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Oysters and barnacles are dominant inhabitants of natural and restored oyster reefs around
the world, and high areal coverage of barnacles at natural or restored reefs commonly
decreases substrate accessibility for oyster settlement. The overall understanding
of oyster and barnacle recruitment dynamics provides invaluable information on site
selection and strategies employed for oyster reef restoration. This study documented
the temporal and spatial patterns of oyster and barnacle recruitment on and near the
largest natural intertidal oyster reef (Liyashan) in China during 2019-2020. The oyster
Crassostrea sikamea recruitment appeared as a continuous process from June through
late November or early December, with the peak in August. Greater recruits of oyster
spat occurred on the sheltered inshore at the upstream of the natural oyster reef than
on the reef and the nearby open coast (p < 0.05). The barnacle recruitment extended
from spring to early winter, with mid-spring and mid-summer peaks. Conversely, higher
barnacle recruitment appeared on the natural oyster reef and the nearby open coast
than on the sheltered inshore. Across all the monitoring sites, the cumulative recruits
of oysters in each of 2019 and 2020 was negatively correlated with those of barnacles
(p < 0.05). The inshore sites (SH1 and SH2) with high oyster recruitment and low barnacle
recruitment should be recognized as the natural spatfall sites for the natural oyster reef
restoration. The separation in the recruitment peak between the oyster and the barnacle
indicated that August was the most favorable window for capturing oyster spat through
substratum addition to the water around the natural reef.

Keywords: Crassostrea sikamea, settlement, survival, substrate, Yellow Sea

INTRODUCTION

Opyster reef is an important marine habitat that provides a variety of ecosystem services and
functions, including water filtration (Grizzle et al., 2006; Grizzle et al., 2008), nitrogen removal
(Kellogg et al., 2013; Humphries et al., 2016), habitat provision (Coen et al., 1999; Quan et al., 2009),
and shoreline stabilization (Wiberg et al., 2019). Over 85% of oyster reefs around the world have
been lost as a result of over-harvesting, disease, pollution, and habitat destruction in the past century
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(Beck et al., 2011). In response to the loss of natural oyster reefs,
ecological restoration efforts are increasingly implemented in
North America (Schulte and Burke, 2014), Europe (Preston et al.,
2020), Australia (McAfee et al., 2020), and China (Quan et al.,
2009; Quan et al., 2012a; Quan et al., 2012b; Quan et al., 2017).

Restoring oyster reefs must address the provision of substrates,
broodstock enhancement, and perennial recruitment sufficient for
population persistence (Schulte and Burke, 2014). In most cases,
oyster habitat restoration often relies on natural recruitment.
“Supply-side ecology” emphasizes the importance of recruitment
for population replenishment and community process (Wasson
et al., 2016). Therefore, understanding recruitment dynamics is
essential for the conservation and restoration of oysters and their
building reefs. In the USA, long-term monitoring programs have
been established to track recruitment dynamics of eastern oyster
(Crassostrea virginica) in the Chesapeake Bay (Southworth and
Mann, 2004) and in Delaware Bay (Fegley et al., 2003; Powell
et al., 2008), and Pacific oyster (Crassostrea gigas) and Olympia
oyster (Ostrea lurida) on the west coast (Wasson et al., 2016).
The lack of synchrony in large regional scales highlights the need
for quantifying local recruitment dynamics of oysters within a
particular system (Wasson et al., 2016; Grossman et al., 2020).
The overall understanding of local oyster recruitment dynamics
can help identify when or where the larval density is greatest, and
therefore provides invaluable information on site selection and
timing for oyster reef restoration.

Barnacles are dominant inhabitants of natural and restored
oyster reefs around the world (Osman et al., 1989; Boudreaux
et al., 2009; Johnson and Soltis, 2017). As sessile suspension
feeders, barnacles can compete food and space with oysters
(Osman et al., 1989; Boudreaux et al., 2009). High areal coverage
of barnacles at natural or restored reefs largely decreases substrate
accessibility for oyster settlement, and the concomitant lower
oyster recruitment terminally results in failure in restoration

efforts (Boudreaux et al., 2009). Understanding the duration and
intensity of barnacle recruitment is of critical importance to the
implementation strategy of oyster-target restoration projects.

