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Response of Macroinvertebrate Community to Water Quality 14 

Factors and Aquatic Ecosystem Health Assessment in a Typical River 15 

in Beijing, China 16 

Abstract 17 

Healthy aquatic ecosystems can offer basic ecological services for the sustainable 18 

development of humans and society. Water quality greatly influences the 19 

macroinvertebrate community in aquatic ecosystems and can alter the aquatic 20 

ecosystem’s health status. However, the quantitative relationship between 21 

macroinvertebrate community and water quality factors in rivers remains unclear, 22 

particularly in urban rivers, which are strongly affected by human activities. Therefore, 23 

a new framework for the quantitative analysis between macroinvertebrate community 24 

and key water quality driving factors was developed in the study, meanwhile, the 25 

aquatic ecosystem health conditions were evaluated and validated by different methods. 26 

The framework was applied in a typical urban river, the North Canal River, which is 27 

regarded as the “mother river” of Beijing. Combined with the redundancy analysis 28 

(RDA) and the thresholds indicator taxa analysis (TITAN), the water quality driving 29 

factors and their indicator species were identified and the corresponding response 30 

threshold was determined. Based on the benthic index of biotic integrity (B-IBI), the 31 

multi-metric rapid bioassessment method and biological monitoring working party 32 

(BMWP) score, the aquatic ecosystem health condition in the basin was 33 

comprehensively evaluated. The results show that fluoride, biochemical oxygen 34 

demand, ammonia-nitrogen and total phosphorus were the key water quality driving 35 
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factors influencing the community structure of macroinvertebrates. Four indicator 36 

species of ammonia-nitrogen were identified by the TITAN method with a threshold 37 

range of 1.09~6.94 mg∙L-1, and three indicator species of total phosphorus were 38 

identified with a threshold range of 0.48~1.27 mg∙L-1. According to the results of the 39 

aquatic ecosystem health assessment, the river ecosystem was generally unhealthy and 40 

the upstream was better than downstream; the health condition in the mountainous areas 41 

of Changping district was the best, while that in Chaoyang district and the central city 42 

area was the worst. The framework could provide a strong basis for ecological 43 

restoration and pollution control of the urban rivers and become an important tool for 44 

the rehabilitation of aquatic ecosystems. 45 

Key words: Macroinvertebrate; thresholds indicator taxa analysis (TITAN); threshold; 46 

urban river; aquatic ecosystem health assessment 47 
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1 Introduction 48 

Aquatic ecosystems and their biological assemblages have continued to degrade 49 

globally due to strong anthropogenic activities in recent decades. Among the 50 

anthropogenic activities, urbanization led to rapid economic development and 51 

population growth, accompanied by the increasing amount of impervious area and 52 

discharged wastewater, which has a negative impact on water quality and aquatic 53 

ecosystem health (Gal et al., 2019; Marshalonis and Larson, 2018; Tagliaferro et al., 54 

2020). 55 

The basic approaches to evaluate the health status of the aquatic ecosystems include 56 

indicator species, indices of community structure and multi-metric indices (Helson and 57 

Williams, 2013; Huang et al., 2015). The index of biotic integrity (IBI), a method based 58 

on multi-metric indices including taxonomical and ecological indicators, was applied 59 

widely to assess the health of river ecosystem by evaluating the biotic integrity of 60 

aquatic organisms, such as fish assemblages (Ganasan et al., 2010), macroinvertebrates 61 

(Zhao et al., 2019) and periphytons (Paller et al., 2017). 62 

Macroinvertebrates play an important role in the aquatic ecosystem through 63 

nutrient cycling and pollutants detoxification. They have the characteristics of abundant 64 

species, few with long life cycles, weak migration ability, easy collection and 65 

distinguished sensitivity of different water pollution. Meanwhile, community structures, 66 

dominant species, species diversity and abundance of macroinvertebrates are affected 67 

by aquatic habitats, chemical and physical conditions, channel morphology, substrate 68 

type and aquatic vegetation, which make macroinvertebrates suitable as biological 69 
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indicators species (Gal et al., 2019). 70 

However, previous studies concerning macroinvertebrate communities mainly 71 

focused on marine ecosystems(Hines et al.,2000; Ekau et al.,2010; Borja et al.,2013; 72 

Francis, 2014; Li et al., 2018), and little attention was paid to freshwater ecosystems, 73 

especially for highly urbanized river ecosystems (Francis, 2014; Li et al., 2018). The 74 

B-IBI is usually applied in natural rivers rather than urban rivers, which has two main 75 

reasons, on one hand, it is difficult to determine the reference sites reflecting the natural 76 

conditions, for urban rivers are mostly affected by anthropogenic activities (Karr et al., 77 

