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In southern Patagonia, the Beagle Channel shows very low production during winter
but simultaneously sustains very dense aggregations of the pelagic stage of squat
lobster (Munida gregaria), a benthic decapod whose pelagic juveniles have the largest
body size within the chitinous pelagic community. To assess the coexistence of the
mesozooplankton community and the pelagic M. gregaria stage under the harsh feeding
winter conditions, we conducted a research cruise at two locations connected to
the Beagle Channel, Yendegaia Bay (land terminating-glacier) and Pia Fjord (marine-
terminating glacier). Our results showed that the zooplankton communities were similar
in these two fjords, that a single pelagic group dominated in terms of biomass (pelagic
Munida gregaria), and that differences in vertical distribution existed between most
of the principal crustacean zooplankton and pelagic M. gregaria. All groups showed
consumption of terrestrially derived organic matter, as revealed by their δ13C values.
However, the isotopic composition, trophic positions (TP), and isotopic niche areas of
the groups separated pelagic M. gregaria, presenting some of the lowest δ15N and
the highest δ13C values, and the narrowest isotopic niche width. Pelagic M. gregaria
was dominated by a single body size class along the 0–100 m water column, with no
diel changes in vertical distribution, remained mostly in the upper layers (0–50 m), and
benefited from the slightly higher phytoplankton concentrations at shallower depths as
revealed by their higher δ13C values and low trophic position. In contrast, the other
groups, including zoea M. gregaria stages, developed changes in distribution between
day and night or remained deeper in the water column. These groups showed higher
δ15N values, higher TP, and lower δ13C values, most of which probably fed on a
nanoheterotrophs and terrestrial particulate organic matter mixture at deeper layers.
Thus, the different vertical distributions, different trophic level food sources, and slightly
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different organic carbon sources apparently reduced any potential competence for food
resources and form part of the feeding strategy that may facilitate the coexistence of
the different large pelagic crustaceans under harsh feeding winter conditions in this high
latitude austral region.

Keywords: Beagle channel, stable isotopes, Munida gregaria, Euphausia vallentini, zooplankton, Patagonia

INTRODUCTION

Austral Patagonia has recently received attention with regard to
global climate change because it contains some of the largest
freshwater reserves in continental areas (other than Antarctica)
in the form of extensive ice fields and glaciers (González et al.,
2016; RGI, 2017). Recent reports have documented the retrieval
of these ice masses during the last two decades associated with
changes in nival and rain precipitation (Climate Change, 2007,
2013; Rivera et al., 2007; Casassa et al., 2010; Marín et al., 2013).
These variations, in turn, have induced changes in the amount
of water received in the coastal and fjord environments and the
amount of terrestrial originated debris conducted toward the
adjacent marine system (Dussaillant et al., 2009; Meerhoff et al.,
2019; Ross et al., 2020).

The Beagle Channel, one of the only two channels that
connects the Pacific and Atlantic oceans in South America, is
one of these high-latitude environments in which numerous
fjords and glaciers contribute to glacier melted water and runoff,
particularly in spring and summer. Because of the difficulties
in oceanographic research in winter, most studies on pelagic
components of the community and trophic functioning in
these areas have been conducted in warmer months (spring
and summer) or other seasons in the Atlantic side of the
Beagle Channel (Almandoz et al., 2011; Aguirre et al., 2012;
Riccialdelli et al., 2017; Diez et al., 2018). Information on the
origin of the organic carbon that sustains the pelagic trophic
web and how it is trespassed along the different components,
thus, remains undocumented for the coldest months (winter),
particularly to the Pacific Ocean branches of the Beagle Channel.
Previous studies in the northern Chilean Patagonia (42–46◦S)
have proposed that, in contrast to the spring season, when
primary production in the coastal areas is diatom-based, winter
production is fueled by the microbial community (González et al.,
2010, 2011). Other studies further south (Magellan Strait, 53◦S)
in Patagonia have documented the important role of the filter
feeding euphausiid species (Euphausia vallentini) in channelizing
a large amount of phytoplanktonic carbon production in spring,
the main source of organic carbon entering the fjords and
channels (González et al., 2016). Finally, most recent studies
carried out in spring on the Atlantic side of the Beagle Channel
(BC; 55◦S) report that the carbon flux in the area is based on
combined marine phytoplankton, macroalgae, and terrestrially
derived plant debris with the largest fraction provided by these
latter two sources that reach the higher trophic levels of the food
web (Riccialdelli et al., 2017).

