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Expanding forest and woodland cover is a global strategy to mitigate and adapt to the climate crisis and reverse
biodiversity decline. While most woodland in temperate regions is created through tree planting, natural colo-
nisation has been advocated for as an alternative or complementary approach. However, there is limited un-
derstanding on how the structural attributes of woodlands created through these different approaches develop
through time. To address this knowledge gap, we assessed a suite of structural metrics for 28 woodland sites
(aged 13-43 years) that were established along a planted to natural colonisation continuum in England. We used
an Uncrewed Aerial System to collect LiDAR data alongside field surveys and calculated metrics relating to
above-ground biomass accumulation (canopy height and basal area) and metrics relating to structural complexity
(the horizontal and vertical arrangement of canopy) as a proxy for biodiversity potential. Canopy height and
basal area were higher in woodlands with larger proportions of planting. Additionally, woodlands with higher
proportions of planting displayed greater vertical complexity (canopy stratification) whereas there was weak
evidence that woodlands with higher proportions of natural colonisation develop greater horizontal complexity
(gap fraction). This suggests that tree planting is the better option when biomass accumulation is the primary
goal, whereas natural colonisation or hybrid approaches are likely to be beneficial when the focus is biodiversity
or a mix of outcomes. Woodlands created through hybrid approaches that combine planting and natural colo-
nisation offered intermediate values of biomass accumulation and structural complexity.

1. Introduction

woodland can be created through conventional tree planting, allowing
trees to establish through natural processes, or using hybrid approaches

There is a global drive to increase forest and woodland cover to which combine the two. Woodland is a standard term for forest in

reverse centuries of loss and degradation and to respond to the climate
and biodiversity crises. This is exemplified by international commit-
ments, such as the 2011 Bonn Challenge to restore 350 million hectares
of degraded and deforested lands by 2030 (IUCN, 2020), and the UN
Decade on Ecosystem Restoration (2021-2030) (United Nations Envi-
ronment Agency, 2019). However, the suitability of forest and woodland
creation is highly context-dependent (Holl and Brancalion, 2020), and
decisions on where, and how, to create forest and woodland will
significantly impact development outcomes. For example, forest and
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Britain and will be used hereafter.

Woodland creation through planting has many benefits, for example,
it is a reliable process (Fox et al., 2007; Fuentes-Montemayor, Park,
et al., 2022) that can increase biodiversity when targeted and managed
effectively (Fuentes-Montemayor et al., 2020; Hughes et al., 2023; Lima
and Vieira, 2013). However, natural colonisation, where trees colonise
and establish through natural processes, is receiving increasing atten-
tion as a large-scale woodland creation strategy in temperate regions
(Acuna-Miguez et al., 2024; Bauld et al., 2023; Porton et al., 2024).
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There are many potential benefits to using natural colonisation to create
woodlands: (1) the strategy is cost- and resource-effective (Campanha
Bechara et al., 2021); (2) local trees are well suited to their environment
which promotes resilience (Chazdon and Guariguata, 2016); and (3)
there is no risk of disease spreading through imported planting materials
(Di Sacco et al., 2021). Earlier research suggests that naturally colonised
woodlands are expected to be more biodiverse and resilient than planted
woodlands due to their higher structural complexity (Chazdon and
Guariguata, 2016; Siminski et al., 2021) whereas planted woodlands
often comprise even-aged trees with minimal variation across their
canopies during early stages (Fuentes-Montemayor, Park, et al., 2022).

However, there are challenges in using natural colonisation as a
woodland creation approach. A study by Bauld et al. (2023) identified
90 naturally colonised woodlands across the UK, all aged ~20 years and
created on a variety of former land-use types. Results showed that in
areas located more than 100 m away from existing seed sources the
resulting woodlands rarely exceeded 100 trees ha—!. The authors also
found that the outcomes of natural colonisation were hugely variable,
with some sites completely failing to establish while others were
successful.

