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A B S T R A C T

Mangrove forests are biodiverse systems that harbour a plethora of highly specialised species. The size of a 
mangrove forest can influence its biodiversity, but the relationship between these two characteristics is not al
ways linear. In the present study, carried out in 36 medium- to small-size mangrove patches across Hong Kong, 
we determined the size of each mangrove stand, its taxonomic richness, and the functional diversity, redundancy 
and vulnerability of crab assemblages, to identify those that were more at risk of functional loss. Eight sites 
displayed a combination of critically low levels of functional richness, functional redundancy and high functional 
vulnerability. These sites have either lost some of its ecosystem functions or are at risk of losing them. We also 
highlighted five sites in good condition that could potentially act as reservoirs or supply sites for nearby 
threatened locations, and that should be the focus of conservation efforts. Our data show that species compo
sition, diversity and functional role of the associated fauna plays a more important role than size in the func
tioning of such ecosystems. We then simulated the local extinction of eight crab species in light of future climate 
change and recalculated the previous functional analyses. Our analyses show that the adopted functional indices 
are effective in comparing the functionality of mangroves at local scales and determining their degradation. Such 
indices, however, were less reliable for predicting future trends in functionality of the studied mangrove forests, 
due to lack of long-term datasets and shifted baselines.

1. Introduction

Mangrove forests are critical ecosystems responsible for supporting a 
wide array of biodiversity and providing humans with several direct and 
indirect benefits (Lee et al., 2014). The literal pillars of this ecosystem 
are mangrove plants, tropical and subtropical salt-tolerant trees and 
shrubs that occupy sheltered coastlines worldwide (Giri et al., 2011). 
Despite relatively low global species diversity, comprising less than 70 
plant species from circa 20 different families, the distribution of these 
mangrove plants once covered nearly 200.000 km2 of the planet 
(Polidoro et al., 2010). The unique habitat created by mangrove trees 
constitutes an important nursery ground for several faunal species, 
directly contributing to the functioning of terrestrial and marine food 
webs (Meynecke et al., 2007). These forests provide raw material to 
coastal populations (Barbier, 2007), aid in reducing coastal erosion 

(UNEP, 2014), and in protection from tropical cyclone surges and 
tsunami waves (Dahdouh-Guebas et al., 2005).

An estimated 210 million people live in the vicinity of mangroves (i. 
e. within 10 km) and rely on the ecosystem services they provide 
(Dahdouh-Guebas et al., 2021; UNEP, 2014). During the 1980′s and 
1990′s, however, the area covered by mangrove forests has reduced by 
35 % (Polidoro et al., 2010) and continues reducing, although at the less 
worrying rates of 0.4–2 % per year (Friess et al., 2020). This decline is 
projected to continue, due to an increase in coastal development 
alongside the growing impacts from climate change (Friess et al., 2019). 
With many forests consequently disappearing or ending up as fragments 
of what they once were, the maintenance of the ecosystem services they 
provide can no longer be taken for granted (Duke et al., 2007).

Despite their small size, it has been suggested that mangrove forests 
can still provide important ecosystem services (Curnick et al., 2019) and 
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support a consistent array of biodiversity, responsible for maintaining 
such services (Cannicci et al., 2021). Most research studies tend to focus 
on the floral component of mangroves to assess the provisioning of 
ecosystem services, or lack thereof. Floral composition and total area, in 
fact, are two of the factors that tend to be related to the health of these 
forests (Duke et al., 1998; Ellison, 2002; Jia et al., 2023). Associated 

fauna, on the other hand, tend to be less studied, despite their critical 
role in the maintenance of these services (Lee, 1998; Cannicci et al., 
2008; Kristensen, 2008). It has recently been shown that mangroves 
with reduced diversity of associated fauna are less functional than those 
with a higher diversity (Cannicci et al., 2021), highlighting the impor
tance of the faunal component in mangrove ecosystem functions.

