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Article

Spatial-Temporal Pattern and Stability Analysis of
Zooplankton Community Structure in the Lower
Yellow River, China

Yaowei Wang, Shiyuan Zhang, Minfang Sun, Jiamin Han, Ziyue Wang, Xinlei Chen,
Zengfei Chen and Haiming Qin *

School of Life Sciences, Qufu Normal University, Qufu, 273165, PR China
* Correspondence: ginhaiming@qfnu.edu.cn

Abstract: In March (spring), June (summer), October (autumn) and December (winter) 2022,
zooplankton had been quantitatively investigated in the lower reaches of the Yellow River in China.
A total of 29 sampling points which were separated by about 20 km were set up in the survey reach.
The purpose of this study is to investigate the seasonal dynamic changes and spatial distribution
characteristics of zooplankton community in the Yellow River with high sediment content. The main
results are as follows: A total of 119 species of zooplankton were found during the survey, including
70 species of Rotifers, 29 species of Cladocerans and 20 species of Copepods. Because the temperate
continental monsoon climate had four distinct seasons, the zooplankton community in the Yellow
River showed typical seasonal dynamic changes. There were significant differences in the richness of
zooplankton and dominant species in four seasons (P<0.05). There were 15 coexisting species in four
seasons, among which Brachionus calyciflorus was the dominant species. The density and biomass of
zooplankton were significantly higher in spring and summer than in autumn and winter (P<0.05).
The results of multidimensional non-metric ranking (NMDS) based on zooplankton abundance
showed four distinct communities, which were spring community, summer community, autumn
community and winter community. Affected by human activities (water and sediment regulation,
urban sewage input) and natural factors (river and lake water input, estuarine tides), the zooplankton
community presented a typical spatial heterogeneity. The density and biomass of zooplankton were
significantly lower in estuarine reach than in other reaches. The spatial heterogeneity of zooplankton
communities in spring, summer and autumn was significantly different (P<0.05). However, only the
estuarine reach had a special zooplankton community in winter. Monte Carlo test results showed
that pH, water temperature, electrical conductivity, dissolved oxygen, total nitrogen and total
phosphorus were the main water environmental factors affecting the community structure of
zooplankton (P<0.05). The reaches of the Yellow River affected by human disturbances have lower
zooplankton community stability. Overall, the standing stock of zooplankton was very low (less than
15 ind./L) but the species richness was higher (119 species) in the river with high sediment content,
fast flow and oligotrophic levels.

Keywords: zooplankton; community structure; seasonal dynamics; spatial distribution; community
stability; Yellow River

1. Introduction

Rivers are the vital link between terrestrial ecosystems and marine ecosystems, which play an
important role in the transport of matter and energy [1]. The high heterogeneity of river habitat
provides the complex living environment for aquatic organisms such as fish, zoobenthos and
zooplankton [2]. Under the dual influence of human activities and climate change, the structure and
function of river ecosystem are facing serious challenges [3]. The studies about restoration and
protection of river ecosystem are one of the hotspots in global ecological research [4].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The Yellow River, the second longest river in China, is an important corridor connecting the
Qinghai-Tibet Plateau, the Loess Plateau and the North China Plain [5]. Ecological protection and
sustainable development of the Yellow River Basin play a significant part in social and economic
development [6]. Because the Yellow River is affected by the continental monsoon climate in the north
of China, glaciation period is from October to March of each year. Before and after the glaciation
period, there will be an ice flood in the Yellow River basin [7]. Due to the blockage of the river channel
and the resistance of the water flow, the water level of the Yellow River rises obviously during the
ice flood [8]. Besides, as the middle reaches of the river flow through the Loess Plateau, a large
amount of sediment enters the Yellow River making it have the largest sediment content in the world
[9]. The water resource management measures in the Xiaolangdi Hydraulic Project have a significant
impact on the dynamic changes of water and sediment in the downstream of the Yellow River [10],
which in turn affects the aquatic biological community and ecosystem structure and function [11]. In
addition, human activities in city and brackish water intersection in estuarine area make the habitat
characteristics very complicated in the downstream of the Yellow River [12].