1986; Morley, 2000); on the other hand, under the influence of urbanization, many 78 

sensitive macroinvertebrate species will disappear while tolerant species will 79 

proliferate (Luo et al., 2018).  80 

Beijing, the capital of China, is a highly urbanized city. The North Canal River, the 81 

mother river of Beijing, is a typical urban river with intensive pressure from human 82 

activities. The North Canal River basin has more than 70% population of Beijing and 83 

burdens most of the pollution emission of Beijing, which leads to worrying health status. 84 

Meanwhile, the river networks of the North Canal River in the central city area have 85 

been reformed to artificial channels, which differ a lot from natural rivers. As mentioned 86 

above, the standards for ideal reference sites in the North Canal River basin are quite 87 

different from those for natural river basins. Thus, exploring the proper standards for 88 

the reference sites is significant for aquatic ecological health assessment in the North 89 

Canal River basin and other urban river basins. 90 

Water quality is deeply affected by the development of urbanization and intensive 91 
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human activities, thus, aquatic organisms must adapt to environmental stress to survive. 92 

Many previous studies have shown that water quality has a great impact on the 93 

community structures, species diversity, species abundance and ecological function of 94 

macroinvertebrates (Azrina et al., 2006), however, few studies focused on the 95 

quantitative relationship between water quality and macroinvertebrate in urban rivers. 96 

Baker and King (2010) introduced a new technique called threshold indicator taxa 97 

analysis (TITAN), which is used to detect the changes in taxa distributions along an 98 

environmental gradient, and take the change points of the synchrony among taxa as 99 

evidence for community thresholds. The TITAN method has been widely applied to 100 

detect the thresholds for benthic invertebrates along an environmental gradient (Cao et 101 

al., 2016; Thi et al., 2018), and the specific thresholds of species offer an indication of 102 

whether and how species tend to be affected by changing environmental factors. 103 

Quantitatively identifying the impact of water quality on macroinvertebrates and the 104 

thresholds of key water quality factors are significant for determining the suitable water 105 

quality conditions for the aquatic ecosystem. The study would make up the 106 

shortcomings of qualitative research between environmental factors and aquatic 107 

organism communities, what’s more, it could provide a theoretical basis for aquatic 108 

ecological restoration and pollutant control in the North Canal River basin and offer a 109 

management strategy for protecting and restoring urban aquatic ecosystem structure 110 

and functions in other urban rivers.  111 

In the study, we surveyed the macroinvertebrate communities and measured 112 

water quality conditions in Beijing’s North Canal River basin in 2015. Our goals of the 113 
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study were (1) to explore the key factors of water quality affecting macroinvertebrate 114 

communities; (2) to identify the threshold of key water quality factors for 115 

macroinvertebrate communities; (3) to evaluate the health status of urban river 116 

ecosystem based on macroinvertebrate communities.  117 

2 Study area and sampling methods 118 

2.1 Study area  119 

The North Canal River originates from Yan mountain in the north of Beijing and flows 120 

through 11 districts of Beijing, with a river length of 81 km and a catchment area of 121 

4432 km2. The North Canal River basin, with the highest urbanization level in Beijing, 122 

has the largest plain drainage area and the largest number of tributaries in Beijing. 123 

Hence, the river is known as Beijing’s “Mother River”. It has a warm and semi-humid 124 

continental monsoon climate with hot, rainy summers and dry, cold winters. The 125 

average annual temperature is 10-12℃, and the average annual rainfall is 500-600 mm, 126 

of which about 80% occurs between June and August. From 1961 to 1998, the average 127 

annual surface water outflow in the North Canal River basin was about 0.93 billion 128 

m³/a, including 0.462 billion m³ fresh water and 0.469 billion m³ wastewater discharge 129 

(Shen et al., 2014). With the continuous development of urbanization, eco-130 

environmental issues including water pollution, habitat destruction, and ecological 131 

imbalance have severely restricted social and economic sustainable development. 132 

According to the previous studies, most sections of the river didn’t meet the 133 

requirements of river ecosystem function, and pollutants mainly came from industry, 134 

agriculture and residents living along the river (Qiu et al., 2021). 135 
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Fig 1 136 

2.2 Sampling methods 137 

For this study, an extensive field investigation including macroinvertebrate 138 

communities and water quality investigation at 34 sampling stations in August 2015, 139 

coving the North Canal River basin of Beijing (Fig 1) was carried out, and the sampling 140 

stations were selected based on the degree of urbanization and variation of landscape 141 

characterization. For macroinvertebrates, the Peter Saint Mud Harvester was used to 142 

dig substrate sludge and a 60-mesh filter was used to wash the substrate sludge. Then, 143 

the macroinvertebrate was extracted and a 75% concentration alcoholic solution was 144 

added to a 200 ml plastic bottle. At last, the macroinvertebrate was classified and 145 

counted according to the aquatic organism atlas. For water quality, 12 physical and 146 

chemical factors were measured, including pH, fluoride (F-), dissolved oxygen (DO), 147 