The natural reefs formed by Crassostrea spp. historically
occupied many estuaries in China (Geng et al., 1991; Quan
et al,, 2022), but most oyster reefs have been seriously degraded
or lost due to coastal development, overfishing, and pollution
(Geng et al,, 1991; Lau et al, 2020; Quan et al., 2020; Quan
et al., 2022). Oyster restoration and enhancement have become
increasingly popular in China in recent years (Quan et al., 2009;
Quan et al,, 2017; Lau et al,, 2020), but limited understanding
about uncertainty in environmental and biological responses of
degraded reef resulted in unsatisfactory efforts. The Liyashan
oyster reef, located on the inshore of the southern Yellow sea,
is the largest natural intertidal oyster reef in China (Quan et al.,
2012¢; Quan et al, 2016). Primarily driven by heavy coastal
development, approximately 39% of the reef has been lost
during 2003-2013 (Quan et al., 2016), and the evident three-
dimensional high-relief reefs (approximately 2 m) in the mid-
1980s were replaced with the present low-relief bars (less than
0.6 m). From 2013 to 2018, the reef-building oyster Crassostrea
sikamea densities have heavily decreased by approximately 90%
(Quan et al., 2020).

This study documented the temporal and spatial dynamics
in oyster and barnacle recruitment on and near the largest
natural intertidal oyster reef in China. Specific objectives were
to address two questions about spat recruitment in the Liyashan
waters, namely: (1) what were the temporal patterns in oyster and
barnacle recruitment within the spawning season? (2) what were
the small-scale spatial patterns in oyster and barnacle recruitment
in the Liyashan waters? From oyster reef conservation and
restoration perspectives, this study was designed to recognize the
optimum time and site for supplementing substrates to capture
natural oyster spat in the Liyashan waters.
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MATERIALS AND METHODS

Study Area

The Liyashan oyster reef (32° 08’ 22.6"-32° 09’ 22.5" N, 121° 32’
33.2"-121° 33' 22.8" E, Figure 1) covered 3.3 km?, including the
0.2-km? natural reef area (footprint), the 0.7-km? degraded oyster
habitat, and the 2.4-km? intertidal mudflat (Quan et al., 2020).
The reef area was composed of 750 reef patches with a vertical
relief of 0.2-0.6 m relative to the surrounding degraded habitat
or mudflat (Quan et al., 2016; Quan et al., 2020). The tides were
semidiurnal, with a range from 2.63 to 3.63 m (National Height
Datum 1985) (data from the LYS hydrology monitoring station).

To explore small-scale spatial patterns in the recruitment of
oyster and barnacle, one reef station (LYS) on and the five no-reef
stations (SB, NQ, FH, SH1, and SH2) near the LYS oyster reef
were chosen to monitor oyster and barnacle recruitment. The
LYS station is located in the northeastern reef area of the LYS
oyster reef. The SB and NQ stations are at the lower intertidal
mudflat on open coasts near the natural reef. The FH station is
situated in the first harbor that has no river discharge, while the
SH1 and SH2 stations in the second harbor are the most inland
sites where salinity largely fluctuates due to river discharge. In
general, the FH, SH1, and SH2 stations are more sheltered from
hydrodynamic and wave exposure relative to the SB, NQ, and
LYS stations on open coasts.

Opyster and barnacle recruitment rates were monitored on the
LYS and FH stations in 2019 (Figure 1). To find the potential
spatfall sites for the natural reef restoration, this study monitored
the oyster and barnacle recruitment on the five no-reef stations
(NQ, SB, FH, SH1, and SH2) in 2020 (Figure 1).

