
Page 1/18

Insights into Bioindicator Redundancy for Monitoring
Water Quality based on Functional Units of Periphytic
Protozoan Communities in Marine Ecosystems
Syed Shabi Ul Hassan Kazmi 

Ocean University of China
Uroosa Uroosa 

Ocean University of China
Alan Warren 

Natural History Museum
Guangjian Xu 

Qingdao University of Science and Technology
Henglong Xu  (  henglongxu@126.com )

Ocean University of China https://orcid.org/0000-0003-1954-6647

Research Article

Keywords: Marine environment, periphytic protozoa, response units, redundancy level, water quality

Posted Date: June 1st, 2021

DOI: https://doi.org/10.21203/rs.3.rs-481939/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full
License

https://doi.org/10.21203/rs.3.rs-481939/v1
mailto:henglongxu@126.com
https://orcid.org/0000-0003-1954-6647
https://doi.org/10.21203/rs.3.rs-481939/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/18

Abstract
Although periphytic protozoan communities have long been used for the bioassessment of water quality, their utility
is hampered by functional redundancy leading to high “signal to noise” ratios. In this study, a 1-year baseline survey
of periphytic protozoan communities was carried out in coastal waters of Yellow sea, northern China, in order to
determine redundancy levels in conditions of differing water quality. Samples were collected at four sampling sites
along a pollution gradient. Environmental variables such as salinity, chemical oxygen demand (COD), and
concentrations of dissolved oxygen (DO), soluble reactive phosphates (SRP), ammonium nitrogen (NH4-N) and nitrate
nitrogen (NO3-N) were measured to compare with biotic factors. A total of 53 functional units (FUs) were identi�ed
from 144 observed protozoan species based on four biological traits, i.e., feeding type, body size, movement type and
source of food supply. For reducing the “signal to noise” ratios of species-abundance/biomass data, the peeling
procedure was used to identify the bioindicator redundancy levels based on these FUs. Three consecutive subsets of
response units (RU1–RU3) with correlation coe�cients >0.75 of the full FU dataset were identi�ed, comprising 12, 21
and 9 FUs, respectively. Algivores and bacterivores were dominant in RU1 and RU2 among the polluted sites, whereas
raptors were dominant in RU3 at the unpolluted site. In terms of relative abundance, RU1 was the primary contributor
to the protozoan communities during the 1-year cycle and its relative abundance increased with increasing pollution,
whereas RU2 and RU3, with complementary temporal distributions, generally decreased with increasing pollution.
Ordinations based on boot-strapped average analyses revealed a signi�cant variation in functional pattern of all three
RUs among the four sampling sites. Biological-environmental match analysis demonstrated that the variability was
driven by the increasing concentrations of nutrients (e.g., NH4-N, NO3-N and PO4-P) and decreasing concentrations of
DO (P<0.05). Based on these �ndings, it is suggested that there were high levels of functional redundancy among
periphytic protozoan communities used as bioindicators of marine water quality. 

Introduction
Traditionally, community responses to environmental change are investigated using full species datasets (Jiang et
al., 2007, 2014; Xu et al., 2014a, b; Xu et al., 2017). When using such datasets, however, the community-based
bioassessment is generally subject to a high “signal to noise” ratio (Clarke, 1993; Clarke and Warwick, 1998; Xu et al.,
2014a, b, 2015a, b). A number of studies have demonstrated the interchangeability of species that serve equivalent
functions within an ecosystem (Gray et al., 1998; Zhong et al., 2014; Zhang and Xu, 2015). This indicates that there is
substantial structural and functional redundancy within communities (Menge et al., 1994; Chapin et al., 1995; Frost et
al., 1995). Therefore, when using community-based bioassessments, the identi�cation of functional redundancy is
considered an important operative tool for reducing the “signal to noise” ratios (Clarke, 1993; Clarke and Warwick,
1998; Gray et al., 1998; Zhong et al., 2014). In full species datasets this can be achieved through multivariate analysis
by identifying the response units (RUs), i.e., subsets of species with interchangeable functional roles.

