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Abstract

Taxonomic sufficiency (TS) refers to identifying taxa to a taxonomic level sufficient to detect community changes
in stressed environments and may provide a cost-effective approach in routine monitoring programs. However,
there is still limited information regarding the seasonal impact of applying TS and its implications for the
ecological quality evaluation in the estuarine ecosystem. This study investigated the relationship between the
multivariate-AZTI’s Marine Biotic Index (M-AMBI) and environmental variables in three seasons (i.e., spring,
summer, and autumn) in the Liaohe River Estuary. We tested the reliability of TS for simplifying the M-AMBI
methodology. The results showed that family and genus level data could reproduce the spatial-temporal patterns
of community structure at the species level. The M-AMBI values showed a consistent spatial distribution pattern
in all sampling seasons, with a decreasing trend with the increasing distance from the estuary mouth. Both genus
and family level data performed nearly as well as species level in detecting the seasonal variations of pollutants
(i.e., nutrients and total organic content). The family level M-AMBI was feasible to discern stress in the Liaohe
River Estuary because of the high aggregation ratios at different taxonomic levels in all sampling seasons. These
findings suggest that applying taxonomic sufficiency based on the M-AMBI provides an efficient approach for
evaluating ecological quality in the Liaohe River Estuary.
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1 Introduction

Globally, estuaries are among the most valuable and product-
ive ecosystems, support various essential ecological functions,
and provide social benefits to human beings (Costanza et al.,
1997). In recent years, estuarine ecosystems have been experien-
cing habitat degradation caused by intensive anthropogenic
activities (e.g., urbanization, industrial development, shipping,
fishing, and aquaculture) (Elliott and Whitfield, 2011; Lotze, 2010;
Korpinen and Andersen, 2016). Accordingly, legislations world-
wide implement routine monitoring programs to evaluate the es-
tuarine ecological quality (EcoQ) (Borja et al., 2008; Borja and El-
liott, 2013). Most governments make great efforts to define EcoQ
at the ecosystem level using several biological and environment-
al elements (Borja et al., 2016).

Macrofaunal communities are reliable biological elements for
evaluating the ecological status of coastal ecosystems due to their
specific physiological characteristics of wide distribution, limited
mobility, and sensitivity to environmental disturbance. However,
traditional monitoring programs rely on expensive and time-con-
suming identification of macrofaunal organisms to species level
(Sun et al., 2021). The easier way to simplify this process is using

coarser taxonomic resolutions (e.g., family and genus instead of
species). Ellis (1985) introduced the concept of taxonomic suffi-
ciency, which involves the analysis of higher taxa, rather than
species, without significant loss of information in detecting com-
munity changes exposed to environmental stresses. Previous
studies showed that even the family-level data are sufficient to
discern community variations (Gesteira et al., 2003; Lampadariou
et al., 2005; Thompson et al., 2003). However, it is still challen-
ging to make generalizations, and the taxonomic sufficiency re-
mains largely unexplored along natural gradients in coastal areas
(Wlodarska-Kowalczuk and Kedra, 2007). The coastal ecosys-
tems are highly susceptible to seasonal freshwater and saltwater
input variations. Thus, within these ecosystems, the biological
communities are expected to fluctuate with seasons, making the
ecological quality evaluation challenging.

Benthic indices are especially relevant in environmental
management because they can integrate complex scientific data
and provide information that policymakers easily understand
(Chainho et al., 2007b). Hence, Borja et al. (2000) developed the
AZTI's Marine Biotic Index (AMBI) based on the proportion of
species assigned to five ecological groups according to specific
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tolerances to human pressures (Borja et al., 2000). In its further
development, Muxika et al. (2007) combined AMBI scores with
species richness and diversity to produce multivariate-AMBI (M-
AMBI). However, since AMBI and M-AMBI were initially de-
veloped in European coastal waters, they should be tested or cal-
ibrated for new geographic regions before implementation (Pel-
letier et al., 2018).

This study investigated the benthic EcoQ using M-AMBI in
three seasons (i.e., summer, autumn, and spring) in the Liaohe
River adjacent coastal area. The aims of this study were: (1) to de-
scribe the spatial-temporal variation of EcoQ by the M-AMBI;
(2) to test the effects using higher taxonomic data on the per-
formance of M-AMBI; and (3) to relate the EcoQ based on M-
AMBI with environmental variables.