Sampling Regime

Disarticulated oyster C. sikamea shells with a similar size [shell
height: 47.7 + 1.0 (SE) mm, total surface area: 25.41 + 0.92 (SE)
cm?] from the local shellfish processing plant were used as the
settlement substrate. Each experimental unit (shell strings) was
created by drilling a hole near the center of 5 weathered left shell
valves and stringing them using 1 m of polyethylene wire to
provide shells with a 0.1-m vertical interval.

At each monitoring station, the shell strings with 5 replicates
were deployed approximately 0.3 m off the bottom and alternated
at 5-m intervals along a line parallel to the shore (1.0 m above
mean lower low water) on May 15 of 2019 or 2020. Each end
of a shell string was attached to 1 steel bar inserted into reef
or mud vertically. During monthly or biweekly visits, shell
strings were retrieved and replaced using clean experimental
units throughout the spawning seasons until December of each
year (2019: 7 monitoring periods, a sum of 210 days; 2020:
9 monitoring periods, a sum of 229 days) (Figure 2). After

cleaning sediments on the retrieved shell strings using tap water,
oyster and barnacle recruits settled on five left valves at each
experimental unit were identified and counted with a dissecting
microscope, respectively. Surface water temperature and salinity
at each monitoring station were simultaneously measured by a
salinity meter (YSI).

Statistical Analyses

Recruitment rates (spat shell! day™') of oysters or barnacles
were calculated by dividing the total number of spats at each
experimental unit by the number of shells examined (5 shells)
and the number of days within a monitoring period. Before all
analyses, the data were log (x + 1) transformed and tested for
the normality (Kolmogorov-Smirnov test) and homogeneity of
the variances (Cochrane test). If normality and homogeneity
were met, a 2-factor (temporal factor: monitoring period, spatial
factor: monitoring station) analysis of variance (ANOVA), with
Tukey HSD pairwise comparisons (a = 0.05), was performed to
examine temporal and spatial dynamics in recruitment rates of
oyster or barnacle. If normality and homogeneity were not met,
a Kruskal-Wallis one-way ANOVA on ranks with Tukey test
(p < 0.05) was used to test temporal or spatial variations in the
recruitment.

The cumulative recruitment (spat shell™) at each station was
calculated by the sum of the mean number of spats on each shell
throughout the whole monitoring period. As the normality
test failed, a Kruskal-Wallis one-way ANOVA on ranks with
Tukey test (p < 0.05) was used to test spatial variations in the
cumulative recruitment of oyster or barnacle. Correlations in
cumulative recruits between the barnacle and the oysters across
all the monitoring stations were explored further using Pearson’s
product moment correlation coefficients.

RESULTS

Environmental Conditions

During our sampling intervals, water temperatures across all the
monitoring stations fluctuated between 8°C and 31°C each year,
and were similar among all the monitoring stations (Figure 3).
The observed temperatures were highest from mid-July to mid-
September (Figure 3). Salinity was consistently lower at the
second harbor (SH1 and SH2) than at the FH and three open
coast sites (LYS, SB, and NQ) (Figure 3).

Oyster Recruitment
In 2019, the oyster recruitment commenced in mid-June, and
terminated earlier at the LYS (mid-November) than at the FH
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FIGURE 2 | Schematic maps illustrating the monitoring periods of oyster and barnacle recruitment in 2019 and 2020.
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FIGURE 3 | Changes in seawater temperature and salinity at the study area in 2019 and 2020.
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(mid-December) (Figure 4). The Kruskal-Wallis one-way
ANOVA on ranks found that there were evident temporal changes
in recruitment rates at each of the 2 monitoring stations. During
the high recruitment periods (D2-D5 monitoring periods, mid-
June-mid-October), greater recruitment rates occurred at the FH
than at the LYS (Figure 4, one-way ANOVA on ranks, p < 0.05).
The peak recruitment rates (4.5 £ 0.5 spat shell”! day™!) at the
FH were 22 times higher than those (0.2 + 0.0 spat shell™* day!)
at the LYS (Figure 4), but the inter-site differences were absent
during the low recruitment period (D1, D6, and D7) (Figure 4,
one-way ANOVA on ranks, p < 0.05).