Fig. 1. Map of Hong Kong with the 36 studied sites highlighted with circles of different colours corresponding to six distinct regions. The bar plots depict the results 
of the three functional indices for the corresponding sites: functional richness (FRi), functional redundancy (FRe), and functional vulnerability (FVu). Each bar cor
responds to one site (number of the site on the X axis) and they are colour coded based on region. The dashed line above the FRe bar plots represents the minimum 
number of species necessary (two species) to ensure redundancy. Names of the sites and exact values of the functional indices can be found in Table 1.
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The Hong Kong S.A.R. territory (PRC) has experienced a severe 
reduction in mangrove cover, mainly due to increased coastal devel
opment and land reclamation projects (Tam et al., 1997), putting in 
question the future of mangroves in this densely urbanised place. 
Despite past and present threats, there are still circa 70 mangrove forest 
patches spread throughout the territory, covering a total area of about 
540 ha (Zhang et al., 2021). Hong Kong’s mangrove forests host eight 
native true mangrove species, plus at least two invasive species of the 
genus Sonneratia (Tam et al., 1997), and over 100 associated molluscs 
and crustacean decapods (Bravo et al., 2021). This high degree of 
biodiversity of Hong Kong’s mangroves, which matches the one 
observed for other local marine ecosystems, is attributed to the 
geographical location of this territory, placed in an area that is either the 

northernmost or southernmost range of distribution limits for several 
species (Morton and Morton, 1983).

With climate change and urban development threatening the long- 
term survival of mangrove ecosystems, Hong Kong can provide a win
dow into the future survival of their floral and faunal communities. 
Assessing the current functionality of Hong Kong’s mangroves and 
predicting the impact of the disappearance of the most vulnerable 
associated species (e.g. species at the edge of their distribution range) on 
such functionality, can provide a novel tool to inform future conserva
tion of this threatened ecosystem. Quantifying the functional diversity of 
the associated fauna is one way of assessing the current, and future, state 
of these mangroves. The combined use of indices such as Functional 
Richness (FRi), Functional Redundancy (FRe), and Functional 

Table 1 
List of studied sites with their corresponding area (in hectares), region, number of crab species, number of functional entities (FEs), and values of functional richness 
(FRi), functional redundancy (FRe), and functional vulnerability (FVu) at each of the locations. Sites highlighted in green were identified as the top performers in at least 
two of the functional indices (FRi, FRe and FVu). The sites in bold had values in the top quartile in all three indices. Conversely, the sites highlighted in orange were the 
worst performers from a functional perspective.
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Vulnerability (FVu) allows for the identification of forests that are more 
vulnerable due to a lack of redundancy in functions being performed, or 
an overabundance of unique functional traits (Mouillot et al., 2014). 
Conversely, it also aids in the identification of mangrove patches that 
may act as reservoirs to nearby forests due to their high functional di
versity values (Dahdouh-Guebas et al., 2022). This approach also allows 
for the recognition of species crucial to the functioning of the ecosystem, 
based on the uniqueness of their traits.

We inferred the above-mentioned functional diversity indices for 36 
mangrove forests of different areas within the Hong Kong territory, to 
assess their ecological degradation and functionality. These indices were 
estimated from the functional traits of 51 species of brachyuran crabs 
recorded at each forest. This approach allowed us to: 1) assess whether 
small mangroves can still be functional; 2) identify forests that are 
critically degraded and those that may act as reservoirs; 3) study the 
impact of the disappearance of species potentially threatened by climate 
change to the functionality of mangroves.

2. Materials and methods

2.1. Study area

This study was conducted at 36 mangrove stands across Hong Kong 
(Fig. 1). All the selected mangrove stands were smaller than 10 ha 
(Bravo et al., 2021), with an average size of 1.98 ha and the smallest not 
going above 0.1 ha (Table 1). Most of these forests kept shrinking in area 
until the end of the last century, remaining stable, or slightly increasing 
in size over the last two decades (Tam et al., 1997, Zhang et al., 2021). 
The only exception in our dataset is Mai Po Forest Reserve, a protected 
Ramsar site that consistently increased in area and remains the largest 
mangrove patch in the Greater Bay Area, at 300 ha. The majority of the 
stands (72 %) were located on the eastern coast of Hong Kong, exposed 
to oceanic conditions with higher salinity and lower nitrogen concen
trations. Conversely, the stands on the western coast, including Mai Po, 
were exposed to the Pearl River estuary that discharges water charac
terised by low salinity, and high sedimentation and nutrient loads 
(Duprey et al., 2016).

