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ABSTRACT.—Coastal intertidal sand and mudflats are
home to a rich and uniquely evolved ecological community.
With increasing knowledge of the importance of these
ecosystems and the threats they are facing, efforts to
conserve them have become a priority to many coastal
managers. However, these can be constrained by knowledge
gaps and resource limitations, and citizen science is an
emerging strategy to complement traditional methods of
data collection. Intertidal Watch is a citizen science program
that was set up in Singapore in 2016 to better understand
and monitor the biodiversity of Singapore’s urban tropical
intertidal ecosystems. It also aims to increase public
awareness of marine habitats by involving members of the
community in citizen science. Through analyzing eight years
of data collected by Intertidal Watch, this study documented
rich ecological diversities in four intertidal sand and
mudflats located in areas that had been reclaimed between
the 1970s and 1980s, with evident community distinctions
between a macroalgae-dominant site and the remaining
seagrass-dominant sites. While there were fluctuations in
biological populations over time, study sites were observed
to largely remain resilient to changes in direct anthropogenic
pressures. Our study highlights the power of citizen science
in facilitating systematic conservation while bringing about
positive community benefits.

Coastal regions contain two-thirds of the world’s largest cities, supporting human
populations three times as dense as the global average and experiencing accelerated
rates of urbanization (Small and Nicholls 2003, McGranahan et al. 2007, Blackburn
et al. 2013). It is therefore unsurprising that coastal ecosystems are particularly
at risk from anthropogenic threats such as climate change, resource exploitation,
pollution, and biodiversity loss (Pauly et al. 2005, Halpern et al. 2007, Halpern et
al. 2008, United Nations 2021). A key question that has arisen in the face of these
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developments is the long-term impact of direct and indirect anthropogenic pressures
on these habitats, one that citizen science can help address.

Citizen science programs are often used as a method to improve conservation
outcomes by achieving comprehensive ecosystem monitoring and identifying
habitats under threat (Roelfsema et al. 2016, McKinley et al. 2017, Gouraguine et al.
2019). These projects involve the collaboration of scientists and nonprofessionals in
the collection and analysis of environmental data, increasing the capacity and scale
of data collection possible within a given timeframe and resource budget (Dickinson
et al. 2012, Bela et al. 2016). At the same time, citizen science gives members of
the public an opportunity to gain awareness of local biodiversity, a crucial aspect
in realizing conservation outcomes (Sodhi et al. 2011). It has been reported that
those who participate in citizen science gain a greater appreciation of their natural
environment and may even develop more proenvironmental behaviors as a result
(Jordan et al. 2016, MacPhail and Colla 2020).

There are specific advantages to establishing citizen science programs in urban
coastal environments. As previously mentioned, these environments experience
acute impacts from development (Small and Nicholls 2003), making long-term
biodiversity information critical to understanding ecological changes. Secondly,
people living in urban areas often face extinction of experiences with nature (Leather
and Quicke 2010), and greater exposure to the natural environment can bolster
public sentiment towards stronger conservation targets (Soga and Gaston 2018).
While citizen science programs have become increasingly popular in urban coastal
and marine environments, such as coral reefs and seagrass habitats (Yaakub et al.
2014, Guest et al. 2016), it remains that these programs have not been extended to
these ecosystems as widely as in terrestrial and freshwater habitats (Lim and Lim
2009, Cigliano et al. 2015, Ang et al. 2021). This could be due to perceived safety
concerns, inaccessibility of sites, and costliness of equipment (Theobald et al. 2015).
Therefore, the task facing conservation practitioners is to develop effective strategies
to bring more citizen scientists into coastal ecosystems.

