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Deciphering macrobenthic
biological traits in response
to long-term eutrophication
in Xiangshan Bay, China

Qingxi Han?, Xiaobo Wang?? & Yong Xu*>*

As an emerging global issue in coastal marine ecosystems, eutrophication may lead to profound
ecological consequences or disasters. Six locations in Xiangshan Bay were sampled during 2012-2022
along the eutrophication gradient from the innermost bay with the most eutrophication to the outer
bay with the least eutrophication. A trait-based method was adopted to explore the ecological effects
of eutrophication on macrobenthic communities. The results showed that the community composition
is mostly characterized by deposit feeders and predators with small (1-3 cm) and large (>10 cm)

body sizes, classified as indifferent and tolerant species (AMBI ecological groups), deposit feeders
and predators (feeding mode), and a preference for a free living lifestyle. The RLQ and fourth-corner
analyses further confirmed that there was a negative correlation between the abundance of small
macrobenthic organisms (<1 cm) and nitrate concentration. Phosphorus was a crucial influencing
factor for macrobenthic spatial patterns and was strongly affected by the activities of deposit feeders
and the decomposition of macrobenthos. Due to mass organic deposition resulting from increased
primary production, long-term eutrophication had led to an increase in the proportion of detritus
feeders. In addition, the significant negative correlation between the concentration of dissolved
oxygen and first-order opportunistic species represented by the polychaete Capitella capitata
indicated tolerance to hypoxia. The macrobenthic community in Xiangshan Bay had been negatively
affected but maintains considerable stability in functional diversity and functional redundancy under
the influence of long-term eutrophication.

Keywords Macrobenthos, Biological traits, Diversity, Nitrogen, Phosphorus

Eutrophication refers to the accumulation of organic matter in water bodies, with nitrogen and phosphorus
being the most important elements’, and has been recognized as one of the greatest pollution problems world-
wide for most freshwater and coastal marine ecosystems®*. As an emerging global issue, some ecosystems may
be naturally eutrophic due to hydrological conditions?, such as tide-associated accumulation of organic mat-
ter, sedimentation®, nutrient flow into enclosed estuaries, and oceanic or coastal upwelling®. However, since
the twentieth century, eutrophication has been associated with increasing anthropogenic nutrient loading”*.
Eutrophication of coastal waters may cause subsequent effects on pelagic and benthic community structures,
changes in species and biotic community composition’, reductions in diversity, changes in dominant species
of smaller body size'’, and cascading effects on ecosystem functioning'!. In recent decades, many oligotrophic
bays or coastal waters, including the Caribbean Sea, the Adriatic Sea, the Baltic Sea, the North Sea, the Bohai
Sea, and the Yangtze River estuary, had been found to experience increasing eutrophication'>!*. According to the
China Marine Ecological Environment Status Bulletin in 2022, the eutrophicated sea area is expected to reach
more than 2.8 x 10* km?, and 16 bays with an area of more than 100 km? will experience severe eutrophication.

At the initial stage of eutrophication, the primary productivity of algae increases greatly. Some macrobenthos,
e.g., amphipods, shrimp, filter-feeding bivalves, and phytophagous fishes, benefited from increased primary
productivity and suspended organic matter'*'®, as indicated by increased abundance, biomass, growth rate and
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fecundity'®~"?. The macrobenthic organisms are subsequently consumed by higher trophic organisms, such as
nekton. When the increasing primary productivity of algae cannot be fully consumed’, excessive organic matter
deposition exceeds the bacterial remineralization capacity and organic matter oxidation capacity?*-?*, leading
to seasonal hypoxia?*** and decreasing macrobenthic species richness, abundance and biomass®. In addition,
the macrobenthic communities will shift from bivalves, polychaetes and crustaceans with high diversity and
heterogeneity and more complex trophic levels to many deposit feeders with a short lifespan and strong tolerance
to eutrophication and possible seasonal hypoxia*>?’, whose biomass will also be greatly reduced?.

Marine macrobenthos are important in the nutrient cycle and energy flow in marine ecosystems***’. Numer-
ous ecologists had focused on the use of macrobenthos as an indicator species for various disturbances®*2.
Macrobenthos have limited motility, a long life span, high diversity, various tolerance abilities and important eco-
logical functions®?*. As a result, biological traits*>* or macrobenthic composition and community structure can
reflect the combined effects of multiple environmental stresses and disturbances on seabeds®’~*°. For long-term
cumulative ecological effects, macrobenthos is the best choice for monitoring biological community differences
and assessing ecological quality**~** In addition, the growth rate, reproduction and metabolism of macrobenthos
are also affected by direct toxic effects from inorganic nitrogen compounds such as NH,* and NO,'**#, Certain
species, including the polychaetes Alkmaria romijni, Capitella capitata, and bivalve Scrobicularia plana, can be
used as indicators of eutrophication*~*’. Consequently, these species can be valuable indicators for monitoring
and assessing eutrophic stress in aquatic environments.

Biological traits, such as feeding mode, body size and mobility, that characterize the behavioral, morphologi-
cal, and physiological attributes of organisms are closely associated with environmental gradients***. These traits
are important links between community structure and ecosystem function® and are believed to strongly influence
ecosystem properties, including sediment oxygenation, benthic respiration, nutrient flux and denitrification®'.
Functional trait analysis has been advocated for revealing the global mechanisms behind biodiversity responses
to environmental variation®2. Functional diversity, which is the range of functions that organisms can perform in
a community or ecosystem, is an essential factor in describing the consequences of anthropogenic disturbances
and is suggested as a baseline for measuring the recovery of organic enrichment®*~>>.

