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Abstract: Channelization is the most common hydraulic modification of urban rivers. Here, we
assessed the effects of urban river morphology on benthic communities by analyzing the charac-
teristics of benthic communities at various sites in channelized and natural rivers of the Longgang
River system in southern China. We detected four Clitellata species, five Oligochaeta species, one
Polychaeta species, 10 Gastropoda genera/species, two Bivalvia genera/species, two Crustacea
genera/species, and 14 Insecta genera/species. Insecta and Oligochaeta were the dominant classes
in the wet and dry seasons, and Chironomus plumosus was the most dominant species. The density
of Clitellata was significantly lower in channelized rivers (0-0.74 ind/m?) than in natural rivers
(0.61-4.85 ind/m?). The Shannon’s diversity index was significantly lower in channelized rivers
(0.66-1.04) than in natural rivers (0.83-1.28) in the wet and dry season. NH3.N was positively corre-
lated with Shannon’s diversity index, and chemical oxygen demand and river width were negatively
correlated with Shannon’s diversity index. When the concentration of total phosphorus (TP) was low
(<83 mg/L), it was positively correlated with Shannon’s diversity index. Our findings indicate that
river channel morphology affects benthic faunal structure and diversity, but the effects varied among
seasons. Minimized channelization will prevent the loss of aquatic biodiversity in subtropical urban

rivers, as will preservation of natural rivers.

Keywords: macroinvertebrate community; urban river; channelized river; species diversity; subtropical
city; Longgang River; macrobenthos

1. Introduction

The world is currently undergoing a rapid and dramatic process of urbanization [1].
The global urbanization rate increased from 28.3% in 1950 to 50% in 2010 [2]. Global
urbanization is expected to reach 60% by 2030 [3]. Urbanization results in the transformation
of natural or agricultural ecosystems into urban ecosystems [4]. Urbanization is expected
to have a substantial effect on river ecosystems (e.g., “urban stream syndrome”) [5].

During the urbanization process, rivers are buried, cut, and hardened, resulting in
marked decreases in the area of river water and the disappearance of floodplains [6]. The
urbanization process also induces changes in river network structure, including changes
in the percentage of main rivers, connectivity among rivers, and the branching ratio [7].
After rain, surface runoff rapidly increases, and the intensity and frequency of flooding
increase significantly, intensifying the erosion of embankments and riverbeds, altering river
morphology and habitat quality and promoting the rapid inflow of nutrients and toxic
substances into river channels [8].

In normal seasons, decreases in land storage capacity lead to decreases in river flow,
and this increases the difficulty of meeting the ecological water demand of rivers [9]. In
addition, urbanization will greatly increase the total amount of sewage deposited into
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rivers, which will significantly degrade aquatic communities [10-12]. Despite the fact that
cities account for less than 3% of the earth’s land area, the intensification of land-use change
and the continuous degradation of river habitat and water quality have made urbanization
one of the main causes of the loss of river biodiversity [13].

On the one hand, the composition, abundance, spatial distribution, and seasonal
dynamics of river macrobenthos are sensitive to changes in the river environment [14,15].
On the other hand, compared with other organisms such as algae and fish, benthic animals
have moderate growth cycles and limited dispersal abilities; they can also be easily collected,
which facilitates the collection of large amounts of high-quality data [16]. Macro-benthic
organisms are thus some of the most well-studied organisms in the field of urban river
ecology [17].

Channelization is the most common hydraulic modification of urban rivers, and most
parts or all sections are protected by cast-in-place concrete, precast concrete blocks, or
masonry structures for slope protection or masonry protection [18,19]. The channelization
of rivers results in the removal of stones and large woody residues from the original river
bed, which increases the scouring effect of the flowing water on the river bed. These
modifications decrease the availability of substrates to which benthic animals can attach,
which decreases the diversity of benthic animals and leads to the extirpation of migratory
species [20-22].

Most previous studies have focused on the effects of urban rivers and natural rivers
on benthic communities, but few studies have examined the effects of river morphology
on benthic communities in cities. Given that an increasing number of rivers will become a
part of cities as urbanization intensifies, developing approaches to maintain the health of
urban rivers requires increased attention. Studies of urban river benthos in rivers varying
in morphology are important for enhancing our understanding of the effect of urbanization
on river benthos.