Singapore, a tropical island city-state in Southeast Asia, contains around 5.00
km? of intertidal sand and mudflats as of 2011 (Lai et al. 2015). Land reclamation
has reduced much of this area since 1819, particularly from the 1960s onwards with
the intensification of coastal development (Chia et al. 1988, Powell 2021). Hilton
and Manning (1995) recorded a 75% reduction in intertidal sand and mudflats
in Singapore between 1953 and 1993, and found a considerable portion of the
remaining intertidal area significantly altered or fragmented by these developments.
Few studies have documented biological communities on reclaimed intertidal sites
in Singapore, and these remain largely qualitative (e.g., Tan et al. 2016, Lim et al.
2020). Studies have found that intertidal flats can support a diversity of uniquely
adapted taxa and concurrently provide a multitude of ecosystem services, including
serving as foraging grounds for a range of marine fauna, provisioning resources
to coastal communities, and serving as substantial blue carbon stocks due to the
high primary productivity of benthic macrophytes such as seagrass and macroalgae
(Newell 1976, Smith 1981, Mouritsen and Poulin 2002, Hill et al. 2015, Phang et
al. 2015, Tan et al. 2016, Espadero et al. 2020). Therefore, the strong research and
conservation imperative for these habitats, along with their relative accessibility to
the public, presented an ideal opportunity for the citizen science program Intertidal
Watch (Koss et al. 2009, Kelly et al. 2020).
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Figure 1. Map showing location of Intertidal Watch sites (red stars).

In line with Singapore’s national targets under the National Biodiversity Strategy
and Action Plan (NBSAP), the program Intertidal Watch was initiated to document
the ecology of four urban intertidal flats to facilitate science-based decision making,
while giving members of the public the opportunity to experience and learn more
about Singapore’s intertidal ecosystems (National Parks Board 2017, Convention on
Biological Diversity 2020). This study summarizes the data collected by Intertidal
Watch over eight years, comparing the assemblages of four intertidal study sites and
analyzing the characteristics and trends of each site based on their floral and faunal
communities. It also demonstrates how a program with minimal requirements in
terms of running costs and entry level of participants can collect robust data to
strengthen our understanding of these habitats.

MATERIALS AND METHODS

SITE SELECTION AND DEscripTIONS.—Intertidal Watch was conducted across
four intertidal sand and mudflat sites adjacent to coastal parks in Singapore: Changi
Beach Park Carpark 1 (CHG1), Changi Beach Park Carpark 7 (CHG7), Coney Island
Area A (CONA), and East Coast Park Area G (ECPG; Fig. 1). These four sites have
sandy substrate at the high shore zone which transitions into silty sediment at the
mid-to-low zones, with seagrass and macroalgae macrophyte taxa. They were selected
for their ease of accessibility to citizen scientists and sufficiently large intertidal flat
areas and are all located in areas that were reclaimed between 1974 and 1987 as part
of Singapore’s coastal expansion (The Straits Times 1976, Ang 2018, Lim et al. 2020,
Ministry of Defense Singapore 1974, 1975, 1978, 1983, 1987).

SURVEY METHODOLOGY AND VOLUNTEER TRAINING.—Surveys were conducted
between April 2016 and August 2023. The high (0-10 m from the high tide mark),
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Figure 2. Zoning of shore into the High (H), Mid (M), and Low (L) zones, grouping of transects,
and laying of quadrats (orange) along each transect line (blue).

mid (10-20 m from the high tide mark), and low (20—30 m from the high tide mark)
zones of respective sites were marked from a fixed starting point, and three 20 m
transects were placed within each zone, parallel to the shoreline. Five 0.5 x 0.5 m
quadrats were then placed at random points along each of the transects, either on the
landward or seaward side of the transect tape in an alternating fashion (Fig. 2). Each
group surveyed one transect (five quadrats) in each of the high, mid, and low zones. At
each quadrat, groups would first take a bird’s-eye-view photo of the quadrat, estimate
the percent cover of each floral species (with the remainder percentage representing
bare ground), and count faunal individuals within each quadrat till exhaustion.

All groups first surveyed quadrats starting from the one closest to the starting
point, proceeding rightwards and taking care to avoid disturbance of subsequent
quadrats. Quadrats that could not be accurately verified or quantified due to
being submerged were excluded from statistical analysis to reduce bias or errors.
Notable species encountered at the survey sites outside quadrats were also recorded
separately. Surveys were conducted over a two-hour period where the tide levels were
below 0.3 m Chart Datum. As far as possible, each site was surveyed four times per
year, within each of the following periods: the Northeast monsoon in December to
early March, the Inter-monsoon from late March to May, the Southwest monsoon
from June to September, and the second Inter-monsoon from October to November
(hereby referred to as “seasons” throughout; Sin et al. 2016).

