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A B S T R A C T

Environmental variables are key drivers of reproductive traits in marine organisms, which can have significant
economic consequences in commercial species. Pleuroncodes monodon is an important resource of the industrial
fisheries’ fleet of the Humboldt Current System. This species is subject to seasonal variations in pivotal variables
such as temperature and food availability, as well as, climatic events. We herein analyse the variations in re-
productive parameters and in the eggs’ biochemical profiles in relation to environmental conditions. Differences
in all studied parameters were found between 2014 and 2015. In 2015, fecundity (measured as total number of
eggs) and protein content were higher than 2014, but lipid content showed the opposite pattern. Seasonal and
interannual variations were also observed in the energy content per egg; whilst the brood energy content did not
show seasonal or interannual variation. This information is of utmost importance for integrative management of
this commercial good as the data measures dynamic variations in the species populations. Currently, this squat
lobster is overexploit and so far, no seasonal nor interannual variations have been considered in its management
plan. The present study provides evidences that the female lobsters need different management strategies to
maintain sustainable fisheries of Concepcion, Chile.

1. Introduction

Marine fisheries resources are modulated by a high range of en-
vironmental factors such as temperature, primary production, and
oxygen level (Chassot et al., 2010; Hufnagl and Temming, 2011; Rouyer
et al., 2014; Koenigstein et al., 2016; Peruzza et al., 2018). Current and
future abnormalities in these factors at different spatio-temporal scales
due to climate change will steadily increase their impact on reproduc-
tion and life cycles of marine species that support important fishing
activities (Cochrane et al., 2009; Pörtner and Peck, 2010; Koenigstein
et al., 2016; Weatherdon et al., 2016). Thus, temporal data series, from
different seasons and years, are necessary for accurate fisheries man-
agement. However, most of the information focuses on traditional
evaluation models (e.g. direct and indirect evaluations of abundance:
Canales and Arana, 2012; IFOP, 2016; SUBPESCA, 2018). Hence, the

implementation of complementary data is needed to develop sustain-
able medium and long-term management (Van Overzee and Rijnsdorp,
2015). For example, information on reproductive and developmental
biology of commercial species can provide sound advice on pro-
ductivity and to some extent aid predictions on resilience to exploita-
tion (Temming and Damm, 2002; Morgan, 2008).

Reproductive parameters of females and the eggs’ biochemical
composition are considered an accurate proxy of the effects of en-
vironmental changes on organisms (Stearns, 1992; Milligan et al.,
2009). Variations in the above-mentioned parameters have been ex-
tensively studied in the last decades (Hadfield and Strathmann, 1996;
Burggren, 2018). This variability is mainly due to spatial and temporal
variations of environmental factors such as temperature (Fischer et al.,
2009; Weiss et al., 2010; Brown et al., 2018a, b), food (Paschke et al.,
2004), and oxygen availability (Peruzza et al., 2018), to ensure
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offspring survival under environmental selective pressures (Bas et al.,
2007; Urzúa et al., 2012). Moreover, those environmental factors play a
pivotal role in the structure and dynamics of populations of temperate
invertebrates and fishes (Giménez, 2010), affecting the recruitment and
settlement of their larvae (Giménez, 2004; Viegas et al., 2012; Urzúa
and Anger, 2013). For example, in decapods of temperate regions, a
marked seasonality of plankton productivity and temperature, was
observed to directly affect populations of the shrimp Crangon crangon,
in the North Sea, showing seasonal variations in the reproductive en-
ergy investment per offspring (Urzúa et al., 2012). Meanwhile, in-
dividuals of C. crangon that inhabit coastal Mediterranean communities
subjected to weaker seasonal changes, do not show variations in egg
size and female weight (Drake et al., 1998; Viegas et al., 2012). Thus,
studies have demonstrated that seasonality of reproductive traits have
been adopted in fluctuating environments.

In the SE Pacific Ocean, ocean temperature is mainly driven by the
Humboldt Current System (HCS), characterized by a predominant
northward flow of surface waters and nutrient-rich subsurface waters
from interspersed upwellings (Thiel et al., 2007). The effects of fluc-
tuations in this current system on the reproductive periods of com-
mercial fisheries resources such as demersal species (e.g. crustaceans
Pleuroncodes monodon and Cervimunida johni: Thiel et al., 2012; Guzmán
et al., 2016; fishes Merluccius gayi: Landaeta and Castro, 2012), small
pelagic species (e.g. Engraulis ringens: Castro et al., 2009; Hernández-
Santoro et al., 2019), and highly migratory species (i.e. squid, shark,
sword fish: IFOP, 2017), have been so far scarcely studied (Montecino
and Lange, 2009). Moreover, other stochastic events such as El Niño-
Southern Oscillation (ENSO) also affect these species, with a shift in the
temperature and productivity water of the HCS, typical for ENSO years
(Castilla and Camus, 1992; Daneri et al., 2000). These oscillations may
trigger variations in reproductive traits of marine species (e.g.,
Escribano and Hidalgo, 2000) such as mismatches in growth and re-
productive potential among females; or mismatches in predator-prey
phenology (see: Giese, 1959; Cushing, 1990; Mousseau and Fox, 1998;
Marshall et al., 2008; Giménez, 2010). For example, ovigerous females
of marine invertebrates have previously shown to adjust their re-
productive strategy to the prevalent environmental conditions (Moran
and McAlister, 2009). Such adaptive behaviour has economic con-
sequences because of it directly influences the productivity of com-
mercially exploited populations that inhabit regions under the influence
of changes in oceanographic conditions due to ENSO (FAO, 2016).