Whether the responses of benthic communities to channelization differ between tem-
perate rivers, which are characterized by greater seasonal variation, and subtropical urban
rivers, which experience less pronounced seasonal variation, remains unclear. Addressing
this will enhance our understanding of the response of urban river biodiversity to river
channelization, as well as aid urban river governance and biodiversity conservation.

Here, we studied the benthic community of channelized rivers and natural rivers
in a subtropical river system. Specifically, we (1) assessed the effects of urban river mor-
phology on the benthic community, including its diversity; (2) explored the effects of river
morphology on the structure and function of river ecosystems; and (3) generated new infor-
mation that could be used to aid the ecological control of urban rivers and the protection of
biodiversity.

2. Materials and Methods
2.1. Study Area

The main stream of the Longgang River is 35 km long, with a drainage area of 423 km?,
and it is mainly located in Longgang District northeast of Shenzhen (22°35-22°49’ N,
114°02/-114°21" E). It originates from the northern foot of Wutong Mountain, flows through
the central urban area of Longgang District, Shenzhen, and later enters Huizhou, where it
joins the Dongjiang River, the mainstream of the Pearl River system [23]. The Longgang
River is a typical urban river that receives subtropical rainfall. The water volume of the
river is affected by the regional climate and precipitation [23]. The wet season runs from
May to October, and the dry season runs from November to April [23].

The Longgang River is also the main channel for urban industrial and domestic sewage
discharge, and the water environment is significantly affected by human activities [24-26].
To support urban development and enhance flood control, some river courses in recent
years have been hardened for slope protection, and some riparian belts have been con-
verted into wetlands or near-natural riparian belts to enhance water quality and create
natural landscapes.
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2.2. Study Site and Sampling Design

The experiments were conducted at 20 sampling sites in the Longgang River system
in September (wet season) and December (dry season) of 2017 in Shenzhen, Guangdong
Province, China (Figure 1). The 20 sampling points were located in the mainstream, main
tributaries, and urban area of Longgang District where river water quality is regularly
monitored; our sampling thus permitted a comprehensive assessment of the overall health
of the Longgang River system within the urban area.
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Figure 1. Study sites in the Longgang River. Natural Site: the sites in the natural river zone;
Channelized Site: the sites in the channelized river zone.

Eleven samples were taken from natural rivers, and nine sampling points were taken
from channelized rivers. The natural rivers sampled had natural river banks, with natural
ebb and flow areas and various aquatic vascular plants; the river banks of the channelized
rivers were made of artificially solidified materials, including cement slopes or vertical
embankments (Figure 1).

Benthic macroinvertebrates were collected using a Peterson sampler in the middle
channel and a Surber sampler or D-shape net (0.3 mm mesh) along the littoral zone of each
side. Each sample was mixed with three cores collected at each sampling site, which were
taken 3-5 m away from each other and sieved through a 0.5-mm mesh. All samples retained
on the sieve were fixed in 10% formaldehyde. Benthic macroinvertebrates were carefully
separated from the debris and then identified to the lowest possible taxonomic level under
a dissecting microscope. Different species of benthic animals at each site were counted
individually. According to the sampling area, the number of species per unit area was
calculated as the density of benthic animals. The benthic animals at each sampling point
were weighed after blotting the surface moisture with filter paper, and the total weight of
each species in each sample point was weighed using an electronic balance (accurate to
0.01g). Finally, according to the sampling area, the weight of each species per unit area was
calculated as benthic biomass.

Water samples were collected for water quality analysis at the same time that benthic
macroinvertebrates were sampled. Subsurface water samples (depth ~0.5 m) were collected
using a bottle sampling apparatus from each site. The hydrological features of the river,
such as river width (RW), flow rate, and water depth, were measured in the field. Chemical
oxygen demand (COD) and total phosphorus (TP) were analyzed in the Water Quality
Analysis Laboratory of the Shenzhen Ecological and Environmental Monitoring Center.
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Water samples were stored in ice boxes and analyzed within 24 h. TP was determined
using the method of Qian and Fu (1987) [27]. A Hach DR 5000 analyzer was used to
measure COD.

2.3. Data Analysis

Simpson’s diversity index [28], Shannon’s diversity index [29], and Pielou evenness
index [30] were used to evaluate macrobenthic biodiversity:

Simpson's diversity index (D) : D =1— Y3 | P2, p2 = "lnu-b),

i’ N(N-1)’
Shannon'’s diversity index (H.) : H., = — Y% , PInP;, P; = ¥
Pielou evenness index (J,) : Jo = —¢, H .. = InS;

- U
HIWIIZX

where S is the number of species, 1; is the total number of organisms of a particular species
‘i, and N is the total number of organisms of all species.

