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Simple Summary

Scientists are still learning how marine ranching affects the tiny algae (phytoplankton)
that form the base of the marine food web. This study investigated the Bailong Pearl Bay
National Marine Ranching Demonstration Zone in China to find answers. Researchers
discovered 101 different phytoplankton species in the area, including 19 types known to
cause harmful algal blooms, or “red tides”. We found that during summer, the marine
ranching area had more phytoplankton than the surrounding waters, showing that it helps
these organisms thrive. However, during autumn and winter, when certain algae species
began to bloom excessively, the ranching area actually had lower algae levels than other
locations. This suggests that marine ranching not only boosts ocean productivity but
may also naturally control harmful algal blooms. These findings are valuable for coastal
communities and environmental managers because they demonstrate that well-designed
marine ranching can help maintain healthy ocean ecosystems while potentially reducing
the damaging effects of algal blooms on fisheries and tourism.

Abstract

Marine ranching is an important strategy for restoring marine habitats and replenishing
aquatic populations. However, the effects of marine ranching on phytoplankton dynamics
remain unclear. In this context, this study takes the Bailong Pearl Bay National Marine
Ranching Demonstration Zone as an example to evaluate the influence of marine ranch-
ing on the spatial and temporal variation in phytoplankton abundance and community
structure. A total of 101 phytoplankton species, spanning 44 genera and 26 families, were
documented in the Bailong Pearl Bay National Marine Ranching Demonstration Zone,
with 19 of these species identified as harmful algal blooms (HABs) or potential HABs. In
spring, phytoplankton abundance remained relatively uniform across sampling stations,
with community structure characterized by varying combinations of co-dominant species.
In summer, phytoplankton density within the demonstration zone was higher than in
adjacent regions. In contrast, lower phytoplankton abundance was observed within the
demonstration zone during autumn and winter, periods marked by phytoplankton blooms
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in surrounding areas (autumn: Chaetoceros lorenzianus, Rhizosolenia alata, and Skeletonema
costatum; winter: Nitzschia pungens). Correlation analysis indicated that phytoplankton
abundance was positively correlated with nitrate and negatively correlated with phosphate,
suggesting nutrient availability as a key driver of phytoplankton dynamics. These findings
provide baseline information on how phytoplankton communities vary spatially and sea-
sonally in relation to a marine ranching zone and offer insights to support the management
and rehabilitation of marine ecosystems.

Keywords: marine ranching; phytoplankton; abundance; community structure; harmful
algae blooms

1. Introduction

Phytoplankton, the microscopic photosynthetic organisms that inhabit aquatic envi-
ronments, play a pivotal role in marine ecosystems. As primary producers, they form the
foundation of the marine food web, supporting a diverse array of organisms, from zooplank-
ton to fish and marine mammals [1,2]. Beyond their ecological significance, phytoplankton
contribute substantially to global biogeochemical cycles. However, some phytoplankton
can cause harmful effects to aquatic life, human health, and the environment, known as
harmful algae blooms (HABs) [3]. Their abundance, diversity, and distribution are influ-
enced by various environmental factors, including nutrient availability, light conditions,
temperature, and water circulation patterns [4]. Although there are several reports on the
effects of marine ranching on chlorophyll-a [5] and biota (phytoplankton, zooplankton, and
nekton) [6], detailed information on the influences of marine ranching on phytoplankton
dynamics remains limited.

Marine ranching represents an innovative and eco-friendly approach to food produc-
tion, leveraging the balance of marine ecosystems. By strategically deploying artificial reefs,
enhancing biodiversity through controlled restocking, and utilizing resource replenishment
techniques, it aims to restore marine habitats and replenish aquatic populations [7]. This
integrated method fosters a synergistic relationship between ecological preservation and
economic development, creating a balanced and sustainable system. Many countries have
demonstrated that marine ranching is a powerful strategy for boosting fishery resources,
ensuring their preservation and promoting sustainable utilization [8]. In China, the devel-
opment of marine ranching began in 1979, and now at least 153 national marine ranching
demonstration zones have been established and authorized [9,10].

Ecologically, the complex structure of artificial reefs provides shelter and feeding
grounds for a wide variety of fish, including planktivorous species that prey on zooplank-
ton [11,12]. A reduction in zooplankton population decreases the top-down pressure on
phytoplankton and thus promotes the proliferation of phytoplankton in the water column
around the reef [13]. In addition, artificial reefs enhance the recycling of nutrients not only
from increased excretion of nutrients from fish [12], but the physical structure of the reef
also disrupts currents, creating upwelling that brings nutrient-rich water from the bottom
towards the surface, potentially stimulating phytoplankton growth [14,15].

In this context, it is important to conduct a systematic study to evaluate the influences
of marine ranching on the spatial and seasonal abundance and community structure of
phytoplankton. Based on environmental data, inorganic nutrient data, and phytoplankton
data collected from the Bailong Pearl Bay National Marine Ranching Demonstration Zone
and its surrounding areas during different seasons, this study not only provides insight
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into the effects of marine ranching on phytoplankton but also offers important guidance
for the management and restoration of marine ecosystems.

