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ABSTRACT. To fit a growth model to Opisthonema libertate, the most common thread herring in a small
pelagic fishery in the southern Gulf of California, size data of commercial landings and age were generated from
sagittal otoliths assessed during three different years, 2005, 2008 and 2015, representing Neutral, La Nifia and
El Nifio environmental conditions, respectively. A multimodel select approach on five special submodels of
generalized Schnute model, including one, equivalent to the Von Bertalanffy model, were used. A total of 573
otoliths were analyzed; 219 from Neutral, 149 from EI Nifio and 205 from The Nifia events. An opaque zone of
otoliths formed in winter-spring when chlorophyll a (Chl-a) concentrations were at a maximum. However, a
hyaline zone of otoliths formed during the summer of the reproductive period. Schnute submodel 1 was the best
model selected in all three environmental conditions, but submodel 3 was the best on pooled data. Length of
thread herring aged 0.5 years old in the El Nifio year was lower than other environmental-years analyzed. A
possible compensatory effect on growth with age was observed in the data because environmental conditions
affected the growth of 0.5-year-old thread herring, as was evident in size variance in this age group under all
three conditions, but variance decreased in the older age groups. Thus, a multimodel average of Schnute
submodels 1 and 3 could be used to describe the growth of O. libertate in the southern Gulf of California.
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INTRODUCTION

A small pelagic fishery of three thread herring species,
Opisthonema libertate (Gunther, 1867), O. bulleri
(Regan, 1904), and O. medirastre (Berry & Barrett,
1963), and one anchovy, Cetengraulis mysticetus
(Glnther, 1867), operates in the southern Gulf of
California, and O. libertate comprises 50 to 75% of
landings (Ruiz & Lyle, 1992; Jacob-Cervantes, 2010).

The interannual variability on abundance and
distribution of commercial landings of small pelagic
fishes in the Gulf of California (GC) have been
associated with spatial and seasonal chlorophyll-a
concentration (Chl-a), sea surface temperature
gradients and EI Nifio and La Nifia events (Lluch-Belda
et al., 1986; Ruiz & Lyle, 1992; Cisneros-Mata et al.,
1996; Lanz et al., 2009).

During El Nifio events, weakening northwesterly
prevailing winds decrease upwellings and the concen-
tration of Chl-a. Conversely, in La Nifia events, a
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strengthening northwesterly winds increase upwellings
and thermal fronts in the oriental coast of GC (Durazo
et al., 2005; Espinosa-Carredn & Valdez-Holguin,
2007; Escalante et al., 2013). This physical variation in
GC influences primary productivity and exert
downstream impacts on higher trophic levels. As the
individual growth rate depends on food availability and
stock size, the growth rate likely varies with the
environment.

Assessing the environmental effect on the indivi-
dual growth of a wild marine organism is difficult,
because of, individuals in each age has been exposed to
different environmental conditions (Neutral, La Nifia
and El Nifio) throughout their lives, as they birthed on
different years. However, as the growth of these species
is asymptotic (Gallardo-Cabello et al., 1993; Carmona
& Alexandres, 1994; Ruiz-Dominguez & Quifionez-
Velazquez, 2018), the environmental effect on the
growth rate will be more evident in the first year of life,
during faster growth. Therefore, if we contrast the
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growth of fish collected in years with different environ-
mental conditions, the most substantial difference will
be seen during the first year of life.

The most studied and commonly applied model
among all the length-age models is the VVon Bertalanffy
growth model (VBGM) (Von Bertalanffy, 1938). Other
commonly used alternatives are the generalized VBGM
(Pauly, 1979), the Gompertz growth model (Gompertz,
1825), the logistic model (Ricker, 1975), and the
Schnute-Richards model (Schnute & Richards, 1990).
The Schnute model (1981) presents a versatile growth
model with statistically stable parameters, which
includes numerous historical models as special
submodels.

Multimodel selection (MMS) based on information
theory is a relatively new paradigm in biological
sciences and is entirely different from the usual
methods based on null hypothesis testing
(Katsanevakis, 2006). Modeling growth with an MMS
approach requires fitting data to a set of candidate
models and selecting the best model based on any
information criterion, such as the Akaike (AIC),
Bayesian (BIC) or Hannan-Quinn (HQC) (Burnham &
Anderson, 2002).

