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Study of ecomorphological variations in fish of differ-
ent habitats helps in understanding the diversification 
of body traits developed due to different environmen-
tal conditions. The morphological variations in sub-
populations of Trichogaster fasciata induced by differ-
ent habitats characterized by different environmental 
conditions have been studied. Overall, 86% and 92% 
of individuals were correctly classified using linear 
discriminant function analysis of truss and geometric 
morphometrics. The individuals from lotic habitat 
showed a more streamlined body, sloping head and in-
flated caudal peduncle than those of the lentic habitat 
which displayed deeper body, broader head and def-
lated caudal peduncle. Relative warps were used to 
quantify variations in the form of characteristic inter-
pretation of body shape. The results from the present 
study help clarify the questions of morphological pre-
dictions in the sub-populations of this fish across dif-
ferent flow habitats and provide insights into 
phenotypic variations in the T. fasciata population. 
 
Keywords: Geometric morphometrics, ecomorphologi-
cal variation, phenotypic plasticity, Trichogaster fasciata, 
truss analysis. 
 
ECOMORPHOLOGY is the study of ecological factors and 
their effects on the morphology of an individual, which 
includes the aspects of organismal biology and biome-
chanics that drive the morphological changes1,2 which 
helps in understanding the relationship between morpho-
logical traits and environmental factors3. Varieties of 
body shapes are produced in different populations of fish 
species because of variation in their maturation, growth 
and development due to the different environmental con-
ditions4. Populations of the same individual of fish spe-
cies originating from different geographical areas are 
morphologically different5. Phenotypic plasticity is the 
phenomenon which involves temporary morphological 
changes in response to the local environmental conditions 
during the early life stages of fish when the traits are 
more acquiescent to environmental influence6,7. In addi-
tion to phenotypic plasticity, the adaptations may be  

genetically induced or may arise due to the combination 
of both8,9. Phenotypic plasticity or genetic modification10 
is the result of shape variability in fish often attributed  
to the changes in biotic11 or abiotic12 factors. Apart from  
the mechanism of body transformations, the persistent 
endeavour by the individual to improve their fitness 
through natural selection may also be considered as the 
driving force behind these adaptations. The present study, 
does not test the cause or mechanisms behind these  
differences, but focuses on the morphological variations 
in body shape that occur in response to the different envi-
ronmental conditions of various habitats. 
 The knowledge of sources about origin of body shape 
variation is fundamental and important for various types 
of biological research. However, the understandings of 
body shape variability to flow regimes remains limited 
for many freshwater fishes of India and researchers are 
often challenged to do so. Precise and accurate quantifi-
cation of body shape of the fish is difficult and the me-
thods employed for this range from traditional to modern. 
Morphometry of linear measurement (truss) using multi-
variate statistical analysis is traditionally used to quantify 
body shape in fishes13,14. Now, analysis of the geometric 
location of landmarks of the body is emerging as a  
powerful tool to quantify body shape variations to deli-
neate the populations and in other areas of biological  
research14,15. 
 In the present study, the target fish species is Tricho-
gaster fasciata, which is a commercially important 
freshwater ornamental fish. It is a benthopelagic fish16 
widely known for its ornamental value as an aquarium 
species17. It is known to occur in different types of water 
bodies, including freshwater pools, marshes, estuaries, 
ponds, large rivers, ditches and lakes in India and the 
neighbouring countries18. The variation in body shape of 
T. fasciata is possible as the fish inhabits different water 
bodies, i.e. lotic and lentic. Therefore, the present study is 
considered to be important towards exploration of the 
population structuring of T. fasciata collected from four 
different lotic and one lentic habitats of India. Begg and 
Waldman19 suggested that complementary techniques  
are required to achieve greater resolution in the  
results. Therefore, two techniques (truss and geometric
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Table 1. Sampling details and descriptive data (mean ± SE) of Trichogaster fasciata procured from lotic and lentic ecosystems of India

     Total length (cm) 
 

Sampling sites Ecosystems District Geographical coordinates Sample size Range Mean ± SE 
 

Gomti Lotic habitat Lucknow 26°56′N, 80°43′E 30 5.7–8.2 5.79 ± 1.39 
Ganga Kanpur 26°52′N, 80°52′E 30 5.6–7.2 5.45 ± 0.91 
Ghaghara Faizabad 27°17′N, 81°22′E 30 6.7–9.4 8.89 ± 0.68 
Yamuna Delhi 22°34′N, 88°22′E 30 5.7–7.7 6.34 ± 1.37 
Bakhira Tal Lentic Habitat Sant Kabir Nagar 26°53′N, 84°47′E 30 4.5–7.1 5.67 ± 1.15 

 
 

 
Figure 1. Map showing the sampling sites. 

