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Abstract

Cichlid fishes exhibit rapid adaptive radiations with significant diversification rates in response to ecological
variability, i.e., ecological opportunity or geographical isolation. The discovery of a Midas cichlid species in Lake
Batur, Indonesia’s largest volcanic lake, first reported in 2013, could represent such adaptations. Midas cichlids
can now be found in a range of habitats in Lake Batur and dominate the lake’s fish population by up to 60%. This
study aimed to identify the interaction between habitat, water quality, and Midas cichlid in Lake Batur, facilitating
morphometric variances in the fish populations. The fish were captured at five locations in Lake Batur using fishing
rods, community nets with mesh sizes of 2-3 inches, experimental gillnets with mesh sizes of 1 inch, and fish scoops
in floating net cages during August and November 2022. There were 46 fish samples caught from the five stations,
all photographed using a digital camera and later measured using the ZEN 2012 software. The fish measurement
employed a truss morphometric method using 21 distinct morphometric body features. Canonical analysis was
used to determine the distribution of characteristics, while discriminant analysis was used to examine the closeness
of association. The measured water quality parameters included pH, DO, temperature, conductivity, and TDS for
in-situ and TSS, TP, TN, and chlorophyll A for ex-situ. The findings revealed morphometric changes among Midas
cichlid species in Lake Batur caused by habitat and water quality differences. The distinction can be detected in the
anterior and posterior bodies (C1, B1, C3, C6, C5, B3 and B4). Temperature and aquatic plants, Azolla pinnata, may
detect the station and shape of fish in Lake Batur. Body shape cannot be identified by chlorophyll A, TN, DO, and
TDS. Future genetic research could answer why fish groups with varied body types coexist in the same location.

Keywords: phenotypic, plasticity, cichlid, polymorphism, body shape, lake.

Resumo

Os peixes ciclideos exibem radia¢des adaptativas rapidas com taxas de diversificacdo significativas em resposta a
variabilidade ecolégica, ou seja, oportunidade ecoldgica ou isolamento geografico. A descoberta de uma espécie
de ciclideo Midas em Lago Batur, o maior lago vulcanico da Indonésia, relatada pela primeira vez em 2013, poderia
representar tais adaptagoes. Os ciclideos Midas agora podem ser encontrados em uma variedade de habitats no
Lago Batur, onde dominam a populag¢do de peixes em até 60%. Este estudo teve como objetivo identificar a interagao
entre habitat, qualidade da dgua e ciclideo Midas no Lago Batur, facilitando variagdes morfométricas nas populacdes
de peixe. Os peixes foram capturados em cinco locais no Lago Batur usando varas de pesca, redes comunitarias
com malhas de 2-3 polegadas, redes de emalhar experimentais com malhas de 1 polegada e colheres de peixe
em gaiolas de rede flutuantes, durante agosto e novembro de 2022. Foram capturadas 46 amostras de peixes nas
cinco estagdes, todas fotografadas com camera digital e posteriormente medidas no software ZEN 2012. A medi¢do
dos peixes empregou um método morfométrico de trelica usando 21 caracteristicas morfométricas distintas
do corpo. A analise candnica foi utilizada para determinar a distribui¢do das caracteristicas, enquanto a analise
discriminante foi empregada para examinar a proximidade da associacdo. Os parametros de qualidade da dgua
medidos incluiram pH, OD, temperatura, condutividade e TDS para in situ, e TSS, TP, TN e clorofila A para ex situ. As
descobertas revelaram mudangas morfométricas entre as espécies de ciclideos Midas no Lago Batur, causadas por
diferencas de habitat e qualidade da dgua. A distin¢do pode ser detectada nos corpos anterior e posterior (C1, B1,
(3,6, C5, B3 e B4). A temperatura e as plantas aquaticas, Azolla pinnata, podem detectar a estagdo e o formato dos
peixes no Lago Batur. A forma do corpo ndo pode ser identificada pela clorofila A, TN, OD e TDS. Futuras pesquisas
genéticas poderiam responder por que grupos de peixes com tipos corporais variados coexistem no mesmo local.

Palavras-chave: fenotipico, plasticidade, ciclideo, polimorfismo, formato corporal, lago.
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1. Introduction

The body features of a fish are important characteristics
in determining its interaction with the environment and
any resulting biological evolutions. Any changes in the
fish’s body shapes or characteristics due to evolution can be
described briefly via morphometric investigations (Hulsey
and Wainwright, 2002). Robust high Deoxyribonucleic
acid (DNA) analysis through restriction-site-associated
DNA sequencing or phylogenic reconstruction provides
greater clarity in revealing potential adaptive radiation in
fish, particularly for shallow divergence (Ford et al., 2015).
However, some fishes have faster diversity rates and clear
body characteristic changes, from which a morphological
test could be used to determine if adaptive radiation has
occurred. For example, the fish family of Cichlidae has long
been recognized for its extraordinary adaptive radiation
and phenotypic flexibility and serves as a paradigm in
evolutionary and ecological studies (Fryer, 1972; Stiassny,
2001). The fish is an important, affordable protein
source, allowing extensive use in freshwater aquaculture
(Turner, 2007). While cichlids’ extraordinary abilities are
advantageous in some aspects of ecological and economic
vantage points, these same traits have caused the fish to
be characterized as an ecological risk or invasive species
(Agostinho et al., 2021; Nico et al., 2007).

Cichlid fishes are predicted to have multiple separate
adaptive radiations with high diversification rates and
considerable ecological diversification (Burress, 2015;
Elmer et al., 2010; Kusche et al., 2015). These capabilities
are also observed in the Midas cichlid, particularly its rapid
phenotypic diversification and speciation (Muschick et al.,
2011). The species are distributed primarily in Costa Rica
and Nicaragua and prefer clear water, lakes, and canals
with plenty of shoreline cracks to hide from predators
(Barluenga and Meyer, 2010; Torres-Dowdall and Meyer,
2021). The Midas Cichlid enjoys calm, slow-moving waters
with depths ranging from 3 to 114 feet (1 to 35 meters)
(Barlow, 1976). They are voracious omnivores that primarily
consume snails and other benthic things, such as aquatic
insects, tiny fishes, and plant and animal excrement stuck
to submerged logs, leaves, and rocks (Barlow, 1983). They
become quite violent and possessive when reproducing.

In Indonesia, the Midas cichlid sister, the red devil
(Amphilophus labiatus), was introduced in several
freshwater reservoirs starting in 2011 for different reasons
(Ohee et al., 2018). Since then, they have been found in
natural freshwater in Indonesia, notably in Lake Sentani
in Papua New Guinea, which significantly threatens the
lake’s fish biodiversity (Ohee et al., 2018). Sentosa and
Wijaya (2013) were the first to report the presence of a
Midas cichlid in Lake Batur, the largest lake on Bali Island,
Indonesia. At the time, the Midas cichlid population was
only 0.4% of the total fish population compared to 63% of
the other non-native species, Nile tilapia. Midas cichlids
have become invasive in Lake Batur, dominating 60% of
the fish population (Gustiano et al., 2023). The Midas
cichlids found in Lake Batur have a variety of colors,
including a red/orange or pale/opaque backdrop, black spots
running down the back, vertically striped from the back
to the abdomen, and reddish, yellowish, and black eyes.
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In one of the areas of the lake, three separate Midas cichlid
populations were found in Lake Batur near Abangsongan
Village, signaling that hybridization between other Cichlid
species could have occurred (Gustiano et al., 2023).