The VBGM has been used a priori to fit data growth
of O. libertate from the central Gulf of California and
the occidental coast of Baja California Peninsula
(Gallardo-Cabello et al., 1993; Carmona & Alexandres,
1994) and was selected as best model in an MMS
approach for data from the southern Gulf of California
(Ruiz-Dominguez & Quifionez-Velazquez, 2018).

The AIC performance to select the best model is
conditioned to have a well-founded set of candidate
models and a large enough sample size about the
number of parameters (Burnham & Anderson, 2002).
The generalized growth Schnute model includes many
other historical growth models so that using it increases
the probability of including the real model in the MMS
approach. A bias-corrected form of AIC, referred to as
AICc (Akaike, 1981; Hurvich & Tsai, 1989; Shono,
2000; Burnham & Anderson, 2002), is used to lead with
small sample size. Burnham & Anderson (2002)
suggested using AlCc if the ratio sample size/parameter
number of model <40 or always using AlCc.

This study analyzes the environmental effect of El
Nifio, La Nifla and Neutral condition on the individual
growth of the thread herring O. libertate, using an
information theory approach to select the best
individual growth model of the thread herring; we
believe that environmental condition affects model and
growth parameters.

MATERIALS AND METHODS

Samples of thread herring were collected from landings
of a small pelagic fleet that operates from Punta
Ahome, Sinaloa, to Bahia Banderas, Jalisco (20-27°N,
105-110°W). A 12 kg sample was selected each month,
and collected organisms were grouped in 5 mm intervals
of standard length (SL). Then, 10 Opisthonema libertate
individuals were randomly selected from each interval,
and sagittal otoliths were extracted. Taxonomic
identification procedures followed Berry & Barret’s
(1963) methodology. The dataset was generated from
2005, 2008 and 2015 because they represent Neutral,
La Nifa and El Nifio conditions, respectively,
according to Climate Data Guide (2018).

Otoliths were immersed in pure water for five
minutes before digitalization under Carl Zeiss stereos-
copic microscope (Stemi 508) with an Axioncam ERc
5s camera. Opaque and translucent bands were counted,
and opaque band formation periodicity was determined
through monthly variation of otolith percentages with
this band type based on the contour.

The precision of age determinations from otoliths
was evaluated with an average percentage error (APE)
according to Beamish & Fournier (1981) and coeffi-
cients of variation (CV) (Chang, 1982).

) L 123_1(Xi1'—XJ')2

APE =100 x =CV = -7 ~S—F1— % 100
n n Xj

where n fish are aged; R is the number of times each is

aged; let Xjj be the i-th age determination of the j-th

fish, and X; is the average age calculate for the j-th fish.

We used size at age data and an MMS approach for
selecting the best model from five submodels of the
Schnute growth model (Burnham & Anderson, 2002)
for O. libertate in each environmental condition.
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where Y (t) is the size in age t, T first specified age, T»
second specified age, Y1 size at age T and Y size at
age T2, a constant relative rate of relative growth rate,
b incremental relative rate of relative growth rate.
Submodel 5 is the same as VBGM (Schnute, 2002).



The growth of Opisthonema libertate 17

We estimated the parameters of each Schnute model
submodel by maximizing the log-likelihood function
(Hilborn & Mangel, 1997) with the Newton algorithm
(Neter et al., 1996).

LL= (- g) « (In (20) + 2 x In(o) + 1)

where LL is log-likelihood; n sample size; ¢ standard
deviation and was estimated considering distribution
normal of error with;
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- n
where Yy standard length observed, Yy standard length
estimated.

The interval confident (IC) was estimated using the
log-likelihood profile (Hilborn & Mangle, 1997).

The best model was selected as that with the minor
corrected Akaike information criterion (Akaike, 1981;
Burnham & Anderson, 2002).

AIC = -2LL + 2K and AIC, = AIC + 2420

Growth curves were contrasted using a Kimura test
(Kimura, 1980), but as differences in the number of age
groups were observed over the three years compared,
further growth curves were contrasted considering only
the 0.5- to 4.5-year age groups in all three years.

