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Abstract: Coastal cliffs are important in plant ecology as a unique frontier between terrestrial and
marine ecosystems. This study piloted close-range photogrammetry with an unmanned aerial
vehicle (UAV) to clarify floristic patterns using 26 inaccessible coastal cliffs in a warm-temperate,
preserved island (area: 6.5 km2). UAV-based flora data were analyzed in terms of cliff aspect (Type-N:
northwestern aspect of the island, Type-S: other island aspects) and elevation. The studied coastal
cliffs contained 94 flora taxa, of which 13 and 12 taxa were found from either Type-N or Type-S cliffs
only. Type-S cliffs retained a larger number of epiphyte and evergreen species but a smaller number
of deciduous species than Type-N cliffs (p < 0.05), and 4 out of 8 detected epiphyte species dwelled in
Type-S cliffs only. Additionally, the elevation of coastal cliffs was positively related to the proportion
of tree and epiphyte species (r = 0.608, p < 0.001) but negatively related to the proportion of herbs
(r = −0.649, p < 0.001). These patterns corresponded to differing microclimates such as the severity of
cold and dry conditions during winter. We expect that UAV-based approaches will help understand
plant ecology under harsh, challenging environments beyond the speculation with traditionally
accessible sites only.

Keywords: coastal cliff ecosystem; drone photogrammetry; plant ecology; UAV; untouched flora
community; warm temperate vegetation

1. Introduction

Coastal cliffs gain important research interests in plant ecology as a frontier between
terrestrial and marine ecosystems [1,2]. It features steep elevation gradients and direct
exposure to wind gusts, tidal erosion, and salt spray from the sea [3]. Because of such
heterogeneous and unstable environments, coastal cliffs can provide unique microhabi-
tats for species diversification and population differentiation [4,5]. Moreover, the harsh
topography of coastal cliffs acts as a physical barrier to most anthropogenic interventions,
which contributes to preserving rare, threatened, and endemic plant populations [6,7]. In
this context, research efforts have been made since the middle of the 1900s to elucidate the
floristic structure and diversity of coastal cliff landscapes [1,8,9].

Many difficulties are frustrating our knowledge regarding the ecology of plant commu-
nities in cliff ecosystems, regardless of their importance. The inherent inaccessibility to cliffs
unfortunately results in labor-intensive, time-consuming, and dangerous work to explore;
therefore, measuring cliff plant communities traditionally requires the participation of
specialists with rappelling and climbing skills [10]. Furthermore, many inaccessible cliff
locations were investigated based on indirect observations from the ground level [5,11],
which may not be enough to deal with entire plant communities on cliff faces owing to the
restricted visibility [7]. These issues frequently lead to the experimental sampling bias to
specific locations ensuring accessibility and visibility, by which only a limited number of
quadrates or transects can be studied [10,12].
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Recent innovations in unmanned aerial vehicles (UAVs) can shed light on our under-
standing of inaccessible and untouched cliff ecosystems. For example, improved camera
systems on UAVs provide highly detailed spatial analyses that can decrease time and labor
costs for vegetation coverage estimation and species identification [13]. Smart-controlled
flight systems also allow semi-automated data acquisition to clarify individual plant species
or overall floristic tendencies by close-range photogrammetry [14]. The latest utilizations
of UAVs are further combined with sampling manipulators, deep learning, or 3D modeling
technologies to extend their usability as well [13,15,16].

Even with such innovations, some issues still hinder the applicability of UAV-based
studies on cliff ecosystems, including solar radiation effects, poor landing areas, and unsta-
ble wind turbulence [17]; accordingly, some UAV applications were created to test research
questions regarding the ecology of cliff plant communities. For instance, Zhou et al. [14]
implemented UAV photogrammetry to address the effects of elevation and distance from
river on flora diversity and to compare plant morphology between southern and northern
aspects in subtropical inland cliffs. Strumia et al. [7] found the differentiation of coastal
cliff microhabitats of five plant species as a result of differing distances from the ocean
surface using a UAV-based orthomosaic analysis. However, other UAV studies on cliff flora
primarily focused on tracking a specific species or quantifying vegetation coverage [13,16],
whereas more diverse hypotheses have been tested for plant ecology of relatively stable,
plain ecosystems [18–21] or large-scale geological alterations across cliff landscapes [22–24].