In 2020, the oyster recruitment at the five stations consistently
began in mid-June and peaked in August (Figure 5), but
terminated 1 month earlier at the 2 open coast stations (NQ
and SB) than at the three sheltered inshore stations (FH, SH1,
and SH2) (Figure 5). The recruitment rates showed significant
temporal (Figure 5, one-way ANOVA on ranks, p < 0.05)

and spatial (one-way ANOVA on ranks, p < 0.05) variations.
At each of the five monitoring stations, the peak oyster recruits
consistently appeared in August (T4-T5, Figure 5). The
maximum recruitment rates (37.0 £ 3.9 spat shell™! day!) were
documented at the SH2 in the early and mid-August (Figure 5).
During high recruitment (from early July to mid-September),
the ranks of the oyster recruits among the five stations were as
follows: FH = SH1 = SH2 > NQ = SB in the T4 monitoring period
(Figure 5, one-way ANOVA on ranks, p < 0.05), SH2 > SH1 >
FH = SB > NQ in the T4 monitoring period (Figure 5, one-way
ANOVA on ranks, p < 0.05), SH2 = SH1 > SB = FH = NQ in
the T5 monitoring period (Figure 5, one-way ANOVA on ranks,
p <0.05), and SH2 > SH1 = FH =SB > NQ in the T6 monitoring
period (Figure 5, one-way ANOVA on ranks, p < 0.05). In
contrast, the inter-site differences disappeared during the low
recruitment (T1-T2 and T7-T9) (Figure 5, one-way ANOVA on
ranks, p > 0.05).
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FIGURE 4 | Spatial and temporal variations in the oyster (left panel) and the barnacle (right panel) recruitment (mean + SE) in the spawning season of 2019.
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Barnacle Recruitment

Within each of 2019 and 2020, the barnacle had earlier and longer
recruitment periods than the oyster (Figures 4, 5). Significant
temporal and spatial variations were observed in the magnitude
of barnacle recruitment, with distinct peaks appearing at each
station (Figures 4, 5).

In 2019, the barnacle recruitment at the LYS had significant
temporal changes (Figure 4, one-way ANOVA on ranks, p <
0.05), and reached the peak values (1.2 + 0.2 spat shell"! day™!)
in the D3 period (mid-July to mid-August). In contrast, the
recruitment rates at the FH station were consistently low and had
no evident peak (Figure 4, one-way ANOVA on ranks, p > 0.05).
The LYS had significantly greater barnacle recruitment rates than
the FH in the early six monitoring periods (Figure 4, one-way
ANOVA on ranks, p < 0.05), while the inter-site differences were
absent in the last monitoring period (Figure 4, one-way ANOVA
on ranks, p > 0.05).

A two-way ANOVA documented that the barnacle recruitment
rates in 2020 showed significant temporal (Fg,; = 30.077, p <

0.001) and spatial (F, s = 47.168, p < 0.001) variations, and the
interactions (F, 5 = 12.454, p < 0.001) were evident between
time and site. Greater barnacle recruits occurred at the 2 open
coast stations (NQ and SB) than at the 3 sheltered inshore
stations (FH, SH1, and SH2) during the high recruitment periods
(T1-T5) (Figure 5, Tukey test, p < 0.05), while the inter-site
differences disappeared in the last 4 monitoring periods (T6-T9)
(Figure 5, Tukey test, p > 0.05).

Cumulative Oyster and Barnacle
Recruitment

In 2019, the FH (average 259 + 20 spat shell!) had significantly
greater cumulative oyster recruits than the LYS (average 13 + 2
spat shell™") (Figure 6A, one-way ANOVA on ranks, H = 14.296,
p < 0.001). The cumulative oyster recruits in 2020 also showed
evident spatial variations (Figure 6A, one-way ANOVA on ranks,
H =44.732, p < 0.001), with the highest recruits (1,551 + 79 spat
shell!) at the SH2 and the lowest values (280 + 17 spat shell™!)
at the NQ (Figure 6A, one-way ANOVA on ranks, p < 0.05).
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In contrast with the oyster, the cumulative barnacle
recruitment showed converse patterns (Figure 6B). In
2019, the cumulative barnacle recruits were significantly
greater at the LYS than at the FH (Figure 6B, one-way
ANOVA on ranks, H =14.318, p < 0.001). The ranks of the