Ecosystem diversity drives phenotypic and ecological
differentiations (Martin et al., 2015). Some researchers
argue that genotype-by-environment interaction best
approximates of the potential for phenotypic plasticity
to arise. Other researchers claim that the correlation of
genotype expression across two contexts is a stronger
predictor of this potential (Via and Hawthorne, 2005).
For both cases, establishing the impacts of genotypic and
phenotypic diversities is crucial information needed to
improve population stocks of threatened species and
mitigate or prevent the potential spread of invasive
and infectious species (Forsman, 2014), including fish.
The underlying factors must be identified to assess the
population’s ability to evolve and adapt to varied or
changing settings. The habitat diversity of Lake Batur
is likely to influence the morphology, behavior and the
recent invasive rate of Midas cichlids. However, this
assumption is similar to the conclusion offered by other
research studying the rapid spread of Midas cichlids in
natural freshwater body Indonesia despite limited to
non-existent analyses to support the claim. Therefore,
this study aimed to identify the interaction between
habitat, water quality, and Midas cichlids, which facilitate
morphometric variances and their increasing dominance
in the fish populations in Lake Batur.

2. Materials and Methods

2.1. Sampling sites

Lake Batur lies South-East of the active Mount Batur
volcano. The lake has a 16.05 km? water surface area, an
average depth of 50.8 m, and a water volume of 815.38
million m? with a catchment area of 105.35 km?. The lake
gets most of its water from rainfall and seepage from the
adjacent mountains. The 21.4 kilometres of Lake Batur’s
coastline is enveloped with two distinct topographies: an
undulating lowland to a mountain (Mount Batur peaked
at 1,717 meters above sea level) in the west, and steep
hilly terrain to a mountain (Mount Abang peaked at 2,172
meters above sea level) in the North, East, and South.

Five sampling stations were determined based on the
study of Juliawan et al. (2020) to represent the four sides
and ecosystem variability of Lake Batur equally (Figure 1).
The fish were captured at the sampling sites using a
combination of fishing rods, community nets with mesh
sizes of 2-3 inches, and experimental gillnets with mesh
sizes of 1 inch. The sampling was carried out in August and
November 2022, and Midas cichlid Amphilophus citrinellus
(n=46) were successfully gathered.

2.2. Truss morphometric analysis

Truss morphometric analysis was carried out on 46 fish
samples. A digital camera was first used to photograph the
fish samples for analysis. The ZEN 2012 (Blue edition) software
was then used to analyze the fish images (Nur et al., 2023).
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Figure 1. Sampling locations in Lake Batur, Bangli Regency, Bali Province. Station 1: Songan; Station 2: Toya Bungkah; Station 3: Kedisan;

Station 4: Abang Songan; and Station 5: Cemara Landung.

Figure 2. Truss morphometric on Red Midas cichlid. (A) Head:
Al: Under posteriormost point of the maxilla - Origin of pelvic fin;
A2: Contructed line between posteriormost point of the maxilla -
Posteriormost point of the eye; A3: Above posteriormost point of
the eye - Origin of dorsal fin; A4: Origin of pelvic fin - Origin of
dorsal fin; A5: Origin of pelvic fin - Above posteriormost point of
the eye; A6: Under posteriormost point of the maxilla - Origin of
dorsal fin; (B) Anterior body: Bl: Origin of pelvic fin - Origin of anal
fin; B3: Origin of dorsal fin - Origin of soft dorsal fin rays; B4: Origin
of soft dorsal fin rays - Origin of anal fin; B5: Origin of dorsal fin -
Origin of anal fin; B6: Origin of soft dorsal fin rays - Origin of pelvic
fin; (C) Posterior body: Cl: Origin of anal fin - End of anal fin base;
C3: Origin of soft dorsal fin rays - End of dorsal fin base; C4: End
of dorsal fin base - End of anal fin base; C5: Origin of soft dorsal
fin rays - End of anal fin base; C6: End of anal fin base - Origin of
anal fin base; (D) Caudal Penducle: DI: End of anal fin base -Ventral
anterior of caudal fin; D3: End of dorsal fin base - Dorsal anterior
of caudal fin; D4: Dorsal anterior of caudal fin - Ventral anterior of
caudal fin; D5: End of dorsal fin base - Ventral anterior of caudal
fin; D6: Dorsal anterior of caudal fin - End of anal fin base.

Brazilian Journal of Biology, 2024, vol. 84, €279429

The truss morphometric measurement was based on the
method developed by Brzeski and Doyle (1988), in which
the distance between the points of morphometric markers
set on the body frame was measured (Figure 2 and Table 1).
All character morphometric measurements are divided by
standard length. Analysis of variance (one-way ANOVA)
was performed on the transformed data to see whether
species differences impacted the fish’s morphological
appearance. Following the observation of an effect, the
procedure is carried out using Discriminant Function
Analysis to examine associations between species based
on their morphological traits and Duncan’s multiple range
tests to identify the important character between species.
The analysis was carried out using SPSS.

2.3. Habitat and water quality

During the sampling campaigns, in-situ and ex-situ,
the water quality parameters were measured, and fish
habitat characteristics were observed. The following
water quality parameters were measured in-situ using a
Lutron WA-2017SD water quality checker: pH, dissolved
oxygen (DO), temperature, electrical conductivity, and
total dissolved solids (TDS). The other water quality
parameters were measured ex-situ by collecting water
samples in a 1 LHDPE bottle, followed by each parameter
analysis in the laboratory: total suspended solids (TSS)
(gravimetric method), total phosphorus (TP) (4500-P and
4500-PE methods), total nitrogen (TN) (brucine method;
APHA, 1975), and chlorophyll A (chl A) (10200 H method).
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Table 1. Description of 21 measured morphometric morphological characters.

