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Abstract

1.

Colonisation credit refers to the temporal lag between positive conservation ac-
tions and species' responses and may be one of the reasons we fail to meet short-
term conservation targets. This is particularly evident in woodlands which take
decades to develop and harbour slow colonising species. Given global objectives
to increase woodland cover, it is important to know the timeframe within which

colonisation credit will be fulfilled.

. The colonisation of woodland plants was examined in recent woodlands, cre-

ated between 15 and 80years ago, and located adjacent or isolated from existing
ancient woodlands. Colonisation credit was calculated as the proportion of un-
derstory woodland plant species in the nearest ancient woodland which had not
colonised recent woodlands. Looking at individual species traits also allowed us

to tease apart their impact on the species colonisation and establishment ability.

. Spatial adjacency between created and ancient woodland reduced colonisation

credit by an average of 28%, and more mature created woodlands (50-80years
old) had fulfilled 24% more of their colonisation credit on average than younger
created woodlands (15-21 years old). However, mature woodlands created adja-
cent to ancient woodlands had still only been colonised by an average of 72% of
the available species pool.

Plants which had reached adjacent created woodlands were dispersed by a range
of mechanisms, where those that had reached more isolated sites were largely
dispersed by birds or mammals. Low community weighted mean shade tolerance,
high community weighted nutrient affiliation, and the dominance of Hedera helix
suggest that competition from dominant natives may be preventing certain spe-
cies establishing in new woodlands.

This research demonstrates the need to account for appropriate time-lags when
setting biodiversity targets, with most sites still displaying colonisation credit
decades after they were created. The results also indicate that spatially target-
ing woodland creation adjacent to species-rich mature woodlands should be
prioritised. Still, poor local habitat conditions may lead to the dominance of spe-

cific competitors which prevent a range of other species from establishing. Local
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1 | INTRODUCTION

Ecological time-lags—the delays in ecological responses to landscape
change—have been observed globally across a range of ecosys-
tems (Jackson & Sax, 2010; Kuussaari et al., 2009; Lira et al., 2019).
Colonisation credit refers to the temporal lag between positive con-
servation action, such as habitat creation and restoration, and spe-
cies' response (Jackson & Sax, 2010). This credit has been observed
in a wide range of species and ecosystems, and found to operate
over a broad range of spatial and temporal scales (Lira et al., 2019).
Colonisation credit is driven by a range of mechanisms, but is espe-
cially evident in small populations of specialist species which strug-
gle to reach slow developing habitat (Lira et al., 2019).

Woodland (used here as a synonym for forest) is a habitat par-
ticularly affected by long time-lags, especially colonisation credits.
This is because trees take decades to develop structurally (Fuentes-
Montemayor et al., 2021), and woodland specialist species are par-
ticularly slow colonisers (Brouwers & Newton, 2009; Honnay et al.,
1999). There are global efforts to create and restore woodland hab-
itat (Bonn Challenge, 2019), however, due to the slow development
of woodland and the isolated nature of remnant woodland patches
(Haddad et al., 2015), long time-lags between woodland creation
and biodiversity benefits should be expected. Woodland understory
herbaceous plants are an interesting case study in this regard. Due
to their adaptations of shade tolerance, long life, and large seeds
(Whigham, 2004), these plants rely on woodlands to out compete
landscape generalists which would otherwise dominate. Woodland
plant species are also exceptionally slow colonisers of newly created
woodlands, as diaspores struggle to reach isolated patches (Honnay,
Verheyen, et al., 2002). Further, initial biodiversity increases in plant
communities after woodland creation may represent different com-
munities to those resulting after decades of woodland development.
After woodland creation, light demanding landscape generalists have
been shown to quickly colonise. However, it is expected that these
will slowly be outcompeted by shade tolerant woodland specialist
plants before dying out and being completely replaced (Harmer
et al., 2001). This means that any short-term biodiversity increases
may not persist in the long term and may not signal any later colo-
nisation by woodland specialist plants. It has been suggested that
colonisation credit could be masking our ability to observe progress
towards conservation success (Watts et al., 2020). Thus, a greater
understanding of the drivers of colonisation credit will give us an
opportunity to account for future species' responses and to inter-
vene to reduce these temporal lags and speed up the realisation of
biodiversity benefits.

management interventions such as translocations and tree thinning may amelio-

rate this but further research is needed.

colonisation credit, dispersal mechanisms, ecological time-lags, restoration ecology, woodland
creation, woodland plants

There is a rich history of study looking at how specialist plants
colonise recently created woodlands (Brunet & Von Oheimb, 1998;
Honnay, Bossuyt, et al., 2002; Peterken & Game, 1984), and more
recently colonisation credit has been explicitly considered (Brunet
et al., 2021; Kolk et al., 2017). Calculating the colonisation credit of
woodland understory plants could be done in many ways, including
comparing the observed species richness to that of nearby suitable
habitat, or by modelling species richness against past and present
landscape patterns (Lira et al., 2019). Naaf and Kolk (2015) inferred
from recent woodlands in Germany that some colonisation credit
in isolated woodlands remained after centuries, when compared to
similar ancient woodlands in the area. Recently, Brunet et al. (2021)
showed how this process is sped up in recent woodlands contiguous
to ancient neighbours, although after 80years colonisation credit
was still not fulfilled. As these studies were large scale, they com-
pared the species richness of recent woodlands to a baseline spe-
cies richness of nearby ancient woodlands. Thus, woodlands were
deemed to have fulfilled their colonisation credit if they had an equal
species richness to their older neighbouring woodlands, although
species identities and community composition could be different.