ammonia nitrogen (NH3-N), permanganate index (CODMn), arsenic (As), zinc (Zn), 148 

total phosphorus (TP), total nitrogen (TN), electrical conductivity (Cond), biochemical 149 

oxygen demand (BOD) and chloride (Cl-). Among them, pH and DO were measured 150 

on-site using a portable pH meter and portable water quality monitor, respectively, 151 

while the other water quality factors were measured in the laboratory. 152 

3 Statistical analysis 153 

3.1 Redundancy analysis 154 

Redundancy analysis (Van Den Wollenberg, 1977) (RDA) was used to identify the key 155 

factors influencing the macroinvertebrate community, and the analysis was 156 

implemented via the “vegan” package in R. The degree of multicollinearity among the 157 
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11 water quality factors was examined by the variance inflation factors (VIFs). If the 158 

VIF values exceed 4, the RDA with forwarding selection was carried out and redundant 159 

variables were excluded until the VIFs of all remaining variables were lower than 4. 160 

The independent and relative importance of each water quality factor accounting for 161 

the total variations were distinguished by applying the hierarchical partitioning method 162 

via the “rdacca. hp” package in R (Lai et al., 2021). The statistical significance of each 163 

explanatory variable was validated by the Monte Carlo permutation tests with 999 164 

permutations. 165 

3.2 Threshold Indicator Taxa Analysis (TITAN) 166 

TITAN is a method combining indicator species analysis and nonparametric change-167 

point analysis. TITAN is used to detect the change points of individual taxa in frequency 168 

and abundance, and investigate the multiple taxa’s synchronous responses to a small 169 

change in nutrient enrichment gradient. TITAN was applied to the dataset using 1000 170 

bootstrap replicates in the R package TITAN2, and taxa with occurrences <5 were not 171 

considered following the reference of Baker and King’s (2010). The TITAN splits taxa 172 

into two groups: taxa responding positively or negatively to the specific predictor 173 

variable in terms of z scores. This method is based on the IndVal (indicator values from 174 

species indicator analysis) (Dufrêne and Legendre, 1997) and incorporates a bootstrap 175 

procedure to find certain taxon responses (uncertainty <0.05), pure (purity ≥0.95) and 176 

reliable (reliability ≥0.95). 177 

3.3 Benthic Index of Biological Integrity (B-IBI) 178 

B-IBI is used for the assessment of ecosystem health by evaluating the integrity from 179 
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the perspective of the compositions and structures of macroinvertebrate communities. 180 

First of all, the selection of reference sites is critical for the B-IBI index and the health 181 

assessment criteria (Ruaro and Gubiani, 2013), and most studies took conditions 182 

referring to physical, chemical, biological data to identify the minimally disturbed sites 183 

as the reference sites (Barbour et al., 1995; Li and Zeng, 2020). The qualitative 184 

conditions usually consider better riparian vegetation, no towns or human communities 185 

along the river, no wastewater discharges, no river modification. In addition, the 186 

reference sites should have a 100 m riparian buffer zone and more than 60% of the basin 187 

is forested, with the agricultural and urban land less than 20% of the total drainage area. 188 

While the North Canal River basin in Beijing is severely affected by human activities, 189 

the reference sites are difficult to meet such criteria. Combined with sampling 190 

conditions in the North Canal River basin, the reference sites are considered as the 191 

relatively unimpaired ones, and the criteria for the reference sites in the basin are mainly 192 

based on the investigation results of habitat and water quality (Flotemersch et al., 2006): 193 

① habitat investigation score is above 80 and there is no point source pollution in the 194 

riparian zone; ② higher than Class III water quality criteria. 195 

According to previous studies, biometric parameters sensitive to environmental 196 

change were selected from the perspective of community richness, community 197 

composition and community tolerance, and then their distribution range, discriminatory 198 

ability and correlation were analyzed (Qu et al., 2012; Zhang et al., 2012., Cai et al., 199 

2014., Cui et al., 2019).  200 

The detailed calculation method of the B-IBI can refer to relevant research (Karr 201 
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et al., 1986). Firstly, core parameters of the B-IBI assessment were selected by the 202 

disturbance range analysis, boxplot method and correlation analysis. Then, the scores 203 

for those parameters were calculated through the ratio method, and the B-IBI value of 204 

each site is the sum of the standardized scores of parameters. At last, taking the 25th 205 

quantile of the B-IBI score distribution at the reference sites as a criterion for health 206 

assessment, the site with a B-IBI score greater than the 25th quantile was regarded as 207 

health status. The assessment index systems of the B-IBI are shown in Table 1. 208 

Table 1 209 

3.4 The multi-metric index for rapid bioassessment method 210 

The rapid bioassessment index has been widely applied in the protection and 211 

management of river ecosystems because of its being cost-effective and efficient  212 