Truss cells No Code Description
Head 1 Al Under posterior most point of the maxilla - Origin of pelvic fin
2 A2 Constructed line between posterior most point of the maxilla - Posterior most point of the eye
3 A3 Above posterior most point of the eye - Origin of dorsal fin
4 A4 Origin of pelvic fin - Origin of dorsal fin
5 A5 Origin of pelvic fin - Above posterior most point of the eye
6 A6 Under posterior most point of the maxilla - Origin of dorsal fin
Anterior body 7 Bl Origin of pelvic fin - Origin of anal fin
8 B3 Origin of dorsal fin - Origin of soft dorsal fin rays
9 B4 Origin of soft dorsal fin rays - Origin of anal fin
10 B5 Origin of dorsal fin - Origin of anal fin
11 B6 Origin of soft dorsal fin rays - Origin of pelvic fin
Posterior body 12 Cl Origin of anal fin - End of anal fin base

13 C3 Origin of soft dorsal fin rays - End of dorsal fin base
14 C4 End of dorsal fin base - End of anal fin base
15 (&) Origin of soft dorsal fin rays - End of anal fin base
16 C6 End of anal fin base - Origin of anal fin base

Caudal peduncle 17 DI End of anal fin base -Ventral anterior of caudal fin
18 D3 End of dorsal fin base - Dorsal anterior of caudal fin
19 D4 Dorsal anterior of caudal fin - Ventral anterior of caudal fin
20 D5 End of dorsal fin base - Ventral anterior of caudal fin
21 D6 Dorsal anterior of caudal fin - End of anal fin base

Three replicates sampling and measuring of water qualities
were done at each station. The water quality data was
then analyzed using PCA using Paleontological Statistics
software (Hammer and Harper, 2001).

3. Results

3.1. Morphometric analysis

The ANOVA test showed that the differences in
population significantly affected the variation in
morphological character (p<0.05). Furthermore, Duncan’s
test revealed that only two characters (A3 and D5) were
not significantly different among the population, as
shown in Table 2. DFA analysis produced four functions,
where Function 1 has an eigenvalue of 6.163, which
indicates that 43.8% of the total variance with a significant
contribution or high-loading characters include B3, D6,
B5 and A3. Meanwhile, Function 3 has 1.669 eigenvalue,
showing that 11.9% of the total variance with significant
contributing characters were D4, A4, B4, B6, A2, C1, C6,
C5, C3 and A6. An eigenvalue of 0.804 was obtained
for Function 4, which indicates that 5.7% of the total
variance with significant contributing characters include
B1, A1, A5, D1, D3, D5 and C4 (Table 3). Table 4 shows
that the intrapopulation at each station is 100% based
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on shared components. Further examination of Midas
cichlids revealed that combining canonical discriminant
functions 1 and 2 could separate populations of Midas
cichlids from different stations, except for samples from
stations 2 and 3 (Figure 3). Cluster analysis of Midas cichlid
populations from the five sites revealed that station 1
has the most distant resemblance (Figure 4).

3.2. Habitat and water quality

Each station has unique features based on the types
of environments, substrate, present aquatic plants, depth,
and altitude. The surface water temperature measured
at the five sampling stations ranged from 23.7 to 27.8°C.
All sampling stations have no significant difference in
temperature except for station 1, which was significantly
different from the other stations (p<0.05) (Table 5). The
DO concentration in Lake Batur was typical high altitude
and unpolluted lakes ranging from 4.0 to 7.9 mg/L. The
statistical comparison of the DO concentration showed that
station 2 was considerably different from the other four
stations. The pH value, ranging from 7-38, also indicated
that the water was in good condition. EC ranged from
1,587 to 3,035 S/cm. The TDS in the water ranged from
1,057 to 1,494 mg/L, indicating the number of dissolved
solids in organic ions, compounds, and colloids. The TSS
ranged from 2.6 mg/L to 18.5 mg/L. Total N ranged from
0.27 mg/L to 0.60 mg/L, except for stations 4 and 5.
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Table 2. Morphometric diversity of 21character measurement in Midas cichlid populations in Lake Batur, Bali, Indonesia.

Character Station 1 (n=4) Station 2 (n=10) Station 3 (n=9) Station 4 (n=10) Station 5 (n=13)
Al 35.58 +4.08* 37.82 +0.76 36.47 + 1.49* 38.29 + 1.57¢ 37.54 + 1.12%
A2 23.85+1.95° 2310+ 1.28° 21.55 £ 1.06* 22.67 +0.96 21.56 £ 1.60°
A3 2759 +2.98* 26.91 £ 1.68* 26.57 £1.212 26.04 +2.87* 28.27 £2.20°
A4 46.92 +2.40® 48.09 + 1.53° 45.72 +2.08* 45.25 £2.592 45.30 + 1432
A5 4137 £1.723 43.83 +0.94° 4191 £ 1.38° 42.00 £ 1.612 41.54 + 1.35%
A6 48.71 £2.95° 4711 £ 1.37® 45.25 £ 1.332 46.18 £ 2.85° 47.35 +1.83®
B1 2410 £ 3.40¢ 20.33 £ 1.822 23.78 £ 0.96¢ 22.30 +2.32% 2113 £ 111
B4 4391 + 2.66° 43.65 + 1.61% 40.39 + 2.50° 41.00 + 3.84 41.18 £ 1.50®
B3 2542 +1.222 2482 +2.232 28.25 £2.21° 28.25 +2.82° 2322 +1.522
B5 53.24 + 2.44° 52.71 + 1.66° 52.32 + 1.44° 52.55 + 1.94° 50.26 + 0.96°
B6 50.27 +3.38" 49.20 £ 1.96* 47.66 + 1.992 4719 + 2.88° 4719 £ 1.56°
c1 27.54 + 2,46 2949 + 1.14¢ 29.10 + 1.50%¢ 26.21 £ 1.342 28.49 +2.19%¢
C4 14.22 + 0.50° 15.11 + 0.66° 14.52 + 0.56" 14.46 + 1.02% 14.91 £ 0.54
c3 30.01 +£2.00° 32.90 + 1.44° 30.51 +2.38» 29.95 +3.282 30.70 + 2.30®
c5 39.31£2.372 4239 +1.75° 39.24+2.17° 39.11 £3.742 39.81 £ 2.03?
C6 36.69 +2.14* 38.47 +1.48° 37.56 + 1.82° 35.37 £ 1.86° 37.64 + 1.89°
D1 9.83 £0.94* 10.03 + 0.98 8.72 £ 1.273 9.67 £ 1.592 1112+ 1.3°
D4 13.55 + 1.15® 14.50 £ 0.83¢ 14.09 + 0.87" 12.77 £ 0.58 13.35+ 0.66*
D3 9.74 £ 0.18* 9.95+1.25® 9.10 + 1.10° 9.74 £ 1.17* 10.48 £ 0.88"
D5 16.77 £ 0.552 17.74 £ 1.632 16.76 £ 0.892 16.82 £ 0.56° 1731 £0.762
D6 17.09 £ 0.622 18.09 + 0.68" 17.24 £ 0.982 17.02 £ 0.68* 18.40 £ 0.68"

Mean + SD at the same row with different superscripts are significantly different (p<0.05).

Table 3. Eigenvalue, percentage of variance, and cumulative percentage of variance of four factors using morphometric truss in
Midas cichlid populations in Lake Batur, Bali, Indonesia.