2. Materials and Methods
2.1. Description of Study Area and Sample Collection

The Bailong Pearl Bay National Marine Ranching Demonstration Zone began in
2009, and by 2016, the area of 3.53 km? was recognized as a National Marine Ranching
Demonstration Zone [16]. According to China Ocean News [10], a total of 3328 artificial
reefs and 6000 algal reefs have been constructed and deployed in the Bailong Pearl Bay
National Marine Ranching Demonstration Zone. Additionally, 1.26 billion fish, shrimp,
crabs, shellfish, and other organisms have been released for stock enhancement. In coastal
and inner shore areas, over 333 hectares of shellfish culture rafts and 763 deep-water
anti-typhoon fish aquaculture cages have been operated, with the production of marine
economic fish and shellfish reaching 24,500 tons, worth 515 million RMB [10]. The Bailong
Pearl Bay is characterized by a unique tropical and subtropical climate [17] and is sheltered
from strong winds by the coastal area of Fangchenggang, which is rich in seagrass beds,
coral reefs, and mangroves [18]. In this study, a total of 18 stations were established
(Figure 1), including two stations within the Bailong Pearl Bay National Marine Ranching
Demonstration Zone (marine ranching stations: MR1 and MR?2; about 18 m depth), four
stations located approximately 3 km away from the marine ranching area (peripheral
stations: P1 to P4; about 20 m depth), two stations around 8 km away at the same latitude
(side stations: S1 and S2; about 20 m depth), five stations in the inner shore areas (inner
shore stations: I1 to I5; 10 to 15 m depth), and five stations in the outer shore areas (outer
shore stations: O1 to O5; about 25 m depth).
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Figure 1. Sampling stations in the Bailong Pearl Bay National Marine Ranching Demonstration Zone
and its surrounding areas. “MR” indicates marine ranching stations; “I” indicates inner shore stations;
“S” indicates side stations with the same latitude as marine ranching areas; “P” indicates peripheral
stations; and “O” indicates outer shore stations.
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Samplings were conducted in January 2020 (winter), September 2020 (summer), De-
cember 2020 (autumn), and April 2021 (spring), representing four different seasons. Envi-
ronmental parameters, including water temperature, salinity, pH, dissolved oxygen, water
depth (m), and visibility, were measured in situ by a multifunctional environmental sensor
at 0.5 m below the water surface (YSL; Loveland, CO, USA), a depth sounder, and a Secchi
disk, respectively. At each station, 2 L of seawater samples were collected at 0.5 m below
the water surface using a water sampler. The samples were then divided into two 1 L
aliquots. The first aliquot was filtered through a 0.45 pm GF/C membrane (Whatman) and
stored at 0 °C for subsequent inorganic nutrient analysis. The second aliquot was fixed
with Lugol’s solution for further species identification and cell counting. Sampling was
conducted in triplicate.

2.2. Analysis for Inorganic Nutrients

The pre-filtered water samples were analyzed for inorganic nutrients using spectropho-
tometry, following the method described by the General Administration of Quality Super-
vision, Inspection and Quarantine of the People’s Republic of China (GB17378-2007) [19].
Specifically, the concentration of phosphate (PO,>~) was measured using the molybdenum
blue method (GB17378.4/39.1-2007) at a wavelength of 880 nm with a detection limit of
0.05 uM (or 1.5 pg/L), nitrite (NO, ™) was analyzed using the naphthylethylenediamine
spectrophotometric method (GB17378.4/37.2-2007) at a wavelength of 543 nm with a detec-
tion limit of 0.02 uM (or 0.28 pg/L), nitrate (NO3 ™) was assessed via the cadmium column
reduction method (GB17378.4/38.1-2007) at a wavelength of 554 nm with a detection limit
of 0.1 uM (or 1.4 ug/L), and ammonium (NH4*) was quantified using the indophenol
blue spectrophotometric method (GB17378.4/36.2-2007) at a wavelength of 640 nm with a
detection limit of 0.1 uM (or 1.4 ng/L).

2.3. Analysis for Phytoplankton Abundance and Composition

In the laboratory, the seawater samples fixed with Lugol’s solution were concentrated
to 50 mL using the Utermohl sedimentation method [20]. Phytoplankton identification
was carried out to the species level following Cheng and Gao [21], Huang and Lin [22],
Liu [23], Hartley [24], and Shu and Han [25]. Cell densities of phytoplankton were counted
using a Sedwick—Rafter cell [26]. HABs and potential HABs were identified based on the
IOC-UNESCO Taxonomic Reference List of Harmful Microalgae or their classification as
toxic producers or bloom-forming species in previous studies [27].

2.4. Statistical Analysis

Statistical analysis was conducted using the IBM SPSS Statistics for Windows, Version
27.0, with significance set at p < 0.05. Before analysis, all variables were checked for
normal distribution (Shapiro-Wilk test) and variance homogeneity (Levene’s test). If the
assumptions of normality or homogeneity of variances were violated, non-parametric tests
(e.g., Kruskal-Wallis, Spearman’s rank correlation) were used. Phytoplankton diversity
was computed using the vegan package (Version 2.6-2) [28], assessed using the Shannon—
Wiener index (H') [29], and evenness was evaluated using Pielou’s evenness index (J') [30]
as follows:

H' = =% (p; x In(n;/N))

where
2 = the sum of the calculated values for all species.
n; = number of individuals of a particular species.
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N = total number of individuals of all species.
] =H'/In(S)

where:

H’ = the observed Shannon-Wiener index;

S = total number of species.

One-way ANOVA with post hoc Tukey’s HSD test was applied separately to examine
significant spatial or seasonal variations for each individual variable of interest, including
environmental parameters, inorganic nutrients, phytoplankton abundance, the Shannon-
Wiener index, and Pielou’s evenness index. Correlation coefficients were determined
between key environmental variables and phytoplankton abundance using Spearman’s
correlation. Principal Coordinates Analysis (PCoA) was performed using the R-language
(V 4.5.1) vegan package [31] to examine the seasonal clustering of phytoplankton.

