

The data collected were analysed using SPSS version 25. The main dependent variable used 

in this research was the colonisation rate per year (φ) and for each study species this was 

calculated by using the maximum dispersal range (β), divided by the plantation age (A) using 

the formula φ = β/A.  

This was examined for normality using three measures – visual assessment of distribution 

when plotted on a histogram as well as two statistical tests, Kolmogorov – Smirnoff and 

Shapiro – Wilk. Using these indicators, the colonisation rates (φ = β/A) as calculated were 

assessed as not normal and non-parametric univariate analyses were carried out (Mann 

Whitney (MW); Kruskal Wallis (KW)). Multivariate analysis employed generalised linear 
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models which were run to determine the relative contribution of the habitat variables on 

species colonisation rate (φ = β/A). A total of 7 models (all defined a priori) including the full 

model were tested, and the best fit model was determined based on Akaike information 

criteria calculations.  

Study species maximum distance of colonisation  

The mean maximum distance of colonisation in rank order for each of the 14 species where 

present across all 30 newly planted broadleaved woodland sites is shown in Table 3. The 

distribution and variation associated with each species is shown in the combined box plot 

(Figure 2).  

Table 3. Rank order of maximum distance of colonisation for the 14 herbaceous species (n = 

323).  
Rank  Species  Max distance (m)  SD  

1  Herb Bennet (Geum urbanum)  28.71  23.48  
2  Enchanter’s nightshade (Circaea lutetiana)  27.12  15.78  
3  Male Fern (Dryopteris filix-mas)  24.80  19.82  
4  Lesser Celandine (Ranunculus ficaria)  23.73  18.20  
5  Wood Anemone (Anemone nemorosa)  19.30  15.28  
6  Greater Stitchwort (Stellaria holostea)  17.25  11.07  
7  Jack-in-the-Pulpit (Arum maculatum)  16.58  12.62  
8  Bluebell (Hyacinthoides non-scripta)  15.11  14.18  
9  Golden Saxifrage (Chrysosplenium oppositifolium)  14.92  15.36  
10  Ramsons (Allium ursinum)  12.05  8.27  
11  Primrose (Primula vulgaris)  10.83  11.13  
12  Hart’s Tongue (Asplenium scolopendrium)  8.81  10.97  
13  Common Dog Violet (Viola rivinana)  7.66  7.23  
14  Wood Sorrel (Oxalis acetosella)  3.72  2.40   

 

Figure 2. Rank order of maximum colonisation rate for the fourteen herbaceous species (n = 

323).  
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Study species colonisation rates (φ = β/A)  

The frequency of each species and their maximum dispersal (m) was recorded at each site to 

calculate the colonisation rate ((φ = β/A) (AWIS, n = 110; WIS n = 146; LC, n = 67)). On analysis, 

it was found that there was a significant difference between the colonisation rates (φ = β/A) 

of the three groups (AWIS v WIS U = 5373 p < 0.001; AWIS v LC U = 2240 p < 0.001; WIS v LC 

U = 4565 p = 0.555) and confirmed that the colonisation rates (φ = β/A) of the ancient 

woodland indicator species are significantly slower than the colonisation rates (φ = β/A) of 

either the woodland indicator species or Lesser Celandine. The distribution of the three 

groups are shown in Figure 3 below.  

The effect of four of the variables on the colonisation rate (φ = β/A) (tree species, source 

boundary type, soil texture and previous land use) on the classified groups (AWIS, WIS) and 

lesser celandine (LC) were analysed and are summarised in Table 4. Current  

 

Figure 3. Distribution of colonisation rates for the groupings of the study species (n = 323).  

owner effects were not analysed due to insufficient representative data. The effect of the 

source on the colonisation rates (φ = β/A) of the species groupings revealed a significant 

effect (Table 4). The riparian habitat source was found to have the greater number of species. 

With respect to the 9 representative AWIS, the presence of a mature broadleaved/mixed 

woodland was the next most important habitat source followed by hedge banks, whereas 

with the four representative WIS the next best habitat source was the hedge and ditch.  

Regrouping of the data  

To investigate the natural groupings of the 14 selected study species based upon their 

respective colonisation rates (φ = β/A) a hierarchical cluster analysis was performed. This 

produced sets of homogenous indicator plants described in the dendrogram (Figure 4) and 
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revealed the natural groupings (colour coordinated). This closely corresponds to the 

predetermined groupings (Fossit, 2000; Kirby et al., 2003/2012, and own observation) used 

within the study. The composition of the new groupings with new descriptive labels can be 

seen in Table 5. The analysis subdivided the colonisation rates (φ = β/A) of the 3 original 

species classifications into 4 types: (1) the ancient edge huggers, where colonisation rate (φ 

= β/A)was slower and therefore they are more likely to be found at the periphery of a newly 

planted broadleaved woodland; (2) the Expansionists, which can colonise more quickly; (3) 

the Woodland Dispersers, which were rarely present in newly planted broadleaved 

woodlands; and (4) the Exploiter, which was frequently found and was also able to rapidly 

colonise newly planted broadleaved woodland. The main finding, however, was that the 

colonisation rate (φ = β/A) of the species was comparable to the original classifications, 

Ancient Woodland Indicators (1 and 2),  
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Figure 4. Cluster analysis dendogram using average linkage between groups, revealing the 

natural groupings.  