Demersal crustacean species that inhabit the continental shelf, show
complex life-cycles with an extended reproductive period, and have an
ecological key role in the marine food web (Montecino and Lange,
2009; Bascur et al., 2017, 2018). These species, as many other dec-
apods, are also strongly affected by oceanographic conditions (Crangon
crangon, Urzúa et al., 2012; Pandalus borealis, Clarke et al., 1991 Li-
thodes maja, Brown et al., 2018a, b). The red squat lobster (P. monodon)
is a crustacean extensively exploited in the SE Pacific since the 1950s
(Roa and Tapia, 1998; Espinoza-Fuenzalida et al., 2012; Thiel et al.,
2012). Its geographic distribution in the HCS extends from 7 °S, in the
Peruvian coast, to 43 °S, in the Chilean coast (Haig, 1955; Gallardo
et al., 1994; Roa and Tapia, 1998; Yannicelli et al., 2012). Ovigerous
females have been recorded all year round, from February to December
(Gutiérrez and Zuñiga, 1977; Palma and Arana, 1997). The re-
productive cycle of this species includes four to five offspring in an
annual cycle (Thiel et al., 2012). Thus, ovigerous females and their eggs
are exposed to spatio-temporal variations of oceanographic parameters
such as temperature (Sobarzo et al., 2007; Aravena et al., 2014) and
food availability (Daneri et al., 2000; Montero et al., 2007), as well as,
dissolved oxygen from upwelling off the Chilean coast (Escribano and
Hidalgo, 2000; Sellanes et al., 2007; Hernández-Miranda et al., 2012).
Possible local adaptation of the red squat lobster (P. monodon), on the
Chilean coast, has been so far overlooked, and there are no previous
comparative studies concerning reproductive strategies of this species
in different seasons and years. Nowadays, the management of squat

lobster fishery is mainly based on data from commercial catches by
means of direct (e.g. biomass and abundance) and indirect (e.g. relative
abundance index) stock evaluation methods using the operating in-
formation of each fishing unit of the industrial fleet (SUBPESCA, 2018).
However, this information is not accurate enough to establish the ex-
ploitation status, and needs to be complemented by data on autecology
and on seasonal and interannual variations of reproductive parameters
of this species in response to oceanographic and climate phenomena.
These data are crucial to achieve the sustainable exploitation of this
resource As this species has an extended reproductive period, it be-
comes necessary to calculate the relative contribution of the different
cohorts (e.g. summer eggs vs. winter eggs production; see Guzmán
et al., 2016; Urzúa et al., 2012) to the abundance of the adult benthic
population.

A well-managed fishery is based on optimized species-, region-, and
season-specific decisions to manage quotes accordingly and avoid the
depletion of the commercial stock. We herein explore seasonal and
interannual variations of ovigerous females and eggs in the HSC, using
reproductive traits, to shed some light on the relationship to variations
in oceanographic parameters (summer vs. winter, and 2014 vs. 2015)
for commercially important demersal species. As a model, we use the
squat lobster (P. monodon) from the Chilean coast and investigate how
reproductive traits of this species vary according to ocean conditions.
We further whether these variations change as a function of seasonality
(summer vs. winter) and interannual fluctuations (2014 vs. 2015) or
not. Lastly, the implementation our results in fisheries management in
the SE Pacific Ocean are discussed, in an ecosystem approach, facing
current climate changes.

2. Material and methods

2.1. Collection of ovigerous females

Ovigerous females (N=60 per season; 120 per year) of the squat
lobster (Pleuroncodes monodon) were collected from the southern po-
pulation unit of the oriental Pacific Coast of Chile (coordinates: 35° 34′
S, 75° 52′ W, 120m depth), with the vessel “Altair” of the fishery
company Camanchaca Pesca Sur S.A. The field surveys were carried out
in 2014 and 2015 in the austral summer (February to March) and
austral winter (August to September). Ovigerous females were main-
tained on board in containers with continuous water-flow, at 8 °C and
33 salinity. These containers were transported to the Abate Juan
Ignacio Molina Marine Biology Station of the Universidad Católica de la
Santísima Concepción. Once in the laboratory, only ovigerous females
of 36–40mm carapace length (CL) and initial-staged eggs (i.e., sphe-
rical and of a shiny orange colour; as defined by Palma and Arana
(1997) were selected for analysis of reproductive parameters.

For each study year, the analyses of parameters for ovigerous female
(i.e., size, fecundity, organic content, and reproductive output) and for
newly laid eggs (i.e., size, volume, biochemical composition, and en-
ergy reserves) were carried as follows and using the standard techni-
ques from Urzúa and Anger (2011).

2.2. Environment parameters and ENSO index

Monthly surface sea temperature (SST) and chlorophyll-a data were
taken for the area where the ovigerous females were captured (off the
coast of Concepción), during the two years of study (i.e., 2014 and
2015) from a time series of the National Marine Fisheries Services da-
tabase of National Oceanic and Atmospheric Administration (NOAA,
2018; http://www.st.nmfs.noaa.gov). The Multivariate ENSO Index
(MEI v2) was used to combine oceanographic and atmospheric variable,
such as Sea Level Pressure, Sea Surface Temperature, Surface Winds,
and Longwave radiation, to account for seasonality in ENSO throughout
the studied years (Wolter and Timlin, 2011).
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