Intertidal Watch volunteers were recruited via NParks’ various social media
channels and email dissemination lists. Each survey group consisted of 3-4
volunteers and at least one NParks staff or volunteer who was experienced with the
survey protocol and species identification. Before attending the surveys, volunteers
were briefed on the survey protocol and identification of common intertidal species,
either through an in-person training session or an online briefing video. Volunteers
were provided with an identification guide for intertidal species at the survey site.
Organisms were visually identified to the lowest taxonomic level possible (hereby
referred to as “species” throughout). Species identifications and estimation of
vegetation percent cover were agreed upon by group consensus. Where there were
uncertainties in identification, experienced staff were consulted. In cases where
the staff on-site were not able to identify the species, taxa experts were consulted
via photographs. Photos of all species observed were also taken by volunteers and
subsequently re-verified by staff post-survey.
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DATA PROCESSING AND ANALYSIS.—All statistical analyses were conducted in R
v4.2.2 (R Core Team 2022). When more than one survey was completed per season
per site, the survey with the greatest number of surveyed quadrats was used in the
data analysis. The diversity of flora and fauna in each site was calculated using the
Shannon—Wiener diversity index. SIMPER analysis was conducted for the 10 most
abundant floral and faunal species across the sites and was used to account for the
contributions by different species to the dissimilarities between sites in pairwise
comparisons (Clarke 1993). Community assemblages across sites and years were
visualized using nonmetric multidimensional scaling (nMDS) under a log(1+x)
transformation with the Bray—Curtis distance measure. A Bray—Curtis dissimilarity
matrix was constructed for the assemblages, and a permutational multivariate
analysis of variance (PERMANOVA) was used to measure the differences between
the assemblages. The PERMANOVA was conducted using three factors: site (4 levels,
fixed), year (8 levels, fixed), and season (4 levels, fixed). P-values for the SIMPER and
PERMANOVA analyses were based on 999 permutations.

Additional PERMANOVAs and pairwise comparisons were conducted across
years within sites (8 levels, fixed). nMDS, SIMPER, and PERMANOVA were carried
out in the vegan package v2.6-4 (Oksanen et al. 2022). Each datapoint in the nMDS
comprised data from one survey, while the SIMPER and PERMANOVA analyses
comprised data from one group within a survey. One survey datapoint was removed
from the faunal dataset for the nMDS, while three group datapoints were removed
from the SIMPER and PERMANOVA analysis as they contained zero data. To
understand the relationship between floral and faunal communities, a Pearson’s
rank correlation test was used to investigate the correlation between seagrass and
macroalgae percent cover, respectively, with faunal species richness, density, and
diversity within quadrats.

RESULTS

SPATIAL AND TEMPORAL TRENDS IN INTERTIDAL ASSEMBLAGES.—A total of 96
surveys were conducted and analyzed across the four sites over eight years. One
hundred and sixty eight faunal species and 32 floral species were identified across
3149 quadrats (1211 in the high zone, 1127 in the mid zone, and 811 in the low zone)
over the four sites. Faunal communities across sites largely comprised polychaetes,
tunicates, molluscs, and arthropods while floral assemblages consisted of seagrass
and macroalgae species. A total of 118 and 29 faunal and floral species respectively
were recorded at CHG1, 121 and 28 faunal and floral species respectively at CHG7,
91 and 21 faunal and floral species respectively at CONA, and 101 and 29 faunal and
floral species respectively at ECPG. Notable native species recorded across all sites
included the locally vulnerable Carcinoscorpius rotundicauda (mangrove horseshoe
crab) and Tachypleus gigas (coastal horseshoe crab) and the near threatened Cymbiola
nobilis (noble volute; National Parks Board 2023a).

Average vegetation cover was higher in the sites at Changi Beach (CHG1 and CHG?)
as compared to the other two sites (Fig. 3), while floral diversities across all four
sites were comparable (Table 1). Halophila ovalis (spoon seagrass) was the dominant
floral taxa in the Changi Beach sites, with an average percent cover of 40.16% and
34.76% across all quadrats surveyed in CHG1 and CHG?7, respectively. In contrast,
the macroalgae Ulva sp. (sea lettuce) contributed the most to vegetation cover in
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Figure 3. Average percent vegetation cover of quadrats across sites.

