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Abstract: Managed realignment (MR) sites are being implemented to compensate for the loss of
natural saltmarsh habitat due to sea level rise and anthropogenic pressures. However, MR sites
have been recognised to have lower morphological variability and coverage of saltmarsh vegetation
than natural saltmarsh sites, which have been linked with the legacy of the historic (terrestrial)
land use. This study assesses the relationship between the morphology and vegetation coverage in
three separate zones, associated with the legacy of historic reclamation, of a non-engineered MR
site. The site was selected due to the phased historical reclamation, and because no pre-breaching
landscaping or engineering works were carried out prior to the more recent and contemporary
breaching of the site. Four vegetation indices (Excess Green Index, Green Chromatic Coordinate,
Green-Red Vegetation Index, and Visible Atmospherically Resistant Index) were calculated from
unmanned aerial vehicle imagery; elevation, slope, and curvature surface models were calculated
from a digital surface model (DSM) generated from the same imagery captured at the MR site.
The imagery and DSM summarised the three zones present within the MR site and the adjacent
external natural marsh, and were used to examine the site for areas of differing vegetation cover.
Results indicated statistically significant differences between the vegetation indices across the three
zones. Statistically significant differences in the vegetation indices were also found between the three
zones and the external natural saltmarsh. However, it was only in the zone nearest the breach, and for
three of the four indices, that a moderate to strong correlation was found between elevation and
the vegetation indices (r = 0.53 to 0.70). This zone was also the lowest in elevation and exhibited
the lowest average value for all indices. No relationship was found between the vegetation indices
and either the slope or curvature in any of the zones. The approach outlined in this paper provides
coastal managers with a relatively low-cost, low-field time method of assessing the areas of vegetation
development in MR sites. Moreover, the findings indicate the potential importance of considering the
historic morphological and sedimentological changes in the MR sites. By combining data on the areas
of saltmarsh colonisation with a consideration of the site’s morphological and reclamation history,
the areas likely to support saltmarsh vegetation can be remotely identified in the design of larger
engineered MR sites maximising the compensation for the loss of saltmarsh habitat elsewhere.
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1. Introduction

Coastal wetlands, such as saltmarshes and mudflats, provide a number of important ecosystem
services including wave attenuation, habitats for juvenile fish species and water quality regulation [1].
However, there has been a global decline in the extent of these habitats [1,2] as a result of urbanisation,
land claim, changes in sediment supply, and erosion caused by sea level rise. To compensate for
these losses, a number of schemes have been implemented [3], including managed realignment (MR);
where coastal defences are not maintained or deliberately breached to allow tidal inundation of the
previously defended terrestrial land which has often been reclaimed for agricultural purposes [4].
Despite the growing popularity of MR, the colonising saltmarshes within these sites have been
recognised to be inequivalent ecologically and have substantial areas of bare ground in comparison to
natural environments [5,6]. This has been associated with anoxic conditions as a result of poor drainage,
caused by differences in the sediment sub-surface due the accretion of sediment over the terrestrial soil
which had been disturbed, compacted, and altered by the previous agricultural activity [7,8]. In addition,
it has been demonstrated that MR sites have lower topographic and morphological variability in
comparison to natural environments [6,9], with terrestrial and agricultural morphological features such
as tyre tracks and plough lines remaining visible several years after site breaching [10–12]. In natural
marsh environments, where the typically shallow gradient controls morphological development,
un-vegetated mudflat occupies the area below the elevation of neap high tide water level. Above this
level, the marsh is colonised by halophytic vegetation and dissected by lower elevation morphological
features such as dendritic creek networks and salt pans [13]. However, reduced topographic variability
in MR sites may limit the range of elevation niches available to plant species and subsequently decrease
saltmarsh diversity [14], with terrestrial morphological features reducing site drainage capabilities and
contributing further to reduced topography and morphological heterogeneity.

