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Abstract: A study was conducted to evaluate zooplankton species composition, abundance, and
diversity in both natural and artificial lakes with varying trophic levels and to determine the rela-
tionship between zooplankton community structure and lake environmental conditions. This study
hypothesized that correlations exist between zooplankton community structures and environmental
parameters associated with eutrophication in natural and artificial lakes. Sampling was conducted
across 16 distinct freshwater lentic ecosystems in Malaysia, including natural lakes/swamps, reser-
voirs, constructed lakes/ponds, and old mining lakes, spanning a range of trophic levels from
mesotrophic to hypereutrophic conditions. Physicochemical parameters were measured in situ, while
water and zooplankton samples were collected for nutrient analyses, as well as for zooplankton
identification and enumeration. Throughout this study, a total of 58 zooplankton species, consist-
ing of 36 species of rotifers, 12 species of cladocerans, and 10 species of copepods, were recorded.
The highest zooplankton density (365.7 ± 13.7 ind L−1) was recorded in constructed lakes/ponds
while the lowest density was recorded in natural shallow lakes/swamps (200.5 ± 25.5 ind L−1).
On the other hand, significantly higher (p < 0.05) mean species diversity was observed in natural
lakes/swamps (H’ = 2.2 ± 0.0); whereas, the lowest diversity was in old mining lakes (H’ = 1.5 ± 0.1).
The canonical correspondence analysis (CCA) scores indicated that Polyarthra vulgaris and Chydorus
ventricosus were the discriminating species in natural shallow lakes/swamps associated with high
water transparency. Meanwhile, the small-sized cladocerans (Ceriodaphnia cornuta) and rotifers (Ker-
atella spp., Brachionus spp., and Trichocerca spp.) were the most discriminating species in lakes with
high turbidity, nutrients, and chlorophyll a concentrations, which are the main features of reservoirs
and constructed lakes/ponds. Low density and diversity in old mining lakes were due to a low
species number and the dominance of two species, Lophocharis curvata (38.8%) and Ptygura libera
(39.7%). Overall, the high dominance of a specific zooplankton species resulted in lower biodiversity
in artificial ecosystems compared to natural ecosystems. This study elucidated that zooplankton
community structure in lakes was significantly influenced by the environmental conditions related to
the lake trophic status.
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1. Introduction

The composition of freshwater zooplankton communities is primarily dominated by
rotifers, cladocerans, and copepods. These organisms collectively play significant roles
in the processes of nutrient cycling and energy transmission from primary producers to
elevated trophic levels within aquatic food webs [1] and serve as a major food source
for invertebrates and planktivorous fish [2]. They can also function as bioindicators for
evaluating water quality and eutrophication status [3–6]. Zooplankton species within
freshwater ecosystems demonstrate adaptability to a wide range of environmental fluctua-
tions. They thrive by responding and adjusting to abiotic factors (nutrient concentrations,
water temperature, pH, dissolved oxygen, turbidity, chlorophyll a, transparency, salinity,
and pollutants) and biotic factors (predation, competition, and food availability) [7–10].
Thus, environmental parameters play a pivotal role in influencing the presence and spatial
distribution of zooplankton. For a stable and resilient zooplankton community, optimal
conditions are crucial for key biological processes, including metabolic rate, reproduction,
nutritional composition, and population growth [11–13]. On the other hand, adverse envi-
ronmental conditions can reduce zooplankton abundance, decrease biodiversity, and lead
to the disappearance of certain species.

Zooplankton community structure, characterized mainly by composition, abundance,
and diversity, differs in both natural (shallow/deep natural lakes, swamps, and rivers)
and artificial (reservoirs, constructed lakes/ponds, and old mining lakes) ecosystems,
with varying eutrophication levels [14–18]. Eutrophication influences the diversity and
composition of zooplankton through mortality, reduced reproductive capacity, and dis-
persal due to adverse environmental conditions within the habitats [19]. The progressive
buildup of nutrients, predominantly phosphorus and nitrogen, expedites the process of
lake eutrophication, primarily due to activities in the catchment area. The use of fertilizers,
pesticides, herbicides, and insecticides in agricultural areas can potentially increase the
nutrient and chemical pollutant runoffs to the water and contaminate lakes with hazardous
substances [20,21]. Lakes situated in urbanized and densely populated areas often receive
inputs of municipal wastewater discharges, inadequately functioning septic systems, and
instances of sewage overflow, which accelerate the degradation of water quality and the
onset of eutrophication [22]. Additionally, activity within waterbodies, such as aquaculture
practices, also contributed to higher nutrient concentrations in the water due to undigested
food and fish excrement being directly released into the water [23].

Zooplankton’s occurrence is also influenced by food availability. As filter feeders, zoo-
plankton effectively filter a range of waterborne particles, including phytoplankton, bacterio-
plankton, and heterotrophic flagellates, which serve as their nutritional resources [21–25]. The
presence of high-quality phytoplankton is extremely important for facilitating zooplankton
growth [26]. Eutrophication contributes to the restructuring community of zooplankton
from bigger- to smaller-sized species. In eutrophic environments, diminutive zooplankton,
such as rotifers (Brachionus spp., Keratella spp., and Trichocerca spp.) and cladocerans (Cerio-
daphnia spp.), tend to prevail due to their capacity to subsist on bacteria and detrital matter,
which are prolifically present in eutrophic environments [27,28]. Severe eutrophication can
lead to algal blooms that have deteriorating effects on water quality and aquatic biodiver-
sity [29]. The process of eutrophication gives rise to the emergence of harmful algal blooms
(HABs), resulting in the synthesis of harmful toxins that exert adverse impacts on the
developmental, locomotor, immunological, neurological, and reproductive functionalities
of aquatic organisms [30–32]. Another study also reported that secondary metabolites
produced by toxic algae affect the feeding, survival, and reproduction of zooplankton,
which are sufficiently potent to cause a decline in survival over the life span [33]. However,
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the susceptibility of certain zooplankton species to the adverse impacts of cyanobacteria
toxin, along with their capacity for deploying inducible defenses, enable them to thrive in
eutrophic waters.

The focal point of this investigation lies in the evaluation of zooplankton communities
within both natural and artificial ecosystems susceptible to eutrophication. The zooplank-
ton response to eutrophication is complex due to the interplay between environmental
processes and the specific attributes of other aquatic organisms. Therefore, this study was
conducted: (1) to analyze zooplankton species composition, abundance, distribution, and
biodiversity in different freshwater ecosystems, including natural and artificial ecosystems,
and (2) to examine the relationship between physical and chemical parameters linked to
eutrophication in influencing the structure of zooplankton communities within both natural
and artificial ecosystems. This information is crucial for comprehending the progression of
the zooplankton community, which is intricately tied to environmental shifts stemming
from eutrophication. This study hypothesized that zooplankton composition and diversity
differ in natural and artificial ecosystems based on the levels of eutrophication that would
affect the zooplankton community structure.

2. Material and Methods
2.1. Study Sites

Malaysia is located in Southeast Asia which is composed of two regions: Peninsular
(West Malaysia) and East Malaysia (Borneo). Both regions are separated by the South China
Sea. Malaysia has a tropical climate with hot and rainy weather throughout the year. This
study was carried out at several lakes in Peninsular Malaysia, comprising 4 natural (natural
shallow swamps) and 12 artificial (reservoirs, constructed lakes/ponds, and old mining
lakes) ecosystems from 2019 to 2022 (Figure 1; Table 1). The selection of the studied sites was
based on various activities occurring within the lakes or their respective catchment areas,
which have the potential to impact the water quality and trophic status of the waterbodies.
The trophic status index of the sampling sites ranged from eutrophic to hypereutrophic.
Detailed descriptions of the studied sites can be found in Table 1.

