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ABSTRACT

Currently, great importance has been given to the study of external morphology, especially in fish, when it is
used as a means of identifying hybrids. This paper considers a multiple logistic regression model based on the
truss protocol to compare morphological covariation patterns between specimens of C. macropomum and the
hybrid C. macropomum (Q) x P. orinoquensis (3). In this study, 25 specimens of C. macropomum and 20
specimens of the hybrid C. macropomum () x P. orinoquensis (3), respectively, were analyzed. The method
"Truss protocol" or "trusses" was used. Multiple logistic regression model based on the morphological
covariation patterns between the two species showed a good fit and allowed to correctly classify most of the
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specimens. Only two covariates were significant; eye diameter and fat fin base. Differences between the hybrid
and its parent were observed in the head area and in the anterior part of the fish, which were associated with

hydrodynamic abilities and with foraging.

Keywords: Morphometry; truss protocol; fishes; nonlinear regression.

1. INTRODUCTION

The species of the genuses Colossoma and Piaractus
are widely distributed in the Amazonian rivers of
South America. Both Colossoma macropomum and
Piaractus orinoquensis belong to the Serrasalminae
subfamily. And both species have been included
within the Serrasalmidae family. However, many
authors suggest that these species belong to the
Characidae family. The family Characidae is the most
diverse family of freshwater fish species in South
America. The implementation of morphometric
analysis in some species provides scientific
knowledge that helps genetic improvement. Currently,
the techniques that involve the use of data on the
external morphology of individuals are not widely
used, since phenotypic plasticity, that is, changing
their phenotype in response to changes in the
environment, means that the evaluated characters
cannot always be generalized for the identification
and differentiation of species and hybrids (Pardo et
al., [1]; Miranda-Marin and Gonzalez-Acosta, [2]. It
is clear that the morphological characters are physical
evidence of the expression of the genotype. Therefore,
the differences between specific body characteristics
can become very important to establish patterns of
differentiation and inheritance (Mateo et al., [3]; Salas
et al.,[4]). In continental fish, the morphometric
characteristics referring to the anatomical shape have
been used to evaluate the productive response in
rearing both in natural environments and in captivity.
Currently, there are more modern and precise
morphometric analysis techniques, such as Geometric
Morphometry (Bookstein et al., [5], Trapani [6],
Adams et al., [7], Shipunov and Bateman [8]), which
together with multivariate statistical analysis and
means of direct visualization, constitute one of the
most useful tools to describe the biological form and
its changes.

Generally, these techniques are based on a set of
measured distances between identifiable points on the
organisms. In most cases, the measurements
(distances between homologous points) present a high
correlation, which is exploited in the models that are
frequently used to compare between species. The
logistic regression model allows evaluating the effect
of a set of independent or explanatory covariates on a
response variate of binomial distribution, such as the
species (Y). Therefore, they follow a binomial
distribution with parameters (m,m) . The binary
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logistic regression model allows relating the
probability of success m with the independent or
explanatory  covariate. With  the  logistic
transformation, a more flexible model of easy
interpretation of the parameters is achieved
Montgomery et al., [9]. In this sense, this paper
considers a multiple logistic regression model based
on the truss protocol to compare morphological
covariation patterns between specimens of Colossoma
macropomum and the hybrid C. macropomum () x
Piaractus orinoquensis (3).

2. MATERIALS AND METHODS

2.1 Morphological Covariation Patterns
between C. macropomum and P.
orinoquensis

In this study, 25 adult specimens of C. macropomum
and 20 adult specimens of the hybrid C. macropomum
(?) x P. orinoquensis (3) with an average weight of
600g, respectively, from artificial ponds of a fish farm
in Portuguesa state, Venezuela, were analyzed. Within
the sample of each species there are mixed male and
female individuals. The method "Truss protocol" or
"trusses" Strauss and Bookstein [10] was used, which
achieves an exhaustive reconstruction of the shape
from the distances between the homologous
anatomical landmarks (see Table 1 and Fig. 1). The
distances connecting these landmarks form a series of
continuous quadrilaterals with their respective internal
diagonals (see Fig. 1), which allows detecting
differences in shape in the vertical, horizontal, and
oblique directions. The limitations in this study is the
number of measures necessary to achieve better
efficiency in estimating parameters related to the
morphology of these species.