Whilst historic morphological differences have been proposed as an explanation for the lower
saltmarsh biodiversity and abundance found in MR sites, alterations to the sediment structure have
been demonstrated to differ spatially across MR sites owing to variations in the former terrestrial land
use [8]. Despite this, the spatial extent of the historic morphological influence on saltmarsh colonisation
and coverage at a site-scale remains unknown. In recent years, unmanned aerial vehicles (UAVs) have
become increasingly popular as a technique to measure large (site) scale morphological change in high
resolution [15–17], facilitated by advancements in UAV technology, compatible sensors, and computer
software [18,19]. Within coastal wetland environments, UAV technologies are becoming increasingly
relevant for assessments of morphological variability [10,20] and ecological functioning [21,22],
replacing lower resolution surveying techniques such as LiDAR [9,23,24]. This study explores the
potential to employ UAV technologies as a possible solution in order to assess saltmarsh coverage,
and the relationship between vegetation cover and morphology, in MR sites. Specifically, we calculate
four different vegetation indices derived from the red, green, and blue channels of the orthomosaic
image obtained from the Cwm Ivy Marsh Managed Realignment Site, on the Gower Peninsular, Wales,
on the northern coast of the Bristol Channel (Figure 1), in order to:

• Evaluate the potential of using simple vegetation indices, derived from UAV imagery,
to characterise differences in vegetation coverage across the site in order to assess site development.

• Assess the relationship between site morphology and marsh vegetation coverage.
• Compare differences in coverage both inside and outside of the MR site.
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Figure 1. Orthophotography of the site from the unmanned aerial vehicle survey, and the regional 
and national setting (both inserts). The site outline is marked by the dashed black line, the external 
natural saltmarsh considered in this study indicated by the solid black line, and the creek drainage 
systems visible. The former sea wall is located at the boundary between the natural marsh and the 
managed realignment site, with the breach area identified. 

2. Materials and Methods  

2.1. Study Site 

To encourage a range of intertidal habitats, the construction of MR sites often includes a mosaic 
of morphological features including channels, raised areas, and lowered sections. Whilst these 
features are designed to exploit the distinct elevational niches of different saltmarsh species, they 
may mask the influence that terrestrial features have on site evolution. Therefore, Cwm Ivy Marsh 
was selected for this study as this site is a non-engineered MR site and was not subjected to any 
landscaping prior to site breaching. The site, which had been drained gradually through a series of 
reclamations and used predominantly for grazing since medieval times (Corrinne Benbow, National 
Trust Site Manager, personal communication), is segregated into three zones (Figure 2) derived from 
pre-existing structures and morphological features associated with the reclamation history. The 
largest zone, Zone 1, is located in the northwest of the site and consists of the secondary drainage 
channel and a number of straight artificial drainage ditches running perpendicular to the direction 
of flow. The boundary of Zone 1 is marked by a 10 m wide bank, bordered by ditches either side, 
which is likely to be a former embankment relating to historical reclamation. Zone 2 follows the main 
southern drainage channel through the site and is separated from Zone 3, which covers the entire 
eastern section of the MR site, by a small tree-lined earth embankment that can be detected visually 
(see Figure 3). This embankment is also likely to represent a previous, more recent, reclamation effort, 
which was then extended through the construction of the sea wall creating Zone 3. 

Prior to breaching, the site was protected by a sea wall and drained into the surrounding natural 
marsh through a small sluice gate. In order to compensate for intertidal habitat loss elsewhere, and 
reduce the expenditure on unnecessarily maintaining flood defences of grazing land, Natural 
Resources Wales opted to stop maintenance of the seawall, which subsequently breached during a 

Figure 1. Orthophotography of the site from the unmanned aerial vehicle survey, and the regional and
national setting (both inserts). The site outline is marked by the dashed black line, the external natural
saltmarsh considered in this study indicated by the solid black line, and the creek drainage systems
visible. The former sea wall is located at the boundary between the natural marsh and the managed
realignment site, with the breach area identified.