2.2. Field Sampling and Laboratory Analyses

At each sampling site, in situ physical and chemical parameters, including temperature,
pH, dissolved oxygen (DO), and turbidity, were recorded using the YSI multiparameter.
Water transparency was measured using a Secchi disc. Water samples for nutrient (total
nitrogen, TN; total phosphorus, TP; and chlorophyll a) analyses were collected using a Van
Dorn water sampler from three different strata to represent the surface, middle, and bottom
layers of the water. Overall, 96 water samples (n) were collected (16 sampling sites × 2
stations × 3 layers = 96 samples) in this study. Water samples were put in polyethylene
bottles and kept in an ice box during transportation back to the laboratory. Concurrent
with the water sampling, duplicate zooplankton samples were collected with a 60 µm mesh
net from about 30 cm from the bottom to the surface. Samples were transferred into 500
mL screw-cap bottles and preserved using 5% buffered formalin (final concentration) for
zooplankton identification and enumeration in the laboratory. Overall, 64 zooplankton
samples (n) were collected (16 sampling sites × 2 stations × 2 replicates = 64 samples) in
this study. Nutrients and chlorophyll a analyses were measured according to standard
methods, as described by Umi et al. [8]. For enumeration, a sample of 1–5 mL (depending
on the density) was placed in a Sedgewick-Rafter counting chamber and left to settle for half
an hour prior to the microscopic analysis. Random non-overlapping fields were examined
until at least 150 individuals of the dominant species were counted and reported as number
of L−1. Zooplankton identification was accomplished according to descriptions, taxonomic
keys, and illustrations from previous studies [34–39]. Zooplankton density was calculated
using the following formula:
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Population density, ind. L−1 =
(

N × K
V

)
/1000;

N = the numbers of individuals in the subsample, mL;
K = the proportion of subsample volume to the total volume, mL;
V = volume of water filtered by the sampling net, mL.

where:
V = mouth area of the net (A) × depth (D).
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Table 1. Description of the sampling sites.

No. Sites Coordinate Site Descriptions Surface Area and Depth Catchment Area Role

Natural ecosystem

Natural lakes/swamps

S1. Bera Lake, Pahang 3.1325N,
102.6056E

• Bera Lake is the largest natural lake in Malaysia;
• Major aquatic plants: Pandanus helicopus and Lepironia articulata;
• Trophic status: Eutrophic (CTSI = 53.6).

Surface area: 5400 ha
Depth: 3.5 m

Agricultural sites, logging,
iron ore mining, rubber
plantations, palm oil
plantations, and villages.

Flood mitigation (natural wetland
ecosystem due to its presence that can
decrease the velocity, frequency, and
level of floods) and recreational site
(fishing, camping, boating).

S2. Chini Lake, Pahang 3.4351N,
102.9185E

• Chini Lake is the second-largest natural lake in Malaysia;
• Major aquatic plants: Nelumbo nucifera, Pandanus helicopus, and

Lepironia articulata;
• Trophic status: Eutrophic (CTSI = 54.5).

Surface area: 200 ha
Depth: 2.7 m

Agricultural sites, logging,
iron ore mining, rubber
plantations, and palm oil
plantations.

Flood mitigation (natural wetland
ecosystem due to its presence that can
decrease the velocity, frequency, and
level of floods) and recreational site
(fishing, camping, boating).

S3.
&
S4.

Swamps in
Selangor

2.8599N
101.6214E
2.8591N
101.6262E

• These swamps are in Paya Indah Wetland Reserve,
Dengkil, Selangor;

• Major aquatic plants: Nelumbo nucifera, Eleocharis dulcis,
Eleocharis dulcis and Lepironia articulata;

• Trophic status: S3—Eutrophic (CTSI = 56.3); S4—Eutrophic
(CTSI = 57.6).

Surface area: 10 ha
Depth: 0.5 m Forest and tourist activities.

Natural wetland ecosystem due to its
presence that can decrease the velocity,
frequency, and level of floods.
Recreational site (camping, jungle
tracking, cycling, picnic).

Artificial ecosystem

Reservoirs

S5. Chenderoh Lake,
Perak

4.9696N
100.9578E

• Chenderoh Reservoir is located at the tributary of Perak River;
• Major aquatic plants: Hydrilla verticillate, Ceratophyllum

demersum, Nelumbo nucifera, and Pandanus helicopus;
• Trophic status: Eutrophic (CTSI = 57.4).

Surface area: 2500 ha
Depth: 4.8 m Agricultural sites. Hydroelectric power plant, flood

mitigation, water supply, tourism.

S6. Timah Tasoh Lake,
Perlis

6.5875N
100.2286E

• Its name was derived from the two rivers that flow into the
lake—Timah River and Tasoh River;

• Trophic status: Eutrophic (CTSI = 60.4).

Surface area: 1333 ha
Depth: 3.5 m

Agricultural activities,
recreational site, villages,
and mountains.

Flood mitigation, water supply,
irrigation, and tourism.

S7. Kenyir Lake,
Terengganu

5.1394N
102.7904E

• It is the largest man-made lake in Southeast Asia, created in
1985 by the damming of the Kenyir River;

• Trophic status: Eutrophic (CTSI = 58.2).

Surface area: 36,900 ha
Depth: 75 m Forest and recreational sites. Hydroelectric power plant, flood

mitigation, water supply, and tourism.

S8. Sembrong Lake,
Johor

1.9845N
103.1919E

• The major tributaries flowing into this lake were from the
Sembrong and Marpo rivers. Surface area: 850 ha;

• Aquatic plants: Eichhornia crassipes;
• Trophic status: Hypereutrophic (CTSI = 76.1).

Surface area: 850 ha
Depth: 5.1 m

Agricultural sites,
husbandry areas,
and villages.

Flood mitigation and water supply.



Arthropoda 2024, 2 38

Table 1. Cont.

No. Sites Coordinate Site Descriptions Surface Area and Depth Catchment Area Role

Constructed lakes\ponds

S9. Putrajaya Lake, W.P.
Putrajaya

2.9494N
101.6936E

• This lake was created in 1997 when dams were laid across the
Chuau and Bisa rivers. Located at the Federal Government
Administrative left of Malaysia;

• Trophic status: Eutrophic (CTSI = 56.5).

Surface area: 400 ha
Depth: 6.6 m

Administrative and
residential area. Tourism and recreational water sports.

S10. Sri Serdang Pond,
Selangor

3.0042N
101.7138E

• Located at Taman Sri Serdang, Seri Kembangan, Selangor. The
lake is connected to the end of the Anak Kuyoh river. The Anak
Kuyoh river is a tributary of the main Kuyoh River;

• Surface area: 1.8 ha;
• Major aquatic plant: Eichhornia crassipes;
• Trophic status: Hypereutrophic (CTSI = 90.8).

Surface area: 1.8 ha
Depth: 2.7 m

Residential area,
commercial area, and
restaurants.

Recreational sites (jogging, cycling).

S11. UPM Pond,
Selangor

2.9874N
101.7127E

• Located within the Universiti Putra Malaysia (UPM);
• Major aquatic plant: Eichhornia crassipes;
• Trophic status: Hypereutrophic (CTSI = 75.8).

Surface area: 1.0 ha
Depth: 1.5 m

Institution buildings and
forest. Recreational sites (jogging, picnic).

S12. Cempaka Lake,
Selangor

2.9600N
101.7591E

• It is located in an Urban Park in Bangi, Selangor;
• The lake originated from a small river called Ayer Hitam river.