The present research attempts to further unpick the coloni-
sation credit of recent woodlands by focusing on species iden-
tity and whether the species present in ancient woodlands have
either succeeded or failed to colonise nearby recent woodlands.
The dispersal mechanisms and habitat requirements of these
plants are then further explored. From this we can identify which
traits may be limiting species colonising and establishing in more
or less isolated recent woodlands. We used an approach aligned
with a natural experiment design by using paired blocks of planted
woodlands within the Isle of Wight, each containing an ‘adjacent
created woodland’ and an ‘isolated created woodland’. Adjacent
created woodlands were recent woodlands created adjacent to an
ancient woodland (assumed to be in existence since the year 1600)
(Spencer & Kirby, 1992), where isolated created woodlands were
recent woodlands created at least 100m away from any ancient
woodland. Adjacent and isolated created woodlands were always
of similar age within blocks but varied in age between blocks with
arange of 15 and 80years. This allowed us to observe how quickly
colonisation credit can be fulfilled, and how the spatial proximity
of adjacent ancient woodlands might speed this up. We expected
the colonisation credit of recent woodlands to take decades to
fulfil due to the slow colonisation time of most woodland plants
and the length of time it takes new woodlands to develop. We
were not sure if connecting newly created woodlands to existing

source woodlands would ameliorate this fully, but we did expect
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colonisation credit to be higher in younger isolated created wood-
lands and lower in older adjacent created woodlands. Lastly, we
expected the colonisation of woodland plants in isolated wood-
lands to be driven by mammals and birds as their primary dispersal
vector, where adjacent created woodlands may have been col-
onised by plants with a range of long and shorter distance disper-
sal mechanisms.

2 | MATERIALS AND METHODS

2.1 | Studyregion and site selection

The study took place on the Isle of Wight in the south of England,
where there have been recent efforts to spatially target wood-
land creation to extend ancient existing woodland (Quine &
Watts, 2009) along with ongoing untargeted woodland creation.
Taken together, these approximate a natural experimental design:
with approximately equal areas of woodland planted either ad-
jacent to or isolated from ancient woodland sites. There is also
no wild deer population on the Isle of Wight, which significantly
reduces the grazing pressure on recently planted woodlands.
Woodlands were planted with native broadleaf species similar
to those found in the nearby ancient woodlands. Planted spe-
cies included Fraxinus excelsior, Fagus sylvatica, Acer campestre,

Quercus robur and Corylus avellana. But many of the woodlands
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had subsequently been colonised by Salix viminalis and Crataegus
monogyna.

Woodlands were selected in blocks of three, each block includ-
ing one ancient woodland, one recent woodland planted adjacent
to the ancient woodland, and a second recent woodland of a sim-
ilar age and size planted in isolation (on average 494 m from the
source woodland, range: 129-887m). The ages of recent wood-
lands were discerned using historical maps and ranged between
80 and 15years old, where their sizes ranged between 0.2 and
2 ha. In total, eight blocks were identified (Figure 1), although one
(‘America’) only included an ancient woodland and an adjacent
created woodland, as the isolated counterpart was not found to
be wooded on arrival. Due to proximity, the ancient woodland of
‘Great park a’ was used as the counterpart to the isolated wood-
land of ‘Great park b’ (Figure 1). Recent woodlands were separated
into two age categories; mature created woodlands were those
planted between 1940 and 1970 (50-80years old), whereas young
created woodlands were those planted between 1999 and 2005
(15-21vyears old), relatively few woodlands were planted between
1970 and 1999 and so these are not represented here. The study
sites ranged between 2 and 87m a.s.l.,, with an average summer
temperature between 13°C and 20°C, an average winter tempera-
ture between 3°C and 9°C and average precipitation of around
870mm (Met Office, 2020). The northern half of the island is

largely made up of clays where the southern half is made up of

sandstones.
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FIGURE 1 Map of the 23 study sites in the Isle of Wight made up of 8 ancient woodlands and 15 recent woodlands. These are organised
into eight blocs. Mature woodlands first appeared on maps between 1940 and 1970, where young woodlands first appeared around the start
of the new millennium (1999-2005). The base map is provided by the OS zoomstack, where dark green patches represent other woodland.
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2.2 | Field surveys

Field surveys were carried out in July 2021. All woodlands were
sampled systematically using six 1 m? quadrats. In adjacent cre-
ated woodlands, two quadrats were placed at 25% and 75% of
the length of the edge adjacent to the source woodland 15m
in towards the centre, two were placed 20 m either side of the
woodland centroid, parallel to the adjacent edge, and two were
placed 15m in from the far edge opposite the quadrats near
the adjacent woodland. In isolated created woodlands the same
pattern was used mimicking the orientation of the adjacent cre-
ated woodland. Where source woodlands were significantly
bigger than the adjacent created woodland, far quadrats in the
source woodland were placed equidistant to the far quadrats in
the adjacent created woodland. Within each quadrat all vascu-
lar non-woody plants were recorded along with their percent-
age cover, estimated subjectively by dividing the quadrat into
20cm? cells to aid the observer. Docks and brambles were ag-
gregated into Rumex and Rubus spp. respectively. Plant species
were separated into woodland plants or non-woodland plants
and assigned an Ellenberg Light (L) Nitrogen (N) and pH values
based on their habitat preferences as defined by PLANTATT
(Hill et al., 2004). The mean seed weight and dispersal strategy
of each plant was also recorded from the EcoFlora database
(Fitter & Peat, 1994). The described field work required no li-

cences or permissions.