3. Results
3.1. Seasonal and Spatial Variation in Environmental Parameters

The seasonal and spatial variations in environmental parameters in the Bailong Pearl
Bay National Marine Ranching Demonstration Zone and its surrounding areas are illus-
trated in Figure 2. No significant difference in water depth was observed (p > 0.05). The
visibility of the seawater in summer (4.52 =+ 0.78 m) was significantly higher (p < 0.05),
while in spring (1.97 £ 0.29 m), it was significantly lower (p < 0.05) compared to other
seasons (3.51 to 3.82 m) (p < 0.05). The water temperature showed a descending trend
(p < 0.05) from summer (30.88 £ 1.62 °C), to spring (25.84 £+ 0.50 °C), to autumn
(19.16 £ 0.76 °C), and to winter (18.98 £ 0.91 °C). The salinity showed a descending
trend (p < 0.05) from spring (31.87 £ 0.30 psu) and autumn (32.06 £ 1.02 psu) > winter
(30.92 £ 0.69 psu) > summer (28.82 £ 1.72 psu). The pH in spring (8.25 £ 0.08) and winter
(8.15 £ 0.07) was significantly higher (p < 0.05), while in summer (7.95 & 0.19), it was
significantly lower (p < 0.05) compared to other seasons. The DO in autumn (7.08 = 2.69 mg/L)
and winter (7.96 £+ 0.52 mg/L) was significantly higher (p < 0.05) than in spring
(5.17 = 0.30 mg/L) and summer (4.87 £ 0.59 mg/L).
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Figure 2. Environmental parameters ((A) depth, (B) visibility, (C) temperature, (D) salinity, (E) pH,
and (F) dissolved oxygen) in the Bailong Pearl Bay National Marine Ranching Demonstration Zone
and its sur-rounding areas. Different letters indicate significant differences (p < 0.05).
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In spring, there were no significant differences (p > 0.05) in visibility, temperature,
salinity, pH, and DO among sampling stations. In summer, the salinity in side stations was
significantly higher (p < 0.05) than in other stations. In autumn, the temperature in inner
shore stations was significantly lower (p < 0.05) than in marine ranching stations, while
DO in inner shore stations was significantly higher (p < 0.05) than in other stations. In
winter, no significant difference was observed in any environmental parameters between
the marine ranching and other stations.

3.2. Seasonal and Spatial Variation in Inorganic Nutrients

The concentrations of inorganic nutrients in the Bailong Pearl Bay National Ma-
rine Ranching Demonstration Zone and its surrounding areas are illustrated in Figure 3.
The nitrite concentration in summer (10.76 £ 9.10 pg/L) was significantly higher
(p < 0.05) than in other seasons (0.91 to 1.28 ug/L). The nitrate concentration in winter
(160.59 + 54.67 pg/L) was significantly higher (p < 0.05), while in summer and autumn
(8.85 t0 24.03 pg/L), it was significantly lower (p < 0.05) compared to other seasons. The
concentration of ammonium in autumn (142.03 £ 137.45 pug/L) was significantly higher
(p < 0.05) than in other seasons (19.18 to 30.94 ug/L). The concentration of phosphate
showed a descending trend from summer (33.39 £ 6.57 ug/L) > spring (7.44 & 6.04 ug/L)
> winter and autumn (0.005 to 1.88 ug/L).

250 Region 2 a Region
[Imarine ranching [marine ranching
a EfPeripheral Eperipheral
2 Eiside Slside
200 Minner shore Minner shore
b EHOuter shore 15 BB Outer shore
4 g
5 150 ;-;
o ®
;é i:g' 10
= z
5
=S B == B =
Winter Spring Summer Authumn Winter
B Season
00 Region ” Region
a Elmarine ranching Elmarine ranching
ElpPeripheral EpPeripheral
Bside a Bside
Minner shore | Minner shore
B Outer shore B outer shore
9 200 )
3 g 30|
E ]
3 s
c
o o
g 2
5 T
100
10
== 112
i Leerdh i IS i 0 N
Spring Summer Authumn Winter Spring Summer Authumn Winter
C Season D Season

Figure 3. Inorganic nutrients ((A) nitrate, (B) nitrite, (C) ammonium, and (D) phosphate) in the Bai-
long Pearl Bay National Marine Ranching Demonstration Zone and its surrounding areas. Different
letters indicate significant differences (p < 0.05).

In spring, there was no significant spatial variation (p > 0.05) in nitrite. However,
nitrate in side stations was significantly higher (p < 0.05) than in marine ranching stations;
ammonia in side and inner shore stations was significantly higher (p < 0.05) than in other
stations, whereas phosphate in inner shore stations was significantly higher (p < 0.05)
than in other stations. In summer, there were no significant differences (p > 0.05) in ni-
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trate. However, the concentration of nitrite in inner shore stations was significantly higher
(p < 0.05) than in other stations; the concentration of ammonia in marine ranching stations
was significantly higher (p < 0.05) than in side, peripheral, and inner shore stations. In
autumn, there were no significant differences (p > 0.05) in phosphate. The nitrate concentra-
tions in inner shore and outer shore stations were significantly higher (p < 0.05) than in other
stations; the nitrate concentrations in inner stations were significantly higher (p < 0.05) than
in other stations, and the concentration of ammonia in side and outer shore stations was
significantly higher (p < 0.05) than in marine ranching and peripheral stations. In winter,
no significant difference (p > 0.05) was observed in ammonium concentration among areas,
but the concentration of nitrite and nitrate in peripheral stations was significantly lower
(p < 0.05) than in marine ranching stations, and the phosphate concentration in marine
ranching and peripheral stations was significantly higher (p < 0.05) than in other stations.

3.3. Seasonal and Spatial Variation in Phytoplankton Abundance

The abundance of phytoplankton in the Bailong Pearl Bay National Marine Ranching
Demonstration Zone and its surrounding areas is illustrated in Figure 4. The phytoplankton
abundance showed a descending trend (p < 0.05) from spring (881.49 = 69.09 x 10* cells/L),
to winter (328.60 4 92.01 x 10* cells/L), to summer (84.66 + 13.23 x 10* cells/L), and to
autumn (15.50 4 2.68 x 10* cells/L).
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Figure 4. Phytoplankton abundance in the Bailong Pearl Bay National Marine Ranching Demonstra-
tion Zone and its surrounding areas during (A) spring, (B) summer, (C) autumn, and (D) winter.
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There were no significant spatial variations (p > 0.05) in phytoplankton abundance
during spring, but it was significantly higher (p < 0.05) in marine ranching stations
(154.12 £1.24 x 10* cells/L) than in other stations (55.52 to 107.57 x 10* cells/L) in summer.
In autumn, the phytoplankton abundance in outer shore (24.87 + 5.54 x 10% cells/L) and
peripheral (19.84 & 3.79 x 10* cells/L) stations was significantly higher (p < 0.05) than in
marine ranching (5.12 & 2.27 x 10* cells/L) and inner shore (8.01 & 4.27 x 10* cells/L) stations.
In winter, the abundance of phytoplankton in outer shore (622.49 4 229.05 x 10* cells/L) and
side (455.84 + 280.22 x 10* cells/L) stations was significantly higher (p < 0.05) than in marine
ranching stations (28.29 4 21.24 x 10* cells/L).