The lake is connected with Sungai Langat through Sg. Ramal,
which is a shallow river that runs through the Kajang and
Bangi areas;

• Trophic status: Hypereutrophic (CTSI = 76.1).

Surface area: 6.4 ha
Depth: 3.2 m

Residential area,
commercial area, and
restaurants.

Recreational activities, jogging,
and cycling.

Old mining lakes

S13. Puchong Lake,
Selangor

2.9541N
101.6094E

• Located near the South Klang Valley Expressway (SKVE) and
near a newly developing property area;

• Trophic status: Eutrophic (CTSI = 67.9).

Surface area: 6.4 ha
Depth: 3.2 m Residential area. Recreational site and fishing.

S14. The Mines Lake,
Selangor

3.0341N
101.7127E

• Located near the Sungai Besi Highway, northeast of Seri
Kembangan, Selangor; Trophic status: Eutrophic (CTSI = 64.3).

Surface area: 62.1 ha
Depth: 100 m

Commercial area and
residential area. Tourism and recreational site.

S15. Biru Kundang Lake,
Selangor

3.2516N
101.5251E

• Located at Kampung Melayu Sri Kundang, which is located in
the subdistrict of Rawang, Selangor;

• Trophic status: Eutrophic (CTSI = 68.8).

Surface area: 32 ha
Depth: 5.2 m Residential area. Recreational site.

S16. Taiping Lake, Perak 4.8526N
100.7464E

• Located in the first public garden in Malaysia. Situated near
Bukit Larut, Perak;

• Trophic status: Eutrophic (CTSI = 56.45).

Surface area: 64 ha
Depth: 4.0 m m Garden and residential area. Tourism and recreational site.
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2.3. Data Analyses

Environmental data were assessed for normality by the Shapiro–Wilk test and log (x + 1)
transformed prior to one-way analysis of variance (ANOVA) using SPSS v. 25 (IBM SPSS
Statistical, Chicago, IL, USA). All environmental and zooplankton data (fourth root trans-
formed to balance the common and rare species) were ordinated by the correlation-based
principal component analysis (PCA) using PRIMER software (Plymouth Routine in Mul-
tivariate Ecological Research v. 7 PRIMER E-Ltd, Plymouth, UK) to identify the key
factors contributing to variations and patterns in datasets. In addition, the Shannon–
Wiener diversity index (H’) calculation, the similarity percentage analysis (SIMPER), biotic-
environmental analysis (BIO-ENV), and canonical correspondence analysis (CCA) were
performed using XLSTAT software to determine various aspects of the zooplankton com-
munity structure and to ascertain relationships between the zooplankton and the environ-
mental variables. The occurrence of zooplankton species and the discriminant species in
each site was further illustrated by a shade plot to show clear distributions of each species
in different lakes.

3. Results
3.1. Zooplankton Species Composition, Abundance, and Diversity

A total of 58 zooplankton species, consisting of 12 species of cladocerans (seven
families), 10 species of copepods (two families), and 36 species of rotifers (twelve families),
were recorded throughout the sampling period in all lakes (Table 2). The significantly
(p < 0.05) higher numbers of zooplankton species were recorded in both reservoir and
constructed lakes, with 43 zooplankton species, followed by natural shallow lakes/swamps,
with 41 species; meanwhile, the lowest number of zooplankton species was recorded in old
mining lakes, with only 29 species. Among the lakes, the highest (p < 0.05) zooplankton
density (365.7 ± 13.7 ind L−1) was recorded in the constructed lakes/ponds, followed by
reservoirs (308.8 ± 34.9 ind L−1) and old mining lakes (243.4 ± 28.5 ind L−1). The lowest
zooplankton density (200.5 ind L−1) was observed in natural lakes (Table 2).

The rotifers formed the most dominant group, accounting for over 50% of total zoo-
plankton in all studied lakes, especially in the old mining lakes, with 87.8%. The Brachion-
idae family contributed the most rotifer species, with 14 species. In the natural ecosystem,
the abundances of Polyarthra vulgaris (Carlin, 1934) (30.3 ind L−1; 15.1%), Chydorus ventrico-
sus (Daday, 1898) (30.0 ind. L−1; 15.0%), and Keratella cochlearis (Gosse, 1851) (16.8 ind. L−1;
8.5%) were significantly higher (p < 0.05) compared to the other species (Table 2). Some
species, such as C. ventricosus, Eucyclops taiwanensis (Sukhikh and Alekseev, 2015), Mesocy-
clops affinis (van de Velde, 1987), Microcyclops francisci (Holynska, 2000), and Microcyclops
sumatranus (Kiefer, 1933), were only found in natural ecosystems (Table 2; Figure 2). In the
reservoir, Bosminopsis africanus (Daday, 1908) (71.2 ind. L−1; 23.1%), Ceriodaphnia cornuta
(G.O. Sars, 1885) (32.1 ind. L−1; 10.4%), K. cochlearis (26.5 ind. L−1; 8.6%), and Ptygura libera
(25.1 ind. L−1; 8.1%) showed significantly higher (p < 0.05) mean density compared to
other species. A similar trend was observed in the constructed lakes, where the density
of C. cornuta (54.9 ind. L−1; 15.0%), K. cochlearis (26.5 ind. L−1; 8.6%), and Ptygura libera
(Myers, 1934) (25.1 ind. L−1; 8.1%) was significantly higher (p < 0.05) compared to other
species. Zooplankton abundance in old mining lakes showed a clear domination of P. libera
(96.7 ind. L−1; 39.7%) and Lophocharis curvata (Berzin, 1982) (94.4 ind. L−1; 38.8%) among
the total zooplankton (Table 2; Figure 2).

In all artificial ecosystems, it was found that copepod nauplii was significantly higher
(p < 0.05) compared to copepodites and adult copepods. Meanwhile, adult copepods were
the most dominant form in a natural ecosystem. Based on the Shannon–Wiener species
diversity index, the zooplankton diversity in natural shallow swamps was significantly
(p < 0.05) higher (H’ = 2.2 ± 0.0) compared to reservoirs (H’ = 1.9 ± 0.1) and constructed
lakes (H’ = 1.7 ± 0.1). The lowest species diversity was recorded in old mining lakes
(p < 0.05, H’ = 1.5 ± 0.1) (Table 2).
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Table 2. Mean densities (ind. L−1) and percentages (%) of zooplankton species in natural (n = 4) and artificial (n = 3 × 4 = 12) ecosystems.

Family Species

Natural Ecosystem Artificial Ecosystem

Natural Shallow Swamps Reservoirs Constructed Lakes Old Mining Lakes

Mean Densities % Mean Densities % Mean Densities % Mean Densities %

Cladocerans
Bosminidae Bosmina fatalis 0.0 ± 0.0 0.0 6.7 ± 1.3 2.2 26.1 ± 3.8 7.1 1.6 ± 0.5 0.7

Bosminopsis africanus 5.5 ± 2.7 2.8 71.2 ± 28.8 23.1 0.7 ± 0.2 0.2 0.0 ± 0.0 0.0
Chydoridae Anthalona harti harti 7.8 ± 1.3 3.9 1.1 ± 0.6 0.4 0.9 ± 0.4 0.2 6.8 ± 1.2 2.8

Chydorus ventricosus 30.0 ± 7.9 15.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Daphniidae Ceriodaphnia cornuta 2.9 ± 1.2 1.5 32.1 ± 14.2 10.4 54.9 ± 11.2 15.0 1.6 ± 0.1 0.7