Xiangshan Bay, a long and narrow bay on the east coast of Zhejiang Province, is one of the largest areas for
mariculture on the coastline of the East China Sea®. The rapid development of coastal industry and agriculture
has led to the discharge of nutrients and organic matter into Xiangshan Bay, causing eutrophication. This results
in harmful algal blooms®” and lower macrobenthic diversity’®*? but increases the biomass of tolerant species®.
Thus, several hypotheses were tested in this research, including (1) verifying whether the distribution patterns
of taxonomic and functional diversities are associated with eutrophication gradients or durations of eutrophi-
cation, (2) elucidating the sequential changes in macrobenthic trait modalities within Xiangshan Bay resulting
from exposure to long-term eutrophication, and (3) deciphering whether eutrophication-related environmental
factors contribute to structuring macrobenthic biological trait patterns.

Materials and methods
Study area
Xiangshan Bay, a 563 km? narrow semienclosed typical eutrophic embayment, is in the northwestern region of
the East China Sea in northern Zhejiang Province®. It is connected to Hangzhou Bay in the north and Sanmen
Bay in the south. Three of the bay’s sides are covered with hills, and two waterways (the Fodu and Niubishan
waterways) connect the bay to the East China Sea. Xiangshan Bay is a narrow semienclosed bay and is one of
the three major bays in Zhejiang Province, along with Sanmen Bay and Taizhou Bay®'. Xiangshan Bay has a low
water exchange capacity; it takes 125 days to replace 65% of the water volume in the bay and 305 days to replen-
ish 90% of the water volume®?. Xiangshan Bay has been eutrophic since the 1980s*, and the eutrophication in
Xiangshan Bay showed a numerical improvement between 2010 and 2018, with eutrophication index (EI) values
ranging from 7.0 to 15.1 (i.e., 15.1, 10.0, 8.7, 9.0, 10.1, 10.3, 9.0, 8.7, and 7.0)**. Nevertheless, the bay is affected
by eutrophication®. The average water depth in Xiangshan Bay is approximately 10-20 m®>%, while that in the
central part is approximately 20-55 m. The tidal range is 3.18 m, and the maximum ebb velocity is 183 cm/s.
The salinity of Xiangshan Bay ranges from 20.82 to 28.13%. A total of 95 small ephemeral rivers flow into the
bay; the longest river is the Dasong River, with a mean annual runoff of 12.89 x 108 m*$*¢’. The surface seawater
temperature ranges from 28.08 to 29.09 °C in summer (from July to September)®. The bay’s hydrodynamic
processes are mostly regulated by the ebb and flow of tides and wind-induced currents. The tidal fluctuations
align perpendicular to the mainland shoreline, with average speeds of 50 cm s™! (for rising tidal current) and
57 cm s7! (for falling tidal current) and maximum current velocities of 154 cm s™! (for rising tidal current) and
183 cm s7! (for falling tidal current). Due to the limited amount of external sediment carried by the Yangtze
River and the sediment resuspended in the coastal waters of Zhejiang, the seawater in Xiangshan Bay is clear,
with slightly silted waterways and beaches®.

Sampling was carried out annually in Xiangshan Bay from 2012 to 2022 during the summer. The six sampling
locations were geographically distant from one another (Fig. 1) and depicted the inner bay, bay entrance, and
outer bay, respectively.

Data collection

Sampling was carried out annually in summer (usually August, the flooding season) during 2012-2022 in Xiang-
shan Bay, a total of eight years excluding 2020 and 2021. At each site, four samples were collected using a 0.05 m?
Van Veen grab and washed in situ through a 0.5 mm mesh screen. The macrobenthos and other organisms in
the mesh were preserved in 75% ethyl alcohol for further analyses in the laboratory. Once in the laboratory, the
macrobenthos were stained with 1% rose bengal and readily separated and collected. The macrobenthos were
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Fig. 1. The locations of the sampling stations in Xiangshan Bay during the years 2012-2019 and 2022. This map
was produced using ArcGIS Desktop 10.5. The coordinate system is GCS_ WGS_ 1984, the source of the base
image was downloaded from national geomatic center of China (https://www.ngcc.cn/ngec/html/1/index.html).

subsequently identified using stereo- and binocular microscopy (Olympus SZ61, Tokyo) at the lowest feasible
taxonomic level. The wet weight was determined using an electronic YP6002B balance (Libang Chenxi, Shanghai)
with an accuracy of 0.01 g. The collection, preservation, and laboratory processing of macrobenthos were carried
out in accordance with the "Specification for Marine Investigation" (GB/T 12763.6-2007)%. Broken nemertea and
annelids were counted only when the head was present. The empty shells of Molluska were not counted. Before
weighing, the samples were patted dry with absorbent paper, and the outer shells of the tubicolous animals and
hermit crabs were removed.