2 Materials and methods

2.1 Field sampling

The Liaohe River Estuary (40°20'-41°00'N, 121°20'-122°00E)
locates in the Liaodong Bay, a part of the Bohai Sea, northeastern
China (Fig. 1). With the rapid industrialization and urbanization
of upstream cities, the Liaohe River Estuary is exposed to consid-
erable anthropogenic pressures, including industrial and agricul-
tural effluent, domestic sewage discharge, oil mining, and physic-
al disturbance by trawling and dredging. The surrounding sea-
going rivers (i.e., Liaohe River, Shuangtaizi River, Daling River,
and Xiaoling River) carry large amounts of terrigenous pollutants,
which significantly deteriorate the habitat quality of Liaohe River
Estuary. With the massive expansion of high-density aquaculture
practice in the Liaohe River delta wetland, crab aquaculture pol-
lution has also caused severe environmental problems. Liaohe
River Oilfield, the third-largest oilfield in China, also poses high
pollution pressures on the surrounding environment. Further-
more, Liaohe River Estuary serves as a vital fishery ground, and
commercial bottom trawling may alter the structure and func-
tion of ecosystems. According to the official environmental bul-
letin, the Liaohe River Estuary is one of the most contaminated
areas in China (State Oceanic Administration of China, 2012).
The primary pollutants are inorganic nitrogen and labile phos-
phate.

We selected 25 coastal sampling stations in the Liaohe River

Estuary in the present study. We divided them into six categories
based on the distance from the station to the river mouth (A: Nos
S1-S2; B: Nos S3-S6; C: Nos S7-S10; D: Nos S11-S15; E: Nos
S16-S20; and F: Nos S21-S25; A to F meant closest to farthest
from the river inlet) for further analysis. We collected samples for
three seasons, including spring (May 2014), summer (August
2013), and autumn (November 2013). It was unappeasable to col-
lect the fieldwork sediment samples for S1 and S3 in summer, S2
and S4 in spring, and S23 in autumn, probably due to the nearby
sand dredging project. We collected sediment samples using a
0.05 m? Van Veen grab. Four replicates were collected for each
station and pooled together before further treatments. The
samples were sieved over 0.5 mm mesh to separate the macro-
faunal specimens and fixed in 5% formaldehyde. Meanwhile, 100 g
of sediment was taken to measure sediment texture, total organ-
ic content (TOC), and petroleum hydrocarbons (PHc). Bottom
seawater samples in each station were collected simultaneously
with 5 L Niskin bottles. The salinity and pH were measured in situ
with a multiparameter sensor (YSI 6600).

2.2 Laboratory analysis

In the laboratory, specimens in each sediment were isolated,
counted, and identified to the lowest possible taxonomic level us-
ing a dissecting microscope and an optical microscope. We
checked the validity and synonyms of taxa names with the data-
base of the World Register of Marine Species (http://www.mar-
inespecies.org/). Aggregation ratio (¢) (Bevilacqua et al., 2012)
higher rank taxon count to species count) was also calculated for
three seasons to understand the congruency between species
and higher taxonomic levels.

We determined the grain size for sediment samples using a
Mastersizer 2000 laser particle size analyzer (Malvern, UK). Ap-
proximately 0.2 g of powdered samples were digested in a Teflon
vessel with a mixed solution of HNO, + HCI + HF (5:4:1) on a
heating plate and heated (<150°C) to dryness. Afterward, the
residue was extracted with HNO, and diluted to a specific
volume. We measured the TOC values with an elemental analyz-
er. The Winkler titration method determined dissolved oxygen
(DO) for seawater samples. We filtered each seawater sample
with a 0.45 pmol/L microporous filter membrane, and the con-
centrations of chlorophyll a (Chl-a), chemical oxygen demand
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Fig. 1. The sampling stations of Liaohe River Estuary. S1 in the text is the abbreviation of Station 1, and so on.
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(COD), NO; -N, NO; -N, NH; -N, and PO]~ -P in seawater were
determined colorimetrically according to the methods described
by Grasshoff et al. (1983).