The present study piloted the close-range UAV photogrammetry to examine the
floristic patterns along coastal cliffs. Unreachable cliffs along island coasts were specifically
explored as an example to show the influences of topographic and climatic variations [4,25].
According to the previous studies on cliff vegetation [14,26], it was hypothesized that
(1) floristic structures might differ depending on the cliff aspect affecting the severity of
cold, dry conditions during winter and (2) coastal cliffs with a higher elevation might
contain more diverse plant species by providing additional microhabitats than those with
a lower elevation. Floristic characteristics of coastal cliffs were also sought by comparing
them with the non-cliff flora dataset from the same island [27,28].

2. Materials and Methods
2.1. Study Area

The study area is Hongdo Natural Reserve (125◦10′ –125◦13′ E, 34◦39′ –34◦44′ N),
an island of 6.5 km2 in Jeonnam Province, South Korea (Figure 1a,b). Hongdo has been
preserved as a part of the Dadohaehaesang National Park in the country since 1981 and is
isolated 110 km from the main Korean Peninsula. A mountain range continues between
the southwestern and northeastern ends of the island (maximum altitude: 370 m), and
rocky, steep cliff faces are developed along the coastline without shore plains (Figure 1c,d).
Because of this topography, the northwestern aspect of the study area has a colder, drier
microclimate due to the seasonal wind gust from the Siberian Anticyclone during win-
ter, whereas the southeastern aspect has warmer conditions under the influences of the
Kuroshio Current [27]. The climate of the study area is warm-temperate with precipitation
and average air temperature of 1126.3 mm and 13.4 ◦C [28].

The forest canopy of the non-cliff lands of Hongdo Natural Reserve is generally
dominated by evergreen broadleaved trees, including Castanopsis sieboldii, Neolitsea sericea,
Quercus acuta, Machilus thunbergii, and Camellia japonica [28]. Previous observations have
recorded 472 vascular flora taxa from the non-cliff, accessible area, among which, 4 taxa
(Goodyera biflora, Damnacanthus major, Calanthe aristulifera, and Hemerocallis hongdoensis)
are known to have the northern distributional limit at the study area [27]. There are
7 endangered, 9 Korea-endemic, and 40 alien plant species, classified by the Ministry of
Environment of South Korea.
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2.2. Study Design for UAV Data Acquisition

A total of 26 unreachable coastal cliffs were selected for the present study and subdi-
vided into two cliff types based on aspect, namely, Type-N and Type-S (Table 1, Figure 1b).
The Type-N cliffs face the northwestern aspect of the study area, where the cold, dry wind
gust from the north directly affects the cliff vegetation during winter. Inversely, the Type-S
cliffs face the southeastern aspect or are sheltered by the mountainous bay landscape, by
which, such seasonal events during the winter become weakened. As UAV trials in the
field should maintain a clear wireless signal under unstable air turbulence and complicated
topography, our field data acquisition inevitably included an approach close to each coastal
cliff from sea level using a ship. In this regard, any locations surrounded by severe ocean
currents had to be avoided to ensure safety.

Table 1. Information on the studied coastal cliff types.

Cliff Type Characteristics Number of
Cliffs

Cliff Elevation (m)

Average a Minimum Maximum

Type-N

Directly exposed to
cold, dry wind gusts

in winter
(northwestern aspect

of the study area)

11 55 (28) 18 103

Type-S

Sheltered from the
wind gust in winter
(facing southeast or
surrounded by the
mountainous bay)

15 50 (22) 28 130

a Values in parentheses indicate standard errors.