The morphological covariation patterns between
specimens of C. macropomum and the hybrid C.
macropomum (9) x P. orinoquensis (3) were
studied using a multiple logistic regression model
based on the truss protocol in R package. The logistic
model is described below (for details see Bartolo et
al.[11]):

2.2 Multiple Logistic Regression Model

Let the p independent variables be expressed by the
vector XT = (X1, X2,...,X,) and it relates the
probability of a certain independent event occurring
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denoted by the vector XT with conditional probability ~ logit of the multiple logistic regression models is
P(Y=1/X) =mn(x) a a function of p presented by the following equation.

independent variables that can be quantitative or

qualitative depending on the type of study design. The ~ g(x) = By + B1xq + Boxy + - + Bpxp,

Table 1. Truss measurements from C. macropomum and the hybrid C. macropomum (?) x P.
orinoquensis (3) specimens

Standar length (X;)

Tip of snout to end of epiphyseal sulcus (X,)

Tip of snout to insertion of pectoral fin (X3)

Anterior edge of the epiphyseal sulcus to the end of the epiphyseal sulcus (X,)
Anterior edge of the epiphyseal sulcus at the insertion of the pectoral fin (Xs)
Anterior edge of the epiphyseal sulcus when articulating (X)

Articulate to insertion of pectoral fin (X5)

Posterior edge of epiphyseal sulcus to end of dorsal fin (Xg)

Posterior edge of the epiphyseal sulcus at the insertion of the pelvic fin (Xo)
Posterior edge of the epiphyseal sulcus to the insertion of the pectoral fin (X,)
Posterior edge of the epiphyseal groove when articulating (Xi;)

Insertion of pectoral fin to insertion of pelvic fin (Xi,)

Dorsal fin base (X;3)

Anterior edge of dorsal fin to anterior edge of anal fin (X;4)

Anterior edge of dorsal fin to insertion of pelvic fin (Xis)

Anterior edge of dorsal fin to insertion of pectoral fin (X¢)

Insertion of pelvic fin to end of anal fin (X;)

Posterior edge of dorsal fin to the fatty fin (X;g)

Posterior edge of dorsal fin to posterior edge of anal fin (X;¢)

Posterior edge of dorsal fin to anterior edge of anal fin (X;)

Posterior edge of dorsal fin to insertion of pelvic fin (X5,)

Anal fin base (X3,)

Posterior edge of the fatty fin to the last scale of the lateral line (X»;)
Posterior edge of fatty fin to posterior edge of anal fin (Xy4)

Posterior edge of the fatty fin to the anterior border of the anal fin (X;s)
Posterior edge of the fatty fin to the anterior border of the anal fin (Xy6)

Eye diameter (X»)

Head length (Xyg)

Fat fin base (X,9)

Fig. 1. Location of homologous points and distances measured on the left lateral profile of C.
macropomum and the hybrid C. macropomum (?) x P. orinoquensis (3)
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where By, B, ..., Bp are parameters of the multiple
logistic regression model. In this case the logistic
regression model is

ed(®)

T[(x) = pj = 1+ eg(x)'

2.2.1 Parameter estimation

Assuming we have a sample of » independent
observations (x;,y;),i = 1,2, ...,n. Fitting the model
requires that we obtain estimators of the vector
BT = (Bo, 1, ) Bp) The resulting likelihood
equations can be expressed as follows

[yi —m(x)] =0

il — ()] = 0

t

M- M-

,.‘
1
ey

para i = 1,2,..,n. 8 denotes the solution of these
equations.