3.4. Seasonal and Spatial Variation in Phytoplankton Community Structure

The phytoplankton community structure in the Bailong Pearl Bay National Marine
Ranching Demonstration Zone and its surrounding areas during spring, summer, autumn,
and winter is summarized in Tables 1-4 and Supplementary Tables S1-54, respectively. A
total of 101 phytoplankton species, belonging to 44 genera and 26 families, were identi-
fied. The Shannon-Wiener diversity index (H') of phytoplankton in summer (3.28 & 0.41)
and autumn (3.92 + 0.83) was significantly higher (p < 0.05) than in spring (2.58 £ 0.50)
and winter (1.21 £ 0.81). The Pielou’s evenness index (J') of phytoplankton in winter
(0.27 £ 0.21) was significantly lower (p < 0.05) than in other seasons (0.66 + 0.07 to
0.78  0.10).

In spring, different stations had different combinations of co-dominant phytoplankton
species, with the relative abundance of each co-dominant species generally around 10%. In
summer, Rhizosolenia hyalina was the dominant species in MR1-2, P24, S2, 13-5, and O3-5,
with a relative abundance of >20%. In autumn, Chaetoceros lorenzianus, R. alata, and Skeletonema
costatum were the co-dominant species, with relative abundances of around 15 to 30% in most
stations. In winter, Nitzschia pungens blooms occurred, especially in stations MR1-2, P2-P3, 52,
I3, and O1-4, where the relative abundance of this species was >80%.

3.5. Occurrence and Distribution of HABs and Potential HABs

Among the phytoplankton, there were at least 19 species identified as HABs or poten-
tial HABs, including Akashiwo sanguinea, Tripos furca, T. fusus, T. tripos, Chaetoceros affinis,
Chaetoceros curvisetus, Dinophysis caudata, Nitzschia pungens, Noctiluca scintillans, Protoperi-
dinium pellucidum, P. divergens, P. depressum, P. conicum, P. pentagonum, Prorocentrum micans,
Prorocentrum sigmoides, S. costatum, and Trichodesmium spp. There were no significant differ-
ences (p > 0.05) in the relative abundance of HABs and potential HABs among stations.

In spring and summer, HABs and potential HABs accounted for 15.36 & 7.74% and
14.81 &£ 7.95% of the total phytoplankton, respectively, with no dominant HABs or potential
HABs documented. In autumn, HABs and potential HABs accounted for 21.89 £ 15.00%
of the total phytoplankton, with S. costatum being dominant (13.15 £ 11.39% of the total
phytoplankton). In winter, Nitzschia pungens bloomed in the study area, with a relative
abundance of 82.46 + 14.65%.

3.6. Relationship Between Environmental Parameters and Phytoplankton Abundance

Spearman’s correlation coefficients among environmental parameters, inorganic nu-
trients, and phytoplankton abundance are summarized in Table 5. The abundance of
phytoplankton was positively correlated with temperature (v = 0.31; p < 0.05), pH (r = 0.31;
p < 0.05), nitrite (r = 0.20; p < 0.05), nitrate (r = 0.40; p < 0.05), and phosphate (r = 0.37;
p < 0.05), while it was negatively correlated with ammonia (r = —0.19; p < 0.05) and DO
(r = —0.26; p < 0.05). The relative abundance of HABs and potential HABs was positively
correlated with DO (r = 0.52; p < 0.05) and nitrate (r = 0.50; p < 0.05) but negatively correlated
with temperature (r = —0.49; p < 0.05) and phosphate (r = —0.30; p < 0.05).
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Table 1. Relative abundance (%) of the top 20 phytoplankton taxa in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and its surrounding areas

during spring.

MR1T MR2 P1 P2 P3 P4 S1 S2 1 2 13 14 I5 ©O1 ©O02 03 04 O5

Coscinodiscus granii 1010 430 459 1348 627 072 13.09 397 2464 720 881 1818 183 630 824 1270 000 339
Thalassiosira subtilis 207 457 031 754 351 000 280 11.86 232 890 314 909 7134 933 261 000 000 11.75
Bacteriastrum hyalinum 1063 1299 1298 1130 2715 000 320 1054 551 339 1132 000 000 464 721 401 000 1132
Thalassionema frauenfeldii 1115 956 729 1493 1065 2401 130 893 348 000 252 000 122 420 452 519 1698 9.44
Chaetoceros coarctatus 497 201 1059 275 359 466 2328 000 1217 2034 1635 000 000 1650 777 334 000  4.67
Chaetoceros lorenzianus 633 966 839 406 368 502 529 58 1072 3093 566 000 244 513 737 531 189 850
Stephanopyxis palmeriana 479 350 037 478 439 143 210 1101 406 000 818 000 366 167 341 1289 000 641
Guinardia flaccida 463 862 784 116 388 1147 150 397 000 127 126 000 000 093 301 311 1604 128
Skeletonema costatum 332 236 294 188 472 645 480 095 000 000 1887 000 000 358 222 346 660  4.67
Hemiaulus sinensis 441 1209 465 420 409 000 230 184 000 08 252 000 000 235 943 939 000 443
Rhizosolenia hyalina 445 360 276 275 297 287 340 430 174 000 000 000 000 087 729 704 755 285
Ditylum brightwellii 087 100 171 246 201 430 150 005 058 212 126 909 000 235 095 149 755 131
Rhizosolenia robusta 576 194 147 377 201 036 350 326 377 127 126 000 000 235 404 503 000 248
Chaetoceros denticulatus fangusta 177 249 392 188 226 466 120 373 232 000 440 000 000 48 190 228 000 191
Protoperdinium depressum 2.86 1.04 1.16 6.38 3.01 0.00 5.69 0.71 2.90 1.27 0.00 0.00 0.00 3.28 5.15 3.50 0.00 0.64
Nitzschia pungens 015 083 037 000 046 1505 040 109 000 000 000 000 000 000 063 067 1698 195
Thalassionema nitzschioides 260 191 282 275 054 143 020 369 000 508 126 000 122 173 016 000 000 158
Ceratium macroceros v.gallicum 079 145 288 029 075 036 370 047 464 127 126 000 000 420 309 126 000 151
Coscinodiscus gigas 015 010 043 029 013 000 070 014 029 042 000 1818 244 043 024 031 000 054
Rhizosolenia bergonii 008 083 104 029 246 394 050 137 000 000 126 000 000 080 1.03 193 660 1.8