Hybrid approaches, which combine tree planting (e.g. in spatially-
discrete blocks, spatially-mixed in small clusters, or low-density
planting) with natural colonisation, have been proposed to overcome
the challenges of utilising natural processes while maintaining many of
the benefits (Corbin and Holl, 2012; Kikuchi et al., 2024). Work in the
tropics has shown hybrid approaches to be much cheaper than tree
planting while achieving similar results (Campanha Bechara et al., 2021;
Corbin and Holl, 2012). However, no work has explored the develop-
ment of hybrid woodlands at appropriate scales in temperate regions,
where much of global woodland creation is taking place. Furthermore,
there have been no efforts to compare the structural attributes of
woodlands created through planting, natural colonisation or hybrid
approaches.

One reason for this lack of evidence is that quantitatively describing
the structure of woodland creation sites across appropriate spatial scales
is costly and time intensive when employing traditional inventory
techniques. However, in recent years Uncrewed Aerial Systems (UAS;
‘drones’) have been deployed to collect Light Detection and Ranging
(LiDAR) data through laser scanning technologies (de Almeida et al.,
2020). Entire woodland stands can be scanned in single flight missions
to produce whole-site, high density point clouds, while field surveys rely
on smaller scale plot-level sampled measurements to represent sites. In
fact, LiDAR-derived structural metrics have the potential to relate more
accurately to ecological processes than field-based measurements
(McNeil et al., 2023).

In the first instance LiDAR-derived point clouds can be used to obtain
canopy height measurements by subtracting the ground height (inter-
polated from ground returns) from each point (Mielcarek et al., 2018).
LiDAR can further be used to derive a suite of metrics relating to
different aspects of structural diversity - the volumetric capacity, phys-
ical arrangement, and identity of biotic components (LaRue, Fahey,
etal., 2023). For example, LiDAR can effectively measure canopy gaps, a
measure of horizontal structural complexity (Dalagnol et al., 2021) and
Foliage Height Diversity (FHD), an entropy-based index of vertical
structural complexity (Clawges et al., 2008).

Our study combines high density UAS-based LiDAR scanning (ULS)
data with in-situ inventory data to quantify structural differences be-
tween woodlands created through planting, natural processes and
hybrid approaches in England, UK. Specifically, we quantify metrics
relating to canopy height, basal area, canopy openness, and structural
complexity, to test two main hypotheses: 1) Planted woodlands will be
taller, have higher basal area, and lower canopy openness than hybrid
and naturally colonised woodlands. This is because planted woodlands
are not limited by dispersal and establishment, since they are given a
‘head start’; 2) Sites with a higher proportion of natural colonisation will
be more structurally complex in both vertical and horizontal
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dimensions, due to the gradual and patchy colonisation and establish-
ment of trees across the site from nearby seed sources.

2. Material and methods
2.1. Study design

Twenty-eight broadleaf woodland creation sites across England were
selected (Fig. 1). Potential sites were located using the Woodland Grant
Scheme database (Forestry Commission, 2025) with woodlands that had
“New Natural Regeneration” contracts shortlisted as potential hybrid
and natural colonisation sites and woodlands that had “New Planting”
contracts as potential planted sites. Permission to carry out research was
granted by all landowners prior to the start of surveys.

Sites that met the selection criteria (10 + years since woodland
establishment; >1 ha in area; >1 km distance from other selected sites;
in close proximity to established woodland) were identified using his-
torical aerial imagery in Google Earth Pro and the 1990 Land Cover Map
(Rowland et al., 2020) and finally chosen to achieve greatest spatial
coverage of England while ensuring logistical feasibility. The selected 28
woodlands covered a range of ages (13-43 years since establishment)
and sizes (1-18.2ha). All were located on low elevation sites
(10-170 m.a.s.l.) that were previously improved grassland or arable
land and adjacent to established woodlands. For all woodland sites, the
proportion of the site left to natural colonisation was estimated using
historical satellite imagery from around the point of woodland estab-
lishment, based on the presence of rows of saplings. Polygons were
drawn around areas of natural colonisation and the area of these poly-
gons was taken as a proportion of the total site area. Sites with no natural
colonisation were categorised as planted sites, sites with complete
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Fig. 1. A map showing the locations of nine woodlands created through natural
colonisation (pink circles), seven planted woodlands (blue circles) and twelve
woodlands created through hybrid approaches (yellow circles). All woodlands
were located in England.