2.2.2 Hypothesis testing for the logistic regression
model

The likelihood ratio test for the total significance of
the p coefficients for the independent variables in the
model is based on the G statistic.

n
G=2{
i=1

The fitted values, 7;, on the model are based on the
vector containing p + 1 parameters, £, on the null
hypothesis that the p coefficients for the covariates in
the model are equal to zero. The G statistic has a Chi-
square distribution with p degrees of freedom.

yiln(@) + (1 —y)In(1 — 7]

— [nyIn(n;) + nyln(ngy) — nln(n)]}

The Wald test is obtained from the calculation of the
following matrix

w = gT[var(8)]"'p
= BTxXvX)B,

where V' is a diagonal matrix of dimension n X n with
elements #;(1 —7;) and W has a Chi-square
distribution with p + 1 degrees of freedom on the
hypothesis that each of the p + 1 coefficients are equal
to zero.
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2.2.3 Analysis of residuals for the

regression model

logistic

2.2.3.1 Pearson residuals
Pearson residuals are defined by

yi —mp;

‘/m,-ﬁ,-(l - 1))

where, y; represents the number of responses, y = 1,
among the m; individuals with X; =x (some
individuals having the same x value), j = 1,...,p.

‘r]-:

e

== T ey

p

and g(x) = By + Pixy + Boxy + -+ ﬁpxp.

Thus, a Pearson residual with an absolute value
greater than 2 indicates an outlier.

Pearson's y? statistic is the sum of squares of the
Pearson residuals.

]
i-3

1

2.2.3.2 Standardized pearson residuals

The standardized Pearson residuals are defined by:

where, 7; is the Pearson residuals and h; is the
leverage, that is, the element of the main diagonal of
the matrix H.

2.2.3.3 Deviance residuals

Deviance residuals are defined as:
Yj

+42 |yl
- { [y o (m p

)
+ (my = y)in (ﬁ)]} |

Deviance is the sum of squares of deviance residuals.

>

=1

J

Xp = djz

If the deviance is greater than 4 in absolute value then
the corresponding observation is outlier.



3. RESULTS

In Table 2, only two covariates; eye diameter (X7)
and fat fin base (Xj9) suggest that there are
characteristics associated with the morphological
covariation patterns that allow differentiation between
redundant specimens of C. macropomum and the
hybrid C. macropomum () x P. orinoquensis (3).
These two covariates are associated with
morphological covariation patterns that make a
difference in the head area; eye diameter (X,7), and in
the anterior part of the fish; fat fin base (X,9). In Table
3, the results of the Hosmer-Lemeshow test (P =
0,5348) suggest that there are insufficient reasons to
reject the hypothesis associated with the goodness of
fit of the logistic model associated with the
morphological covariation patterns between these two
species. Similarly, in Table 4, the results of the
classification show that, with this model, 97.77% of
the specimens from C. macropomum and the hybrid
C. macropomum () x P. orinoquensis (3) were
correctly classified.
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4. DISCUSSION

In Table 2, these two covariates; eye diameter (X,7)
and fat fin base (X,9) are characteristics associated
with hydrodynamic abilities and to the foraging for
food. Regarding the morphological covariation
patterns based on a multiple logistic regression model
presented in Table 2, these results coincide with those
reported by Pineda et al., [12] who used principal
component analysis for the morphometric comparison
between males and females of C. macropomum
maintained in ponds, and those reported by Villegas et
al., [13] in a multivariate analysis that allowed a
morphometric comparison of a hybrid originated from
C. macropomum and P. orinoquensis, and those
reported by Villegas et al., [14] when studying the
redundancy in morphological covariation patterns
between C. macropomum and P. orinoquensis. The
foregoing reveals what was indicated by Porras-
Rivera and Rodriguez-Pulido [15] and Conte-Grand et
al., [16], who point out that external morphology is
not always reliable when used as the only means of