CONA (18.47%) while Halodule sp. (needle seagrass) was the highest contributor to
vegetation cover in ECPG (17.45%).

The average faunal diversity of sites in CHG1, CHG7, and ECPG were markedly
higher than that of CONA (Table 1), while the average density of faunal individuals
per quadrat was considerably higher in CONA [68.75 (SD 67.27) individuals per
quadrat] compared to other sites (Fig. 4). This is due to the quadrats in CONA being
dominated by a large number of Chaetopteridae sp. (polychaete worms) across all
zones, which made up 85.67% of the total number of faunal individuals recorded at
this site.

Floral communities were significantly different across sites (PERMANOVA: F, , .
=30.9, R*=0.24, P < 0.001), years (PERMANOVA: F , .= 19.2, R*= 0.050, P < 0.001),
and seasons (PERMANOVA: F, | = 2.53, R*= 0.020, P < 0.001). Faunal communities
were significantly different across sites (PERMANOVA: F,, = 32.1, R*= 0.26, P <
0.001) and years (PERMANOVA: F, _ =10.1, R*= 0.027, P < 0.001), but not seasons.

1,262
Further analyses to investigate these differences are reported below.

ASSOCIATIONS BETWEEN FLORAL AND FAUNAL COMMUNITIES ACROSS SITES.—
The nMDS showed that floral communities within sites were more distinct from
each other than faunal communities (Fig. 5). There were overlaps across all sites,
particularly between the floral communities of CHG7 and ECPG and the faunal
communities of CHG1, CHG7, and ECPG. Assemblages in CONA were more distinct
from the other three sites, especially in terms of their flora.

For floral communities, SIMPER analysis elucidated that the differences across
sites were largely driven by the most dominant species across all four sites, namely
Halophila ovalis, Halodule sp., Ulva sp., and Gracilaria sp. (red algae; Online Table
S1). These four species contributed to 45.5% or more of the dissimilarity in all pairwise
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Figure 4. Average faunal density of quadrats (individuals per quadrat) across sites.

Faunal Density Per Quadrat

comparisons. The similarities between the floral communities of CHG1, CHG7, and
ECPG were due to the dominance of H. ovalis and Halodule sp. in these sites. CONA,
on the other hand, had Ulva sp., a type of macroalgae, as its most common floral
species, which was a primary driver that made it more distinct from the other sites.

In terms of faunal communities, differences between sites were largely influenced
by the abundance of Chaetopteridae sp. and Didemnum psammatodes (tunicate) as
found in the SIMPER analysis (Online Table S2). Diogenes sp. (hermit crabs) was
the only other species within the top 10 of all pairwise comparisons, responsible
for between 2.9% and 8.3% of the differences. Chaetopteridae sp. drove the largest
differences between CONA and the other three sites, accounting for 57.0%—65.6%
of the differences between CONA and the other sites, respectively. Between ECPG
and the other three sites, Chaetopteridae sp. and Cucumariidae sp. (sea cucumbers)
were the two species that contributed most to differences in faunal communities,
accounting for 13.1%—57.0% and 9.0%—18.8% of the differences between ECPG and
other sites, respectively. Between CHG1 and CHG?, differences were most strongly
driven by Balanus sp. (barnacles; 12.5%), Didemnum psammatodes (10.6%), Diogenes
sp. (7.8%), and Diplosoma sp. (tunicates; 6.7%).

At the quadrat level, faunal species richness (r = 0.19, P < 0.001) and diversity (r =
0.31, P < 0.001) were both positively correlated to the percentage of seagrass cover,
while faunal density was negatively correlated to the percentage of seagrass cover (r
= -0.17, P < 0.001). There was no significant correlation between the percentage of
macroalgae cover and faunal richness (r = 0.03, P = 0.976), while there was a positive
correlation found between the percentage of macroalgae cover and faunal density (r
= 0.25, P < 0.001) and a negative correlation between the percentage of macroalgae
cover and faunal diversity (r = -=0.09, P < 0.001).
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Figure 5. Nonmetric multidimensional scaling (nMDS) of (A) floral (stress = 0.1962069) and (B)
faunal (stress = 0.1540288) communities.