(Wang et al., 2015). The rapid bioassessment index is mainly divided into the following 213 

four types: based on the tolerance or sensitivity characteristics of macroinvertebrate; 214 

based on characteristics of taxa, such as Ephemeroptera + Plecoptera + Trichoptera 215 

(EPT), mollusk relative abundance, oligochaete relative abundance; based on various 216 

biodiversity indices and based on the functional group of community. The rapid 217 

bioassessment index can be used individually, or to construct a multi-metrics index for 218 

aquatic ecosystem health assessment. 219 

Urban aquatic ecosystems are affected by various stresses like water pollution, 220 

habitat destruction and changes in land use, thus, the multi-metric index for rapid 221 

bioassessment is more suitable for urban aquatic ecosystem health assessment. 222 

Compared with natural rivers, pollution tolerant species are the absolute dominant 223 
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species in urban rivers due to the higher pollution load (Nichols et al., 2016). Therefore, 224 

the multi-metrics would exclude indexes like EPT and prioritize biodiversity index and 225 

index based on the tolerance. 226 

In the study, the multi-metric index for rapid bioassessment was applied in the 227 

North Canal River basin to validate the ecosystem health assessment result based on 228 

the B-IBI. Indices in Table 1 were selected by distribution range test and correlation 229 

test, and normalized by rules according to previous studies. 230 

1

1
j i

m

i

P P
m =

=                             (1) 231 

where, Pi and Pj are the normalized values of the i-th parameter and normalized values 232 

at the j-th sampling site (i=1, 2, …, m; j=1, 2, …, k); m is the total number of the selected 233 

parameters; k is the total number of the sampling sites. 234 

3.5 The Biological Monitoring Working Party Score method 235 

The Biological Monitoring Working Party Score method (BMWP) is a rapid biological 236 

health assessment method, and the BMWP score is calculated by counting the presence 237 

of sensitivity species. The higher the score, the more sensitive species, the lower impact 238 

of human activities, the better the ecosystem health.  239 

According to the difference of pollution resistance characteristics of 240 

macroinvertebrates, sensitivity scores from 1 to 10 are given to macroinvertebrates 241 

species from the least sensitive to the most sensitive. The sensitivity scores (Table 2) 242 

adopted in this study are based on their original scores, referring to the relevant research 243 

in China (Hawkes, 1998; Luo et al., 2018). 244 

Table 2 245 
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4 Results and analysis 246 

4.1 Spatial distribution of macroinvertebrate in the North Canal River basin 247 

There are 29 species of macroinvertebrate observed in the North Canal River basin, and 248 

the community structure is relatively single, with 13 molluscs, 13 aquatic insects and 3 249 

annelids. Among them, pollution-tolerant species are the absolute dominant species, 250 

while the sensitive species with poor tolerance to pollution, such as the chironomids, 251 

which feed on bacteria and algae and play an important role in water purification. It can 252 

be seen from Figure 2 that only 3 of all the sampling sites have more than 10 species, 253 

while 9 sampling sites have single species. Generally speaking, compared with natural 254 

rivers, the aquatic habitats, chemical and physical conditions, river channel morphology, 255 

substrate type and aquatic vegetation in the urban rivers are suffering from directly and 256 

indirectly influenced by human activities, resulting in relatively poor aquatic ecosystem 257 

conditions: lower total taxa, lower diversity, few sensitive species and dominant 258 

pollution-tolerant species. 259 

Figure 2 260 

However, it can be seen from Figure 3 that the spatial distribution of 261 

macroinvertebrates in the northern mountainous area of the North Canal River basin is 262 

not entirely superior to that in the highly urbanized area. From the perspective of 263 

administrative regions, the sampling sites with lower benthic taxa and lower diversity 264 

index are concentrated in Haidian District, Chaoyang District, Dongcheng District and 265 

Xicheng District, while there are some sampling sites with good condition 266 

simultaneously. The conditions of macroinvertebrate in Changping District is overall 267 
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better than other districts, except for Changping Bridge and Zhuishikou sites. 268 

According to the results of aquatic ecological survey records, it is found that obvious 269 

potential pollution sources and severe watershed erosion are around the Zhuishikou site; 270 

and the bottom quality of the Changping Bridge is simple, the habitat complexity is low 271 

and the riparian zone is distributed with residential and commercial land. 272 

Figure 3 273 

4.2 Key water quality driving factors affecting the macroinvertebrate 274 

The relationship between the monitored water quality parameters and 275 

macroinvertebrate were analyzed by the redundancy analysis, and the results showed 276 

that 12 water quality parameters explained 54.2% of the total variation in the 277 

macroinvertebrate community structure. The explained variance and its proportion of 278 

each parameter obtained by the hierarchical segmentation method are shown in Figure 279 

