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Featured Application: A simple model was developed to select indicator species based on individ-
ual species’ contributions to biodiversity. Targeting biodiversity can be used for environmental
monitoring and to inform restoration designs.

Abstract: In both ecological research and engineering, the selection of indicator species is crucial. Bio-
diversity has always been an important policy objective for ecologists and environmental managers.
Based on this target requirement, we developed a method that reveals the individual contributions of
species to biodiversity to quantitatively identify indicator species for selection during environmental
monitoring. The Siangshan Wetland in Hsinchu, Taiwan, was selected as an application case. The
spread of mangroves not only changed the original habitat composition and function of benthic
organisms in wetlands, but also led to problems such as estuary filling, flooding, and black mosquito
breeding. Therefore, a large-scale mangrove removal project was undertaken by the Hsinchu City
Government from October 2015 to March 2016. In this study, the biological effects of mangrove re-
moval on benthic organisms and adjacent habitats were investigated from October 2015 to September
2016. According to biodiversity contribution algorithms, we identified five indicator species, namely,
Mictyris brevidactylus, Macrophthalmus banzai, Uca arcuata, U. lacteal, and U. borealis. These indicator
species had the most prominent biodiversity contribution, and they provided direct evidence of the
beneficial effect of mangrove removal for wetland restoration. After mangrove deforestation, tidal
flat species returned to their original habitats, and their related densities increased significantly in
mangrove removal areas. Improving our understanding of the relationships between biodiversity
and indicator species is crucial for the development of coastal management processes. Mangrove
removal can be confirmed as an appropriate habitat rehabilitation strategy for benthic organisms.
Consequently, these indicator species and the results obtained can provide valuable ecological in-
formation for those involved in coastal management or other officials seeking to control the spread
of mangroves.

Keywords: environmental monitoring; restoration; Siangshan Wetland; mangrove removal;
benthic organisms

1. Introduction

Biodiversity is often defined by biologists as the sum of genes, species, and ecosystems
in an area [1]. The traditional biodiversity types identified in the past include taxonomic
diversity [2], ecological diversity [2], morphological diversity (genetic diversity and molec-
ular diversity) [3], and functional diversity [4]. Typically, “biodiversity” is used in place
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of defining terms such as species diversity and species richness [5]. It is also a measure
of variation at the genetic, species, and ecosystem levels [6]. Biodiversity, the variety of
life, is distributed heterogeneously across the Earth [7]. Ecological crises are understood
to occur from changes in biodiversity due to habitat destruction and rapid species loss.
Ecosystems are subject to a variety of anthropogenic threats, including disease, pollution,
climate change, habitat alteration, overexploitation, and invasive species [8]. In 1993, the
shared consciousness of this problem led to the Convention on Biological Diversity be-
ing held. The Biodiversity Convention of the UNCED Conference in Rio mentioned the
importance of biodiversity, with particular reference to wetland ecosystems. The values
of wetlands and wetland biodiversity were discussed, and a possible strategy for their
conservation and wise use was suggested [9]. Since 1971, the Ramsar Convention has
promoted the conservation and rational use of wetlands. However, wetlands remain one
of the most threatened ecosystems because they are directly damaged and suffer from all
human activities [10].

Indicator species (ISs) are target living organisms that reflect or predict the status of
the environment [11–15]. Thus, ISs are frequently used to monitor environmental changes,
assess the efficacy of environmental management, and provide warning signals for im-
pending ecological shifts [15]. In other words, ISs can signal a change in the biological
conditions of a particular ecosystem and, thus, may be used to diagnose the health of
an ecosystem [16–19]. ISs are mostly applied to monitor the health and integrity of an
ecosystem or environment and assess habitat restoration and the effects of pollution and
contamination [15]. In addition, the use of ISs is often incorporated into policies and regu-
lations for monitoring ecological integrity [20], including in watersheds [21], lakes [22,23],
semi-natural pastures [24,25], rangelands [26], and forests [27]. Almost 70% of invertebrates
are particularly common indicators of aquatic and wetland health [15], with polychaetes
(Annelida) used as indicators for marine pollution [28], macrobenthos used as indicators
in coastal lagoons [29], and brachyuran crabs used as a biomonitoring tool for chemical
pollution assessment [30].

Ecologists and engineers have frequently used ISs to monitor environmental changes
and provide detectable signals for ecological shifts. For example, the life history differences
and effects of physicochemical changes on coastal lagoon macrobenthos were investigated
in the sewage-contaminated, moderately enriched Sykes Creek and the less polluted Banana
River in Florida, USA [29]. Spatial and temporal changes in macrobenthic communities
were studied at the Tyne sludge dump. Out of a total pool of 123 taxa, 81 taxa responded
in only one study [31]. ISs are selected based on their sensitivity to a particular environ-
mental attribute. Moreover, ISs can be selected based on some characteristics, including
abundance, sensitivity, attractiveness, endangered, invasive species, or any combination of
these [15]. While ISs have rarely proven to be an effective tool for monitoring ecosystems
and informing management decisions [31,32], the use of quantitative methods to identify
ISs is rapidly evolving. Consequently, the conceptual model of ISs, including direct relation-
ships between ISs, drivers of ecosystem change, and underlying processes and variables,
was extended [32]. Vegetation changes were monitored for good management practices
for the sustainable use of natural rangeland resources. Several quantitative models have
been developed to select IS, including principal component analysis [33], context-sensitive
joint species distribution model (JSDM) [34], probability of species occurrence combined
with environmental factors [35], maximum conditional co-occurrence [36], and threshold
indicator taxa analysis (TITAN) [37]. However, few studies have quantitatively selected ISs
from completely assembled species data, especially for benthic organisms.

Many of the well-known wetland values are related to their biodiversity [9]. The
number of species is determined by the birth, death, immigration, and emigration rates
of species in an area [7]. Biodiversity is one of the primary criteria used in the protection
of wetlands [9]. Wetlands as ecotones are unique environments exhibiting considerable
potential for biodiversity [38]. Measuring species-level biodiversity involves determining a
diversity index based on individual species abundances. The elements that affect such a
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biodiversity index are the number of unique species (species richness) and the evenness in
the distribution of species abundances. Numerous indices are applied in ecological research
to measure species-level biodiversity [39]. Species abundance could be measured either in
terms of biomass or the number of individual species [40].

Biodiversity is a quantitative measure that reflects how many different species exist in
a community and simultaneously considers how evenly the basic entities are distributed
among those living organisms. Therefore, we explored the value of individual species,
which is based on the contribution to biodiversity, to identify ISs. Contribution to biodiver-
sity from each species was employed because we sought to calculate the probabilities of
biodiversity from each individual species when survey data were available. Therefore, the
desired individual probabilities and expectations were treated as conditions of contribution.
Thus, we developed a novel, quantitative method that was useful for determining the spe-
cific contribution of species to biodiversity. In this case study, the mangrove removal project
in the Siangshan Wetland Conservation Area, Hsinchu, Taiwan, was used and analyzed.