Number of species identified 48 49 7 46 26 51 47 54 33 33 27 8 18 54 51 43 15 40
Relati";;:ﬁj?rl‘;zg: ?,I/SBS and 1739 678 2704 9.09 061 2428 1721 1174 1015 2258 7.94 2336 2219 1509 27.36 13.63 927  10.70
Shannon-Wiener Diversity Index (H') 273 252 206 274 274 244 337 172 309 296 324 310 298 222 238 252 200 170
Pielou’s Evenness Index (') 068 065 060 069 065 067 076 055 072 073 075 074 071 061 064 065 060 054

MR = marine ranching areas; P = peripheral; S = side areas; I = inner bay area; O = outer bay areas; HABs = harmful algae blooms.
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Table 2. Relative abundance (%) of the top 20 phytoplankton taxa in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and its surrounding areas
during summer.

MR1T MR2 P1 P2 P3 P4 S1 S2 1 2 13 14 I5 O1 ©O02 03 04 O5
Rhizosolenia hyalina 2284 2911 221 2988 5123 2935 150 2956 125 773 2938 2171 2057 3.05 1033 4803 47.17 2458
Rhizosolenia stylisormis 576 439 624 396 432 1765 525 1567 158 413 458 636 2086 238 454 337 881 1528
Bacteriastrum furcatum 200 374 1627 396 473 939 1390 728 551 1534 755 950 415 949 1030 126 294  5.06
Nitzschia pungens 222 000 1323 213 082 123 1158 024 11.88 2682 162 244 406 2129 689 056 027 133
Chaetoceros lorenzianus 310 472 249 366 350 718 286 991 815 615 323 1037 1060 848 538 239 287 421
Nitzschia lorenziana 000 114 3201 000 082 303 2661 000 000 69 000 061 034 597 1172 056 314 472
Thalassionema frauenfeldii 488 797 269 640 412 200 241 135 391 131 377 506 222 309 402 590 334 565
Rhizosolenia imbricata f.imbricata 643 1285 381 274 432 041 366 159 644 386 081 244 155 060 11.81 337 082 262
Thalassionema nitzschioides 133 130 174 335 000 682 303 147 203 305 323 1133 603 449 469 379 512 196
Chaetoceros spp. 000 911 192 000 000 000 900 000 3470 000 000 000 000 1204 000 000 000  0.00
Bacteriastrum hyalinum v 1042 130 271 366 082 190 145 233 837 403 243 201 096 148 417 267 328 122
Eucampia zodiacus 200 276 038 183 370 272 011 661 136 000 377 296 574 013 284 000 150 5.68
Pseudosolenia calcar-avis 044 114 140 000 165 067 116 48 033 022 189 227 381 107 168 253 369 417
Ceratium tripos 377 179 002 305 123 144 005 031 003 027 809 122 025 007 003 407 225 018
Chaetoceros curvisetus 399 000 000 000 000 000 244 000 296 468 000 174 000 865 379 000 000 0.0
Chaetoceros nipponica 000 000 000 1067 000 180 000 343 000 000 377 000 050 000 081 000 000 454
Stephanopyzxis turris 000 033 371 000 000 000 755 000 121 288 000 000 000 325 214 000 014 0.0
Rhizosolenia robusta 067 098 063 122 206 067 034 116 046 109 189 201 130 117 179 140 157 081
Guinardia striata 266 000 000 061 000 092 009 104 000 022 054 105 390 000 000 000 000 196
Ceratium macroceros v.gallicum 067 065 004 213 041 077 003 000 002 109 539 148 038 017 003 281 253 007

Number of species identified 38 38 39 35 41 34 47 48 51 28 37 43 43 45 41 37 39 45
Relati";;:ﬁj?rl‘;zg: ?,I/SBS and 1532 3667 2102 1421 1341 1539 1485 1006 967 888 826 3129 1268 1039 1072 107 1774 537
Shannon-Wiener Diversity Index (H') 326  3.66 231 343 343 276 293 337 356 250 337 377 368 328 340 367 337 329
Pielou’s Evenness Index (') 066 072 045 069 070 061 056 072 066 055 062 074 081 064 066 073 075 073

MR = marine ranching areas; P = peripheral; S = side areas; I = inner bay area; O = outer bay areas; HABs = harmful algae blooms.
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Table 3. Relative abundance (%) of the top 20 phytoplankton taxa in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and its surrounding areas
during autumn.

MRl MR2 Pl P2 P3 P4 S1 S2 11 2 3 14 15 01 ©02 03 04 O5
Chaetoceros lorenzianus 2941 2126 1426 19.89 2215 2523 234 3083 1402 1362 1072 1604 2587 1716 21.05 23.05 19.09 26.81
Rhizosolenia alata fgracillima 1135 2143 163 257 1110 19.86 3.86 3627 732 884 734 1416 1347 682 354 1870 3622 37.28
Skeletonema costatum 10.89 1218 3925 2373 184 000 2522 324 1237 1471 2127 1092 822 3360 1875 393 000  0.00
Eucampia zodiacus 441 602 363 792 1543 729 423 190 849 976 688 562 344 486 1805 728 496 232
Bacteriastrum hyalinum 434 749 430 421 1028 1361 341 254 305 911 052 931 445 241 709 1183 867 525
Nitzschia pungens 560 262 1045 346 381 000 607 119 1138 1006 342 352 183 473 555 132 000 0.1
Schroderella delicatula 228 088 468 596 209 154 311 231 361 491 608 595 593 803 245 198 079 021
Chaetoceros siamense 335 302 153 164 413 443 188 195 096 194 569 350 372 174 087 278 268 216
Stephanopyxis palmeriana 221 213 115 423 346 392 112 068 058 057 039 054 143 231 314 695 497  3.09
Chactoceros affinis 121 150 255 236 194 035 305 075 320 562 493 454 074 059 331 095 089 047
Guinardia flaccida 244 272 130 117 388 170 069 246 018 000 061 073 275 196 141 237 509 3.87
Chaetoceros curvisetus 255 047 032 234 181 023 741 000 150 207 310 269 000 078 148 387 072 033
Chaetoceros denticulatus 130 118 007 030 144 170 064 186 063 028 032 032 301 146 036 117 267 493
Leptocylindrus danicus 111 067 000 257 064 000 68 021 374 155 217 18 128 065 000 089 039 0.2
Chaetoceros diadema 121 025 082 163 060 094 228 037 242 122 359 264 085 101 062 085 000 040
Rhizosolenia alata 146 182 030 101 08 084 066 204 051 102 084 070 349 092 024 146 061  1.09
Chaetoceros rostratus 050 1.02 080 063 104 094 195 148 175 144 121 047 113 148 071 068 050 1.0
Bacteriastrum furcatum 061 249 032 059 08 111 116 052 083 107 143 194 179 063 062 065 046 099
Chaetoceros paradoxus 052 117 122 075 025 046 216 052 163 191 121 108 119 071 065 043 000 0.0