CHANGES IN FLORAL AND FAUNAL COMMUNITIES OVER TIME.—There were no
discernable patterns in floral and faunal communities across years when aggregated
across sites (Online Fig. S3). Hence, PERMANOVAs were further conducted to
investigate differences within each site over time. From this, it was found that floral
and faunal communities varied between years in all sites (Table 2). A shift towards
algae dominance was observed in CHG1 in 2018, but this tapered in the subsequent
years with a decrease in overall vegetation cover from 2021 onwards. In CHG?7, the
coverage of macroalgae in quadrats varied across years and was markedly higher
in 2019 and 2021, while seagrass cover dropped from 2019 onwards (Fig. 6A). In
ECPQG, the site remained seagrass-dominated and vegetation cover stayed relatively
consistent over the years except 2022, which recorded increases in both seagrass and
macroalgae coverage. The differences across years were largely driven by variations
in the proportions of seagrass species.

Faunal density in CHGI remained relatively low throughout the study duration,
though 2018 and 2019 saw higher numbers of tunicates and 2023 saw a higher
number of arthropods per quadrat, in comparison to other years. The most noticeable
changes in CHG7 were a similar increase in tunicate density in 2019, along with an
increase in the number of arthropods (Balanus sp. and Diogenes sp.; Fig. 6B). The
faunal taxa distribution in CONA remained relatively consistent, with fluctuating
numbers of Chaetopteridae sp. We found that Chaetopteridae sp., Cucumariidae sp.,
and Cercodemas anceps (sea cucumber) fluctuated but generally increased over time

Table 2. Results of the permutational multivariate analysis of variance results for the analyses of differences
across years (fixed, 8 levels) on floral and faunal assemblages within sites. *P < 0.05, ** P < (.01, *** P <
0.001.

Flora Fauna
CHG1 <0.001 *** <0.00] ***
CHG7 <0.001 *** <0.00] ***
CONA <0.001 *** 0.013*

ECPG <0.001 *** 0.009 **
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Figure 6. (A) Average percent vegetation cover of quadrats per year across sites and (B) average
faunal density of quadrats (individuals per quadrat) per year across sites.

in ECPG. There was a particular surge in the number of Cucumariidae sp. in ECPG
from 2021 onwards.

VOLUNTEER PARTICIPATION.—Intertidal Watch was consistently supported by
over 50 unique volunteers per year over the eight years, over a wide range of ages and
backgrounds. This represented 582 unique volunteers over the recorded duration,
with 252 of these having volunteered for more than one survey (Table 3). There was
a slight dip in 2020 where the number of volunteers per survey was reduced due to
the social distancing measures introduced in light of the Covid-19 pandemic, and
in 2022 where no surveys were conducted in the Southwest monsoon season due to
insufficient low tides. Additionally, from 2022 onwards, volunteers were selected so
that each group would have at least one experienced volunteer. As such, there was an
increase in the number of repeated experienced volunteers and hence a drop in the
number of unique volunteers per year.

Table 3. Number of unique volunteers in Intertidal Watch surveys per year.

Year 2016 2017 2018 2019 2020 2021 2022 2023
Total unique volunteers 154 89%* 153 116 81 118 72 52
*43 participant names were not recorded in 2017 and were omitted from total unique volunteer number.
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DiscussioN

DIFFERENCES BETWEEN COMMUNITY ASSEMBLAGES ACROSS SITES.—Surveys over
the eight years revealed that floral and faunal community assemblages were distinct
from each other across sites. Despite ECPG being the only south-facing site, CHGI,
CHG7, and ECPG were observed to be clustered together closer to each other, with
more overlaps between datapoints than each of them had with CONA, particularly in
terms of their floral communities. Along with CONA being significantly dominated
by macroalgae taxa, its faunal diversity was also lower than the other three sites, as
quadrats were largely dominated by a single species, Chaetopteridae sp. Though the
faunal diversities of CHG1, CHG7, and ECPG were higher than that of CONA, their
faunal communities remained distinct from each other. Our findings are consistent
with Lim et al. (2020) who did not find geographical clustering of intertidal species
in Singapore based on a north-south divide. Instead, the dominant macrophyte taxa
appeared to be the greatest driving factor in shaping the ecological communities at
these sites. While both macrophyte types have been shown to enhance the structural
and ecological diversity of soft sediment ecosystems (Bostrom and Bonsdorff 1997,
Casares and Creed 2008, Fulton et al. 2019), our results suggest that seagrass may
play a greater role in enhancing faunal richness and diversity in intertidal ecosystems
compared to macroalgae, while macroalgal-dominant sites can support high faunal
densities.