2. Materials and Methods

2.1. Study Site

To encourage a range of intertidal habitats, the construction of MR sites often includes a mosaic of
morphological features including channels, raised areas, and lowered sections. Whilst these features
are designed to exploit the distinct elevational niches of different saltmarsh species, they may mask
the influence that terrestrial features have on site evolution. Therefore, Cwm Ivy Marsh was selected
for this study as this site is a non-engineered MR site and was not subjected to any landscaping
prior to site breaching. The site, which had been drained gradually through a series of reclamations
and used predominantly for grazing since medieval times (Corrinne Benbow, National Trust Site
Manager, personal communication), is segregated into three zones (Figure 2) derived from pre-existing
structures and morphological features associated with the reclamation history. The largest zone, Zone
1, is located in the northwest of the site and consists of the secondary drainage channel and a number
of straight artificial drainage ditches running perpendicular to the direction of flow. The boundary of
Zone 1 is marked by a 10 m wide bank, bordered by ditches either side, which is likely to be a former
embankment relating to historical reclamation. Zone 2 follows the main southern drainage channel
through the site and is separated from Zone 3, which covers the entire eastern section of the MR site,
by a small tree-lined earth embankment that can be detected visually (see Figure 3). This embankment
is also likely to represent a previous, more recent, reclamation effort, which was then extended through
the construction of the sea wall creating Zone 3.
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Figure 2. Site elevation (metres above Ordnance Datum (m OD)), the internal individual zones, and the
independent model quality check points used in this study. Note that elevation outside the side was
calculated and used to assess model quality, but has not been presented here.

Prior to breaching, the site was protected by a sea wall and drained into the surrounding natural
marsh through a small sluice gate. In order to compensate for intertidal habitat loss elsewhere,
and reduce the expenditure on unnecessarily maintaining flood defences of grazing land, Natural
Resources Wales opted to stop maintenance of the seawall, which subsequently breached during a
storm in August 2014. As a result, a macrotidal semi-diurnal intertidal system was formed behind the
sea wall and the external natural marsh system. The area of the MR site is approximately 383,000 m2,
and comprises saltmarsh vegetation including Salicornia, Puccinellia, and Suaeda species.

2.2. UAV Image Acquisition

The MR site and surrounding 292,000 m2 of natural saltmarsh were surveyed on 3 July 2019
using an eBee Plus Real-Time Kinematic (RTK) fixed-wing UAV with a Sensor Optimised for Drone
Applications (SODA) RGB camera. Flight lines were completed on a grid pattern with an 80% lateral
and longitudinal image overlap. Such large overlap values were selected to facilitate increased pixel
matching and optimised orthomosaic production; analysis indicated an overlap of over 5+ images for
every pixel, and an average of 950 matched 2D key points between image pairs. Multiple flights were
flown at 90 m altitude capturing a total of 1047 images with a pixel resolution of 0.022 m−1. For the
purpose of model accuracy, six ground control points (GCPs) were recorded using a differential global
positioning system (dGPS); positional measurements were taken of markers laid out prior to surveying
by a Leica AS19 GNSS antenna, a Leica Viva GS10 GPS receiver, and a Leica CS15 controller. Raw GPS
measurements were imported into Leica Geo Office (v8.3). Network Receiver Independent Exchange
Format (RINEX) correction data were obtained from Leica Smart Net UK & Ireland, and used for
post-processing of eBee Plus flight data and to correct the raw GPS data. Leica Geo Office reported the
positional quality (XYZ) for all dGPS points as <0.02 m. In addition to the six GCPs, nine independent
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check points were collected using dGPS measurements of markers deployed prior to surveying to act
as an assessment of model quality (see Figure 2 for the position of the check point markers). Table 1
summarises the UAV properties used in this study.
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Figure 3. The tree-lined earth embankment which divides Zone 2 from Zone 3, marked by the white
dashed line and labelled. The photograph was taken looking south-east towards the breach area across
Zone 2 into Zone 3 (photography: H. Burgess).

Table 1. Images analysed, number of ground control points (GCPs), number of check points,
resolution of the orthophotography and digital surface models (DSMs), reported error and calculated
root-mean-square error (RMSE) between the DSMs, and check points for the unmanned aerial vehicles
(UAV) survey.