2.3 | Statistical analysis

Data were analysed using R version 4.1.0 (R Core Team, 2021).
Woodland level analyses were performed by aggregating the quad-
rats of each plot, and generalised linear mixed models (GLMMs)
were constructed using the Ime4 package (Bates et al., 2014) with
block as a random intercept.

2.3.1 | Colonisation credit

Colonisation credit was analysed using a GLMM assuming a bino-
mial error distribution. Here, the number of plants available in the
ancient woodland acted as the number of trials, and the number of
plants shared between the recent woodland and the ancient wood-

land acted as successful colonisations. This model included the age

of the recent woodland as a categorical predictor variable including
young created woodlands and mature created woodlands (described
above), and whether the recent woodland was created adjacent to
the ancient woodland or isolated from the ancient woodland as a
second categorial predictor variable. An interaction term between
the two predictor variables (age and distance) was also tested. The
isolated woodland of the block ‘Great park b’ was paired with the
ancient woodland of ‘Great park a’ due to it being closer to this than

the ancient woodland of ‘Great park b’.

2.3.2 | Community weighted mean trait value

The community weighted mean (CWM) L, N and pH values were cal-
culated for each created woodland to test how plant communities
vary in functional diversity. These values were calculated using all
understory plant species to get a picture of local habitat conditions
that may be preventing the establishment of understory woodland
plant species. The methods of Garnier et al. (2004) were followed
to calculate these values, by summing the proportional cover of all
species multiplied by their respective trait value. LMMs were then
built with binary predictor of adjacency to an ancient woodland and
a categorical predictor of woodland age (young or mature). Ancient
woodlands were not included in the statistical analysis, although
they are included in the result plots for reference. The CWM seed
weight (mg) value was calculated for just woodland understory
plants in the recent woodlands, this was to assess if heavier seeds
were limiting the dispersal of certain woodland species. This was
tested using an LMM with the same predictor variables as described
above (adjacency and age).

3 | RESULTS

In total, 48 understory herbaceous plant species were found; of
these 28 were recorded in source woodlands, 28 were recorded
in created adjacent woodlands and 23 were recorded in created
isolated woods. There were 19 woodland plant species found; 17
of these were recorded in ancient woodlands, 13 were recorded
in recent adjacent woodlands and 8 were recorded in recent iso-
lated woodlands. There was an average of 5.25 woodland plant
species in ancient woodlands and 2.8 in created woodlands.
Species numbers are summarised across adjacency status and

age groups in Table 1. Many of the recent sites were dominated

TABLE 1 Showing the distribution of plants across different age and isolation categories. Plants are also subset into woodland plants.
Young woodlands were created between 1995 and 2001, where mature woodlands were created between 1940 and 1970. Adjacent
woodlands were created adjacent to an ancient woodland, where isolated woodlands were not.

Ancient Mature created
woodland adjacent woodland
Total plant species richness 28 22
Woodland plant species richness 17 10

Mature created
isolated woodland

Young created
adjacent woodland

Young created
isolated woodland

27 12 23
6 6 5
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by ivy (Hedera helix), but other more specialist woodland plants
such as Hyacinthoides non-scripta had also colonised at lower
rates (Figure 2).

There was no significant interaction between the age of wood-
lands and their adjacency to ancient woodlands when predicting
colonisation credit, and so this term was removed from the model.
Mature created woodlands had fulfilled 24% more of their coloni-
sation credit than young created woodlands (p=0.05, SE=0.49,
z=1.9). However, mature created woodlands had still only fulfilled
58% of their colonisation credit on average. Colonisation credit was
significantly reduced by adjacency on average by 28% (Figure 3), this
was only significant at the 10% level (p=0.06, SE=0.48, z=1.86).
Even mature adjacent created woodlands had only fulfilled 72% of
their colonisation credit on average. One mature adjacent created
woodland did have a colonisation credit of zero, although this re-
sided next to a particularly depauperate ancient woodland. Of the 19
woodland plant species used in this analysis, seven were dispersed
by mammals and/or birds, two were dispersed by ants, four by wind

Ancient
Lonicera periclymenum* .
Circaea lutetiana -

%
Hyacinthoides non scripta -
. . .k
Athyrium filix femina .

Asplenium scolopendrium I
. .. ¥
Silene dioica I
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%
Polystichum Setiferum I
X%
Carex sylvatica I
. . %
Geranium robertianum I
*
Mercurialis perennis I
Geum urbanum I
Allium ursinum* I
Rubia peregrina
Arum maculatum I
: ., X
Euphorbia amygdaloides

*
Equisetum sylvaticum I

0 500 1000 1500 0

and six were unspecialised. Of the 16 species found in adjacent re-
cent woodlands only six were dispersed by animals, the others were
either self-dispersed, carried by wind or carried by ants. In contrast,
six out of the eight species found in isolated woodlands were dis-
persed by mammals or birds.