Image data were collected for each coastal cliff with a UAV (Phantom 4 pro V2.0,
DJI, China) in May 2022. If the image from certain locations within the cliffs presented
unidentifiable species, additional images were taken from the same locations again in
August and October 2022 to find clearer morphological traits for those species. The camera
of the used UAV system features a 20-megapixel sensor allowing the photogrammetry
with a 5472 × 3648 pixel size. Our UAV data acquisition was based on the close-range
photogrammetry protocol by Zhou et al. [14], but there were several adjustments consid-
ering the environments of the coastal cliffs (Figure 2a). First, photograph sampling was
initiated from the lowest cliff point, where the UAV started to encounter any identifiable
plant species (lowermost cliff location in Figure 2a), given that repetitive tidal impacts
tended to create a non-vegetated buffer zone near the ocean surface. Second, the uppermost
cliff location (Figure 2a) was defined as the highest edge between the cliff face and the
cliff-top areas because the dense evergreen tree canopy did not allow the close-range UAV
photogrammetry into forests on the cliff-top plains. Finally, multiple diagonal line transects
(red dashed lines in Figure 2a) were used to move the UAV rather than a single vertical
transect because our target coastal cliffs were generally wider compared to the pillar-shaped
inland cliffs of Zhou et al. [14]. All UAV images were taken at a 1–2 m field of view from
the cliff faces with at least 10 m sampling intervals.

2.3. Flora Taxa Identification and Categorization

The plant species in each UAV image were identified independently by three botani-
cal experts familiar with the regional flora. Large plant species such as trees and shrubs
were directly identifiable in each image, and the associated taxonomy could be speci-
fied (Figure 2b). Nonetheless, this direct approach was inapplicable for smaller herbs,
epiphytes, and climbers, which correspondingly needed enlarged images for clear iden-
tification (Figure 2c). If any plants were impossible for such specific identification due to
the absence of distinct morphological traits (e.g., fruits or flowers) during any of the three
periods (May, August, and October), they were specified up to the genus level only (two
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taxa in the present study, Table S1 in the Supplementary Materials). Then, the results from
the experts were integrated, and 1–3 dominant species were selected for each image on the
basis of vegetation coverage (Figure 2b) [29]. When the experts reported contradictory iden-
tifications for a single species, those results would be compared with previous information
from standard illustration books for Korean plants [30,31] and botanical specimen analyses
regarding Hongdo Natural Reserve [27]. Each identified species was further categorized
according to lifeform (trees, shrubs, climbers, epiphytes, or herbs; Cámara-Leret et al. [4])
and leaf longevity of woody species including trees and shrubs (deciduous or evergreen).
Endangered, Korea-endemic, and alien species were informed based on the list by the Min-
istry of Environment. Nomenclature and taxonomy followed the international standards of
the World Checklist of Selected Plant Families (WCSP) and the International Plant Names
Index (IPNI) (Table S1).
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Figure 2. Examples of line transects to acquire photogrammetry data with an unmanned aerial
vehicle (a), the use of an acquired image to identify trees and shrubs on the cliff face (b), and an
enlarged image for the detailed identification of small herb species (Aster spathulifolius) (c). The table
next to panel (b) shows the list of tree and shrub species on the image.
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2.4. Data Analysis

Incidence and dominance ratios were used to reflect floristic tendencies, in addition to
the number of flora taxa. These ratios were estimated by the following equations [14]:

Incidence ratio (%) =

(
Ix
/

ITotal

)
× 100

Dominance ratio (%) =

(
Dx
/

DTotal

)
× 100

where Ix and Dx indicate the numbers of incidence and dominance of each species, and
ITotal and DTotal mean the total number of incidence (total cliffs: 2582) and dominance
(total cliffs: 396) of the plant species over the entire analyzed images, respectively. Here,
incidence implies the total numbers of individuals for each plant species. The incidence
was numbered once per image even when the given species occurred in multiple places
within an image, considering the lack of belowground information to separate actual
individuals [14]. The dominance represents the count of dominant species selected by the
three botanical experts as per the vegetation coverage during the species identification
procedure [29].

To test our first hypothesis, the number of the detected flora taxa was compared
between the Type-N and Type-S cliff types (Table 1). The significance of the differences
between the Type-N and Type-S cliffs was assessed by analysis of covariance with Tukey’s
HSD test. This analysis used each studied coastal cliff as a unit of replication (α = 0.05,
n = 11 for Type-N cliffs and 15 for Type-S cliffs) and cliff elevation as a covariate to minimize
the potential confounding effects as a result of the inconsistent elevations within the same
cliff type. The analyses were conducted with the agricolae and lsmeans packages in R 4.2.1.
software (R Core Team, 2022). Then, the plant species were subdivided by whether they
were detected in either the Type-N cliffs, the Type-S cliffs, or both, for which lifeform and
leaf longevity groups were used to describe the floristic differences between the cliff types
more in detail.