Zooplankton fed on bacteria and phytoplankton, is an important food source for aquatic animals
[13]. Zooplankton play an important role in the material circulation and energy flow of river
ecosystems [14]. As primary consumers in aquatic ecosystems, zooplankton can have significant
impacts on primary producers and secondary consumers through "upward" and "downward" effects
[15]. Zooplankton is very sensitive to changes in water environment, so its species composition,
standing stock and community stability can be used as effective indicators to evaluate the health of
river ecosystems [16]. A Study has shown that the Yellow River section with high sediment content
and high velocity is not the best place for zooplankton especially large crustaceans to survive [17]. At
present, there have been reports on the zooplankton community in the downstream of the Yellow
River, mostly concentrated in the tributaries or estuaries, and few reports on the zooplankton
community in main stream of the Yellow River [18-20].

In the present study, the Shandong section of the Yellow River was selected as the research area
to conduct quantitative surveys of zooplankton in spring (March), summer (June), autumn (October)
and winter (December) in 2022. The purposes of this study: (1) To investigate the temporal and spatial
changes of species composition, standing stock and community structure of zooplankton in the
Shandong section of the downstream of Yellow River; (2) By analyzing the spatial and temporal
patterns and stability characteristics of zooplankton community, the seasonal dynamic changes and
spatial heterogeneity of zooplankton community in the downstream of the Yellow River were
revealed. The research focuses on the frontiers, hot spots and key issues of river ecology research.
The results of this study can provide reference for ecological protection and high-quality
development of the Yellow River basin.

2. Study Area and Research Methods

2.1. Study Area Description

With a total length of 5,464 kilometers, the Yellow River originates from the northern foothills
of the Bayan Har Mountains on the Tibetan Plateau [1]. The upper reaches flow through the provinces
of Qinghai, Sichuan, Gansu and Ningxia, the middle reaches pass through the provinces of Inner
Mongolia, Shaanxi and Shanxi, and the lower reaches flow through the provinces of Henan and
Shandong [21]. Shandong section of the Yellow River (34°26'~38°16" N, 114°16'~119°16' E) is about
628 km long [22]. It flows through the cities of Heze, Jining, Taian, Liaocheng, Dezhou, Jinan, Zibo
and Binzhou, and ultimately empties into the Bohai Sea at Dongying City [23]. Because this section
is located in temperate continental monsoon climate area, the precipitation is mainly concentrated in
the summer [24]. The annual precipitation ranges from 640 to 700 mm, and the average annual
temperature is approximately 13 °C [25].
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2.2. Sample Designing

This study had conducted quantitative zooplankton sampling surveys on Shandong section of
the Yellow River in March (spring), June (summer), October (autumn), and December (winter) 2022.
A total of 29 sampling sites (51~529) were set along the mainstream of the Yellow River within the
survey area (Figure 1), where the distance between each sampling point is approximately 20 km.
Based on the different factors between different reaches, the surveyed river section was divided into
four reaches: XLDR, DPHR, JNR and ER. XLDR is the reach affected by Xiaolangdi Hydraulic Project,
which includes 8 sampling sites (51~S8). DPHR is the reach affected by water input from the Dawen
River and Dongping Lake, which includes 6 sampling sites (59~514). JNR is the reach affected by the
urban area of Jinan, which includes 5 sampling sites (515~519). ER is affected by the tide in the estuary
of the Yellow River, which includes 10 sampling sites (520~529).
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Figure 1. Location of Yellow river and the zooplankton sampling points.

2.3. Sample Collection and Identification

Zooplankton and water samples were collected in the shallow nearshore riverbed areas of the
Yellow River during four seasons. In winter, sample collection activities in frozen river were carried
out after ice-breaking. A 5 L water sampler was used to collect 30 L mixed water at a depth of 50 cm.
A 25# plankton net (mesh size, 64 um) was used to filter the water and obtain a zooplankton sample.
The sample was transferred to 50 mL specimen bottles with 4% formalin.

