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A B S T R A C T

Fatty acids (FA) have been used as diet biomarkers. They have proven to be a valuable method of defining food
web relationships, trophic positioning, and the dietary behaviors of marine species. The endemic krill species of
the Humboldt Current System (HCS), Euphausia mucronata, is the most abundant krill species over the con-
tinental shelf, usually associated with coastal upwelling zones. This study aimed to quantify the changes in the
FA composition of E. mucronata in the coastal upwelling zone off Dichato in central Chile concerning the phy-
toplankton community and environmental variability. We hypothesized that E. mucronata changes its FA com-
position according to the functional species groups that structure the phytoplankton community as well as
environmental variability. Krill, phytoplankton, and environmental datasets were analyzed using multivariate
analyses, considering samplings from January 2013 to August 2014. The total concentration of FAs was
550.5 ng/g (n = 42) of which the 77% corresponded to six FAs: palmitoleic acid (16:1n7), palmitic acid (16:0),
vaccenic acid (18:1), oleic acid (18:1n7), eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic acid (DHA,
22:6n3). FA composition did not change according to neither the season nor sampling date. Seasonal changes
were observed in both community structure of the phytoplankton (i.e. species composition and functional
groups) and sea temperature. EPA/DHA ratio, PUFA/SFA ratio and carnivory variability were seasonally dif-
ferent suggesting that E. mucronata had mostly a diatom-based herbivorous habit during austral spring and
summer and, it could have omnivore or carnivore habits during austral autumn and winter. Diatom and ciliate
abundances and, sea temperature were the best predictor variables explaining 64% of the total variation in the
FA composition. This study suggests that, despite seasonal environmental variation (biotic and abiotic), this krill
species fed mainly diatoms and could shift its trophic habit to carnivory according to season of the year.

1. Introduction

The feeding ecology of euphausiids (or krill) has been studied in
detail due to its significance as a link between primary producers and
upper trophic levels (Atkinson et al., 2009; Reiss et al., 2015). Eu-
phausiids are considered to be opportunistic omnivores, as they modify
their feeding strategy depending on food availability (Mauchline, 1980;
Schnack, 1985; Barange et al., 1991; Gibbons et al., 1991; Cartes,
2011), switching from herbivorous to omnivorous feeding during non-

bloom periods (Gibbons et al., 1991; Cartes, 2011). Their diet includes
different items such as plankton (predominantly phytoplankton), me-
sozooplankton, microzooplankton, and detritus (Dilling et al., 1998;
Krautz et al., 2007; Schmidt et al., 2011).

Fatty acids have been used as qualitative and semi-quantitative food
web biomarkers and have proven to be a valuable method to define
food web relationships, trophic positioning, and the dietary behaviors
of marine species (Graeve et al., 1994ab; Iverson, 2009; Cartes, 2011).
FA are useful as biomarkers, since are specific to a particular organism
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or a group of organisms and after feeding, organisms retain a signature
of the diet sources (Sargent et al., 1987; Dalsgaard et al., 2003; Cartes,
2011). Nevertheless, there are differences in FA composition with re-
spect to diets since they are not metabolically stable (Dalsgaard et al.,
2003). The use of FA as biomarkers has demonstrated that krill feeding
ecology is ontogenetically, spatially, and seasonally variable with re-
spect to the levels of herbivory, omnivory, and carnivory (Hagen et al.,
1996, 2001; Mayzaud et al., 1998; Reiss et al., 2015). The primary
items consumed by euphausiids are diatoms, dinoflagellates, chlor-
ophyceaes, coccolithophores, copepods, and fish eggs (Krautz et al.,
2007; Schmidt, 2010; Schmidt and Atkinson, 2016). Several studies in
the last decades have proven that FA are useful markers to identify each
of these groups. A change in the concentration of a particular FA may
indicate a certain diet. For instance, 16:1n7, 18:4n3, and 18:1n7 are
typical phytoplankton markers (Falk-Petersen et al., 2000). Euphausiids
fed on diatoms have shown an increased percentage of polyunsaturated
FA (PUFA) such as 20:5n3, 18:4n3, 18:5n3, and 22:6n3, as well as
monounsaturated FA (MUFA) such as 16:1n7, and saturated FAs (SFA)
such as 16:0. Moreover, the percentage of 18:1 increased when the krill
were fed on cryptophytes (Kharlamenko et al., 1995; Falk-Petersen
et al., 2000; Alonzo et al., 2003; Cartes, 2011; Reiss et al., 2015). The
FA 20:1n9 and 22:1n11 are considered to be markers of carnivorous
diets as they are dominant in copepods (Ackman et al., 1974; Saether
et al., 1986; Cartes, 2011; Cabrol et al., 2019).

The ratios of different FAs have shown to be better indications of
certain diets than FA absolute contents. Ratios of 20:5n3/22:6n3 (EPA/
DHA) are associated with different herbivore diets. Field studies have
concluded that high ratios (> 2) indicate a diatom-rich diet, while
lower ratios (< 1.5) suggest diets rich in dinoflagellates (Stübing et al.,
2003; Reiss et al., 2015).

FA 18:1n9 is considered a carnivory marker (Sargent and
Henderson, 1986; Graeve et al., 1994a; Nyssen et al., 2005), while
18:1n7 is synthesized by phytoplankton (Falk-Petersen et al., 1990).
Subsequently, high values of this ratio indicate carnivorous feeding,
while lower values indicate an herbivorous diet (Falk-Petersen et al.,
1990; Graeve et al., 1997; Cripps and Atkinson, 2000; Bühring and
Christiansen, 2001; Auel et al., 2002). High PUFA versus saturated FA
(SFA) ratios are indicative of a relatively more carnivorous diet. Since
some heterotrophs are able to reduce the saturation of FA, PUFA in-
crease as level of carnivory increases (Dalsgaard et al., 2003; Stübing
and Hagen, 2003).