cumulative barnacle recruits in 2020 were as follows:
SB = NQ > FH = SH1 = SH2 (Figure 6B, one-way ANOVA
on ranks, H = 38.020, p < 0.001). There were significantly
negative  correlations in the cumulative recruitment
between the oyster and the barnacle in each of the 2 years
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FIGURE 7 | Correlations in cumulative recruits between the barnacle and the oysters across all the monitoring stations. Evident negative associations in the
cumulative recruits were present between the oyster and the barnacle (p < 0.001).
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(Figure 7, 2019: r = —0.851, p < 0.001, n = 20; 2020: r = —0.513,
p <0.001, n = 50).

DISCUSSION

Experimental ecology can deal with the uncertainty and
provide confidence for restoration decision-making. This study
documented temporal and spatial dynamics in oyster and barnacle
recruitment on and near the largest natural intertidal oyster reef
in China, and identified their distinct seasonal recruitment peaks
and the potential spatfall site for the natural reef restoration. Our
recruitment patterns described here provided a repeatable and
low-cost solution for effectively managing and exploiting oyster
larval supply for the conservation and restoration of the LYS
oyster reef.

Temporal Patterns of Oyster and
Barnacle Recruitment
It is of critical importance for the development and
implementation of oyster conservation and restoration strategy
to understand the spawning and recruitment phenology of
oysters. Precisely recognizing the timing and magnitude of oyster
spawning and recruitment events is of ecological significance
(Valdez and Ruesink, 2017). The oyster C. sikamea recruitment
at our study area appeared as a continuous process from June
through late November or early December. The overall broader
window of recruitment was in contrast with the much narrower
patterns observed for C. virginica (May-September) in the
Atlantic coast of the USA (Ortega and Sutherland, 1992; O’'Beirn
etal., 1995; O'Beirn et al., 1996) and O. lurida (June-September)
in the Hood Canal of Washington (Valdez and Ruesink, 2017).
Typically, the oyster C. sikamea has a larval development of
approximately 14 days in a hatchery environment at 23°C (Sun
et al., 2020). The initial spawning of oysters at the natural reef
should initiate in late May when the minimal water temperature
(20°C) for the event arrived at the water. The warmer weather
condition at our study site could lengthen oyster recruitment
season. The peak recruitment in each of the 2 monitoring
years consistently occurred in August and was consistent with
those recorded for C. virginica (mid-July through August) on
coastal Georgia (O’Beirn et al., 1995; O’Beirn et al., 1996), flat
oyster Ostrea angasi (late summer) in South Australia’s Gulf
St. Vincent, and C. gigas (mid-August through September) in
the Tau lagoon of France (Lagarde et al., 2017). The synchrony
in seasonal timing of recruitment peaks has been previously
recorded in marine sessile benthic organisms (oyster, barnacle,
and mussel) among different bio-geographic regions along the
west coast of America (Broitman et al., 2008; Navarrete et al.,
2008) and coastal European waters (Philippart et al., 2012). The
explanations were that regional oceanographic drivers including
sea surface temperature and oceanographic process determined
more strongly temporal patterns in oyster recruitment than local
dynamics (Wasson et al., 2016).

Temperature is a major factor in the timing of the reproduction
of barnacles and remains an important species-specific factor for

spawning (Anil et al., 1995; Dattesh et al., 2006; Ziadi et al., 2015).
The hatching peak of oysters often coincides with warmer water
temperature, but barnacles often breed during relatively colder
months and their larval peak is correlated to low temperature
(Anil et al., 1995; Dattesh et al., 2006; Ziadi et al., 2015). The
present study indicated that the barnacle recruited earlier and
longer (early spring to early winter) than the oyster (mid spring
to late fall), with two distinct recruitment peaks (mid-spring
and mid-summer) that were separate from those (August)
of the oyster. In early spring and early summer when oyster
settlement was absent or low, the barnacle larvae could rapidly
occupy accessible substrate surface and become the dominant
species. Previous studies demonstrated that increased barnacle
abundances had a negative impact on settlement, growth, and
survival of oysters (Osman et al., 1989; Boudreaux et al., 2009).
Therefore, this study concluded that August was the most
favorable window for adding substrate to capture oyster spat in
the water around the LYS oyster reef.

