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The location of offshore and coastal marine engineering projects often shows
considerable overlap with the foraging and breeding grounds of marine
mammals. Lingding Bay, located in the Chinese Pearl River Delta, is home to
the world's largest known population of Indo-Pacific humpback dolphins (Sousa
chinensis). The bay is also the site of the Hong Kong—-Zhuhai—Macao Bridge
mega-engineering project. This study assessed the responses of the dolphins to
the bridge construction. Data were collected on dolphin sightings by survey
vessels following standard line-transect tracks, with surveys conducted during
the pre-construction (2005-2006), construction (2015-2016), and post-
construction (2020-2021) phases. The dolphin distribution patterns, density,
group sizes, and presence of calves were compared across these three periods.
Additionally, the range patterns of the dolphins were analyzed following the
identification of individuals during the post-construction phase. The average
distance at which humpback dolphins were sighted from the bridge was
significantly shorter after the completion of the bridge than during the pre-
construction and construction phases. Furthermore, the density of humpback
dolphins in the southern region of the bay—where the bridge is located—was
significantly higher post-construction compared with that recorded during the
pre-construction and construction phases. A noticeable increase in dolphin
group sizes post-construction may indicate a shift in foraging strategy. The
post-construction phase coincided with the COVID-19 pandemic lockdown
period, and the resultant reduced human activity in Lingding Bay may have
influenced the distribution of dolphins and other animals to some extent.
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Individual identification results demonstrated that the waters near the bridge
remained an integral habitat for the dolphins post-construction, as they freely
traversed underneath the bridge. The results of this study hold considerable
importance within the realm of marine engineering, offering valuable guidance
and references for informed decision-making and operational practices in

associated domains.
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Indo-Pacific humpback dolphin, line-transect survey, distribution, behavior, marine
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1 Introduction

With the rapid development and transformation of coastal areas,
over 40% of the world’s population currently resides in these regions,
and an increasing number of people are expected to migrate there in
the future (Small and Nicholls, 2003; Lotze et al., 2006). This spatial
pattern of human settlement, coupled with an increasing demand for
resources and trade, has exerted tremendous pressure on coastal
ecosystems and biota (Lotze et al, 2006). Coastal development
involves the construction of bridges, waterways, docks, wind farms,
and other structures, and the locations of such projects often overlap
with the distribution ranges of marine mammals. However, research
on the responses of dolphins to large-scale ocean engineering projects
is limited, which hinders the development of effective protective
environmental policies (Wright et al., 2011; Dihne et al., 2013; Pirotta
et al., 2013).

Early research on the responses of marine mammals to
construction primarily focused on their short-term behavioral
adjustments and shifts in distribution range. A comprehensive
examination of the historical distribution patterns of bowhead
whales (Balaena mysticetus) revealed a notable shift in their
habitat usage following exposure to offshore construction,
reflecting the avoidance of areas characterized by heavy industrial
activity (Richardson et al., 1995; Schick and Urban, 2000). In a
study on bottlenose dolphins (Tursiops truncatus) and harbor
porpoises (Phocoena phocoena) in northeast Scotland, the
bottlenose dolphins were shown to spend less time in the vicinity
of construction works that involved either impact or vibration
piling (Graham et al, 2017). Furthermore, the abundance of
female Australian humpback dolphins (Sousa sahulensis) in the
southern regions of the Great Barrier Reef decreased significantly in
response to port construction activities and a major concurrent
flood; however, at the completion of this development project, the
abundance of females returned to reflect original numbers
(Cagnazzi et al, 2020). Additionally, notable changes in the
swimming speed of Indo-Pacific humpback dolphins (Sousa
chinensis) have been observed during piling operations and in the
presence of marine vessels in the waters offt Hong Kong (Wiirsig
etal,, 2000; Piwetz et al., 2012). In the early to mid-1990s, the waters
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of northwest Hong Kong were key areas frequently visited by
humpback dolphins (Jefferson, 2000); however, since then,
dolphin sightings have significantly declined (Jefferson et al.,
2023). A previous study on humpback dolphins in Lingding Bay
(LDB), an estuary of the Pearl River Delta in southern China, also
suggested that the dolphins may have altered their habitat selection
in the last 20 years, adapting to coastline disturbances caused by
human activities (Wang et al., 2022).

