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Using head, pectoral girdle bones and otoliths to estimate length
and weight of Argentine anchovy (Engraulis anchoita), a key species in
Patagonian marine ecosystem
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ABSTRACT. The Argentine anchovy, Engraulis anchoita, plays a vital role as a key prey
species for several marine predators in the north Patagonian marine ecosystem of the Atlantic
Ocean. Reconstructing the length and weight of each consumed specimen is essential to provide a
detailed description of the trophic ecology of top marine predators. Predictive linear regression
equations were calculated for the Patagonian stock of Argentine anchovy to estimate parameters of
length-weight relationships using measurements of whole individuals and diagnostic elements such
as otoliths, head bones and pectoral fin bones. Among the diagnostic elements analyzed, the clei-
thrum and dentary exhibited the best fit. This study validates the use of head and pectoral girdle
bones as reliable indicators for predicting the weight and length of Argentine anchovy across a wide
size range, which corresponds to the target range of various predators. These relationships can con-
tribute to the determination of body condition, estimation of consumed biomass, and calculation of
energy density, providing valuable insights into the trophic ecology of predators in the southern
Atlantic Ocean.

Key words: Head bones, otoliths, regression, Patagonia, measurements, length-weight.

Utilizacion de los huesos de la cabeza, cintura pectoral y otolitos para estimar la talla y el peso
de la anchoita (Engraulis anchoita), especie clave en el ecosistema marino patagonico

RESUMEN. La anchoita, Engraulis anchoita, juega un papel vital como especie presa clave para
varios depredadores marinos en el ecosistema marino patagoénico norte del Océano Atlantico.
Reconstruir la longitud y el peso de cada espécimen consumido es esencial para proporcionar una
descripcion detallada de la ecologia trofica de los principales depredadores marinos. Se calcularon
las ecuaciones de regresion lineal predictiva para el stock patagonico de anchoita, a fin de estimar
los parametros de las relaciones talla-peso utilizando medidas de individuos completos y elementos
de diagnostico como otolitos, huesos de la cabeza y huesos de la aleta pectoral. Entre los elementos
diagnosticos analizados, el cleitro y el dentario exhibieron el mejor ajuste. Este estudio valida el uso
de los huesos de la cabeza y la cintura pectoral como indicadores confiables para predecir el peso y
la talla de la anchoita en un amplio rango de tamafios, que corresponden al rango objetivo de varios
depredadores. Estas relaciones pueden contribuir a la determinacion de la condicion corporal, la
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estimacion de la biomasa consumida y el calculo de la densidad de energia, proporcionando informacion valiosa sobre la ecologia trofica

de los depredadores en el Océano Atlantico sur.

Palabras clave: Huesos de la cabeza, otolitos, regresion, Patagonia, mediciones, talla-peso.

Diet studies are crucial for understanding
trophic dynamics, foraging behaviors and life his-
tory patterns of most species within ecosystems
(Hodar 1997). Descriptions in terms of prey size
are essential for determining predator consump-
tion rates, total prey biomass consumed, selectiv-
ity of a predator towards a specific prey size, and
modeling consumer energy use (Hansel et al.
1988). Additionally, the diet of marine mammals
and seabirds can provide early indications of fluc-
tuations in fish populations, making them sentinel
species for marine ecosystem variability (Velarde
et al. 2013; Ciancio et al. 2021; Pirotta et al.
2022; Ramos and Furness 2022).

Direct measurement and weighing of prey
items is challenging due to fragmentation or
digestion (Hodar 1997). Therefore, reconstruct-
ing the length or weight fragmented preys in diet
samples is often necessary. Despite advanced
digestion in predators, certain prey parts exhibit
slower digestion and maintain a constant relation-
ship with prey body size, enabling reliable identi-
fication and reconstruction of most prey items
(Hansel et al. 1988). This is the case of bones, for
which several studies use marine fish diagnostic
bones to estimate original lengths and weights of
prey consumed by predators through regressions
(Sinov¢ic¢ et al. 2004; Tapella and Lovrich 2006;
Gonzalez-Zevallos et al. 2010; Pérez Comesana
et al. 2014; Riestra et al. 2020).