Character 1 2 3 4
Eigenvalue 6.163% 5.441° 1.669? .8042
% of Variance 43.8 38.7 11.9 5.7

Cumulative % 43.8 824 94.3 100.0
B3 -.342* 0.181 0.321 -0.260

D6 313 -0.016 -0.158 0.241

B5 -.251* 0.095 -0.226 0.005

A3 132 -0.094 -0.068 -0.063

D4 0.078 0.227 -475* -0.229

A4 -0.020 0.087 -432* 0.150

B4 -0.026 -0.028 -.407* 0.208

B6 -0.058 -0.010 -.369* -0.028

A2 -0.159 -0.047 -.318* 0.274

C1 0.178 0.156 -311* -0.258

6 0.175 0.102 -.299* -0.124

c5 0.062 0.097 -.294* 0.279

C3 0.066 0.108 -.253* 0.198

A6 0.047 -0.160 -.236* 0.146

B1 -0.186 -0.046 0.133 -.682*

Al 0.022 0.046 0.151 .532*

A5 -0.009 0.191 -0.302 .380*

D1 0.196 -0.164 -0.024 .349*

D3 0.127 -0.106 -0.021 .287*

D5 0.097 0.040 -0.172 .250*

C4 0.136 0.064 -0.113 .230*

*Largest absolute correlation between each variable and any discriminant function.
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Table 4. Value sharing component of Midas cichlid populations (%) in Lake Batur, Bali, Indonesia.

S1_RM S2_RM S3_RM S4_RM S5_RM Total
S1_RM 100.0 0.0 0.0 0.0 0.0 100.0
S2_RM 0.0 100.0 0.0 0.0 0.0 100.0
S3_RM 0.0 0.0 100.0 0.0 0.0 100.0
S4_RM 0.0 0.0 0.0 100.0 0.0 100.0
S5_RM 0.0 0.0 0.0 0.0 100.0 100.0

Table 5. Water quality based on sampling locations in Lake Batur, Bali, Indonesia, conducted in August and November 2022.

. Temperature = DO Conductivity Chlorophyll A
Location o H TDS (mg/L TSS (mg/L) TN (mg/L) TP (mg/L
C0) (mgL) P (uSfcm) (mg/L) (mg/L) TN (mgfL) TP (mg/L) = 01cms)
Station1 27.3 £0.53* 7.0+0.45> 7.9+0.11* 2,780.1 +173.40° 1,464.25+30.17° 15.1 £3.29* 0.3 £0.03* 0.05 £ 0.02* 48.28 +3.32¢
Station2 24.8+1.11°* 7.7+0.18* 8.0 £0.06* 2,311.4+724.07*° 1,402.25+11.63* 4.7 +2.09* 0.6 + 0.00* 0.07 + 0.04* 60.14 £ 0.78"
Station 3 25.8 +0.96° 6.0+0.22" 7.9 +0.04* 2,755.3+69.8° 1,179.75 + 122.02¢ 10.3 £3.11* 0.4 +£0.05¢ 0.07 £ 0.04* 45.59 * 3.99*
Station4 25.3+0.73> 5.8+174°> 8.0 £0.05* 2,815.8+3.01* 1,392.13+3.09° 71+123* 0.5+0.01¢ 0.05+0.01* 60.21 +4.77°
Station 5 25.3+0.74" 58+1.54° 7.6 +0.58* 2,830.6 +21.22* 1,412.13 £13.91° 7.3 +4.76* 0.5+0.01¢ 0.05 £ 0.02* 65.49 * 0.46¢
Note: Different superscripts in the same columns indicate significant differences (p <0.05).
Canonical Discriminant Functions o on <t [} —
Population 5 _g _g 8 ,g
O station 1 E ﬁ g E E
6 [station 2 12} 7] n 171 N
+ Station 3
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N W Group Centroid
L) g\;/\m 14
K L
g’ Q < ? 2
2 . A
3 R 3
@
6 é 4
A
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Figure 3. Distribution of five populations of Midas cichlid in Lake
Batur, based on truss morphometric. 61
Meanwhile, total P levels ranged from 0.03 mg/L to 7
0.1 mg/L. Total N and total P are the primary indicators
8_

representing eutrophication in aquatic environments.
The chl A content in this study ranged from 41.60 mg/m?>
to 65.95 mg/m?. The chl A level at each location revealed
that the eutrophication level of this lake was in correlation
with the concentration of Pand N. Station 5 has the highest
chlorophyll abundance (65.49 + 0.46 mg/cm?) compared
to the other four stations (Table 5). Based on the results
of the PCA analysis, three clusters were formed where
stations one and three were separate while stations two,
four and five were in one cluster. Station one is separated
due to temperature factors, while stations 2, 4, and 5 are
influenced by chl A and TN (Figure 5).

4. Discussion

Morphometric truss analysis has been frequently utilized
and successful in differentiating various populations within
a species, such as in freshwater catfishes (Gustiano et al.,
2021; Kusmini et al,, 2019; Miyan et al., 2016) and the
Indian Scad sea fish, Decapterus russelli (Sen et al., 2011).
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Figure 4. Similarity of Midas cichlid populations in Lake Batur,
Bali, Indonesia.
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Figure 5. Scatter plot of water quality properties in Lake Batur,
Bali, Indonesia.
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The Midas cichlid populations in our study can be divided
into four groups based on their body shape or characteristics
(Figure 4). The fish’s intraspecific variation is a phenotypic
feature, which Spoljaric and Reimchen (2007) argued
can vary substantially within freshwater fish taxa. This
morphological variation can be induced by environmental
factors, i.e., temperature, turbidity, and water currents
(Mir et al., 2013; Yulianto et al., 2020), as well as habitat
characteristics (Shuai et al., 2018; Webster et al., 2011 ). Such
morphological changes due to environmental pressure can
be accelerated by the fish’s inherent phenotypic plasticity
(Nur et al., 2022; West-Eberhard, 2008) and geographic
isolation (Worsham et al., 2017). In most cases, a sufficient
degree of isolation can even result in both morphological
and genetic diversity across fish populations within a
species (Turan, 2004).

Four truss dimensions (B3, D6, B5 and A3) were found
to be the main distinguishing characteristics of the Midas
cichlid populations in each sampling station. The populations
of stations 1, 4, and 5 were distinct from each other, with
no observable overlaps. In contrast, the populations of
stations 2 and 3 had overlaps, indicating that these fish
groups are very similar. Based on the morphometric
similarity, the fish populations in the adjacent stations
were highly similar to those of the distant stations. It is
argued that Midas cichlid populations interact between
these stations due to their relatively locational closeness.
The influencing populations are notably more substantial
from higher altitude stations to the lower ones, such as from
station 2 (1,057 m a.s.l) to station 3 (488 m a.s.l) and from
station 4 (1,200 m a.s.l) to station 3. The frequent release
of sulfur dioxide (sulfur eruption) in many sites of Lake
Batur, which is considered an active caldera, could also be
attributed to the fish movement between adjacent areas
in the lake. For example, waters in Station 2 have a higher
concentration of dissolved sulfur dioxide (sulfurous acid
water), indicated by plenty of natural hot springs. As such,
the fish populations from this area likely move to the adjacent
areas, either temporarily or permanently, to avoid exposure
to the degraded water conditions. This specific habitat
characteristic could be responsible for the higher similarity
of fish populations between station 2 and station 3.