Differences in the density of each benthic species between the wet and dry seasons
were tested using Mann—Whitney U Tests in R (Version: 3.6.2) (https://www.r-project.
org/). Differences in the density, biomass, and diversity indexes of seven macrobenthic
communities between the natural rivers and channelized rivers were tested using Student’s
t-tests in R (Version: 3.6.2). Differences were considered significant at p < 0.05. Similarities in
macrofaunal communities between the natural rivers and channelized rivers were explored
using non-metric multidimensional scaling (n-MDS), based on the Bray—Curtis similarity
index in R (Version: 3.6.2). Analysis of similarity (ANOSIM) was used to test for the
significance of differences in benthic communities in R (Version: 3.6.2). When necessary,
data were log (x + 1) transformed to meet the assumptions of normality prior to analysis.

The relationships of macrobenthic density and the macrobenthic diversity index with
environmental parameters were analyzed using the random forest model (“randomFor-
est” package) [31] and generalized additive model (GAM) (“mgcv” package) [32,33] in
R (Version: 3.6.2). IncMSE reflects the relative importance of variables; the accuracy of
random forest prediction was reduced after the current variable of %IncMSE was removed.
IncNodePurity indicates the cumulative contribution of each variable to the observed
values at each node of the classification tree.

3. Results
3.1. The Benthic Community in the Wet and Dry Season in the Longgang River

A total of 37 benthic taxa from seven classes (Clitellata, Oligochaeta, Polychaeta,
Gastropoda, Bivalvia, Crustacea, and Insecta) were identified (Figure 2). The three classes
of Insecta, Gastropoda, and Oligochaeta comprised 62.16% of the total number of benthic
species (Figure 2, Table 1). There were four Clitellata species, five Oligochaeta species,
one Polychaeta species, 10 Gastropoda genera/species, two Bivalvia genera/species, two
Crustacea genera/species, and 14 Insecta genera/species (Table 1).

Season had no pronounced effect on the composition of benthic species in the Long-
gang River. A total of 36 and 30 benthic taxa were identified in the wet season and dry
season, respectively (Figure 2). The number of Insecta, Crustacea, Gastropoda, and Bivalve
species was slightly higher in the wet season than in the dry season, and no differences
were observed in the number of species in the other classes between the wet season and the
dry season (Figure 2).

Insecta and Oligochaeta were the dominant classes in the wet and dry seasons
(Figure 2). Insecta density was 60.39% in the wet season and 80.03% in the dry season. The
Oligochaeta density was 36.12% in the wet season and 18.90% in the dry season (Figure 2).
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Figure 2. Species composition and density ratio of benthic fauna in different seasons in the
Longgang River.

Chironomus plumosus was the most dominant species in the wet season (484.00 & 168.82
ind./m?) and dry season (950.67 & 204.15 ind./ m?) (Table 1). Limnodrilus hoffmeisteri, which
belongs to the class Oligochaeta, was the second most dominant species in the wet season
(320.33 4 63.86 ind./m?) and dry season (211.67 4= 51.69 ind./m?) (Table 1).

Season had no pronounced effect on the density of macrobenthic species in the Long-
gang River (Table 1). The total density of microbenthic species was similar in the wet and
dry seasons (1105.67 + 181.45 ind./m? and 1308.34 4 233.16 ind./m?, respectively) (Table 1).
A Mann-Whitney U Test revealed that the density of most species did not significantly
differ between the wet and dry season (p > 0.05) (Table 1). However, the density of the
dominant species C. plumosus significantly differed between the dry and wet seasons (Z
adjusted =2.027; p = 0.043) (Table 1).

3.2. Differences in the Benthic Community between Natural and Channelized Rivers

The total density of the benthic community was lower in channelized rivers than in
natural rivers in both the wet and dry season; however, this difference was not significant
(Figure 3). Significant differences in the density of Clitellata were found between natural
and channelized rivers (Figure 3). The density of Clitellata was 8.48 -+ 4.68 and 0 ind./m?
in natural and channelized rivers in the wet season (p < 0.05), respectively; the density of
Clitellata was 4.00 & 2.04 and 0.74 4 0.74 ind./m? in natural and channelized rivers in
the dry season, respectively (p < 0.05). The density of Oligochaeta was slightly lower in
channelized rivers than in natural rivers (wet season: p = 0.056; dry season: p = 0.087).
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Table 1. Results of Mann-Whitney U Tests of benthic densities of the Longgang River in the wet and

dry seasons. Density: Mean values + SE, ind/m?. Significant p-values (<0.05) are in bold.