RSS,
RSS,,

where n is the total number of observations from all
curves combined, RSS2 is the total sum of squared
residuals derived from fitting all curves separately, and
RSSw is the total sum of squared residuals obtained
from fitting all data of three years as one curve alone.

For contextualizing environmental conditions in the
three years selected for growth analysis of thread
herring, we generated stress wind from data of 2002 to
2016 of wind velocity at Mazatlan Airport [https://
www.tutiempo.net/clima/mexico.html] and monthly
area-average concentrations of Chl-a [https://giovanni.
gsfc.nasa.gov] of sites where pelagic fleets operate.

K =-nxIn

RESULTS

A total of 573 otoliths were digitalized as represen-
tatives of the three different environmental conditions:
Neutral (219 otoliths), La Nifia (205 otoliths), and El
Nifio (149 otoliths) events.

The linear relationship between otoliths radius (RO)
and standard length (SL) of Opisthonema libertate was
statistically significant (r = 0.907, P < 0.05), with a
determination coefficient of 0.822, validating this bone
structure for age readings (Fig. 1).
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Figure 1. Relationship of otolith radius (RO) versus the
standard length (SL) of Opisthonema libertate.
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Figure 2. Monthly percentage of type edge otolith of
Opisthonema libertate.

Monthly variation of the relative frequency of
otolith edge type shows an annual cycle, with the
opaque zone dominating through the winter season and
the hyaline zone in summer, with a maximum in
August-September (Fig. 2). Aging precision was 4.8%
according to APE and 6.1% with CV. Six age groups
were identified in the EI Nifio and La Nifia years, but
only five groups in the Neutral year.

The age group of 1+ years old was dominant in all
three environmental conditions, especially in Neutral
conditions, but 4+ years old and 5+ years old age
groups were less represented (Fig. 3).

The age structure of fish in La Nifia and El Nifio
events were not different statistically (Z = 0.74, P >
0.05), and both were different of Neutral condition
(Neutral-El Nifio; Z = 1.95, P < 0.05) and Neutral-La
Nifla; Z = 2.21, P < 0.05) (Fig. 3).

The results of multimodel selection analysis are
reported in Table 1. Schnute growth model submodel 1
was the better for describing data growth of all three
environmental conditions as this submodel experienced
minor AlCc between candidate models. WAICc were
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Figure 3. Relative frequency of growth mark otoliths of
Opisthonema libertate.

higher than 90% in El Nifio and La Nifia conditions,
indicating a “clear winner model,” but 74.8% in Neutral
condition. For this last condition, submodels 2 and 5
had some support on data. The VBGM represented in
this paper for the Schnute model submodel 5, was
ranked third in all three environmental conditions with
a WAICc of 7.5% in Neutral conditions and less than
1% in other two environmental conditions (Table 1).
The Schnute model submodel 3 was the best model for
data pooled.

Data on the size at the age of each environmental
year are shown in Figure 4. In general, a variance
decreasing with age was observed in all three years.
Comparisons of growth curves among environmental
conditions, when all age groups were considered,
showed that growth curve in the El Nifio event was
different to the growth curves in both the La Nifia and
Neutral conditions (X>=13.2, P < 0.05; X?=15.4, P <
0.05, respectively). Nevertheless, when only 0.5- to
4.5-year-old age groups where considered, all three
environmental conditions and any combinations were
statistically different (El Nifio-Neutral X?>= 13.8, P <
0.05; La Nifia-Neutral X?=10.3, P < 0.05 and EI Nifio-
La Nifia X? = 11.9, P < 0.05). The 0.5-year-old age
group had a smaller size but a wider range in growth
data during El Nifio than under other environmental
conditions (Fig. 4).

The annual averages of Chl-a concentrations in the
fishing zone of O. libertate show an increasing trend
from 2002 to 2011 and then a decline from 2012 to
2016. The trend of Chl-a is consistent with a slow wind

stress period, and its declining trend started with a sharp
increase in wind stress in 2012, which persisted to 2015

(Fig. 5).