 
 
 
morphometrics) were used to illustrate and compare the 
ecomorphological variations among T. fasciata popula-
tions sampled from different habitats of India. Efforts 
were also made to compare the limitations and advantag-
es of each of the methods used in the present study. 

Materials and methods 

Sample collection 

Adult individuals of T. fasciata were procured using cast 
and drag nets (mesh size = 3–5 cm) with the help of  
fisherman from five different habitats (four lotic and one 
lentic) situated in different parts of India. The lotic habi-
tats include four rivers (Gomti in the Lucknow region, 
Ganga at Kanpur, Ghaghara at Faizabad and Yamuna at 
Delhi), and one lentic (Bakhira Tal at Sant Kabir Nagar). 
Table 1 and Figure 1 provide the details. The fish sam-
ples were brought to the laboratory for morphometric 
study. Each fish was placed on the truss paper along a 
straight line and the image of the left side of the fish was 
captured using a digital camera (Nikon 16.0 mega pixel). 
Ten landmarks were chosen using the software tpsDig 
(2.09) (ref. 20; Figure 2) and transformed into cartesian 
coordinates. 

 
Figure 2. Landmarks shown on the fish body. They include: (1) snout 
tip, (2) dorsal edge of head perpendicular to the end of the eye; (3) dor-
sal edge of head perpendicular to the opercular bone, (4) anterior origin 
of the dorsal fin, (5) posterior insertion of the dorsal fin, (6) upper ori-
gin of the caudal fin, (7) middle of the caudal fin, (8) lower insertion of 
the caudal fin, (9) the anterior origin of the anal fin and (10) the ante-
rior origin of the pelvic fin.
 
 
Truss analysis 

The truss analysis was carried out by interconnecting the 
landmarks. Prior to data analysis, the data were log10 
transformed and standardized using the allometric  
method as described by Elliott et al.21 for interpretation 
of shape variation independent of the fish size. 

Geometric morphometrics 

Geometric morphometrics was carried out on the carte-
sian coordinates of landmarks on each specimen, fol-
lowed by Procrustes superimposition to standardize the 
landmark coordinates of each specimen to unit centroid 
size, which removes information about location, size and 
orientation. The coordinates of all aligned specimens 
were subjected to deformation grids, the relative warp 
(RW) analysis22 to quantify and graphically portray  
the patterns of variations among five populations of  
T. fasciata. 

Data analysis 

The data were tested for normality using the Shapiro 
Wilk test and Levene’s test. MANOVA was carried out to 
test the significance of differences among the samples. 
Linear stepwise discriminant function analysis (LDFA)
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Table 2. Canonical correlation analysis among the five populations of T. fasciata using truss analysis and 
  geometric morpometrics 

Function Eigen value Percentage of variance Cumulative (%) Canonical correlation 
 

Truss analysis     
 DF1 2.870 54.7  54.7 0.861 
 DF2 1.749 33.3  88.0 0.798 
 DF3 0.625 12.0 100 0.620 
 
Geometric morphometrics 
 DF1 4.847 60.6  60.6 0.910 
 DF2 2.878 23.6  84.2 0.861 
 DF3 0.581 12.8  97.0 0.606 
 DF4 0.260  3.0 100.0 0.454 

 
 

Table 3. Wilk’s lambda test of discriminant function analysis among five
  populations of T. fasciata using truss analysis and geometric morphometrics 

Method Test of functions Wilk’s lambda df P 
 

Truss analysis 1 through 3 0.029 20 0.000 
2 through 3 0.141 12 0.000 

3 0.666 6 0.000 
Geometric morphometrics 1 through 4 0.022 32 0.000 

2 through 4 0.129 21 0.000 
3 through 4 0.502 12 0.000 

4 0.784 5 0.000 
df, degrees of freedom; P, Significance value. 