2. Materials and Methods
2.1. Model Building

Numerous methods are available for measuring biodiversity within an ecosystem,
with dominance indices and information statistic indices being the most prominent (Pielou,
1966; 1975) [41,42]. The Shannon–Wiener biodiversity index (H′) [43,44] and Simpson index
(D) [45] are two commonly used measures. The respective equations for these two indices
are as follows:

Shannon index (H′) = −∑ pi ln pi (1)

Simpson index (D) = ∑ n (n − 1)/N (N − 1) = 1/∑ (pi)
2 (2)

In the Shannon and Simpson indices, pi is the proportion (ni/N) of the number of
individuals of species found (ni) divided by the total individuals found (N), and i is the
number of species. H’co and Dco represent the individual contributions of species in an
ecosystem’s diversity. Equations (3) and (4) for these indices are as follows:

H′CO(Si) =
Pi ∗ ln Pi

∑n
i=1 Pi ∗ ln Pi

(3)

DCO(Si) =
1

(Pi)2

1/ ∑n
i=1(Pi)2

(4)

To identify ISs, we use the concept of contribution to biodiversity. Let H′co or Dco
be the separate contribution of each species i to biodiversity such that H′co or Dco is a
calculation of the individual biodiversity value of each species i divided by the sum of the
total biodiversity of all species.

Therefore, when species i is present and sampled at the kth site, the contribution to
the biodiversity of each species i aggregated from different sites k is calculated using (5)
and (6).

H′co−site(Si) = (
l

∏
k=1

H′CO (Si)k)

1
l

(5)

Dco−site(Si) = (
l

∏
k=1

DCO (Si)k)

1
l

(6)

where k = 1, 2, . . . , l site for the ith species. When some species do not exist at the kth site, a
small value is set, such as 0.001, and this value is substituted into the formula.
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The contribution to the biodiversity of each species i integrated from each month t is
calculated using (7) and (8).

H′co−site−month(Si) = (
m

∏
t=1

H′co−site(Si)t)

1
m

(7)

Dco−site−month(Si) = (
m

∏
t=1

Dco−site(Si)t)

1
m

(8)

where t = 1, 2, . . . , m site for the ith species.
To determine ISs, the maximum value of contribution to biodiversity among all species

can be obtained, as shown in (9) and (10).

max H′c.k.m.(Si) (9)

max Dc.k.m.(Si) (10)

2.2. Case Study
2.2.1. Background of Study Area

The coastline of the Siangshan Wetland is approximately 8 km long with a total area of
approximately 1600 ha [46]. It is a breeding ground for shrimp, crabs, shellfish, and benthic
organisms [47,48]. Since 2001, the Siangshan Wetland has been officially designated as the
Hsinchu City Coastal Wildlife Sanctuary. The study area is situated north of the Sanxing
stream and south of the Haishan Fishing Port in Hsinchu, Taiwan. A map of the study area
is depicted in Figure 1.
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Mangroves have been considered good ecosystems for the past three decades [49].
Therefore, mangroves (Kandelia candel) are artificially planted in the Siangshan Wetland.
Since 1992, a survey has been conducted, and it was revealed that the area contains ap-
proximately 5300 mangrove trees. In 1995, the area occupied by these trees was separately
estimated to be 0.1 ha by the Taiwanese Government and Endemic Species Research Insti-
tute of Taiwan. Due to the original mudflat geology, hydrology, and estuary effects, the
mangrove area expanded rapidly to 107 ha by 2003, as reported by the Hsinchu City Wild
Animal Sanctuary Habitat Rehabilitation and Mangrove Research Program [47,50]. This ex-
pansion had negative effects, including habitat singularity, the decline of species abundance
and biodiversity, flooding, and mosquito breeding. Furthermore, this initiated a debate
in news/media regarding the positive and negative effects of mangroves, both in civil
society and academic institutions. It was finally decided to cut down the mangroves and
remove them, according to the 2011 National Important Wetland Ecological Environment
Investigation and Rehabilitation Project (https://wetland-tw.tcd.gov.tw/tw/index.php
(accessed on 29 June 2022)) and Assessment of Wetland Habitat Restoration in Siangshan
Wetland Program [51]. The removal of mangroves between 2011 and 2015 was difficult
and proved unsatisfactory. Subsequently, a large-scale removal project was planned by the
Hsinchu Municipal Government in October 2015. In this study, in addition to the entire
Siangshan Wetland area, special attention was paid to ecological changes in the mangrove
removal area [47,48].

2.2.2. Biological Survey and the Ecological Community Structure

The Hsinchu City Government ran a large-scale mangrove removal project from
October 2015 to March 2016 to restore the wetland. From October 2015 to September 2016,
the biological effects of mangrove removal on benthic crabs and their adjacent habitats
were investigated. To enable a comparison of the area before and after mangrove removal,
sampling was performed. Sampling for benthos was conducted from October 2015 to
September 2016. Three survey transects—A, B, and C—were set from north to south, and 5
sampling sites were positioned along each transect, forming a total of 15 sampling sites
(Figure 1). Eight sites (A1, A2, A3, A5, B1, B2, B3, and B5) were designated to the dense
mangrove regions for comparison with non-mangrove regions.

The semidiurnal and diurnal tides with a tidal range of 2.7 m were analyzed along
the Siangshan Wetland. Samples were collected on the tidal flats, and each sample was
taken by excavating a frame (surface area: 1 m2) at a depth of 30 cm. Ten random frames
were collected at each site for species identification, individual abundance, and comparison
before and after mangrove removal. The samples were sieved with a 1 mm mesh and
preserved in an 8% formaldehyde–seawater solution. In the laboratory, crabs were sorted,
and species were identified, counted, and preserved in a 70% alcohol solution.

3. Results
3.1. Species Contribution to Biodiversity

The benthic density was 1–4 ind./m2, and there were 0–3 species types at sampling
sites A1, A2, A3, and A5 before mangrove removal. The crab species included U. arcuata,
U. lacteal, and Helice formosensis. No bivalves were found. After mangrove removal, the
abundance of benthic organisms was 2–25 ind./m2, and 2–7 species types were observed.
The newly discovered crab species were U. formosensis, M. banzai, M. brevidactylus, and
two bivalvia species: Tellina jedonensis and Mactra veneriformis. The benthic density and
the number of species increased after mangrove removal. The lowest benthic density
was observed in January 2016, and the highest benthic density was noted in September
2016. The lowest number of species was noted in February 2016, and the highest number
of species was observed in August 2016. In the sampling sites of the non-mangrove
region, the benthic density was 20–60 ind./m2, and the number of species was 5–25 before
mangrove removal. On the tidal flats of the non-mangrove region, crab species included
U. arcuata, U. lacteal, M. brevidactylus, and M. banzai, and the bivalvia species included

https://wetland-tw.tcd.gov.tw/tw/index.php
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Laternula anatine, Meretrix lusoria, Cycladicama oblonga, T. jedonensis, and M. veneriformis.
After mangrove removal, the benthic density was 25–130 ind./m2, and the number of
species in the indicated sampling sites was 10–19. The benthic density was the lowest in
January 2016, and the highest benthic density was observed in August 2016. The highest
number of species was found in October 2015 and the lowest number was observed in
January 2016.