Zooplankton samples were taken back to the laboratory and stained with Sodium Acid Red 52
for 24 hours. Species identification and counting were performed under a stereomicroscope
(Olympus SZ61). In the present study, copepod nauplii were considered as one taxon and not
included in the count of the dominant species. When there were more than 2000 individuals in one
sample, the subsample method was used to estimate the actual number [26]. Three faunas were used
for zooplankton identification [27-29].
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2.4. Water Environmental Factors Determination

Water temperature (WT), pH, dissolved oxygen (DO), and conductivity (Cond) were measured
on-site using a multi-parameter water quality analyzer (YSI EX02). Total phosphorus (TP) was
determined using the continuous flow ammonium molybdate spectrophotometric method, total
nitrogen (TN) was measured using the potassium persulfate UV spectrophotometric method, nitrate
nitrogen (NOs™-N) was determined by UV spectrophotometry, ammonia nitrogen (NH4*-N) was
measured using the salicylic acid spectrophotometric method, and total organic carbon (TOC) was
determined by chemical oxidation.

2.5. Data Statistical Analysis

The dominance index (Y) is calculated using the following formula: [30]

n;

Yzﬁxfl

where 7i is the abundance of the i-th species, N is the total abundance of all zooplankton, and fi is the
occurrence frequency of the i-th species. When the dominance index Y > 0.02, the species is considered
as the dominant species.

The density of zooplankton was calculated by dividing the number of zooplankton individuals
by the sampling volume, and it was expressed in ind./L. The biomass of zooplankton was calculated
by referring to the method reported by Zhang & Huang [26]. The weight of each nauplii was
estimated to be approximately 0.003 mg [31]. The VennDiagram package in R v4.1.2 was used to
generate a diagram of zooplankton species to compare seasonal differences and spatial heterogeneity
of the species composition. One-way ANOVA was used to analyze the density and biomass of
zooplankton and to determine the differences between four seasons and four river reaches through
the software SPSS 26. When the significance level P value was less than 0.05, there was a significant
difference between two samples. In the statistical analysis software Primer 5.0, zooplankton density
data were analyzed using a sorted similarity matrix based on the Bray-Curtis similarity measure. The
similarity analysis (ANOSIM) of zooplankton communities was conducted, and the
multidimensional non-metric (NMDS) ranking map was made to reveal the characteristics of
zooplankton communities. The software Canoco for Windows 4.5 was used to perform redundancy
analysis (RDA) for zooplankton and water physicochemical factors, and Monte Carlo tests were used
to identify environmental factors which had significant effects on zooplankton.

The collinear network maps of zooplankton in different seasons and different river reaches were
generated through the software Gephi 0.9.2. When the zooplankton collinear network analysis
diagram was made, the zooplankton species were taken as the image nodes, and the correlation
coefficients between the nodes were calculated using the "psych package" in R v4.1.2 software. At the
same time, the density (D) and average clustering coefficient (T) were calculated in the software
Gephi 0.9.2. The stability of zooplankton community structure in different seasons and river reaches
was evaluated by comparing the D/T ratio. The smaller the value of D/T, the more stable the
community structure, and the larger the value of D/T, the more unstable the community structure.

3. Results
3.1. Species Composition of Zooplankton

3.1.1. Species Richness

In the present study, a total of 119 species of zooplankton were identified and recorded. There
were 70 species of Rotifera (58.82%), 29 species of Cladocera and 20 species of Copepoda. These three
main species made up 58.82%, 24.37% and 16.81% of the total species number, respectively. The one-
way ANOVA revealed that the numbers of zooplankton species had significant seasonal differences
(P<0.05). There was no significant spatial difference in zooplankton species.
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In terms of four seasons (Figure 2-A), species richness of zooplankton was the highest in summer
(81 species), followed by spring and autumn with 66 and 56 species, respectively. There were only 36
species in winter. The Venn diagram of zooplankton species showed that there were 15 species in the
four seasons, including 7 Rotifers, 2 Cladocerans and 6 Copepods. In summer, the most endemic
species (25 species) were found, followed by spring and autumn with 13 and 10 species, respectively,
and only 6 endemic species were found in winter.