 
 
was used to calculate the percentage of correctly classi-
fied individuals (PCC), and Wilk’s lambda was used to 
compare the dissimilarity between groups. Statistical 
analysis was carried out using SPSS version 16.0 and the 
paleontological software, PAST version 3.12. The data 
were represented as mean ± SE and probability level was 
set as less than 0.05. 

Results 

Truss morphometrics 

Truss morphometric measurements differed significantly 
among the five populations (MANOVA, P < 0.001). 
LDFA resulted into the generation of three discriminant 
functions (DFs), namely DF1 (54.7%; Wilk’s lamb-
da = 0.029), DF2 (33.3%; Wilk’s lambda = 0.141) and 
DF3 (12%; Wilk’s lambda = 0.666), which indicated sig-
nificant differences at the level of P < 0.001 in the mor-
phometric characters. Tables 2 and 3 provide the details. 
The morphometric traits such as 3–4, 3–7, 2–8, 3–8, 1–
10, 1–2 and 6–7, 4–7, 4–8, 4–6, 5–7 were highly corre-
lated to DF1 and DF2 respectively. Overall, 86% of orig-
inal grouped cases were correctly classified using LDFA 
(Table 4). The scatter plot of DF1 and DF2 showed that 
the individuals from lotic habitat overlapped and were 
found to be closer to each other, whereas the individuals 
from lentic habitat were quite distinct (Figure 3 a). 

Geometric morphometrics 

Geometric morphometrics revealed significant differenc-
es among the five populations of T. fasciata (MANOVA, 
P < 0.001). In LDFA, four DFs were generated, viz. DF1 
(60.6; Wilk’s lambda = 0.022), DF2 (23.6; Wilk’s lamb-
da = 0.129), DF3 (12.8; Wilk’s lambda = 0.502) and DF4 
(3.0; Wilk’s lambda = 0.784), which indicated significant 
differences (P < 0.001) in the morphometric characters 
(Tables 2 and 3). The landmarks that contributed to DF1 
and DF2 were 2, 5, 4, 6, 3, 1 and 7, 8, 9 and 10 respec-
tively. A classification matrix indicated that overall 92% 
of individuals were correctly classified into their original 
group (Table 4). The scatter plot of DFs (1 and 2)  
indicated the existence of five distinct populations of  
T. fasciata (Figure 3 b). In the present study, relative 
warps showed that significant differences were contri-
buted by head region, body depth and caudal peduncle 
(Figure 4). 

Discussion 

The integrative approach of truss and geometric mor-
phometrics revealed significant ecomorphological varia-
tions in the body shape of T. fasciata. The specific traits 
which produced shape variation in different populations 
of T. fasciata were body depth, caudal peduncle and head 
region. Populations from the lotic ecosystems (Gomti,
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Table 4. Per cent values of cross-validated discriminant analysis in morphometrics measurements 
  of T. fasciata using truss analysis and geometric morphometrics 

 Predicted group membership  
 

Population percentage (%) Gomti Ganga Ghaghara Yamuna Bakhira Tal Total 
 

Truss analysis       
 Gomti 73.3(22) 20(6) 0(0) 0(0) 6.7(2) 100 
 Ganga 10(3) 90(27) 0(0) 0.0(0) 0(0) 100 
 Ghaghara 0(0) 6.7(2) 73.3(22) 3.3(1) 16.7(5) 100 
 Yamuna 0(0) 0(0) 3.3(1) 86.7(26) 10(3) 100 
 Bakhira Tal 6.7(2) 13.3(4) 10(3) 0(0) 70(21) 100 

86% of original grouped cases correctly classified 
Geometric morphometrics       
 Gomti 90(27) 3.3(1) 0(0) 0(0) 6.7(2) 100 
 Ganga 3.3(1) 93.3(28) 0(0) 0(0) 3.3(1) 100 
 Ghaghara 0(0) 3.3(1) 93.3 (28) 3.3(1) 0(0) 100 
 Yamuna 0(0) 0(0) 0(0) 96.7 (29) 3.3(1) 100 
 Bakhira Tal 6.7(2) 6.7(2) 0(0) 20(6) 66.7(20) 100 

92% of original grouped cases correctly classified 

The corresponding numbers of individuals are given within parentheses. 
 