The CWM L value was not significantly affected by adjacency
(p=0.87, t=0.16, df=8.59) or age (p=0.21, t=-161, df=7.60).
Interestingly young adjacent created woodlands had a lower CWM
L value than young isolated created woodlands, where mature ad-
jacent created woodlands had a higher CWM L value than mature
isolated created woodlands, although this interaction was not signif-
icant (Figure 4). CWM N and pH values were significantly affected
by adjacency but not woodland age. Woodlands created adjacent to
ancient woodlands had lower N values (p=0.008, t=-3.63, df=6.8)
(Figure 5) and lower pH values (p=0.01, t=-3.45, df = 5.8) (Figure 6).
Neither of these values were significantly affected by woodland
age. CWM seed weight (mg) was not significantly affected by age
or adjacency.

Adjacent Isolated

I
[]
Il
I

N

500 1000 1500 0 500 1000 1500
Sum abundances

FIGURE 2 Sum abundances of woodland plant species found across recent woodlands separated by age and the degree of isolation. This
plot also shows the dominance of Hedera helix in more mature woodlands.
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FIGURE 3 Pairwise colonisation credit between recent woodlands planted adjacent to an ancient woodland and those planted in
isolation. These were separated into mature (50-80years old) and young (16-22years old) as denoted by shape. Numbers left of the forward
slash are the amount of woodland plant species available in the nearby ancient woodland, where numbers right of the forward slash are the
amount of these species that have made it to the created woodland. Adjacent woodlands had a significantly lower colonisation credit than
isolated woodlands. These were separated into dispersal types also, mammals and birds, ants, wind and unspecialised.
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FIGURE 4 The community weighted mean Ellenberg L value of woodlands grouped by age (Young, Mature and Ancient) and whether
they were created adjacent to an ancient woodland or isolated from existing older woodland. Young woodlands are between 15 and 21years
of age, mature woodlands are 50-80years of age, and ancient woodlands are believed to have existed since the 1600s.

4 | DISCUSSION

to ancient woodland sources does speed up this process par-

tially (though only significant at the 10% level) but is not enough

Using the approach of a natural experiment design this study has to completely fulfil colonisation credit within a meaningful time-
shown that the colonisation credit of woodland plants remains up frame. These results concur with other work looking at ecological
to 80years after woodland creation. Creating woodlands adjacent time lags in temperate woodlands: Naaf and Kolk (2015) found that
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FIGURE 5 The community weighted mean Ellenberg N value

of woodlands grouped by age (Young, Mature and Ancient) and
whether they were created adjacent to an ancient woodland or
isolated from existing older woodland. Young woodlands are
between 15 and 21years of age, mature woodlands are 50—
80years of age, and ancient woodlands are believed to have existed
since the 1600s.
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FIGURE 6 The community weighted mean Ellenberg pH value
of woodlands grouped by age (Young, Mature and Ancient) and
whether they were created adjacent to an ancient woodland or
isolated from existing older woodland. Young woodlands are
between 15 and 21years of age, mature woodlands are 50-
80years of age, and ancient woodlands are believed to have existed
since the 1600s.

colonisation credit could last centuries. This extended colonisation
credit is a testament to the importance of considering ecological
lags when judging conservation outcomes (Watts et al., 2020),
and means that other markers of success may be needed to judge
whether management interventions will be necessary in the long-
term. These results may also mean that further management is
needed to increase understory woodland plant species richness
after woodland creation.

The colonisation of woodland plants into recently created wood-
lands could be limited by two factors: (1) habitat suitability, and (2)
dispersal distances. Woodlands take decades to develop structur-
ally and young created woodlands often have higher stem densi-
ties and provide more shade than ancient woodland counterparts
(Fuentes-Montemayor et al., 2021). Woodland plants need the
shade provided by woodland canopies to outcompete landscape
generalists (Whigham, 2004), however too much shade can lead to
the overcrowding by native dominants such as Hedera helix (Marrs
et al., 2013). Woodland plants are also extremely slow dispersers
(Honnay, Bossuyt, et al., 2002; Whigham, 2004), and so dispersal
limitations are also likely to cause the slow colonisation of recent
woodlands, particularly in isolated patches. General principles sug-
gest that woodlands closer to ancient woodland sources would ful-
fil their colonisation credit faster than those planted in isolation,
and this was true to an extent. However, even in mature adjacent
created woodlands there was still a substantial colonisation credit.
This alongside the dominance of Salix viminalis suggests that habitat
quality in recent woodlands may be limiting their colonisation credit
being fulfilled.

The dominance of a particularly shade-tolerant species which
outcompetes other potential woodland species could be considered
a negative milestone in restoration timelines. Many of the recent
woodlands in this study had been completely dominated by Salix
viminalis which blocked out almost all light. As a result, ivy (Hedera
helix) dominated the ground of most recent woodlands. This is sup-
ported by the low CWM L values of the more mature created wood-
lands, where ivy was often ubiquitous across the ground. Creating
woodlands adjacent to existing source woodlands did counteract
this slightly by providing more plant species to compete against the
ivy. This explains why the CWM L values in mature created wood-
lands were higher if they were created adjacent to an existing an-
cient woodland. Young adjacent created woodlands had a lower
CWM L value than their isolated counterparts, this was expected
because the adjacent source woodland was providing the shade
which the early-stage canopy of the created woodland could not
(Harmer et al., 2001). It has been shown that traditional management
techniques such as coppicing significantly increase the abundance
and richness of woodland plant species in the understory (Barkham,
1992; Fuller & Warren, 1993; Kirby et al., 2017). Some of the wood-
lands of this study are too young to be coppiced, however, thinning
to counteract the overshading of Salix viminalis could increase the
biodiversity of ground flora by allowing a more diverse range of
plants to compete with the ivy (Kirby & Thomas, 2017). The domi-
nance of plants such as ivy, or the presence of trees which block out
light may be a good milestone to assess this by.