Summer Winter

DPHR

(A) | (B)

Figure 2. Venn diagram of zooplankton species in the Shandong section of the Yellow River (A: four seasons, B:

four reaches).

In terms of four reaches (Figure 2-B), species richness of zooplankton was the highest in XLDR
(87 species), followed by ER, JNR and DPHR with 83, 78 and 72 species, respectively. The Venn
diagram of zooplankton species showed that there were 48 species in the four reaches, including 23
Rotifers, 9 Cladocerans and 16 Copepods. In XLDR, the most endemic species (11 species) were
found, followed by ER and JNR with 9 and 7 species, respectively, and only 3 endemic species were
found in DPHR.

3.1.2. Dominant Species

The dominant species of zooplankton showed significant temporal and spatial heterogeneity
between the four seasons and the four river reaches (Tables 1 and 2).

In four seasons (Table 1), the number of dominant species of zooplankton in autumn was the
largest (6 species), and the other three seasons was the same (4 species). Brachionus calyciflorus was a
common and dominant species in all four seasons. Brachionus angularis, Keratella quadrala, and Filinia
maior only dominated in spring. Brachionus diversicornis and Diaphanosoma dubium only dominated in
summer. Schmackeria forbesi, Microcyclops varicans and Mesocyclops leuckarti only dominated in
autumn. Notholca labis and Polyarthra dolichoptera only dominated in winter.
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Table 1. Dominant species of zooplankton in four seasons.
Dominant species Dominance (Y)
Spring Summer Autumn Winter
Brachionus angularis 0.094
Brachionus calyciflorus 0.257 0.476 0.083 0.115
Brachionus diversicornis 0.034
Keratella quadrala 0.094
Notholca labis 0.219
Polyarthra dolichoptera 0.146
Filinia maior 0.066
Diaphanosoma dubium 0.116
Bosmina longirostris 0.049 0.582
Sinocalanus dorrii 0.021 0.049
Schmackeria forbesi 0.031
Microcyclops varicans 0.037
Mesocyclops leuckarti 0.066

In four reaches (Table 2), JNR and ER had four dominant species, while XLDR and DPHR had
three dominant species. B. calyciflorus and Bosmina longirostris were the common and dominant
species in four reaches. Diaphanosoma dubium was an endemic and dominant species in XLDR.
Sinocalanus dorrii was an endemic and dominant species in DPHR. JNR and ER had no endemic and
dominant species.

Table 2. Dominant species of zooplankton in four reaches.

Dominance (Y)

Dominant species

XLDR DPHR JNR ER
Brachionus angularis 0.028 0.029
Brachionus calyciflorus 0.151 0.499 0.398 0.350
Keratella quadrata 0.035 0.020
Diaphanosoma dubium 0.077
Bosmina longirostris 0.086 0.119 0.031 0.021
Sinocalanus dorrii 0.022

3.2. Standing Stock of Zooplankton

3.2.1. Density

The average density of zooplankton in the Shandong section of the Yellow River during four
seasons was (12.53+5.57) ind./L. The total density of zooplankton was mainly contributed by rotifers,
accounting for 52.74%, while the density of cladocerans (18.83%) and copepods (28.43%) was smaller.

There were significant seasonal differences in density of zooplankton (P<0.05). Density of
zooplankton in summer (26.17 ind./L) and spring (16.76 ind./L) was significantly higher than that in
autumn (5.65 ind./L) and winter (1.56 ind./L) (Figure 3-A). The seasonal variation of density of rotifers
(Figure 3-B) and copepods (Figure 3-C) was consistent with total density of zooplankton. However,
density of cladocerans (Figure 3-D) in summer (5.68 ind./L) and autumn (3.39 ind./L) was
significantly higher than that in spring (0.32 ind./L) and winter (0.031 ind./L).
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Figure 3. Temporal and spatial changes of zooplankton standing stocks.