Wet Density Dry Density Z Adjusted p—Value
Glossiphonia complanata 0.33 +0.33 0.67 £ 0.46 0.563 0.573
. Helobdella stagnalis 0.67 +0.46 0.67 + 0.67 —0.503 0.615
Clitellata Glossiphonia lata 14055 0.33 + 033 ~1.015 0.310
Erpobdella octoculata 2.67 £2.34 0.67 £ 0.46 —0.026 0.979
Rhyacodrilus sinicus 4.33+233 1.67 £1.17 —0.893 0.372
Limnodrilus hoffmeisteri 320.33 + 63.86 211.67 + 51.69 —1.408 0.159
Oligochaeta Branchiura sowerbyi 69.33 4= 23.03 32.33 & 12.06 —0.477 0.633
Limnodrilus grandisetosus 2+1.46 0.67 £ 0.67 —0.592 0.554
Teneridrilus mastix 3.33 +£2.14 1+0.73 —0.494 0.621
Polychaeta Nephtys oligobranchia 14+0.55 24085 0.817 0.414
Semisulcospira libertina 1.33 £ 1.04 2.67 £2.07 0.026 0.979
Pomacea canaliculata 0.33 £0.33 0.67 £0.46 0.563 0.573
Parafossarulus eximius 6 1+4.38 0.33 £0.33 —0.622 0.534
Bellamya purificata 1.33 £1.04 0.67 +0.46 —0.026 0.979
Gastropoda Melanoides tuberculata 9.33£5.1 4+3.04 —0.813 0.416
Bellamya aeruginosa 0.33 +0.33 0£0 —0.950 0.342
Gyraulus convexiusculus 0.33 £0.33 0£0 —0.950 0.342
Radix swinhoei 0+0 0.33 +£0.33 0.950 0.342
Tarebia granifera 1.33 £ 0.78 0.33 £0.33 —1.040 0.298
. . Corbicula fluminea 54374 0.33 +0.33 —1.065 0.287
Bivalvia Limnoperna fortunei 5.67 4 4.39 0+0 —1.747 0.081
Exopalaemon modestus 1.67 £1.17 0.33 £0.33 —0.622 0.534
Crustacea Palaemonetes sinensis 0.33 £ 0.33 0£0 ~0.950 0.342
Orthocladius rivulorum 18.33 £ 8.5 91624 —0.871 0.384
Propsilocerus akamusi 43.67 = 18.39 6.67 £ 6.67 —1.785 0.074
Procladius choreus 16.33 + 10.42 3+3 —1.039 0.299
Orthetrum sp. 0.67 £ 0.67 0.33 +£0.33 0.000 1.000
Pericoma sp. 0.33 +0.33 0.67 £ 0.46 0.563 0.573
Labrogomphus sp. 1.67 £ 1.07 1.67 £0.82 0.307 0.759
Microchironomus tener 13 + 11.08 0£0 —1.396 0.163
Insecta Dicrotendipes tritomus 40.67 + 29.23 56.33 + 40.14 —0.265 0.791
Baetis sp. 433+275 1+0.55 —0.131 0.896
Copera sp. 4.67 £ 2.56 010 —2.052 0.040
Chaoborus sp. 7.33 £7.33 0£0 —0.950 0.342
Chironomus plumosus 484 1 168.82 950.67 £ 204.15 2.027 0.043
Tanypus chinensis 7.67 £ 6.03 8£8 —0.935 0.350
Glyptotendipes barbipes 25 +14.22 9.67 £7.82 —0.518 0.605
Total denstiy 1105.67 4 181.45 1308.34 4 233.16 0.473 0.636

Changes in biomass were not consistent with changes in density. In the dry season,
the total biomass of the benthic community was lower in channelized rivers than in natural
rivers (p < 0.05). In the wet season, the total biomass of the benthic community was slightly
higher in channelized rivers than in natural rivers (p = 0.164) (Figure 4). The biomass of
Clitellata was 0.11 £ 0.08 and 0 g/ m? in natural and channelized rivers in the wet season,
respectively, and this difference was significant. No significant differences were observed
in the biomass of the other groups between natural rivers and channelized rivers.
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In the wet season, species richness was significantly lower in channelized rivers
than in natural rivers (p < 0.05) (Figure 5A). The number of species in natural rivers and
channelized rivers was 7.55 &£ 0.68 and 5.13 £ 0.85, respectively (Figure 5A). In the dry
season, the number of species was lower in channelized rivers (4.78 £ 0.52) than in natural
rivers (5.50 £ 0.60); however, this difference was only marginally significant (p = 0.052)
(Figure 5A).