In the marine ecosystem of northern Patagonia,
the dominant schooling fish is the Patagonian
stock of Argentine anchovy, Engraulis anchoita
(Hubbs and Marini, 1935). This stock is distributed
from 41° S to 48° S, and a large fraction is located
in front of Peninsula Valdés during the last quarter
of the year in waters ranging from 50 to 80 m deep
(Hansen 2004). They play a key role as an impor-
tant prey item for several fishes, seabirds, and

marine mammals (Crespo et al. 1997; Koen Alon-
so et al. 2000; Gatto and Yorio 2009; Belleggia et
al. 2012; Loizaga de Castro et al. 2016; Ibarra et al.
2018; Fernandez et al. 2019). To provide a detailed
description of the trophic ecology of top predators,
it is essential to reconstruct the length and biomass
of each consumed specimen. Therefore, our goals
were to estimate parameters of length-weight rela-
tionships using measurements of whole individu-
als, as well as diagnostics elements such as
otoliths, head bones and pectoral fin bones from
the Patagonian stock of Argentine anchovy.

A total of 125 specimens from the Patagonian
stock of Argentine anchovy were studied. Sixteen
specimens were captured in April 2013 using a
net in Golfo Nuevo, Peninsula Valdés, Chubut
Province. Additionally, specimens from commer-
cial fishery vessels in Rawson, Chubut Province
during October 2014 (n = 23), December 2019 (n
= 28), and June-July 2021 (n=41) were included.
All specimens were frozen for further analysis.
Finally, 17 samples preserved in formalin from
the same stock were obtained from the Ichthy-
ological Collection of the Centro Nacional
Patagonico (CENPAT) (n= 17, CNPICT 1992/75,
CNPICT 1992/76 and CNPICT 2000/23).

Furca length (FL) from individuals was meas-
ured to the closest millimeter with an ichthyome-
ter and weighted (W) in grams using an analytical
balance. For samples obtained since 2019, total
length (TL) was also measured (n = 69). Furca
length refers to the measurement from the tip of
the longest jaw of a fish to the center of the fork
in the caudal fin, while total length is measured to
the longest caudal lobe.

Dissection techniques were employed to disar-
ticulate anchovies after they have been soaked in
boiling water (100 °C) for at least ten minutes.
Selected diagnostic elements (Table 1) were those
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that commonly appear in stomach contents based
on Gosztonyi and Kuba (1996) and our personal
experience. Photographs of elements were taken
using a digital camera with a scale. Images were
subsequently digitally measured with Imagel
1.48v software (Schindelin et al. 2015) according
to the description in Table 1 and the scheme
delineated in Figure 1.

Statistical analyses were conducted using the R
software (R Core Team 2021). Relationships were
modeled using ‘lm’ function from car package
(Fox et al. 2007). Normality and homoscedastici-
ty assumptions were tested using graphical meth-
ods. Prior to model fitting, log-transformed data
plots were used to detect outliers following the
suggestion of Froese (2006). The performance of
the regression models was assessed using the root
mean squared error (RMSE) during repeated K-
fold cross-validation (10 folds with 100 repeats)
(Linhart and Zucchini 1986). The RMSE provides
a measure of the average difference between the
observed and predicted values of the model,
allowing for the evaluation of how well the model
fits the data. In our study, RMSE values that were
a small fraction of the data (less than 10%) were
considered as low, indicating a good fit of the
model and accurate predictions.