4, among them, F-, NH3-N, TP and BOD passed the replacement test at a significance 280 

level of 0.01, indicating that the four parameters are the key water quality driving 281 

factors affecting the distribution of macroinvertebrate in the North Canal River basin in 282 

Beijing. 283 

Figure 4 284 

Figure 5 showed the spatial distribution of the four water quality key driving factors 285 

in the basin. NH3-N and TP mainly reflect the concentration of nutrients like nitrogen 286 

and phosphorus in the water body, which are in high spatial consistency characterized 287 

as high value mainly distributed in the south of Changping District and the south of the 288 

basin. Biochemical oxygen demand mainly reflects the concentration of organic 289 
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pollutants in the water body, of which the high value was mainly distributed in the south 290 

of Changping District; fluoride has strong reducibility and mainly reflects the 291 

concentration of dissolved oxygen in the water body, of which the high value was 292 

mainly distributed in Changping District and Haidian District. 293 

Figure 5 294 

4.3 Responses of taxon and assemblages to key water quality driving factors 295 

On the strength of the TITAN for evaluating variation in the taxonomic composition of 296 

the macroinvertebrate community in response to the gradients of key water quality 297 

driving factors, the results revealed that F-and BOD doesn’t have indicator species, 298 

while NH3-N has 5 positive indicator species (increase as the NH3-N gradient rise) and 299 

TP has 3 positive indicator species. The indicator species of NH3-N include 300 

Chironomidae and Lymnaeidae, and the threshold concentration of Lymnaeidae is 301 

greater than that of Chironomidae. It can be seen from Figure 6 that the threshold 302 

concentration range of NH3-N is 1.09~6.94 mg∙L-1, in another word, when the ammonia 303 

nitrogen concentration in the water body reaches 6.94 mg∙L-1, except for the two 304 

positive Lymnaeidae indicator species, most species are out of tolerance and the 305 

community no longer has a significant response. 306 

Figure 6 307 

The indicator species of TP also include Chironomidae and Lymnaeidae, similar to 308 

those of NH3-N, the threshold concentration of Lymnaeidae is greater than that of 309 

Chironomidae. It can be seen from Figure 7 that the threshold concentration range of 310 

TP is 0.48~1.27 mg∙L-1, indicating that when the TP concentration in the water body 311 
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reaches 1.27 mg∙L-1, except for the two positive Lymnaeidae indicator species, most 312 

species are out of tolerance and the community no longer has a significant response. 313 

Figure 7 314 

4.4 Aquatic ecological health assessment in the North Canal River 315 

4.4.1 Aquatic ecological health assessment based on the B-IBI 316 

According to the criteria for reference sites in the basin related to habitat investigation 317 

and water quality evaluation, four of 34 sites were selected as reference sites for aquatic 318 

ecological health assessment in the North Canal River. Of the 22 metrics in Table 1 319 

tested by the B-IBI, 12 metrics were eliminated because either their medians were zero 320 

or the distribution range was very narrow. For other metrics, the discriminant analysis 321 

was performed for the IQ value, and five metrics were rejected because of their lower 322 

separation power (IQ<2). Then, the result of Spearman rank correlation analysis among 323 

the five remaining metrics (NM, SWI, PDO, PTD, PTU) showed that there were three 324 

pairs of highly correlated metrics (r≥|0.90|, p=0.01) (Table 3). 325 

Table 3 326 

Finally, we selected the three qualified metrics: NM, SWI, PTU, which stand for 327 

richness, composition, and abundance and normalized the scoring criteria of each 328 

metric based on quadrisection system, which was interpreted as good (≥2.41), moderate 329 

(1.93~2.41), poor (1.14~1.93) and very poor (<1.14). Figure 8 (a) showed the results of 330 

aquatic ecological health assessment based on the B-IBI, in which seven sites are in 331 

good, seven sites are in moderate, eight sites are in poor and eleven sites are in very 332 

poor. It was found that the water ecological health of the northern area is better, and the 333 
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water ecological heath of highly urbanized central areas is generally poor. For the good 334 

water ecological health assessment results in the central areas, it may be related to the 335 

ecological water replenishment or other aquatic restoration measures of the river section. 336 

4.4.2 Aquatic ecological health assessment based on the rapid bioassessment 337 

By comparing the distribution range of candidate metrics in Table 1, 12 metrics were 338 

eliminated because either their medians were zero or the distribution range was very 339 

narrow. The results of the correlation analysis between the metrics with proper 340 

distribution range were shown in Table 2. There was a significant correlation between 341 

NT, NC and NTO, meanwhile, NA, NC and PCH were with significant correlation; NC, 342 