Based on the calculations of Equations (9) and (10), the biodiversity contribution values
of individual species showed significant monthly changes (Tables A1 and A4). Similarly,
we also compiled and presented the rankings of species according to the probability values
H′c.k.m. and Dc.k.m. of each month (Tables A2 and A5). The two models are ranked slightly
differently. The main species contributing to biodiversity are M. brevidactylus, M. banzai,
U. arcuata, U. lacteal, and U. borealis, which contribute to biodiversity (H’c.k.m. and Dc.k.m.)
having the highest contribution probability (Table 1). M. brevidactylus, M. banzai, and U.
arcuata were the major contributing species throughout the entire year. In the summer and
autumn, some target species also had a low ranking, including U. lacteal, H. formosensis,
and U. formosensi.

Table 1. Probabilities of contribution to biodiversity (H′c.k.m. and Dc.k.m.) and each rank by crab
species (Si).

Species H′c.k.m. (Si) Rank Dc.k.m. (Si) Rank

Helicana doerjesi 1.2 × 10−1 8 1.4 × 10−3 9
Helice formosensis 1.2 × 10−1 6 1.1 × 10−3 6
Mictyris brevidactylus 4.5 × 10−1 1 1.8 × 10−1 1
Macrophthalmus banzai 3.8 × 10−1 2 5.5 × 10−2 3
Macrophthalmusab reviatus 1.5 × 10−1 11 2.7 × 10−3 11
Ocypode ceratophthalmus 1.5 × 10−1 8 2.8 × 10−3 8
Ocypode stimpsoni 1.1 × 10−1 7 4.6 × 10−4 7
Ocypode sinensis 1.3 × 10−2 14 2.5 × 10−6 14
Uca arcuata 3.5 × 10−1 3 4.1 × 10−2 2
Uca formosensis 1.1 × 10−1 10 6.2 × 10−4 9
Uca lactea 2.9 × 10−1 4 2.4 × 10−2 4
Uca perplexa 1.0 × 10−2 18 1.0 × 10−6 18
Uca borealis 1.7 × 10−1 5 3.7 × 10−3 5
Scopimera longidactyla 6.7 × 10−3 20 3.1 × 10−7 20
Scopimera globosa 5.4 × 10−3 15 1.5 × 10−7 15
Scopimera bitympana 5.7 × 10−2 13 2.7 × 10−4 13
Scylla serrata 6.9 × 10−3 15 3.3 × 10−7 15
Pagurus dubius 6.5 × 10−3 20 3.2 × 10−7 20
Diogenes penicillatus 5.3 × 10−3 18 1.4 × 10−7 18
Parapagurus diogenes 1.2 × 10−2 17 1.0 × 10−6 17
Parapagurus obtusifrons 2.2 × 10−2 12 4.4 × 10−5 12

The probabilities of species contributions to biodiversity (H’c.k.m. and Dc.k.m.) at dif-
ferent sites are shown in Tables A3 and A6, respectively. In Table A3, two species,
M. brevidactylus and M. banzai, appeared in most areas, except the mangrove area. U. arcuate,
U. lacteal, H. formosensis, and U. borealis were observed in the A1, A2, and A3 locations
within the mangrove region. M. brevidactylus, M. banzai, and H. formosensis were observed in
locations B1, B2, and B3, which were outside the mangrove region. A comparison between
habitat types revealed that H. formosensis and M. banzai were observed more in sandy than
muddy areas.

3.2. Using ISs to Monitor Mangrove Removal

Three crab species, namely, U. arcuata, U. borealis, and M. banzai, were observed at
the sampling sites within the mangrove region before mangrove removal (Figure 2). After
mangrove removal, U. arcuata, U. borealis, and U. lacteal were also observed. This indicates
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that U. lacteal returned to this area after mangrove removal. U. arcuate, U. lacteal, and
U. borealis were generally found in mangroves, salt marshes, and sandy or muddy areas in
the Siangshan Wetland.
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The densities of five ISs and untargeted species in the two regions (mangrove: A1, A5;
non-mangrove: B1, B5) were compared (Figure 3). The density of crab species varied from
month to month, but the densities measured in the mangrove region were significantly
lower than those in the non-mangrove region. Comparing ISs with untargeted species, the
density change of ISs can be seen more clearly from Figure 3. These results indicate that
these benthic organisms were forced to migrate from their original habitat to nearby areas
because of the spread of mangroves. After mangrove removal, the density of these species
gradually recovered to the original level. Specifically, three crab species, namely, U. arcuate,
U. lacteal, and U. borealis, returned to the original habitat shortly after mangrove removal.

Because fiddler crabs are omnivorous scavengers and eat items such as fish flakes,
pellets, dried bloodworms, and brine shrimp in captivity, their feeding habits also played a
vital role in the preservation of wetland environments. By sifting through sands, they aerate
the substrate and control anaerobic conditions from occurring (Levinton et al., 1995) [52].
Regarding habitat, fiddler crabs prefer a wet environment. This means they are more likely
to live along waterways and tidal pools in the wetlands after the tide’s ebb. The expansion
of mangroves often blocked the waterways, resulting in sediment gradually drying on
land. These species then moved to areas outside the mangroves. When the mangroves
were removed, clear waterways appeared, and these species naturally returned to their
original habitat.
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4. Discussion
4.1. Comparison with Previous Research

On the other hand, a previous study [36] used the same material to select ISs by using
the conditional probability of species co-occurrence. When a species exists in a habitat
with other species, the status of these species is most likely to represent other species
living in the same community [36]. Finally, the indicator species were selected, including
M. brevidactylus, M. banzai, U. arcuata, U. lacteal, U. borealis, and H. formosensis. Comparing
the ideas of the two models, one is conditional species co-occurrence and the other is
biodiversity. Both models screen out the same species.

Due to differences in seasons and habitats, ISs vary at different months and sites. That
said, each IS has its own suitable habitat and season. Through the accumulation of months
and sites, species belonging to a wide area and a long time were screened out. It also means
that the accumulation or product in the formula will select some species with a wide range
of characteristics. They may be high-abundance, ubiquitous, low-sensitivity, and high-
tolerance species. Conversely, low-abundance, scarce, highly sensitive, and low-tolerant
species will not be screened. This also illustrates the difference between maximization and
minimization in Equation (9). Differences in the use of maximization and minimization in
mathematical notation seem to determine the dominant or sensitive species. This is also
related to the size of the residuals in the statistics. If an analysis of environmental factors is
added, the representative significance of index species is clearer. Another concept arises
from the combination and selection of time and space. When the experimental design
adopted more sites and a longer time, the selection of widely and narrowly distributed
species also seemed to be different. Thus, the amount of time and space also seems to
determine the different distributions of species.

4.2. Different Purposes and Practices
4.2.1. The Anping Beach Nourishment Project

In recent years, the performances of coastal protection activities aimed at protecting the
coastal environment, such as levees, flood gates, sea walls, and stormwater retention areas,
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have been assessed [35]. Coastal structures, such as concrete blocks or dykes, are major
coastal protection engineering facilities, which may be ecologically beneficial if properly
designed. Conversely, inappropriate structural measures can lead to severe ecological
deterioration. Since engineering design cannot take all species into account, the key to
this engineering design is to consider ISs. In order to increase the biodiversity of artificial
structures, the selection of ISs helps to realize the design of coastal structures based on
biological considerations [35]. A practical case is to assess environmental influences on the
artificial beach nourishment at the Anping coast of Taiwan by using benthic invertebrate
communities. The Anping Beach Nourishment Project (22◦59′ N and 120◦ 9′ E) is located
between the northern dike off the Anping Harbor and the southern dike off the Anping
Fishing Port [53]. They are constructed in the form of semi-enclosed gravel piles to protect
the beach. These artificial headlands are designed to help stabilize the beach from the
dredged sand stockpiled at the southern corner of the division in 2003 and 2005. The
results indicate that both biotic and abiotic parameters showed significant differences
before and after beach engineering construction. Biological conditions became worse in the
beginning stages of the engineering but improved after the restoration work completion [53].
Compared to the method of Kuo et al., this study appears to provide an innovative and
clear approach to coastal management and biodiversity applications.