Years selected as Neutral and La Nifia environ-
mental conditions in 2005 and 2008, occurred during
high Chl-a concentrations period, with 2 and 3 mg C m
respectively, whereas in EI Nifio environmental condi-
tions, Chl-a concentrations were less than 2 mg C m™,

DISCUSSION

A monthly variation on the relative frequency of
otoliths edge type of Opisthonema libertate suggests an
annual formation of growth annulus. The time of the
otolith opaque zone formation matches the seasonal
maximum Chl-a concentration, which occurs during
winter and spring on the Sinaloa and Nayarit coast
(Cepeda-Morales et al., 2017), which operates a small
pelagic fleet. High Chl-a concentrations mean high
food availability for small pelagic fishes that feed on
phytoplankton or small zooplankton (Jacob-Cervantes
et al., 1992) and support a period of highest growth.
Hyaline zone formation is consistent with the summer
reproduction season (Nevarez et al., 2006), indicating a
slow growth as more energy is dedicated to the growth
of gonadal maturity for reproduction. The first hyaline
zone forms during the first year of life because a mature
O. libertate is reported to reach a size of 135 mm SL
(130, 139; ICg%) (Jacob-Cervantes & Aguirre-
Villasefior, 2014) and average size at first hyaline zone
estimated in this study is between 143 and 145 mm SL.
A related clupeid, O. oglinum, reaches a size of 145 mm
SL in its first year of life (Smith, 1994).

Although there are no reference points for aging
precision for fishes, values of both precision indexes
(APE = 4.8%, CV = 6.1%) used here were close to the
median of 117 age studies of fishes (APE = 5.5%, CV
= 7.6%) and were recommended as a maximum limit
reference (Campana, 2001).

The Schnute model, submodel 1, was selected as the
best in all three environmental conditions. However, in
La Nifia and El Nifio environmental conditions,
submodel 1 was as a clear winner (WAIC > 90%),
whereas in Neutral environmental conditions, no was a
clear winner (WAIC = 72.3%), as the data also
supported submodel 2 and VBGM (WAIC = 15 and
10%, respectively). VBGM, which has been selected a
priori in previous studies (Gallardo-Cabello et al.,
1993; Carmona & Alexandres, 1994), was ranked third
among candidate models with a A AIC > 7 in La Nifia
and ElI Nifio but 3.8 in Neutral environmental
conditions. As observed in this study, VBGM did not
fit the growth of this species adequately, and similar
results were reported by Katsanevakis & Maravelias
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Table 1. Growth model parameters, AlCc, and WAICc for each environmental condition. *Better model.

Condition Submodel Y1 Y2 a b AlCc AAICc  WAICc
Neutral 1 136.554 186.345 0.905 -7.686  1092.4* 0 74.8
2 136.166 ~ 187.346  0.237 0 1095.5 3.1 15.9
3 136.160 187.984 0 2.670  1099.9 7.5 1.8
4 139.098  193.210 0 0 1170.2 77.9 0.0
5 136.132 187.506  0.150 1 1097.0 4.6 7.5
La Nifia 1 137.848 187985 0.894 -7.973  1004.6* 0 95.9
2 137.019 189.856  0.299 0 1011.5 6.8 3.2
3 136.814  191.234 0 3.998  1023.0 18.3 0
4 142.390  198.653 0 0 1166.3 161.7 0
5 136.924  190.120  0.226 1 1013.9 9.3 0.9
El Nifio 1 125.480 198.126 -0.490 10.373  866.4* 0 98.8
2 127.782  195.336  0.428 0 901.0 34.7 0
3 126.088  196.248 0 4,834  875.2 8.9 1.2
4 136.563  204.585 0 0 1035.4 169 0
5 127.431  195.587  0.335 1 895.0 28.6 0
Pooled data 1 133.164 195.035 -0.071  4.807 3229.4 1.7 29.5
2 133.913  193.642  0.317 0 3238.3 10.6 0.3
3 133.262  194.735 0 3.939  3227.7* 0 67.6
4 139.706  203.428 0 0 3565.4 337.6 0
5 133.739 193.920 0.236 1 3234.3 6.6 2.5
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Figure 4. Growth curves of Opisthonema libertate for a) Neutral, b) La Nifia, ¢) EI Nifio, and d) pooled data.