Most periphytic protozoa are primary grazers that play a pivotal role in microbial food webs by controlling the �ux of
matter and energy from lower to higher trophic levels (Azovsky, 1988; Crawford et al., 1997; Finlay and Esteban, 1998;
Kchaou et al., 2009; Fischer et al., 2002; Weitere et al., 2003; Zhong et al., 2017; Kazmi et al., 2020b). Furthermore,
they typically have relatively short life cycles and high sensitivity to environmental change (Jiang et al., 2011; Xu et
al., 2014a; Kazmi et al., 2021). Consequently, periphytic protozoa have been widely used as bioindicators of water
quality in many types of aquatic habitat worldwide (Sime-Ngando et al., 1995; Coppellotti and Matarazzo, 2000; Norf
et al., 2009; Kathol et al., 2011; Jiang et al., 2011; Zhang et al., 2012; Payne, 2013; Jiang et al., 2014; Zhong et al.,
2014; Xu et al., 2014a; Feng et al., 2015; Xu et al., 2017; Kazmi et al., 2021). Nevertheless, their utility is often limited
by high “signal to noise” ratios due to the high functional redundancy in such communities (Menge et al., 1994;
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Chapin et al., 1995; Frost et al., 1995; Clarke and Warwick, 1998; Coppellotti and Matarazzo, 2000; Xu et al., 2014b)
and, hitherto, few studies have addressed this problem (Gray et al., 1998; Xu et al., 2017).

In the present study, the peeling procedure was used to identify the response units (RUs) from a functional-unit
dataset of periphytic protozoan communities in coastal waters of the Yellow sea, northern China, during a 1-year
cycle. The main aims of the study were: (1) to identify the redundancy levels of response units in the periphytic
protozoan communities; (2) to explore spatio-temporal �uctuations in functional patterns of response units in these
communities, and; (3) to reveal the spatio-temporal variations in different functional redundancy levels in response to
certain environmental parameters.

Materials And Methods
Study area and dataset collection

The study area was located in coastal waters of the Yellow Sea, northern China (Fig. 1a, b). Four study sites were
selected based on a pollution gradient (Fig. 1c): site A, located in a relatively unpolluted area at the Olympic Sailing
Center; site B, located in a slightly polluted area near the mouth of Jiaozhou Bay; site C, located in a moderately
polluted area due to rivers discharging into Jiaozhou Bay; and site D, located in a heavily polluted area of Jiaozhou
Bay mainly due to organic pollutants and nutrients from domestic sewage and industrial e�uents entering the bay
via several rivers (Fig. 1c).

Periphytic protozoan communities were sampled every month over a 1-year cycle from August 2011 to July 2012,
using glass microscope slides (2.5×7.5cm) as arti�cial substrates. The slides were immersed 1 m below the water
surface and left for 14 days to allow colonization by periphytic protozoa. On each sampling occasion two PVC
frames, each having 10 slides giving a total of 20 slides for each site, were collected. In total, 960 slides were
examined during the course of the study. Upon retrieval, the slides were transferred into Petri dishes containing in situ
water and were processed within 2 h according to the methods described by Xu et al. (2014a, b).

Identi�cation and Enumeration

Identi�cation and enumeration of periphytic protozoa were performed under an inverted microscope at
magni�cations of 10–400X. Published guides such as Song et al. (2009) were used for species identi�cation. The
enumeration strategy was according to Xu et al. (2014b).

A WTW Multi 3500i sensor was used to measure the water temperature (T), pH, salinity (Sal) 3 and dissolved oxygen
concentration (DO) at each sampling site. Concentrations of ammonium nitrogen (NH4-N), nitrate nitrogen (NO3-N),
nitrite nitrogen (NO2-N), and soluble reactive phosphate (SRP) were measured according to the “Standard Protocols
for the Examination of Water and Wastewater” (APHA, 1992).

Formulation of response units (RUs)

Functional units of periphytic protozoa were determined based on four biological traits, i.e., feeding type
(bacterivores, algivores, non-selectives and predators/raptors), body size (small, medium and large), movement type
(vagile, sessile and planktonic), and source of food supply (plankton and periphyton).