Number of species identified 59 63 52 52 58 65 59 55 60 46 55 53 61 61 58 59 50 59
Relati"; ;ziﬁjfgzgi (PE/S‘BS and 2887 3263 3294 2215 1137 4265 5415 3228 1021 359 648 4046 3012 1055 2.87 232 1457 2049
Shannon-Wiener Diversity Index (H') 432 424 438 413 392 361 443 438 378 324 364 272 175 413 392 361 571 463
Pielou’s Evenness Index (J') 080 077 082 081 072 080 083 08 079 070 08 097 045 081 072 080 082 085

MR = marine ranching areas; P = peripheral; S = side areas; I = inner bay area; O = outer bay areas; HABs = harmful algae blooms.
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Table 4. Relative abundance (%) of the top 20 phytoplankton taxa in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and its surrounding areas
during winter.

MR1 MR2 P1 P2 P3 P4 S1 S2 In 12 13 14 I5 01 02 03 04 05
Nitzschia pungens 9444 96.75 7589 9792 8214 6253 4848 9288 4539 70.87 9422 8870 7877 90.05 9412 9398 91.20 50.00
Nitzschia paradoxa 0.00 0.00 0.00 0.00 0.14 0.00 l6.16  0.00 31.91 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.00
Rhizosolenia alata f. gracillima 0.43 014 16.07 0.07 0.81 6.05 0.00 0.09 142 1151  0.00 0.00 0.00 0.00 0.22 0.00 0.62 0.00
Rhizosolenia hyalina 0.65 0.41 1.65 0.61 2.30 1.44 2.02 1.95 0.00 1.76 1.62 2.58 3.87 2.70 1.20 0.69 1.00 0.00
Pseudosolenia calcaravis 0.42 0.19 1.03 0.10 1.44 1.44 6.06 0.39 0.71 242 0.00 0.30 0.50 0.19 1.09 0.79 0.95 3.95
Chaetoceros constrictus 0.00 035 0.00 0.00 134 1271 000 032 000 0.00 000 0.0 158 0.00 025 000 015 0.00
Rhizosolenia alata 0.91 0.11 1.38 0.03 1.80 1.49 0.00 0.20 2.13 0.00 0.00 0.00 2.79 0.38 1.24 0.29 1.47 0.00
Chaetoceros curvisetus 0.92 0.45 0.36 0.00 1.36 0.00 0.00 0.00 0.00 0.36 2.04 3.75 2.04 0.00 0.00 2.01 0.00 0.00
Stephanopyxis palmeriana 0.04 0.12 0.00 0.07 0.12 0.21 0.00 0.42 0.00 0.12 0.39 0.41 0.37  0.09 0.01 0.06 017 1053
Thalassionema nitzschioides 0.03 0.04 0.09 0.00 0.00 0.31 2.02 0.05 1.42 0.24 0.00 0.00 0.17 0.00 0.00 0.13 0.49 7.89
Climacodium biconcavum 0.60 0.29 0.49 0.14 1.56 0.56 2.02 0.31 1.42 0.36 0.41 0.30 0.83 2.23 0.57 0.30 0.35 0.00
Chaetoceros lorenzianus 0.00 004 027 0.00 034 195 000 003 000 048 000 000 000 000 005 000 023 921
Skeletonema costatum 0.00 000 000 0.00 000 251 0.00 000 000 000 000 000 000 000 000 000 000 7.89
Coscinodiscus asteromphalus 0.02 0.14 0.04 0.17 0.02 0.00 6.06 0.02 213 0.12 0.15 0.10 0.08 0.43 0.01 0.03 0.04 0.00
Coscinodiscus gigas 0.03 007 004 012 005 021 303 003 0.00 006 0.11 025 004 000 002 004 014 526
Chaetoceros rostratus 0.15 0.00 0.00 0.00 3.60 1.95 0.00 1.04 0.00 0.73 0.00 0.00 1.50 0.00 0.16 0.25 0.09 0.00
Chaetoceros affinis 0.00 0.00 0.00 0.00 0.00 0.00 4.04 0.00 0.00 0.85 0.00 0.00 3.48 0.00 0.00 0.00 0.00 0.00
Rhizosolenia robusta 007 006 000 003 016 010 404 0.1 0.00 018 0.09 015 017 028 0.07 0.08 008 0.0
Rhizosolenia alata f. indica 000 000 009 000 000 0.00 000 0.00 000 491 0.04 000 000 000 000 0.00 004 0.00
Stephanopyxis turris 0.14 0.04 0.18 0.00 0.33 0.10 0.00 0.67 0.00 0.00 0.00 1.22 1.17 0.00 0.20 0.25 0.67 0.00

Number of species identified 41 37 35 26 29 38 15 40 19 37 22 23 39 24 34 34 40 11
Relati";;:ﬁj?rl‘;zg: ?,I/SBS and 4752 722 9634 927 8443 5253 7638 9816 8353 6509 9288 9052 9413 9604 912 5789 9541 97.33
Shannon-Wiener Diversity Index (H') 0.53 0.35 1.34 0.23 1.36 2.26 2.67 0.63 242 1.84 0.49 0.87 1.56 0.82 0.52 0.54 0.79 2.47
Pielou’s Evenness Index (J') 0.10 0.07 0.26 0.05 0.26 0.47 0.68 0.12 0.57 0.35 0.11 0.19 0.29 0.18 0.10 0.11 0.15 0.72

MR = marine ranching areas; P = peripheral; S = side areas; I = inner bay area; O = outer bay areas; HABs = harmful algae blooms.
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Table 5. Spearman’s correlation coefficients among environmental parameters, inorganic nutrients,
and phytoplankton abundance. Bold indicating significant difference at p < 0.05.