Environmental abiotic parameters, including temperature, salinity, depth and pH, were examined by a con-
ductivity-temperature-depth system (OCEAN SEVEN 308, Idronaut Co., Italy). The CTD and water sampler
were deployed from the surface layer down to deeper depths. According to the specification for offshore envi-
ronmental monitoring HJ 442—2008, only the surface layer was sampled from a depth of 0.1 to 1 m below the
surface for stations less than 10 m deep. For stations between 10 and 25 m deep, the bottom layer was also sam-
pled, approximately 2 m above the sea floor. For stations with depths greater than 25 m, the intermediate layer
(approximately 10 m below the water surface) was sampled in addition to the surface layer. Three water layers
at most were collected from a single sampling location, depending on the water depth. Surface water was used
for nutrient-related abiotic parameters, whereas bottom water was used for pH and DO measurements. Aquatic
environmental parameters, including nitrate nitrogen (NO;-N) (mg/L), nitrite nitrogen (NO,-N) (mg/L), phos-
phate (DIP) (mg/L), ammonia nitrogen (NH,-N) (mg/L), dissolved oxygen (DO) (mg/L), chemical oxygen
demand (COD) (mg/L) and chlorophyll a (Chl-a) (ug/L) contents, were determined in the laboratory. The NO;-N
content was measured by the zinc cadmium reduction method, NO,-N content was measured by naphthalene
ethylenediamine hydrochloride spectrophotometry, DIP content was measured by the ascorbic acid reduction
phosphomolybdate blue method, DO concentration was measured by iodometry, COD was measured by the
alkaline potassium permanganate method, and Chl-a content was measured by fluorescence spectrophotometry.
Inorganic nitrogen (DIN)=NO,-N+NO;-N + NH,-N.

The total organic carbon (TOC), total nitrogen (TN) and sulfur contents in the substrate were evaluated using
a vario MICRO CUBE (Elementar, Germany).

The eutrophication index (EI) was calculated using the following formula:

_ CODpy x DIN x DIP x 10°
- 4500

EI

where COD is the chemical oxygen demand (mg/L), DIN is the dissolved inorganic nitrogen (mg/L), and
DIP is the active phosphorus (mg/L). The trophic status was classified into five levels: oligotrophic (EI <1.0),
light trophic (1.0 <EI<2.0), mesoeutrophic (2.0 <EI<5.0), heavy eutrophic (5.0 <EI<15.0) and hypertrophic
(EI>15.0)"°. However, a water body would be designated as eutrophic if its EI value was greater than 1.0.
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Biological traits

Five biological trait categories of macrobenthos were selected based on feature availability and the importance
of organisms to ecosystem function. These categories included adult body size, living habit, motility, feed-
ing mode, and the AZTT’s Marine Biotic Index (AMBI) ecological group. A total of 23 trait modalities were
identified (Table 1). The biological trait data were obtained from published monographs’'~7, peer-reviewed
papers!'>*%617475 and online databases such as BIOTIC’® and polytraits’’. The affinity of a species for different
modalities was measured using a fuzzy coding method (range 0-3), where 0 denoted full noncorrespondence
and 3 denoted substantial correspondence’®. The method of fuzzy coding was reliable because biological traits
are not absolute but rather involve spatial-temporal variations’. For species whose information at the species
level was unavailable, the traits of congeneric species were used®?. If information on certain traits of a species was
not available, a value of 0 was assigned for those trait modalities®. Given that some species may exhibit more
than one behavioral characteristic—for example, the ability to move by swimming and crawling—values were
allocated to these two trait modalities independently, with the dominant motility receiving a value of 3 and the
other receiving a value of 1751,

Data analyses

Macrobenthic community data were standardized (ind. m?) and then processed using univariate and multi-
variate statistical analyses. The biological traits were analyzed as community-level weighted means (CWM:s)
of trait values. Taxonomic diversity, functional diversity and functional redundancy were calculated using the
“vegan”®, “FD”® and “adiv” packages®, respectively, in R®. Overall spatial-temporal variations in both species
and functional diversity indices were examined with the Kruskal—Wallis rank sum test, and pairwise compari-
sons were subsequently performed for the overall significant indices using the Wilcoxon rank sum test with
continuity correction. Two-way permutational multivariate analysis of variance (PERMANOVA) was also used
to detect the overall spatial-temporal differences in the species diversity matrix (all species diversity indices)
and functional diversity matrix (all functional diversity indices). The data were log(x + 1) transformed, Euclid-
ean distance was calculated before analysis, and subsequent pairwise analysis was performed if a significant
difference was detected via PERMANOVA. A distance-based test for homogeneity of multivariate dispersions
(PERMDISP) was used to test the overall spatial-temporal differences in dispersion for the species and func-
tional diversity matrixes. Subsequent pairwise analysis was performed if a significant difference was detected in
PERMDISP. Both PERMANOVA and PERMDISP were performed in PRIMER 6 & PERMANOVA + software.
RLQ and fourth-corner approach analyses were performed in R using the “ade4” package®® to explore correla-
tions between macrobenthic biological traits and long-term eutrophic stress; this approach represents the most
comprehensive method for revealing the correlation between biological traits and environmental stress®”. These
two approaches can be produced by three related tables, including an environmental variables table (termed R;
sites in rows and environmental variables in columns), a species abundance Table (L; sites in rows and species
in columns), and a biological traits Table (Q; species in rows and traits in columns)®**°. Prior to RLQ analysis,
these tables were analyzed separately. A correspondence analysis (CA) was performed using the R environmental
table, and a principal component analysis (PCA) was applied to the Q trait table. Hill-Smith analysis was used
because the R environmental table enables mixed continuous and categorical data®®®’. The variance explained
(%) by the first two RLQ axes was compared, and a global Monte Carlo test using 9,999 random permutations
for Models 2 and 4 was used to further evaluate the overall relevance of the RLQ model. Fourth-corner analysis
was employed to examine the significance of the relationships between species traits and environmental factors.
To avoid the intrinsic drawbacks of RLQ and fourth-corner analyses, the combined use of these two approaches
is recommended®:.