In nutrient-rich and light-limited environments, macroalgae tend to outcompete
seagrasses (Duarte 1995, Valiela et al. 1997). CONA is situated within the narrow
Johor Strait, which is known to be more turbid and nutrient-rich than the southern
Singapore Strait and experience limited hydrological connectivity due to the
presence of the Singapore-Johor Causeway (Gin 2000, Chou et al. 2019). CHG1 and
CHG7, while similarly north-facing, are located in the wider, more open part of the
strait towards the sea, which could have contributed to differences in macrophyte
cover between these sites and CONA (Hasan et al. 2012, van Maren et al. 2014).
Given the contributions that seagrass provide to intertidal biodiversity, our results
give a clear imperative for the conservation of presently declining seagrass taxa in
Singapore, which can be achieved in part by improving coastal water quality (Yaakub
et al. 2014). On the other hand, we have shown that macroalgal habitats can support
substantial faunal biomass and a differentiated faunal community compared to
seagrass-dominant intertidal sites. Macroalgal contributions to blue carbon are also
increasingly being recognized (Krause-Jensen et al. 2018). As such, further research
should be undertaken to understand the varied ecological functions of these
respective habitats.

CoMMUNITY TRENDS WITHIN SITES OVER TIME.—Within sites, both floral
and faunal communities showed significant changes across years, while only floral
communities were differentiated across seasons. Macroalgae is understood to bloom
seasonally in Singapore, peaking around the Northeast monsoon, which tends to
bring higher rainfall and cooler sea surface temperatures (Low et al. 2018, Kwan et al.
2022). Despite these fluctuations, faunal communities were sustained across seasons,
suggesting that these short-term changes had little impact on faunal assemblages.

The most pronounced temporal fluctuations in faunal communities are observed
in CHG7 and ECPG, but there were no clear directional shifts across years over the
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study period (Online Fig. S3). These could have been driven by localized factors such as
changes in substrate or water quality. For example, there was significant construction
work adjacent to the site at ECPG throughout the study duration which appeared to
have altered the substrate at ECPG to a siltier matrix (PR Cheo, Republic Polytechnic,
pers comm). Benthic faunal communities can be influenced by substrate grain size
(Abessa et al. 2019, Shi et al. 2019), and this could have played a role in the marked
changes in faunal community over the period of monitoring. There were also reports
of members of the public visiting all four sites and taking intertidal animals from
June 2021 onwards, including crabs, clams, sand dollars, and sea cucumbers (Tan
2021, A Li, National Parks Board, pers comm). These new visitors typically collected
these species as curios. In response, NParks initiated regular outreach efforts to
educate members of the public against indiscriminately removing large numbers of
organisms from these sites from June 2021 until December 2022, by which time the
frequency of these activities had slowed (A Li, National Parks Board, pers comm).
The removal of these organisms along with the increased trampling by visitors could
potentially lead to deleterious community shifts (Keough and Quinn 1998, Murray
et al. 1999, Hughes et al. 2009), but we found a lack of major observable changes
in faunal densities and communities in the years following these incidents (Fig. 6,
Online Fig. S3). In addition, overall vegetation cover did not fall drastically in these
years. This suggests that these sites remained resilient to the increased pressures of
gleaning and trampling in this instance. However, as our survey methodology did
not specifically measure the occurrence of all species of interest across the entire site,
our findings are limited in determining the full impact of these gleaning activities.
For example, none of our quadrats documented the endangered Holothuria scabra
(sandfish sea cucumber) or the near threatened Arachnoides placenta (cake sand
dollar; National Parks Board 2023a), both commonly targeted species. Future
surveys could prioritize recording the numbers of each species of interest across sites
in response to such activities.