Using a peeling procedure based on the routine BVSTEP in the PRIMER v7.1.17 package, the best matching subsets
from the matrix of functional-unit abundance data were determined by peeling the former selections (Clarke and
Gorley, 2015; Xu et al., 2017). Among these selections, the �rst subsets with correlation coe�cients more than 0.75 to
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the Functional Unit (FU) of the full-species dataset were identi�ed as response units (RUs) of the periphytic protozoan
communities (Zhong et al., 2014; Clarke and Gorley, 2015; Xu et al., 2017).

Data analysis
All multivariate analyses were performed using the PRIMER v7.1.17 (Clarke and Gorley, 2006) and the PERMANOVA + 
v1.0.7 for PRIMER packages (Anderson et al., 2008). Shade plotting with cluster analysis was used to summarize the
co-occurrence and distribution of RUs of the periphytic protozoan communities at each sampling site (Anderson et al.,
2008). Bootstrapped average analysis with metric multidimensional scaling (mMDS) ordinations were computed to
show the relationships between environmental variables and variations in RUs (Clarke and Gorley, 2015). The
submodule BIOENV (biota-environment correlation analysis) was used to explore the potential environmental drivers
for variations of the RUs along the pollution gradient, and the signi�cance level of biota-environment correlations was
tested using the routine RELATE (Clarke and Gorley, 2006; Xu et al., 2008; Jiang et al., 2011, 2013b; Xu et al., 2014a).

Correlation analyses were performed using statistical program SPSS v16.0 to observe the Pearson relationships
between RUs and environmental variables. Data were log-transformed before analyses (Xu et al., 2008; Xu et al.,
2014a).

Results
Physico-chemical/environmental variables

The mean values of physico-chemical factors at the four sampling sites are shown in Table S1. Clear variations were
observed in abiotic factors along the pollution gradient from site A to site D. It is noteworthy that site D (in the most
heavily polluted area) had the lowest salinity and pH values whereas DO and transparency gradually decreased from
site A to site D. In contrast, concentrations of NH4-N, SRP and NO3-N increased from site A to site D (Table S1).

Functional redundancy levels and response units

A total of 144 protozoan species were observed, which were assigned to 53 FUs (Table S2). Of these, three sequential
subsets of RUs were identi�ed. The �rst subset comprised 12 FUs and its mMDS ordinations closely matched the
patterns of the full FUs (Fig. 2a, b). The second subset with 21 FUs and third subset with nine FUs represented
continuous peeling (Fig. 2c and d). The degree to which the patterns of mMDS ordinations of the residual subsets
(Fig. 2e) matched that of the full FUs (Fig. 2a) was signi�cantly reduced compared to the other three subsets.

Spatial distribution of response units

The distribution of response units RU1, RU2 and RU3 among the four study sites are summarized in (Fig. 3).
Stochastic patterns of distribution are shown by these RUs along the pollution gradient from site A to site D. In RU1,
raptors with inside food supply (RIS4s) and bacterivores with outside food supply (BOS5s) dominated at site A
(Fig. 3a). In RU2, by contrast, algivores with inside food supply (AIS4p&v) and bacterivores with outside food supply
(BOS5s) were primary contributors at sites B and C (Fig. 3b). It is noteworthy, however, that in RU3 an interchangeable
patterns were shown by protozoan communities, with the most heavily polluted site (site D) mostly dominated by
bacterivores with outside food supply (BOS2s) and non-selective with outside food supply (NOS4v), respectively
(Fig. 3c).
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The spatial distribution of 53 FUs and their co-occurrence with RUs among the four sampling sites are summarized in
Fig. 4. Based on the index of association matrix from standardized FU-abundance data, clustering analysis divided
the three subsets of RUs into three groups (I–III) (Fig. 4). Groups I and II showed a conspicuous decreasing trend
particularly in groups IIa and IIb along the pollution gradient from site A, the most unpolluted site, to site D, the most
heavily polluted site, whereas group III had the opposite distribution. The residual subunits (RES) had uneven
occurrence patterns among the four sites (Fig. 4).