The Hong Kong-Zhuhai-Macao Bridge (HZMB) is a bridge-
tunnel system connecting Hong Kong with the cities of Zhuhai and
Macao on the Chinese mainland. Located in LDB, the HZMB is the
longest bridge across the sea in the world. It has been hailed as a
mega-engineering project and represents a world-class cross-sea
passage. The eastern end of the bridge is located on an artificial
island near Hong Kong International Airport, from where the
bridge spans the LDB westward to an artificial island near the
port of Zhuhai-Macao (Figure 1). Construction of the bridge began
in December 2009, and the HZMB was officially opened for trial
operations in October 2018. Of note, LDB is a key habitat of the
Indo-Pacific humpback dolphin (Sousa chinensis), also known as
the Chinese white dolphin and hereafter referred to as the
humpback dolphin, an animal under state protection in China.
Humpback dolphins’ health status, population dynamics, trophic
relationships, and levels of pollutants within their bodies
comprehensively reflect the ecological health and environmental
changes of estuaries and their surrounding marine areas. As top
predators highly sensitive to changes in water quality, food
resources, and habitat conditions, monitoring these factors
provides critical insights into ecosystem health, the presence of
pollutants, the condition of the food web, and the impacts of human
activities on the environment.

The Indo-Pacific humpback dolphin—Ilisted as Vulnerable in
the IUCN Red List— is a small, toothed cetacean residing in coastal
and estuarine habitats and is predominantly found in the coastal
waters of the Eastern Indian Ocean and Western Pacific Ocean
(Jefferson et al., 2017). Its distribution extends from the northern
coast of China (with the northernmost sighting record located in
the Yellow Sea) southward throughout Southeast Asia and
westward to the border between Bangladesh and Myanmar
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(Jefferson and Rosenbaum, 2014; Jefferson and Smith, 2016;
Jefferson et al., 2017; Lin et al, 2022). In China, humpback
dolphins primarily inhabit the coastal regions of Xiamen, the
western coasts and estuaries of Taiwan, the waters around Nanao
Island in Shantou, the coast of the Pear] River Estuary up to the
Moyang River, Leizhou Bay in Zhanjiang, the Beibu Gulf in
Guangxi, and the waters around Sanya in Hainan (Chan, 2019;
Chen et al., 2008; Chen et al., 2010; Chen et al., 2016; Jefterson, 2000;
Li et al., 2019; Li et al., 2016; Peng et al., 2020; Wang et al., 2016a;
Wang etal,, 2016b; Xu et al., 2015). Among these regions, the largest
known population is found between the Pearl River Estuary and the
Moyang River (PRE-MR), boasting an estimated 2,600 individuals,
which significantly surpasses the populations of the other regions
(Jefferson, 2018; Chan, 2019; Li et al., 2019). Therefore, the
population of this flagship species in PRE-MR serve as an
ecological indicator for the Guangdong-Hong Kong-Macao
Greater Bay Area, thereby playing a pivotal role in biodiversity
conservation and ecosystem health assessments.

The construction of the HZMB has provided an opportunity to
investigate the potential impact of marine construction on
humpback dolphins in LDB. Due to the lack of research
addressing the effect of bridge construction on humpback
dolphins, wildlife conservation authorities still require insight into
the potential adverse effects of such a mega-marine project on these
animals. This study, inspired by the “opportunistic experiment” of
Richardson et al.,, investigated the distribution of humpback
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dolphins before, during, and after construction of the HZMB
(Richardson et al, 1985). Our research objectives encompassed
assessments of the following three aspects: (1) the distribution and
density of humpback dolphins in areas associated with the HZMB
project, comparing these values with historical data; (2) group
structure changes, such as calf presence or aggregations into large
groups; and (3) whether humpback dolphins traversed underneath
the completed bridge.

2 Methods
2.1 Study area

The study area covered most of the humpback dolphin
distribution in the LDB and was bordered by Humen to the
north, Dong’ao Island to the south, the boundary of Guangdong-
Hong Kong waters to the east, and the coastlines of Zhuhai, Macao,
and Henggqin Islands to the west. Previous surveys have shown that
humpback dolphins are unevenly distributed in the LDB (Chen
et al., 2010). Dividing the study area into four regions allows for a
more accurate reflection of the humpback dolphins’ density and
distribution characteristics in each region, thereby improving the
precision of the survey results. Additionally, subdividing the area
helps balance the sample size across regions, reducing sampling
errors. Consistent survey efforts were maintained across these