S. Hughes et al.

natural colonisation as natural colonisation sites, and sites with a mix of
natural colonisation and planting (anywhere between a 1 and O pro-
portion of natural colonisation) as hybrid sites. The proportion of nat-
ural colonisation in hybrid sites ranged from 0.1 to 0.98. Our final
sample comprised seven planted sites, nine naturally colonised sites, and
12 hybrid sites (SI table 1).

2.2. Field data collection

Field surveys took place in summer of 2023. At each site, between
three and five circular plots with 10 m radius were established (Fig. 2).
Plot centres, a minimum of 30 m apart, were generated prior to field-
work using random point generators within the site polygons (QGIS
v3.10.4). A 10 m buffer around the site perimeter was used to ensure
plots did not capture woodland edges. Within each 10 m radius plot, all
tree stems with diameter at breast height (DBH; 1.3 m above ground)
> 7 cm were identified and their DBH was measured. This was used to
calculate basal area (BA), with BA = (DBH)"2 * 0.00007854 (Edwards,
1998).

2.3. LiDAR data processing

We used a UAS to generate 3D point cloud models of woodland
structure across the whole site. Our system comprised of a DJI Matrice
300 RTK drone equipped with a DJI Zenmuse L1 airborne laser scanner
(https://www.dji.com/support/product/zenmuse-11). Each site was
surveyed from a height of 80 m above the ground, at an average speed of
5 m/s and using 50 % track overlap, during August of 2023. We set the
LiDAR sensor to recording dual LiDAR returns, at a frequency of 240khz.
This combination of flight and sensor parameters yielded an average
point density of 700-1000 returns/m2. Each flight was supported by a
ground GNSS station (DJI D-RTK2) operating in Real Time Kinematic
(RTK) mode to ensure consistency in the flight trajectory.

The raw GNSS data acquired by the ground base station was pro-
cessed using Emlid Studio (https://emlid.com/emlid-studio/) to deter-
mine the accurate geographic location of the base. For that, the base
station logs were processed in Post-Processed Kinematic (PPK) mode,
using as reference data the nearest OS Net ground station (Ordnance
Survey of the UK, https://osdatahub.os.uk/downloads/osnet). This
ensured positional accuracies of + - 5 cm.

Once the absolute position of each ground base station was deter-
mined, the raw LiDAR data was reconstructed using the DJI Terra V3.6
software (DJI, 2025), using the point-cloud optimization option of the
DJI software. The reconstructed point clouds were exported in LAS

Fig. 2. An example of 10 m radius sampling plots laid out in one of the
woodland study sites.
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format, using the Ordnance Survey National Grid (OSGB) horizontal
coordinate system (EPSG 27700) and the European Vertical Reference
System (EVRS) 2019 as height reference.

After reconstruction all point cloud processing was done using the R
package LidR version 4.1.0 (Roussel et al., 2020) in R version 4.3.1. First,
all point clouds were normalised so that the height of all points was
relative to the ground below them. To do this, ground returns were
classified using a progressive morphological filter (window size = 20,
threshold = 0.2) and then Digital Terrain Models (DTMs) were created
using a kriging algorithm (k = 50). Finally, DTM values were subtracted
from each point to normalize the point cloud.

2.4. Structural metrics

There are myriad metrics which can be extracted from point cloud
data (LaRue et al., 2022). However, because our study focuses on
comparing woodland creation approaches primarily aimed at accumu-
lating biomass and/or enhancing biodiversity, we chose metrics to
reflect this. This included canopy height, which alongside field derived
basal area is a proxy of above-ground biomass (Lang et al., 2016), and
Foliage Height Diversity (FHD), skewness of the height distribution, and
gap fraction as proxies of structural diversity — a known driver of
biodiversity (Fuentes-Montemayor, Watts, et al., 2022; LaRue, Downing,
etal., 2023; LaRue, Fahey, et al., 2023). Except for basal area, which was
derived from field plot measurements, all variables were derived from
the LiDAR scans.