Numerous unresolved taxonomic difficulties remain
a major problem in the cichlid family. However, regional
isolation has been well known to play an important role in
the evolution and preservation of phenotypic variation in
cichlids in rivers and lakes (Pidlek et al., 2012; Seehausen
and Magalhaes, 2010). Structured littoral fish species in
lakes have more significant color variation than pelagic or
deep-water demersal species (Genner and Turner, 2005;
Koblmiiller et al., 2008). Studies on cichlid populations in
African lakes confirmed that populations of stenotopic
species, i.e., species with narrow specialization under certain
environmental conditions, are often isolated from each
other, even by small habitat barriers (Koblmiiller et al., 2011;
Sefc et al., 2007; Smith and Kornfield, 2002). Geographic
isolation certainly facilitates and maintains phenotypic
differentiation. Nevertheless, other factors such as genetic
predisposition, environmental variation, and mate preference
also play important roles in the evolution of allopatric
phenotypic differentiation (Maan and Sefc, 2013).
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Stations 1 and 5 are the farthest and highest sampling
locations, allowing the Midas cichlid populations in these
areas to stay isolated or avoid mixing with the other
populations. The similarity analysis of water quality
parameters produced comparable results to the research
conducted by Suryawan et al. (2020). The authors measured
water quality parameters and aquatic plant distribution
in sampling points close to this study’s sampling stations.
Stations 1 and 3 are in one group of Suryawan et al.’s
(2020) investigation, whereas stations 2, 4, and 5 are in
another. As a result, the present station has mostly stayed
the same. Possible discrepancies between stations can
influence the phenotypic differences that exist. It should
be noted that there is no population mixing because of
population mobility to other locations.

The variation of water quality parameters between
the sampling stations suggested that environmental
factors/water quality might have influenced the variety
of fish phenotypes developed at the locations. The fish
shape and water temperature at station 1 were the two
variables that distinguish the station from the others.
The temperature at station 1 was higher and significantly
different from the other four locations (P<0.05). High
temperatures have allowed a particular aquatic plant in
station 1, Azolla pinnata, known to favor high temperatures
(Watanabe and Berja, 1983), to flourish, which was not
found in the other stations. The combination of these two
components of environmental factors (high temperature
and aquatic plants) most likely contributed to the
phenotype variation of Midas cichlid at station 1.

Furthermore, some researchers have also reported
that water quality could influence morphological
variation (EI-Zaeem, 2011; Mir et al., 2013; Wimberger,
1992; Yulianto et al., 2020). Differences in water quality
parameters other than temperature were observed in
this recent study, where the values of chl A, TN, DO, and
TDS in station 3 significantly differed from stations 2,
4, and 5. However, the variations of these parameters
resulted in no difference in the fish populations’
morphology among the sampling stations. Similarly, in
separating fish populations from Station 3 and 5, water
quality does not alter the phenotype; other factors may
be more relevant.

5. Conclusion

The study discovered morphometric differences
amongst Midas cichlid species in Lake Batur. The
anterior and posterior bodies are distinguished by truss
morphometric character (C1, B1, C3, C6, C5, B3, and B4).
The differences were likely caused by habitat and water
quality differences represented by the presence of
Azolla pinata and temperature, respectively. The other
water parameters, such as chl A, TN, DO, and TDS, could be
used to differentiate the environmental condition between
the stations but eventually did not influence body form
variation between the fish populations. Future research
using the genetics approach could sufficiently explain
why there are Midas cichlids populations with varying
body types in the same location.

719



Gustiano, R. et al.

Acknowledgements

The authors sincerely thank the Department of
Agriculture, Food Security, and Fisheries of Bangli Regency,
Bali Province, for permitting this research. Ananda, Reynald,
Afriyana, Heldi, and Aulia from Udayana University’s
Faculty of Marine and Fisheries Science Technology are
acknowledged for their help and contribution during
the sampling campaigns. This study was funded by The
Expedition and Exploration Program, Research Center
for Limnology and Water Resources, National Research
and Innovation Agency (BRIN) for the Fiscal Year of 2022.

References

AGOSTINHO, A.A., ORTEGA, ].C., BAILLY, D., DA GRACA, W.J., PELICICE,
F.M. and JULIO, H.E, 2021. Introduced cichlids in the Americas:
distribution patterns, invasion ecology, and impacts. In: M.E.
ABATE and D.L. NOAKES, eds. The behavior, ecology and evolution
of cichlid fishes. Dordrecht: Springer, pp. 313-361. http://dx.doi.
0rg/10.1007/978-94-024-2080-7_10.

AMERICAN PUBLIC HEALTH ASSOCIATION - APHA, 1975.
Standard methods for the examination of water and wastewater.
Washington, DC.

BARLOW, G.W., 1976. The midas cichlid in Nicaragua. Lincoln:
University of Nebraska-Lincoln.

BARLOW, G.W., 1983. The benefits of being gold: behavioral
consequences of polychromatism in the midas cichlid,
Cichlasoma citrinellum. Environmental Biology of Fishes, vol. 8,
no. 3, pp. 235-247. http://dx.doi.org/10.1007/BF00001089.

BARLUENGA, M. and MEYER, A., 2010. Phylogeography, colonization
and population history of the Midas cichlid species complex
(Amphilophus spp.) in the Nicaraguan crater lakes. BMC
Evolutionary Biology, vol. 10, no. 1, pp. 326. http://dx.doi.
0rg/10.1186/1471-2148-10-326. PMid:20977752.

BRZESKI, V. and DOYLE, R., 1988. Morphometric criterion for
sex discrimination in tilapia. ICLARM Conference Proceedings,
vol. 15, pp. 439-444.

BURRESS, E.D., 2015. Cichlid fishes as models of ecological
diversification: patterns, mechanisms, and consequences.
Hydrobiologia, vol. 748, no. 1, pp. 7-27. http://dx.doi.org/10.1007/
$10750-014-1960-z.

ELMER, K.R., KUSCHE, H., LEHTONEN, T.K. and MEYER, A., 2010. Local
variation and parallel evolution: morphological and genetic
diversity across a species complex of neotropical crater lake cichlid
fishes. Philosophical Transactions of the Royal Society of London.
Series B, Biological Sciences, vol. 365, no. 1547, pp. 1763-1782.
http://dx.doi.org/10.1098/rstb.2009.0271. PMid:20439280.

EL-ZAEEM, S.Y., 2011. Phenotype and genotype differentiation
between flathead grey mullet [Mugil cephalus] and thinlip
grey mullet [Liza ramada] (Pisces: mugilidae). African Journal
of Biotechnology, vol. 10, no. 46, pp. 9485-9492. http://dx.doi.
org/10.5897/A]B10.1894.