Table 5. Species groups based on colonisation rates (φ = β/A).  
Group Name  Indicator Species  

Ancient Edge Huggers  
(1) Ransom, (2) Wood Sorrel, (3) Harts Tongue Fern,  

(4) Dog Violet, (5) Wood Anemone  

Expansionists  
(6) Primrose, (7) Greater Stitchwort, (8) Golden 

Saxifrage,  
(9) Bluebell, (10) Enchanters Nightshade  

Woodland Dispersers  
(11) Jack in the pulpit, (12) Male Fern, (13) Herb Bennet  

Exploiter  
(14) Lesser Celandine   

Woodland indicator species (3) and Lesser Celandine (4). The only species that transferred 

between categories was Enchanters Nightshade (Circaea lutetiana).  

To further illustrate the analysis a “fingerprint” technique (generated for this study) was 

used which plotted the source of the study species (indicated by the central point of origin in 

the diagram) to the maximum point of colonisation rate (φ = β/A) as a series of concentric 

rings. The fingerprints (Figure 5) show a change in the maximum colonisation rate (φ = β/A) 

for each group. Group 1, the Ancient Edge Huggers, display a pattern of stepped rings, 

whereas Group 2, the Expansionist have a concentrated core, but a colonisation rate (φ = 

β/A), which is ultimately further than the Ancient Edge Huggers. Group 3 the Woodland 

Dispersers are almost identical to the Woodland Indicator Species (as noted above). The 

visual analysis of the Exploiter (LC) also shows a similar relationship  
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Figure 5. Fingerprint analysis of original groupings and groupings after cluster analysis.  

to the Woodland Dispersers (WIS excluding Enchanter’s Nightshade). The division of the AWIS 

into Ancient Edge Huggers and the Expansionists (including Enchanter’s Nightshade Circaea 

lutetiana) shows a more complex relationship. The colonisation rate (φ = β/A) of the Ancient 

Edge Huggers is shown in short steps, whereas the Expansionists’ initial steps are shorter, but 

their dispersal range is further.  

Regression analysis and model selection  

Six models using seven variables were selected a priori to determine the best combination 

on the study species’ colonisation rate (φ = β/A) using regression analysis (Table 6). The seven 

habitat variables that were chosen and included in the full model were soil pH, altitude, 

perimeter of plot, linear length of source habitat, distance to nearest mature broad 

leaved/mixed wood, mean tree spacing, and altitude range. Correlations between variables 

were tested and no pair had a coefficient >0.5, hence, all were retained for the analysis. 

Models with a ΔAICC < 2 were considered to have substantial  

Table 6. Selection of candidate models for colonisation rates (φ = β/A) as ordered by decreasing 

AICc.  

Model  k  AICC  ΔAICC  wAICC  

Altitude + perimeter of plot + linear length of source habitat   3  889.820  0.000  0.414085  
Altitude + perimeter of plot + linear length of source habitat + distance to 

nearest mature broadleaved/mixed wood   
4  890.940  1.12  0.251156  

Soil pH + altitude + perimeter of plot + linear length of source habitat + 

distance to nearest mature broadleaved/mixed wood + mean tree spacing + 

range of altitude   

7  894.451  4.631  0.152334  

Linear length of source habitat   1  924.308  34.448  0.092395  
Soil pH + mean tree spacing + range of altitude + perimeter of plot   4  934.267  44.447  0.05604  
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Soil pH + mean tree spacing + range of altitude   3  2807.042  1917.222  0.03399  

The sample size (n) is 327 for all models. k is the number of parameters.   

support. In addition, AICC weights (wAICC) which indicate relative support of a model were 

calculated for each model. The model best explaining the colonisation rates (φ = β/ A) for the 

14 herbaceous species had an AICC weight of 0.414085 and included altitude, perimeter of 

plot, and total linear length of source habitat.  

Discussion  

The results from this study provide evidence for the management of newly planted 

broadleaved woodlands ensuring greater diversity and colonisation for the herbaceous 

plants colonising newly established plantations. The study revealed that, within the selected 

30 newly planted broadleaved woodland sites, the colonisation rate (φ = β/A) of the selected 

ancient woodland indicator species was significantly lower than that of both the woodland 

indicator species and lesser celandine. This finding also supports established guidelines of 

species definitions. However, Kirby et al., 2003/2012 suggested that there is inevitably a 

degree of arbitrary interpretation in the species lists.  