Length-weight relationship was examined
using the equation W = aL? (Froese 2006), where
W represents the wet weight, L is the furca
length or total length (TL, when data was avail-
able), a is the intercept, and b is the scaling
exponent. To establish the relationship, the expo-
nential model was linearized by applying loga-
rithmic transformation (log[W] = log [a] + b
log[L]). The scaling exponent (b) of the length-
weight relationship determined the growth pat-
tern, indicating isometric growth (b = 3), posi-
tive allometric growth (b > 3), or negative allo-
metric growth (b < 3). The growth status was
determined using a t-test according to the b = 3
isometric growth hypothesis (Sokal and Rohlf
1987), providing insights into the species’
growth patterns and indicating its status in a
given environment (Froese 2006). Total length is
more widely used than furca length in fisheries
research (Carlander and Smith 1945). Therefore,
establishing a more precise relationship between
these two measurements was aimed for lengths
conversion. The equation 7L = a + b L, with TL
and L in mm, was used.

Simple linear regression equations were calcu-
lated to estimate the furca or total length versus
the length of diagnostic elements using the equa-

Table 1. Measurement description for the diagnostic elements of the Argentine anchovy.

Measurement Abbreviation Description

Parasphenoid LPar Length from the tip of the anterior process to the posterior incisure

Dentary LDen(1) Length from the rostral tip to the external incisure

LDen(2) Maximal length measured from the rostral tip to the caudal tip of the

ventral process

Maxilla LMax Maximal length, from the rostral tip of the external process to the tip of
the caudal process

Anterior ceratohyal LCer Maximal length of the anterior ceratohyal

Cleithrum LCle Length from the dorsal to the ventral tip

Otolith LOto(1) Maximal length (rostro-cauda axis)

LOto(2)

Maximal width (dorso-ventral axis)
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Total length

20
mm

Figure 1. Scheme of measurements performed on cranial bones, pectoral girdle bones, and otoliths of the Argentine anchovy. A)
Fish body measurements. B) Parasphenoid and the left paired bones (from left to right): dentary, maxilla, anterior cera-
tohyal, and cleithrum. C) Left otolith indicating the two measurements used. 1) LPar: length of the parasphenoid. 2)
LDen(1): length of dentary. 3) LDen(2): maximal length of dentary. 4) LMax: maximal length of the maxilla. 5) LCer:
maximal length of the anterior ceratohyal. 6) LCle: length of cleithrum. 7) LOto(1): maximal length of otolith. 8)
LOto(2): maximal width of otolith. Measurements of right bones and otoliths were taken in the same manner as shown

in the diagram.

tion L = a + b DL, where DL is the length (mm)
of the diagnostic element. Additionally, linear
regression on log-transformed data was used to
determine relationships between wet weight and
the length of diagnostic elements. An ANCOVA
was performed to test for significant differences
between left and right measurements of pair
bones and otoliths, as they may not always pro-
vide the same estimation of fish length (e.g.
Martinez-Polanco et al. 2022).

Population studies comprised Argentine
anchovies with furca lengths ranging from 40 to
170 mm (mean £ SD: 120.50 £ 30.89 mm, n =
125), total lengths between 87 and 195 mm (mean

+ SD: 159.92 £ 24.75 mm, n = 69), and wet
weight that ranged from 0.23 to 47.54 g (mean +
SD: 20.57 £ 13.62 g, n = 125) (Table 2).

Length-weight relationships for furca and total
length were statistically significant (R> = 0.989
and 0.922, respectively). Estimated values of b (b
+ SE: b, =3.69 £ 0.03 and b7, = 3.41 £ 0.12) dif-
fered significantly from 3 (t-test, p-values <
0.05), indicating positive allometric growth in our
samples. The linear relationship between total
length and furca length was also significant (R? >
0.914, p-value < 0.05) (Table 2).

Fifteen linear regressions were conducted to
estimate furca and total length using the length of
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diagnostic elements, as well as to estimate the wet
weight of anchovies using bones and otoliths
(Table 2). All relationships were significant (p-
value < 0.05). Generally, a strong correlation was
observed between diagnostic elements and
lengths, with R? values exceeding 0.81 for furca
length and 0.67 for total length. The R? values
greater than 0.793 for the regressions with the
wet weight as the response variable were
obtained. The slope b did not significantly differ
between measurements of the right and left diag-
nostic elements (ANCOVA, p-value > 0.05).
Overall, the prediction error (RMSE) was low,
ranging from 0.11 to 14.159, indicating the relia-
bility of the proposed regressions for predicting
anchovy size and weight.