Canopy height was calculated as the height of the 90th percentile of
the maximum height of point returns (rth90) and basal area was aggre-
gated to site level as the mean and coefficient of variation (cv) of basal
area m? ha™! across all field plots. FHD was calculated as a modified
Shannon’s evenness index using the leaf area density (LAD) of 2 m
height bins (stratified canopy layers). High FHD values mean that points
are evenly distributed across all available height bins (available height
bins include any below the maximum canopy height). A highly positive
skew represents most foliage occurring in the shrub layer with a few very
tall trees skewing the distribution upwards, while a highly negative
skew indicates most foliage occurring in a tall canopy layer with a few
shrubs in the understory layer. Finally, canopy gap fraction was calcu-
lated using the gap detection function from the LidaRtRee (Monnet, 2025)
package. Here we defined a gap as any 5 m? contiguous area lower than
1 m in height. This strict definition reflects the age of our woodlands and
the fact that we aimed to detect areas where trees have failed to establish
and not areas where trees are slow to develop.

For metrics which aggregate information from sub canopy layers,
FHD and Skew, we used Leaf Area Density (LAD) profiles instead of raw
point clouds. This is to correct for dense top canopies occluding sub-
canopy foliage. The LAD for each height bin is calculated by taking
the number of returns as a proportion of the number of returns to reach
the respective height bin or lower. It is then corrected for using an
extinction coefficient of 1 to account for how light is absorbed as it
moves through the canopy (Bouvier et al., 2015).

All LiDAR metrics were first calculated at the site level using the
entire point cloud, and from hereon are referred to as ‘Site <Metric> ’.
Additionally, rh90, FHD, and Skewness were also gridded at a 5 m pixel
resolution to better understand horizontal variability within sites. These
variables are referred to as ‘Gridded <Metric> . From the gridded
values both the mean and cv were extracted to help us gain a fuller
understanding of how structure varied horizontally within sites. Struc-
tural typologies are displayed in Fig. 3 alongside how they may alter
structural metrics.

We chose to calculate both site-level metrics and gridded metrics as
focusing only on site-level metrics can disguise meaningful variation
within sites. For example, Fig. 3a shows how a high site rh90 may
disguise gridded variation in height — its site level rh90 value is large
even though many columns have short canopies. Furthermore, site FHD
can be driven by either canopy stratification (high mean FHD, e.g.
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Structural typology | RH90 FHD Skew Gap fraction
Site: 9 Site: 1 Site: 0 Site: 0.2
Mean: 5 Mean: 0.2 Mean: 0
CV:0.79 Cv:0 CV: 0
Site: 10 Site: 0.2 Site: 0 Site: 0
Mean: 10 Mean: 0.2 Mean: 0
CV:0 CVv:0 Cv:0
Site: 10 Site: 1 Site: 0 Site: 0
Mean: 9.2 Mean: 1 Mean: 0
CV:0 Cv:0 CV: 0
Site: 7 Site: 0.7 Site: 0.8 Site: 0.4
Mean: 3.3 Mean: 0.3 Mean: 0.2
CVv:1.2 Cv:1.2 CV:2.2
Site: 10 Site: 0.75 Site: -3.8 Site: 0
Mean: 9 Mean:0.75 Mean:-0.3
CV:0 Cv:0 CV: 0
Site: 10 Site: 0.8 Site: -0.01 Site: 0.4
Mean: 5.7 Mean: 0.4 Mean: 0
CV:0.9 Cv:1.1 CV:0.26

Fig. 3. A graphical representation of six structural typologies alongside how
they may impact the relevant metrics. Metrics (excluding gap fraction) are
calculated at the site level, as a mean of gridded values (5 m resolution), and as
the coefficient of variation (cv) of gridded values.