THE ROLE OF CITIZEN SCIENCE IN FOSTERING PUBLIC ENGAGEMENT AND
RECOMMENDATIONS FOR THE FUTURE.—The success of Intertidal Watch was owed
to a steady recruitment and retention of volunteers, adequate training for volunteers
and robust data verification processes. There was substantial public interest in
Intertidal Watch, with survey registration often being oversubscribed and very
rapidly reaching capacity. Volunteer numbers remained high throughout the study
period, with new members joining the program and older members being retained
year-on-year. Several long-term volunteers had given feedback that their awareness
and knowledge of intertidal biodiversity had improved since volunteering. Through
thorough volunteer training, visual ID guides on site, identification by group
consensus, and an additional round of data verification post-survey, Intertidal Watch
ensured the accuracy of data as best as possible, a challenge that many citizen science
programs face (Conrad and Hilchey 2011). From 2022 onwards, Intertidal Watch also
pivoted towards engaging a higher proportion of experienced volunteers towards the
goal of increasing data accuracy and precision (Falk et al. 2019). The standardization
of the sampling procedure further ensured that the data was translatable to scientific
analysis (McKinley et al. 2017).

Despite these successes, Intertidal Watch does have its limitations in achieving
the desired outcomes of citizen science. Generally, one survey is conducted at each
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site per season, which could lead to low statistical power of the data collected and
fail to accurately capture the true community dynamics over time. Type II errors
in determining community diversity could also occur if volunteers misidentify
rare species as more common and frequently encountered ones. Furthermore, the
number of volunteers that could be involved in each trip was limited within the
survey methodology. As Intertidal Watch continues to expand, the program can
explore increasing its sample size and volunteer engagement by conducting more
regular surveys led by trained and experienced volunteers. In the years following
its inception, it has also been complemented by citizen science efforts that directly
identify and monitor species of conservation concern such as the Biodiversity Beach
Patrol (National Parks Board 2023b). In addition, further inquiry into the specific
feedback of volunteers to their involvement in the program would enhance this study
by demonstrating the societal benefits of Intertidal Watch. Intertidal Watch has given
both nature enthusiasts and members of the public with no prior experience alike the
opportunity to visit intertidal habitats and contribute to ecological monitoring and
is further supported by other efforts in NParks’ toolbox of public outreach strategies
to encourage environmental stewardship.

CONCLUSIONS

EcoLoGICAL ESTABLISHMENT ON RECLAIMED SHORELINES.—Over eight years of
consistent data collection, Intertidal Watch has been able to elucidate the spatial
and temporal trends of ecological assemblages across a range of sites, particularly
highlighting the role of macrophyte taxa in shaping the faunal communities present
within the habitat. Our results also present a case study of ecological communities
establishing diverse populations in a reclaimed, urbanized habitat through natural
recolonization and regeneration. Intertidal Watch study sites, despite all being on
reclaimed coastlines, had species richness values comparable to that of naturally
formed habitats, and have also been the focus of conservation efforts for locally
threatened species (Cartwright-Taylor et al. 2011, Lim et al. 2020, Lim et al. 2022).
While contending with habitat loss and fragmentation, NParks” wider conservation
efforts aim to identify source and sink habitats within our waters and preserve
connectivity pathways between key sites (URA 2022). This allows for the natural
recruitment and succession of ecological assemblages under suitable conditions, such
as in the coral and mangrove habitats in Tanah Merah and Pasir Ris, respectively
(Lee et al. 1996, Wong et al. 2018). The richness of floral and faunal species in this
study shed further light on the potential for modified habitats to recruit and sustain
native biodiversity.

CITIZEN SCIENCE TO REALIZE CONSERVATION MANAGEMENT OUTCOMES.—The
variation across these four study sites further points to the importance of conserving
arange of habitats to maintain species diversity. Such programs establish a baseline of
ecological data, which can be used to monitor the response of ecosystems to localized
pressures, such as impacts from shore visitors, which is particularly crucial in urban
coastal environments. However, more targeted analyses may need to be conducted
to understand the drivers behind trends at respective sites. Ultimately, the goal of
many citizen science projects is not only for scientific output, but for greater public
engagement and ownership (Kullenberg and Kasperowski 2016, MacPhail and Colla
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2020), which Intertidal Watch has achieved through its volunteer program. At the
interface of science, policy, and community engagement, citizen science programs
can and should be regarded as effective tools for both conservation research and
education.
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