The research did reveal the main variables that affected the dispersal of the 14 herbaceous 

plants. The nine representative ancient woodland indicator species colonisation rates (φ = 

β/A) were significantly increased when the seed source was from a riparian habitat. This is 

contrasted with the colonisation rate (φ = β/A) of the four representative woodland indicator 

species and lesser celandine, which was significantly improved if the seed source was from a 

mature broadleaved/mixed woodland habitat. Loam sites were found to favour the four 

woodland indicator species which may be related to the differing growth habit strategies 

employed. Interestingly, the research indicated that tree species did not affect the 

colonisation rates (φ = β/A) of the 14  

selected herbaceous plants, surprising perhaps as many woodland species are associated 

with the older forest canopies. However, that may be because of the relative age of the newly 

planted broadleaved woodlands as opposed to the ability of the herbaceous plants to 

colonise within the timeframe studied.  

The results from the regression analysis indicated the preferred combination of variables 

that should be utilised to improve the respective colonisation rates (φ = β/ A). The best fit 

model provides evidence for the management measures that could be undertaken for habitat 

restoration and improving recently planted woodland diversity. The colonisation rates (φ = 

β/A) of the selected plant species were significantly increased with lower altitudes and an 

increase of the linear length of source habitat. The length of the mature broadleaved/mixed 

woodland perimeter was also selected as an explanatory variable within the best model fit. 

This variable, however, is associated with the linear length of edge type used as source. In 

addition, the study highlighted the importance of the source type to the subsequent 

colonisation potential for the 14 selected indicator species.  

The relationship between Lesser Celandine and mature broadleaved/mixed woodland as 

a source revealed an apparent conflict. When the distance to the wood was short, the 

colonisation rate (φ = β/A) was further. This contrasts with the reduced colonisation rate (φ 

= β/A) of Lesser Celandine when the linear length of the mature broadleaved/mixed 

woodlands edge used as source lengthened. This seems counterintuitive, but it is likely that 
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the considerable shade from a lengthy canopy of an existing mature broadleaved/ mixed 

wood may negatively influence Lesser Celandine’s dispersal and colonisation. It is a shade 

tolerant species rather than a woodland specialist (Grime et al., 2007). This finding may 

warrant further investigation.  

In summary, the creation of any woodland ecosystem is multifaceted, and the species 

richness and interactions in ancient woodlands is highly complex. This study shows that the 

colonisation rate (φ = β/A) of the nine representative ancient indicator species is significantly 

slower than the other study species and source boundary type is critical in promoting faster 

dispersal. Therefore, this research indicates (based upon these 14 species) that wherever 

possible newly planted woodlands should be sited along riparian zones and next to existing 

mature broadleaved/mixed woodlands thereby improving the potential of increased 

herbaceous colonisation into newly planted broadleaved woodlands. In addition, to further 

improve colonisation rates (φ = β/A) of these nine representative ancient woodland indicator 

species, newly planted broadleaved woodlands should be sited at lower altitudes. These 

suggested woodland management practices are shown in the model (Figure 6) where the 

ideal site requires a combination of habitat features.  
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Figure 6. Newly planted broadleaved woodlands site with ideal habitat variables for 

improvement in the representative colonisation rates.  

The provenance of seed is also important, and the managers and owners of the sites have 

the dilemma; do they increase colonisation by bringing in plants from elsewhere possibly 

causing a founder effect or wait until the woodland species are self-sown and, therefore, 

genetically endemic. The problem with self-seeding is that there may only be a few woodland 

plants growing locally or a few species may even be locally extinct. The study has found that 

dispersal range and therefore colonisation rates (φ = β/A) vary with edge type, and, 

therefore, it is suggested that before any herbaceous planting occurs, the edges of the site 

are surveyed to determine what is present and enhance any management practices that 

reduce the potential for alien species to colonise newly planted broadleaved woodlands. In a 

few sites, “exotic” or alien species were observed so every effort should be made to prevent 

this occurring. Improved connectivity does have the potential to increase the chances of this 

happening.  

Conclusion  

The intrinsic value of our woods cannot be overstated. Newly planted woodlands are a small 

step towards addressing habitat fragmentation (Matlack & Monde, 2004), but they need 

conservation corridors for source populations to establish and disperse (Deckers et al., 2004). 

The succession from grassland into woodland, has only begun with the planting of trees, as 

ground flora diversity is needed to assist in the establishment of a true woodland biome. As 

identified in the study, the nine representative of ancient woodland indicator species 

colonise slowly, yet given the right site and habitat management, they can migrate more 

rapidly. This study identified factors that increased the colonisation rates (φ = β/A) of 

woodland herbaceous plants and more generally addressed the potential of evaluating 

afforestation schemes. Testing of all restoration schemes would assist conservation action 

plans (Arlettaz et al., 2010; Humphrey et al., 2015) and enable any necessary re-adjustment 

of conservation policy. A regeneration of our woodlands, which includes the ground flora will 

not only help to increase biodiversity but will foster a healthy and vibrant natural landscape.  
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