G

x ¢Lingding Ba)‘

22°40'N

\\
North ™
Lingding Bay

____________ 22°30'N

Nellingding Tsland

__________ . .

Central

Lingding Bay

South\China Sea

22°20'N

FIGURE 1

. - 22°10'N
_____________ i S, e
Sanjiag Island —
. vb’
Macao @,
_____________ Legend
—4 " ———- Transect line
0 3 6 12 km m - HZM Bridge .
] ‘ Ll e L
1 ’ 1
113°40'E 113°50'E 114°0'E

Map of the Lingding Bay study area in China, showing the locations of four line-transect survey regions—northern Lingding Bay, central Lingding Bay,
southern Lingding Bay, and Macao. The pink-shaded area represents the boundary lines of the four survey regions.
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regions to ensure unbiased data collection and analysis. Our study
area was subdivided into four regions: northern Lingding Bay
(NLDB), central Lingding Bay (CLDB), southern Lingding Bay
(SLDB), and Macao (MA). The exact geographic locations of all
monitoring zones and observation transects are illustrated
in Figure 1.

2.2 Vessel survey

A survey team used standard line-transect methods to conduct
regular vessel surveys (Buckland et al, 2001). To ensure the
continuity and comparability of observational data, these surveys
comprised the same visual observation and operational protocols as
previous dolphin surveys in the Pearl River Estuary (Jefferson, 2000;
Chen et al., 2010).

The observation vessel was a shrimp trawler with an
observation platform fitted to its foredeck, approximately 4-5 m
above the waterline. Under suitable observational conditions (0-5
on the Beaufort scale, no heavy rain, and visibility 21200 m), the
survey vessel traveled along predetermined transects at 7-8 knots.
Data were recorded simultaneously by a team of two observers,
consisting of a primary observer using marine compass binoculars
(7 x 50; Bushnell, Overland Park, KS, USA) and a secondary
observer conducting naked-eye observations. To alleviate fatigue,
the primary and secondary observers exchanged roles every 30 min.
Both observers underwent training in observation and recording
methods, visual distance estimation (corrected using a laser
rangefinder), and dolphin species identification, and both had
experience in offshore cetacean surveys.

For each line-transect, the following data were recorded: the
times at which transect observations began and ended; the
geographic location of the transect; boat speed; boat heading; sea
state; visibility; and total distance covered. The survey vessel
approached dolphin groups closely to allow an estimation of the
number of individuals, observation of group composition and
behavior, and photography of individuals from different angles
for identification purposes (using a high-speed SLR camera and
telephoto lens). For each dolphin sighting, the following data were
collected: initial sighting time, geographic location, sighting angle,
distance of dolphins from the vessel (estimated visually by the
observers), number of dolphins, group composition, and behavior.
A handheld GPS (eXplorist; magellan, San Dimas, CA, USA) was
used to determine geographic locations, survey vessel speed, and
distance covered, whereas angles were measured using compass
binoculars. Group composition was determined according to age
classes, comprising unspotted calves (UC), unspotted juveniles (UJ),
mottled (S]), speckled (SS), spotted adults (SA), and unspotted
adults (UA) (Jefferson, 20005 Jefterson et al., 2012).

2.3 Photo-identification

Humpback dolphins bear distinctive markings on their bodies,
such as notches on the dorsal fin or scar tissue (Chan and
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Karczmarski, 2024). Occasionally, body coloration patterns can
also serve as references that allow researchers to distinguish
between individuals. When humpback dolphins were sighted
during our line-transect surveys, the survey was paused, and the
vessel slowly approached the dolphins from the side and rear to
allow accurate photography. Since body coloration and markings
are not necessarily symmetrical, efforts were made to capture
images of both sides of each dolphin. After the photos had been
sorted into a reference library enabling the identification of
individuals, they were subsequently used to analyze the
movement patterns of individual dolphins.

2.4 Data analysis

The survey data were categorized into three phases relating to
the construction of the HZMB: (1) pre-construction (February 2005
to January 2006), (2) construction (August 2015 to August 2016),
and (3) post-construction (June 2020 to April 2021). Although the
dataset provides important information regarding dolphin activity
during the different phases of the HZMB construction, the use of a
one-year dataset for each phase presents limitations.