4.2.2. Mangrove Removal Project

In Taiwan, due to topographic factors, sediments from the upper watershed were
deposited by rivers in the estuaries of the west coast [46]. Thus, this deposition forms
a series of shoals, and the swamps are suitable for mangrove growth and expansion.
Therefore, mangroves have become one of the main habitat types of coastal wetlands in
Western Taiwan [47]. Since 2006, ecotourism and conservation education have been carried
out in wetlands. The delineation of “National Important Wetlands” has been completed
by the Construction and Planning Department of the Ministry of the Interior. In 2011,
there were 100 important wetlands, including 51 “international wetlands” and “national
wetlands”, 40 “local wetlands”, and 7 undetermined wetlands [48,54]. Moreover, the
Wetland Conservation Act was passed in July of 2013, and the implementation of the Act
began on 2 February 2015. Therefore, Taiwan has become an area of wetland protection
and specific legislation [54].

The Siangshan Wetland is located in Hsinchu City. Mangroves have been planted
since 1969, causing a change in the original habitat and posing a serious threat to the
endemic Taiwanese fiddler crab species (such as U. formosensis). Unfortunately, mangroves
were defined as invasive species, which altered the structure and function of benthic
habitats and caused sediments to accumulate with estuarine flooding during heavy rains,
and allowed the invasion of the small black mosquito (Forcipomyia taiwana) [47,48]. The
expansion of mangrove lands changed the state of the habitat substrate, and U. formosensis,
for example, was forced to move outwards or even disappeared. When mangroves are
removed, the habitat gradually returns to its original state [36]. At this time, species that
disappeared in the past gradually return and increase in abundance. Five indicator species,
M. brevidactylus, M. banzai, U. arcuata, U. lacteal, and U. borealis, were identified as having
high co-occurrence probabilities, which provide direct evidence of the benefits of mangrove
removal on wetland restoration.

Compared with our results, both studies selected similar indicator species. These
ISs also have a high probability of co-occurrence and a high contribution to biodiver-
sity. Under the premise of biodiversity, these species can also be set as target species for
policy implementation.

4.3. Developing Restoration or Mitigation Mechanisms by Using ISs

Integrating the ideas of previous studies [35,36], more complex conditions will be
presented to select ISs. Another approach, trait-based metrics, can also be used to select ISs,
where assemblages respond to a gradient of environmental degradation. The functional



Appl. Sci. 2022, 12, 6748 10 of 19

trait method can also screen out good candidates and ISs that are of ecological significance
for biomonitoring and are broadly applicable over biogeographic boundaries [55,56]. In
this context, the complex factor with the selection of ISs can be expressed in terms of its
concept as follows:

Selection of indicator species = maximum or minimumintegrated function (species trait, species abundance,
time, place, and environment factor)

(11)

The habitat evaluation procedure (HEP) for formulating a restoration or mitigation
project was developed and is shown in Figure 4. Firstly, this procedure combines the
quantitative method of the indicator species from the environmental monitoring plan to
select ISs. Second, it analyzes the relationship between the species and the environment
after the selected ISs. The biological coefficient can be obtained with the environment or
biological parameters with engineering. Finally, this information can be used to develop
rehabilitation or recovery plans.
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When government managers formulate restoration or rehabilitation projects, collecting
biological information and understanding the meaning of environmental habitat is an
important first step. In particular, in the engineering design stage, the environmental
or engineering parameters must be obtained from the biological coefficient, as shown in
Figure 4. Therefore, engineering designed in this way is also called ecological engineering
and considers biological and ecological significance. It is crucial that clear biological
coefficients can be obtained after determining ISs. Engineering parameters include porosity,
the surface roughness of structure, and the particle size of the bottom substrate. From these,
it can be determined whether the sediment is mud or hard soil, which originates from the
consideration that the habitat choice is a mudflat or mangrove.

Overall, almost 80% of studies on ISs have used multiple species within the same
taxa or a cross-taxa index as indicators [15]. Almost all pertinent studies on ISs have been
descriptive field investigations and have selected numerical dominants in areas that differ
widely in terms of environmental gradients [29,57]. In this study, we developed a new
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calculation method that incorporates a higher probability of contributing to biodiversity
across taxonomic groups based on IS analyses. Specifically, the concept of ISs is based on the
hypothesis that environmental shifts are reflected by changes in the diversity, abundance,
or growth rate of species [11–14]. Therefore, ISs are usually employed for monitoring in the
fields of wildlife conservation, habitat management, and ecological restoration [58–61]. Our
results demonstrate that some taxonomic groups contribute significantly more to biodiver-
sity than others. The evaluation of conservation or restoration requires a holistic approach
that integrates the consideration of several endpoints on different scales (target species,
indicator groups, and an ecosystem scale) [62]. In this paper, ISs were selected to assess
environmental changes after mangrove removal. The combination of various approaches
and their integration into holistic perspectives is required so that an understanding of ISs
and the biodiversity of marine ecology can be further developed.

We further confirmed that the relationships between biodiversity and ISs are crucial
for coastal management. This study can assist policymakers and planners involved in
coastal management in providing superior ecological assessment methods and enable
them to assess ISs and their contributions to biodiversity more effectively. Collectively,
the proposed ISs are those that, for ecological reasons, are believed to be valuable for the
understanding, management, and conservation of the natural environment. Currently,
numerous marine scientists agree that issues related to the maintenance of original wetland
ecosystems are more complex than ever. This consideration will assist in constructing an
evaluation model with greater precision and allow the work of conservationists to continue.
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Appendix A

Table A1. Probabilities of contribution to biodiversity (H′c.k.m.) by crab species (Si) by month.