UAV Property Value

Images Analysed 1047
No. of GCPs 6

No. of Check Points 9
Orthophotography Resolution (m/pix) 0.022

DSM Resolution (m/pix) 0.022
Reported X Error (m) 0.001
Reported Y Error (m) <0.001
Reported Z Error (m) <0.001

Calculated X RMSE (m) 0.288
Calculated Y RMSE (m) 0.272
Calculated Z RMSE (m) 0.153
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2.3. UAV Image Processing and Analysis

Dense point clouds were produced from optimised camera locations using mild-depth filtering to
ensure small and important details were preserved using Pix4D mapper (v4.2.27). From the resulting
orthophotograph, the red, green, and blue channels were extracted and used to calculate four vegetation
indices using tristimulus values. The tristimulus values provided a measure of light intensity based
on the three primary colour values (blue (450–495 nm), green (495−570 nm), and red (620–750 nm)),
and thus the visible spectrum. The four vegetation indices selected (Table 2) were: Excess Greenness
Index (ExGI), Green Chromaticity Coordinates (GCC), Green Red Vegetation Index (GRVI), and Visible
Atmospherically Resistant Index (VARI).

ExGI was calculated across the site and provided a difference measure between the green channel,
and the red and blue channel. A range of studies have demonstrated the value of ExGI in classifying
vegetation [25–27], and highlighted its ability to separate plants from bare soil. In addition, Larrinaga
and Brotons (2019) indicated its potential to outperform other visible spectrum indices. GCC was
also calculated across the site, and used to derive chromaticity coordinates as ratios calculated from
one tristimulus value (Green) over the sum of all three tristimulus values (RGB). Previous studies
have indicated that this index may be influenced less by differences in illumination and camera
properties [25], and may better characterise plant responses to varied environmental conditions and
plant phenology [18,26]. GRVI was calculated as it is considered to be advantageous as a plant
phenological indicator due to its responsive nature to leaf senescence [28], and has become a popular
method for determining ground cover including in coastal wetlands [22]. Finally, VARI was included in
the analysis as it is suggested to improve upon GRVI, by its compensation for atmospheric effects [29].
Although UAV data would be expected to be influenced far less by atmospheric effects than satellite
data due to the flight altitude, meaning a full atmospheric correction would typically be unnecessary,
it was included within the analysis as there may be a potential local increase due to salt, aeolian
sediments, and other airborne particulates.

Table 2. Vegetation indices selected in the present study. Vegetation indices were used to assess their
potential to discern different morphological zones within the Cwm Ivy Marsh site.

Vegetation Indices Equation Reference

Excess Greenness Index (ExGI) ExGI = 2×G− (R + B)
Larrinaga and Brotons, 2019 [18];

Sonnentag et al., 2012 [25];
Woebbecke et al., 1995 [26].

Green Chromatic Coordinate (GCC) GCC = G
R+G+B Sonnentag et al., 2012 [25].

Green Red Vegetation Index (GRVI) GRVI = G−R
G+R

Motohka et al., 2010 [28];
Villoslada et al., 2020 [22].

Visible Atmospherically Resistant
Index (VARI) VARI = G−R

G+R−B
Gitelson et al., 2002 [29]; Larrinaga

and Brotons, 2019 [18].

These indices were selected over more complex representations of vegetation, such as the
Normalised Difference Vegetation Index (NDVI), Enhanced Vegetation Indices (EVI), or Atmospherically
Resistant Vegetation Index (ARVI) as these indices predominantly focus on chlorophyll, and are more
sensitive to changes in vegetation type [30]. In addition, the indices selected for this study can all
be derived using a standard RGB camera (which is typically available with any UAV) making this
approach more affordable and easier to calculate for any site manager, stakeholder, or practitioner
using open access photogrammetric software.
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Each index was calculated in ArcMap (v10.7) with all data aggregated using the Aggregate Tool,
increasing the pixel resolution from 0.022 to 0.111 m−1 to account for individual pixels influenced by
non-green features such as flowers. Prior to analysis, the vegetation indices were visually examined
to identify any zones with differing vegetation cover within the MR site to assess spatial differences
within the site. These differences were then confirmed statistically, via an ANOVA test conducted in
Minitab (v19). An ANOVA test was also used to assess differences between each of the indices within
each zone and to assess differences between each zone and the natural marsh. The morphology of
the MR site was represented by the elevation (Figure 2), reconstructed using a Digital Surface Model
(DSM) derived from Structure-from-Motion analysis [31]. From the resultant DSM, the slope and
curvature were calculated, as a combination of both the profile (parallel to the slope and indicative
of the direction of maximum slope) and planform (perpendicular to the direction of the maximum
slope) curvatures using the Surface toolset in ArcMap’s Spatial Analyst toolbox. Vegetation height
was not removed from DSM as the majority of the marsh consisted of species of Salicornia, Puccinellia,
and Suaeda, and therefore, the “canopy” height was within the error calculated for the elevation
measurements. These three morphology descriptors were then compared to each vegetation index
through Pearson’s correlation analysis in Matlab R2020a.