Euphausia mucronata is an endemic krill species of the Humboldt
Current System (HCS); it is also the most abundant one in the region
(Riquelme-Bugueño et al., 2012). It is present in abundance on the
continental shelf and is usually associated with coastal upwelling
(Escribano et al., 2000; Riquelme-Bugueño et al., 2013). The HCS,
especially off the Dichato coast, has been extensively studied in relation
to bacterioplankton, phytoplankton, and zooplankton dynamics as well
as their co-variation with environmental conditions (e.g. Peterson and
Bellantoni, 1987; McManus and Peterson, 1988; Peterson et al., 1988;
Anabalon et al., 2007; 2016; Escribano et al., 2007; Sobarzo et al.,
2007). However, feeding habits of several zooplankton species in highly
variable habitats have not received much attention. Knowledge about
the feeding habits of E. mucronata is essential to better understand the
trophic relationships and ecology of the planktonic organisms of the
region. Furthermore, it is important to understand the influence of
environmental changes on feeding variability. Recently, Riquelme-
Bugueño et al. (2016) estimated instantaneous growth rates in this
species and found that growth is greatly influenced by the duration and
intensity of the coastal upwelling. Higher growth rates were found
when wind-driven upwelling occurred with moderate intensity than
when strong or weak downwelling conditions prevailed. However,
there are no studies investigating the potential sources for feeding in
this krill species or its relationship with environmental variability.

This study aimed to quantify the changes in the FA composition of E.
mucronata in the coastal upwelling zone off coastal Dichato in central

Chile and explore its diet sources, and its relation to environmental
variability and the phytoplankton community. We hypothesized that E.
mucronata changes its FA composition according to seasonal environ-
mental changes as a result of wind-driven upwelling regimes, as they
change the community structure of its diet.

2. Materials and methods

2.1. Krill, phytoplankton, and in situ chlorophyll-a collection

Euphausia mucronata was sampled at ~ 9 nm off Coliumo Bay (Stn
18: 36°30′S and 73°7′W, the Time Series Station of the Center for
Oceanographic Research in the eastern South Pacific, COPAS Center),
in the upwelling system off central Chile (e.g. Escribano and Morales,
2012). Samples were taken on 12 different dates from January 2013 to
August 2014 onboard the research vessel Kay-Kay II (Universidad de
Concepción).

A conical “live” net (mesh size: 300 µm, 0.79 m2 opening), with a
non-filtering cod end (16 L; diameter 22 cm and height 25 cm), was
towed from a depth of 70 m to the surface (seabed ca. 90 m depth).
Adult individuals were sorted and individually frozen on liquid ni-
trogen after the sampling. A total of 42 samples, containing 2–7 re-
plicate individuals were freeze-dried for 48 h. Dried individuals were
weighed before the FA extraction.

Along with krill, phytoplankton samples were taken during 10 out
of the 12 sampling dates for a realistic representation of the phyto-
plankton community that covariate with krill FA. Samples were ob-
tained directly from the Niskin bottles (at 10 m depth), transferred to
amber glass bottles (250 mL), and immediately preserved with an acid
Lugol ś solution (2% final concentration), following the Utermöhl
method (Villafañe and Reid, 1995). Samples were analyzed with an
inverted microscope (Zeiss Axiovert 35) with 1000x resolution, at least
100 cells of the most common taxa, using a quarter or all of the fields of
view (~5 000) depending on total cell abundance in each chamber.
Samples included mostly nanoplankton (2–20 μm) and microplankton
(20–200 μm) as size classes. Taxonomic identification was made fol-
lowing Tomas (1997), Anderson et al. (2002), Lynn and Small (2002),
and Thompson (2004). Species identified were classified as pennate
diatoms (PD), centric diatoms (CD), flagellates (Fla), dinoflagellates
(Dino) and ciliates (Cil) in order to be used as function groups in as-
sociation with FA composition.

Phytoplankton biomass, expressed as ng carbon L−1, was obtained
from cell volume estimates for representative taxa. Volume measure-
ments were taken during each of the sampling applying geometric
models (Balech, 1948; Chrzanowski and Simek, 1990; Alder, 1999; Sun
and Lui, 2003). At least 20 cells of each taxa were randomly selected
and measured using a micrometer grid as a reference. Median values
were obtained for each case. Carbon/biovolume conversion factors
were used following Menden-Deuer and Lessard (2000) for ciliates,

Table 1
Overall summary of environmental variables taken throughout the study period
off the Dichato coast.

Date Temperature (°C) Salinity Chlorophyll-a (mg m−3) Season

13/01/2013 13.33 34.42 4.53 Summer
29/01/2013 12.74 34.38 2.69 Summer
09/04/2013 12.45 34.38 3.18 Autumn
30/05/2013 12.72 33.81 1.04 Autumn
27/08/2013 10.86 34.43 0.82 Winter
18/12/2013 13.53 34.51 3.74 Spring
05/03/2014 13.32 34.49 1.72 Summer
23/03/2014 12.31 34.63 1.12 Autumn
29/04/2014 11.99 34.57 0.92 Autumn
20/05/2014 12.42 34.26 0.64 Autumn
22/06/2014 12.49 33.81 0.42 Winter
26/08/2014 11.92 33.28 0.51 Winter
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