Time

Species
2015 2016 H′c.k.m.(Si)

October November December January February March April May June July August September

Helicana doerjesi 5.2 × 10−2 1.4 × 10−1 4.6 × 10−2 6.1 × 10−2 1.1 × 10−1 7.9 × 10−2 4.1 × 10−2 9.5 × 10−2 7.4 × 10−2 7.7 × 10−2 5.3 × 10−2 1.0 × 10−1 1.2 × 10−1

Helice formosensis 7.3 × 10−3 9.8 × 10−2 2.6 × 10−2 7.2 × 10−2 5.0 × 10−2 8.3 × 10−2 9.5 × 10−2 1.0 × 10−1 9.1 × 10−2 1.3 × 10−1 1.7 × 10−1 1.8 × 10−1 1.2 × 10−1

Mictyris brevidactylus 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.5 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 4.5 × 10−1

Macrophthalmus
banzai 2.9 × 10−1 3.2 × 10−1 3.1 × 10−1 3.2 × 10−1 3.1 × 10−1 3.0 × 10−1 2.7 × 10−1 2.8 × 10−1 2.8 × 10−1 2.9 × 10−1 2.8 × 10−1 2.8 × 10−1 3.8 × 10−1

Macrophthalmusab
reviatus 1.0 × 10−1 1.3 × 10−1 1.2 × 10−1 1.8 × 10−1 6.3 × 10−2 1.0 × 10−1 7.1 × 10−2 1.0 × 10−1 8.3 × 10−2 7.7 × 10−2 8.1 × 10−2 6.1 × 10−2 1.5 × 10−1

Ocypode
ceratophthalmus 1.2 × 10−1 1.5 × 10−1 1.2 × 10−1 3.5 × 10−2 1.0 × 10−1 1.0 × 10−1 1.0 × 10−1 1.2 × 10−1 1.2 × 10−1 6.2 × 10−2 5.3 × 10−2 9.2 × 10−2 1.5 × 10−1

Ocypode stimpsoni 0 7.8 × 10−2 7.1 × 10−2 1.4 × 10−1 1.4 × 10−1 6.9 × 10−2 1.7 × 10−1 8.5 × 10−2 9.3 × 10−2 5.2 × 10−2 6.2 × 10−2 8.3 × 10−2 1.1 × 10−1

Ocypode sinensis 7.3 × 10−2 5.6 × 10−2 1.5 × 10−2 0 7.5 × 10−2 0 0 1.4 × 10−2 0 0 0 0 1.3 × 10−2

Uca arcuata 2.3 × 10−1 2.5 × 10−1 3.0 × 10−1 3.0 × 10−1 3.0 × 10−1 2.6 × 10−1 2.7 × 10−1 2.6 × 10−1 2.5 × 10−1 2.5 × 10−1 2.7 × 10−1 2.7 × 10−1 3.5 × 10−1

Uca formosensis 0 2.5 × 10−2 2.6 × 10−2 7.2 × 10−2 5.0 × 10−2 1.3 × 10−1 1.1 × 10−1 1.6 × 10−1 1.6 × 10−1 1.8 × 10−1 1.5 × 10−1 1.6 × 10−1 1.1 × 10−1

Uca lactea 2.1 × 10−1 1.1 × 10−1 1.7 × 10−1 2.3 × 10−1 2.8 × 10−1 1.8 × 10−1 2.1 × 10−1 1.9 × 10−1 2.6 × 10−1 2.3 × 10−1 2.8 × 10−1 2.6 × 10−1 2.9 × 10−1

Uca perplexa 4.5 × 10−2 3.9 × 10−2 2.6 × 10−2 0 2.1 × 10−2 0 0 0 0 0 0 0 1.0 × 10−2

Uca borealis 8.5 × 10−2 1.0 × 10−1 8.6 × 10−2 4.8 × 10−2 7.5 × 10−2 1.1 × 10−1 1.4 × 10−1 9.8 × 10−2 1.5 × 10−1 1.1 × 10−1 1.7 × 10−1 1.4 × 10−1 1.7 × 10−1

Scopimera
longidactyla 5.6 × 10−2 4.4 × 10−2 0 0 0 0 0 0 0 0 0 0 6.7 × 10−3

Scopimera globosa 1.0 × 10−1 0 0 0 0 0 0 0 0 0 0 0 5.4 × 10−3

Scopimera bitympana 1.2 × 10−1 1.4 × 10−2 0 0 5.0 × 10−2 8.7 × 10−2 7.1 × 10−2 6.0 × 10−2 8.5 × 10−2 4.1 × 10−2 3.2 × 10−2 6.3 × 10−2 5.7 × 10−2

Scylla serrata 7.0 × 10−2 6.0 × 10−2 0 0 0 0 0 0 0 0 0 0 6.9 × 10−3

Pagurus dubius 6.3 × 10−2 2.5 × 10−2 0 0 0 0 0 0 0 0 0 0 6.5 × 10−3

Diogenes penicillatus 7.0 × 10−2 0 0 0 0 0 0 0 0 0 0 0 5.3 × 10−3

Parapagurus diogenes 0 1.4 × 10−2 0 0 0 4.9 × 10−2 0 0 7.1 × 10−2 0 2.1 × 10−2 1.3 × 10−2 1.2 × 10−2

Parapagurus
obtusifrons 6.3 × 10−2 6.0 × 10−2 1.2 × 10−1 0 0 0 0 1.4 × 10−2 1.2 × 10−2 0 3.9 × 10−2 3.5 × 10−2 2.2 × 10−2

Total species (S) 18 19 14 11 14 13 12 14 14 12 14 14

Species richness
index (D) 0.19 0.19 0.23 0.20 0.17 0.22 0.20 0.21 0.17 0.22 0.17 0.16

Pielu’s evenness
index (J’) 2.16 2.12 1.83 1.86 2.02 1.95 1.96 1.97 2.11 1.89 2.06 2.13

Shannon index (H’) 0.75 0.72 0.69 0.77 0.77 0.76 0.79 0.75 0.80 0.76 0.78 0.81

Simpson index (SI) 2.49 2.67 2.17 1.78 2.33 1.86 1.73 1.93 1.88 1.53 1.77 1.74
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Table A2. Monthly rankings in terms of probability of contributing to biodiversity (H′c.k.m.).

Time

Species
2015 2016

Rank
October November December January February March April May June July August September

Helicana doerjesi 13 8 11 11 6 7 12 10 7 10 10 9 8
Helice formosensis 18 11 13 9 11 6 7 5 6 5 5 5 6
Mictyris brevidactylus 2 1 1 1 1 1 1 1 3 1 3 1 1
Macrophthalmus banzai 1 2 2 2 2 2 2 3 4 2 4 3 2
Macrophthalmusab reviatus 15 7 8 6 9 10 10 11 12 9 11 12 11
Ocypode ceratophthalmus 11 5 9 10 8 11 9 8 9 11 13 10 8
Ocypode stimpsoni 19 10 7 5 5 8 6 9 11 8 9 8 7
Ocypode sinensis 9 12 14 12 13 14 13 14 15 13 15 15 14
Uca arcuata 3 3 3 3 3 3 3 4 2 3 2 2 3
Uca formosensis 19 19 10 7 12 9 8 6 8 6 7 6 10
Uca lactea 4 4 4 4 4 4 4 2 1 4 4 3 4
Uca perplexa 17 15 12 12 14 14 13 15 15 13 15 15 18
Uca borealis 7 6 6 8 7 5 5 7 5 7 6 7 5
Scopimera longidactyla 16 14 15 12 15 14 13 15 15 13 15 15 20
Scopimera globosa 5 20 15 12 15 14 13 15 15 13 15 15 15
Scopimera bitympana 6 17 15 12 10 12 11 12 13 12 14 13 13
Scylla serrata 12 13 15 12 15 14 13 15 15 13 15 15 15
Pagurus dubius 14 16 15 12 15 14 13 15 15 13 15 15 20
Diogenes penicillatus 8 20 15 12 15 14 13 15 15 13 15 15 18
Parapagurus diogenes 19 17 15 12 15 13 13 15 10 13 12 14 17
Parapagurus obtusifrons 10 9 5 12 15 14 13 13 14 13 8 11 12
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Table A3. Probabilities of the contribution of crab species to biodiversity (H′c.k.m.) at different sites.