2.2. Field surveys

To assess mangrove crab diversity, we conducted extensive field 
surveys in each of the 36 studied sites (Fig. 1) between 2017 and 2020, 
predominantly between June and September, when crabs are known to 
be more active (Morton and Morton, 1983; Poon et al., 2010). We 
focused on mangrove crab communities for two main reasons. The first 
is related to their role as major ecosystem engineers (Kristensen, 2008) 
and their renowned role in nutrient cycling, organic matter processing, 
soil bioturbation and aeration, which ultimately result in mangrove tree 
growth, primary production, and recruitment (Lee, 1998; Cannicci et al., 
2008, 2021). The second reason is related to the fact that we could base 
our assessment on an updated and comprehensive taxonomic knowledge 
of Hong Kong brachyuran crabs’ diversity (Bravo et al., 2021; Wong 
et al., 2024), while such detailed knowledge is not available for other 
components of Hong Kong mangrove macrofauna. The surveys were 
carried out by a minimum of two researchers during both low spring and 
neap tides and lasted from 30 min to two hours, depending on the size of 
the mangrove site. All sites were investigated multiple times, both 
during the day and at night to account for the variability in the activity 
of different species. The surveys were carried out moving from the 
landward to the seaward side, with all possible microhabitats (sediment, 
rocks, debris, tree barks, roots, canopy, and litter) being routinely 
checked for the presence/absence of different crab species. Due to the 
number of sampled sites and of temporal replicates needed to assess the 
diversity of crab communities at the different sites, only the presence/ 
absence of crab species was recorded at each site.

Voucher specimens for all crab species were collected, preserved in 

75 % ethanol and transported to the laboratory for further identification, 
using the most updated taxonomic literature available. Since the iden
tification to species level was not always possible using exclusively a 
morphological approach, DNA barcoding was also performed and 
checked against a DNA barcode library of mangrove crabs in Hong Kong 
(see Bravo et al., 2021 for DNA barcode library and methodology used).

2.3. Functional indices

To best represent the macrofaunal communities present at the 
different mangrove stands from a functional perspective, three cate
gorical traits were used: 1) position along the intertidal area; 2) feeding 
habits; and 3) behavioural traits potentially affecting habitat charac
teristics. The position along the intertidal zone was coded using five 
categories: supratidal, intertidal forest, intertidal mudflat, intertidal 
rocky, and subtidal. Feeding and behavioural traits were coded using a 
fuzzy logic approach, allowing to categorise species that feed on more 
than one item. In our case, the fuzzy logic approach never resulted in a 
species being classified with more than two categories, with the weight 
being evenly distributed between the two (i.e. 0.5 or 50 % for each of the 
two categories). The eight feeding habits considered were: detritivore, 
leaf litter and propagule feeder, fresh mangrove leaves feeder, macro
algal feeder, microalgae and bacteria feeder, omnivore, predator, and 
scavenger. To further assess the ecological impact of the various species, 
six behavioural traits were identified, also using a fuzzy logic approach: 
burrowing, surface digging, free living, fragmenting, leaf storing, and 
surface bioturbating.

All crab species were then assigned to the different functional cate
gories according to Cannicci et al. (2021) and expanded on in this study 
using expert knowledge and available literature (see supplementary 
data for the specific categories allocated to each species, and the R code 
used to compute the different indices). The unique combination of 
functional traits resulted in a total of 23 distinct Functional Entities (FEs; 
used in the estimation of FRe and FVu). In combination with the pres
ence/absence records obtained for all crab species across all sites, 
Functional Richness (FRi), Functional Redundancy (FRe), and Functional 
Vulnerability (FVu) were then computed using the same methodology as 
in Cannicci et al. (2021) and the framework outlined in Magneville et al. 
(2022). Briefly, FRi is estimated by plotting the functional traits of each 
species into a multidimensional space using Gower distance to estimate 
the distance between traits and to assign them the same weight. A 
principal component analysis is then used to determine the coordinates 
of each species with its combination of traits in that multidimensional 
functional space. FRi is then estimated by calculating the proportion of 
the functional space that is occupied by the species — and their func
tions — present at a site, with high FRi values indicating that the com
munity in question has a big representation of trait combinations with 
various species occupying a wide range of niches and performing 
different functions. FRe and FVu, on the other hand, do not use a func
tional space, but represent instead the average proportion of species 
performing a specific combination of traits (i.e. FE) at a particular site, 
as suggested by Mouillot et al. (2014). FRe estimates the average number 
of species performing the FEs recorded at each site, requiring a mini
mum value of 2 to ensure overall redundancy for the functions present at 
that site (i.e. two species per FE). FVu is a metric that estimates the 
proportion of FEs supported by a single species, with a value of 1 
signifying that 100 % of all FEs at a site are supported by a single species. 
These two metrics were calculated using the following two equations 
provided by Mouillot et al. (2014): 

FRe =

∑FE
i=1ni

FE
=

S
FE 

FVu =
FE −

∑FE
i=1min(ni− 1, 1)

FE 
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where FE is the total number of functional entities at a location, S is the 
total number of species at that same location, and ni is the number of 
species in functional entity i.