Table 2. Multiple logistic regression model based on the morphological covariation patterns between

specimens of C. macropomum and the hybrid

C. macropomum () x P. orinoquensis (3)

Covariate f}p Standard error Z value P value
Xy -0,01188 8,480e+03 0,0000 0,9999
Xy) -0,6376 1,320e+05 0,0000 0,9999
(X3) 0,03115 2,316e+04 0,0000 0,9999
(Xy) 1,047 7,612e+04 0,0000 0,9999
(Xs) -0,1244 5,755e+04 0,0000 0,9999
Xe) 3,859 2,493e+05 0,0000 0,9999
X5) -1,373 1,239¢+05 0,0000 0,9999
(Xs) -1,963 7,200e+04 0,0000 0,9999
Xo) 1,962 1,079¢+05 0,0000 0,9999
(Xi0) 0, 2834 2,671et04 0,0000 0,9999
X11) -1,156 1,461e+05 0,0000 0,9999
X1) 0,6869 7,108e+04 0,0000 0,9999
X13) -0,7860 1,692e+05 0,0000 0,9999
Xi4) -0,5908 6,472e+04 0,0000 0,9999
(Xi5) 0,5360 4,044¢+04 0,0000 0,9999
Xi6) 0,2019 5,075e+03 0,0000 0,9999
Xi7) -0,04323 3,722e+04 0,0000 0,9999
(X1g) 2,327 5,634e+04 0,0000 0,9999
X19) -0,1525 1,869¢+04 0,0000 0,9999
(X20) 0,4803 2,410e+04 0,0000 0,9999
(X51) -2,082 4,168e+04 0,0000 0,9999
X2) -1,798 1,559¢+05 0,0000 0,9999
Xy) 0,07968 1,821e+04 0,0000 0,9999
(X24) 4,088 1,465e+05 0,0000 0,9999
(Xss) 1,573 1,546e+05 0,0000 0,9999
(Xa20) -0,7722 8,781e+04 0,0000 0,9999
(X37) -9,612 2,078e+05 1,8807 0,0300
(Xx) -0,8812 8,297e+04 0,0000 0,9999
(Xy9) -4,573 1,560e+05 3,5999 0,0000
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Table 3.
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Statistics related to morphological classification of specimens of C. macropomum and the hybrid

C. macropomum (2) x P. orinoquensis (3) based on a multiple logistic regression model

N -2 Log AIC Hosmer-Lemeshow test Correctly classified cases (%)
Likelihood (P value)
45 -0,0000 60 0,5348 0,9777

Table 4. Morphological classification of specimens of C. macropomum and the hybrid C. macropomum (%)
x P. orinoquensis (3) based on a multiple logistic regression model

Fitted Correct percentage
Observed C. macropomum Hybrid
C. macropomum 19 0 95%
Hybrid 0 25 100%
Overall correct 97,77%
percentage
identification, particularly for hybrid individuals COMPETING INTERESTS

beyond the first generation. Furthermore, Santos [17]

emphasizes the importance of studying the
morphometry of a certain species to know the
relationships ~ between  the  different  body
measurements; which would allow the

characterization of the carcasses and the meat yields.
In this sense, Villegas et al. [14] suggests that the
implementation of the morphometric analysis in some
species contribute scientific knowledge that helps
genetic improvement.

5. CONCLUSIONS

Multiple logistic regression model based on the
morphological ~ covariation  patterns  between
specimens of C. macropomum and the hybrid C.
macropomum (Q) x P. orinoquensis (3) showed a
good fit and allowed to correctly classify most of the
specimens. Only two covariates were significant; eye
diameter and fat fin base.

Differences were observed in the area of the head and
in the anterior part of the fish between the hybrid and
its parent. The morphological differences between
these two species were evidenced in covariates
associated with hydrodynamic abilities and with
foraging. Finally, the results of this research suggest a
comparative  study between the hybrid C.
macropomum (9) x P. orinoquensis (3) and P.
orinoquensis based on a multiple logistic regression
model.
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