Biological traits Trait modalities Traits code Biological traits Trait modalities Traits code
>1cm B1 Feeding mode Predator F1

Body length 1-3cm B2 Detritus feeder F2
3-10 cm B3 Deposit feeder F3
>10 cm B4 Suspension/Filter feeder F4
Attached H1 Herbivore F5
Anchored in the mud, Sedentary H2 Scavenger F6

Living habit Tubicolous H3 AMBI Ecological groups Sensitive El
Burrow-dwelling H4 Indifferent E2
Free-living H5 Tolerant E3
Sessile M1 Second-order opportunistic E4

Mobility Discretely motile M2 First-order opportunistic E5
Motile M3

Table 1. Biological traits, trait modalities and trait codes of macrobenthic organisms in Xiangshan Bay.
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Results
Environmental variables and eutrophication disturbance
Six sampling stations were measured in Xiangshan Bay; four inside (D1-D4) and two outside (D5 and D6). The
water depths at the stations inside the bay ranged from 9.0 to 43 m, while those beyond the bay ranged from
5.0 to 17.8 m. The investigation was conducted during the summer, and the typical summer water temperature
varied between stations. D5 had the lowest temperature of 24.95 °C, and D1 had the highest temperature of
29.01 °C. The temperatures at the other locations were comparable, ranging from 27.15 to 28.26 °C. The salinity
ranged from 25.64 to 28.86, with D5 and D6 being significantly greater outside the bay than within the bay. The
innermost station, D1, had the lowest salinity of 25.64. The DO concentration ranged from 5.54 to 6.33 mg/L.
The COD ranged from 0.97 to 1.14 mg/L. The phosphorus concentration ranged from 0.025 to 0.043 mg/L.
Nitrate was the most common type of nitrogen, with concentrations ranging from 0.448 to 0.718 mg/L (Table 2).
During 2012-2022, 98.15% of the total number of stations had EI values higher than 1 (EI> 1), except Station
D5 in 2016 (EI<1). During the last decade, the average eutrophication index in Xiangshan Bay was highest at
Station D1 (EI=8.87) and lowest at Station D5 (EI=2.59). The average eutrophication index for all stations was
greater than 2, indicating eutrophication, from mesotrophic to hypertrophic. The average EI in Xiangshan Bay
during 2012-2022 decreased gradually from the innermost part to the open sea (Table 3).

Environmental factors Definition D1 D2 D3 D4 D5 D6
Depth Average 17.5 235 14.1 11.3 14.5 7.9
Range 25.66-31.06 25.24-29.70 23.78-28.88 25.21-28.17 22.55-27.26 26.55-29.23
Bottom temperature (°C)
Average 29.01 28.26 27.16 27.15 24.95 27.58
Range 20.82-30.21 23.01-30.55 24.07-31.63 24.32-31.64 27.00-32.17 26.28-31.41
Bottom salinity
Average 25.64 26.27 27.43 27.45 28.86 28.44
Range 7.63-8.15 7.8-8.06 7.85-8.08 7.64-8.07 7.93-8.49 7.87-8.14
Surface pH
Average 7.97 7.98 8.02 7.98 8.11 8.04
Range 5.49-6.86 5.30-6.74 5.48-7.19 5.98-7.07 3.95-8.02 4.86-7.57
Bottom Dissoved oxygen (DO) (mg/L)
Average 6.26 6.16 6.33 6.29 5.54 6.20
Chemical oxygen demand (COD) Range 0.66-2.15 0.69-1.43 0.52-1.66 0.48-1.68 0.59-1.82 0.52-1.72
(mg/L) Average 111 1.01 0.97 114 1.08 112
Range 0.4-20.3 0.90-9.5 0.36-22.60 0.26-5.70 0.48-78.20 0.90-78.2
Surface chlorophyll a (mg/L)
Average 5.77 4.40 5.76 2.86 11.20 13.39
Range 0.005-0.072 0.007-0.055 0.020-0.041 0.020-0.041 0.004-0.051 0.009-0.046
Surface phosphate (mg/L)
Average 0.043 0.039 0.030 0.033 0.025 0.029
Range 0.007-0.030 0.007-0.030 0.002-0.014 0.003-0.018 0.005-0.021 0.003-0.017
Surface nitrite (mg/L)
Average 0.018 0.016 0.010 0.010 0.011 0.008
Range 0.25-1.186 0.142-0.924 0.487-0.861 0.419-0.821 0.317-0.566 0.129-0.801
Surface nitrate (mg/L)
Average 0.718 0.681 0.649 0.612 0.448 0.553
Range 0.004-0.033 0.009-0.028 0.004-0.036 0.011-0.039 0.003-0.032 0.011-0.04
Surface ammonia (mg/L)
Average 0.019 0.016 0.018 0.024 0.020 0.026
Range 0.40-19.90 0.26-9.39 1.89-9.33 2.46-8.60 0.66-5.08 0.57-5.91
Eutrophication index (EI)
Average 8.02 6.36 4.37 533 2.57 3.79
Table 2. The range and average values of environmental factors in Xiangshan Bay.
Sampling year | D1 D2 |D3 |D4 |D5 |Dé6
2012 7.06 |7.19 |211 |3.15 |2.17 |244
2013 356 |3.77 |3.16 |3.02 |1.66 |4.12
2014 9.50 | 829 |3.92 |296 [196 |4.41
2015 1990 19.39 1933 |8.17 |508 |591
2016 6.06 |598 |2.17 |246 |0.66 |2.73
2017 8.13 |6.81 |524 |4.06 |3.74 |5.40
2018 1425 |7.51 |794 |8.60 |3.88 |4.69
2019 6.59 1934 | 189 |6.34 |1.54 |4.00
2022 4.80 |508 295 |827 |259 |3.61
Average 8.87 |7.04 |4.30 |523 |259 |4.15
Table 3. The eutrophication index (EI) of Xiangshan Bay during 2012-2019 and 2022.
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Proportion of the trait modalities