3. Results

The four vegetation indices calculated are presented in Figure 4. Zone 1 had the highest in average
elevation and average GCC, ExGI, and GRVI values (Figure 5; Table 3), whereas Zone 3 was the lowest
in elevation and had the lowest average for all four greenness indices (Figure 5; Table 3) matching
visual observations made in the field and visible in the orthophotography (Figure 1) of exposed
mudflat and un-vegetated surfaces. The morphology of the southern section of Zone 3 consisted of a
combination of more dendritic creek systems along, with a series of eleven parallel shallow ditches
typically 10 m apart. These parallel ditches align with clay drainage pipes, installed at a depth of
around 0.7 m in order to improve the agricultural potential of the reclaimed land [32]. However,
following site breaching, the morphological signature of these features still remains, with the drains
locally accelerating site drainage resulting in waterlogged furrows and drier ridges. Confirmation of
the statistical difference between the zones was provided by ANOVA analysis, which indicated that all
zones differed significantly (at the 99% confidence level) from each other for all vegetation indices.
Statistically significant differences were also found between the three zones and the natural marsh for
all vegetation indices (also at the 99% confidence level).

In an assessment of the relationship between vegetation cover and morphology, a weak statistically
significant (p < 0.01) positive correlation was found in Zone 1 between the four vegetation indices
and elevation, with r values ranging between 0.35 and 0.44 (see Supplementary Information for full
results). A similar strength relationship was found between ExGI and elevation in Zone 2 (r = 0.37,
p < 0.01), although the strength of the relationship for the other indices was weaker in this zone with
no relationship found between GCC and elevation. No relationship was also found between GCC and
elevation in Zone 3; however, in this zone, a strong positive correlation was identified between ExGI
and elevation (r = 0.70, p < 0.01). Moderate statistically significant positive relationships were also
identified for elevation against GRVI and VARI in Zone 3. ExGI, GRVI, and VARI were found to differ
significantly to GCC in Zones 2 and 3, whereas in Zone 1, GRVI and VARI were significantly different
to ExGI and GCC. In Zone 1, ExGI and GCC were also significantly different from each other (all at the
99% confidence interval). Neither the slope nor the curvature correlated with the three zones of the
MR site.
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Table 3. Summary statistics of the size, elevation, and the Excess Greenness Index (ExGI), Green Chromaticity Coordinates (GCC), Green Red Vegetation Index (GRVI),
and Visible Atmospherically Resistant Index (VARI) vegetation indices for the three zones identified within Cwm Ivy Marsh Managed Realignment Site (see Figure 1
for locations) and the surrounding natural marsh.

Size (m2)
Elevation
(m OD) ExGI GCC GRVI VARI

Mean St. dev Mean St. dev Max Mean St. dev Max Mean St. dev Max Mean St. dev Max

Zone 1 122,155 4.13 0.57 65.62 25.78 204 0.392 0.024 0.923 0.051 0.036 0.920 0.038 0.026 0.871
Zone 2 89,429 4.05 0.56 49.61 28.35 176 0.375 0.028 0.979 0.049 0.035 0.958 0.035 0.025 0.958
Zone 3 112,347 3.63 0.66 37.94 27.70 173 0.358 0.027 0.999 0.038 0.029 0.999 0.026 0.020 0.999

Natural Marsh 292,189 3.72 1.01 54.88 34.52 217 0.377 0.036 0.999 0.047 0.038 0.999 0.073 0.057 0.999
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4. Discussion