Because stable isotope enrichment occurs along the trophic
web, stable isotope analyses are currently widely utilized to study
the structure and fluxes along food webs (Vander Zanden and

Rasmussen, 2001; Post, 2002). In marine ecosystems, for instance,
the nitrogen stable isotope 15N has been utilized to indicate
the trophic position of certain species along the food web to
determine whether this position is shared by other organisms in
the same location or if changes occur between seasons or among
environments (Lindsay et al., 1998; Tanaka et al., 2008; Malzahn
and Boersma, 2009). The carbon stable isotope 13C, in turn, has
been utilized to identify the sources of organic carbon in coastal
environments because 13C values change if they proceed from
terrestrial environments or from marine sources (phytoplankton
or macroalgae) (Vander Zanden and Rasmussen, 1999, 2001;
Vargas et al., 2011). Stable isotopes were also utilized to determine
changes in feeding habits when organisms grow or changed their
distribution or depths of residence to feed on prey with different
isotopic content (Overman and Parrish, 2001; Laiz-Carrion et al.,
2011; Montecinos et al., 2016; Bernal et al., 2020).

Given its high abundance and because its role as an
important detritivore species that returns organic matter from
the surface sediments to higher level marine predators, such
as sea lions, seals, birds, squid, fishes and even whales, the
galatheid squat lobster Munida gregaria is considered a key
species in Patagonian channels and fjords (Tapella et al., 2002;
Vinuesa and Varisco, 2007; Diez et al., 2012; Betti et al.,
2020). The species has two morphs, a benthic adult morph,
originally named M. gregaria, and a post-larval-juvenile pelagic
morph, originally named M. subrugosa, that can reach the
size of adults while still in the water column (Pérez-Barros
et al., 2008, 2010, 2011). While the depth distributions of
both morphs have been reported, there are insufficient studies
on shorter-term (diel, seasonal) variations in distributions of
different sized pelagic stages in the water column (Meerhoff
et al., 2013, 2014), with most reports on the zoea stages
of development (Castro et al., 2011, 2019). For these stages,
ontogenetic migration from the inner channel zones of zoea
release to offshore zones and back to inner areas as megalopa or
juveniles, has been documented in northern Chilean Patagonian
channels (León et al., 2008; Meerhoff et al., 2013, 2014;
Mujica et al., 2013). Whether the juvenile stages change
in vertical distribution as they grow or if they carry out
shorter-term changes (seasonal, diel vertical migrations) remain
to be determined.

Pelagic M. gregaria is a large-sized crustacean in the
water column of Patagonian fjords and channels. Other large
crustacean zooplankton, usually found in most high-latitude
Patagonian channel areas, are euphausiids (Euphausia vallentini),
amphipods (Eurythemistos sp.), some large decapods such as
Sergestes arcticus, and some mid- to large-sized copepods, such
as Calanus australis or Rhincalanus sp. Other holozooplankton
groups, but small, often collected in large numbers, are ostracods,
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cladocerans, and small-sized copepods (Rosenberg and Palma,
2003; Biancalana et al., 2007; Zagami et al., 2011; Aguirre et al.,
2012; Giesecke et al., 2019). How these crustacean assemblages
cope to survive in a common environment during the winter
low production season in these high-latitude areas remains
to be determined.