 

 
 

Figure 3. Discriminant function analysis plot between DF1 and DF2. (a) Truss analysis and (b) geometric morphometrics.
 
 
Ganga, Ghaghara and Yamuna) exhibited similarities in 
possessing a more streamlined body (lower body depth) 
and inflated caudal peduncle than those from the lentic 
ecosystems (Bakhira Tal), where traits such as deeper 
body and deflated caudal peduncle were noted. Several 
researchers have reported similar results in different fish 
species all over the world23–25. The traits of lotic and  
lentic individuals, reported in the present study, were due 
to adaptations of the fish in high and low water current 
present in riverine and stagnant water body respectively. 
The deeper body shape increases the drag exerted on the 
body of the fish in moving water, requiring more energy 
to navigate through or remain stable26,27. However, when 
compared with more streamlined fishes, it reduces the 
drag and enhances the swimming speed and ability28,29. In 
the present study, the fish population in lotic habitats had 

elongated caudal peduncle compared to those of the lentic 
populations. An elongated and more robust caudal pedun-
cle improves the ability to sustained swimming and the 
energy lost due to recoiling is reduced through maximiz-
ing the thrust28,30. The sloping head of T. fasciata in the 
fish of lotic ecosystems is designated to help in water 
movement over the head, improving its ability to forage29 
and avoid predation31. Fish living in lentic habitats do not 
adapt to flow, rather they are supposed to respond to dif-
ferent environmental pressures29, resulting in body shape 
differences. The morphological variations in the fish 
(body depth, head shape and caudal peduncle size and 
shape) are likely to be environmentally driven, but the 
changes are considered to have been gradually developed 
in several generations at the population scale in the  
response to the environmental gradients32,33. 
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Figure 4. Relative warps of five distinct populations of Trichogaster 
fasciata from lotic and lentic ecosystems of India. 

 
 
 The two morphometric methods, truss and geometric 
morphometrics, are considered to be advanced and well 
organized, which include coverage of the entire form with 
improved statistical and standardization power using mul-
tivariate shape variability over univariate measure-
ments13. An important limitation of truss analyses is that 
it provides variability in the shape of objects that are  
particularly dependent on distance-based measures of 
morphological characters (size differences) and on axes 
(e.g. principal components) that do not provide direct  
representation of the object making biological interpreta-
tion difficult for researchers34,35. Nevertheless, the truss 
analysis is widely used to assess the degree of differentia-
tion because it is related to the functional morphology of 
the individual population of the fish36. In comparison to 
truss analysis, geometric morphometrics provides shape-
based measures of morphological characters13,37. Geometric 
morphometrics overcomes the limitations and increases 
the discriminating power due to vigorous measures of the 
variation among objects in Procrustes distance15 and  
characterization of multivariate shape variability,  
especially when size differences among specimens are 
small22,35. In the present study, geometric methods of 
landmark coordinates permit characterization of shape 
variation among the different populations of T. fasciata 
by means of relative warps, which were visual representa-
tions of shape variations (Figure 4). Similarly, other stu-
dies have reported that geometric morphometric is a 
powerful, more robust tool and allows for better visuali-
zation of shape differences in fishes38,39. However, the 
common drawback of geometric morphometrics is that it 

cannot be used to interpret the functional morphology of 
fish40. Additionally, Bhagat et al.36 pointed out that  
comparison of the two methods shows only a minor devi-
ation in the final results. Similarly, slight variations were 
observed in the morphometric parameters of body shape 
in T. fasciata. 

Conclusion 

Ecomorphological variations slowly develop in sub-
populations of fish during early stages because of differ-
ent habitats characterized by different environmental 
conditions. However, further studies are needed from 
combined field assays of morphological variations along 
with laboratory experiments and genetic analyses to  
authenticate the results. 
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