A Species richness B Simpson’s diversity index

0.7F __*

- Natural river

m Channelized river

Wet Dry ' Wet Dry

C Shannon’s diversity index D Pielou evenness index
1.5, %
1.2¢
09}
0.6f
03}
0.0

Wet Dry T Wet Dry

Figure 5. Species richness, Simpson’s diversity index, Shannon’s diversity index, and Pielou evenness
index of benthic fauna in natural and channelized rivers in the Longgang River system in different
seasons. The asterisk (*) represents a significant difference (p < 0.05) between the natural river and
channelized river sites.

Patterns of variation in Simpson’s diversity index were similar to patterns of variation
in species richness. In the wet season, Simpson’s diversity index was lower in channelized
rivers (0.56 £ 0.04) than in natural rivers (0.62 & 0.06) (Figure 5B). In the dry season,
Simpson’s diversity index was lower in channelized rivers (0.36 £ 0.06) than in natural
rivers (0.43 =+ 0.07); however, this difference was not significant (p = 0.097) (Figure 5B).

Shannon’s diversity index of the benthic community was significantly lower in chan-
nelized rivers than in natural rivers in the wet and dry seasons (p < 0.05) (Figure 5C).
Shannon’s diversity index in the wet and dry seasons in channelized rivers was 1.04 & 0.09
and 0.66 = 0.09, respectively; Shannon’s diversity index in the wet and dry seasons in
natural rivers was 1.28 £ 0.13 and 0.83 =+ 0.13, respectively (Figure 5C). No differences in
the Pielou evenness index of the benthic community were observed between natural rivers
and channelized rivers in the wet and dry seasons (Figure 5D).

Non-metric multidimensional scaling (nMDS) ordination of the benthic community
data revealed clear differences in the benthic community in the wet season in natural
rivers and channelized rivers (Figure 6A). Benthic community structure in channelized
rivers significantly differed from that in natural rivers (ANOSIM, p = 0.003; global tests
R =0.224). In the dry season, the nMDS results revealed no significant differences in the
benthic assemblages between natural and channelized rivers (ANOSIM, p = 0.231; global
tests R = 0.067, Figure 6B).
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Figure 6. A multidimensional scaling plot of benthic macroinvertebrate communities in the wet
season (A) and dry season (B) in natural and channelized rivers in the Longgang River system.

3.3. Correlations between the Diversity of Benthic Communities and Environmental Parameters

The relationships of Shannon’s diversity index and Simpson’s diversity index with
environmental parameters were similar. Shannon’s diversity index was closely related to
TP, flow rate, NH3.N, COD, and RW according to the random forest model (Figure 7A).
The GAM model revealed that NH3.N was positively correlated with Shannon’s diver-
sity index, and COD and RW were negatively correlated with Shannon’s diversity index
(Figure 7B). When the concentration of TP was low (<3 mg/L), it was positively correlated
with Shannon’s diversity index. When the flow rate was low (<0.3 m/s), it was positively
correlated with Shannon’s diversity index; when the flow rate exceeded approximately
0.3 m/s, Shannon’s diversity index was negatively correlated with the flow rate (Figure 7B).
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Figure 7. (A) Relative importance of water environmental parameters in explaining Shannon’s
diversity index according to the random forest model. The default random number was 1000.
(B) Generalized additive model (GAM) plot of Shannon diversity index probability vs. the important
water environmental parameters.

4. Discussion
4.1. The Benthic Community of the Longgang River, a Tropical Urban River

The dominant benthic species in the Longgang River in the wet and dry seasons were
C. plumosus and L. hoffmeisteri; insect and oligochaete species were the most dominant
components of the benthic community (Figure 2; Table 1). These findings are consistent
with the composition of the benthic fauna in urban rivers documented in previous studies.
Because of the high level of pollutants derived from human activities, the urban river
benthos tends to be dominated by pollutant-tolerant species such as oligochaetes and
chironomids [17]. For example, in the highly urbanized Taihu Lake Basin, the abundance
of oligochaetes in the benthic community can reach 89.42% [15]. In the Secret Ravine River
in California, the abundance of red Chironomus spp. in urban areas can reach 49% [34].