In the present study, we utilized stable isotope analyses
and stratified plankton sampling to explore whether the most
abundant and large-sized crustacean pelagic groups in the
BC develop differential feeding and/or vertical distributions
conducive to favor their coexistence during the austral winter.
Because most crustacean zooplankton are essentially omnivorous
(although some are often classified as mostly herbivores (e.g.,
E. vallentini, calanoid copepods, ostracods), carnivores, or
detritivores (e.g., amphipods, M. gregaria, Sergestes sp.) and
because of the scarce winter food availability, we expected most
groups would probably develop an opportunistic feeding mode
without a clear separation in food items ingested and thereafter, a
wide overlay in isotopic trophic niches. At the same time, because
of the low winter marine primary production, the different
groups would either subsist feeding on microzooplankton
and hence reach mid- to high trophic positions, feed on
allochthonous organic matter from terrestrial origin or, finally,
partition the food resources by residing in different depth
layers. Accordingly, the objectives of the present study were to
assess (a) whether the largest body size and more abundant
zooplankton crustacean groups were the same in different fjords,
(b) whether their organic carbon source was primarily of marine
origin (autochthonous) or terrestrially (allochthonous) derived,
(c) whether the trophic positions and isotopic niche widths
differed among crustacean groups, and finally, (d) to evaluate
whether potentially different feeding behavior (determined
from isotopic composition) along with potential differences in
vertical distributions might constitute a way of partitioning
the environment to facilitate the maintenance of different
groups within this low winter production high-latitude system.
Particular emphasis is given to juvenile M. gregaria because it is
a species that has been reported to expand its high abundance
toward lower latitude channels and fjords (Diez et al., 2016,
2018).

MATERIALS AND METHODS

Field work. From July 19 to 26, 2017, was conducted a research
cruise on board the Motorboat “Forrest” to the BC. Two locations
connected to the BC were studied for three days in the austral
winter: Yendegaia Bay (central BC, land-terminating-glaciers)
and Pia fjord (northwestern arm BC, marine-terminating
glaciers). The Yendegaia Bay, ∼10 km long, ∼2.5 km wide and
with a maximum depth of∼220 m, is connected to the Yendegaia
River in its head, which incorporates melted water from the
Serka (also called Stopanni) glacier located ∼11 km inland. The
western arm of Pia fjord, ∼14 km long, 1.25 km wide and with
a maximum depth of ∼200 m, receives freshwater directly from
the Guilcher glacier in its inner flank (Figure 1).

At each location, a longitudinal transect was conducted, in
which hydrographic profiles were obtained with a Seabird 25
CTD equipped with a fluorometer and turbidity sensor. Absolute
salinity and conservative temperature were derived by applying
the algorithms proposed in the Thermodynamic Equation of
Seawater 2010 according to the new standards of seawater
properties adopted by the Intergovernmental Oceanographic
Commission (Valladares et al., 2011). Along the center of
the transects, zooplankton profiles of stratified samplings were
conducted at each location four times during a 24 h cycle.
The profiles included stratified zooplankton samples collected
with a 0.5 × 0.5 m mouth opening Tucker trawl (300 µm
mesh, equipped with a GO flowmeter) at three depth strata:
0–10, 10–50, 50–100 m. The profiles were obtained during
the day and at night. Once onboard, the samples were split
and one fraction was preserved in 5% formalin, and the
other was drained and then frozen at −20◦C for later isotope
(δ13C, δ15N) analyses. Additional zooplankton samples (0–50
m depth) were collected at night to increase the number
of organisms for isotopic analyses. Once in the laboratory,
all samples for isotope analyses were transferred to −80◦C.
Seawater samples along the water column were also collected
using 5 L Niskin bottles from six depths (0, 5, 10, 20, 50,
and 100 m) both during the day and at night. Seawater
samples (0.4 L) were filtered (Whatman GF/F) for chlorophyll-
a determinations and 0.5–1.0 L were also filtered (GFF 0.7
µm pore precombusted filters) for stable isotopes in particulate
organic matter (POM) analyses. All samples were stored on
board initially at −20◦C and then transferred to −80◦C
in the laboratory.