Spatio-temporal variations in response unit patterns

The response units of protozoan FUs showed signi�cant temporal variations among the four study sites (Fig. 5). In
terms of relative abundance, site A was dominated by RU1 from July to August whereas RU2 dominated in January
and June (Fig. 5a). At sites B, C and D, the relative abundance of RU1 and RU2 �uctuated from January to December
while, RU3 and RES had low abundance as compared to RU1 and RU2 (Fig. 5b and c). However, high abundance of
RU1 was recorded throughout the 12-month period of study and was dominant at site D (Fig. 5d).

The spatial variations of response units in terms of their relative abundance are shown in Fig. 6. Signi�cant spatial
variations are represented by the response units: RU1 was dominant at all four sites, RU2 had maximum relative
abundance at site A, and RU3 and RES had low relative abundance at all sites (Fig. 6).

Linkage between environmental variables and response units

Bootstrapped average analysis based on metric multidimensional scaling mMDS ordinations on both biotic and
biotic matrices showed similar patterns between the environmental variables and response units (Fig. 7). RELATE
analysis revealed statistically signi�cant relationships between RU1, RU2, RU3 and environmental variables (ρ = 
0.435, ρ = 0.454, ρ = 0.247; P < 0.05).

Multivariate biota-environment (BIOENV) analysis showed the top 10 matches of environmental variables with the
patterns of RUs. These included nutrients (NO3-N, NH4-N and PO4-P) in combination with pH and DO (Table 1).
Furthermore, Pearson correlation between environmental variables and response units of FUs are summarized in
Table 2. For example RU1, RU2 and RU3 were signi�cantly positively correlated with salinity and pH but negatively
correlated with nutrients, whereas RES was positively correlated with nutrients and COD (Table. 2).

Table 1 Summary of results from biota-environment (BIOENV) analysis showing the 10 best matches of
environmental variables with spatial variations in the abundance of RUs (RU1-RU3) at four sampling sites in coastal
waters of the Yellow Sea, near Qingdao, northern China during the study period.
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Ranks Environmental variables    ρ value P value

RU-1

1 pH 0.618 <0.05

2 pH, DO 0.576 <0.05

3 pH, DO, NO3-N 0.550 <0.05

4 pH, NO3-N 0.530 <0.05

5 pH, DO, PO4-P 0.508 <0.05

6 pH, PO4-P 0.508 <0.05

7 pH, DO, NO3-N, PO4-P 0.494 <0.05

8 pH, DO, NH4-N 0.493 <0.05

9 pH, DO, NO3-N, NH4-N 0.477 <0.05

10 pH, NH4-N 0.470 <0.05

RU-2

1 pH, DO 0.549 <0.05

2 pH 0.544 <0.05

3 pH, DO, NH4-N 0.484 <0.05

4 S, pH, DO 0.478 <0.05

5 pH, DO, NO2-N 0.478 <0.05

6 pH, DO, NO3-N 0.466 <0.05

7 pH, DO, PO4-P 0.454 <0.05

8 pH, NO2-N 0.451 <0.05

9 S, pH 0.448 <0.05

10 S, pH, DO, NO3-N 0.443 <0.05

RU-3

1 pH, NO2-N 0.384 <0.05

2 pH 0.358 <0.05

3 pH, DO, NO2-N 0.356 <0.05

4 pH, DO 0.330 <0.05

5 pH, DO, NO2-N, NO3-N 0.288 <0.05

6 S, pH, DO, NO2-N 0.286 <0.05
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7 pH, NO2-N, NO3-N 0.279 <0.05

8 S, pH, NO2-N 0.279 <0.05

9 pH, DO, NO3-N 0.271 <0.05

10 pH, DO, NO2-N, PO4-P 0.262 <0.05

    ρ value, Spearman correlation coe�cient; P value, statistical signi�cance level. S, salinity; DO, dissolve oxygen;
NH4-N, ammonium nitrogen; NO3-N, nitrate nitrogen; NO2-N, nitrite nitrogen; PO4-P, Orthophosphate.