2.3 Data analysis

We respectively tested the environmental variables among
the three seasons and the six different distances from the inlet,
using a one-way ANOVA with Turkey’s HSD analysis. Before the
ANOVAs, Hellinger transformation was applied to the environ-
mental variables making them suitable for parametric tests.

The AMBI was calculated using the software provided at the
AZTI's website (http://ambi.azti.es) with the updated species list
(December 2020). Calculation of M-AMBI includes a factor ana-
lysis (FA) of AMBI score, species richness, and Shannon-Wiener
diversity. At “high” status, the M-AMBI value reaches one, and at
“bad” status, the M-AMBI reaches zero. In the present study, ref-
erence conditions for M-AMBI calculation were set using the
highest and lowest values in the datasets for each metric (Borja
et al., 2009). The M-AMBI scale was divided into five EcoQ cat-
egories (i.e., High, Good, Moderate, Poor, and Bad) by assigning
a numerical value to each class boundary.

The M-AMBI EcoQ of each station was determined and com-
pared with species-genus- and family-level databases. At the spe-
cies level, taxa were ascribed to an ecological group (EG) based
on the AMBI library. When species were not assigned in the data-
base, they were assigned to the most common group found for
the genus. If absent hitting, species were classified as “not as-
signed” (Checon et al., 2018). At the genus and family level, taxa
not included in the AMBI library were assigned to EGs based on
median values of all AMBI entries in the parental taxa, as de-
scribed by Forde et al. (2013). We used a Kappa analysis (Cohen,
1960; Landis and Koch, 1977) to test the agreement between the
number assigned to each of the five EcoQ categories based on the
species-, genus-, and family-level data. To inter-calibrate EcoQ
outputs to maximize the agreement across different taxonomic
levels, legendary boundaries (i.e., for status, High, >0.77; Good,
[0.53, 0.77); Moderate, [0.39, 0.53); Poor, [0.20, 0.39); and Bad,
<0.20) were modified using the approach suggested by Borja et al.
(2007).

The Spearman’s Rank correlation coefficient (r) was estim-
ated between abiotic variables and M-AMBI values obtained
from different taxonomic levels to test if this index performed
better with coarse taxonomy using SPSS 18.0. To relate M-AMBI
values with eutrophication, the eutrophication index (EI) was
calculated using the following formula: EI = (COD x DIN x PO}~
x 106)/4 500, where DIN = NO; -N + NO, -N + NH; -N, and COD,
DIN and PO}~ are in mg/L.

3 Results

3.1 Environmental variables

The spatial-temporal variability of abiotic parameters in the
studied estuary is presented in Fig. 2. Significantly higher Chl-a,
NO; -N, and COD concentrations were recorded in summer
compared to spring and autumn (ANOVA, p < 0.05). In contrast,
the water salinity increased in spring and decreased in summer
compared to autumn (ANOVA, p < 0.05). The NO; -N and NH}
contents in the water were higher in summer and lower in au-
tumn compared to spring (ANOVA, p < 0.05). Moreover, the TOC
concentrations in summer and autumn were significantly higher
than in spring. However, the PO3™ -P in spring and summer was
significantly lower than autumn (ANOVA, p < 0.05). In addition,
no significant differences were observed in the sediment com-
positions and PHc content among the different seasons (ANOVA,
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p>0.05).

Changes in environmental quality indicators at different dis-
tances within the same season were also analyzed. Salinity rose
in all three seasons as the distance from the inlet increased. In
summer, Chl-a concentrations in water samples from the A, D, E,
and F regions were significantly higher than in the other samples
(ANOVA, p < 0.05). In summer and spring, the NO, -N, NO; -N,
NH; -N, PO}~ -P, and COD concentrations significantly de-
creased as the distance from the inlet increased (ANOVA, p <
0.05). In contrast, the values of these indicators showed no signi-
ficant spatial variance in autumn (ANOVA, p > 0.05). As the dis-
tance from the estuary increased, the proportion of sand and clay
in sediments decreased at first and then increased. No notice-
able change in the pattern of PHc content was found in the sedi-
ments at different distances within the same season (ANOVA, p >
0.05).