Laboratory work. In the laboratory, formalin-preserved
zooplankton samples were identified as functional group levels
and counted. Munida gregaria were classified as either zoea
or pelagic M. gregaria (megalopa, juveniles). All zooplankton
groups were measured (cephalothorax length and total length).
Biomass (wet weight) measurements were conducted on larger-
sized zooplankton groups on a high-resolution analytical scale
(±0.000001 g), and then individual wet weight (WW) values were
transformed into dry weight (DW) following Wiebe (1988):

LOG (WW) = 0.975+ 0.946 LOG (DW)

For the other smaller-sized or less abundant zooplankton groups,
biomass was estimated by calculating their individual volume and
then utilizing Wiebe (1988) displaced volume (DV) to dry weight
(DW) relationship:

LOG (DV) 1.037+ 0.839 LOG (DW)

From the frozen zooplankton samples, the largest crustaceans
(M. gregaria pelagic, E. vallentini, Sergestes arcticus, mysid larvae)
and the most abundant zooplankton groups (copepods and
ostracods) were sorted for isotope analyses and for total carbon
and nitrogen determinations. The number of individuals in each
crustacean group used for the isotope analyses was estimated
from the weight per sample as described in the Stable Isotope
Facility web page at the University of California at Davis.1 Only

1http://stableisotopefacility.ucdavis.edu/
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FIGURE 1 | Map of the Southern Patagonia showing the Beagle channel (upper panel) and both sampling locations: Pia fjord and Yendegaia bay (lower panel). Red
lines in each location indicates the zooplankton sampling track.

the abdominal muscular tissue from E. vallentini and pelagic
M. gregaria were used for isotopic analyses. The 13C and 15N
isotopes in the samples were determined using an Elementar
Vario EL Cube elemental analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany) interfaced with an Isoprime VisION
IRMS (Elementar UK Ltd, Cheadle, United Kingdom) isotope
ratio mass spectrometer, or a PDZ Europa ANCA-GSL elemental
analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass
spectrometer (Sercon Ltd., Cheshire, United Kingdom). The
final delta values are expressed relative to the international
standards Vienna Pee Dee Belemnite and Air for carbon and
nitrogen, respectively.

Data analyses. The trophic positions of the different groups
were estimated based on isotopic 15N enrichment, following
Vander Zanden (1997):

Trophic Position (TP) = λ+ (δ15Norganism − δ15Nbase) /3.4

where δ15Norganism is the isotopic value measured, 3.4 is the
average de δ15N enrichment per trophic level (Post, 2002), and
δ15N base is usually the δ15N from organisms that show an
herbivorous feeding mode. In this study, we used the same
approach used by Riccialdelli et al. (2017), which is the mean
δ15N value reported for all benthic filter feeders (Notochthamalus
scabrosus δ15N = 12.7h; Aulacomya atra δ15N = 12.0h,
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Brachydontes purpuratus δ15N = 11.3h; Mytilus chilensis
δ15N = 11.9h) from the same region (BC), assuming they
were all herbivorous. λ Represents the reference value (TL = 2)
in the food web.

Bayesian standard ellipse areas (SEAB) were also calculated to
determine the isotopic niche width (Jackson et al., 2011) of the
largest body size and most abundant crustacean groups (pelagic
Munida gregaria, E. vallentini adults, Sergestes arcticus, ostracods,
and copepods). To estimate niche width, we used the estimate
function in the Stable Isotope Bayesian Ellipses in R (SIBER)
v3.6.1. The program first estimates a Bayesian standard ellipse
that describes the data in a δ13C–δ15N space for each group and
can also perform an arithmetic correction for a small number
(n < 30) of samples (standard ellipse area corrected, SEAC)
(Young et al., 2017).

We calculated the relative importance of terrestrial particulate
organic carbon (POC) in the diet of all crustacean major groups
by applying a two-source mixing model (Bianchi, 2007):

%POCterrestrial = (d13Csample − d13Cmarine) /

(d13Cterrestrial − d13Cmarine)

where δ13C sample is the mean isotopic composition of each
crustacean group, δ13Cmarine is the marine end-member, and
δ13Cterrestrial is the terrestrial end-member. Particulate organic
matter has been used as an endmember in some trophic studies
(Post, 2002; Benstead et al., 2006; Vargas et al., 2011). However,
POM is a mixture of terrestrial and marine organic matter in
this zone (Riccialdelli et al., 2017); hence, our POM isotope
values could not be used as marine end members [in fact,
our 13C POM = −24.51 ± 0.53h were very similar with C2
plants (δ13C = −23.9h) reported by Riccialdelli et al., 2017].
Accordingly, we utilized δ13C values from C2 plants as terrestrial
end members and macroalgae values (chlorophyta, rhodophyta,
phaeophyta) as marine end members, all reported by Riccialdelli
et al. (2017) for the BC.