4.1. Vegetation Cover and the Influence of Site Morphology

MR sites have been recognised to have lower topographic and morphological variability than
equivalent natural saltmarsh environments, which have been associated with a relatively higher
proportion of bare ground within the restored site [5,6,9]. To assess this relationship, four vegetation
indices were calculated from UAV imagery taken at the Cwm Ivy Marsh Managed Realignment
Site, and evaluated herein. Within the three zones of the MR site, recognised to relate to previous
reclamations of the former saltmarsh environment, vegetation indices were typically higher within
the most landwards and, therefore, probably the oldest zone, Zone 1 (Figure 5; Table 3). However,
within this zone, only a weak relationship was found between the elevation and the vegetation
indices. As Zone 1 is located at the back of the site, and is typically higher in elevation, it is possible
that this zone is yet to be regularly exposed to intertidal inundation and saline conditions. If this
is the case, this zone would not be expected to exhibit a typical intertidal saltmarsh profile [33,34],
with the vegetation indices not representing differences due to saltmarsh zonation or alternatively the
morphology. However, no evaluation of the hydroperiod (the frequency and duration of inundation)
or tidal prism [35] was possible here due to a lack of appropriate tidal data, in terms of the duration
and distance of local measurements from the site, and consequently the influence of saltmarsh zonation
has not been evaluated.

The strongest relationship between three of the four vegetation indices (ExGI, GRVI, and VARI)
and elevation was found in Zone 3. This zone is located within the near breach area, and consequently is
more exposed to currents, the macrotidal system, and probably increased exposure to saline conditions
in comparison to the rest of the site. This zone was also lower, but more variable, in elevation than the
rest of the site. As a result, it is likely that this area of the site is more developed and exhibiting a more
typical intertidal marsh profile than the other two zones. Elevation is considered a key parameter in
the design of MR sites [36], with the construction of many engineered sites including landscaping
works through the redistribution, removal, or application of additional material in order to encourage
a range of different habitat types [12,37–39]. Despite this, sites have been recognised to have large
areas of bare ground [6], and these design works may still not result in the targeted range of species as
they do not account for elevation changes caused by deposition of sediment post-site breaching [39].
These findings from Cwm Ivy Marsh, however, highlight the importance of also considering the
pre-existing and historic morphology within the design of MR sites, and not pre-determining the
location of different habitats through site engineering and landscaping [40,41]. The Cwm Ivy site
was used predominantly for grazing, with no known history of intensive agricultural activity such as
ploughing (Corrinne Benbow, National Trust Site Manager, personal communication), and therefore,
may not have experienced the changes in sediment structure that have been associated with these
processes [8,42]. Despite this, areas of differing vegetation cover still exist and appear to relate to
former reclamation attempts. This legacy, if combined with a history of intensive agricultural activity,
may further reduce the hydrological connectivity leading to poor drainage and anoxic conditions [7,43]
and inhibited saltmarsh colonisation.

4.2. UAV Approaches as a Tool for Assessing Site Development

Within the Cwm Ivy Marsh Managed Realignment Site, the three zones relating to the reclamation
process all differed significantly from each other for the four vegetation indices (Figure 5). The use of
the vegetation indices to identify these zones provides a new insight into the influence of historic land
use changes at the site, in a similar approach to remote sensing and aerial photography analysis used
in archaeological studies [42]. Whilst the use of these visible spectrum vegetation indices has been
questioned in some previous studies due to the potential influence of camera setup and vegetation
characteristics [43], variations in performance typically relate to factors associated with temporal
studies such as rainfall or temperature [23]. As this study presents a direct comparison on contiguous
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sites, captured under consistent ambient conditions, the influence of these limitations is not expected
to be as prominent.

The differences that were observed at Cwm Ivy Marsh are likely to result from changes to the
sediment structure, which have been demonstrated in other studies to differ according to the terrestrial
land use practice [18]. However, the duration for which a reclaimed site has been terrestrial may also
have an effect, as this would allow more time for dewatering and desalinisation to occur, resulting
in irreversible changes to the sediment structure [14,40] which could lead to the establishment of
non-vegetated areas following site breaching. This indicates the importance of understanding a site’s
long-term history beyond the type of agriculture, which has been the focus of previous studies into
the influence the terrestrial legacy has on site development [8]. In turn, this understanding of a
site’s long-term history, and how the remaining signature of the historic terrestrial morphology may
influence saltmarsh development, can be used to enhance the design of subsequent engineered MR
sites. Analysis of this type may also be applied in order to assess areas within proposed MR sites
that are less likely to readily support saltmarsh vegetation due to terrestrial morphological changes,
although further analysis of this potential application is now required.