Simocephalus serrulatus 2.4 ± 0.3 1.2 1.1 ± 0.1 0.4 0.8 ± 0.3 0.2 0.1 ± 0.0 0.0
Ilyocryptidae Ilyocryptus spinifer 3.7 ± 0.9 1.9 1.2 ± 0.9 0.4 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Macrothricidae Macrothrix spinosa 6.6 ± 3.2 3.4 0.6 ± 0.3 0.2 0.0 ± 0.0 0.0 1.9 ± 0.3 0.8

Macrothrix triserialis 0.0 ± 0.0 0.0 3.3 ± 1.2 1.1 2.5 ± 0.9 0.7 0.0 ± 0.0 0.0
Moinidae Moina micrura 2.5 ± 1.0 1.3 0.0 ± 0.0 0.0 0.1 ± 0.0 0.0 0.0 ± 0.0 0.0
Sididae Diaphanosoma excisum 4.8 ± 0.9 2.4 1.2 ± 0.2 0.4 1.6 ± 2.3 0.4 0.0 ± 0.0 0.0

Diaphanosoma sarsi 0.2 ± 0.1 0.1 1.6 ± 0.6 0.5 3.2 ± 1.2 0.9 0.0 ± 0.0 0.0

Subtotal 53.2 ± 12.7 27.0 120.1 ± 23.2 38.9 85.1 ± 17.9 23.2 11.9 ± 3.2 4.9

Copepods
Copepodites 3.2 ± 0.2 1.6 3.7 ± 0.1 1.2 7.8 ± 0.2 2.1 2.4 ± 0.0 1.0
Nauplii 2.4 ± 0.0 1.2 19.6 ± 5.0 6.3 28.0 ± 3.7 7.7 3.7 ± 0.9 1.5
Cyclopidae Eucyclops taiwanensis 2.8 ± 1.5 1.4 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0

Mesocyclop affinis 1.2 ± 0.6 0.6 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Mesocyclops francisci 1.2 ± 0.6 0.6 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Mesocyclos ogunnus 1.6 ± 0.5 0.8 1.2 ± 0.3 0.4 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Mesocyclos thermocyclopoides 0.0 ± 0.0 0.0 16.6 ± 2.3 5.4 26.6 ± 2.7 7.3 2.6 ± 0.9 1.1
Microcyclops pachyspina 12.5 ± 5.2 6.2 0.9 ± 0.1 0.3 0.6 ± 0.0 0.2 0.3 ± 0.0 0.1
Microcyclops sumatranus 0.6 ± 0.1 0.3 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Thermocyclop crassus 5.5 ± 2.7 2.7 3.7 ± 1.1 1.2 12.4 ± 1.7 3.4 0.0 ± 0.0 0.0
Thermocyclops decipiens 0.2 ± 0.0 0.1 0.2 ± 0.0 0.1 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0

Diaptomidae Mongolodiaptomus malaindosinensis 3.7 ± 0.8 1.8 3.8 ± 0.5 1.2 12.7 ± 3.9 3.5 8.7 ± 1.0 3.6

Subtotal 34.7 ± 5.7 17.3 49.5 ± 5.7 16.0 88.1 ± 16.7 24.1 14.0 ± 3.9 7.3
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Table 2. Cont.

Family Species

Natural Ecosystem Artificial Ecosystem

Natural Shallow Swamps Reservoirs Constructed Lakes Old Mining Lakes

Mean Densities % Mean Densities % Mean Densities % Mean Densities %

Rotifers
Adinetidae Adineta ricciae 1.7 ± 0.7 0.8 5.5 ± 1.2 1.8 0.6 ± 0.3 0.2 0.0 ± 0.0 0.0
Asplanchanidae Asplanchna priodonta 0.2 ± 0.1 0.1 0.7 ± 0.1 0.2 5.7 ± 0.5 1.6 0.5 ± 0.2 0.2
Brachionidae Anuraeopsis fissa 2.4 ± 1.1 1.2 1.3 ± 0.4 0.4 2.0 ± 0.3 0.5 0.6 ± 0.1 0.2

Brachionus angularis 0.0 ± 0.0 0.0 0.7 ± 0.2 0.2 2.0 ± 0.1 0.5 2.6 ± 0.5 1.1
Brachionus caudatus 0.0 ± 0.0 0.0 0.2 ± 0.1 0.1 3.2 ± 0.2 0.9 1.4 ± 0.5 0.6
Brachionus calyciflorus 0.6 ± 0.1 0.3 0.3 ± 0.1 0.1 24.4 ± 5.2 6.7 0.1 ± 0.0 0.0
Brachionus donneri 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.7 ± 0.1 0.2 0.1 ± 0.1 0.0
Brachionus falcatus 3.1 ± 0.8 1.5 12.4 ± 0.9 4.0 14.9 ± 3.5 4.1 0.0 ± 0.0 0.0
Brachionus forficula 1.9 ± 1.2 0.9 9.2 ± 1.5 3.0 5.1 ± 1.2 1.4 0.0 ± 0.0 0.0
Brachionus patulus 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.1 ± 0.1 0.0 0.0 ± 0.0 0.0
Brachionus quadridentatus 0.0 ± 0.0 0.0 1.1 ± 0.2 0.4 0.8 ± 0.4 0.2 0.6 ± 0.3 0.2
Brachionus sericus 0.0 ± 0.0 0.0 7.1 ± 0.9 2.3 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Keratella cochlearis 16.8 ± 7.2 8.5 26.5 ± 5.2 8.6 32.3 ± 4.2 8.8 1.9 ± 0.4 0.8
Keratella tecta 2.5 ± 0.9 1.2 1.9 ± 0.6 0.6 0.6 ± 0.2 0.2 0.9 ± 0.2 0.4
Keratella tropica 0.7 ± 0.2 0.3 12.9 ± 1.7 4.2 0.5 ± 0.3 0.1 0.5 ± 0.3 0.2
Lepadella ovalis 0.9 ± 0.1 0.4 0.0 ± 0.0 0.0 0.2 ± 0.1 0.1 0.0 ± 0.0 0.0

Filinidae Filinia camasecla 0.0 ± 0.0 0.0 0.1 ± 0.0 0.0 0.3 ± 0.1 0.1 0.0 ± 0.0 0.0
Filinia longiseta 0.0 ± 0.0 0.0 0.1 ± 0.1 0.0 0.5 ± 0.2 0.1 0.0 ± 0.0 0.0
Filinia opoliensis 1.2 ± 0.5 0.6 1.6 ± 0.4 0.5 16.9 ± 2.3 4.6 1.3 ± 0.1 0.5
Filinia terminalis 3.7 ± 1.3 1.8 1.2 ± 0.2 0.4 0.0 ± 0.0 0.0 0.5 ± 0.2 0.2

Flosculariidae Ptygura libera 3.1 ± 0.4 1.5 25.1 ± 7.2 8.1 30.8 ± 5.2 8.4 96.7 ± 11.2 39.7
Gastropodidae Ascomorpha ecaudis 5.6 ± 1.9 2.8 0.8 ± 0.2 0.3 0.5 ± 0.2 0.1 0.0 ± 0.0 0.0

Gastropus stylifer 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.1 ± 0.0 0.0 0.0 ± 0.0 0.0
Hexarthridae Hexathra mira 11.4 ± 6.2 5.7 5.2 ± 1.1 1.7 21.0 ± 1.0 5.7 1.3 ± 0.1 0.5
Lecanidae Lecane bulla 2.5 ± 0.3 1.2 0.3 ± 0.1 0.1 0.1 ± 0.0 0.0 0.3 ± 0.1 0.1

Lecane curvicornis 1.2 ± 0.5 0.6 0.3 ± 0.1 0.1 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Monostyla bulla 0.0 ± 0.0 0.0 1.0 ± 0.2 0.3 0.5 ± 0.3 0.1 0.3 ± 0.1 0.1

Mytillinidae Lophocharis curvata 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.4 ± 0.2 0.1 94.4 ± 8.4 38.8
Mytillina 0.1 ± 0.0 0.0 0.0 ± 0.0 0.0 0.1 ± 0.0 0.0 0.0 ± 0.0 0.0

Synchaetidae Polyarthra vulgaris 30.3 ± 6.2 15.1 6.6 ± 1.6 2.1 17.6 ± 1.7 4.8 2.2 ± 0.7 0.9
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Table 2. Cont.