This study contributes to the use of different
diagnostic elements such as otoliths, pectoral and
head bones to estimate the length and weight of
Argentine anchovy, a highly relevant species in
the southwestern Atlantic Ocean and a signifi-
cant prey item for numerous top predators
(Velasco and Castello 2005). The analyzed
length range encompasses the maximum size
recorded for the Patagonian stock (198 mm,
Hansen 2004) and the prey size range observed
in the diet of various important marine predators
in the region, including fish (Koen Alonso et al.
2001; Sanchez 2009), seabirds (Gatto and Yorio
2009; Castillo et al. 2019), and marine mammals
(Koen Alonso et al. 1998; Koen Alonso et al.
2000).

Traditionally, otoliths have been commonly
used in diet studies to estimate length and/or
weight of consumed prey. However, regressions
conducted in this study exhibited lower coeffi-
cients of determination (R?) and higher RMSE for
otoliths compared to other elements. This dis-
crepancy may be attributed to differences in the
otolith length and fish growth relationship
(Laidig and Ralston 1995). Typically, otoliths
exhibit a linear relationship until fish reaches its
maximum size, after which it begins to increase
in thickness (Blacker 1974). In contrast, cranial

bone lengths exhibited stronger relationships,
with R? values ranging from 0.866 to 0.989. This
is because fish length and the length of some
growth bones are constant (Prenda and Granado-
Lorencio 1992; Carss and Elston 1996). More-
over, cranial and pectoral bones are easily recog-
nizable and identifiable at the species level (Pren-
da and Granado-Lorencio 1992) and more resist-
ant to erosion compared to otoliths (Carss and
Elston 1996), which can introduce lower biases in
size calculation (Scharf et al. 1998). For this rea-
son, durable bones like cleithrum and dentary are
preferred. In our study, the best regression esti-
mates were obtained using these two bones.

Our study indicated positive allometric growth
in Patagonian anchovy stock samples, suggesting
that its weight increases more than its predicted
total length. The b parameter estimated in previ-
ous studies for the Patagonian anchovy stock
ranged from 3.21 to 3.35 (Hansen 2004), while it
was estimated from 2.97 to 3.40 for the
Bonaerensis stock (Hansen 1997; Haimovici and
Velasco 2000; Garciarena et al. 2002; Hansen
2004). Differences in these values may be attrib-
uted to various sampling-related factors, such as
sample size, length range, conservation method,
temporal resolution of sampling, sex, and stage
of specimens, as well as variations between
stocks or those from different geographical
regions (Weatherley and Gill 1987; Froese et al.
2011; Kuriakose 2017).

Although this study provides valuable
insights, it should be noted that collection meth-
ods used did not allow for the acquisition of
smallest sizes of Argentine anchovy (< 40 mm
furca length), which are particularly challenging
to obtain. However, fortuitous stranding events
of this species in Golfo Nuevo, Chubut, in 1997
and 2000, did allow for the collection of some of
the smallest sizes (2023 pers. comm. A
Gosztonyi). Additionally, it should be noted that
these samples (17 of the 125 individuals) were
preserved in formalin, so caution should be exer-
cised when estimating wet weight based on our
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relationship within this size range, as it may
underestimate individual weight.

These relationships can be valuable in compar-
ative studies of growth, determination of body
condition and calculation of total biomass con-
sumed in diet studies, such as those of Fernandez
et al. (2019) and Ibarra et al. (2022), and estima-
tion of energy density in this Patagonian popula-
tion (Ciancio et al. 2020), contributing to the
understanding of the trophic ecology of predators
in one of the world’s most productive oceans.
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