The high CWM N and pH values of isolated woodlands also point
to more generalist plant species outcompeting woodland special-
ists. Woodland plants have been shown to favour medium nutrient
levels and neutral pH conditions (Hermy et al., 1999), this is also
demonstrated by the CWM N and pH values of ancient woodlands
in this study (Figures 5 and 6). In isolated woodlands the presence
of nitrophilous competitors such as Urtica dioica alongside the low
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abundance of specialist woodland plants leads to higher CWM N and
pH values. These values may be lower in adjacent created wood-
lands as more woodland plants are able to reach them to compete
against landscape generalists.

Plants dispersed by mammals and birds were routinely reaching
adjacent and isolated created sites, where plants dispersed by wind,
ants or their own mechanisms tended to only reach adjacent sites.
This suggests that dispersal mechanisms also limit the fulfilment of
colonisation credit, as mammals and birds can disperse plant species
over long distances (Brunet & Von Oheimb, 1998). Watts et al. (2020)
suggest the use of ‘milestone species’ to assess whether a restoration
action is on course to fulfil its potential. In the case of new woodlands,
initial milestone species could be those with longer ranged dispersal
mechanisms, as these are expected to reach new habitat sooner.
Later and perhaps more important milestone species would be those
dispersed by short range dispersal mechanisms. If, after some years
these have not made it to a newly created site, it is likely that they
never will as the site is too isolated. In this case further management
interventions may be needed, these could take the form of translo-
cations or seeding. These interventions have been shown to increase
the establishment of native plant species in restored sites (Orrock
et al., 2023), and have also been shown to influence the structure of
non-plant species communities (Paraskevopoulos et al., 2023).

The source woodlands included in this study happened to be rel-
atively species poor. This could either be a result of the lack of recent
management that has shaped ancient woodlands over the centuries,
or the small nature of these isolated fragments (Rackham, 2008).
The species pool available to colonise new habitat patches is known
to play an important role in how a focal site is colonised (Cornell &
Harrison, 2014). Catano et al. (2021) found that seeding a restored
site with a larger species pool steepens the species area curve due
the spatial aggregation of new species. This further supports the use
of seeding or translocation interventions when recent woodlands
are not being colonised. If the cause of this is not the isolation of
the new woodland but in fact the poor species pool available, then
management interventions may be the only way to increase diversity

in a recent woodland.

5 | CONCLUSIONS

The colonisation credit of specialist plants in recently created wood-
lands takes decades to fulfil and remains up to 80 years after creation.
Spatially targeting woodland creation adjacent to existing ancient
woodlands does reduce colonisation credit faster but does not fulfil
it in a meaningful time frame. The use of a natural experimental de-
sign allowed us to focus in on which species are driving these long
time-lags after woodland creation. Early signs of success after creat-
ing a new woodland may be the arrival of specialist plants which are
dispersed by long-range mechanisms. These species should make it
to more isolated sites as they are less dispersal limited. What would
limit these species is poor local habitat conditions, overshading may
cause more shade tolerant species to dominate the woodland floor,

and under shading may mean that landscape generalists move in an
outcompete woodland species. If there are conditions such as these,
extra management interventions may be needed such a thinning or
supplementary tree planting. The arrival of species dispersed over
shorter distances may be an appropriate second milestone from
which to judge woodland creation by. If these species arrive and
establish it would suggest that dispersal distance is not a limiting
factor in fulfilling colonisation credit. If these species do not start to
arrive when habitat conditions are suitable it may suggest the need
for management interventions such as translocations.

Ecological time-lags in woodland ecosystems are exceptionally
long, these must be considered when planning restoration projects,
and success needs to be judged over appropriate timeframes or by

identifiable early milestones.

AUTHOR CONTRIBUTIONS

The study was initially conceived by Samuel Hughes and Kevin Watts
on a trip to the isle of wight to scope potential sites. Samuel Hughes,
Kevin Watts, Guy Ziv and Bill Kunin all significantly contributed to
study design. Samuel Hughes collected and analysed the data. All

authors contributed to and approved manuscript drafts.

ACKNOWLEDGEMENTS

We thank all land-owners who granted us permission to conduct sur-
veys on their land. Staff from the Forestry Commission Hampshire
office who toured the Island with Samuel Hughes and Kevin Watts to
show us potential study sites. Angus Clarke of Forestry Commission
was very helpful in attaining landowners' permission to survey their
sites. Kevin Watts would like to thank Hugh Milner (Formerly the
Forestry Commission) for introducing him to the woodland crea-
tion sites on the Isle of Wight and their potential as research sites.
Samuel Hughes was funded by the Natural Environment Research
Panorama DTP (NE/S007458/1). Kevin Watts was funded through
the Forest Research Science and Innovation Strategy ‘Woodland
Creation’ Programme. We would also like to thank two anonymous
reviewers who helped to improve the manuscript.

FUNDING INFORMATION
This research was funded by the NERC Panorama DTP (NE/
S007458/1).

CONFLICT OF INTEREST STATEMENT

The authors have no conflict of interest to declare.

PEER REVIEW

The peer review history for this article is available at https://
www.webofscience.com/api/gateway/wos/peer-revie
w/10.1002/2688-8319.12263.