There were significant differences among four reaches in density of zooplankton (P< 0.05).
Density of zooplankton in DPHR (18.41 ind./L) and XLDR (14.19 ind./L) was significantly higher than
that in JNR (9.52 ind./L) and ER (8.84 ind./L). The spatial distribution characteristics of density of
cladocerans and copepods was consistent with density of zooplankton. However, density of rotifers
in DPHR was significantly higher than that in other three reaches.
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3.2.2. Biomass

The average biomass of zooplankton in the Shandong section of the Yellow River during four
seasons was (0.087+0.055) mg/L. The total biomass of zooplankton was mainly contributed by
cladocerans, accounting for 56.94%, while the biomass of rotifers (14.43%) and copepods (28.63%)
was smaller.

There were significant seasonal differences in biomass of zooplankton (P<0.05). The highest
biomass of zooplankton was in summer (0.249 mg/L), followed by spring (0.049 mg/L), autumn (0.042
mg/L), and winter (0.006 mg/L) (Figure 3-E). The seasonal variation of biomass of rotifers (Figure 3-
F) and copepods (Figure 3-H) was consistent with the total biomass of zooplankton. However,
biomass of cladocerans in summer (0.176 mg/L) was significantly higher than that in other three
seasons (Figure 3-G).

There were significant differences among four reaches in biomass of zooplankton (P< 0.05).
Biomass of zooplankton in the upper reaches was significantly higher than that in the lower reaches.
The highest biomass of zooplankton was in XLDR (0.189 mg/L), followed by DPHR (0.096 mg/L), JNR
(0.037 mg/L) and ER (0.035 mg/L). The spatial distribution characteristics of biomass of cladocerans
and copepods were consistent with biomass of zooplankton. However, the DPHR (0.024 mg/L) was
significantly higher than that of the other three reaches.

3.3. Characteristics of Zooplankton Community Structure

Temporally, zooplankton could be clearly distinguished into four communities: spring
community, summer community, autumn community and winter community (Figure 4). Similarity
analysis (ANOSIM) revealed significant differences in zooplankton communities between the four
seasons (Global test: R=0.844, P=0.001).

Stress: 0.09

A Spring
Summer

B Autumn
Winter

Figure 4. Non-metric multidimensional scaling ordination of the seasonal characteristics of communities based

on zooplankton abundance.

Spatially, zooplankton could be clearly divided into four communities in spring, summer and
autumn, which were XLDR community, DPHR community, JNR community and HKR community
(Figure 5-A, 5-B and 5-C). Similarity analysis (ANOSIM) revealed that there were significant
differences in zooplankton communities among the four reaches. The results of Global test were as
follows: spring (R=0.876, P=0.001), summer (R=0.912, P=0.001) and autumn (R=0.823, P=0.001). In
winter, only the zooplankton in ER gathered into a single community, and the zooplankton
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community structure differentiation of the other three reaches was low (Global test: R=0.44, P=0.001)

(Figure 7-D).
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Figure 5. Non-metric multidimensional scaling ordination of the spatial characteristics of communities based on

zooplankton abundance (A: spring, B: summer, C: autumn, D: winter).

3.4. Relationship Between Zooplankton and Water Environmental Factors

Based on the redundancy analysis (RDA) of zooplankton abundance and water physicochemical
factors, the contribution rate of pH, water temperature (WT), electrical conductivity (Cond) and
dissolved oxygen (DO) to the total variance of the seasonal differences of zooplankton communities
was 91.2%. Among them, the variance contribution rate of the first characteristic axis was 48.4%, and
that of the second characteristic axis was 42.8% (Figure 6-A). Monte Carlo test showed that pH, WT,
Cond and DO had significant effects on the community structure of zooplankton (P=0.002). There
was a significant positive correlation between zooplankton community and Cond in spring.
However, the zooplankton community was significantly positively correlated with WT and pH in
summer. In addition, Monte Carlo test results revealed that most zooplankton were positively
correlated with WT, pH, and electrical Cond.