Species
Site H′c.k.m.(Si)

A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5

Helicana doerjesi 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 2.7 × 10−1 3.2 × 10−1 2.9 × 10−1 2.8 × 10−1 3.0 × 10−1 2.6 × 10−1 1.9 × 10−1 1.7 × 10−1 1.5 × 10−1 1.1 × 10−1 2.7 × 10−1 0 2.3 × 10−2

Helice formosensis 2.1 × 10−1 0 1.1 × 10−1 1.1 × 10−1 0 2.2 × 10−1 2.4 × 10−1 2.4 × 10−1 1.1 × 10−1 0 0 0 0 1.0 × 10−1 0 7.3 × 10−2

Mictyris
brevidactylus 3.6 × 10−1 3.6 × 10−1 3.4 × 10−1 2.2 × 10−1 3.5 × 10−1 2.9 × 10−1 2.9 × 10−1 2.9 × 10−1 2.0 × 10−1 1.2 × 10−1 1.7 × 10−1 1.6 × 10−1 1.3 × 10−1 2.1 × 10−1 0 7.2 × 10−2

Macrophthalmus
banzai 0 0 0 0 0 0 7.1 × 10−3 3.7 × 10−2 1.4 × 10−2 0 5.2 × 10−2 1.2 × 10−2 0 1.1 × 10−2 0 8.5 × 10−2

Macrophthalmusab
reviatus 1.8 × 10−1 1.5 × 10−1 1.8 × 10−1 7.2 × 10−2 0 2.3 × 10−1 2.1 × 10−1 2.2 × 10−1 6.5 × 10−2 7.2 × 10−3 1.0 × 10−1 1.1 × 10−1 5.7 × 10−2 9.0 × 10−2 0 5.9 × 10−3

Ocypode
ceratophthalmus 0 0 0 0 0 0 0 4.2 × 10−2 1.9 × 10−2 0 5.8 × 10−2 2.1 × 10−2 0 0 0 9.8 × 10−3

Ocypode stimpsoni 0 0 0 0 0 1.9 × 10−2 2.2 × 10−2 2.1 × 10−2 1.4 × 10−2 0 3.0 × 10−2 3.8 × 10−2 4.2 × 10−2 1.9 × 10−2 0 7.7 × 10−3

Ocypode sinensis 0 0 0 0 0 2.3 × 10−2 0 3.7 × 10−2 5.9 × 10−3 1.4 × 10−1 7.1 × 10−2 5.9 × 10−2 5.0 × 10−2 0 1.9 × 10−1 5.7 × 10−3

Uca arcuata 0 0 0 0 0 1.9 × 10−2 1.2 × 10−2 2.7 × 10−2 0 0 3.8 × 10−2 5.2 × 10−2 4.2 × 10−2 1.9 × 10−2 0 1.8 × 10−1

Uca formosensis 0 0 0 0 0 0 1.2 × 10−2 3.7 × 10−2 1.9 × 10−2 0 5.2 × 10−2 0 0 0 0 1.5 × 10−2

Uca lactea 0 0 0 0 0 1.0 × 10−2 1.2 × 10−2 1.5 × 10−2 1.0 × 10−2 0 2.1 × 10−2 2.1 × 10−2 2.4 × 10−2 1.1 × 10−2 0 1.7 × 10−1

Uca perplexa 0 0 0 4.1 × 10−2 0 1.5 × 10−2 7.1 × 10−3 0 2.2 × 10−2 2.7 × 10−2 0 0 1.3 × 10−2 2.7 × 10−2 3.1 × 10−2 3.1 × 10−3

Uca borealis 0 0 0 3.7 × 10−2 0 3.0 × 10−2 2.7 × 10−2 1.5 × 10−2 4.2 × 10−2 2.7 × 10−2 2.1 × 10−2 4.5 × 10−2 6.5 × 10−2 4.7 × 10−2 3.1 × 10−2 5.5 × 10−2

Scopimera
longidactyla 3.6 × 10−1 3.6 × 10−1 3.6 × 10−1 2.7 × 10−1 3.2 × 10−1 2.9 × 10−1 2.8 × 10−1 3.0 × 10−1 2.6 × 10−1 1.9 × 10−1 1.7 × 10−1 1.5 × 10−1 1.1 × 10−1 2.7 × 10−1 0 2.5 × 10−3

Scopimera globosa 2.1 × 10−1 0 1.1 × 10−1 1.1 × 10−1 0 2.2 × 10−1 2.4 × 10−1 2.4 × 10−1 1.1 × 10−1 0 0 0 0 1.0 × 10−1 0 5.5 × 10−3

Scopimera
bitympana 3.6 × 10−1 3.6 × 10−1 3.4 × 10−1 2.2 × 10−1 3.5 × 10−1 2.9 × 10−1 2.9 × 10−1 2.9 × 10−1 2.0 × 10−1 1.2 × 10−1 1.7 × 10−1 1.6 × 10−1 1.3 × 10−1 2.1 × 10−1 0 7.9 × 10−3

Scylla serrata 0 0 0 0 0 0 7.1 × 10−3 3.7 × 10−2 1.4 × 10−2 0 5.2 × 10−2 1.2 × 10−2 0 1.1 × 10−2 0 4.7 × 10−3

Pagurus dubius 1.8 × 10−1 1.5 × 10−1 1.8 × 10−1 7.2 × 10−2 0 2.3 × 10−1 2.1 × 10−1 2.2 × 10−1 6.5 × 10−2 7.2 × 10−3 1.0 × 10−1 1.1 × 10−1 5.7 × 10−2 9.0 × 10−2 0 2.4 × 10−3

Diogenes
penicillatus 0 0 0 0 0 0 0 4.2 × 10−2 1.9 × 10−2 0 5.8 × 10−2 2.1 × 10−2 0 0 0 4.3 × 10−3

Parapagurus
diogenes 0 0 0 0 0 1.9 × 10−2 2.2 × 10−2 2.1 × 10−2 1.4 × 10−2 0 3.0 × 10−2 3.8 × 10−2 4.2 × 10−2 1.9 × 10−2 0 5.0 × 10−3

Parapagurus
obtusifrons 0 0 0 0 0 2.3 × 10−2 0 3.7 × 10−2 5.9 × 10−3 1.4 × 10−1 7.1 × 10−2 5.9 × 10−2 5.0 × 10−2 0 1.9 × 10−1 1.3 × 10−2
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Table A4. Probabilities of contribution to biodiversity (Dc.k.m.) by crab species (Si) by month.