3.2 Macrofaunal community structure and seasonal variation

We sampled 15 455 individuals from 100 species during three
seasons, representing 87 genera and 71 families. Annelida was
the dominant taxa with the most significant number of species.
Arthropoda and Mollusca were also common; in addition, Bryo-
zoa, Nemertea, Sipuncula, and Platyhelminthes were far less
common. Mollusca (57.1%) was the dominant taxa in terms of
abundance, followed by Annelida (23.7%), Arthropoda (13.6%),
and others (5.5%). The number of each taxonomic unit and the
dominant species in each season with ¢ are shown in Table 1.
Species number slightly decreased from summer to spring and
autumn, with 59, 56, and 53, respectively. Only 22 species (22.2%)
were shared among all three seasons, while 52 species (52.5%)
were season-specific. Moreover, 30 species were common in both
spring and summer, 33 in both summer and autumn, whereas 28
in spring and autumn (Fig. 3).

All the identified taxa of different sensitivities were assigned
to 5 EGs based on the AZTI’s classification (Table S1), 33 taxa
(31.4%) were classified as EG I, 36 taxa (34.3%) assigned to EG I,
16 taxa (15.2%) were assigned to EG 111, 7 taxa (6.7%) assigned to
EG1V, 2 taxa (1.9%) assigned to EG V, and 11 species (10.5%)
were unassigned. In terms of abundance, EG VI and EG I domin-
ated, due to the densities of Potamocorbula laevis and Am-
phioplus sp., respectively. Aggregating the species data to genus
and family taxonomic levels produced 93 and 74 taxa, respect-
ively (Table S1).

3.3 Calculation and inter-calibration of M-AMBI across taxonom-

ic levels

Among all 66 M-AMBI values for sampling stations in all three
seasons, the ecological status derived from species-level data in-
dicated that most of the stations were categorized as Good, Poor,
and Moderate status (47%, 19.7%, and 15.2%, respectively). A
minority of 10.6% of stations were classified as High, and 7.6%
were ranked as Bad. In terms of seasonal variability, 21 of 25
(84%) showed variations in their ecological status over the
sampling periods, and most of the variations occurred among the
adjacent categories (Fig. 4). The stations with consistent ecolo-
gical classification belonged to the Good (S13, S15, S17, and S19)
categories. Overall, the summer showed the highest M-AMBI val-
ues among the three seasons, indicating decreased ecological
status. Moreover, M-AMBI values showed consistent spatial dis-
tribution during all three seasons, with a clear distribution pat-
tern related to the distance from the estuary and coast. The
nearshore sites were more disturbed than the offshore sites. It is
noted that the nearshore sites (e.g., S1 to S6) generally had the
highest temporal variations in the ecological status. Conversely,
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concentration; TOC: total organic carbon content; PHc: petroleum hydrocarbons content) in the Liaohe River Estuary. The stations
were divided into six categories based on the distance from the station to the river inlet (A: Nos S1-S2; B: Nos S3-S6; C: Nos S7-S10; D:

Nos S11-S15; E: Nos S16-S20; F: Nos $21-525).

Table 1. Summary of family, genus, species counts, aggregation ratio (¢) for higher taxonomic resolutions, and dominant species in
three seasons. Ecological groups assigned to dominant species are presented in the parenthesis

Season Family (¢) Genus (¢) Species Dominant species (Ecological Group)
Spring 45(0.80) 48 (0.86) 56 Potamocorbula ustulata (V)
Ampelisca sp. (1)
Summer 47(0.80) 58(0.98) 59 Potamocorbula laevis (V)
Capitella capitata (V)
Autumn 45(0.85) 47(0.89) 53 Corophium acherusicum (I11)

Grandidierella sp. (1)
Ampbhioplus sp. (I)
Capitella capitata (V)
Potamocorbula laevis (V)
Glossaulax didyma (1)

offshore sites showed a relatively consistent increased ecological
status. Most conclusions applied to genus and family levels, and
only the S25 changed from Good status to Moderate at the genus
level. However, at the family level, some station’s status were
modified to higher levels (S5, S12, S18, and S19) .

Kappa analysis indicated an “almost perfect” agreement ex-
isting between species- and genus-level M-AMBI EcoQ classifica-
tions using the standard class boundaries (Table 2) (Kappa value =

0.975, Asymp. Std. Error = 0.03%). However, similar analysis for
species- and family-level outputs resulted in “substantial” agree-
ment (Kappa value = 0.893%, Asymp. Std. Error = 0.045%)
between EcoQ classifications.