Fig. 3c), or variation in canopy top height (low mean FHD, e.g. Fig. 3a).
Finally, site skewness can equal 0, even when there is heavy localised
skewness within the site (e.g. Fig. 3f). By calculating gridded metrics, we
can understand both site level and within site structural variation.

2.5. Data analysis

We tested for structural differences between woodland creation ap-
proaches using generalised linear models assuming either normal or
beta-distributed errors depending on the response variable. We used the
R package GLMMTMB (Brooks et al., 2017). All models included two
continuous predictors, the proportion of each site left to natural colo-
nisation (proportion NC) and site age. Proportion NC was always 0 for
planted sites and 1 for naturally colonised sites but varied along a
continuum for hybrid sites. An interaction term between site age and
proportion NC was also included to account for differing rates of
structural development along the proportion NC continuum. If this
interaction term was not statistically significant it was removed from the
model. Total rh90 and skewness alongside their respective means, and
basal area were tested assuming normally distributed errors. Total FHD
and its mean, alongside Gap fraction were tested assuming beta
distributed errors as these are proportional responses. Gap fraction was
transformed using the following Eq. (1) to deal with 0 s and 1 s, which
the beta regression is unable to handle. Here, x is the gap fraction value

and N is the studies sample size (28).

x(N—1)+05

e 1
N_1 (@)

All cv metrics were logged to ensure model predictions and standard
errors did not stray below 0. All data analysis was done using R version
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4.4.1.
Finally, our results are interpreted following the framework of the
language of evidence suggested by Muff et al. (2022).

3. Results

Our results provide strong evidence that woodlands with a lower
proportion of natural colonisation accumulate biomass more quickly
than fully naturally colonised woodlands, indicated here by site canopy
height (th90), mean gridded canopy height (mean rh90), and mean
basal area m? ha (Table 1; Fig. 4). Furthermore, there is strong evi-
dence that site FHD is higher in sites with lower proportions of natural
colonisation than in sites with higher proportions of natural colonisation
(Table 1; Fig. 4). There was no evidence that gridded mean FHD cv FHD,
or cv RH90 varied with the proportion of natural colonisation.

There is weak evidence that site skewness is more positive in sites
with a higher proportion of natural colonisation (Table 1; Fig. 4; Fig. 5
for visualisation) which suggests these sites have fewer tall trees and a
higher proportion of foliage in the subcanopy layer (e.g. Fig. 3d). This is
considered weak evidence as the global model predicting site level
skewness had a p value of 0.15 (Table 1). There is no evidence that mean
skew or cv skew varies with the proportion of natural colonisation.

Gap fraction decreased with age regardless of woodland creation
method. There is also weak evidence showing that gap fraction is higher
in sites with higher proportions of natural colonisation (Table 1; Fig. 4).
Examples of high gap fraction can be seen in Figs. 3d and 3f, where trees
have not yet established across the entire site. An example of low gap
fraction can be seen in Fig. 3c where trees have established across the
whole site.

4. Discussion
4.1. Structural differences between woodland creation strategies

Using laser scanning technology, we have revealed differences in
structure between woodlands created through different establishment
methods. Metrics relating to above-ground biomass increased with age
at higher rates in planted sites and in hybrid sites with lower percentages
of natural colonisation. In fact, basal area and canopy height increased
extremely slowly in naturally colonised sites, which concurs with results
from other temperate studies which show naturally colonised wood-
lands to take decades to develop (Bauld et al., 2023; Pedersen et al.,
2023). However, this contrasts with studies from the tropics, which
show significant short-term above ground biomass gains in naturally
colonised sites (Siminski et al., 2021), although these still lag behind
planted sites in the same region (Holl et al., 2020). These differences
exemplify the context dependency of woodland creation through natural
processes.