Biological traits and functional diversity

The biological traits, trait modalities and trait codes of macrobenthic organisms in Xiangshan Bay are listed
in Table 1, and the proportions of macrobenthic trait modalities in Xiangshan Bay across the sampling period
and sampling area are presented in Fig. 2. The biological traits of the macrobenthic communities (community-
weighted mean traits) were characterized by small (1-3 cm) and large (> 10 cm) body sizes. According to the
AMBI ecological groups, the macrobenthic community was mostly composed of indifferent and tolerant species,
with sensitive species making up a smaller percentage of the population. With respect to feeding habits, deposit
feeders and predators were the most abundant in the communities, and most the species favored free-living
habits.

The temporal variations in macrobenthic species number, functional diversity indices and functional redun-
dancy are shown in Figs. 3 and 5. The results of the Kruskal—Wallis rank sum test indicated that there was no
significant overall temporal difference (P>0.05) in any species or functional diversity indices or functional
redundancy. However, the results of two-way PERMANOVA indicated that the species diversity matrix showed
a significant overall temporal difference (P<0.05). A pairwise test indicated that the species diversity matrix
significantly differed between 2012 and 2014, between 2012 and 2018, between 2013 and 2018, and between
2017 and 2018. PERMDISP indicated no significant temporal differences in dispersion (P>0.05) for the species
diversity matrix. No significant temporal difference was detected for the functional diversity matrix via two-way
PERMANOVA (P<0.05). PERMDISP indicated significant temporal differences in dispersion (P>0.05) for the
functional diversity matrix. Pairwise tests revealed that the dispersion of functional diversity in 2019 significantly
differed from that in 2012, 2013, 2014, 2015, 2016, 2017 and 2022 (P<0.05); functional dispersion in 2018 sig-
nificantly differed from that in 2013, 2016 and 2022 (P <0.05); and functional dispersion in 2014 significantly
differed from that in 2016 (P<0.05).

The spatial variations in the macrobenthic species and functional diversity indices and functional redundancy
are shown in Figs. 4 and 5. The results of the Kruskal—Wallis rank sum test revealed significant overall spatial
differences in several taxonomic diversity indices, including the number of species, Margalef richness index,
Shannon-Wiener diversity index, Simpson diversity index, Pielou’s evenness index, abundance and biomass.
Post hoc pairwise comparisons (pairwise Wilcoxon rank sum test) revealed that the number of species was sig-
nificantly greater in D1 than in D3, and D6 and was significantly greater in D2 than in D6. The Margalef index
was significantly greater in D1 than in D5, and D6 and was significantly greater in D2 than in D3 and D6. The
Shannon-Wiener diversity index and Simpson diversity index were both significantly greater in D1 and D2
than in D5 and D6, respectively. The Pielou evenness index was significantly greater in D1, D2 and D4 than in
D5. Abundance was significantly greater in D1 than in D3, D4 and D6. Biomass was significantly greater in D1
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Fig. 2. Spatial and temporal variation in macrobenthic trait modalities in Xiangshan Bay based on the
proportion of biological traits in each category (body size, AMBI ecological groups, feeding mode, living habit
and mobility).
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Fig. 3. Temporal variations in macrobenthic species and functional diversity indices in Xiangshan Bay across
the sampling area.
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Fig. 4. Spatial variations in macrobenthic species and functional diversity indices in Xiangshan Bay throughout
the sampling period.

and D2 than in D4, D5 and D6. The results of two-way PERMANOVA also revealed significant overall spatial
differences (P<0.05) in the species diversity matrix. A pairwise test indicated that D1 and D2 were significantly
different from the other sites. PERMDISP indicated significant spatial differences in dispersion (P<0.05) for
the species diversity matrix, and pairwise tests further showed that dispersion in D5 significantly differed from
that in D1, D2 and D3 (P<0.05).
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Fig. 5. Spatial-temporal variations in macrobenthic functional redundancy in Xiangshan Bay.

For functional diversity indices, only functional evenness showed significant overall differences according
to the Kruskal—Wallis rank sum test. Post hoc pairwise comparisons further indicated that functional evenness
was significantly greater in D1 than in D5 and was significantly greater in D4 than in D2 and D5. No significant
overall spatial difference (P> 0.05) in functional redundancy was detected. According to two-way PERMANOVA,
no significant spatial differences were detected for the functional diversity matrix (P> 0.05). Significant spatial
differences in dispersion (P <0.05) for the functional diversity matrix were detected. A pairwise test further
indicated that functional dispersion in D5 significantly differed from that in D2 and D3 (P <0.05), and disper-
sion in D2 and D3 was also significantly different (P <0.05).