The approach outlined in this study provides a method for larger spatial-scale, higher resolution,
low time, and labour-intensive analysis of the vegetation coverage, which can then inform the sampling
location for assessments of species type, abundance, and diversity used in previous studies [15,44].
As a result, this approach is becoming increasingly appropriate for site wardens, coastal managers,
practitioners, and stakeholders to monitor MR sites and to identify areas of targeted investigation
following site breaching. Within this study, significant differences were found in Zone 1 between all
variables except between GRVI and VARI, whereas only ExGI, GRVI, and VARI were significantly
different to GCC in Zones 2 and 3. Given the similarity in the calculation of the GRVI and VARI
indices [27], a similarity in the performance of these two indices would be expected. Furthermore,
the similarities between ExGI, GRVI, and VARI in Zones 2 and 3, and the strength of the relationship with
elevation within these zones, indicates that these indices outperform GCC in representing vegetation
coverage as a result of morphological change in this instance. This is consistent with previous studies,
which have recognised the effectiveness of these indices at discerning vegetation from soil due to the
combination of the green and red channels [26], with green vegetation presenting: ρ green > ρ red,
and soils presenting: ρ green < ρ red. Moreover, indices such as these are more sensitive to changes in
green colour across the site.

It is, however, worth noting that ExGI modestly outperformed the other indices, most notable in
Zones 2 and 3. Previous studies have demonstrated the value of ExGI in classifying vegetation [25–27],
and highlighted the indices ability to separate plants from bare soil. The ExGI normalises the green
channel (inflated by 2) against the sum of the red and blue channels, and thus the index has the potential
to highlight chlorophyll reflectance values through characterisation of the green channel reflectance in
vegetated versus non-vegetated areas of the site. Furthermore, and similar to the enhanced Normalised
Difference Vegetation Index (eNDVI) [44], the normalisation of the green channel against the blue
channel + red channel has the potential to amplify the recorded chlorophyll absorption values in
vegetated areas when compared to non-vegetated areas. Some species, high in chlorophyll-b content,
have increased absorption of blue wavelength energy in this part of the electromagnetic spectrum.
Equally, this distinction is not detected by indices solely, or predominantly, directed towards the red
channel in isolation, or indices utilising sum total tristimulus reflectance values (e.g., r + b + g).

Further, more developed quantification of differences in vegetation dynamics, and different zones,
within MR sites may be possible through the calculation of additional indices and following the
collection of multispectral data such as near-infrared [45,46] and red-edge [9]. However, the currently
available open access data of this nature (for example Landsat or Sentinel 2) are at a spatial resolution
only appropriate for low resolution or regional level assessments [47,48]. Consequently, a UAV with
multispectral sensors [9,49] would be required to identify the important internal variability associated
with different morphological features, increasing the cost and computation requirements and reducing
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the accessibility for site managers and industry stakeholders. In contrast, the method outlined in this
study provides a genuine low-cost rapid assessment of vegetation coverage, the application of which
will only increase through advances such as: further cost-reducing UAV technological developments,
the ability to use images taken using commercially available cameras [50], and the availability of
open access processing software. These developments, supported by baseline ground-truthing data,
will then lead to an increased understanding of the post-breach development of MR sites, which can
be used to maximise the design of future sites. Additionally, this technique may also be applied to
other restoration and rewilding schemes, along with natural saltmarshes to assess differing, slower,
or unusual recovery in response to morphological change and other modifications, including high
magnitude events such as storms.