The results of redundancy analysis (RDA) based on zooplankton abundance and nutrient salts
showed that the contribution rate of five nutrients (NOs-N, NH4*-N, TN, TOC and TP) to the total
variance of seasonal differences of zooplankton communities was 91.0%. The variance contribution
of the first characteristic axis was 61.2%, and the variance contribution of the second characteristic
axis was 29.8% (Figure 6-B). The results of Monte Carlo test showed that TN, NOs-N, TP and NHa*-
N had significant effects on the community structure of zooplankton (TN: P=0.002, NOs-N: P=0.002,
TOC: P=0.002, NH4*-N: P=0.008,). There was not significant effect of TOC on zooplankton community
(P=0.314). RDA results also showed that the zooplankton community in spring had a significant
positive correlation with NOs-N, NH4+-N and TN, and a significant negative correlation with TP
(Figure 6-B).
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Figure 6. Redundancy analysis (RDA) based on zooplankton abundance and water physicochemical factors (The

black triangles represent the species of zooplankton, and the dots represent samples from each season).


https://doi.org/10.20944/preprints202412.2589.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 December 2024 d0i:10.20944/preprints202412.2589.v1

11 of 17

— 2
(A)Spting - - | (B) Summer R 31; L (1) D/T value
- . LW 016/

e/ 014k
. 5 C ozt
" T o N 0.10}
3 . 0.08 |

Jw T T ooe
)« - | 004t
- - - 1 : o 0_02 .

/ 0.00
L - Spring Summer Autumn Winter
Doges: 66 B i Doges: 81
Fdges: 143 Fdges: 128

@ e - . 0.20

pogy W - i - ¥ .18 | (1) DIT value
¢  ® . . - . .'/_' 0.16

' ' R S

@

© * NI S il
e ! " N 1 0.10 /

. wl 0.08
.« . e @ Bl . « * % 106
. . ; 0.04

@ Daoges: 56 - Doges: 36 0.02
Al "SR Fdges: 90 Bdges: 19| .00

XLDR  DPHR INR HKR

@ Ploima
@ Calanoida
@ Bdelloidea

@ Cyclopoida

Doges: 87 e, { TR Doges: 72
Edges: 218 = Ldpes: 218

Diplostraca
@ [Ilarpacticoida
@ Tlosculariacea

Collothecacea

@ Copepod nauplii

. Doges: 78 & é\xl Dopes: 83
SR~ o Edges: 235 LT B Edpes: 217

Figure 7. Collinear network analysis based on zooplankton abundance.

3.5. Stability of Zooplankton Community

The results of collinear network analysis showed that there were differences in the stability of
zooplankton communities in four seasons and four reaches. Temporally, the D/T (value=0.060) of the
zooplankton community in summer was the lowest which indicated that the zooplankton community
structure in summer was the most stable (Figure 7-]). However, the D/T (value=0.158) of the
zooplankton community in winter was the highest, indicating that the zooplankton community
structure in winter was the most unstable. Spatially, the zooplankton community of XLDR had the
lowest D/T (value=0.086), which indicated that zooplankton community structure of XLDR was the
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most stable. However, the zooplankton community of JNR had the highest D/T (0.015). indicating
that zooplankton community structure of JNR was the most unstable.