PCH, NTO were also significantly correlated with each other, while NA and NT were 343 

significantly correlated. The chironomid with strong pollution tolerance is the dominant 344 

taxon in the North Canal River basin, thus, SWI, PDO and PTD were highly correlated 345 

with each other. Finally, NT and PCH were retained for detail and non-redundant 346 

information, and NT, PCH, NM, SWI, PO, PCM and BI were selected for the multi-347 

metric rapid bioassessment index.  348 

The index scores were calculated according to the scoring rules of each index 349 

and the comprehensive score was the average of the seven indices. Aquatic ecological 350 

health level was divided into four levels by the equal-ration method and the results 351 

were shown in Figure 8 (b). Most of the sampling sites are in moderate states, 4 are in 352 

good states, 2 are in poor states and 1 is in very poor states. It was found that the sites 353 

with relatively poor water ecological health results are in central areas, and the overall 354 

water ecological health assessment results of the basin by the multi-metric index for 355 
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rapid bioassessment method are relatively good than the results by the B-IBI method. 356 

Figure 8 357 

Comparing the results of aquatic ecological health assessment by the B-IBI method 358 

and the multi-metric rapid bioassessment index method, which showed that 35.3% of 359 

all the sites have the same result of aquatic ecological health assessment, and the B-IBI 360 

method is more sensitive to good and very poor health assessment levels. Based on the 361 

results of aquatic ecological health assessment by the multi-metric rapid bioassessment 362 

index method, sampling sites with good states are distributed in Changping District, 363 

Chaoyang District and Daxing District. The results of aquatic ecological health 364 

assessment by the B-IBI method showed that the sampling sites with good states were 365 

mainly distributed in Changping District, Chaoyang District, Haidian District and 366 

Xicheng District, while the sampling sites with very poor states were mainly distributed 367 

in the central city and Chaoyang district. In general, the aquatic ecological system in 368 

the North Canal River basin of Beijing is considered to be in a moderate-poor state in 369 

2015. 370 

4.4.3 Aquatic ecological health assessment based on the BMWPS 371 

Four health levels including “good, moderate, poor and very poor” were set to compare 372 

with other aquatic ecological health assessment results in the North Canal River basin. 373 

Table 4 showed the specific division criteria. 374 

Table 4 375 

The aquatic ecological health of the North Canal River basin was evaluated by 376 

BMWP scores, and figure 8 (c) showed the results, in which 10 sites are in good, 5 sites 377 

are in moderate, 5 sites are in poor and 14 sites are very poor. Compared with the health 378 
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assessment results by the B-IBI, 64.7% of the health level assessment results are the 379 

same, on the whole, the health level assessment results of the BMWP are better than 380 

the results of the B-IBI for the rest 35.3% of the health level assessment results. 381 

5 Discussion 382 

Human activities cause changes in water quality, significantly influencing the structure 383 

and composition of the macroinvertebrate community. The distribution of 384 

macroinvertebrates is influenced by their response to multiple stressors including 385 

temperature increment, flow alterations, high metal pollution and increase in nutrient 386 

loads. In the study, the RDA and the hierarchical partitioning method was applied to 387 

isolate the influence of particular water quality factors on macroinvertebrate. The 388 

results showed that F-, NH3-N, TP and BOD are the key water quality driving factors 389 

affecting the distribution of macroinvertebrates in the North Canal River basin in 390 

Beijing. The combined effect of water quality led to a reduction in taxon richness by 391 

the exclusion of sensitive species and the increase of tolerant taxa densities. 392 

The prosperity of pollution tolerant species means higher phosphate levels and 393 

lower dissolved oxygen. The accumulation of nitrogen and phosphorus is an important 394 

factor causing water eutrophication, which influences macroinvertebrate communities 395 

by influencing primary productivity. The increased productivity from eutrophication 396 

increases oxygen consumption in the system, which can lead to low-oxygen (hypoxic) 397 

or oxygen-free (anoxic) water bodies, reduce macroinvertebrates’ diversity and change 398 

the ecological structure and function. Firstly, the occurrence of hypoxic and anoxic 399 

water leads to the mortality of less mobile or more sensitive taxa, reduction of suitable 400 
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habitat and shifts in the food web. Secondly, the frequency and duration of the hypoxia 401 

and anoxic events play a major role in the response of species to reduced oxygen 402 

availability (Pearson, 1978; Richards,1993; Board, 2000). At last, the hypoxia and 403 

anoxic water environment lead to the transformation of dominant species from large 404 

long-lived species to small short-lived species, and long-term anoxia limits the 405 

community succession. 406 

The selection of reference sites is vital for the calculation of the B-IBI for aquatic 407 

ecological health assessment, which facilitates the comparison with impacted sites to 408 

observe the deviations from the natural community composition and the construction 409 

of scoring criteria. Reference sites are ought to be the minimally impacted sites, 410 

however, it is difficult to define the reference conditions in urban rivers strongly 411 

affected by human activities, especially in the North Canal River basin in Beijing, even 412 

the sites with a high percentage of natural land use were not entirely undisturbed by 413 

human activities. According to the “relatively unimpacted” rules and the actual situation 414 