We found weak evidence that woodlands with higher proportions of
natural colonisation display greater horizontal variability and strong
evidence that woodlands with higher proportions of planting have
higher vertical complexity but are more uniform horizontally. These
results concur with previous research showing how the natural coloni-
sation process varies broadly with distance to seed source (Bauld et al.,
2023). Even after dispersal limitations are overcome, a range of factors,
such as low microsite quality or herbivory, can further constrain the
successful establishment of naturally colonising trees (Hulme, 1996;
Porton et al., 2024). These factors cause significant spatial autocorre-
lation in the successful establishment of trees across natural colonisation
sites (You-zhi and Zheng-quan, 2000) leading to the observed horizontal
variation in the present study.

This variability has been shown to manifest both within and among
natural colonisation sites as trees readily colonise certain sites and not
others (Bauld et al., 2023). Work in the tropics has shown how hybrid
approaches can help to overcome this variability while still maintaining
the cost effectiveness of natural processes (Campanha Bechara et al.,
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Table 1

Results reported from models testing how structural metrics differ by woodland creation strategy (Prop NC), woodland age, and the interaction between these two.
Where interaction terms were p < 0.05 they were removed. Models with proportional responses assumed beta distributed errors. P values are highlighted as *** for
p < =0.001, ** for p < =0.01, and * for p < = 0.05. if a response was estimated on a log scale it is denoted by superscript. Ferrari’s pseudo R squared was used for beta

distributed generalized linear models. Variable abbreviations are explained in Section 2.5 of the main text.

Response Model P Residual DF R? (Ferarri's) Predictor Estimate (SE) P
Gap fraction 23 0.29 Age -0.05 (0.02) 0.026*
Prop NC 0.5 (0.3) 0.094
cvBAl® . 24 0.03 Age 0(0) 0.941
Prop NC 0.06 (0.07) 0.427
cvFHD!¢ . 24 0.04 Age 0(0) 0.379
Prop NC 0(0.01) 0.689
cvRH90'°8 . 24 0.12 Age 0 (0) 0.253
Prop NC 0.06 (0.04) 0.134
cvSkew!°8 . 24 0.05 Age 0(0) 0.399
Prop NC -0.02 (0.03) 0.448
meanBA 23 0.39 Age 1.45 (0.47) 0.005%*
Prop NC 23.07 (12.61) 0.08
Age:Prop NC -1.26 (0.56) 0.032*
meanFHD . 23 0.13 Age 0.02 (0.01) 0.097
Prop NC -0.25 (0.17) 0.155
meanRH90 wx 23 0.43 Age 0.67 (0.17) < 0.001***
Prop NC 12.84 (4.65) 0.011*
Age:Prop NC -0.64 (0.2) 0.005%*
meanSkew . 24 0.18 Age -0.01 (0.01) 0.072
Prop NC 0.13 (0.09) 0.135
SiteFHD 23 0.21 Age 0.03 (0.01) 0.072
Prop NC -0.44 (0.22) 0.047
SiteRH90 ok 23 0.51 Age 0.8 (0.2) < 0.001%**
Prop NC 13.29 (5.27) 0.019*
Age:Prop NC -0.71 (0.23) 0.006**
SiteSkew . 24 0.15 Age 0 (0.02) 0.952
Prop NC 0.49 (0.24) 0.049*
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Fig. 4. Conditional effect scatter plots and model predictions with 95 % confidence intervals showing how a range of structural metrics (canopy height (RH90),
Foliage Height Diversity (FHD), skewness, gap fraction, and basal area) vary with site age and the proportion of natural colonisation within a site. Predictions were
chosen at 0, 0.5, and 1 proportion natural colonisation to illustrate conditional model effects, however in the model this was a continuous predictor ranging between
0 and 1.

2021; Corbin and Holl, 2012). Our results support these findings and managers desire more predictable outcomes from their woodland crea-
suggest that hybrid approaches can be used to reduce uncertainty if land tion endeavours.