Time

Species
2015 2016

Dc.k.m.(Si)
October November December January February March April May June July August September

Helicana doerjesi 1.4 × 10−4 1.4 × 10−4 1.0 × 10−4 2.0 × 10−4 1.1 × 10−3 4.1 × 10−4 7.7 × 10−5 6.8 × 10−4 3.5 × 10−4 3.9 × 10−4 1.4 × 10−4 7.8 × 10−4 1.4 × 10−3

Helice formosensis 1.1 × 10−6 1.1 × 10−6 2.5 × 10−5 3.2 × 10−4 1.2 × 10−4 4.7 × 10−4 6.9 × 10−4 8.8 × 10−4 6.0 × 10−4 1.7 × 10−3 3.8 × 10−3 4.6 × 10−3 1.1 × 10−3

Mictyris brevidactylus 1.3 × 10−1 1.3 × 10−1 1.5 × 10−1 1.0 × 10−1 7.8 × 10−2 1.6 × 10−1 1.4 × 10−1 1.5 × 10−1 1.1 × 10−1 1.5 × 10−1 8.8 × 10−2 8.6 × 10−2 1.8 × 10−1

Macrophthalmus
banzai 2.7 × 10−2 2.7 × 10−2 3.4 × 10−2 4.2 × 10−2 3.4 × 10−2 2.8 × 10−2 1.9 × 10−2 2.1 × 10−2 2.0 × 10−2 2.6 × 10−2 2.4 × 10−2 2.1 × 10−2 5.5 × 10−2

Macrophthalmusab
reviatus 7.9 × 10−4 7.9 × 10−4 1.4 × 10−3 5.1 × 10−3 2.3 × 10−4 8.7 × 10−4 3.0 × 10−4 8.1 × 10−4 4.6 × 10−4 3.9 × 10−4 4.4 × 10−4 2.1 × 10−4 2.7 × 10−3

Ocypode
ceratophthalmus 1.6 × 10−3 1.6 × 10−3 1.4 × 10−3 5.1 × 10−5 9.1 × 10−4 9.7 × 10−4 8.9 × 10−4 1.5 × 10−3 1.3 × 10−3 2.1 × 10−4 1.4 × 10−4 6.3 × 10−4 2.8 × 10−3

Ocypode stimpsoni 0 0 3.1 × 10−4 2.1 × 10−3 2.4 × 10−3 2.9 × 10−4 4.0 × 10−3 5.1 × 10−4 6.5 × 10−4 1.3 × 10−4 2.1 × 10−4 4.7 × 10−4 4.6 × 10−4

Ocypode sinensis 3.3 × 10−4 3.3 × 10−4 6.3 × 10−6 0 3.5 × 10−4 0 0 5.6 × 10−6 0 0 0 0 2.5 × 10−6

Uca arcuata 1.1 × 10−2 1.1 × 10−2 3.1 × 10−2 3.2 × 10−2 3.0 × 10−2 1.7 × 10−2 2.0 × 10−2 1.6 × 10−2 1.4 × 10−2 1.3 × 10−2 1.9 × 10−2 2.0 × 10−2 4.1 × 10−2

Uca formosensis 0 0 2.5 × 10−5 3.2 × 10−4 1.2 × 10−4 1.6 × 10−3 1.2 × 10−3 3.1 × 10−3 3.0 × 10−3 4.4 × 10−3 2.7 × 10−3 3.5 × 10−3 6.2 × 10−4

Uca lactea 7.2 × 10−3 7.2 × 10−3 3.9 × 10−3 1.0 × 10−2 2.4 × 10−2 4.7 × 10−3 8.0 × 10−3 6.0 × 10−3 1.5 × 10−2 1.1 × 10−2 2.2 × 10−2 1.6 × 10−2 2.4 × 10−2

Uca perplexa 9.4 × 10−5 9.4 × 10−5 2.5 × 10−5 0 1.4 × 10−5 0 0 0 0 0 0 0 1.0 × 10−6

Uca borealis 5.1 × 10−4 5.1 × 10−4 5.1 × 10−4 1.1 × 10−4 3.5 × 10−4 1.2 × 10−3 2.2 × 10−3 7.5 × 10−4 2.8 × 10−3 1.2 × 10−3 4.1 × 10−3 2.4 × 10−3 3.7 × 10−3

Scopimera
longidactyla 1.6 × 10−4 1.6 × 10−4 0 0 0 0 0 0 0 0 0 0 3.1 × 10−7

Scopimera globosa 9.8 × 10−4 0 0 0 0 0 0 0 0 0 0 0 1.5 × 10−7

Scopimera bitympana 1.3 × 10−3 1.3 × 10−3 0 0 1.2 × 10−4 5.4 × 10−4 3.0 × 10−4 2.0 × 10−4 5.1 × 10−4 7.8 × 10−5 4.0 × 10−5 2.2 × 10−4 2.7 × 10−4

Scylla serrata 2.9 × 10−4 2.9 × 10−4 0 0 0 0 0 0 0 0 0 0 3.3 × 10−7

Pagurus dubius 2.2 × 10−4 2.2 × 10−4 0 0 0 0 0 0 0 0 0 0 3.2 × 10−7

Diogenes penicillatus 2.9 × 10−4 0 0 0 0 0 0 0 0 0 0 0 1.4 × 10−7

Parapagurus diogenes 0 0 0 0 0 1.1 × 10−4 0 0 3.1 × 10−4 0 1.4 × 10−5 5.0 × 10−6 1.0 × 10−6

Parapagurus
obtusifrons 2.2 × 10−4 2.2 × 10−4 1.4 × 10−3 0 0 0 0 5.6 × 10−6 3.8 × 10−6 0 6.9 × 10−5 5.3 × 10−5 4.4 × 10−5

Total species (S) 18 19 14 11 14 13 12 14 14 12 14 14

Species richness
index (D) 0.19 0.19 0.23 0.20 0.17 0.22 0.20 0.21 0.17 0.22 0.17 0.16

Pielu’s evenness
index (J’) 2.16 2.12 1.83 1.86 2.02 1.95 1.96 1.97 2.11 1.89 2.06 2.13

Shannon index (H’) 0.75 0.72 0.69 0.77 0.77 0.76 0.79 0.75 0.80 0.76 0.78 0.81

Simpson index (SI) 5.38 5.38 4.35 5.04 5.77 4.59 4.92 4.74 5.81 4.61 6.01 6.37
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Table A5. Monthly rankings in terms of probability of contributing to biodiversity (Dc.k.m.).

Time

Species
2015 2016

Rank
October November December January February March April May June July August September

Helicana doerjesi 13 8 11 11 6 7 12 10 8 10 10 9 9
Helice formosensis 18 11 13 9 11 6 7 5 6 5 5 5 6
Mictyris brevidactylus 2 2 2 2 1 1 1 1 3 1 3 1 1
Macrophthalmus banzai 3 3 3 3 3 2 2 4 4 2 4 4 3
Macrophthalmusab reviatus 15 7 9 6 9 10 10 11 12 9 11 12 11
Ocypode ceratophthalmus 11 5 8 10 8 11 9 8 9 11 13 10 8
Ocypode stimpsoni 19 10 7 5 5 8 6 9 11 8 9 8 7
Ocypode sinensis 9 12 14 12 13 14 13 14 15 13 15 15 14
Uca arcuata 1 1 1 1 2 3 3 3 2 3 2 2 2
Uca formosensis 19 19 10 7 11 9 8 6 7 6 7 6 9
Uca lactea 4 4 4 4 4 4 4 2 1 4 1 3 4
Uca perplexa 17 15 12 12 14 14 13 15 15 13 15 15 18
Uca borealis 7 6 6 8 7 5 5 7 5 7 6 7 5
Scopimera longidactyla 16 14 15 12 15 14 13 15 15 13 15 15 20
Scopimera globosa 5 20 15 12 15 14 13 15 15 13 15 15 15
Scopimera bitympana 6 17 15 12 10 12 11 12 13 12 14 13 13
Scylla serrata 12 13 15 12 15 14 13 15 15 13 15 15 15
Pagurus dubius 14 16 15 12 15 14 13 15 15 13 15 15 20
Diogenes penicillatus 8 20 15 12 15 14 13 15 15 13 15 15 18
Parapagurus diogenes 19 17 15 12 15 13 13 15 10 13 12 14 17
Parapagurus obtusifrons 10 9 5 12 15 14 13 13 14 13 8 11 12
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Table A6. Probabilities of (Dc.k.m.) at different sites.