2.4.1 Distribution and population density

Geographic information system (GIS) analysis was employed to
determine changes in dolphin distribution in the study area during
the three phases of HZMB construction. The data were projected
onto the UTM49N coordinate system to minimize distortions in
distance and area measurements. A cost/distance grid was created
to measure the distance between each grid (400 m?) and the bridge,
allowing a calculation of the distance from each dolphin sighting
location to the bridge (Buckstaff et al., 2013). The non-parametric
Kruskal-Wallis test was used to test our null hypothesis that the
distances from dolphin sighting locations to the HZMB did not
differ significantly across the three construction phases.

To assess changes in the density of humpback dolphins in the
study area across our three time periods, a distance sampling
method was used to evaluate dolphin density in various regions
(Buckland et al, 2001). For subsequent data analysis, we used
DISTANCE software (Version 6.0, Release 2) to estimate dolphin
density and related statistical parameters (Thomas et al., 2009). The
formulae used for calculating density and the coefficient of variation
were as follows:

nf (0)E (s)

D=0

var[E(s)]
[E@)?

o - \/vﬁrz(n) L varlf o)  varlg(©)
" [f £(0)]
where D is the density of the dolphins, # is the number of on-
effort sightings (sample size), f(0) is the trackline probability density
at zero distance, E(s) is an unbiased estimate of average group size, L
is the length of the transect line, g(0) is the trackline detection
probability, CV is the coefficient of variation, and var is variance.
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2.4.2 large group dolphin distribution and calf
occurrence analyses

A frequency distribution of different activities and behaviors
can identify whether any LDB regions are associated with distinct
behaviors in the humpback dolphins. In terms of group size, larger
dolphin groups are closely linked to the availability of food
resources and level of human interference: locations containing
larger groups are typically indicative of richer food resources and
lower levels of human activity (Hung, 2008; Liu et al., 2021).
Additionally, the presence and well-being of calves are crucial,
affecting the overall health and survival of the population. Calves
are generally more sensitive to construction activities, and
monitoring changes in their distribution provides a vital indicator
of the impact of projects on the dolphin population. Therefore, we
overlaid the locations of large dolphin groups (=10 individuals) and
calf sightings with the cost/distance grid, extracted the distances
from sighting locations to the bridge for the three construction
phases, and assessed changes in dolphin distribution over time.

To analyze the variation in the frequency of dolphin occurrences
within specific distances from the bridge, the study separately
calculated the distribution of Indo-Pacific humpback dolphins, the
presence of calves, and the formation of large aggregations within 0-
0.99 km, 1-4.99 km, and 5-9.99 km of the Hong Kong-Zhuhai-
Macao Bridge. The differences among these groups were also
analyzed at various stages of the bridge’s construction.

3 Results
3.1 Dolphin distribution and density
Humpback dolphins were located at significantly different

distances from the HZMB during the three phases of its
construction (Kruskal-Wallis, H (2, 567) = 14.45, p = 0.0007).
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FIGURE 2

The average distance of humpback dolphins from the Hong Kong—
Zhuhai—Macao Bridge (HZMB) during different phases of its
construction. Error bars indicate SD, ** denotes significant differences.
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The average distances from sighting locations to the bridge during
the pre-construction, construction, and post-construction phases
were 11.56 km (SD = 8.16, n = 182), 11.32 km (SD = 6.48, n = 175),
and 8.93 km (SD = 5.57, n = 210), respectively (Figure 2). Density
overlay maps of dolphin-sighting locations relative to the bridge are
presented for these time periods in Figure 3.

The CLDB and SLDB are located in proximity to the HZMB,
and the abundance of dolphins in these two areas can be expected to
reflect the response of the dolphins to bridge construction most
accurately. The population density of dolphins in the CLDB showed
little variation over the three investigational phases, remaining at
50-60 individuals/100km>. In contrast, the SLDB exhibited a
significantly higher abundance of dolphins in the post-
construction phase, whereas the population density remained
relatively stable in the pre-construction and construction
phases (Figure 4).

We compared the average humpback dolphin densities between
the experimental subregions during the three construction periods.
These average densities were significantly different between the
CLDB and SLDB areas during the same periods (p < 0.05). When
considering the CLDB in isolation, humpback dolphin abundance
did not differ significantly between the pre-construction and
construction phases or between the pre-construction and post-
construction phases (p > 0.05); however, the dolphin density was
significantly different between the construction and post-
construction phases (p < 0.05). Additionally, when viewing only
the SLDB, dolphin density did not differ significantly between the
pre-construction and construction phases (p > 0.05); however,
significant differences were observed between the pre-construction
and post-construction phases, as well as between the construction
and post-construction phases (p < 0.05).