Family Species

Natural Ecosystem Artificial Ecosystem

Natural Shallow Swamps Reservoirs Constructed Lakes Old Mining Lakes

Mean Densities % Mean Densities % Mean Densities % Mean Densities %

Testudinellidae Pompholyx complanata 4.4 ± 1.0 2.2 5.8 ± 1.2 1.9 2.5 ± 0.9 0.7 0.0 ± 0.0 0.0
Pompholyx sulcata 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0

Trichocercidae Trichocerca similis 2.5 ± 1.1 1.2 7.7 ± 0.4 2.5 7.3 ± 1.2 2.0 4.6 ± 1.2 1.9
Trichocerca elongata 0.3 ± 0.0 0.0 0.0 ± 0.0 0.0 0.2 ± 0.1 0.1 5.6 ± 1.3 2.3
Trichocerca pusilla 1.8 ± 0.2 0.9 0.3 ± 0.1 0.1 0.0 ± 0.0 0.0 0.0 ± 0.0 0.0
Trichocerca cylindrica 0.9 ± 0.1 0.4 3.3 ± 0.3 1.1 0.7 ± 0.3 0.2 0.9 ± 0.4 0.4

Subtotal 112.6 ± 28.3 56.2 139.2 ± 26.3 45.1 192.5 ± 37.9 52.6 217.5 ± 42.9 87.8

Grand total 200.5 ± 25.5 100 308.8 ± 34.9 100 365.7 ± 13.7 100 243.4 ± 28.5 100

Total number of species 41 43 43 29

Shannon–Wiener diversity
index (H’) 2.2 ± 0.0 1.9 ± 0.1 1.7 ± 0.1 1.5 ± 0.1
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Figure 2. Shade plot of variations of zooplankton species’ densities (ind. L−1) in the sampling sites. White spaces denote the absence of the species in that specific 
site; the depth of the color scale is linearly proportional to a fourth-root transformation of density. 
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3.2. Physicochemical Parameters of Studied Sites

The range of temperature recorded in the natural ecosystem was between 27.68 ◦C and
29.68 ◦C while, in the artificial ecosystem, it was between 28.34 ◦C and 30.53 ◦C (Table 3).
The range of pH values recorded in the natural ecosystem ranged between pH 4.87 and pH
6.46; whereas, in the artificial ecosystem, the values were between pH 5.70 and pH 7.80.
Dissolved oxygen (DO) concentrations ranged from 1.97 mg L−1 to 4.58 mg L−1 while,
in the artificial ecosystem, DO levels ranged from 0.74 mg L−1 to 8.40 mg L−1. Turbidity
levels in the natural ecosystem ranged from 14.82 NTU to 17.29 NTU. Meanwhile, the
range of turbidity levels in the artificial ecosystem was from 12.74 NTU to 42.00 NTU.
In the natural ecosystem, total phosphorus (TP) and total nitrogen (TN) concentrations
showed no significant difference (p > 0.05) among sites. However, in artificial ecosystems,
significantly higher (p > 0.05) TP concentrations, ranging from 0.03 mg L−1 to 0.69 mg L−1,
and TN concentrations, ranging from 0.17 mg L−1 to 2.26 mg L−1, were recorded compared
to the natural ecosystem. In terms of chlorophyll a concentrations, the values recorded
in the natural ecosystem ranged between 3.88 µg L−1 and 11.15 µg L−1. Significantly
more (p < 0.05) chlorophyll a was observed in the artificial ecosystem, with concentrations
ranging from 8.70 µg L−1 to 97.18 µg L−1, compared to the natural ecosystem. The range
of water transparency levels recorded in the natural ecosystem was from 0.82 m to 1.10 m
while, in the artificial ecosystem, it ranged from 0.25 m to 1.70 m.

Table 3. Environmental parameters and nutrient concentrations (Mean ± SE) at the study sites.
Means with different superscripts are significantly different, p < 0.05.

Temperature,
◦C pH DO, mg L−1 Turbidity,

NTU TP, mg L−1 TN, mg L−1 Chl a, µg L−1 W. Transp., m

Natural ecosystem

Shallow swamps
Chini Lake 29.68 ± 0.47 d 6.46 ± 0.39 d 4.58 ± 0.46 e 16.80 ± 7.21 h 0.04 ± 0.02 e 0.20 ± 0.01 f 3.88 ± 0.90 p 1.06 ± 0.10 de

Bera Lake 29.00 ± 0.53 g 5.80 ± 0.71 e 4.70 ± 1.0 e 15.60 ± 3.8 k 0.03 ± 0.02 e 0.30 ±0.01 f 5.72 ± 1.25 o 1.10 ± 0.20 b

Swamp S3 27.68 ± 1.2 k 4.87 ± 0.5 f 1.97 ± 0.25 h 17.29 ± 5.16 g 0.05 ± 0.01 e 0.27 ± 0.01 f 11.15 ± 2.30 j 0.95 ± 0.05 cd

Swamp S4 28.60 ± 0.97 i 5.67 ± 0.25 e 2.30 ± 0.30 g 14.82 ± 6.29 l 0.06 ± 0.02 e 0.24 ± 0.01 f 10.63 ± 4.28 k 0.92 ± 0.01 de

Artificial ecosystem

Reservoirs
Chenderoh Reservoir 29.90 ±0.90 c 7.76 ± 1.30 a 7.40 ± 1.7 b 20.10 ± 3.52 f 0.05 ± 0.01 e 2.05 ± 0.10 b 9.70 ± 1.95 l 0.95 ± 0.01 cd

Timah Tasoh
Reservoir 28.53 ± 1.2 i 6.61 ± 0.95 d 7.50 ± 0.50 b 16.16 ± 2.77 i 0.03 ± 0.01 e 0.20 ± 0.05 f 12.50 ± 2.85 i 0.90 ± 0.00 de

Kenyir Reservoir 29.56 ± 1.23 e 7.21 ± 1.1 b 7.38 ± 0.92 b 14.40 ± 1.22 m 0.10 ± 0.01 d 0.20 ± 0.01 f 8.70 ± 1.07 n 1.70 ± 0.01 a

Sembrong Reservoir 29.70 ± 0.31 d 7.80 ± 0.22 a 5.27 ± 0.4 c 28.40 ± 2.90 d 0.14 ± 0.01 cde 2.26 ± 0.33 a 97.18 ± 4.70 a 0.30 ± 0.01 g

Constructed lakes
Putrajaya Lake 30.53 ± 0.22 a 6.81 ± 0.28 c 7.50 ± 0.37 b 23.16 ± 0.75 e 0.03 ± 0.00 e 0.17 ± 0.28 f 15.53 ± 0.65 h 1.06 ± 0.02 bc

Sri Serdang Pond 28.34 ± 0.2 j 6.84 ± 0.22 c 0.74 ± 0.30 i 39.94 ± 5.02 b 0.69 ± 0.10 a 0.20 ± 0.09 f 95.00 ± 17.9 b 0.25 ± 0.02 g

UPM Pond 29.12 ± 0.95 g 7.23 ± 1.22 b 4.93 ± 0.5 d 29.94 ± 7.35 c 0.10 ± 0.0 de 1.00 ± 0.01 e 44.70 ±7.23 d 0.85 ± 0.05 de