Species
Site

Dc.k.m.(Si)
A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C1 C2 C3 C4 C5

Helicana doerjesi 0 0 0 1.0 × 10−3 0 1.8 × 10−5 1.5 × 10−4 8.0 × 10−5 2.0 × 10−3 3.1 × 10−4 3.1 × 10−4 3.9 × 10−4 1.2 × 10−4 6.3 × 10−4 1.3 × 10−3 2.6 × 10−3

Helice formosensis 2.2 × 10−2 2.7 × 10−2 3.7 × 10−2 9.6 × 10−4 2.5 × 10−2 1.1 × 10−3 2.3 × 10−3 4.1 × 10−3 7.0 × 10−4 5.8 × 10−4 1.3 × 10−4 3.1 × 10−4 0 9.8 × 10−4 0 5.4 × 10−3

Mictyris
brevidactylus 0 0 0 1.8 × 10−1 0 2.7 × 10−2 3.1 × 10−2 2.4 × 10−2 1.6 × 10−1 2.8 × 10−1 1.5 × 10−1 1.6 × 10−1 1.8 × 10−1 1.8 × 10−1 3.3 × 10−1 2.0 × 10−1

Macrophthalmus
banzai 0 0 1.2 × 10−4 1.8 × 10−2 0 5.8 × 10−2 4.7 × 10−2 2.7 × 10−2 2.0 × 10−2 1.7 × 10−2 4.8 × 10−2 5.1 × 10−2 6.6 × 10−2 1.8 × 10−2 1.0 × 10−2 4.1 × 10−2

Macrophthalmusab
reviatus 0 0 0 5.1 × 10−3 0 7.3 × 10−7 1.7 × 10−5 0 6.3 × 10−3 0 0 3.5 × 10−5 5.0 × 10−6 4.3 × 10−3 0 1.4 × 10−2

Ocypode
ceratophthalmus 0 0 0 0 0 4.7 × 10−5 0 2.6 × 10−5 6.2 × 10−6 9.5 × 10−3 8.6 × 10−4 5.6 × 10−4 5.0 × 10−4 0 2.4 × 10−2 1.5 × 10−2

Ocypode stimpsoni 0 0 0 7.4 × 10−7 0 1.8 × 10−5 0 0 0 6.3 × 10−4 8.1 × 10−3 8.3 × 10−3 1.6 × 10−2 0 1.7 × 10−3 3.0 × 10−2

Ocypode sinensis 0 0 0 0 0 2.9 × 10−6 1.0 × 10−4 1.4 × 10−5 4.4 × 10−5 0 3.4 × 10−5 6.2 × 10−5 2.0 × 10−5 1.2 × 10−5 0 3.4 × 10−3

Uca arcuata 1.5 × 10−1 1.7 × 10−1 1.9 × 10−1 1.9 × 10−2 3.0 × 10−1 2.4 × 10−2 2.3 × 10−2 3.1 × 10−2 1.6 × 10−2 5.7 × 10−3 3.9 × 10−3 2.8 × 10−3 1.2 × 10−3 1.9 × 10−2 0 3.0 × 10−2

Uca formosensis 8.0 × 10−3 0 1.0 × 10−3 1.1 × 10−3 0 9.1 × 10−3 1.1 × 10−2 1.2 × 10−2 1.2 × 10−3 0 0 0 0 8.7 × 10−4 0 4.7 × 10−2

Uca lactea 8.6 × 10−2 1.3 × 10−1 6.1 × 10−2 8.5 × 10−3 8.2 × 10−2 2.7 × 10−2 2.5 × 10−2 2.6 × 10−2 6.6 × 10−3 1.5 × 10−3 3.6 × 10−3 3.5 × 10−3 1.8 × 10−3 7.7 × 10−3 0 1.9 × 10−2

Uca perplexa 0 0 0 0 0 0 1.0 × 10−6 5.9 × 10−5 6.2 × 10−6 0 1.3 × 10−4 3.9 × 10−6 0 3.0 × 10−6 0 9.7 × 10−3

Uca borealis 4.8 × 10−3 2.6 × 10−3 5.1 × 10−3 3.2 × 10−4 0 1.0 × 10−2 8.4 × 10−3 9.4 × 10−3 2.4 × 10−4 1.1 × 10−6 9.8 × 10−4 1.2 × 10−3 1.8 × 10−4 5.9 × 10−4 0 2.4 × 10−3

Scopimera
longidactyla 0 0 0 0 0 0 0 8.0 × 10−5 1.1 × 10−5 0 1.8 × 10−4 1.5 × 10−5 0 0 0 6.7 × 10−2

Scopimera globosa 0 0 0 0 0 1.1 × 10−5 1.7 × 10−5 1.4 × 10−5 6.2 × 10−6 0 3.4 × 10−5 6.2 × 10−5 8.0 × 10−5 1.2 × 10−5 0 3.2 × 10−3

Scopimera
bitympana 0 0 0 0 0 1.8 × 10−5 0 5.9 × 10−5 6.9 × 10−7 2.1 × 10−3 3.1 × 10−4 1.9 × 10−4 1.2 × 10−4 0 5.2 × 10−3 8.3 × 10−3

Scylla serrata 0 0 0 0 0 1.1 × 10−5 4.3 × 10−6 2.6 × 10−5 0 0 6.1 × 10−5 1.4 × 10−4 8.0 × 10−5 1.2 × 10−5 0 7.4 × 10−3

Pagurus dubius 0 0 0 0 0 0 4.3 × 10−6 5.9 × 10−5 1.1 × 10−5 0 1.3 × 10−4 0 0 0 0 5.9 × 10−2

Diogenes
penicillatus 0 0 0 0 0 2.9 × 10−6 4.3 × 10−6 6.5 × 10−6 2.7 × 10−6 0 1.5 × 10−5 1.5 × 10−5 2.0 × 10−5 3.0 × 10−6 0 1.7 × 10−3

Parapagurus
diogenes 0 0 0 7.4 × 10−5 0 6.6 × 10−6 1.0 × 10−6 0 1.7 × 10−5 2.7 × 10−5 0 0 5.0 × 10−6 2.7 × 10−5 3.7 × 10−5 2.5 × 10−3

Parapagurus
obtusifrons 0 0 0 6.0 × 10−5 0 3.6 × 10−5 2.7 × 10−5 6.5 × 10−6 8.3 × 10−5 2.7 × 10−5 1.5 × 10−5 9.8 × 10−5 2.4 × 10−4 1.0 × 10−4 3.7 × 10−5 6.4 × 10−4
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