4.3. Differences between Restored and Natural Marshes

Previous studies have identified differences in the abundance and coverage of saltmarsh vegetation
in MR sites compared to natural marshes [5,6]. Analysis of vegetation cover at Cwm Ivy Marsh
presented here indicated significant differences between the four vegetation indices. However, the
natural marsh had lower average values for three of these indices (ExGI, GCC, and GRVI) than Zone 1
at the back of the MR site, although it is possible that freshwater vegetation remains in this zone due to
the higher elevation and distance from the breach area. In order to assess this, classification mapping
through multispectral analysis would be required, which is not possible using the method outlined in
this study. In addition, multispectral analysis may also mitigate the impact of any vegetation that is not
green. For example, at Cwm Ivy Marsh, an abundance of flowering Aster tripolium was noted within
the natural marsh whilst conducting the survey. Due to A. tripolium’s large purple flowers and the high
resolution of the orthophotography (even after aggregating the data), it is possible that the tristimulus
values of a number of individual pixels are representative of these flowers. Following the calculation
of the vegetation indices, the external natural marsh had typically higher values than Zones 2 and 3 for
all indices except GRVI, which does not consider the blue channel, and has been used elsewhere to
indicate plant senescence [28]. Given the seasonal timing and nature of this study, is unlikely that plant
senescence has had a significant influence, but it remains possible that GRVI is not representative of the
true vegetation coverage on the natural marsh due to the influence of the vegetation florescence and
colour. Furthermore, as GRVI does not include the blue band in its calculation, it is unlikely to fully
distinguish the vegetation from the sediment, given the high moisture content of saltmarsh sediments
and the associated spectral reflectance [45].

A multispectral approach would also allow for analysis of the plant health [46] in comparison to
the natural saltmarsh, which may provide a further insight into the influence of site morphology and
site history on saltmarsh development in MR sites. However, this approach assumes that the natural
marsh is “healthy” and “natural”, and without the influence of anthropogenic factors, which not
always be the case. For example, at Cwm Ivy Marsh, the external natural saltmarsh is subject to grazing
from sheep and horses, with cattle also regularly being introduced to intertidal marshes elsewhere [47].
In addition, land purchased in order to create MR sites is often leased back to farmers for grazing and,
in some cases, grazing has taken such priority in the design of MR schemes that the entire site has been
planned around it. This includes the site at Steart, Somerset, UK, one of the largest MR sites in the
UK, where a herringbone channel shape was implemented to allow cattle to retreat to higher ground
during high water [40], limiting the natural hydrological and morphological functioning of the site.
Although grazing has been demonstrated to increase diversity and abundance amongst invertebrate
communities [48], these practices have a negative impact on saltmarsh vegetation [49,50]. As a result,
assessments made between vegetation in natural and restored saltmarsh environments where either or
both marshes are grazed may not reflect the true marsh development or the influence of the MR site’s
terrestrial history.
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5. Conclusions

This paper assesses the application of UAV technologies for a site-scale evaluation of vegetation
coverage, via four vegetation indices, in relation to morphological variability at the Cwm Ivy Marsh
Managed Realignment Site, Gower Peninsular, Wales, a non-engineered MR site which used to be
grazing land prior to site breaching. Analysis of the vegetation indices supports the identification of
three separate zones within the MR site, relating to the site’s reclamation history. However, a strong
relationship between the vegetation indices and morphology (r = 0.53 to 0.70) was only found between
elevation and three of the indices (ExGI, GVRI, and VARI) in Zone 3, the zone with the lowest average
value for all vegetation indices, but also the zone nearest the breach area and lowest in elevation,
and therefore, likely to be the most advanced in terms of its transition from a terrestrial to intertidal
environment. These results indicate that without the influence of a history of intensive agriculture, or
site landscaping and engineering prior to breaching, differences in vegetation cover may still occur as
a result of the historic terrestrial conditions, although elevation may provide some control in more
exposed areas. Nonetheless, further work is required to confirm the influence of the morphology and
sediment properties on differences in vegetation cover.

Differences were found between the internal restored and external natural saltmarsh coverage,
although further multispectral analysis would now be required to assess differences in vegetation
health and species classification mapping. However, analysis of this type is still applicable for coastal
managers and site wardens as the approach offers a rapid relatively low-cost method of assessing
differences in vegetation coverage in MR sites in order to inform future field-based surveys of vegetation
abundance and diversity; findings from this study indicated that ExGI was the most appropriate
index for representing vegetation cover, due to the indices ability to separate plants from bare soil.
This approach can also be applied to consider the morphological signature that remains as a result of
site history and legacy, including the reclamation processes and any differences in terrestrial lands,
when designing sites in order to develop an understanding of the areas most likely to be able to
support colonisation of saltmarsh vegetation. A greater understanding of the influence that the historic
morphology has on site development can then be incorporated into the design of larger engineered
MR sites, maximising the delivery of habitat restoration to compensate for saltmarsh losses elsewhere.
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