For our second hypothesis, a Pearson correlation test was conducted to describe the
pairwise relationships between the cliff elevation and either the total number of flora taxa
or the percentage of the species within each lifeform group relative to the total number of
flora taxa (α = 0.05). Additionally, the number of flora taxa was compared between the
uppermost and lowermost cliff locations using the generalized linear mixed model with
Tukey’s HSD test (α = 0.05). This analysis included the cliff as a random effect (block) to
deal with potential divergence among the individual coastal cliff sites. Both correlation and
generalized linear mixed model treated each studied coastal cliff as a unit of replication
(n = 26). The analyses were conducted with the lme4 package in R 4.2.1. software (R Core
Team, 2022).

3. Results
3.1. Coastal Cliff Flora Taxa, Incidence, and Dominance

A total of 94 flora taxa belonging to 46 families were detected from the studied
coastal cliffs (Table S1). Asteraceae (10 taxa), Liliaceae (7 taxa), Poaceae (7 taxa), and
Rosaceae (5 taxa) were the most widespread families, occupying 31% of the number
of detected flora taxa and 47% of the flora incidence (total number of incidence: 2582).
There were 2 endangered species (Dendrobium moniliforme and Neofinetia falcata, Figure A1),
4 Korea-endemic species (Hemerocallis hongdoensis, Hosta yingeri, Indigofera koreana, and
Saussurea polylepis), and 2 alien species (Chenopodium ficifolium and Rumex crispus) among
the 94 flora taxa.

Carex wahuensis var. robusta (8.7%), Aster spathulifolius (6.8%), Rhaphiolepis indica var.
umbellata (5.2%), Pittosporum tobira (5.1%), and Farfugium japonicum (4.1%) exhibited the
highest incidence ratio across the studied coastal cliffs (total number of incidence: 2582,
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Figure 3a). In total, 3 of them were herbs, whereas the others were shrubs. On the other
hand, C. wahuensis var. robusta (29.8%), R. indica var. umbellata (16.9%), A. spathulifolius
(10.9%), P. tobira (7.3%), and Pinus densiflora (7.3%) showed the highest dominance ratio
(total number of dominance: 396, Figure 3b). These top 5 species for dominance ratio
consisted of 2 herbs, 2 shrubs, and 1 tree species. Compared to the incidence ratio, the
dominance ratio was more governed by the top 5 species (incidence ratio: 29.9%, dominance
ratio: 72.2%). Juniperus procumbens featured a higher dominance per incidence than the
top 5 species for incidence and dominance ratios (Figure 3c), reflecting its dense, creeping
morphology on the cliff faces compared to C. wahuensis var. robusta, R. indica var. umbellata,
and A. spathulifoliu (Figure 3d–f).
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Figure 3. Summary for the major plant species of the studied coastal cliffs: incidence ratio (a),
dominance ratio (b), dominance per incidence (c), and typical cliff habitats of Carex wahuensis var.
robusta and Rhaphiolepis indica var. umbellata (d), Aster spathulifolius (e), and Juniperus procumbens (f).
The black and white colors of the bars in the panels (a–c) indicate woody (trees and shrubs) and
herbaceous (herbs, climbers, and epiphytes) species, respectively. The incidence and dominance
ratios were calculated based on the proportion of the counted plant individuals for each species
relative to the total number of the counted individuals across all studied coastal cliffs (n = 2582 for
incidence and 396 for dominance).
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Lifeform grouping demonstrated that herbs (40 taxa, 58.1% incidence ratio) and epi-
phytes (8 taxa, 4.4% incidence ratio) were the most and least abundant lifeforms over
the studied coastal cliffs, respectively (Figure 4a). The most abundant species for each
lifeform were C. wahuensis var. robusta for herbs (incidence ratio: 8.7%, dominance ra-
tio: 29.8%), R. indica var. umbellata for shrubs (incidence ratio: 5.2%, dominance ratio:
16.6%), P. densiflora for trees (incidence ratio: 2.4%, dominance ratio: 7.3%), Paederia foetida
for climbers (incidence ratio: 2.6%, dominance ratio: 0.0%), and Sedum polytrichoides for
epiphytes (incidence ratio: 2.4%, dominance ratio: 0.0%), respectively. Furthermore, leaf
longevity grouping for woody species revealed that evergreen trees and shrubs (15 taxa,
20.3% incidence ratio) had a higher incidence ratio than deciduous trees and shrubs (18 taxa,
8.0% incidence ratio), despite their lower number of taxa (Figure 4b). The 15 evergreen
species were mostly broadleaved trees and shrubs, except for two conifers (P. densiflora and
J. procumbens). Elaeagnus macrophylla (incidence ratio: 1.4%, dominance ratio: 0.8%) and
R. indica var. umbellata were the most widespread deciduous and evergreen species, respectively.
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Figure 4. Number of flora taxa and incidence ratio across the studied coastal cliffs, summarized
based on lifeform (a) and the leaf longevity of woody species (i.e., trees and shrubs) (b). The light and
dark gray colors of the panel (a) indicate herbaceous and woody species, respectively. The incidence
ratio was calculated based on the proportion of the counted plant individuals for each group relative
to the total number of the counted plant individuals across all studied coastal cliffs (n = 2582).
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3.2. Patterns Related to Coastal Cliff Aspect and Elevation