3.2 Group size and calf occurrence

The mean sizes of dolphin groups during the pre-construction,
construction, and post-construction phases were 5.03 (SD = 4.43,
n=182),4.70 (SD = 6.48, n = 175), and 6.18 individuals (SD = 5.15,
n = 210), respectively.

Group sizes were initially compared between the pre-
construction, construction, and post-construction datasets via
analysis of variance (ANOVA) followed by Tukey’s honest
significant difference (HSD) post-hoc test, with the initial
assessments including Levene’s test for homogeneity of variances.
The results from Levene’s test indicated that an assumption of equal
variances across the three datasets could not be rejected at a
significance level () of 0.05 (F = 2.7043, p = 0.0682). Subsequent
ANOV As (focusing on the equality of means) similarly failed to reject
the null hypothesis at the 0.05 significance level (F = 2.8154, p =
0.0612). However, Tukey’s HSD post-hoc test identified significant
mean differences between the group sizes observed during the
construction and post-construction phases (mean difference =
1.4793, p = 0.0476, reject = true). In other words, although overall
mean differences did not differ significantly, specific pairwise
comparisons revealed significant differences (particularly between
the construction and post-construction datasets).
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FIGURE 3

Dolphin group sightings during three different phases of the Hong Kong—Zhuhai—Macao Bridge (red line) construction: (A) pre-construction,
(B) construction, and (C) post-construction. Sighting locations are overlaid with a cost/distance grid to extract the distances of the sighting locations

from the bridge.

Recent studies highlight that environmental pressures,
including food scarcity and anthropogenic factors, play a
significant role in cetacean group formation. Research suggests
that larger dolphin groups are often formed to improve foraging
efficiency when food resources are scarce, as highlighted by Bearzi
et al. (1999), while environmental factors such as prey distribution
can also significantly influence group dynamics, as noted by
Gowans et al. (2007).The distribution of humpback dolphin
sightings comprising large groups (10 or more individuals) is
illustrated for the different monitoring periods in Figure 5. Large
groups were observed on both sides of the HZMB during the three
construction phases. The distances of these groups from the HZMB
did not differ significantly between the three periods (Kruskal-

Wallis H (2,85) = 2.85, p = 0.2402). The average distances of
large groups from the bridge during pre-construction,
construction, and post construction were 11.13 km (SD = 6.35, n
=25),9.75km (SD = 5.12, n = 21), and 8.59 km (SD = 5.71, n = 38),
respectively. Density overlay maps of large group sightings in
relation to the bridge during these three construction phases are
shown in Figure 5.

In this study, “calves” refers collectively to the age groups
designated UC and U]J. Figure 6 displays the proportion of calves
among the different age groups as recorded during the three
different phases of bridge construction. Notably, during the
construction period, the proportion of calves was the lowest,
contrasting with its peak during the pre-construction period.
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FIGURE 4

Changes in humpback dolphin density in the central Lingding Bay (CLDB) and south Lingding Bay (SLDB) regions during different construction
phases of the Hong Kong—Zhuhai—Macao Bridge. Letters above the bars indicate the significance of differences between groups, where the same

letter denotes no significant difference (o = 0.05).
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FIGURE 5

Sightings of large humpback dolphin groups (>10 individuals) during the (A) pre-construction, (B) construction, and (C) post-construction phases of
the Hong Kong—-Zhuhai—Macao Bridge (red line). Sighting locations are overlaid with a cost/distance grid to extract the distances from sighting

points to the bridge.

The distribution of calf sightings as recorded in each
construction phase is shown in Figure 7. During the pre-
construction phase, calves were observed throughout the LDB.
However, during the construction phase, the number of calf
sightings significantly decreased, with fewer sightings on both
sides of the HZMB and almost none in the NLDB. During the
post-construction period, calves were again observed in all regions,
with a higher density of sightings near the bridge. Notably, the
distances from calf sightings to the bridge did not differ significantly
between the three periods (Kruskal-Wallis, H (2, 172) = 5.98, p =
0.0504). During the pre-construction, construction, and post-
construction phases, these average distances comprised 11.89 km
(SD =7.29, n = 66), 9.48 km (SD = 5.15, n = 33), and 9.06 km (SD =
5.62, n = 73), respectively. Figure 7 displays the density overlay
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FIGURE 6

Percentages of young calves [i.e., unspotted calves (UC) and
unspotted juveniles (UJ)] observed among all dolphin age groups
during the three different phases of construction of the Hong
Kong-Zhuhai—Macao Bridge.
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maps of calf sightings in relation to the HZMB during the three
construction periods.