Relationships between the different estimated indices (FRi, FRe, and 
FVu) and the total number of crab species found at specific sites as well as 
the total area of the site (in ha) were then investigated through Akaike’s 
Information Criterion (AIC), and least squares. In most relationships, 
linear regression models proved to be the best predictors. In some in
stances, the linear regression was fitted with a logarithmic trans
formation of the predictor variable to improve model fit.

The values of the three functional indices were then used to detect 
mangrove stands that are most at risk of ecological collapse. We iden
tified the nine sites that had the lowest FRi and FRe values (bottom 25 %) 
and the nine sites that had the highest FVu values (top 25 %) and re
ported the sites that performed the poorest in at least two of the indices. 
The opposite was then done (i.e. top 25 % for FRi and FRe, and bottom 25 
% for FVu) to identify the sites that had the best functional values in at 
least two of the indices.

All analyses were conducted in R (v.4.4.1, R Core Team, 2024) using 
the package mFD (v.1.0.7, Magneville et al., 2022) for the estimation of 
functional indices. Additionally, the following packages were used for 
data treatment and data visualisation: dplyr (v.1.1.4, Wickham et al., 
2020), ggplot2 (v.3.5.1, Wickham, 2016) and ggpubr (v.0.6.0, Kassam
bara, 2020).

2.4. Future predictions

To infer the robustness and usefulness of the functional indices 
approach to forecast ecosystem functionality in future climate change 
scenarios, we simulated the consequences of local extinctions of some of 
the sampled species on the functionality of Hong Kong’s mangroves. We 
postulated that Hong Kong mangroves crab species at the edge of their 
distribution range would likely be the most susceptible to changes 
(Sunday et al., 2012). We also hypothesised that species that are at their 
southernmost limit of their known distribution range in Hong Kong 
could move northward, seeking a cooler refuge (Hickling et al., 2006). 
We therefore identified six crab species as potentially most vulnerable to 
local extinction in Hong Kong: Chasmagnathus convexus, Chiromantes 
haematocheir, Orisarma dehaani, Orisarma intermedium, Orisarma 
neglectum, and Sinosesarma tangi (Wong et al., 2024; see Fig. 2). Because 
extinction risk is greater in species with smaller geographic ranges (see 
Tietje et al., 2020), we considered an additional two species, Haberma 
tingkok and Orisarma patshuni, which are endemic to Hong Kong, or its 
immediate vicinity, and have very specific microhabitats (Cannicci and 
Ng, 2017; Schubart and Ng, 2020). FRi, FRe and FVu were then calculated 
a second time, using the same parameters as the analysis outlined above 
but excluding these eight crab species from the analysis.

To test for significant differences in the functional diversity indices 
and number of functional entities before and after the removal of the 
eight species of crabs, the FRi, FRe, FVu, and FE results were tested for 
normality using a Shapiro-Wilk test. FVu was normally distributed so a 
paired t-test was conducted afterwards. FRi, FRe and FE were not nor
mally distributed, therefore, the non-parametric Wilcoxon signed-rank 
test was used.

3. Results

3.1. Functionality of Hong Kong’s mangroves

We recorded a total of 51 species across 36 sites within the Hong 
Kong territory, totalling 459 occurrences. On average, each site had 
12.75 ± 3.8 (mean ± standard deviation) distinct crab species, with Hoi 
Ha Wan recording the lowest number (six species), and Tung Chung 
recording the most (24 species). Across the studied mangroves, FRi and 
FRe were low, and FVu was high, indicating the susceptibility of Hong 
Kong’s mangroves to future impacts (Table 1, Fig. 1).

The average FRi across all sites was 0.14 ± 0.13, with all sites having 
values below 0.5. Half of the sites had a value of FRi below or equal to 
0.1, and only nine sites (25 % of the total) had values above 0.2. Whilst 
there were no strong geographical trends, we recorded more sites with 
very low FRi on the East compared to the West coast, particularly in the 
Sai Kung area (Fig. 1).