in the North Canal River basin in Beijing, the sites characterized as surface water 415 

quality better than grade III, integrated habitat assessment index scored greater than 80 416 

and no point source pollution and cultivation in the riparian zone were suitable for the 417 

selection of reference sites in the study area. Under the comprehensive consideration of 418 

the actual water quality condition, ecological condition and impactive condition, four 419 

sites were chosen as the reference sites, which are not all distributed in the northern 420 

mountainous area and it is the difference between urban rivers and mountainous rivers 421 

in the selection of the reference sites.  According to the calculation results of the B-422 
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IBI, 3 of the 4 reference sites were evaluated as health status, indicating that the 423 

selection of the reference sites in this study is relatively appropriate. 424 

Under field conditions, some factors such as sediment, hydrodynamic condition 425 

and river network connectivity have impacts on the biological indicators, which lead to 426 

some uncertainties in this study. Therefore, laboratory tests to supplement in-situ or 427 

sublethal does test could be adopted to further improve our research. Meanwhile, in 428 

future study, we could also carry out quantitative research on the water quality driving 429 

factors of other aquatic organisms such as phytoplankton and fish. Based on the 430 

comprehensive and suitable demand level of water quality by various aquatic organisms, 431 

a total amount of river pollutants control system could be constructed to guide the 432 

control of the total amount of pollutants and ecological restoration in the North Canal 433 

River basin.  434 

6 Conclusions  435 

In this study, the community structures of macroinvertebrates and water quality 436 

conditions in the North Canal River basin of Beijing in 2015 were surveyed. 437 

Subsequently, a new framework for the quantitative analysis between 438 

macroinvertebrate community and key water quality driving factors was developed, the 439 

key factors of water quality affecting macroinvertebrate communities were determined 440 

by the RDA method and the threshold of them for macroinvertebrate communities were 441 

identified by the TITAN method. At last, the aquatic ecological health was assessed by 442 

the B-IBI method and the multi-metric index for the rapid bioassessment method. The 443 

results can be summarized as follows. 444 
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(1) The macroinvertebrate community in the aquatic ecological system in the North 445 

Canal River basin of Beijing is dominated by pollution-tolerant species including 446 

aquatic insects and mollusks. A total of 5 classes and 11 families have been identified 447 

and the average number of species taxa is 5.47. The average value of the Shannon -448 

Wiener index is 0.40 and the average value of the BI index is 6.95. Compared with 449 

mountainous areas, the community structure of macroinvertebrates in urban river 450 

systems is more single with fewer sensitive species and dominant pollution-tolerant 451 

species. 452 

(2) Fluoride, biochemical oxygen demand, ammonia nitrogen and total phosphorus 453 

are identified as the key water quality driving factors of the macroinvertebrate 454 

community in the North Canal River basin of Beijing. Based on the TITAN method, 455 

Fluoride and biochemical oxygen demand don’t have indicator species, while ammonia 456 

nitrogen has 5 positive indicator species with the threshold range of 1.09~6.94 mg∙L-1, 457 

and total phosphorus has 3 positive indicator species with the threshold range of 458 

0.48~1.27 mg∙L-1. 459 

(3) By comparing the results of aquatic ecological health assessment by the B-IBI, 460 

the rapid bioassessment method and the BMWP score, it is found that the aquatic 461 

ecological health condition of the North Canal River basin in Beijing is relatively poor, 462 

the areas with better aquatic ecological health conditions are mainly located in the 463 

mountainous areas of Changping District, while those of Chaoyang District and the 464 

central city area is suffering the worst aquatic ecological health conditions. 465 
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Figure Captions 466 

Figure 1 The Location of the study area with aquatic ecosystem sampling stations 467 

Figure 2 Distribution of macroinvertebrates in the North Canal River basin of Beijing 468 

Figure 3 Spatial distribution of characteristics parameters of macroinvertebrates in the 469 

North Canal River basin of Beijing 470 

Figure 4 Water quality impactive factors of macroinvertebrates in the North Canal 471 

River basin of Beijing 472 

Figure 5 Spatial distribution of key water quality driving factors in the North Canal 473 

River basin 474 

Figure 6 Indicator species and thresholds of ammonia in the North Canal River basin 475 

of Beijing by the TITAN analysis  476 

Figure 7 Indicator species and thresholds of total phosphorus in the North Canal River 477 

basin of Beijing by the TITAN analysis 478 

Figure 8 Results of aquatic ecosystem health assessment in North Canal River basin 479 

by the B-IBI method, multi-metric index for rapid bioassessment method and BMWP 480 

Score method481 
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Figure 1 The Location of the study area with aquatic ecosystem sampling stations 485 
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 486 

Figure 2 Distribution of macroinvertebrates in the North Canal River basin of Beijing 487 