3.4 Relationships between M-AMBI, macrofaunal structures, and
environmental variables
We used the db-RDA analysis to determine the similarity of
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Fig. 3. Venn diagram for the seasonal distribution of taxa num-
bers in the Liaohe River Estuary.

community compositions at different taxonomic levels among
three seasons (Fig. 5). The three taxonomic levels all showed a
significant difference among the three seasons, with different ex-
planation variations. What is interesting is that the increased pre-
diction power (adjusted R?) was observed as taxonomic levels in-
creased, with the family level showing the best predictive power,
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followed by the genus and species levels. The relationships
between Ecological Groups and the environmental variables
were also revealed. The most sensitive species and indifferent
species (EG I and EG II) were positively correlated with salinity,
and negatively correlated with Chl-a, NO, -N, NO; -N, NHI -N,
P02~ -P, TOC and PHc, while EG III species showed negative cor-
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Table 2. Number of stations for each ecological quality (EcoQ)
classification using the M-AMBI calculated with aggregated data-

sets
EcoQ Aggregation level
classification Species Genus Family

High 7 7 9
Good 31 30 29
Moderate 10 10 12
Poor 13 14 12
Bad 5 5 4
Total 66 66 66

Note: Standard EcoQ classification boundaries used; for status,
High, >0.77; Good, [0.53, 0.77); Moderate, [0.39, 0.53); Poor, [0.20,
0.39); Bad, <0.20.

relation with NO; -N and PO; ™ -P. All the contamination vari-
ables (NO, -N, NO; -N, NH; -N, PO;~ -P, TOC and PHc) were in
positive correlation with second-order and first-order opportun-
istic group (EG IV and EG V). M-AMBI scores obtained from
three taxonomic-level datasets (i.e., species, genus, and family)
indicated a significant relationship with environmental variables.
M-AMBI scores showed strong correlation with salinity, EI, and
TOC (Fig. 6). M-AMBI values based on different taxonomic levels
were similarly correlated with the abiotics. The highest correla-
tions with salinity, EI, and TOC were all obtained from the family-
level data (Fig. 6).

4 Discussion

Legislations implement environmental monitoring programs
that determine the ecosystem status in the global coastal area.
There has been a concerted effort to develop methods to maxim-
ize information with minimal expense because large-scale geo-

113

graphical areas need to be routinely monitored in countries with
long coastlines. TS is one of the practical solutions in compre-
hensive monitoring programs. While the TS approach could work
in routine programs to survey vast areas, it can lead to the loss of
information on species diversity, functional groups, dominant
species, and species loss when investigating biodiversity status
(Bertasi et al., 2009). This study aimed to select appropriate data
analytical methods of different taxonomic levels to weigh the in-
put costs against the information loss.

In this study, the family-level M-AMBI for EcoQ assessment
effectively reproduced the spatial-temporal patterns at species-
level communities in the Liaohe River Estuary (Fig. 5). Previous
studies suggested that a high aggregation ratio (¢$>0.4) might pro-
duce similar results among different taxonomic resolutions and
in turn, support the robust application of taxonomic sufficiency
(Bevilacqua et al., 2018). In this study, the aggregation ratios for
genus (0.86) and family (0.80) were high, so little information was
lost when higher taxonomic levels were applied. Taxonomic suf-
ficiency was also suitable in the case containing an increased
number of monotypic taxa (Ferraro and Cole, 1995). In the
present study, 87% of the genera and 71% of families were mono-
typic. Genus and family levels were proved effective when there
were significant monotypic genera and families (Soares-Gomes
etal., 2012).

The present study observed the highest predicted power in
the family-level model for studying the community-environment
relationships. This result indicates that most congeneric species
responded to the environmental gradient in the same way. A con-
cern regarding the application of taxonomic sufficiency is the loss
of ecologically important information provided by the species-
level data that may help reflect particular disturbances (De-La-
Ossa-Carretero et al., 2012; Maurer, 2000). That is troublesome in
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variables. EI: eutrophication index; TOC: total organic carbon content.
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freshwater ecosystems where congeners give diversified re-
sponses to various disturbances. However, it is suggested that
marine macrofaunal congeners exhibit a similar response to pol-
lution (Forde et al., 2013; Tweedley et al., 2014). On the other
hand, the diversity of high taxon may influence the consistency of
responses to environmental gradients since a species-rich high
taxon may be more likely to show internal ecological heterogen-
eity (Bertasi et al., 2009). In areas characterized by a low degree of
radiation, coarser taxonomies (e.g., family or ever order) are suit-
able for studying community-environment relationships (Heino
and Soininen, 2007).