Spatial Patterns of Oyster and

Barnacle Recruitment

Considerable spatial variability in oyster recruitment had been
noted at both regional (among estuaries) and local (within
estuaries) scales (Dye et al., 1990; O'Beirn et al., 1995; O’Beirn
et al., 1996; Wasson et al., 2016; Lau et al., 2020). Wasson et al.
(2016) investigated spatial scale in Olympia oyster recruitment
across 37 sites in eight estuaries along the west coast of North
America, and suggested that oyster recruitment was influenced
more strongly by local dynamics within estuaries than by
regional oceanographic environments. Here, we documented
extreme spatial heterogeneity in oyster recruitment on a just
several-kilometer scale around the natural reef. The higher
oyster recruitment at the sheltered inshore sites may be caused
by the poorer wave, lower water velocity, greater phytoplankton
abundance and higher larval supply relative to the natural reef
and nearby open coast. Bushek (1988) documented a similar
result wherein C. virginica dominated pier pilings within 10 m
of the shore in Galveston Bay of Texas, while the ivory barnacle
Balanus eburneus predominated on pilings beyond 10 m. This
pattern of horizontal zonation reflected differential settlement:
barnacles and oysters settle in areas of high and low water
motion, respectively. High water motion promoted barnacle
growth, but had no effect on oyster growth. Adams et al. (1991)
noted a similar spatial pattern wherein C. virginica settlement
and recruitment were significantly higher in smaller, sheltered
tidal creeks throughout the marshes than the larger open bodies
of water. The cumulative oyster recruits at the favorable sites
(SH2 and SH1) were comparable with those in French traditional
breeding basins (Lagarde et al., 2017), the coastal water of Hong
Kong (Lau et al., 2020), and the Atlantic coast of North America
(Ortega and Sutherland, 1992; O’Beirn et al., 1996).

In contrast with oysters, barnacle larvae settle and recruit
preferably on open coasts with stronger wave exposure and higher
water motion (Bushek, 1988; Nishizaki and Carriington, 2015).
The underlying mechanisms were that a strong hydrographic
process increased the chances of filtering food and accessing
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hard substrate for barnacles. The rates of barnacle recruitment
and growth were positively correlated with flow under laboratory
experiments and field observation, and increased flow commonly
yielded greater settlement densities and higher growth rate of
barnacles (Judge and Craig, 1997; Johnson and Soltis, 2017).
This study also concluded a consistent result that higher barnacle
recruitment appeared on the LYS oyster reef and nearby open
coast than on the sheltered inshore. The pattern was highlighted
by significant negative relationships in the cumulative recruits
between the barnacle and the oyster across all the sampling sites.
The separation in horizontal zonation between these two sessile
species within the small-scale water indicated their different
favorable environmental windows. The higher water velocity,
greater concentrations of suspended sediment, and lower
phytoplankton abundance at the natural reef decreased the larval
settlement and survival of oysters largely, but the high water
motion promoted the settlement, growth, and recruitment of the
barnacle by increasing the chances of filtering food and accessing
hard substrate.

Implications for the LYS Oyster

Reef Restoration

This study showed that the sheltered inshore had high oyster
and low barnacle recruitment. Conversely, low oyster and high
barnacle recruits took place at the natural reef and nearby open
coast. Therefore, the inshore (SH1 and SH2) with high oyster
recruitment should be recognized as the natural spatfall sites for
oyster population restoration at the natural reef. Additionally, the
separation in the recruitment peak between the oyster and the
barnacle at the study area indicated that August was the most
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