The Type-N and Type-S cliffs contained 82 and 81 flora taxa, of which, 69 taxa occurred
in both cliff types (Figure 5, Table S1). The analysis of covariance recorded that the Type-S
cliffs tended to include a larger number of epiphyte species than the Type-N cliffs (p < 0.05),
whereas no difference was significant for the other lifeform groups (Figure 5a). The Type-S
cliffs also presented a smaller number of deciduous species (p < 0.01) but a larger number
of evergreen species than the Type-N cliffs (p < 0.05) (Figure 5a). Considering the plant
species found exclusively from either cliff type, the 13 taxa detected only in the Type-N
cliffs consisted of 8 herbs, 2 shrubs, 2 climbers, and 1 tree species (Figure 5b). In contrast,
the 12 taxa detected only in the Type-S cliffs comprised 4 epiphytes, 3 trees, 2 shrubs,
2 herbs, and 1 climber species (Figure 5c). Interestingly, half of the detected epiphyte
species exclusively dwelled in the Type-S cliffs, whereas no epiphyte species was found in
Type-N cliffs only. In other words, microhabitats in the Type-S cliffs might be more suitable
for the occurrence of evergreen and epiphyte species than those in the Type-N cliffs.
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Figure 5. Comparisons between Type-N and Type-S cliffs: difference in flora taxa between the cliff
types according to analysis of covariance (a), and composition of plant species detected exclusively
in either the Type-N cliffs (b) or the Type-S cliffs (c). The light and dark gray colors of the pie
graphs in panels (b) and (c) indicate herbaceous and woody species, respectively. The error bars in
panel (a) represent standard error values, and the lowercased letters on the bars indicate statistically
significant differences between the cliff types within each group in accordance with Tukey’s HSD test
(α = 0.05, n = 11 for the Type-N cliffs and 15 for the Type-S cliffs).
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Pearson correlation tests exhibited that the number of flora taxa increased with the
elevation of the coastal cliffs (p < 0.001, Figure 6a). The proportion of tree and epiphyte
species also increased with the cliff elevation (p < 0.001, Figure 6b); conversely, the pro-
portion of herb species was negatively related to the elevation of coastal cliffs (p < 0.001,
Figure 6c). On the other hand, the generalized linear mixed model demonstrated that the
uppermost cliff locations tended to contain a larger number of tree and epiphyte species
than the lowermost cliff locations (p < 0.05, Figure 7); inversely, the differences in herb,
shrub, and climber species were not significant (Figure 7). These results imply that a higher
elevation of coastal cliffs might encourage the occurrence of trees and epiphytes against the
abundance of herb species under lower cliff elevation conditions.
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Figure 6. Pairwise relationships of coastal cliff elevation with the total number of flora taxa (a),
the proportion of trees plus epiphyte taxa compared to the total number of flora taxa (b), and the
proportion of herb taxa compared to the total number of flora taxa (c) across the studied coastal cliffs
(α = 0.05, n = 26). Here, the term “herb” implies herbaceous, ground-dwelling plant species except
for climbers and epiphytes.
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4. Discussion