 

Table 2

Pearson correlations between average values of RU-abundance and average of environmental variables at four study
sites in coastal waters of the Yellow Sea, near Qingdao, northern China during the study period.

RU T S pH Do Tra NO2N NO3N NH4N PO4P SiO3Si COD

RU1 -0.604 0.907* 0.696* -0.047 -0.222 -0.363 -0.676 -0.394 -0.802 -0.620 -0.237

RU2 -0.732 0.917* 0.568* -0.252 -0.427 -0.247 -0.486 -0.172 -0.645 -0.423 -0.199

RU3 -0.650 0.549* 0.404* -0.112 -0.199 -0.792 -0.721 -0.432 -0.850 -0.604 -0.703

RES -0.124 -0.075 -0.468 -0.572 -0.569 0.821* 0.896* 0.880* 0.848* 0.853 0.553*

** Correlation is signi�cant at the 0.01 level; * Correlation is signi�cant at the 0.05 level. Sal, salinity; DO, dissolve
oxygen; Tra, transparency; NH4-N, ammonium nitrogen; NO3-N, nitrate nitrogen; NO2-N, nitrite nitrogen; SRP, soluble
reactive phosphate; PO4-P, Orthophosphate; SiO3Si, Silicates; COD, chemical oxygen demand.

 

Discussion
Previous studies on community-based bioassessment using periphytic protozoan communities have demonstrated a
signi�cant correlation between environmental factors, principally water quality status, and (1) spatial variations in
community patterns, and (2) species composition and distribution at full species resolution (Xu et al., 2014b; Xu et al.,
2015a, b; Xu and Xu 2016a). In contrast, community-level bioindicators based on small taxonomic or functional
species pools are considered more effective indicators of environmental heterogeneity (Jiang et al., 2014; Xu et al.,
2014b; Zhong et al., 2014; Xu and Xu, 2017). When using communities of organisms for the assessment of water
quality status, several studies have revealed a strong “signal to noise” ratio due to functional redundancy when using
full-species datasets (Ellis, 1995; Heino and Soininen, 2007; Van der Linden et al., 2012; Zhang et al., 2012; Heymans
et al., 2014; Zhong et al., 2014; Hunter Jr. et al., 2016). Therefore, it could be hypothesized that the response units of
periphytic protozoan communities at different functional redundancy levels may respond to changes in water quality
status.

Various studies on the macrobenthos have revealed the composition of response units from a wide range of
functional group assemblages (Warwick and Clarke, 1993; Clarke and Warwick, 1998). However, comparatively little
information is available for the microbenthos in general and protozoan communities in particular. Therefore in this
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study, we have used the matrix of FUs of periphytic protozoan communities, i.e., feeding type, source of food supply,
body size and mode of locomotion, and identi�ed the three consecutive subsets of response units (RU1, RU2 and
RU3) to demonstrate the levels of functional redundancy present. These three subsets were distributed unevenly
among four sampling sites (A–D) along a pollution gradient. In particular within RU1, raptors with inside food supply
(RIS4s) and bacterivores (BOS5s) with outside food supply were dominant at site A, which was in the most
unpolluted area, whereas within RU2 algivores with inside food supply (AIS4p&v) and bacterivores (BOS5s) with
outside food supply were dominant at sites B and C which were moderately polluted areas. Within RU3, bacterivores
with outside food supply (BOS5s) accompanied by non-selectives with outside food source (NOS4v) were dominant
at site D, which was in the most heavily polluted area, and could be the most redundant bioindicators of water quality
status. On a temporal scale, the relative abundances of RU1 and RU2 were high throughout the 12-month period of
study as compared to RU3. Similarly, on a spatial scale, RU1 and RU2 had high relative abundancies at all four
sampling sites compared to RU3. These �ndings are consistent with previous studies which reported that the total
community pattern is sensitive to environmental change, and this pattern does not simply result from trends in one
functional group (Clarke and Warwick, 1998). Furthermore, multivariate analysis demonstrated signi�cant
relationships between the RUs and environmental variables, particularly the best-matching of the nutrients NO3-N,
NH4-N and PO4-P in combination with pH and DO. Moreover, Pearson correlation analysis revealed signi�cantly
positive correlations (P < 0.05) between RUs and both water salinity and pH, but negative correlations with nutrients.