A total of 23 functional entities (FEs) were identified in this study. 
The number of FEs varied from five to 14 across the different studied 
sites (Table 1), with Tung Chung (site 5) having 14 and Hoi Ha Wan, 
Yung Shue Au, and Nam Chung (sites 21, 29, and 34 respectively) on the 
lower end of the scale having only five. Twelve FEs were represented by 
a single species, resulting in no redundancy for more than half of the 
trait combinations found in Hong Kong mangroves. The FE with most 
species (eight) was a trait combination of species living in the intertidal 
mudflat, with a diet of microalgae-bacteria and that were surface 
bioturbators.

Functional redundancy was low across most of Hong Kong’s man
groves included in this study, with an average of 1.61 ± 0.24. A very 
small proportion of sites (three) had an FRe of 2, with the remainder 92 
% of sites (33 sites) having values below 2 with the lowest FRe found in 
our study being 1.17 for Sham Chung (site 19). In this mangrove site 
there were six FEs being assured by seven species.

Functional vulnerability displayed values ranging from 0.38 for Fung 
Hang II (site 31) and 0.88 for Luk Keng (site 33), both sites located 
adjacently to each other. The average value across the 36 studied sites 
was 0.63 ± 0.13, meaning that almost two thirds of all FEs are supported 
by a single species. There were also no discernible patterns of vulnera
bility in terms of geographic location, with sites being equally affected.

A clear linear relationship between number of crab species and FRi 
was observed (p < 0.001, R2 = 0.59; Fig. 3A), as well as a moderate 
asymptotic relationship between FRe and number of crab species (p <
0.001, R2 = 0.41; Fig. 3B). All the other investigated relationships, 
including those of functional indices with each other and with mangrove 
site area, were either weak or not-significant (Fig. 3C-F).

Fig. 2. Map with distribution of the six crab species that have Hong Kong as 
their southern distribution limit. The semi-circles and full circles represent the 
northern (known) distribution limits, colour coded based on species, and the pie 
chart symbolises the shared southern distribution limit for these species in Hong 
Kong. Some species are represented with more than one northern distribution 
limit. More details on the literature used to establish these limits and their exact 
locations can be found in Table S1.
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3.2. Identification of endangered and functional mangrove sites

We used the bottom quartile for FRi (sites with values below 0.05) 
and FRe (sites with values below 1.43), and the top quartile for FVu (sites 
with values above 0.72), as indicators of sites that had poor functional 
performance (highlighted in dark blue in Fig. 4). Any sites that were 
present in at least two of the aforementioned quartiles were deemed to 
be particularly at risk of losing functionality. Eight sites fell within this 
category, with two of them (Sham Chung and Hoi Ha Wan) present in all 
three of the worst performing quartiles, having an extremely low func
tional richness and redundancy, and some of the highest functional 

vulnerability values.
We also estimated the sites that recorded the best functional values 

using the opposites quartiles (i.e. top quartiles for FRi and FRe, and 
bottom quartile for FVu). Five sites were identified, with Mai Po and Ting 
Kok present in all three of the best performing quartiles. These last two 
sites also had some of the highest number of crab species recorded (both 
with 19 species, surpassed only by Tung Chung with 24).