Based on the statistical analysis of three distribution categories
—dolphin sightings, large group sightings, and calf sightings—
across different time periods (pre-construction, construction, and
post-construction) in various distance intervals (0-1, 1-5, 5-10)
(Table 1), the Fisher’s Exact test results indicate that the differences
in the 0-1 interval across different years are not statistically
significant (p = 1.0, which is greater than the 0.05 significance
level). This suggests no significant changes in dolphin sightings
within this interval over time. However, the differences in the 1-5
and 5-10 intervals are highly significant, with p-values of less than
0.05 (p < 0.05), specifically. This indicates that dolphin activity in
these farther distance intervals has changed significantly over time.

3.3 Range use and movement patterns

During the post-construction survey, 449 humpback dolphin
individuals were identified via photographs. Of these, approximately
174 individuals were sighted twice or more at different locations,
accounting for 467 of the total number of sightings throughout the
study area and period. The remaining 275 dolphins (61.2%) were
photographed only once. Of the repeatedly identified individuals,
19.5% were observed exclusively in the waters to north of the bridge
(Figure 8A), ~42.0% were found only in the waters to south of the
bridge (Figure 8B), and ~38.5% exhibited a range use that spanned
the HZMB (Figure 8C). Additionally, 46.6% of the dolphins displayed
an activity range that was consistently close to the bridge, where they
were repeatedly sighted (Figure 8D).

4 Discussion

We systematically analyzed the responses of humpback
dolphins to various phases of a large-scale marine engineering
project by using vessel-based line-transect data to assess changes
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FIGURE 7

Locations of calf sightings during the (A) pre-construction, (B) construction, and (C) post-construction phases of the Hong Kong-Zhuhai—Macao
Bridge (red line). These locations were overlaid with a cost/distance grid to extract their distances from the bridge.

in their distribution, density, group size, and group composition.
Additionally, we examined the post-construction range use and
movement patterns of the dolphins via the identification
of individuals.

Dolphin abundance showed little change in the CLDB over
periods before, during, and after the construction of the HZMB. In
contrast, their abundance increased in the SLDB after the bridge
construction. The increased abundance observed in the SLDB may
have resulted from alternative causes, such as a reduction in human
activities due to the COVID-19 pandemic that may have led to an
increase in the number of dolphins entering the SLDB. However,
our results suggest that the bridge construction had a minimal
impact on the habitat use of humpback dolphins in the LDB,
retaining it as a key habitat in their distribution range. During the
COVID-19 lockdown, large marine mammals that had not been
observed for generations reemerged near coastlines and in marine
channels (Bates et al., 2020). This unexpected behavior has been
linked to the reduced anthropogenic noise in the environment
during human confinement (Rutz et al., 2020; Thomson and
Barclay, 2020).

During the post-construction phase, an increased dolphin
density near the HZMB could be attributable to two reasons:
(1) an increase in food resources (reef effect) and/or (2) a
reduction in disturbances (sheltering effect). The introduction of
hard substrates on an originally uniform sandy seabed can alter the
species composition of the habitat, subsequently increasing the

abundance of marine organisms (Pedersen et al.,, 2006; Petersen
and Malm, 2006). Furthermore, with reduced fishing activity near
the bridge, the fish community is also likely to change. The waters
around the HZMB in the Pearl River Estuary are under significant
fishing pressure, especially from bottom and shrimp trawling
operations (Liu et al., 2011; Zhou et al,, 2019). Safety alert lines
were established on either side of the HZMB in January 2020,
thereby restricting vessel operations within 5 km of the bridge. In
the Guangdong waters around the HZMB, all vessel traffic is
prohibited in the bridge waters and a marginal 5 km buffer zone.
With the exception of emergency disposal, official duties, and water
activities permitted by maritime authorities, no vessels may enter
these waters beyond the first-level alert line in bridge channels and
tunnel areas. Such restrictions provide a sheltering effect,
contributing to the observed increase in dolphin abundance in
the SLDB, which is the region in which the HZMB is located.
Dolphins dive for longer periods in areas with heavy vessel traffic or
in the presence of an oncoming vessel (Ng and Leung, 2003).
Therefore, the humpback dolphins may find the protected waters
around the HZMB in the SLDB more attractive than other areas.
Additionally, the distance of humpback dolphin sightings from
the bridge decreased significantly in the post-construction period.
However, distances from the bridge did not differ significantly
between large groups and calves during the different construction
phases. Indeed, an analysis of the movement patterns of individual
dolphins revealed that both sides of the bridge continued to be

TABLE 1 Dolphin sightings, large group sightings, and calf sightings within specific ranges from the bridge during different phases: pre-construction
(pre-c), construction (c), and post-construction (post-c).