4. Discussion

4.1. The Spatial-Temporal Pattern of Zooplankton Species Composition

In this present study, a total of 119 zooplankton species were found in Shandong section of the
Yellow River, which was significantly higher than the number of zooplankton species reported in
recent studies [10,32]. It may be related to the comprehensive duration of the study (four seasons)
and the dense of setting location (29 sampling sites). For example, in a study conducted by Leng et
al. in the same river section, only 10 sampling points were set over a 5-month period, and the survey
recorded only 28 zooplankton species. In addition, the increase in the number of zooplankton species
may be closely related to the ecological protection efforts in the Yellow River basin over the past
decade [33]. Other studies had found that there were significantly seasonal differences in the species
composition of zooplankton in the Yellow River, with a notably higher number of species in summer
compared to that in winter [34]. In this study, the seasonal variation in zooplankton species was
consistent with previous findings. This strongly indicated that seasonal climate changes directly
drive variations in physicochemical factors, which had a significant impact on the species
composition of zooplankton [35].

The spatial differences in zooplankton species composition between the four river reaches were
not significant, which was related to the connectivity of the river and to the high similarity in habitats
among the studied river reaches [36]. 29 sampling points in this study were located in the lower the
Yellow River, which exhibited typical hydrological features of downstream reaches, such as wide
riverbeds and high sediment content [37]. Previous studies had pointed out that rotifers were highly
adaptable to environmental changes and had a wide distribution range [37]. The results of this study
were consistent with this, as the common species across all four seasons and four river reaches were
primarily rotifers. This study also found that Brachionus calyciflorus was the common and dominant
species across the four seasons and river reaches. This suggested that Brachionus calyciflorus was a
generalist species with a wide ecological niche, well adapted to the varying physicochemical
environments of the lower Yellow River throughout the different seasons [38]. Another result of this
study indicated that the JNR and HKR had a higher number of special zooplankton species, but these
special species were not dominant. This suggested that urban wastewater discharge and the
confluence of fresh and saline waters had created a unique aquatic environment, providing favorable
living conditions for the exclusive zooplankton species [39].

4.2. The Spatial-Temporal Pattern of Zooplankton Standing Current

The results of this study indicated that there was a seasonal synchrony in the standing stock of
zooplankton, with density and biomass of zooplankton following the seasonal pattern: summer >
spring > autumn > winter. This pattern was consistent with the findings of many other studies on
standing stock of zooplankton in rivers [40,41]. Previous research had pointed out that water
temperature is a key factor influencing the growth, development, and reproduction of zooplankton
[42], and the findings of this study supported this conclusion. The main reason for this pattern was
that as the temperature increases, the growth rate of zooplankton accelerated and the reproductive
cycle of zooplankton shortens, leading to a rapid increase in their density and biomass during the
summer [43]. The low biomass of zooplankton in winter is due to the fact that many species cope
with the cold winter conditions by producing resting eggs or cysts [44]. The correlation analysis
between zooplankton and environmental factors in this study indicated that the zooplankton
community in the lower Yellow River was significantly positively correlated with WT, while in
winter, the community structure showed a significant negative correlation with WT. This also
revealed that the standing stock of zooplankton was significantly affected by WT.
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The spatial distribution of standing stock of zooplankton in the four studied reaches followed a
pattern of decreasing from upstream to downstream, which was not consistent with the findings of
other studies on zooplankton in domestic rivers [45,46]. This discrepancy may have been due to the
influence of hydraulic engineering projects, lake water input, urban human activities, and tidal effects
on the hydrological environment and nutrient distribution in the studied reaches, which drove the
heterogeneous distribution of standing stock of zooplankton along the river [11,47]. This study found
that the standing stock of zooplankton in autumn was significantly lower than that in summer,
particularly the density and biomass of Cladocera were significantly lower in autumn than in
summer. This was not only influenced by seasonal changes in water conditions [35], but also directly
related to the water diversion and sediment regulation activities in the upstream hydraulic projects
during the summer and autumn zooplankton surveys [10]. During the summer zooplankton
sampling, the upstream water management projects had not carried out water diversion or sediment
regulation, while in autumn, water diversion and sediment regulation activities increased the water
flow speed and sediment content in XLDR. This kind of water environment was unsuitable for the
survival of Cladocera [48]. This study found that zooplankton standing stock in DPHR during
summer was significantly higher than in the other three reaches, with rotifers contributing 74.88% to
the total standing stock. This was primarily due to the rising water levels of the Yellow River's
tributaries, such as the Dawen River and Dongping Lake. It could carry large amounts of organic
debris and nutrients into the nearby DPHR [49]. The abundant food resources led to a massive
proliferation of rotifers [50]. This study found that the density of rotifers in JNR during spring was
significantly higher than in other reaches. This is due to the input of urban domestic sewage from the
nearby city of Jinan, which increased the nutrient levels and elevated the water conductivity [23],
thereby altering the original oligotrophic condition of the JNR and promoting the growth and
reproduction of rotifers [50].