 488 
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 489 

Figure 3 Spatial distribution of characteristics parameters of macroinvertebrates in the 490 

North Canal River basin of Beijing 491 

 492 

  493 
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 494 

 495 

Figure 4 Water quality impactive factors of macroinvertebrates in the North Canal 496 

River basin of Beijing 497 
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 499 

Figure 5 Spatial distribution of key water quality driving factors in the North Canal 500 

River basin 501 
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 502 

Figure 6 Indicator species and thresholds of ammonia in the North Canal River basin 503 

of Beijing by the TITAN analysis504 
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 505 

Figure 7 Indicator species and thresholds of total phosphorus in the North Canal River 506 

basin of Beijing by the TITAN analysis 507 
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 508 

Figure 8 Results of aquatic ecosystem health assessment in North Canal River basin 509 

by the B-IBI method, multi-metric index for rapid bioassessment method and BMWP 510 

Score method511 
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Table captions 512 

Table 1 Candidate metrics and their expected direction of response to disturbance 513 

Table 2 The sensitive values of family level for macroinvertebrate in sampling sites in 514 

North Canal River basin 515 

Table 3 Results of spearman rank correlation analysis among candidate metrics 516 

Table 4 Health assessment grading standards of B-IBI in North Canal River basin 517 
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Table 1 Candidate metrics and their expected direction of response to disturbance 518 

Serial number Categories Metric name 
Metric 

code 
Response to disturbance 

M1 

Richness 

No. total taxa NT Decrease 

M2 No. EPT taxa NEPT Decrease 

M3 No. Aquatic insect taxa NA Decrease 

M4 No. Mollusca taxa NM Decrease 

M5 No. Chironomidae taxa NC Decrease 

M6 Shannon-Wiener index SWI Decrease 

M7 Evenness index EI Decrease 

M8 

Composition 

and 

abundance 

Dominant taxon PDO Increase 

M9 
Three most Dominant 

taxon 
PTD Increase 

M10 Trichoptera PT Decrease 

M11 Ephemeroptera PE Decrease 

M12 Plecoptera PP Decrease 

M13 Tubifex PTU Increase 

M14 Chironomidae PCH Increase 

M15 Diptara taxa PD Increase 

M16 Oligochaeta PO Increase 

M17 Crustacea + Mollusca PCM Decrease 

M18 Legless taxa PL Increase 

M19 

Tolerance 

Intolerant taxa NI Decrease 

M20 Tolerant taxa NTO Increase 

M21 Intolerant taxa PI Decrease 

M22 Biotic index BI Increase 

 519 

 520 

 521 

 522 

 523 

 524 

 525 
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Table 2 The sensitive values of family level for macroinvertebrate in sampling sites in 526 

North Canal River basin 527 

 528 

Family Tubificida Chironomidae Lymnaeidae Baetidae Libellulidae Unionidae 

Sensitive 

Score 

1 2 3 4 8 6 

Viviparidae Costellae Macrospiridae Bithyniidae Corbiculidae  

5 6 5 6 6  
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Table3 Results of spearman rank correlation analysis among candidate metrics 529 

 M1 M3 M4 M5 M6 M8 M9 M13 M14 M16 M17 M20 M22 

M1 1.00             

M3 0.78** 1.00            

M4 0.63** 0.09 1.00           

M5 0.83** 0.97** 0.16 1.00          

M6 0.79** 0.47** 0.65** 0.53** 1.00         

M8 -0.74** -0.35* -0.72** -0.42* -.95** 1.00        

M9 -0.75** -0.48** -0.64** -0.52** -0.93** 0.82** 1.00       

M13 0.42* 0.50** -0.19 0.53** 0.31 -0.24 -0.28 1.00      

M14 0.61** 0.82** 0.09 0.85** 0.31 -0.24 -0.30 0.22 1.00     

M16 0.42* 0.50** -0.19 0.53** 0.31 -0.22 -0.28 1.00** 0.22 1.00    

M17 -0.29 -0.71** 0.38* -0.62** -0.03 -0.08 0.06 -0.53** -0.63** -0.53** 1.00   

M20 1.00** 0.79** 0.63** 0.83** 0.79** -0.74** -0.75** 0.42* 0.61** 0.42* -0.29 1.00  

M22 0.33 0.35* 0.03 0.39* 0.21 -0.12 -0.24 0.55** 0.33 0.55** -0.37* 0.33 1.00 

530 
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Table 4 The grading standards of aquatic ecological health assessment based on the 531 

B-IBI in the North Canal River basin of Beijing 532 

Health levels Good  Moderate  Poor Very poor 

Scores for the B-IBI method >2.41 1.93~2.41 1.14~1.93 <1.14 

Scores for the multi-metric index for rapid 

bioassessment method 

>62.76 49.97-62.76 45.17-49.97 <45.17 

Scores for the BWMP >21 14-21 7-14 <14 

 533 
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