Dolphin sightings Large group sightings Calf sightings
[0-1) [1-5) [5-10) [0-1) [1-5) [5-10) [0-1) [1-5) [5-10)
km km km km km km km km km
Pre-c 1 50 29 0 5 3 0 14 12
C 0 38 35 0 4 8 0 8 11
Post-c 4 58 55 1 10 12 1 18 23
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FIGURE 8

Patterns of humpback dolphin range use across the study area. (A) Individuals occurring exclusively in the waters to the north of the Hong Kong—
Zhuhai—Macao Bridge (HZMB). (B) Individuals encountered exclusively in the waters to the south of the HZMB. (C) Individuals that were sighted on
both sides of the HZMB. (D) Individuals that were frequently sighted in waters close to the HZMB.

essential distribution areas for dolphins in the post-construction
period. This finding underscores the importance of the marine area
around the HZMB as a crucial corridor for humpback dolphins in
the LDB, with the regions on both sides persisting as
preferred habitats.

Group size plays a vital role in facilitating communication and
maintaining social dynamics among marine mammals. In the LDB,
the average group size of humpback dolphins was significantly
larger during the post-construction period compared to the
construction phase. This increase in group size likely reflects a
behavioral adaptation to cope with the elevated disturbances caused
by shipping traffic, noise pollution, and habitat modifications
associated with construction activities. For instance, the
heightened shipping activity may have disrupted the dolphins’
natural foraging areas, prompting them to form larger groups to
improve hunting success and reduce individual energy expenditure
(Connor, 20005 Silk, 2007). Furthermore, the alteration in prey
availability and distribution due to construction-induced changes in
the marine environment could have driven dolphins to form larger
groups, as cooperative foraging becomes advantageous when prey is
sparse or patchily distributed.

Frontiers in Marine Science

The variation in group sizes across geographical locations likely
results from intraspecific trade-offs between the advantages of
increased social cooperation—such as enhanced foraging
efficiency—and the potential costs, such as increased competition
for limited resources (Gygax, 2002; Gowans, 2019). These trade-offs
may vary depending on local environmental conditions, leading to
different social structures. Coastal dolphins exhibit dynamic social
systems that can shift according to temporal changes in
environmental pressures, such as seasonal shifts in prey
abundance or increased human activities. Such flexibility allows
dolphins to adapt their social behavior to fluctuating conditions
within their habitats (Gomez de Segura et al., 2006; Sutaria
et al., 2019).

In recent years, overfishing has significantly impacted fishery
resources in LDB, leading to a 70% decrease in the biomass of
coastal fish from 2004 to 2014 in the northern part of the bay
(Yu et al, 2016). Additionally, the post-construction monitoring
period of our study coincided with the COVID-19 pandemic. As a
result, the number of fishing vessels, high-speed passenger ships,
and other oceangoing boats was significantly reduced compared
with the traffic present during the construction of the HZMB. This
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substantial decrease in the interference from various vessels benefits
dolphin communication. These factors collectively suggest that
alterations in dolphin foraging strategies, driven by the variable
availability of prey and the reduction of interference from seafaring
vessels, could be linked with fluctuations in group size.

In terms of age groups, the percentage of young calves observed
during the post-construction phase was significantly higher than
that recorded for the construction period, yet it remained slightly
lower than that noted for the pre-construction period. An analysis
of stranded dolphin mortalities suggested that pollutants such as
polychlorinated biphenyls, Cu, and perfluorooctane sulfonate may
contribute significantly to the low calf survival rate in this
population (Sun et al, 2022). Calves are more susceptible to
anthropogenic disturbances than other age classes. Given the
escalating anthropogenic activities in their habitats (including
offshore construction projects, vessel traffic, fishing activities, and
pollutant discharge), a restoration of the calf sighting ratio to that of
the pre-construction period poses serious challenges.