DATA AVAILABILITY STATEMENT

The data behind this research is archived in UK CEH Environmental
Information Data Centre: https://doi.org/10.5285/7c2b2878-1d15-
4ddd-9d7e-cf50bd65f652 (Hughes et al., 2023).

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Safe YO 8SN JO SajnJ 0} ARIq1T 8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d [uUO//:SdNL) SUONIPUOD pue SWiB | 8u1 89S *[£202/60/6T] U0 Akeiqiauljuo A8|iM ‘891 AQ £922T 6TES-8892/200T OT/I0P/LI00 A8 | IM Ale.q1jpul [UOS feuIN0 fsaqy//sdny Wwolj pepeojumod ‘€ ‘€202 ‘6TE8889Z


https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12263
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12263
https://www.webofscience.com/api/gateway/wos/peer-review/10.1002/2688-8319.12263
https://doi.org/10.5285/7c2b2878-1d15-4ddd-9d7e-cf50bd65f652
https://doi.org/10.5285/7c2b2878-1d15-4ddd-9d7e-cf50bd65f652

HUGHES ET AL.

Ecological Solutions and Evidence 9 of 10

ORCID
Samuel Hughes "= https://orcid.org/0000-0003-2213-124X
https://orcid.org/0000-0002-9812-2326
https://orcid.org/0000-0002-6776-0763

https://orcid.org/0000-0002-1832-9475

William Kunin
Guy Ziv
Kevin Watts

REFERENCES

Barkham, J. P. (1992). The effects of coppicing and neglect on the perfor-
mance of the perennial ground flora. In G. P. Buckley (Ed.), Ecology
and management of coppice woodlands (pp. 115-146). Springer.
https://doi.org/10.1007/978-94-011-2362-4_7

Bates, D., Michler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed-
effects models using Ime4. preprint. https://doi.org/10.48550/
arXiv.1406.5823

Bonn Challenge. (2019). https://www.bonnchallenge.org/

Brouwers, N. C., & Newton, A. C. (2009). Movement rates of woodland
invertebrates: A systematic review of empirical evidence. Insect
Conservation and Diversity, 2(1), 10-22. https://doi.org/10.1111/
j.1752-4598.2008.00041.x

Brunet, J., Hedwall, P. O., Lindgren, J., & Cousins, S. A. (2021).
Immigration credit of temperate forest herbs in fragmented
landscapes—Implications for restoration of habitat connectivity.
Journal of Applied Ecology, 58,2195-2206. https://doi.org/10.1111/
1365-2664.13975

Brunet, J., & Von Oheimb, G. (1998). Migration of vascular plants to sec-
ondary woodlands in southern Sweden. Journal of Ecology, 86, 429~
438. https://doi.org/10.1046/j.1365-2745.1998.00269.x

Catano, C. P, Grman, E., Behrens, E., & Brudvig, L. A. (2021). Species pool
size alters species-area relationships during experimental commu-
nity assembly. Ecological Society of America, 102, e03231. https://
doi.org/10.1002/ecy.3231

Cornell, H. V., & Harrison, S. P. (2014). What are species pools and
when are they important? Annual Review of Ecology, Evolution, and
Systematics, 45, 45-67. https://doi.org/10.1146/annurev-ecolsys-
120213-091759

Fitter, A. H., & Peat, H. J. (1994). The ecological flora database. Journal of
Ecology, 415-425. https://doi.org/10.2307/2261309

Fuentes-Montemayor, E., Park, K. J., Cordts, K., & Watts, K. (2021). The
long-term development of temperate woodland creation sites:
From tree saplings to mature woodlands. Forestry, 28-37. https://
doi.org/10.1093/forestry/cpab027

Fuller, R., & Warren, M. (1993). Coppices woodlands: Their management
for wildlife. JINCC.

Garnier, E., Cortez, J., Billes, G., Navas, M.-L., Roumet, C., Debussche,
M., Laurent, G., Blanchard, A., Aubry, D., & Bellmann, A. (2004).
Plant functional markers capture ecosystem properties during sec-
ondary succession. Journal of Ecology, 85, 2630-2637. https://doi.
org/10.1890/03-0799

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A.,
Holt, R. D., Lovejoy, T. E., Sexton, J. O., Austin, M. P,, & Collins, C. D.
(2015). Habitat fragmentation and its lasting impact on Earth's eco-
systems. Science Advances, 1, €1500052. https://doi.org/10.1126/
sciadv.1500052

Harmer, R., Peterken, G., Kerr, G., & Poulton, P. (2001). Vegetation
changes during 100years of development of two sec-
ondary woodlands on abandoned arable land. Biological
Conservation, 101, 291-304. https://doi.org/10.1016/S0006
-3207(01)00072-6

Hermy, M., Honnay, O., Firbank, L., Grashof-Bokdam, C., & Lawesson, J.
E. (1999). An ecological comparison between ancient and other for-
est plant species of Europe, and the implications for forest conser-
vation. Biological Conservation, 91, 9-22. https://doi.org/10.1016/
S0006-3207(99)00045-2

Hill, M. O., Preston, C. D., & Roy, D. (2004). PLANTAT T-attributes of British
and Irish plants: Status, size, life history, geography and habitats.
Centre for Ecology & Hydrology.