3.3. Macrofaunal species loss and its implications for functionality

Only one of the eight species that were removed from the original 

Fig. 3. Relationships between number of crab species recorded, area (in hectares), and the computed functional indices across the 36 studied sites investigated 
through linear models (see Fig. 1 and Table 1 for key to locations). Best-fit trend lines (blue line) with corresponding standard error (SE) in shaded grey, and the 
associated R2 value are shown for: (A) FRi and species number with a linear trend line; (B) FRe and species number with a logarithmic trend line; (C) FVu and species 
number with a logarithmic trend line; (D) FRe and FRi with a linear trend line; (E) FRi and area with a logarithmic trend line; and (F) species number and area with a 
logarithmic trend line. Mai Po (site 1) was removed from plots E-F for better visualisation. Site numbers pointing to the same square signify an overlap in results. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Three histograms for each of the different functional indices: FRi on the left-hand side; FRe in the middle; and FVu on the right-hand side. Each blue-grey bar 
depicts the number of occurrences (sites) for that specific value of that functional index. The dark shaded blue areas represent values and number of sites in the lowest 
quartile (i.e. bottom 25 %) for FRi and FRe, and the highest quartile for FVu (i.e. highest 25 %). The cutoff values for those quartiles are shown also in blue on the right- 
hand side of the dotted blue line (which indicates the cutoff limit). These cutoff values were used to identify the “worst functionally performing” sites. To identify the 
“best performing” ones, the opposite quartiles were used (see end of Section 2.3 for more details). The dashed brown lines represent the median values for each 
functional index. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Boxplots depicting the paired values before (blue) and after (orange) removal of the eight crab species for: (A) Functional richness (FRi); (B) Functional 
redundancy (FRe); (C) Functional vulnerability (FVu); and (D) number of functional entities (FEs). Each coloured dot corresponds to one site, but same number/value 
results in overlap of sites. The grey lines connect the values belonging to the same site. Results of the pairwise statistical tests are presented in the top left corner of 
each corresponding plot (see Section 3.3 for more details on the results). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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dataset displayed a unique combination of traits. Haberma tingkok is the 
only species that feeds on fresh mangrove leaves, making its combina
tion of traits irreplaceable. Chasmagnathus convexus, Chiromantes hae
matocheir, and Orisarma intermedium all performed the same 
combination of traits, but their disappearance resulted in the functional 
entity they represented to go from one of the most resilient to extinct. 
The same was true when Orisarma dehaani and O. neglectum were 
removed, which caused the extinction of another functional entity. The 
impact was not as dramatic when O. patshuni and Sinosesarma tangi were 
removed, but the functional entity they supported lost half of its rep
resentatives, going from four species to two. Most of these species 
inhabit the supratidal and their disappearance could result in serious 
functional decline of this zone, going from five FEs supported by 11 
species, to three FEs supported by four species.

After the removal of the eight species potentially vulnerable to local 
extinctions, FRi remained constant without the presence of these species 
(Fig. 5, Table S2), going from an average of 0.14 ± 0.13 to 0.15 ± 0.14, 
and with no significant differences between paired values (V = 264, p =
0.41). FRe suffered a decline in many sites, but, after such removals, the 
sites with an FRe equalling 2 increased to seven, suggesting a higher 
overall amount of redundancy. This increase in redundancy could be 
seen from the average amount that went up marginally, raising to 1.62 
± 0.27, but not significantly (V = 108.5, p = 0.57). The number of FEs 
across the different sites appeared to remain constant, going from a 
range of 5–14 to one of 4–13 found across the sites. The average number 
of FEs across the sites reduced by 0.75 resulting in a significant differ
ence between the two analyses (V = 231, p < 0.001). The total number 
of FEs also reduced, going from 23 to 20, having now 11 FEs being 
supported by a single species instead of 12. FVu remained relatively 
constant, increasing marginally to 0.64 ± 0.12 but not differing signif
icantly (t = -1.2622, df = 35, p = 0.22). The highest vulnerability found 
for any site went down, with 0.86 being the highest found (site 33), and 
the lowest vulnerability also decreased, with the new lowest FVu value 
found being 0.33 (site 30).

4. Discussion

Our functional approach revealed a low degree of functionality 
across Hong Kong’s mangroves, with most sites showing low functional 
richness, low functional redundancy and high functional vulnerability. 
Whilst the number of crab species present can be a predictor for the 
performance of some indices, area proved not to be a reliable indicator, 
highlighting the ecological importance of small mangrove stands. Using 
a combination of functional indices allowed us to determine sites that 
were particularly vulnerable from a functional perspective, but also 
those sites that can still act as biodiversity reservoirs. When looking into 
the future, and from a functional point of view without any a priori 
knowledge, mangrove stands in Hong Kong will not be fairing any worse 
than presently, suggesting the limitation of these metrics to predict the 
future functionality of these dynamic systems.

4.1. Hong Kong’s mangroves – Present

The overall low levels of functionality found in this study hint at the 
presence of mangrove stands that are already impacted and might suffer 
losses in functional roles soon. The functional richness across Hong 
Kong’s mangroves is not only low, but it is also often supported by rare 
species with unique traits that tend to be confined to a few sites. This 
rarity in functional traits was evident from the fact that more than half of 
all functional entities were supported by a single species, which resulted 
in low values for functional redundancy and high functional vulnera
bility. The values of FRe never surpassed 2, indicating a lack of redun
dancy in functional trait combinations and lack of an “insurance policy”, 
highlighting how unique the roles of crabs in Hong Kong’s mangroves 
are. Crabs are well known bioengineers that play an important role in 
the environment through oxygenation and bioturbation of the soil (Lee, 

1998; Cannicci et al., 2008; Kristensen, 2008). The disappearance of 
these ecosystem engineers could result in the loss of critical functions for 
the ecosystem (Dahdouh-Guebas and Cannicci, 2021). Their monitoring 
can act as a proxy of ecosystem health and should be considered in 
future conservation and restoration projects (Dahdouh-Guebas et al., 
2022).