The current study found temporal variations in the ecological
status of some sampling stations in three seasons, especially in
areas with poor environmental conditions (i.e., sampling sta-
tions near the mouth of the river). Several studies have shown
that M-AMBI is more impervious than AMBI to natural abiotic
fluctuations (Reiss and Kréncke, 2005; Salas et al., 2004; Yan
et al., 2020). However, other studies have suggested the temporal
variations of AMBI in an area subject to anthropogenic activities
(Dias et al., 2018; Feebarani et al., 2016; Mulik et al., 2020). In the
present study, the area at the mouth of the river is the closest to
land-based pollution sources. Therefore, this region may receive
more constant and direct human disturbances, partly explaining
the energetic temporal variation patterns. In the Liaohe River Es-
tuary, the summer presents the most stressed scenario due to the
accumulation of contaminants, whereas better environmental
conditions prevail during the autumn and spring due to the
flushing out of contaminants after summer. For the macrofaunal
community, the mortality and recruitment of organisms during
different seasons result in seasonal variations in composition and
abundance. We recommend that determining the ecological
quality of marine benthic environments should not be based on
only one sampling event. A seasonal sampling strategy would
give a comprehensive view of temporal variations in EcoQ.

Large scale monitoring programs require tremendous re-
sources such as project funding, sampling efforts and experi-
mental analysis to generate the species-level data that is tradi-
tionally needed. However, discrepancies in the literature or
changes in personnel collecting data could contribute to signific-
ant inaccuracies. For example, apparent changes in biological
community structure arose from changes in the expert staff or in
the laboratory responsible for data collection in time-series mon-
itoring programs (Peperzak, 2010; Wiltshire and Diirselen, 2004).
Therefore, formulating quick and efficient monitoring strategies
like taxonomic sufficiency is necessary. Taxonomic sufficiency
tended to increase the accuracy and trustworthiness of the res-
ults obtained, especially for large-scale and long-term programs
(Bevilacqua et al., 2012). A big challenge for monitoring pro-
grams is the lack of taxonomists who provide information on
biodiversity, provides species names for communication, and are
at the forefront of documenting biological community structure.
Coarser taxonomic resolution may be a more efficient way to en-
sure temporal and geographical comparability, especially for
countries with a heterogeneous coastal line with high biod-
iversity.

In China, researchers have argued that the feasibility of M-
AMBI might depend on the extent of sediment pollution in the
studied area. Wu et al. (2018) suggested that AMBI would not be
suitable for the EcoQ assessment in Fujian Province since the
TOC content of sediment is low in that area. M-AMBI could be an
appropriate biotic index to assess the environmental status of the
coastal area adjacent to the Changjiang River (Liu et al., 2014).
The present study corroborates that M-AMBI is suitable as an in-
dicator of organic and nutrient enrichment since it responds pre-

dictably to those pressures (Liu et al., 2014). Considering the ef-
fects of monitoring periods and stations on the performance of
benthic indices, as shown in this study, it is crucial to take con-
sistent program design in large-scale estuary monitoring pro-
grams.

5 Conclusions

This study tested the seasonal reliability of high taxonomic
levels to simplify benthic index M-AMBI operations in a heavily
polluted estuary. The results indicated that family level data
provides sufficient confidence for application with M-AMBI since
it produced an excellent classification of sampling stations af-
fected by riverine freshwater input with seasonal variability. The
ability of M-AMBI to classify EcoQ consistently at increasingly
higher taxonomic levels supports the idea of TS approach in
coastal monitoring programs. The high temporal variability of
both the biological and environmental variables suggested the
importance of different seasonal sampling strategies in estuarine
ecosystems. Considering that the AMBI database does not assign
some local species, the application of M-AMBI requires further
expertise to recognize species tolerance and improve ecological
group classifications in China. Test the efficacy of TS and its ap-
plicability in other areas is recommended for the management of
the coastal environment in China.
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