FORD, A.G.P,, DASMAHAPATRA, K.K., RUBER, L., GHARBI, K., CEZARD,
T.and DAY, J.J., 2015. High levels of interspecific gene flow in an
endemic cichlid fish adaptive radiation from an extreme lake
environment. Molecular Ecology, vol. 24, no. 13, pp. 3421-3440.
http://dx.doi.org/10.1111/mec.13247. PMid:25997156.

FORSMAN, A., 2014. Effects of genotypic and phenotypic variation
on establishment are important for conservation, invasion,
and infection biology. Proceedings of the National Academy of
Sciences of the United States of America, vol. 111, no. 1, pp. 302-307.
http://dx.doi.org/10.1073/pnas.1317745111. PMid:24367109.

8/9

FRYER, G., 1972. The cichlid fishes of the great lakes of Africa: their
biology and evolution. New Jersey: TFH Publications, 641 p.

GENNER, M.J. and TURNER, G.F, 2005. The mbuna cichlids of
Lake Malawi: a model for rapid speciation and adaptive
radiation. Fish and Fisheries, vol. 6, no. 1, pp. 1-34. http://dx.doi.
org/10.1111/j.1467-2679.2005.00173 x.

GUSTIANO, R., ATH-THAR, M.F., RADONA, D., SUNDARI, S. and
KUSMINI, LI, 2021. Preliminary study on the morphometric
and genetic of sheat catfishes population (Siluridae) from the
down stream of Musi River, South Sumatra Province, Indonesia.
Indonesian Fisheries Research Journal, vol. 27, no. 1, pp. 1-8.
http://dx.doi.org/10.15578/if1j.27.1.2021.1-8.

GUSTIANO, R., HARYANI, G.S., ARTHANA, L.W., NOEGROHO, T,
AISYAH, S., KARTIKA, G.R.A., LARASHATI, S., HARYONO, H.,
WAHYUDEWANTORO, G., RADONA, D. and ATHTHAR, M.H.F.,,
2023. Non-native and invasive fish species of Lake Batur in
Bali, Indonesia. Biolnvasions Records, vol. 12, no. 3, pp. 837-850.
http://dx.doi.org/10.3391/bir.2023.12.3.19.

HAMMER, @. and HARPER, D.A., 2001. Past: paleontological statistics
software package for educaton and data anlysis. Palaeontologia
Electronica, vol. 4, no. 1, pp. 1.

HULSEY, C.D. and WAINWRIGHT, P.C., 2002. Projecting mechanics into
morphospace: disparity in the feeding system of labrid fishes.
Proceedings. Biological Sciences, vol. 269, no. 1488, pp. 317-326.
http://dx.doi.org/10.1098/rspb.2001.1874. PMid:11839201.

JULIAWAN, L.W., ARTHANA, LW. and SURYANINGTYAS, E.W., 2020.
Sebaran pola pertumbuhan ikan red devil (Amphilophus sp.) di
kawasan Danau Batur, Bali. Bumi Lestari, vol. 20, no. 2, pp. 40-49.
http://dx.doi.org/10.24843/blje.2020.v20.i102.p05.

KOBLMULLER, S., SALZBURGER, W., OBERMULLER, B., EIGNER,
E., STURMBAUER, C. and SEFC, K.M., 2011. Separated
by sand, fused by dropping water: habitat barriers and
fluctuating water levels steer the evolution of rock-dwelling
cichlid populations in Lake Tanganyika. Molecular Ecology,
vol. 20, no. 11, pp. 2272-2290. http://dx.doi.org/10.1111/j.1365-
294X.2011.05088.x. PMid:21518059.

KOBLMULLER, S., SEFC, K.M. and STURMBAUER, C., 2008. The Lake
Tanganyika cichlid species assemblage: recent advances in
molecular phylogenetics. Hydrobiologia, vol. 615, no. 1, pp. 5-20.
http://dx.doi.org/10.1007/s10750-008-9552-4.

KUSCHE, H., ELMER, K.R. and MEYER, A., 2015. Sympatric ecological
divergence associated with a color polymorphism. BMC Biology,
vol. 13, no. 1, pp. 82. http://dx.doi.org/10.1186/s12915-015-0192-7.
PMid:26437665.

KUSMINI, LI, RADONA, D., ATH-THAR, M.E,, PUTRI, E.P., KRISTANTO,
A.H. and GUSTIANO, R., 2019. Phenotypic diversity in three
generations of domesticated Asian redtail catfish, Hemibagrus
nemurus (Valenciennes, 1840) in Indonesia. Aquaculture,
Aquarium, Conservation & Legislation, vol. 12, no. 1, pp. 42-50.

MAAN, M.E. and SEFC, K.M., 2013. Colour variation in cichlid
fish: developmental mechanisms, selective pressures and
evolutionary consequences. Seminars in Cell & Developmental
Biology, vol. 24, no. 6-7, pp. 516-528. http://dx.doi.org/10.1016/j.
semcdb.2013.05.003. PMid:23665150.

MARTIN, R.A., MCGEE, M.D. and LANGERHANS, R.B., 2015. Predicting
ecological and phenotypic differentiation in the wild: a case
of piscivorous fish in a fishless environment. Biological Journal
of the Linnean Society. Linnean Society of London, vol. 114, no. 3,
pp. 588-607. http://dx.doi.org/10.1111/bij.12449.

MIR, J., SARKAR, U., DWIVEDI, A., GUSAIN, O. and JENA, J., 2013.
Stock structure analysis of Labeo rohita (Hamilton, 1822)
across the Ganga basin (India) using a truss network system.
Journal of Applied Ichthyology, vol. 29, no. 5, pp. 1097-1103.
http://dx.doi.org/10.1111/jai.12141.