There were no significant differences in the composition of the benthic fauna in the
Longgang River among seasons, and the peak values of benthic animals were generally
consistent with the peak values of dominant species.

In urban rivers, many pollution-tolerant species without seasonal life histories of-
ten occur in these communities, and their high abundance can be maintained for long
periods [35]. The composition of benthic communities in undisturbed or less disturbed
natural streams often undergoes significant seasonal changes. Most sensitive groups of
benthic animals have seasonal life histories, which allow them to avoid unfavorable tem-
peratures, hydrological conditions, and competition, as well as obtain higher quality food
resources [35-38]. Therefore, seasonal variation in benthic community structure in urban
rivers is generally less pronounced compared with that in natural rivers [39].
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Some studies have also shown that seasonal fluctuations in community density are
more pronounced in channelized rivers than in natural rivers, and the peak density of
the benthic fauna in urban rivers coincides with the appearance of chironomids, which
are dominant species, in winter or spring [40,41]. However, most of these studies have
been conducted in temperate zones, and the Longgang River is located in a subtropical
region, which experiences less pronounced distinctions between seasons. Although the
differences in the amount of rainfall affected the rivers in the wet and dry seasons, the main
environmental conditions of the rivers, such as water temperature and food, did not differ
greatly between the wet and dry seasons, and this likely explains the lack of substantial
differences in the structure of the benthic fauna between seasons; differences between the
wet and dry seasons were only observed for a small number of species. Given that the
number of dry seasons was lower than the number of wet seasons, some taxa might show
sensitivity to river flow.

The effects of urbanization on most river benthic species remain unclear, but the
responses of the benthic community might differ depending on the type of river [14].
The abundance of some sensitive species is higher in urban river sections [42]. Thus, the
spatial distribution of the benthic fauna in the Longgang River should be examined in
future studies.

4.2. Effects of Urban River Morphology on the Benthic Community

Channel morphology had a significant effect on the density of leeches (Figure 3,
Table A1), indicating that the channelization of rivers might reduce the density of leeches.
Helobdella stagnalis, Glossiphonia lata, and Erpobdella octoculata were detected in natural
rivers but not in channelized rivers; Glossiphonia complanata was the only leech species
detected in channelized rivers in the dry season. This might be explained by the more
stringent habitat requirements of leeches; the low habitat diversity in channelized rivers
thus might contribute to the pronounced decrease in the density of leeches in channelized
rivers relative to natural rivers.

There were no substantial differences in the abundance of dominant species of benthic
animals in different sections of the Longgang River (Table A1). Consequently, differences in
benthic biomass in natural and channelized rivers were not pronounced (Figure 4). Many
studies have shown that coarse organic matter is low and fine organic matter is high in
the exogenous organic debris from urban rivers [17,43,44]. Therefore, the proportion of
tear-feeders, filter-feeders, and predators might be significantly lower in channelized rivers
compared with natural rivers; by contrast, the proportion of collectors might be significantly
higher in channelized rivers compared with natural rivers, and they might even become
dominant in channelized rivers [45-47]. The aerobic decomposition of organic matter
reduces the dissolved oxygen content of urban river water, which negatively affects benthic
animals that prefer oxygen-rich environments and benefits oligochaetes, chironomids,
leeches, and snails, which are resistant to organic pollution and hypoxia [48,49]. The results
of our study are consistent with these findings and demonstrate that the water nutrient
conditions of urban rivers might have a larger effect on the biomass of benthic animals in
urban rivers compared with river morphology.