In this present study, we found that the average density of zooplankton in the lower reaches of
the Yellow River is below 15 ind./L, and the average biomass is below 0.1 mg/L, which is significantly
lower than the standing current of zooplankton in lakes [51-53]. It indicates that the rivers of high
sediment content and oligotrophic condition are not ideal habitats for zooplankton, which is
consistent with previous studies [17].

4.3. The Spatial-Temporal Pattern of Zooplankton Community Structure

A lot of ecological factors such as climate and habitat influenced the spatiotemporal dynamics
of zooplankton communities [54]. Among these, climate conditions were the primary drivers of the
seasonal succession of zooplankton communities [55]. In this study, the seasonal succession
characteristics of zooplankton community also supported this conclusion. The zooplankton
community in Shandong section of the Yellow River could be clearly divided into four seasonal
communities: spring community, summer community, autumn community, and winter community.
The results of the Monte Carlo test revealed that pH, water temperature (WT), conductivity (Cond),
dissolved oxygen (DO), total nitrogen (ITN), and total organic carbon (TOC) are important water
environmental factors causing significant seasonal differences in the zooplankton community. This
is consistent with findings reported in previous studies [56].

The differences in hydrological characteristics among different river reaches led to distinct
spatial-patterns in the zooplankton community [57]. In spring, summer, and autumn, the
zooplankton communities could be clearly distinguished into four spatial communities: XLDR
community, DPHR community, JNR community, and HKR community. XLDR community was
mainly influenced by the upstream hydraulic engineering projects, which was consistent with the
previous findings [58]. DPHR community was mainly influenced by the input of nutrients and
organic matter from the lake water [59]. The JNR community was mainly influenced by the discharge
of urban domestic sewage [37]. The HKR community was primarily affected by the unique brackish
water estuarine environment [60]. In winter, the changes caused by spatial differences were
overshadowed by climatic factors [18]. WT became the dominant factor influencing the zooplankton
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communities structure [52]. There were no significant differences in the zooplankton communities
among XLDR, DPHR and JNR. However, the zooplankton community in HKR remains unique due
to the influence of brackish water convergence, allowing it to form a distinct community on its own.

4.4. Zooplankton Community Stability

The balance theory of community stability suggests that species interact with each other through
mutual restraint, leading to stability characteristics within the community. In a stable state, the
species composition of the community remains relatively unchanged. Previous studies pointed out
that the richness and diversity of zooplankton were essential conditions directly influencing the
stability of zooplankton communities [61]. The results of this study were consistent with this. In
summer, the species richness of zooplankton was highest, and the interactions among species were
more complex, resulting in the highest stability of zooplankton communities. In contrast, the stability
of zooplankton communities was lowest in winter. Due to the influence of urban wastewater
discharge, the zooplankton community structure tended to become simplified [62]. In addition, the
overuse of antibiotics, which entered rivers through urban wastewater, harmed zooplankton growth,
development, and reproduction by inhibiting their feeding efficiency and digestive enzyme activity
[63,64]. The results of this study were consistent with this, as the stability of the zooplankton
community in JNR was significantly lower than in other reaches. The stability of the zooplankton
community in XLDR was significantly higher than in the other three reaches. This was due to the
more than 20 years of operation of the Xiaolangdi Hydraulic Project, during which researchers
effectively utilized the self-regulating capacity of the river ecosystem, achieving continuous
environmental improvement and the goal of sustainable development in XLDR [65].
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