Cempaka Lake 28.82 ± 0.57 h 6.60 ± 2.30 d 4.94 ± 0.92 d 42.00 ± 8.55 a 0.52 ± 0.02 b 1.24 ± 0.01 d 48.00 ± 8.92 c 0.35 ± 0.01 g

Old mining lakes
SKVE Lake 28.48 ± 0.15 i 7.10 ± 0.25 b 2.59 ± 0.28 f 17.30 ± 1.13 g 0.20 ± 0.03 cd 1.85 ± 0.13 c 16.50 ± 0.14 f 0.65 ± 0.10 f

The Mines Lake 29.30 ± 0.29 f 7.22 ± 0.28 b 0.91 ± 0.17 h 12.74 ± 0.11 o 0.22 ± 0.07 cd 1.72 ± 0.22 c 16.11 ± 2.11 g 1.58 ± 0.05 a

Biru Kundang Lake 28.53 ± 0.75 i 5.70 ± 0.57 e 8.40 ± 1.20 a 15.84 ± 2.48 j 0.26 ± 0.01 c 1.26 ± 0.05 d 18.00 ± 3.6 e 0.80 ± 0.02 e

Taiping Lake 30.32 ± 1.20 b 6.81 ± 1.23 c 7.50 ± 0.9 b 13.16 ± 3.02 n 0.03 ± 0.00 e 0.20 ± 0.00 f 9.50 ± 2.08 m 0.80 ± 0.03 e

3.3. Relationship between Zooplankton and Physicochemical Parameters

Canonical correspondence analysis (CCA) was used to determine the relationship
between zooplankton species and physicochemical characteristics and the results showed
that environmental factors explained 60.59% of the variance in the weighted means of
the species with respect to the eight parameters (Figure 3). Axis 1, which accounted
for a total variance of 34.66%, was positively correlated with turbidity, chlorophyll a,
pH, and total nitrogen (TN) and negatively correlated with water transparency. From
the biplot, Ceriodaphnia cornuta, Brachionus calyciflorus, B. falcatus, Trichocerca similis, and
Keratella cochlearis, which were found in high densities in the artificial ecosystem (reser-
voirs and constructed lakes/ponds), were positively influenced by Axis 1, marked by
high nutrient, turbidity, and chlorophyll a concentrations. Meanwhile, Polyarthra vul-
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garis, which was found abundantly in the natural ecosystem, was negatively associated
with total nitrogen (r = −0.669), chlorophyll a (r = −0.666), and total phosphorus (TP)
(r = −0.522) (Table 4). A positive correlation was found between C. cornuta and turbidity
(r = 0.597), chlorophyll a (r = 0.543), TN (r = 0.529), and total phosphorus (TP) (r = 0.438).
Brachionus calyciflorus was positively correlated with turbidity (r = 0.713) and chlorophyll
a (r = 0.714) (Table 5). Similarly, T. similis showed a positive correlation with chlorophyll
a (r = 0.752), turbidity (r = 0.735), and TP (r = 0.426), respectively. Meanwhile, K. cochlearis
showed a positive correlation with turbidity (r = 0.540), chlorophyll a (r = 0.526), and TN
(r = 0.506). In contrast, P. vulgaris showed a negative correlation with TN (r = −0.669),
chlorophyll a (r = −0.666), and TP (r = −0.522). Overall, the high density of zooplank-
ton was positively correlated with chlorophyll a (r = 0.571), turbidity (r = 0.496), and
TN (r = 0.457) and negatively associated with water transparency (r = −0.487). Further
analysis was performed to find the correlation between zooplankton and physical and
chemical parameters using biotic-environmental (BIO-ENV) analysis. The global test
from BIO-ENV showed that zooplankton density was significantly (p < 0.05) correlated
with physical and chemical parameters (Table 5. From the BIO-ENV analysis, chloro-
phyll a, total nitrogen, and turbidity were best correlated to zooplankton density with
ρ = 0.508.
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Figure 3. Bi-plots of the canonical correspondence analysis (CCA) for zooplankton species and
physical and chemical parameters showing the distribution of zooplankton species in relation to
environmental conditions in different sites (a = natural lakes; b = artificial lakes). DO = dissolved
oxygen, W. transparency = water transparency, TN = total nitrogen, TP = total phosphorus, Chl a =
chlorophyll a.
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Table 4. Overall correlation metrics (non-parametric Spearman’s rank order correlation) for envi-
ronmental parameters and zooplankton species at the study sites. DO = dissolved oxygen, W. trans-
parency = water transparency, TN = total nitrogen, TP = total phosphorus. * (p < 0.05); ** (p < 0.01).

pH Temperature DO Turbidity TP TN Chlorophyll a W. Transparency

Temperature 0.360
Dissolved oxygen (DO) −0.161 0.445 *
Turbidity 0.171 −0.090 0.113
Total phosphorus (TP) 0.129 −0.354 −0.263 −0.017
Total nitrogen (TN) 0.490* 0.090 0.325 0.414 0.249
Chlorophyll a 0.401 −0.134 0.240 0.663 ** 0.352 0.676 **
Water transparency 0.047 0.421 0.101 −0.697 ** −0.129 −0.200 −0.512 *
Diversity −0.115 −0.362 −0.281 0.244 −0.107 −0.121 0.217 −0.262
Density 0.086 −0.009 0.357 0.496 * 0.371 0.457 * 0.571 ** −0.487 *
Cladocera 0.063 0.157 0.207 0.490 * −0.040 −0.031 0.182 −0.296
Copepoda −0.165 0.028 0.193 0.083 0.068 −0.244 0.045 −0.172
Rotifera 0.097 0.060 0.224 0.236 0.152 −0.144 0.270 −0.292
Ceriodaphnia cornuta 0.181 0.127 0.272 0.597 * 0.438 * 0.529 * 0.543 * −0.303
Polyarthra vulgaris −0.363 0.026 −0.143 −0.189 −0.522 * −0.669 ** −0.666 ** −0.047
Keratella cochlearis 0.322 0.380 0.407 0.540 * 0.075 0.506 * 0.526 * −0.114
Trichocerca similis 0.232 −0.211 −0.106 0.735 ** 0.426 * 0.291 0.752 ** −0.643 **
Brachionus calyciflorus 0.368 −0.078 −0.134 0.713 ** 0.276 0.250 0.714 ** −0.472 *
Brachionus falcatus 0.308 −0.340 −0.057 0.708 ** 0.108 0.200 0.421 −0.632 **
Thermocyclops crassus 0.203 −0.044 0.126 0.641 ** 0.039 0.193 0.397 −0.529 *

Table 5. Spearman’s rank correlations (ρ) obtained by BIO-ENV analysis, showing the contributions
of different variables in shaping the zooplankton community structure.

Global Rho (ρ) = 0.508; p = 0.1%

No. Variables Correlation (ρ) Selections

1 0.334 Chlorophyll a
2 0.456 Chlorophyll a, total nitrogen
3 0.508 Chlorophyll a, turbidity, total nitrogen
4 0.454 Chlorophyll a, turbidity, total nitrogen, temperature
5 0.437 Chlorophyll a, total nitrogen, temperature, pH, turbidity

4. Discussion

A total of 58 zooplankton species, consisting of 36 species of rotifers, 12 species of
cladocerans, and 10 species of copepods, were recorded throughout the sampling period.
The number of zooplankton species recorded in this study was higher compared to the
45 zooplankton species found by Abd Razak and Sharip [22] and the 49 zooplankton
species reported by Ismail et al. [40] in Malaysian lakes. However, the number of zooplank-
ton species obtained in this study was lower compared to the 112 zooplankton species
in Tondano Lake, Indonesia [41], and the 65 zooplankton species in Baiyangdian Lake,
China [42]. Rotifers, in general, represent the main contributors to the zooplankton density
and diversity in freshwater ecosystems [7,43,44]. This fact is confirmed by our results as
rotifers contributed to more than 50% of the total zooplankton population observed in
almost all sampling sites. The prevalence of rotifers could potentially be attributed to their
growth patterns aligned with r-strategy traits and their phenotypic attributes linked to
specific functions. As r-species, they have thrived due to their opportunistic nature, short
life cycles, and ability to endure unfavorable environmental circumstances and resource
scarcity; their smaller size makes them less susceptible to predation [45]. Additionally, in
this study, the rotifer assemblage was dominated by Brachionus spp., Keratella spp., and
Trichocerca spp.