Response of biological traits

The global testing procedure (a multivariate statistic equivalent to the sum of eigenvalues from RLQ analysis)
was highly significant (P=0.0196 for Model 2 and P=0.0192 for Model 4), suggesting a globally significant
correlation between biological traits and environmental variables (Fig. 6). The fourth-corner method was used
to identify these significant relationships, and their representation on the RLQ factor map helped to illustrate
the major patterns of variation and correlation. The combined RLQ and fourth-corner analyses showed that 12
of the 23 functional trait modalities were significantly correlated (P < 0.05) with environmental factors (Fig. 7).
The proportion of small body sizes (<1 cm, B1) in the community composition was significantly negatively
affected by the concentration of surface nitrate. The tubicolous living habit (H3) was positively related to surface
pH but negatively correlated with surface phosphate, and the burrow-dwelling living habit (H4) was positively
correlated with surface ammonia but negatively related to surface nitrite. Moreover, the free-living habit (H5)
was positively correlated with surface phosphate and depth but negatively related to surface pH. The first and
second axes represented 66.53 and 15.96% of the variation, respectively. The mobility of the macrobenthic com-
munities was significantly related to the surface COD and phosphate content, with the discretely motile (M2)
correlating negatively with phosphate and the motile (M3) correlating positively with phosphate and negatively
with COD. In terms of feeding modes, the EI significantly positively influenced detritus feeders (F2). However,
deposit feeders (F3) and herbivores (F5) were significantly less abundant when exposed to high concentrations
of surface phosphate and nitrite. For the AMBI ecological groups, indifferent species (E2) were significantly
positively associated with bottom temperature and surface nitrite content, and tolerant species (E3) were more
abundant with higher ammonia and lower nitrite content in surface water. Moreover, first-order opportunistic
species (E5) were significantly negatively related to dissolved oxygen (DO) in bottom water.

Discussion

Coastal eutrophication and macrobenthic communities

Coastal eutrophication caused by anthropogenic nutrient loading in aquatic ecosystems®® has become a promi-
nent problem and major concern due to the notable deterioration of nearshore ecosystems during the past two
decades worldwide?*-*8. Xiangshan Bay, a semienclosed subtropical bay, had experienced severe eutrophication
since the 1980s due to unsustainable mariculture activities and the discharge of industrial and agricultural
effluent’ 1!, The eutrophication indices were approximately 1 in the 1980s, with Stations D1, D2 and D4 hav-
ing values higher than 1 in October®, and the eutrophication index rose as high as 19.6 at Station D1 during
2012-2022 in this study, with an average EI value of 5.36. Due to the inflow of land-based pollutants into the
sea and the inadequate water exchange capacity of Xiangshan Bay'®, the innermost portion of the bay had the
highest degree of eutrophication for both the surface and bottom layers, and there was a significant decreasing
trend from the inner bay to the estuary outlet'*1%,

The initial response of marine macrobenthos to eutrophication involved decreased diversity and individual
mean size of macrobenthos® but an increase in both the biomass and production of macrozoobenthos!®. How-
ever, high levels of nitrogen and total phosphorus can cause a large decline in macrobenthic species and an
increase in the biomass of species that can tolerate these conditions®’. During the past few decades, macrobenthic
communities had experienced species loss, with fewer species collected and lower diversity’®**¢. The number of

Scientific Reports |

(2024) 14:20209 | https://doi.org/10.1038/s41598-024-71239-z nature portfolio



www.nature.com/scientificreports/

Ax2
Ax1
50704 202204 5B5] R axes
0
T o
20133
[2013D4]
Station
202203 )
Ax1
R row scores
d=02
Surface nitrate Bottom T
dissolved 1
| oavgen . Chemical
Eutrophication index Y9
demand
Bottom rSurface Q axes
temperature chioroppili a
Surface
ammonia
Surface
phosphate Eigenvalues
Depth Surface
nitrite
Bottom salinity
R Canonical weights Q Canonical weights ﬂmh

Fig. 6. Results of the RLQ analysis: Coordinates of the sampling sites (top left) and species (top right), the
relationships between axes 1 and 2 in the environmental space (bottom left), the environmental variables (the
second from the bottom left), the biological traits (the middle from the bottom left), the relationships between
axes 1 and 2 in the functional trait space (the second from the bottom right) and the eigenvalues (bottom right).
The traits are explained in Table 1.

species collected was 110 in the 1980s, 71 in 2000'% and 49 during 2010-2022 in this study. The macrobenthic
community in Xiangshan Bay was dominated by one or a few small species because of severe environmental
pollution®, especially from eutrophic-related environmental factors. From the 1980s to 2000, the number of
macrobenthic species significantly decreased, while the average biomass and average macrobenthic abundance
remained relatively unchanged'®. During the past decade (2012-2022), the species number continued to decline,
while the abundance and biomass in Xiangshan Bay remained constant without significant temporal variation.
However, this study differed from that in a eutrophic estuary in Australia in that the abundance of macrobenthos
increased, while the diversity decreased™.