Phytoplankton HABs Temperature Salinity pH DO Nitrite Nitrate Ammonium Phosphate

Phytoplankton 0.43 0.31 —0.43 0.31 —0.26 0.20 0.40 —0.19 0.37
HABs —0.49 —0.13 0.19 0.52 —0.69 0.50 —0.10 —0.30
Temperature —-037 015 —0.81 0.60 —0.28 —0.11 0.80
Salinity 0.45 0.25 —0.66 —0.20 —0.10 —0.62
pH 0.18 —0.32 0.17 —-0.17 —0.24
DO —0.39 0.34 0.30 —0.64
Nitrite 0.88 —0.15 0.78
Nltrate —0.02 —0.37
Ammonium 0.31
Phosphate

The concentration of nitrite was positively correlated with temperature (r = 0.60;
p < 0.05) but negatively correlated with salinity (r = —0.66; p < 0.05), pH (r = —0.32;
p <0.05), and DO (r = —0.39; p < 0.05). The concentration of nitrate was positively correlated
with DO (r = 0.34; p < 0.05) but negatively correlated with temperature (r = —0.28; p < 0.05).
The concentration of phosphate was positively correlated with temperature (r = 0.80;
p < 0.05) but negatively correlated with salinity (r = —0.62; p < 0.05), pH (r = —0.24;
p <0.05), and DO (r = —0.64; p < 0.05).

The results of PCoA revealed a strong seasonal variation (explaining 52.8% of the
total variance) in phytoplankton community structure, where three distinct clusters were
formed: cluster 1 represents samples collected from spring and summer, cluster 2 represents
samples collected from autumn, and cluster 3 represents samples collected from winter
(Figure 5).
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Figure 5. Principal coordinate analysis between environmental parameters and phytoplankton.
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4. Discussion

The Bailong Pearl Bay National Marine Ranching Demonstration Zone is a pioneering
initiative in marine conservation and sustainable aquaculture [7]. Located in the coastal
waters of Guangxi, China, this zone has been developed to restore marine ecosystems,
enhance biodiversity, and promote eco-friendly fisheries [16]. Significant efforts have
been made to establish artificial reefs, seagrass beds, and shellfish habitats, which provide
breeding grounds for marine species and improve water quality [10]. The present study
identified 101 phytoplankton species, categorized into 44 genera and 26 families. Among
them, 19 species are HABs or potential HABs. These numbers are lower than the 147 phyto-
plankton species reported in an offshore station in the Beibu Gulf [32]; 205 phytoplankton
species [3,33], including 38 HABs [34], were reported in the Maowei Sea, northern Beibu
Gulf; and 180 phytoplankton species were reported in a large portion of Beibu Gulf [35].
This is not surprising, as the current study used conventional morphological and taxonomic
identification, whereas He et al. [32] and Tan et al. [3] employed a metabarcoding approach
that enables the identification of small phytoplankton species and those that are difficult
to preserve. Therefore, a combination of key conventional morphological, taxonomic, and
metabarcoding methods is recommended in future studies of phytoplankton community
structure. However, the number of identified phytoplankton species in this study was
higher than the 87 phytoplankton species reported in the southern Beibu Gulf, which
was based on conventional microscopic observation methods [36]. The phytoplankton
abundance reported in the present study (16 to 881 x 10* cells/L) was comparable to that
reported in a big portion of Beibu Gulf (27 to 824 x 10* cells/L) [35] but higher than that in
the southern Beibu Gulf (0.008 to 0.47 x 10* cells/L) [36].

In spring, there were no significant differences in phytoplankton abundance, with
different combinations of co-dominant phytoplankton species. This observation might
indicate that the environment provides sufficient resources to support similar levels of
phytoplankton biomass, irrespective of which species are dominant [37]. In summer, the
abundance of phytoplankton in marine ranching and inner shore stations was significantly
higher than in other stations. This might be attributed to artificial reefs amplifying tur-
bulence in marine environments, promoting the upward movement of nutrients from
deeper waters to surface layers, and promoting the growth and proliferation of phytoplank-
ton [14,15]. Likewise, in the Uwa Strait, Japan, artificial reef structures measuring 95 m in
length and 10 m in height were engineered to generate upwelling effects, resulting in a
two- to three-fold rise in chlorophyll-a [38]. In fact, Kim and Shimasaki [39] suggest that
artificial reef systems may play a critical role in nutrient replenishment during the summer
months, when water stratification restricts vertical mixing, thereby confining nutrients to
deeper layers. However, the possibility cannot be ruled out that the higher phytoplankton
abundance in marine ranching and inner shore stations might also be caused by freshwater
influx due to the summer rainy seasons in the Beibu Gulf [40]. In fact, studies utilizing
remote sensing technology have revealed a strong correlation between worldwide phyto-
plankton blooms and precipitation patterns. These rainfall events contribute substantial
freshwater influxes, delivering ample nutrients to coastal regions to support the growth
and proliferation of phytoplankton [41].