Brazilian Journal of Biology, 2024, vol. 84, e279429


http://dx.doi.org/10.1007/978-94-024-2080-7_10
https://doi.org/10.1007/BF00001089
https://doi.org/10.1186/1471-2148-10-326
https://doi.org/10.1186/1471-2148-10-326
https://pubmed.ncbi.nlm.nih.gov/20977752
https://doi.org/10.1007/s10750-014-1960-z
https://doi.org/10.1007/s10750-014-1960-z
https://doi.org/10.1098/rstb.2009.0271
https://pubmed.ncbi.nlm.nih.gov/20439280
https://doi.org/10.5897/AJB10.1894
https://doi.org/10.5897/AJB10.1894
https://doi.org/10.1111/mec.13247
https://pubmed.ncbi.nlm.nih.gov/25997156
https://doi.org/10.1073/pnas.1317745111
https://pubmed.ncbi.nlm.nih.gov/24367109
https://www.google.com/search?sca_esv=9d08de6d61fee8a2&q=Nova+Jersey&si=AKbGX_paaCugDdYkuX2heTJMr0_FGRox2AzKVmiTg2eQr2d-rrsyrt7iKKo6-g3foGCttPgX-rwe6mJIAuBKyHQHWjo90myaT9HLjG-uYGyubqoW5dR4N15aap-IcnEGB5SyFR4vzjya3OVd79EeDroG6pY130njbzl6HYTuiD5RqJyObaH9G8NR6nOWu67622X3kwr1oU6Z&sa=X&ved=2ahUKEwi3po3yoI2EAxXCqZUCHVkFBEwQmxMoAXoECDsQAw
https://doi.org/10.1111/j.1467-2679.2005.00173.x
https://doi.org/10.1111/j.1467-2679.2005.00173.x
https://doi.org/10.3391/bir.2023.12.3.19
https://doi.org/10.1098/rspb.2001.1874
https://pubmed.ncbi.nlm.nih.gov/11839201
https://doi.org/10.24843/blje.2020.v20.i02.p05
https://doi.org/10.1111/j.1365-294X.2011.05088.x
https://doi.org/10.1111/j.1365-294X.2011.05088.x
https://pubmed.ncbi.nlm.nih.gov/21518059
https://doi.org/10.1007/s10750-008-9552-4
https://doi.org/10.1186/s12915-015-0192-7
https://pubmed.ncbi.nlm.nih.gov/26437665
https://pubmed.ncbi.nlm.nih.gov/26437665
https://doi.org/10.1016/j.semcdb.2013.05.003
https://doi.org/10.1016/j.semcdb.2013.05.003
https://pubmed.ncbi.nlm.nih.gov/23665150
https://doi.org/10.1111/bij.12449
https://doi.org/10.1111/jai.12141

MIYAN, K., KHAN, M.A., PATEL, D.K., KHAN, S. and ANSARI, N.G.,
2016. Truss morphometry and otolith microchemistry reveal
stock discrimination in Clarias batrachus (Linnaeus, 1758)
inhabiting the Gangetic river system. Fisheries Research, vol. 173,
pp. 294-302. http://dx.doi.org/10.1016/j.fishres.2015.10.024.

MUSCHICK, M., BARLUENGA, M., SALZBURGER, W. and MEYER,
A., 2011. Adaptive phenotypic plasticity in the Midas cichlid
fish pharyngeal jaw and its relevance in adaptive radiation.
BMC Evolutionary Biology, vol. 11, no. 1, pp. 116. http://dx.doi.
org/10.1186/1471-2148-11-116. PMid:21529367.

NICO, L.G., BEAMISH, W.H. and MUSIKASINTHORN, P., 2007.
Discovery of the invasive Mayan Cichlid fish “Cichlasoma”
urophthalmus (Glinther 1862) in Thailand, with comments on
other introductions and potential impacts. Aquatic Invasions,
vol. 2, no. 3, pp. 197-214. http://dx.doi.org/10.3391/ai.2007.2.3.7.

NUR, EM., BATUBARA, A.S., FADLI, N., RIZAL, S., SITI-AZIZAH, M.N.
and MUCHLISIN, Z.A., 2022. Elucidating species diversity of
genus Betta from Aceh waters Indonesia using morphometric
and genetic data. Zoologischer Anzeiger, vol. 296, pp. 129-140.
http://dx.doi.org/10.1016/j.jcz.2021.12.004.

NUR, EM., GUSTIANO, R., HARYONO, H. and PERDANA, A.W., 2023.
Status, distribution, and morphometric analysis of the genus
Trichopodus in Sumatra, Indonesia. The European Zoological
Journal, vol. 90, no. 2, pp. 614-623. http://dx.doi.org/10.1080/
24750263.2023.2231017.

OHEE, H.L., SUJARTA, P., SURBAKTI, S.B. and BARCLAY, H., 2018.
Rapid expansion and biodiversity impacts of the red devil
cichlid (Amphilophus labiatus, Giinther 1864) in Lake Sentani,
Papua, Indonesia. Biodiversitas, vol. 19, no. 6, pp. 2096-2103.
http://dx.doi.org/10.13057 /biodiv/d190615.

PIALEK, L., RICAN, 0., CASCIOTTA, J., ALMIRON, A. and ZRZAVY, .,
2012. Multilocus phylogeny of Crenicichla (Teleostei: Cichlidae),
with biogeography of the C. lacustris group: species flocks as a
model for sympatric speciation in rivers. Molecular Phylogenetics
and Evolution, vol. 62, no. 1, pp. 46-61. http://dx.doi.org/10.1016/j.
ympev.2011.09.006. PMid:21971056.

SEEHAUSEN, O. and MAGALHAES, 1., 2010. Geographical mode
and evolutionary mechanism of ecological speciation in
cichlid fish. In: P.R. GRANT and B.R. GRANT, eds. In search of
the causes of evolution:from field observations to mechanisms.
New Jersey: Princeton University Press, pp. 282-308.
https://doi.org/10.2307/j.ctvimjqtrd.23.

SEFC, K.M., BARIC, S., SALZBURGER, W. and STURMBAUER, C.,
2007. Species-specific population structure in rock-specialized
sympatric cichlid species in Lake Tanganyika, East Africa. Journal
of Molecular Evolution, vol. 64, no. 1, pp. 33-49. http://dx.doi.
0rg/10.1007/s00239-006-0011-4. PMid:17160645.

SEN, S.,JAHAGEERDAR, S., JAISWAR, A., CHAKRABORTY, S., SAJINA,
A. and DASH, G., 2011. Stock structure analysis of Decapterus
russelli (Ruppell, 1830) from east and west coast of India using
truss network analysis. Fisheries Research, vol. 112, no. 1-2,
pp. 38-43. http://dx.doi.org/10.1016/j.fishres.2011.08.008.

SENTOSA, A.A. and WIJAYA, D., 2013. Community of Introduced
Fish in Lake Batur, Bali. Widyariset, vol. 16, no. 3, pp. 403-410.

SHUAIL F, YU, S., LEK, S. and LI, X., 2018. Habitat effects on
intra-species variation in functional morphology: evidence
from freshwater fish. Ecology and Evolution, vol. 8, no. 22,
pp. 10902-10913. http://dx.doi.org/10.1002/ece3.4555.
PMid:30519416.

SMITH, P.F. and KORNFIELD, I., 2002. Phylogeography of Lake
Malawi cichlids of the genus Pseudotropheus: significance of
allopatric colour variation. Proceedings. Biological Sciences,

Brazilian Journal of Biology, 2024, vol. 84, 279429

Ecophenotypic variation of Midas Chiclid

vol. 269, no. 1509, pp. 2495-2502. http://dx.doi.org/10.1098/
rspb.2002.2188. PMid:12573062.

SPOLJARIC, M. and REIMCHEN, T,, 2007. 10 000 years later: evolution
of body shape in Haida Gwaii three-spined stickleback. Journal
of Fish Biology, vol. 70, no. 5, pp. 1484-1503. http://dx.doi.
org/10.1111/j.1095-8649.2007.01425.x.

STIASSNY, M.LJ., 2001. The cichlid fishes: Nature’s Grand experiment
in evolution. Copeia, vol. 2001, no. 3, pp. 878-879. http://dx.doi.
org/10.1643/0045-8511(2001)001[0878:]2.0.CO;2.