Honnay, O.,Bossuyt, B., Verheyen, K., Butaye, J., Jacquemyn, H., & Hermy,
M. (2002). Ecological perspectives for the restoration of plant com-
munities in European temperate forests. Journal of Biodiversity
and Conservation, 11, 213-242. https://doi.org/10.1023/A:10145
31011060

Honnay, O., Verheyen, K., Butaye, J., Jacquemyn, H., Bossuyt, B., &
Hermy, M. (2002). Possible effects of habitat fragmentation and
climate change on the range of forest plant species. Ecology Letters,
5,525-530. https://doi.org/10.1046/j.1461-0248.2002.00346.x

Honnay, O., Hermy, M., & Coppin, P. (1999). Impact of habitat qual-
ity on forest plant species colonization. Forest Ecology and
Management,  115(2-3), 157-170.  https://doi.org/10.1016/
s0378-1127(98)00396-x

Hughes, S., Kunin, B., Ziv, G., & Watts, K. (2023). Understory herba-
ceous plant cover in secondary woodlands on the Isle of Wight, 2021.
NERC EDS Environmental Information Data Centre. https://doi.
org/10.5285/7¢2b2878-1d15-4ddd-9d7e-cf50bd65f652

Jackson, S. T., & Sax, D. F. (2010). Balancing biodiversity in a chang-
ing environment: Extinction debt, immigration credit and species
turnover. Trends in Ecology & Evolution, 25, 153-160. https://doi.
org/10.1016/j.tree.2009.10.001

Kirby, K., Buckley, G., & Mills, J. (2017). Biodiversity implications of cop-
pice decline, transformations to high forest and coppice resoration
in Birish woodland. Folia Geobritanica, 52, 5-13.

Kirby, K. J., & Thomas, R. C. (2017). Restoration of broadleaved wood-
land under the 1985 Broadleaves Policy stimulates ground flora
recovery at Shabbington Woods, southern England. New Journal
of Botany, 7(2-3), 125-135. https://doi.org/10.1080/20423
489.2017.1408177

Kolk, J., Naaf, T., & Wulf, M. (2017). Paying the colonization credit:
Converging plant species richness in ancient and post-agricultural
forests in NE Germany over five decades. Biodiversity and
Conservation, 26, 735-755. https://doi.org/10.1007/s1053
1-016-1271-y

Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J.,
Lindborg, R., Ockinger, E., Partel, M., Pino, J., & Roda, F. (2009).
Extinction debt: A challenge for biodiversity conservation. Trends
in Ecology & Evolution, 24, 564-571. https://doi.org/10.1016/j.
tree.2009.04.011

Lira, P. K., de Souza Leite, M., & Metzger, J. P. (2019). Temporal lag in eco-
logical responses to landscape change: Where are we now? Current
Landscape Ecology Reports, 4, 70-82. https://doi.org/10.1007/
s40823-019-00040-w

Marrs, R., Kirby, K., Le Duc, M., McAllister, H., Smart, S., Oksanen, J.,
Bunce, R., & Corney, P. (2013). Native dominants in British wood-
land—A potential cause of reduced species-richness? New Journal of
Botany, 3, 156-168. https://doi.org/10.1179/2042349713Y.00000
00028

Met Office. (2020). https://www.metoffice.gov.uk/research/climate/
maps-and-data/uk-climate-averages/gcp0j39m4

Naaf, T., & Kolk, J. (2015). Colonization credit of post-agricultural forest
patches in NE Germany remains 130-230vyears after reforestation.
Biological Conservation, 182, 155-163. https://doi.org/10.1016/j.
biocon.2014.12.002

Orrock, J. L., Brudvig, L. A., Damschen, E. I., Mattingly, W. B., Cruz, J.,
Veldman, J. W., Hahn, P. G., & Larsen-Gray, A. L. (2023). Long-
term, large-scale experiment reveals the effects of seed limita-
tion, climate, and anthropogenic disturbance on restoration of
plant communities in a biodiversity hotspot. Proceedings of the
National Academy of Sciences of the United States of America, 120,
€2201943119. https://doi.org/10.1073/pnas.2201943119

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Safe YO 8SN JO SajnJ 0} ARIq1T 8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d [uUO//:SdNL) SUONIPUOD pue SWiB | 8u1 89S *[£202/60/6T] U0 Akeiqiauljuo A8|iM ‘891 AQ £922T 6TES-8892/200T OT/I0P/LI00 A8 | IM Ale.q1jpul [UOS feuIN0 fsaqy//sdny Wwolj pepeojumod ‘€ ‘€202 ‘6TE8889Z