In autumn, the abundance of phytoplankton in marine ranching stations was lower
than in many other areas, especially in outer shore and peripheral stations. This ob-
servation could be attributed to the higher zooplankton abundance in marine ranching
(1072.41 + 381.19 ind/m?) compared to outer shore stations (325.74 &+ 277.37 ind/ m?)
(unpublished data). In fact, many studies have shown that artificial reefs promote the
proliferation and accumulation of zooplankton and bivalves by providing food and shel-
ter [5,42,43]. For example, in the Luanhe River Estuary, the zooplankton biomass after
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reef construction (32.91 mg/m?3) was significantly higher than before reef construction
(2.72 mg/m3) [43]. Similarly, in Xiangshan Bay, China, the zooplankton abundance in
artificial reef areas was 1.34-fold higher than in control areas [5]. Chaetoceros lorenzianus,
Rhizosolenia alata, and S. costatum were the co-dominant phytoplankton species in autumn.
Among them, S. costatum is a non-toxic HAB species that generates substantial biomass
during blooms, which impedes light penetration. The subsequent decay of these algae
releases harmful gases and unpleasant odors, posing risks to aquatic organisms and leading
to significant financial setbacks for aquaculture [44]. For instance, in Lianyungang, China,
annual S. costatum blooms have been reported [45], with a notable event in 2005 resulting
in extensive fish deaths and an economic loss of 0.74 million USD [46]. Similarly, in Pan-
gasinan, Philippines, S. costatum blooms in milkfish (Chanos chanos) farming areas during
2002 and 2010 led to fish die-offs valued at 9 million USD [47] and 1.1 million USD [48],
respectively. Therefore, regular monitoring of this species should be conducted to minimize
the negative impact of its blooms on ecosystems and the aquaculture industry.

Similarly, in winter, the abundance of phytoplankton in marine ranching stations was
lower than in many other areas, especially in side and outer shore stations, despite the
high nitrite, nitrate, and phosphate concentrations in marine ranching stations. The higher
nutrient concentrations in marine ranching stations might be attributed to the upwelling
induced by the turbulence created by bottom currents hitting artificial reef structures [14,15].
It is worth noting that Nitzschia pungens, a HAB species, bloomed in most stations, including
marine ranching stations, during winter. Nitzschia pungens is a domoic acid producer that
was first described in 1987 in Eastern Prince Edward Island, Canada, causing human
poisoning after consuming Mytilus edulis, associated with at least three deaths and 107 cases
of food poisoning [49]. Nitzschia pungens is found across nearly every continent worldwide,
spanning Europe, the Americas, Asia, and Oceania [50]. In China, Nitzschia pungens has
been frequently documented in coastal areas, such as Dalian, Qingdao, Xiamen, Hong
Kong, and Zhanjiang [51]. Nitzschia pungens has been observed to create extensive blooms
across numerous areas in China, such as the Bohai Sea, the Yellow Sea, the Changjiang
Estuary, the East China Sea, and the South China Sea [52-55]. Therefore, special attention is
required on the impact of this species on the ecosystem of the Bailong Pearl Bay National
Marine Ranching Demonstration Zone in future studies.

The results of the correlation revealed that the abundance of phytoplankton and
HAB:s in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and its
surrounding waters is mainly positively correlated with nitrate but negatively correlated
with phosphate. These observations suggest that nitrate may be a key limiting nutrient
for phytoplankton growth in this environment (mesotrophic water), which could result
from upwelling or anthropogenic inputs like aquaculture, as the negative correlation with
phosphate indicates it is unlikely to result from river runoff [56]. Therefore, controlling
nitrate inputs from aquaculture may be more effective in managing phytoplankton blooms
and HABs in the Bailong Pearl Bay National Marine Ranching Demonstration Zone and
surrounding areas. Among monitoring methods, an integrated multitrophic aquaculture
system could be an ideal approach to monitor nutrients, as some organisms, such as
seaweed and bivalves, are known to effectively reduce nitrogen and phosphorus in water [7].
However, caution is warranted when interpreting correlation-based results, as they reflect
associations rather than causative relationships and may be influenced by confounding
factors such as seasonal variability, hydrodynamics, and differential nutrient uptake by
phytoplankton. In spring and winter, N/P ratios ranged from 16:1 to 24:1, approximating or
exceeding the Redfield ratio (16:1), suggesting potential phosphorus limitation or balanced
availability during these periods. In contrast, summer and autumn were characterized
by N/P ratios below 10:1, indicating potential nitrogen limitation, which aligns with the
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positive correlation between phytoplankton abundance and nitrate during these seasons.
These seasonal shifts in N/P ratios likely reflect complex interactions between nutrient
inputs, biological uptake, and physical mixing processes.

The findings of this study offer several critical insights for environmental manage-
ment and marine policy formulation, particularly in the context of China’s expanding
national marine ranching program. This study demonstrates that marine ranching actively
modulates phytoplankton dynamics. The observation that phytoplankton abundance was
significantly lower within the ranching zone during autumn and winter bloom periods
(including blooms of S. costatum and N. pungens) suggests that artificial reef ecosystems may
exert a natural top-down control on algal blooms. This implies that strategic deployment
of marine ranching could serve as a nature-based solution for mitigating the intensity of
HABs. However, caution is warranted, as the changes in environmental and biological
factors before and after this test region was set up for marine ranching will provide ad-
ditional useful information. Therefore, it is highly recommended to repeat this survey in
five to ten years’ time to further evaluate the effects of marine ranching on phytoplankton
community structure.

5. Conclusions

In conclusion, 101 phytoplankton species (44 genera and 26 families), including
19 species of HABs or potential HABs, were identified in the Bailong Pearl Bay National
Marine Ranching Demonstration Zone and its surrounding waters. In spring, the phyto-
plankton abundance was consistent across stations, with community structure characterized
by varying combinations of co-dominant species. In summer, higher phytoplankton abun-
dance was observed within the Bailong Pearl Bay National Marine Ranching Demonstration
Zone compared to surrounding areas. Conversely, during autumn and winter, phytoplank-
ton abundance within the ranching zone was lower than in adjacent areas, coinciding with
blooms of Chaetoceros lorenzianus, Rhizosolenia alata, and Skeletonema costatum in autumn and
Nitzschia pungens in winter. Correlation analyses revealed that phytoplankton abundance
was positively associated with nitrate and negatively associated with phosphate, highlight-
ing the potential role of nutrient dynamics in shaping phytoplankton communities. These
findings contribute to our understanding of spatial and seasonal phytoplankton variability
in relation to marine ranching and provide a scientific basis for informed decision-making
in marine ecosystem management and conservation.
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