Biological trait composition, taxonomic diversity and functional diversity

Healthy ecosystems are resilient to external stressors and may exist without human intervention!%. Healthy
macrobenthic communities typically contain a few abundant species and many rare ones, with individual spe-
cies often providing benefits than competing'”. The dominant feeding types in Xiangshan Bay were predator
and deposit feeders, which were adaptability and feedback mechanisms used to prevent the collapse of benthic
communities, which was consistent with previous research!®. However, the dominant feedint types in Xiangshan
Bay differed from those in Waquoit Bay, Massachusetts, where carnivores dominated the oligotrophic estuary and
herbivores dominated the eutrophic estuary'®. In addition, increasing nutrient concentrations could stimulate
benthic primary production, resulting in greater food availability for grazers, whereas increased sedimentation
from pelagic production benefits filter-feeding and deposit-feeding macrobenthos'*°.

The functional structure of ecosystems with higher taxonomic diversity is usually more stable than that of
ecosystems with lower taxonomic diversity because of the functional redundancy provided by species with similar
functions that can compensate for the absence of other species with ecological functions''!, including species
number, K-dominant curves and diversity indices!''2. Macrobenthic communities had simplified since the 1980s,
with fewer species collected and decreased diversity*®>*%*; nevertheless, macrobenthic diversity in Xiangshan Bay
had not recovered and had remained low for the past ten years. Over the past decade, the macrobenthic diversity
in Xiangshan Bay had undergone no detectable changes and had remained low. Combined with the constant
community abundance for several decades, it could be inferred that the macrobenthic community in Xiangshan
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Fig. 7. Significant associations between environmental factors and biological traits identified using the fourth-
corner method on the factorial map of the RLQ analysis. Significant positive associations are represented by red
cells (A) and red lines (B), and significant negative associations correspond to blue cells (A) and blue lines (B).
Nonsignificant associations are shown in gray (A). P values were adjusted for multiple comparisons using the

FDR (false discovery rate) method only between levels of a factor. The values of d give the grid size (B). The trait
abbreviations are explained in Table 1.

Bay had been greatly affected by environmental disturbances such as eutrophication for several decades, but its
community structure had good stability against the intensity of environmental disturbance.

Interestingly, the distributions of the biological traits in Xiangshan Bay showed no significant spatial or tem-
poral differences, and functional evenness was the only functional diversity index that exhibited significant spatial
differences. Species responded to environmental gradients primarily through their functional characteristics and
roles in ecosystems!'"®. Biotic homogenization refers to the process of gradual reductions in biological differences,
especially genetic, taxonomic, or functional characteristics, in regional biotic communities at any organizational
level over time and involves environmental alterations, species invasions, and extinctions''*!1°. The environ-
mental homogenization caused by human disturbances may lead to biotic homogenization'® due to the loss of
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species-specific features!”!8. After a change in environmental conditions, sensitive species may become tolerant
species, leading to increased similarity in species characteristics, known as functional homogenization!'*!?’.

During the past few decades, functional diversity has been highlighted in marine ecology'!*'%, as indi-
cated by methods such as biological trait analysis (BTA)**!?! and functional diversity indices'?*!%. By combin-
ing species spatial-temporal distribution patterns with multiple biological traits (life history, morphological,
behavioral)'?, biological trait analysis (BTA) and functional diversity indices (FRic, FEve, FDis and Rao’s Q)
are reliable approaches for revealing the laws underlying community change in response to environmental
disturbances®®7#125126, However, in our study, no significant spatial or temporal variations in functional diversity
(except for spatial variation in functional evenness) were detected in Xiangshan Bay, which has been subjected to
long-term eutrophication, at a decadal time scale. Many species may share similar pathways related to resource
use, resulting in levels of functional redundancy in macrobenthic communities'?”. Nevertheless, competition for
resources between functionally similar species is symmetric, and the loss of some resources from a community
is unlikely to affect ecosystem processes'?®. This species redundancy is important for ensuring the stability and
reliability of ecosystems. Eutrophication can lead to the homogenization of taxonomic and functional diversity,
with taxonomic homogenization being more responsive than functional homogenization due to functional
redundancy'®1%, which is consistent with our results. Communities with more species tend to have more
functional redundancy than communities with fewer species, at least when there is no crucial variation in either
functional richness or evenness among communities'.

Response of biological traits revealed by RLQ and fourth-corner analyses

Nitrogen and phosphorus are the focus of ecological eutrophication research, but nitrogen has gained additional
attention because it is more widely used in synthetic fertilizers than phosphorus'*2. Although sediment particle
size is considered the most important environmental factor regulating organism size'**, our results indicated
that the proportion of small individuals (<1 cm) was negatively correlated with eutrophication-related nitrate
content. As the most stable and prevalent inorganic nitrogen form in seawater'*, nitrate accounted for 94.5% of
the total nitrogen content associated with eutrophication in Xiangshan Bay. The toxicity of nitrate is the result of
its ability to convert oxygen-carrying proteins into a form that cannot carry oxygen'*>. Moreover, its toxicity to
aquatic animals increases with increasing concentrations of nitrate and exposure time'**!*” and decreases with
increasing body size!**!%; this toxicity may be the most fundamental trait of an organism and is associated with
many biological properties'®’. The RLQ and fourth corner analyses further confirmed the toxic and inhibitory
effects of high concentrations of nitrate on small aquatic organisms (<1 cm).