https://orcid.org/0000-0003-2213-124X
https://orcid.org/0000-0003-2213-124X
https://orcid.org/0000-0002-9812-2326
https://orcid.org/0000-0002-9812-2326
https://orcid.org/0000-0002-6776-0763
https://orcid.org/0000-0002-6776-0763
https://orcid.org/0000-0002-1832-9475
https://orcid.org/0000-0002-1832-9475
https://doi.org/10.1007/978-94-011-2362-4_7
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.48550/arXiv.1406.5823
https://www.bonnchallenge.org/
https://doi.org/10.1111/j.1752-4598.2008.00041.x
https://doi.org/10.1111/j.1752-4598.2008.00041.x
https://doi.org/10.1111/1365-2664.13975
https://doi.org/10.1111/1365-2664.13975
https://doi.org/10.1046/j.1365-2745.1998.00269.x
https://doi.org/10.1002/ecy.3231
https://doi.org/10.1002/ecy.3231
https://doi.org/10.1146/annurev-ecolsys-120213-091759
https://doi.org/10.1146/annurev-ecolsys-120213-091759
https://doi.org/10.2307/2261309
https://doi.org/10.1093/forestry/cpab027
https://doi.org/10.1093/forestry/cpab027
https://doi.org/10.1890/03-0799
https://doi.org/10.1890/03-0799
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1016/S0006-3207(01)00072-6
https://doi.org/10.1016/S0006-3207(01)00072-6
https://doi.org/10.1016/S0006-3207(99)00045-2
https://doi.org/10.1016/S0006-3207(99)00045-2
https://doi.org/10.1023/A:1014531011060
https://doi.org/10.1023/A:1014531011060
https://doi.org/10.1046/j.1461-0248.2002.00346.x
https://doi.org/10.1016/s0378-1127(98)00396-x
https://doi.org/10.1016/s0378-1127(98)00396-x
https://doi.org/10.5285/7c2b2878-1d15-4ddd-9d7e-cf50bd65f652
https://doi.org/10.5285/7c2b2878-1d15-4ddd-9d7e-cf50bd65f652
https://doi.org/10.1016/j.tree.2009.10.001
https://doi.org/10.1016/j.tree.2009.10.001
https://doi.org/10.1080/20423489.2017.1408177
https://doi.org/10.1080/20423489.2017.1408177
https://doi.org/10.1007/s10531-016-1271-y
https://doi.org/10.1007/s10531-016-1271-y
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.1007/s40823-019-00040-w
https://doi.org/10.1007/s40823-019-00040-w
https://doi.org/10.1179/2042349713Y.0000000028
https://doi.org/10.1179/2042349713Y.0000000028
https://www.metoffice.gov.uk/research/climate/maps-and-data/uk-climate-averages/gcp0j39m4
https://www.metoffice.gov.uk/research/climate/maps-and-data/uk-climate-averages/gcp0j39m4
https://doi.org/10.1016/j.biocon.2014.12.002
https://doi.org/10.1016/j.biocon.2014.12.002
https://doi.org/10.1073/pnas.2201943119

10 of 10 Ecological Solutions and Evidence

HUGHES ET AL.

Paraskevopoulos, A. W., Catano, C. P,, & Brudvig, L. A. (2023). Ant
and plant diversity respond differently to seed-based prairie res-
toration. Restoration Ecology, €13853. https://doi.org/10.1111/
rec.13853

Peterken, G., & Game, M. (1984). Historical factors affecting the num-
ber and distribution of vascular plant species in the woodlands of
central Lincolnshire. The Journal of Ecology, 155-182. https://doi.
org/10.2307/2260011

Quine, C., & Watts, K. J. (2009). Successful de-fragmentation of wood-
land by planting in an agricultural landscape? An assessment based
on landscape indicators. Journal of Environmental Management, 90,
251-259. https://doi.org/10.1016/j.jenvman.2007.09.002

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Rackham, O. (2008). Ancient woodlands: Modern threats. New
Phytologist, 180, 571-586.

Spencer, J. W., & Kirby, K. J. (1992). An inventory of ancient woodland for
England and Wales. Biological Conservation, 62(2), 77-93. https://
doi.org/10.1016/0006-3207(92)90929-h

Watts, K., Whytock, R. C., Park, K. J.,, Fuentes-Montemayor, E.,
Macgregor, N. A., Duffield, S., & McGowan, P. J. (2020). Ecological
time lags and the journey towards conservation success. Nature
Ecology Evolution, 4, 304-311. https://doi.org/10.1038/s4155
9-019-1087-8

Whigham, D. F. (2004). Ecology of woodland herbs in temper-
ate deciduous forests. Annual Review of Ecology, Evolution, and
Systematics, 35, 583-621. https://doi.org/10.1146/annurev.ecols
ys.35.021103.105708

How to cite this article: Hughes, S., Kunin, W.,, Ziv, G., &
Watts, K. (2023). Spatial targeting of woodland creation can
reduce the colonisation credit of woodland plants. Ecological
Solutions and Evidence, 4, €12263. https://doi.
org/10.1002/2688-8319.12263

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Safe YO 8SN JO SajnJ 0} ARIq1T 8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d [uUO//:SdNL) SUONIPUOD pue SWiB | 8u1 89S *[£202/60/6T] U0 Akeiqiauljuo A8|iM ‘891 AQ £922T 6TES-8892/200T OT/I0P/LI00 A8 | IM Ale.q1jpul [UOS feuIN0 fsaqy//sdny Wwolj pepeojumod ‘€ ‘€202 ‘6TE8889Z


https://doi.org/10.1111/rec.13853
https://doi.org/10.1111/rec.13853
https://doi.org/10.2307/2260011
https://doi.org/10.2307/2260011
https://doi.org/10.1016/j.jenvman.2007.09.002
https://doi.org/10.1016/0006-3207(92)90929-h
https://doi.org/10.1016/0006-3207(92)90929-h
https://doi.org/10.1038/s41559-019-1087-8
https://doi.org/10.1038/s41559-019-1087-8
https://doi.org/10.1146/annurev.ecolsys.35.021103.105708
https://doi.org/10.1146/annurev.ecolsys.35.021103.105708
https://doi.org/10.1002/2688-8319.12263
https://doi.org/10.1002/2688-8319.12263

	Spatial targeting of woodland creation can reduce the colonisation credit of woodland plants
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study region and site selection
	2.2|Field surveys
	2.3|Statistical analysis
	2.3.1|Colonisation credit
	2.3.2|Community weighted mean trait value


	3|RESULTS
	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