(2008), who found that VBGM was not the best model Parameters of the best submodel selected in Normal
for 87 of 133 fish species. and La Nifia condition were a > 0 and b < 0 and are
equivalent to Richards growth model (Schnute, 1981),
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Figure 5. The trend of environmental conditions in the
southern Gulf of California.

but that in “El Nifio” condition where a <0 and b > 0,
has not any historical growth model equivalent. In
pooled data, parameters of the best model selected were
a=0andb > 1 and also have not any historical growth
model equivalent. Parameters a and b of that last both
growth curves lie region three in the a-b plane of
Schnute (1981). The growth curve is not asymtotic but
becomes unbounded. This growth curve represents
accelerated growth in last sizes, but when a=0
represents an unbounded decelerated growth. Ages 4
and older accelerated growth in El Nifio condition
relative to the other ones analyzed. This accelerated
growth in the El Nifio year could be a sample size
effect, as explained later.

The main variation in length for the 0.5- and 1.0-
year-old age groups is due to different environmental
conditions during the birth year and after the first year
of life. The variance decrease in length for the 2-year-
old age group and older are growth compensation. The
growth of herring in the first year could be restricted for
both food scarcity during El Nifio events and
intraspecific competition, with dominant fish species
growing more than subordinate ones. When food
availability rises or competition alleviates due to the
end of life mortality, subordinates fish species to
experience growth compensation; as the animals grow
older, in this submodel, the small ones tend to catch up
analogous to children approaching adulthood (Schnute
& Fournier, 1980). Compensatory growth has been
reported for marine fish species (Ali et al., 2003) as
well as reared fish and shrimp such as rainbow trout
Oncorhynchus mykiss and white shrimp Penaeus
vannamei (Dobson & Holmes, 1984; Aragén-Noriega
etal., 2017).

The growth curve of EI Nifio was different from the
Neutral and La Nifia growth curves (X?=13.2, P <0.05;
X?=15.4, P < 0.05, respectively) when all the otolith
readings for each environmental condition were used.
Differences between growth curves of O. libertate in

the three environmental conditions evaluated are fixed
for the first (0.5-year-old) and last (5.0 and 5.5-year-
old) age groups. The size of the 0.5-year-old age group
in fish during EI Nifio conditions were smaller than all
other conditions. The minor size in this age group, born
during El Nifio, concerning other environmental
conditions, might be associated with a slow growth
rate, because of food scarcity for early-stage O.
libertate in EI Nifio conditions. Low Chl-a concentra-
tions and primary productivity are common during EI
Nifio events in the southern Gulf of California
(Escalante et al., 2013). Possible downstream effects of
weak primary production on secondary production and
food for O. libertate could be responsible for the small
size of the 0.5-year-old age group born during an El
Nifio event.

A stable ocean environment is necessary for high
Chl-a and low zooplankton concentrations (Lasker et
al., 1970; Lasker & Zweifel, 1978) for meeting the
nutrition demand of the 0.5-year-old age group O.
libertate. Wind stress in the 2015 EI Nifio event was
five times higher than wind stress during both the 2008
La Nifia and 2005 Neutral conditions. Strong wind
speed in 2015 may have produced instability in the
water column, low Chl-a, and widespread food scarcity
for the 0.5-year-old age group of O. libertate, which in
turn affects growth rate.

Differences in the size of the 5- and 5.5-year-old age
groups O. libertate between the three different
environmental conditions scenarios could be more a
sample size effect because these ages are not largely
represented in the collected samples.

After the 0.5-year-old age group, all three-growth
curves are coincident, which supports a compensatory
effect. After a bad year, once better environmental
conditions are reestablished, small herrings grow faster
and reach the same size and weight as those born in
better environmental conditions.

As compensatory growth smooth differences on
growth rate among young herrings born in different
environmental conditions, the best approximation to
model growth of O. libertate could be that of pooled
data in years with different environmental conditions.
Schnute model submodel 3 was the best selected on
pooled data in this study and submodel 1 was the best
in each environmental condition year and second in
pooled data with a WAIC = 29.5%, the multimodel
inference approach, with an average of the Schnute
model submodels 1 and 3 could be used.
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