Zooplankton composition, abundance, and diversity differed between natural and
artificial ecosystems. In shallow natural swampy lakes, zooplankton density was signifi-
cantly lower (p < 0.05, 200.5 ± 25.5 ind. L−1) but diversity (H’ = 2.2 ± 0.0) was significantly
higher (p < 0.05) compared to artificial lakes. Zooplankton diversity recorded in this
study was higher compared to the zooplankton diversity in Tondano Lake, Indonesia
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(H’ = 1.73–1.85) [41], and in several urban lakes in Malaysia (H’ = 1.41–2.34) [22]. However,
zooplankton diversity was low compared to the zooplankton diversity in Ulansuhai Lake,
China (H’ = 2.75) [17]. Low zooplankton density is a characteristic of a nutrient-poor
lake with low primary productivity. In addition, floods and droughts might influence
zooplankton dynamics by affecting both local (food availability) and regional (increasing
connection and dispersion) environmental conditions [46]. Flood-pulse dynamics also will
have an impact on the degree of connectivity between the lakes and the river and will affect
the zooplankton structure as a result of less stable environmental conditions. However,
high diversity in the natural ecosystem might be due to the presence of macrophytes, which
can provide habitat heterogeneity for hydrobiont communities, especially zooplanktonic
species [47]. Observation during the sampling period found that natural lakes harbor more
aquatic plants/macrophytes, such as Nelumbo nucifera, pandanus helicopus, Eleocharis dulcis,
and Lepironia articulata, compared to artificial lakes, which can provide habitat, food sources,
and refuge for zooplankton. This observation aligned with Brito et al. [48] who reported
that the high occurrence of zooplankton species within floodplain regions can be attributed,
in part, to the substantial presence of extensive aquatic macrophyte cover. Submerged or
free-floating macrophytes foster an elevated species diversity by expanding the available
colonization area, enhancing the availability of food resources, and providing a refuge
from predation [49–51]. Prior investigations have also demonstrated that habitat intricacy,
brought about by aquatic macrophytes, functions as a predictive factor for biodiversity.
This complexity contributes to species richness and facilitates the expansion of a more
extensive genetic reservoir within the zooplankton community [46,51,52].

High zooplankton density was observed in artificial ecosystems, especially reservoirs
(308.8 ± 34.9 ind. L−1) and constructed lakes (365.7 ± 13.7 ind. L−1). This is probably
due to longer residence time in deeper reservoirs compared to shallow natural lakes,
which could allow time for zooplankton community development. However, due to
the protracted retention period inherent to reservoirs and constructed lakes relative to
natural lakes, the former are predisposed to eutrophication when exposed to unregulated
nutrient enrichment. Elevated nutrient levels facilitate the proliferation of phytoplankton,
thereby serving as a nutritional source for zooplankton. This is in line with the findings
of Moody and Wilkinson [53], who noted an increase in zooplankton abundance within
nutrient-enriched lakes, attributed to the availability of food resources. Furthermore, the
comparatively elevated quantity of both zooplankton species and their abundance detected
in lakes with high eutrophication can also be attributed to the prevalence of microbial
sustenance. Generally, high biomasses of decomposed phytoplankton within eutrophic
waters lead to increased concentrations of detritus and bacteria, which assume significance
as pivotal dietary resources for zooplankton. Consequently, within more eutrophic lake
environments, the potential for a high abundance of zooplankton species becomes more
pronounced. Zooplankton structure in both reservoirs and constructed lakes/ponds in this
study showed a typical zooplankton community structure of a eutrophic ecosystem with
high density but low species diversity due to the domination of certain species (Table 2).

From the BIO-ENV and CCA analyses, environmental parameters related to eutroph-
ication, such as chlorophyll a, total nitrogen, and turbidity, were the major contributors
to shaping the structure and function of the zooplankton community. Howarth et al. [54]
reported that the productivity of aquatic ecosystems was mainly influenced by nutrient
concentrations, especially nitrogen and phosphorus in the water bodies. Previous studies
on zooplankton communities under different disturbance levels due to human interfer-
ence pointed out that inorganic nitrogen (ammonia, nitrate, and nitrite nitrogen) and total
phosphorus (TP), including soluble reactive phosphorus (PO4

3−), were determinants con-
straining the zooplankton community, particularly for eutrophic indicators [19,55,56]. The
bottom-up effect derived from nutrients could be seen in the interaction between phyto-
plankton and zooplankton, in which zooplankton growth was controlled by phytoplankton
that require nitrogen and phosphorus for their growth [57].
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In this study, nutrient concentrations in natural shallow swamps (Chini and Bera lakes)
were relatively low, likely limiting phytoplankton growth, as depicted by lower chlorophyll
a concentrations (3.88–5.72 µg mL−1). This condition indirectly affected the zooplankton
population due to inadequate food source availability. Additionally, low pH reduced the
growth in phytoplankton populations, which served as food for herbivorous zooplankton.
Furthermore, low dissolved oxygen (DO) in swamps at S3 and S4 (1.97 ± 0.25 mg L−1

and 2.30 ± 0.30 mg L−1, respectively) indicated a hypoxic environment, which directly
hampered zooplankton growth in these lakes; only tolerant species would survive. In
fact, DO values below 5 mg L−1 would affect the functioning and survival of biological
communities. Previous studies also reported that low DO concentration could potentially
emerge as a principal contributing factor to the reduction in both the species composition
and density of zooplankton within a given habitat due to hypoxia conditions [53,58].
Several studies have reported that hypoxia could cause negative physiological impacts on
zooplankton species [59–61]. Therefore, these might be the strong contributors to the lower
density of zooplankton in natural lakes compared to artificial lakes found in this study.

In this study, higher nutrient concentrations were found in artificial lakes (Table 4). In
terms of the reservoirs, both the Sembrong and Chenderoh reservoirs exhibited significantly
higher (p < 0.05) nutrient levels, especially total nitrogen (2.26 ± 0.33 mg L−1), compared
to the other lakes. The palm oil plantations, agriculture activities, and animal husbandry
operations altered the Sembrong Reservoir’s catchment area, leading to the accumulation
of nutrients via surface runoff, resulting in an excessive buildup of nutrient concentrations
in this reservoir [62,63]. Furthermore, aquaculture activities conducted at the Chenderoh
Reservoir also contributed to higher nitrogen (2.05 ± 0.10 mg L−1) concentrations in this
reservoir. The elevation in nutrient concentrations in this reservoir was primarily caused
by the direct release of undigested food and fish excrement from fish cages into the wa-
ter [23]. This finding aligned with that of Zhang et al. [64] who reported that aquaculture
operations resulted in the substantial discharge of a significant quantity of organic nutri-
ents (nitrogen, phosphorus, and carbon), primarily originating from unconsumed feed
pellets and fecal matter, into the water. In the constructed lakes/ponds, high nutrient
concentrations were recorded both in Sri Serdang Pond and Cempaka Lake. According to
Sharip and Mohamad [65], direct discharges of wastewater containing high nutrients from
markets and stalls, along with inadequate wastewater treatment facilities, are the main
contributors to nutrients and other pollutants in urban lakes/ponds. Higher phosphorus
(TP) concentrations observed in Sri Serdang Pond (0.69 ± 0.10 mg L−1) and Cempaka
Lake (0.52 ± 0.02 mg L−1) were presumably due to the wastewater discharge from nearby
restaurants, stalls, and settlements. Previous studies have also reported that nutrients were
the main factors affecting the spatial differentiation pattern of zooplankton [17,42,66–70].