The distances of calf sightings from the bridge did not differ
significantly between the three HZMB construction periods. In the
NLDB, a higher number of calves were present during the pre-
construction phase of the bridge; however, during the construction
and post-construction phases, this number decreased noticeably,
likely linked to the extensive and prolonged development in this
area, such as more than a decade of sand mining. In the CLDB, calf
sightings decreased during the construction phase of the bridge,
suggesting a potential decline in habitat quality that may stem from
diminished food resources or increased human activities. South of
the HZMB, an increased presence of calves was recorded during the
construction phase, which could be attributed to two factors. Firstly,
a decline in NLDB habitat quality may have prompted calves to
migrate southward. Secondly, during post-construction, the
suspension of ferry services between Hong Kong and MA due to
the COVID-19 pandemic resulted in reduced water traffic in the
northern waters of MA, possibly leading to the eastward migration
of dolphins from the western Pearl River Estuary. However,
whether this phenomenon is related to the impact of the HZMB
construction requires further investigations utilizing extended
monitoring data.

Based on our monitoring results, the construction of the HZMB
had a minimal impact on the north-south movement of humpback
dolphins in the LDB. The annual average distribution density of
dolphins remained at approximately 50-60 individuals per 100km?
in the CLDB throughout the pre-construction period (2005-2006),
construction period (2015-2016), and post-construction period
(2020-2021). Humpback dolphins have been shown to exhibit
seasonal north-south migration patterns in LDB, moving toward
the north during the dry season and toward the south during the
wet season (Jia et al., 2000). Currently, the annual average
population density of humpback dolphins remains stable in the
CLDB. Further monitoring has shown significant seasonal
fluctuations in dolphin sightings in the CLDB (unpublished
report), again suggesting that the seasonal north-south
migration of the dolphins may not have been affected by the
bridge construction.
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In terms of distribution range, some dolphins were seen both
north and south of the bridge at different times. This suggests that
the movement of individual dolphins is unlikely to be hindered by
the HZMB. One previous study on the ranging patterns of
humpback dolphins in LDB found that the estimated mean range
size (+ SD) of 40 humpback dolphins was 99.5 + 61.04 km* (range:
23.76-303.84 km?), with several individuals occurring exclusively in
LDB (Hung and Jefferson, 2004). A similar study in the waters of
Xiamen found that the individual ranges of humpback dolphins
along this part of the coastline were similar to those of their
conspecifics in the LDB (Chen et al., 2011). Our observation that
some humpback dolphins did not traverse the HZMB could be an
artefact of their habitual ranging patterns. The presence of the
bridge may have also had an influence, leading to a change in
distribution. Age class, associations with fishing boats, the
distribution and availability of food resources, and human
activities and disturbances have all been shown to influence the
ranging patterns of humpback dolphins in the Pearl River Estuary
(Hung and Jefferson, 2004). Future studies need to assess the
significance of short-term behavioral changes relative to long-
term survival and reproductive success, although long-term effects
should not be assumed (Bejder et al., 2006). It should also be noted
that the HZMB had just started operating during the post-
construction survey period and was influenced by the COVID-19
pandemic, experiencing a low traffic volume. The habitat use of
dolphins near the bridge is still subject to further assessments once
the traffic volume increases.

5 Conclusion

The HZMB is a mega marine engineering project conducted
within the habitat of the largest known population of humpback
dolphins in the world. We evaluated the responses of the dolphins
to construction activity via systematic line-transect sampling
during various stages of the project. Results revealed a significant
decrease in the average sighting distance of humpback dolphins
from the bridge during the post-construction period compared to
that in both the pre-construction and construction phases.
Additionally, a notable increase in dolphin group sizes post-
construction indicated a potential shift in foraging strategy. The
proportion of calves recorded among the different age groups
initially increased, followed by a subsequent decline and
eventual recovery.

Monitoring these distribution changes of humpback dolphins
over time offers valuable insights into the adaptive capacity of the
species and facilitates the development of targeted conservation
measures. Future endeavors should prioritize ongoing research
and monitoring of humpback dolphins in the vicinity of the
HZMB to monitor their long-term responses to the infrastructure
and to form adaptive management approaches. Through the
incorporation of scientific findings into conservation and
management frameworks, stakeholders can collaboratively
mitigate potential threats and ensure the enduring survival of this
iconic dolphin in the region.
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