Before discussing our primary hypotheses, it is worth noting that the UAV-based
explorations can reflect several floristic characteristics of coastal cliffs contrasting with
non-cliff sites. For example, the studied coastal cliffs presented approximately 19.9% of
the plant species recorded from the non-cliff lands around the study area (472 flora taxa)
by Jang et al. [27], with a higher proportion of endangered and Korea-endemic species
(coastal cliffs: 6.4%, non-cliffs: 3.4%) but a lower proportion of alien species (coastal cliffs:
2.1%, non-cliffs: 8.5%). Particularly, the endangered orchid, Neofinetia falcata, has been
undetected in the study area since 2014 until our detection (Figure A1a) [27], suggesting
that the harsh, unstable environments of coastal cliffs could contribute to sheltering rare,
endangered plants from the invasion of non-native, competitive species and anthropogenic
land use changes [7]. Our results also show that plant communities along coastal cliffs were
frequently dominated by salt- and dry-tolerant shrubs and herbs (e.g., Rhaphiolepis indica
var. umbellata, Aster spathulifolius, and Pittosporum tobira), even though the neighboring
non-cliff sites comprised terrestrial, mountainous forests with dense tree canopies (e.g.,
Castanopsis sieboldii, Neolitsea sericea, and Quercus acuta) [28]. These floristic differences
support the importance of UAV-based approaches toward the inaccessible cliffs to totally
understand the structure and biodiversity throughout coastal ecosystems.

4.1. Floristic Variabilities under Differing Coastal Cliff Aspect and Elevation

Aspect-related variations in microclimates are regarded as one of the principal mecha-
nisms controlling the composition, function, and morphology of plant communities [14,32].
Here, the two coastal cliff types were distinguishable in terms of the occurrence and com-
position of the detected plant species. The results especially show that the Type-S cliffs
retained a higher number of epiphyte species than the Type-N cliffs, and four out of eight
epiphyte taxa were recorded exclusively in the Type-S cliffs. This pattern might occur
because many epiphyte species in the temperate zone rely on the atmospheric moisture
availability in warm, humid microhabitats [33]; therefore, the colder, drier microclimate
over the winter season could discourage the survival and growth of epiphytes in the Type-
N cliffs relative to the Type-S cliffs [27]. A similar difference was also found in the leaf
longevity grouping for woody species, in which the Type-N cliffs featured a significantly
larger number of deciduous tree and shrub species but a lower number of evergreen species
than the Type-S cliffs. In fact, geographical and climatic gradients are the most critical



Drones 2023, 7, 140 12 of 16

factors determining the distribution of deciduous and evergreen plants, and evergreen
broadleaved species are vulnerable to extreme cold events in warm temperate or subtropical
areas [34]. Although the study area might be too small to reflect the latitudinal or altitudinal
gradients in the microclimate, the direct, seasonal exposure of the Type-N cliffs to the north-
ern Siberian Anticyclone might enhance the aspect-related differences in the microclimate
and the associated floristic structure [27]. Given that most of the detected evergreen species
were broadleaved, the different occurrences between the evergreen and deciduous species
might fit into such explanations. Overall, our findings assist the first hypothesis on the
floristic variations between the coastal cliff aspects under differing exposures to the cold,
dry conditions during the winter season.