Channelization significantly reduced the species richness and species diversity of
benthic animals in the Longgang River (Figure 5), and this effect was similar in the wet
and dry seasons. This might be explained by the reduction in the heterogeneity of river
habitats by hydraulic modification such as channelization, which leads to declines in
benthic diversity [50]. The channelization of rivers results in the removal of stones and
large woody residues from the original riverbed, which increases the scouring effect of
running water on the riverbed, decreases the availability of substrates to which benthic
animals can attach, and leads to the extirpation of benthic animals, including migratory
species [18,21,51]. After river channelization, the lack of natural channel ebb and flow
zones reduces the abundance of other organisms, including aquatic vascular plants, which
reduces habitat and food diversity [18,52,53].
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Channel morphology can indirectly affect the benthic fauna by affecting the water
environment. Compared with channelized rivers, natural rivers have more abundant
sediment silt, nutrients such as total phosphorus can be easily acquired, and the ammonia
nitrogen content in the water is relatively high; this can mediate reductions in the COD
content of water bodies and reduce local water flow [54,55]. The random forest model and
GAM model in this study revealed that the water environmental factors most strongly
affecting the diversity of benthic animals included total phosphorus, ammonia nitrogen,
flow rate, and COD. Total phosphorus reflects the nutrient levels of the water body and
can affect the growth of plankton. In general, total phosphorus facilitates the provisioning
of food in the water body for benthic animals. The diversity of benthic animals is highest
when flow rates are moderate, which is consistent with the intermediate disturbance
hypothesis [56,57]. High COD concentrations reduce dissolved oxygen in water, reduce
the number of hypoxia-intolerant species, and increase the number of hypoxia-tolerant
species, thereby reducing the biodiversity of benthic animals; our findings indicate that
ammonia nitrogen is harmful to benthic animals. Animal diversity has a slightly positive
effect on benthic diversity, which might indicate that increases in ammonia nitrogen reduce
the number of fish, shrimp, crabs, and other organisms, reducing the risk of predation and
thus enhancing benthic biodiversity [58].

4.3. Implications for Urban River Management

The proportion of tear-feeders, filter feeders, and predators, such as snails and shellfish,
is significantly lower in urban rivers compared with natural rivers, and collectors such as
chironomids are dominant in urban rivers [45,59]. Patterns of benthic community structure
at all sampling points in the Longgang River system were consistent with these findings.
Although we are unable to evaluate the pre-urbanized benthic community, clear differences
in benthic diversity were observed between channelized rivers and natural rivers. This
suggests that maintaining the natural form of urban rivers that experience high levels
of disturbance by humans can enhance the aquatic biodiversity of rivers. During urban
construction, changes to the shape of river channels should be minimized to prevent the
loss of aquatic biodiversity and river landscape diversity.

The Longgang River runs through Shenzhen, which is located in a subtropical zone.
Benthic diversity was lower in channelized rivers than in natural rivers. However, the
benthic diversity of the Longgang River, especially where it runs through Shenzhen (a
large city), might be particularly low. Our approach provided a general snapshot of the
benthic diversity of the Longgang River. Benthic diversity monitoring of various parts of
the river system with different morphologies is needed to more comprehensively assess
the effect of urbanization on the benthic community. Significant differences in benthic
community structure were found between channelized rivers and natural rivers in the wet
season; however, no significant differences in benthic community structure were observed
between channelized and natural rivers in the dry season. Although variation in climate
and temperature is low in tropical regions, differences in the river environment between
the dry and wet seasons might alter the effects of factors such as river channel morphology
on aquatic organisms. In future studies, benthic organisms should be sampled in both the
wet and dry seasons.

5. Conclusions

The effect of river channel morphology on benthic fauna was explored in the Longgang
River in Shenzhen, China. Benthic diversity was lower in channelized rivers than in
natural rivers, and no differences in the total density and biomass of benthic animals were
observed between channelized rivers and natural rivers. The density of leeches was lower
in channelized rivers than in natural rivers, and the total number of leeches was lower
in channelized rivers than in natural rivers. The effects of river channel morphology on
benthic fauna were stronger in the wet season and weaker in the dry season. Our findings
indicate that channelization should be minimized to prevent the loss of aquatic biodiversity
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in tropical urban rivers. Continuous monitoring efforts are needed to clarify seasonal
differences in aquatic biomes.
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Appendix A

Table Al. Benthic densities of natural and channelized rivers in the Longgang River system in the
wet and dry seasons. Mean values =+ SE, ind./ m2.