Statistical analyses included a Kolmogorov-Smirnov test with
the Lilliefors correction to explore whether the zooplankton
group abundance and the δ13C and δ15N data series followed
normal distributions. Since none of the series followed this
distribution (p < 0.05), Mann-Whitney U-tests non-parametric
tests were then utilized to look for differences in total abundance
between locations in the larger crustacean groups, and median
tests were utilized to determine whether statistical differences
existed between day and night samples. Potential differences
in vertical distributions during the day and night among
sampled depths were evaluated using the interaction term
(day/night × depths) in PERMANOVA. Lineal regressions
were utilized to assess the potential relationships between the
isotope composition and C/N with M. gregaria body length
(cephalothorax length). The stable isotope composition in
M. gregaria was also compared among the depths of collection
using Kruskal-Wallis non-parametric tests. All analyses were
carried out in R (v. 3.5.1) using the Lillie.test function (to test for
normality) and lm (linear models).

RESULTS

Hydrographic Conditions
The hydrographic vertical section of Yendegaia Bay shows a
well mixed 0–200 m deep water column with conservative
temperature values varying between 6.5 and 7.3◦C and absolute
salinity values fluctuating between 31 and 32 g/kg (Figure 2).
A very narrow surface layer (<5 m) was observed, with
low salinity (30.5–31.5 g/kg), low temperature (<6.5◦C),
and maximum fluorescence and turbidity values (0.2 mg/m3

fluorescence and turbidity values of approximately 1.5 NTU). The
highest temperature (7–7.3◦C) occurred deeper than 100 m near
the bottom at the inner part of the fjord, where salinity did not
reach higher than 32 g/kg.

In the Pia fjord, the water column was less mixed in terms of
temperature and salinity, particularly at the outer side of the fjord
(Figure 2). Compared with the Yendegaia bay, surface water was
colder (<5◦C), less saline (29.5–30.5 g/kg), and showed higher
fluorescence values (>0.3 mg/m3) down to 25 m deep toward the
mouth of the fjord, and higher turbidity values (2.5 NTU) toward
the head of the fjord. Deeper than 100 m, toward the entrance of
the fjord, the seawater was warmer (>8◦C) and saltier (>32 g/kg),
evidencing a mixture with saltier water entering the BC from
the oceanic area.

Zooplankton Groups Abundance and
Vertical Distribution
A similar number of zooplankton functional groups were
identified in the plankton samples: 20 in Yendegaia Bay and
22 in Pia Fjord (Table 1). The mean abundance of individuals
collected in all groups were very low in both locations
(mean per group: Yendegaia bay = 0.44 ± 1.37 ind./m3; Pia
fjord = 0.70 ± 2.05 ind./m3), and the 5 numerically most
abundant groups (copepods, ostracods, E. vallentini juveniles,
E. vallentini adults, pelagic M. gregaria) were the same.
Copepods and ostracods represented approximately 90% of
all individuals collected in each zone (Figure 3), and both
showed higher abundances in Pia fjord (copepods Mann-
Whitney U: 27; p = 0.03; ostracods: Mann-Whitney U:
27; p = 0.03). E. vallentini juveniles and adults together
accounted for ca. in 3.1% of all individuals in all groups in
Yendegaia Bay and 1.5% Pia fjord and showed no difference
in abundance between locations (E. vallentini juveniles: Mann-
Whitney U: 45; p = 0.346; E. vallentini adults: Mann-Whitney
U: 58,5; p = 0.923). Zoea and pelagic M. gregaria stage
together represented ca. 1% in Yendegaia Bay and 0.2% in
Pia Fjord, and both showed higher abundance in Yendegaia
Bay (Zoea M. gregaria: Mann-Whitney U: 18; p = 0.004;
juvenile M. gregaria: Mann-Whitney U: 25; p = 0.021),
while the other comparatively large body sized zooplankton
groups, Sergestes sp. and mysid larvae, reached low abundance
representing less than 1% in each location and both showed
a low frequency (≤50%) in all zooplankton profiles and no
difference in abundance between locations (Sergestes sp.: Mann-
Whitney U: 46; p = 0.381; mysis larvae: Mann-Whitney U: 49;
p = 0.497).
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FIGURE 2 | Vertical section of hydrographic characteristics (conservative temperature, absolute salinity, fluorescence and turbidity) along the sampling track located
from the center of Yendegaia bay and Pia fjord toward the Beagle channel.