The positive correlation between species biodiversity and ecosystem 
functions is a well-established fact in ecology (Cardinale et al., 2006; 
Duncan et al., 2015) and Hong Kong’s mangroves are no exception. Our 
data shows that the diversity in mangrove associated fauna is a reliable 
indicator of ecosystem functioning, and new monitoring tools (e.g. 
environmental DNA metabarcoding) based on DNA barcoding are likely 
to make this task easier in the future (Bravo et al., 2021). In general, the 
presence of more species is expected to result in a bigger suite of func
tional roles and traits, but for mangrove ecosystems this linear rela
tionship has been shown to eventually reach a plateau when more 
species are considered (Cannicci et al., 2021), similarly to the trend 
found here for FRe (Fig. 3B). Due to such ecological properties, the use of 
taxonomic diversity to evaluate the functionality of mangrove systems 
might not provide a complete and accurate picture, either inflating 
functional diversity indices because of unknown redundancy in traits, or 
by overlooking rare and unique traits.

The presence/absence of associated fauna is related to the different 
types of habitats present at a site. An ecosystem characterised by 
different patches of sediment types, by different species of trees, and 
different elevations, will provide many distinct niches and will be more 
complex, attracting a bigger suite of species (Nauta et al., 2023). In Hong 
Kong, the sites with the highest FRi values were usually characterised by 
having a large sandy area, a forest cover with a relevant tree species 
diversity, and a rocky part at the back of the mangrove forest with a 
stream going through the forest. A site with a low FRi would be missing 
one or more of these habitats, resulting in the lack of some species and 
their associated functions.

Site area was not, however, a reliable predictor of site complexity. 
Whilst most sites that showed a low or very low level of functional di
versity had a reduced area, this was not true for all of them. A small site 
is likely to provide a small niche variety, but a large area does not, 
however, automatically ensure a higher degree of complexity and a large 
number of species and functional diversity (Johnson et al., 2003). As an 
example, Tsim Bei Tsui (3.74 ha; site 2) and Tai O (9.69 ha; site 7) were 
two of the largest sites sampled in this study but showed some of the 
lowest values of FRi and FRe, and high FVu values. On the other hand, Tai 
Tan with a total area size below average (1.15 ha; site 23), displayed the 
third highest FRi, and an FVu below average, suggesting the high degree 
of functionality present in this site, emphasising the value of small 
mangrove patches (Curnick et al., 2019). However, the low FRe identi
fied for this site serves as a warning to the high degree of functional 
traits without redundancy that are at risk of disappearance.

4.2. Endangered and functional sites

Having multiple functional indices enabled us to draw more accurate 
conclusions regarding the current state of Hong Kong’s mangroves. We 
could highlight those that might be on the verge of functional collapse 
or, alternatively, be used as reservoirs of macrofauna recruitment to 
adjacent sites.

As mentioned in the previous section, size was not a predictor of 
functionality, but Ting Kok and Mai Po, which were identified as the best 
functionally performing sites in our dataset, were also two of the biggest 
sites, with the former being home to the endemic Haberma tingkok 
(Cannicci and Ng, 2017), another functionally unique species. The 
conservation of these sites is therefore of paramount importance for the 
maintenance of functional mangroves in Hong Kong. Two of the other 
three remaining sites (Shui Hau and Tai Tan), despite being all below 
average size, showed high crab species diversity and a large presence of 
species with unique functional traits. Lai Chi Wo and Tung Chung, 
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despite not having been identified as best performing sites, had the 
highest values of FRi, with the latter site having the highest number of 
crab species recorded in this study (24). This is likely explained by the 
high habitat complexities found in these sites. The very high values of 
FVu of these latter sites, however, indicate the presence of functionally 
unique species that are more at risk of disappearance, and contributed to 
them falling outside the top quartile for FRe and the lowest quartile for 
FVu.