Wet Season Dry Season
Natural Area Channelized Area Natural Area Channelized Area

Glossiphonia complanata 0.61 £ 0.61 0.00 £ 0.00 0.61 £ 0.61 0.74 £0.74
Clitell Helobdella stagnalis 1.21 +0.81 0.00 £ 0.00 121 +£1.21 0.00 £ 0.00
ttellata Glossiphonia lata 1.82 + 0.94 0.00 = 0.00 0.61 + 0.61 0.00 = 0.00
Erpobdella octoculata 4.85+4.23 0.00 = 0.00 1.21 £0.81 0.00 = 0.00
Rhyacodrilus sinicus 6.06 £ 3.86 222 +£222 3.03 £2.08 0.00 = 0.00

Limnodrilus hoffmeisteri 387.88 £ 91.38 237.78 £ 84.96 258.79 £ 83.89 154.07 + 50.97
Oligochaeta Branchiura sowerbyi 60.00 4= 29.23 80.74 4= 38.27 41.82 £ 20.60 20.74 £ 9.46
Limnodrilus 121+ 121 2,96 + 2.96 121+ 121 0.00 + 0.00

grandisetosus
Teneridrilus mastix 4.85+3.72 148 +£1.48 121+£1.21 0.74 +0.74
Polychaeta Nephtys oligobranchia 1.21 £0.81 0.74 £ 0.74 1.82 +0.94 222 £1.57
Semisulcospira libertina 1.82 +1.82 0.74 £0.74 121+1.21 444 + 444
Pomacea canaliculata 0.61 £ 0.61 0.00 £ 0.00 1.22 £ 0.61 0.00 = 0.00
Parafossarulus eximius 3.64 4= 3.64 8.89 = 8.89 0.00 4= 0.00 0.74 = 0.74
Bellamya purificata 0.61 £ 0.61 2.22+£222 1.21 +0.81 0.00 £ 0.00
Gastropoda Melanoides tuberculata 13.94 £ 8.74 3.70 £3.70 6.06 £5.43 1.48 +1.48
P Bellamya aeruginosa 0.61 £ 0.61 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Gyraulus 0.61 + 0.61 0.00 = 0.00 0.00 % 0.00 0.00 + 0.00
convexiusculus
Radix swinhoei 0.00 £ 0.00 0.00 & 0.00 0.00 £ 0.00 0.74 +0.74
Tarebia granifera 0.61 £ 0.61 2.22 £1.57 0.00 £ 0.00 0.74 £0.74
Bivalvi Corbicula fluminea 242 4+1.86 8.15+8.15 0.00 £ 0.00 0.74 +0.74
tvalvia Limnoperna fortunei 2424186 9.63 + 9.63 0.00 + 0.00 0.00 4 0.00
Exopalaemon modestus 3.03 &+ 2.08 0.00 £ 0.00 0.00 & 0.00 0.74 £ 0.74
Crustacea

Palaemonetes sinensis 0.61 £ 0.61 0.00 + 0.00 0.00 4+ 0.00 0.00 £ 0.00
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Wet Season Dry Season
Natural Area Channelized Area Natural Area Channelized Area
Orthocladius rivulorum 33.33 +14.13 0.00 £ 0.00 16.36 4+ 11.06 0.00 £ 0.00
Propsilocerus akamusi 41.82 £ 21.98 4593 + 32.35 1212 £12.12 0.00 = 0.00
Procladius choreus 2242 +£17.76 8.89 + 8.89 0.00 + 0.00 6.67 + 6.67
Orthetrum sp. 1.21+£1.21 0.00 £ 0.00 0.61 + 0.61 0.00 + 0.00
Pericoma sp. 0.61 +0.61 0.00 £ 0.00 0.61 + 0.61 0.74 £ 0.74
Labrogomphus sp. 242 + 1.86 0.74 + 0.74 0.61 + 0.61 296 + 1.61
Insecta M?crochirqnom@ tener 3.64 + 3.64 24.44 + 24 .44 0.00 £ 0.00 0.00 £ 0.00
Dicrotendipes tritomus 8.49 1 7.84 80.00 & 63.75 70.91 7091 38.52 4 27.37

Baetis sp. 7.27 + 4.88 0.74 £ 0.74 0.61 + 0.61 1.48 +0.98
Copera sp. 7.88 +4.48 0.74 £ 0.74 0.00 + 0.00 0.00 + 0.00
Chaoborus sp. 13.33 £ 13.33 0.00 £ 0.00 0.00 % 0.00 0.00 £ 0.00

Chironomus plumosus 465.45 + 280.53 506.67 + 173.40 917.58 + 277.09 991.11 + 319.84
Tanypus chinensis 3.03 4 2.08 13.33 +£13.33 14.55 £ 14.55 0.00 = 0.00
Glyptotendipes barbipes 45.45 + 24.60 0.00 = 0.00 17.58 & 14.05 0.00 = 0.00

Total 1156.98 + 262.04 1042.96 + 260.71 1372.73 + 345.53 1229.63 + 321.10
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