Significantly higher (p < 0.05) chlorophyll a concentrations were recorded in Sembrong
Reservoir (97.18 ± 4.70 µg L−1) and Sri Serdang Pond (95.00 ± 17.9 µg L−1) compared to
the other lakes. Chlorophyll a concentration indicates the phytoplankton biomass in water
bodies. Chlorophyll a was positively correlated with TN (r = 0.676) (Table 4), suggesting
the importance of this nutrient to phytoplankton productivity, which serves as a food
source for zooplankton. This factor contributed to the high density of zooplankton in both
waterbodies. Previous studies also reported that the abundance of zooplankton in eutrophic
waters was associated with chlorophyll a, indicating that high phytoplankton biomass
could support the growth of zooplankton [41,64,71] (Table 5). High zooplankton densities
found in reservoirs and constructed lakes/ponds were also correlated with turbidity. Turbid
water in Cempaka Lake (42.00 ± 8.55 NTU) and Sri Serdang Pond (39.94 ± 5.02 NTU)
might be due to the surface runoff that carried particles from the watershed and the
high phytoplankton biomass in the waterbodies. High turbidity level also limits the
visual distance of planktivorous fish [72], which may result in a reduction in the rate of
foraging, thereby enabling an augmented survival rate for the zooplankton. In this study,
zooplankton density and diversity values were lower in old mining lakes compared to other
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lake types, especially the SKVE and The Mines lakes, probably due to the low dissolved
oxygen (0.91–2.59 mg L−1) values, as recorded in these lakes.

Zooplankton community structure differs in response to varying degrees of eutrophi-
cation, in which eutrophication causes a change in the species composition and increases
the abundance of tolerant zooplankton species. The responses of zooplankton communi-
ties to lake eutrophication can be categorized in a taxonomically specific manner, where
characteristics of the zooplankton community species richness and body size have been
observed to exhibit an inverse correlation with increasing eutrophication [42]. Gener-
ally, small-bodied zooplankton, such as rotifers, especially from the genera Keratella, Bra-
chionus, and Trichocerca, tend to dominate plankton communities in highly eutrophic condi-
tions [7,22,27,28,66,73–77] (Table 5). One of the factors contributing to this phenomenon
could be the adaptability of defensive morphological traits in Brachionus sp. and Keratella
sp., which enhances their capacity to endure diverse predation pressures. Zhang et al. [78]
reported that these species exhibit the elongation of their spines in response to elevated
predation by cyclops copepods and modulate the length of their spines to a shorter state
when confronted with heightened predation from fish. Additionally, previous studies
also documented that Brachionus exhibit notable resilience to cyanobacterial toxins and
this resilience enables them to effectively exploit colonial blue-green algae and endure
their blooms [79]. The capacity of Brachionus and Keratella to endure these adverse influ-
ences elucidates their positioning as two of the genera capable of thriving in eutrophic
environments.

Furthermore, cladoceran species recorded in this study exhibited the typical com-
munity structure of a eutrophic ecosystem, with a high abundance of tolerant species.
Earlier research has shown that as eutrophication increases, the predominance of toler-
ant species leads to a shift in communities from being dominated by large cladocerans
(Diaphanosoma sp.) to small-sized cladocerans (Ceriodaphnia sp. and Bosmina sp.) [8,53,66]
(Table 5). The prevalence of small-sized cladocerans, such as C. cornuta and Bosmina fa-
talis, might be elucidated by their activation of inducible defensive mechanisms and their
ability to withstand the presence of toxic filamentous cyanobacteria that are dominant
in eutrophic waters. Prior research has similarly indicated the susceptibility of clado-
cerans to the adverse impacts of cyanobacteria, along with their capacity for deploying
inducible defenses [33,80,81]. In addition, the filter-feeding mechanism of large cladocerans
(Diaphanosoma sp.) is susceptible to potential harm due to obstructions caused by entangle-
ment with cyanobacterial filaments or the adhesive mucilage generated by cyanobacterial
colonies [82]. In fact, the thoracic appendage movements were mechanically or chemically
inhibited by cyanobacteria toxins [83]. A decrease in filtration rates resulted in reduced
energy for growth and reproduction in cladoceran species. Conversely, smaller cladoceran
species like C. cornuta, characterized by minute carapace apertures, may possess the capa-
bility to deter the filtration of sizable cyanobacterial colonies, thereby conferring them a
competitive advantage over larger-bodied cladocerans.

Moreover, small-sized zooplankton are pointed out as eutrophic environmental indi-
cators as they can tolerate high concentrations of nutrients and feed on bacteria, detritus,
and algae, which are characteristics of eutrophic waters. This observation underscores that
the diverse array of food particles exploited by those species (rotifers and cladocerans)
affords them the ability to sustain themselves through notably distinct dietary preferences,
including bacterioplankton and heterotrophic flagellates [25,84,85]. For copepods, den-
sities of cyclopoids, especially Thermocyclops and Mesocyclops, were high in nutrient-rich
environments [8,44,86] (Table 5). Valencia-vargas et al. [87] reported that cyclopoids can
feed on rotifers and the high density of cyclopoids in eutrophic lakes might be associated
with the high rotifer densities in those conditions. Moreover, the density of immature
copepods (nauplii and copepodites) also increased in nutrient-rich conditions. Above all,
the former species (Keratella sp., Brachionus sp., Trichocerca sp., and Ceriodaphnia sp.) can
serve as good indicators for nutrient-rich water. This can be explained by their positive
correlation with chlorophyll a, as shown in this study. Generally, eutrophic conditions result
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in high chlorophyll a levels, indicating a high phytoplankton biomass that serves as a food
source for zooplankton. Meanwhile, previous studies reported that Conochilus hippocrepis,
C. unicornis, Polyarthra vulgaris, and Kellicottia longispina are indicators for less-nutrient-rich
waters Table S1 [88–91]. This can be explained by the negative correlation [r = −0.666]
between P. vulgaris and chlorophyll a concentration in this study (Table 4).

5. Conclusions

Variables related to lake trophic status, especially nutrient concentrations, chlorophyll
a, and turbidity, were the main drivers influencing the distribution of zooplankton species
in shallow natural and constructed lakes. The small-sized cladocerans (Ceriodaphnia cornuta)
and rotifers (Keratella spp., Brachionus spp., and Trichocerca spp.) were the most discriminat-
ing species in lakes with high nutrient and chlorophyll a concentrations, as could be found
in the reservoirs and constructed lakes/ponds. Polyarthra vulgaris and Chydorus ventricosus
were the discriminating species in natural shallow lakes/swamps associated with high
water transparency. High dominance of the zooplankton community by a certain species
resulted in lower biodiversity in artificial lakes compared to natural lakes. Additionally,
high nutrient concentrations also favor the growth of microalgae and bacteria as food
sources for zooplankton, resulting in high zooplankton density. This study illustrated that
zooplankton species composition, abundance, and diversity were significantly correlated
with environmental variables associated with lake trophic status.
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