S. Hughes et al.

Natural Hybrid

30

Forest Ecology and Management 605 (2026) 123490

Planted

30

Height above ground (m)
s n
3

o

E 20 E20

e} e}

(= (=

= 3

< [

o (=]

[ [

> >

[ o

o Qo

© ©

= £

<) k=)

£ 10 £ 10
0 0

0.00 025 0.50 0.75 1.00 0.00 025

Return density (scaled)

0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Return density (scaled)

Return density (scaled)

Fig. 5. Vertical return density plots (filtered for heights > 0.5 m) for naturally colonised, hybrid and planted woodland sites. Thin grey lines represent individual
sites, and thick black lines show the average density for all woodlands of the same woodland establishment type. Natural colonisation sites all had 100 % natural
colonisation, planted sites all had 0 % natural colonisation, hybrid sites ranged between 10 % and 98 % natural colonisation.

Differences in structure can also be caused by differences in tree
species composition (Pretzsch and Schiitze, 2016). The tree commu-
nities in planted woodlands are more controlled by land managers
whereas the tree communities of naturally colonised woodlands are
driven by the local species pool and dispersal capabilities (Butaye et al.,
2002). Therefore, this is another likely mechanism for differences in
structural outcomes between woodland creation strategies. Tree species
communities from our study sites are being analysed as part of broader
biodiversity assessments (ongoing work by the authors).

4.2. The benefits of UAS LiDAR for woodland restoration monitoring

There have been recent calls to utilise UAS laser scanning in wood-
land restoration monitoring to collect highly detailed structural data
across large areas (de Almeida et al., 2020; Shokirov et al., 2022).
Studies from Brazil have shown that these data can distinguish between
management practices and track structural development in recently
restored tropical stands (Almeida et al., 2019). Our study further dem-
onstrates the utility of UAS laser scanning for monitoring the restoration
of native broad-leaved woodlands in temperate regions. While
field-based measurements (e.g. basal area in our case) could only
characterize a small portion of each site, using data derived from UAS
laser scanning we were able to quantitatively describe entire sites in less
than an hour (with additional processing time of around 30 min per site)
yielding high density 3D point clouds from which a range of ecologically
meaningful metrics can be calculated.

4.3. Limitations

Our study focused on young woodlands of a relatively small age
range (13-43 years since establishment), which to an extent limits our
view of how structural development may vary among woodland creation
approaches over longer periods. Research which looked at the structural
development of planted broadleaf woodlands in temperate regions,
showed that it can take in excess of 80 years for woodland creation sites
to develop structural attributes similar to those of mature ancient
woodlands (Fuentes-Montemayor, Park, et al., 2022). This previous
research found that woodland creation sites displayed similar vegetation
development patterns to those described for other woodland systems. It

may be that woodlands established through different approaches vary
across all stages of development in different ways. It would be particu-
larly interesting to know how the structure of these sites develops as
they reach maturity (Broughton et al., 2021), and the ease and low cost
of UAS laser scanning opens up the possibility for continued monitoring
of woodland development over time.

4.4. Implications

The results presented here are of great relevance to woodland crea-
tion practitioners and policymakers (Ambrose-Oji et al., 2025). We show
that different woodland creation approaches along the planting to nat-
ural colonisation continuum have different structural outcomes, each of
which may be better suited to specific objectives. For example, if the
intention is to create a productive woodland, or to accumulate above
ground biomass quickly, then tree planting may be the preferred
approach, as this results in taller canopies and higher basal area. If a
woodland is being created to increase biodiversity, then the vertical
complexity provided by planted woodlands may provide more niches for
woodland specific species (Lindenmayer et al., 2003); however, we
provide some evidence that horizontal variation is greater in naturally
colonised sites which would likely provide a mosaic of open and closed
habitats allowing the coexistence of woodland species and open habitat
species, thus further enhancing biodiversity (Smith et al., 2007). Hybrid
approaches appear to offer an intermediate alternative between natural
colonisation and conventional tree planting, and by controlling how
much of a site is left to natural colonisation practitioners can direct the
woodland creation process to the balance between biomass accumula-
tion and heterogeneity that best suits their intended outcomes. Under-
standing this variability of outcomes also has implications for woodland
creation grants, which should provide flexibility for using a range of
approaches for a range of objectives.
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