The two sites (Sham Chung and Hoi Ha Wan) identified as the worst 
functionally performing across all three indices were also two of the 
smallest ones. Additionally, Sham Chung has been dammed in the past 
to transform the wetland into rice paddies (Tam and Wong, 2002), 
which resulted in a loss of habitat complexity. With the exception of 
Nam Chung (site 34), which was the only site with an FRi of 0.0, all the 
other low performing sites had FVu values on the higher end of the 
spectrum on par with the lowest FRe values found. This is a strong 
indication that many of the crab species found at these sites are unique 
in their functional trait combination. A small disturbance event (e.g. 
deforestation, pollution) can prove enough to result in the local 
extinction of unique species from these sites, resulting in the disap
pearance of certain ecosystem roles.

There is a possibility that not all crab species were found during our 
surveys, especially as new species keep being recorded from Hong 
Kong’s mangroves (Jimenez et al., 2024), which would likely lead to 
different results for the studied functional indices. The inclusion of other 
indices that consider abundance of species (e.g. functional evenness and 
functional divergence which can be indicators of how balanced the 
community and their respective traits are), together with the inclusion 
of other invertebrate taxa of resident mangrove fauna (such as molluscs, 
polychaetes and oligochaetes) in functional analyses and approaches, 
could shed more light into the current functionality of Hong Kong’s 
mangroves.

Lastly, it is important to note that the sites that were identified here 
as either endangered or on the verge of collapse (Fig. 4, Table 1) are still, 
as far as we know, performing enough functions to provide critical 
services to adjacent coastal ecosystems and should nonetheless be 
preserved.

4.3. Hong Kong’s mangroves – Future

Predicting the future of Hong Kong’s mangroves from a functionality 
perspective revealed the importance in having baseline information, as 
the results obtained showed that functional diversity is not expected to 
decrease even with the local extinction of circa 15 % (i.e. eight species) 
of the total studied species pool.

Recalculating the three functional indices resulted in the new 
average values remaining stable or departing from the present-day ones 
in the opposite direction of what was predicted. FRi showed a slight 
increase, which is explained by the lower total number of crab species. 
With less species, and therefore less trait combinations contributing to 
the overall functional space, the functional metrics adjust to the new 
baseline, which makes achieving a higher FRi more easily attainable. The 
same is true for FRe, where it is easier to achieve a higher redundancy of 
traits if there are less specialised species performing unique combina
tions of traits at any given site. This suggests that with the removal of the 
eight crab species at risk of local extinction, most of the species present 
at the sites will consist of generalist species. The number of unique FEs 
also reduced by one, but it increased in proportion, since there was a 
decrease in total number of FEs. This change in FEs resulted in the slight 
increase in FVu, which is a metric that is particularly susceptible to 
unique FEs.

Given the marginal change in values, sometimes in the opposite 
predicted direction, we conclude that functional diversity indices were 
not able to accurately determine the future functionality of mangrove 
stands in Hong Kong. The fact that the values did not change consider
ably should not be interpreted as proof that the studied stands are 

resilient to local extinction. It should be interpreted as a sign of data 
deficiency, highlighting the importance of having baseline data and 
continued monitoring. The lack of historic data can, in fact, result in 
gross underestimations of degradation, with our current knowledge 
being rooted on already impacted ecosystems (Knowlton and Jackson, 
2008). The logistical (Reis-Filho et al., 2020) and taxonomic difficulties 
(Bravo et al., 2021) presented with regularly sampling the fauna present 
in mangrove forests results in a lack of long-term, fine scale datasets, and 
therefore, of baseline information. If regular monitoring does not 
commence soon, it is likely that we will miss out on local extinctions of 
fauna and flora, and consequent loss of system functionality going un
recorded. In places that have limited amounts of mangrove forests, such 
as Hong Kong, this loss could be even more pronounced.

5. Conclusion

In a time where many natural coastal environments are giving way to 
urban development, the preservation of functional patches is of para
mount importance to ensure the long-term functionality of ecosystems. 
In this study we provided an approach to assess and measure the current 
degree of functions being performed by mangrove-associated fauna as a 
proxy of functionality of different sized mangrove forests. With this 
approach we were able to identify sites that are particularly at risk and 
sites that could act as biodiversity and functional reservoirs. We showed 
that small mangrove forests can support relatively high degrees of 
functionality, and that low functional diversity does not discriminate 
based on size, with small and big mangrove forests being equally 
affected. Our study also highlighted the importance of long-term base
line information, so we can accurately record what we might be losing 
before it is too late.
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