Other evidence affirms our second hypothesis about the relationship between coastal
cliff elevation and plant diversity. For instance, the number of flora taxa was positively
related to the elevation of the study’s coastal cliffs, similar to reports from previous UAV
applications to inland cliff ecosystems [14]. These patterns might occur as the high elevation
of coastal cliffs potentially leads to a wider surface area and heterogeneous topography
available for diverse plant species to survive [25]. In addition to this general pattern,
our findings unveil the notable alterations in plant community composition following
the variation in coastal cliff elevation. Whereas plant communities in the lower coastal
cliffs showed an increased proportion of herb species, those in the higher coastal cliffs
had more complex lifeform compositions resulting from the elevated proportion of trees
and epiphytes. Moreover, the uppermost cliff locations presented more tree and epiphyte
species than the lowermost cliff locations within each studied coastal cliff. In fact, the
bottom area of the coastal cliffs is subjected to more unstable environments compared to
the top area because of the stronger tidal impact and the salt spray from the ocean surface
and accelerated soil erosions [35,36]. Such a situation at the bottom of the coastal cliffs
possibly reduces the fitness of the plant species that require stable habitat environments and
long-term growing periods for reproduction [5,37]. This explanation supports the results of
Strumia et al. [7], who found a marked difference in habitat preference depending on plant
species along the elevation within a coastal cliff site. Given that the high elevation of coastal
cliffs provides additional upper locations unreachable for direct tidal waves [38,39], the
higher coastal cliffs could retain more trees and attached epiphytes vulnerable to extremely
unstable conditions than the lower coastal cliffs.

4.2. Implications and Future Research Requirements

Information on coastal cliff vegetation remained unclear for decades as a result of its
inherent inaccessibility. In this context, the plant ecology of the untouched, unreachable
coastal cliffs traditionally depended on estimations using data from other accessible cliff
sites [1,3,5,6,9,40,41]. As one of the initial UAV applications for coastal cliff vegetation [7],
the present study emphasizes the potential usability of UAV photogrammetry to address
ecological questions regarding plant communities of inaccessible coastal cliffs more than
mere plant species identification. Our findings verify the topographic effects on the struc-
ture and composition of plant communities under harsh, unstable environments beyond
indirect speculations relying on the traditionally accessible sites only.

Despite the UAV’s usability for coastal cliff studies, several challenges still require
additional research attention and technological innovations. First of all, individuals with-
out clear morphological traits are difficult for image-based species identification [14]. The
combination of UAV and sampling manipulators may be an alternative to overcome this
uncertainty through direct sampling and botanical specimen analysis in the field [15].
Secondly, UAV investigations for varying coastal cliffs can be confounded by heteroge-
neous image quality because poor light conditions at the north-facing cliffs inevitably
increase blurred and noisy photographs [7]; in this regard, future UAV-based approaches
may consider the use of AI-aided object detection to help ensure accuracy under such
challenging environments [13,42]. The attachment of the improved telephoto lens may also
be useful to solve the limitation of close-range UAV photogrammetry for sites under tree
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branches and other blocking objects [43]. Last but not least, multispectral and other types
of remote sensors should be piloted so that UAV-based studies can cover wider topics such
as plant ecophysiology and carbon cycles in unreachable coastal cliffs [21]. Given that such
techniques have already played a remarkable role in the understanding of relatively stable,
inland plant communities [20], similar implementations will allow the testing of broader
research designs and hypotheses under harsh, challenging ecosystems in the near future.

5. Conclusions

The present study unveils the potential applicability of close-range UAV photogram-
metry to deal with ecological questions regarding plant communities of unreachable coastal
cliffs. Our results demonstrate that the floristic structure of coastal cliffs closely corre-
sponded to the cliff aspect and elevation controlling the magnitude of cold, dry conditions
during winter and tidal impacts from the ocean surface. Particularly, northwest-facing
coastal cliffs contained more deciduous species but fewer epiphytes and evergreen species
than coastal cliffs under other aspect conditions. There were alterations in plant species
compositions (especially related to trees and epiphytes) along the gradients of the coastal
cliff elevation as well as increases in the total number of detected plant species. Compar-
isons with previous datasets for non-cliff areas also suggest that the harsh environments
around coastal cliffs potentially shelter rare, endangered plants from the invasion of alien,
competitive species and anthropogenic interventions. Further research on coastal cliff
flora may consider the adaptation of AI-aided object detection, sampling manipulator,
telephoto lens, and multispectral sensor technologies to extend the usefulness of UAV
systems. As such, technologies already contributing to investigating relatively stable, in-
land plant communities, and similar applications will be able to diversify experimental
designs and hypotheses for exploring inaccessible coastal cliffs near future. We hope that
our UAV-based explorations will aid to broaden the insights into coastal cliff ecosystems
that still remain challenging and least known in plant ecology.
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