Multivariate analysis is considered a more effective tool than univariate analysis for detecting variations in
community structure (Clarke and Ainsworth, 1993), whereas both approaches are pivotal for the analysis of
community patterns along pollution gradients in aquatic environments (Jiang et al., 2007; Xu et al., 2011). In addition,
the peeling procedure (BVSTEP) and multivariate analysis metric multidimensional scaling (mMDS), are also
powerful approaches for revealing mechanisms of community ecology. Thus, extended and rigorous studies with
substantial datasets are required to fully exploit the predictive capacity of periphytic protozoan communities for
monitoring water quality.

Conclusion
In conclusion, we recovered three successive subsets of response units from the matrix of FUs that seem to perform
interchangeable roles on spatio-temporal scales. The relative abundance of the �rst two subsets (RU1 and RU2)
increased along the pollution gradient whereas the relative abundance of the third subset (RU3) generally decreased
with increasing pollution levels. Furthermore, algivores and bacterivores were dominant in RU1and RU2 at polluted
sites whereas raptors were dominant in RU3 at the unpolluted site. Environmental variations showed signi�cant
relationship with the patterns of RUs, in particular with COD and nutrients such as NO3-N, NH4-N and PO4-P. These
�ndings suggest that RUs of periphytic protozoan communities may be used as a useful bioindicators of marine
water quality.
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Figure 1

Maps showing the location of the study area (a, b) and sampling sites (c) in coastal waters of the Yellow Sea, near
Qingdao, northern China. Site A is in a relatively unpolluted area; site B is in a slightly polluted area near the mouth of
Jiaozhou Bay; site C is in a moderately polluted area due to rivers discharging into Jiaozhou Bay; and site D is in a
heavily polluted area of Jiaozhou Bay, mainly due to organic pollutants and nutrients from sewage and industrial
e�uents that enter the bay via several rivers. Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square concerning the
legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 2

mMDS ordinations of Response Units (RUs) of functional units of periphytic protozoan communities in coastal
waters of the Yellow Sea, showing the remarkable extent to which the overall community pattern (a), a complex
matrix of full FUs during a 1-year cycle, is matched by a succession of three small, mutually exclusive subsets, i.e.,
response units (b–d), generated by the peeling procedure. The degree to which the pattern of the residual subsets (e)
matches the full dataset is signi�cantly reduced compared to the other three subsets.
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Figure 3

Surface plot of response units (RUs), showing the spatial distribution and composition of the periphytic protozoan
response units during a 1-year cycle at four sites (A–D) in coastal waters of the Yellow Sea, northern China.
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Figure 4

Shade plot with cluster analysis on index of association, showing the functional unit distribution and co-occurrence
of response units of periphytic protozoa among four study sites (A–D) in coastal waters of Yellow sea, northern
China.
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Figure 5

Temporal variations in relative abundances of RUs at four sampling sites (A-D); a) shows the data for site A, b) shows
the data for site B, c) shows the data for site C, and d) shows the data for site D. Abbreviations: RU1, response unit 1;
RU2, response unit 2; RU3, response unit 3; RES, residual subunits.
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Figure 6

Spatial variations in average relative abundances of RUs at four sampling sites (StA-StD). Abbreviations: RU1,
response unit 1; RU2, response unit 2; RU3, response unit 3; RES, residual subunits.
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Figure 7

Bootstrapped average analysis with metric multidimensional mMDS scaling ordinations, showing relationships
between environmental conditions (a), and full FUs (b), RU1 (c), RU2 (d), RU3 (e) and RES (f), among the four
sampling sites (StA-StD).
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