SURYAWAN, LM.H.W., JULYANTORO, P.G.S. and KARTIKA, G.R.A.,
2020. Keanekaragaman Vegetasi Akuatik di Peraian Danau
Batur, Kintamani, Bangli. Journal of Marine and Aquatic
Sciences, vol. 6, no. 2, pp. 281-292. http://dx.doi.org/10.24843/
jmas.2020.v06.i02.p16.

TORRES-DOWDALL, J. and MEYER, A., 2021. Sympatric and allopatric
diversification in the adaptive radiations of Midas cichlids in
Nicaraguan Lakes. In: M.E. ABATE and D.L. NOAKES, eds. The
behavior, ecology and evolution of cichlid fishes. Dordrecht:
Springer. Fish & Fisheries Series, vol. 40, pp. 175-216.
http://dx.doi.org/10.1007/978-94-024-2080-7_6.

TURAN, C., 2004. Stock identification of Mediterranean horse
mackerel (Trachurus mediterraneus) using morphometric
and meristic characters. ICES Journal of Marine Science,
vol. 61, no. 5, pp. 774-781. http://dx.doi.org/10.1016/j.
icesjms.2004.05.001.

TURNER, G.E, 2007. Adaptive radiation of cichlid fish. Current
Biology, vol. 17, no. 19, pp. R827-R831. http://dx.doi.org/10.1016/j.
cub.2007.07.026. PMid:17925206.

VIA, S. and HAWTHORNE, D.J., 2005. Back to the future: genetic
correlations, adaptation and speciation. In: R. Mauricio, eds.
Genetics of adaptation. Dordrecht: Springer Netherlands,
pp. 147-156. http://dx.doi.org/10.1007/1-4020-3836-4_13.

WATANABE, I. and BERJA, N.S., 1983. The growth of four species
of Azolla as affected by temperature. Aquatic Botany,
vol. 15, no. 2, pp. 175-185. http://dx.doi.org/10.1016/0304-
3770(83)90027-X.

WEBSTER, M.M., ATTON, N., HART, PJ. and WARD, A]., 2011.
Habitat-specific morphological variation among threespine
sticklebacks (Gasterosteus aculeatus) within a drainage basin.
PLoS One, vol. 6, no. 6, pp. e21060. http://dx.doi.org/10.1371/
journal.pone.0021060. PMid:21698269.

WEST-EBERHARD, M.]., 2008. Phenotypic plasticity. In: S.E.
JORGENSEN and B.D. FATH, eds. Encyclopedia of ecology. Oxford:
Academic Press, pp. 2701-2707. http://dx.doi.org/10.1016/
B978-008045405-4.00837-5.

WIMBERGER, P.H., 1992. Plasticity of fish body shape: the effects
of diet, development, family and age in two species of
Geophagus (Pisces: cichlidae). Biological Journal of the Linnean
Society. Linnean Society of London, vol. 45, no. 3, pp. 197-218.
http://dx.doi.org/10.1111/j.1095-8312.1992.tb00640.x.

WORSHAM, M.L,, JULIUS, E.P., NICE, C.C., DIAZ, P.H. and HUFFMAN,
D.G., 2017. Geographic isolation facilitates the evolution of
reproductive isolation and morphological divergence. Ecology
and Evolution, vol. 7, no. 23, pp. 10278-10288. http://dx.doi.
org/10.1002/ece3.3474. PMid:29238554.

YULIANTO, D., INDRA, L., BATUBARA, A.S., EFIZON, D., NUR, EM.,,
RIZAL,S., ELVYRA, R. and MUCHLISIN, Z.A., 2020. Length-weight
relationships and condition factors of mullets Liza macrolepis
and Moolgarda engeli (Pisces: Mugilidae) harvested from
Lambada Lhok waters in Aceh Besar, Indonesia. F1000
Research, vol. 9, no. 259, pp. 259. http://dx.doi.org/10.12688/
f1000research.22562.2. PMid:32612810.

9/9


https://doi.org/10.1016/j.fishres.2015.10.024
https://doi.org/10.1186/1471-2148-11-116
https://doi.org/10.1186/1471-2148-11-116
https://pubmed.ncbi.nlm.nih.gov/21529367
https://doi.org/10.3391/ai.2007.2.3.7
https://doi.org/10.1016/j.jcz.2021.12.004
https://doi.org/10.1080/24750263.2023.2231017
https://doi.org/10.1080/24750263.2023.2231017
https://doi.org/10.13057/biodiv/d190615
https://doi.org/10.1016/j.ympev.2011.09.006
https://doi.org/10.1016/j.ympev.2011.09.006
https://pubmed.ncbi.nlm.nih.gov/21971056
https://doi.org/10.1007/s00239-006-0011-4
https://doi.org/10.1007/s00239-006-0011-4
https://pubmed.ncbi.nlm.nih.gov/17160645
https://doi.org/10.1016/j.fishres.2011.08.008
https://doi.org/10.1002/ece3.4555
https://pubmed.ncbi.nlm.nih.gov/30519416
https://pubmed.ncbi.nlm.nih.gov/30519416
https://doi.org/10.1098/rspb.2002.2188
https://doi.org/10.1098/rspb.2002.2188
https://pubmed.ncbi.nlm.nih.gov/12573062
https://doi.org/10.1111/j.1095-8649.2007.01425.x
https://doi.org/10.1111/j.1095-8649.2007.01425.x
http://dx.doi.org/10.1643/0045-8511(2001)001%5b0878:%5d2.0.CO;2
https://doi.org/10.24843/jmas.2020.v06.i02.p16
https://doi.org/10.24843/jmas.2020.v06.i02.p16
https://doi.org/10.1007/978-94-024-2080-7_6
https://doi.org/10.1016/j.icesjms.2004.05.001
https://doi.org/10.1016/j.icesjms.2004.05.001
https://doi.org/10.1016/j.cub.2007.07.026
https://doi.org/10.1016/j.cub.2007.07.026
https://pubmed.ncbi.nlm.nih.gov/17925206
https://doi.org/10.1007/1-4020-3836-4_13
https://doi.org/10.1016/0304-3770(83)90027-X
https://doi.org/10.1016/0304-3770(83)90027-X
https://doi.org/10.1371/journal.pone.0021060
https://doi.org/10.1371/journal.pone.0021060
https://pubmed.ncbi.nlm.nih.gov/21698269
https://doi.org/10.1016/B978-008045405-4.00837-5
https://doi.org/10.1016/B978-008045405-4.00837-5
https://doi.org/10.1111/j.1095-8312.1992.tb00640.x
https://doi.org/10.1002/ece3.3474
https://doi.org/10.1002/ece3.3474
https://pubmed.ncbi.nlm.nih.gov/29238554
http://dx.doi.org/10.12688/f1000research.22562.2
http://dx.doi.org/10.12688/f1000research.22562.2
https://pubmed.ncbi.nlm.nih.gov/32612810