Living habits indicate the way of life or behavior that is characteristic of a species or organism and may aid
in discerning patterns in how these animals interact with their physical environment, including their feeding,
activity patterns, and physical adaptations”. Mobility is also a crucial characteristic that affects the predation
method and determines the trophic relationship in the macrobenthic community'*!. Total phosphorus is a
crucial influencing factor for macrobenthic temporal patterns'®?, such as the loss of macrobenthic species'*.
Generally, the activity of macrobenthos crucially impacts sediment biogeochemistry, often stimulating processes
that prevent eutrophication by increasing the retention of phosphorus in sediments'#, especially in areas with
higher biomasses of deposit feeders'*, which are mainly associated with total phosphorus'*%. The hypoxia and
accumulation of phycotoxins caused by eutrophication can negatively affect the living environment of benthic
organisms and may result in massive mortality in macrobenthic individuals'**. The decomposition of these
dead individuals may worsen anaerobic conditions and help release phosphorus from sediments'#®#’. This may
explain the strong positive correlation between macrobenthic motile (M3) traits and phosphorus concentration
and the negative correlation between macrobenthic discretely motile (M2) traits and deposit feeders (F3) and
phosphorus concentration.

Eutrophication in the ocean is usually caused by a continuous increase in limiting nutrients, especially nitro-
gen and phosphorus, carried by river runoff from land sources, leading to an increase in the primary productivity
of plankton and benthic algae. The subsequent increase in the amount of organic matter deposited in the sediment
will be assimilated by the increase in heterotrophic metabolism of the macrobenthic detritus feeders!*®, Therefore,
the mass development of detritus-feeding species is usually associated with eutrophication and organic enrich-
ment, as reported for the Black Sea and the Romanian Black Sea coast'*’. As the gradient of organic inputs to
the environment increases, the trophic relationships become more simplified'*’. From oligotrophic to eutrophic
extremes, complex food webs gradually simplify communities dominated by detritus feeders''. The long-term
eutrophication of Xiangshan Bay had increased the proportion of detritus feeders in the macrobenthic commu-
nity. However, the highest proportion of detritus feeders in the macrobenthic community of Xiangshan Bay was
only 17.55%, corresponding to an average eutrophication index of 8.87 over the past decade, with a maximum
value of 19.90 in 2015 and a minimum value of 3.56 in 2013.

DO is one of the most important environmental factors in coastal ecosystems and is essential for the survival
and reproduction of aquatic organisms®. When the dissolved oxygen concentration is less than the commonly
referred anoxic threshold of 2.0 mg/L, the ecological environment rapidly deteriorates, endangering the survival
of many aquatic organisms, such as fish and shrimp'>2. Even seasonal hypoxia affects benthic faunal composition
and promotes the proportion of more tolerant benthos in the community'>. Due to the different hypoxia toler-
ances of macrobenthos in different ocean regions (Sturdivant et al., 2015) and because the use of this threshold
is restricted to waters not affected by hypoxia at the successional time scale (Rabalais et al., 2010), some scholars
have set a higher threshold of hypoxia at 3 mg/L"**'>> or 4 mg/L'*. Therefore, although the dissolved oxygen
concentration in Xiangshan Bay was 3.78-10.96 mg/L, many macrobenthic taxa were affected by low dissolved
oxygen concentrations. Therefore, the significant negative correlation between the concentration of dissolved
oxygen and the concentration of first-order opportunistic species (AMBI ecological group: E5) reflected the
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strong tolerance of the polychaete Capitella capitata to hypoxic stress, which is consistent with previous findings
in the Changjiang Estuary"” and Hangzhou Bay'*®.

In this study, the use of biological traits to illustrate the long-term effects of eutrophication on macrobenthic
communities was attempted. To properly comprehend benthic ecosystem responses, more studies are needed,
including research on indicator species, biotic indices, secondary production, and dominant macrobenthic spe-
cies, to establish solid theoretical underpinnings for protecting marine biodiversity and assessing the availability
of fishery resources in the nearshore marine environment.

Conclusion

This work reported the response of macrobenthic functional trait characteristics to long-term eutrophication
in Xiangshan Bay using weighted means (CWMs), RLQs and fourth-corner analyses. Based on our results, the
macrobenthic community in eutrophic Xiangshan Bay had remained constant in terms of functional diversity
indices, functional redundancy, abundance, biomass and detritus feeders. However, taxonomic homogenization
is more responsive than functional homogenization due to large spatial differences in taxonomic diversity when
exposed to varying levels of eutrophication stress. The macrobenthic biological traits in Xiangshan Bay were
characterized by small (1-3 cm) and large (> 10 cm) body sizes, indifferent and tolerant species (AMBI ecological
groups), deposit feeders and predators (feeding mode), and a preference for a free living lifestyle. The relation-
ships between eutrophication-related variables and macrobenthic biological traits were further investigated
using RLQ and fourth-corner analyses. High concentrations of nitrate can exert toxic and inhibitory effects on
small aquatic organisms (< 1 cm), and phosphorus was a crucial influencing factor for macrobenthic temporal
distribution patterns and was strongly affected by the activities of deposit feeders and the decomposition of
macrobenthos. Moreover, the significant negative correlation between the concentration of dissolved oxygen and
first-order opportunistic species represented by the polychaete Capitella capitata indicates tolerance to hypoxic
disturbance. This work revealed important insights into the probable functional succession of the macrobenthic
community, which diminishes taxonomic diversity while maintaining a stable state of community function.
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