Among the larger-body-sized zooplankton groups, the pelagic
M. gregaria stage was the largest (>40 mm total length, TL)
and the highest total dry weight (DW) biomass, accounting
for more than 70% of the total zooplankton biomass (95% in
Yendegaia Bay; 73% in Pia Fjord; Figure 3). In individual size
basis, one 2.9 cm total length body size pelagic M. gregaria
(0.37 g/ind DW) was equivalent to 2663 2.5-mm prosome length
copepods (0.000138 g/ind.DW) (Table 1), with copepods being
the most abundant zooplankton group and, after the pelagic
M. gregaria stage, the following crustacean group in terms of
biomass contribution.

The five more abundant zooplankton groups occurred in both
the day and night samplings (Figure 4). Of these, the zoea and
pelagic M. gregaria stage did not show differences in abundance
between day and night (Median tests, p > 0.05; Table 2). These
results contrast with the other groups (E. vallentini juveniles and
adults, copepods, ostracods, Sergestes sp.), which showed higher
abundance along the water column during the night than during
the day (Median tests, p < 0.05, Table 2), suggesting that the
incorporation of individuals from deeper layers (>100 m) at
night was associated with vertical migrations.

Pelagic M. gregaria stage occurred mostly in the 0–50 m depth
range and showed no statistical difference in vertical distribution
between day and night (PERMANOVA, depths × day/night:
F = 1.786; p = 0.718). M. gregaria zoea stages were more
abundant at the deepest layer (50–100 m) during the day. At
night, they dispersed along the water column, increasing their
mean abundance tenfold in the intermediate layer (zoea d/n
10−50m = 0.1). Copepods, a group that showed a high number

of individuals (>2 ind/m3) at the three layers sampled day
and at night, showed significant day-night differences in vertical
distribution (PERMANOVA, depths × day/night; F = 0.128;
p = 0.048). The other groups, with minimum abundance at
the three layers sampled during the daytime, did not show
statistical differences (p > 0.05) in day-night distributions,
probably because their daytime aggregations were deeper than
our samplings. At night, though, most of the large-sized
crustacean groups studied here shared the 0–50 m shallower
depth range at night, except for Sergestes sp., which occurred
mostly at the deepest layer (50–100 m) at night (Figure 4).

Stable Isotopes, Trophic Positions, and
Isotopic Niche Width in Crustacean
Groups
The range of mean δ13C values for all crustacean groups
was narrow (1.7h), with the highest value for adult
E. vallentini (−19.50 ± 1.22h) and the lowest for mysid larvae
(−21.27 ± 1.07h) (Table 3 and Figure 5A). The M. gregaria
pelagic stage showed the lowest δ15N values (12.43± 0.74h) and
Sergestes sp. the highest (15.32± 1.11h). The C/N ratio revealed
a clear distinction between M. gregaria and E. vallentini lower
values (M. gregaria = 4.08 ± 1.43h; E. vallentini 4.73 ± 1.68h)
compared with the higher values of the other four groups (range:
7.02–9.97h) (Table 3).

The Trophic positions (TP) estimated for all groups showed
that Sergestes sp. had the highest position (TP = 3), followed
by E. vallentini adults and copepods (TP = 2.8), mysid larvae
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TABLE 1 | Abundance (ind./m3) and biomass (g/m3 dry weight, DW) of the different zooplankton groups collected during the winter cruise 2017 to Yendegaia bay and Pia fjord in the Beagle channel, indicating the
percentage of positive stations (Posit. Stat.), mean abundance (±standard deviation), individual dry weights, total biomass (±standard deviation) and percentage of the total biomass corresponding to each group at
each location.

Yendegaia bay Pia fjord Yendegaia bay Pia fjord

Freq. Total Abundance SD Abundance SD Ind. D.W. Biomass Biomass

Posit. Stat. Mean Mean Mean D.W. % DW Mean D.W. % DW

% (ind/m3) (ind/m3) (ug/ind.) (ug/m3) (ug/m3)

Crustaceans

Copepods 100 5.654 4.690 7.819 2.703 138.2 781.5 2.34 1080.7 9.22

Ostracods 100 3.711 3.946 6.425 3.399 66.4 246.6 0.74 426.8 3.64

Euphausia vallentini juvenile 100 0.215 0.161 0.165 0.081 41.9 9.0 0.03 6.9 0.06

Euphausia vallentini adult 88 0.099 0.173 0.070 0.068 2368.9 235.0 0.70 166.3 1.42

Munida gregaria pelagic 100 0.086 0.033 0.023 0.010 368230.5 31816.5 95.29 8569.8 73.13

Mysis larvae 50 0.052 0.098 0.001 0.001 155.2 8.0 0.02 0.2 1.35E-03

Munida gregaria Zoea 63 0.013 0.010 0.004 0.007 133.2 1.8 0.01 0.5 4.26E-03

Sergestes sp. 50 0.011 0.013 0.002 0.002 19712.5 213.7 0.64 32.1 0.27

Isopods 63 0.006 0.010 0.005 0.008 213.4 1.2 3.73E-03 1.0 0.01

Amphipods 100 0.005 0.005 0.007 0.007 426.0 2.0 0.01 3.1 0.03

Indetermined Zoea 38 0 0 0.004 0.003 73954.2 0 0 317.9 2.71

Indetermined Crustacean larvae 88 0.046 0.053 0.003 0.003 69.0 3.2 0.01 0.2 1.64E-03

Other groups

Chaetognaths 100 0.044 0.045 1.163 0.610 496.5 22.0 0.07 577.3 4.93

Medusae 75 0.044 0.085 0.092 0.120 152.7 6.7 0.02 14.1 0.12

Briozoa 100 0.027 0.033 0.050 0.084 2.1 0.1 1.69E-04 0.1 8.73E-04

Siphonophores 88 0.024 0.019 0.241 0.146 1700.3 41.0 0.12 409.0 3.49

Gastropod larv. 63 0.009 0.009 0.006 0.010 0.2 2.0E-03 5.85E-06 1.3E-03 1.09E-05

Fish larvae 63 0.004 0.006 0.002 0.002 167.6 0.7 2.19E-03 0.3 2.54E-03

Polychaets 88 0.004 0.003 0.018 0.007 309.9 1.1 3.43E-03 5.4 4.63E-02

Fish eggs 25 0.002 0.003 1.990E-04 3.980E-04 208.2 0.4 1.06E-03 4.1E-02 3.54E-04

Pteropods 13 0.001 0.001 0 0 499.4 0.3 8.95E-04 0 0

Ctenophores 25 0 0 0.005 0.010 20424.2 0 0 107.2 0.91

Appendicularians 13 0 0 1.830E-04 3.661E-04 285.2 0 0 0.1 4.45E-04
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FIGURE 3 | Zooplankton abundance (%) and biomass (dry weight; %) of the most abundant groups in Yendegaia bay and Pia fjord in winter 2017. Pelagic Munida
gregaria, copepods and ostracods are highlighted because of their relative importance both numerically and in terms of biomass.

TABLE 2 | Mean abundance (ind/10 m3), standard deviations (SD) and medians of the main pelagic crustacean functional groups at day and night time.

Day Night X2 df p-value

Mean SD median Mean SD median

Munida gregaria pelagic 0.43 0.48 0.31 0.33 0.45 0.06 0.485 1 0.486 n.s.

Munida gregaria Zoea 0.09 0.15 0.01 0.07 0.10 0.03 0.0001 1 0.770 n.s.

Euphausia vallentini Juvenile 0.42 0.67 0.04 1.94 1.98 1.66 1.721 1 0.019 *

Euphausia vallentini Adult 0.03 0.06 0.00 1.52 1.86 0.98 2.752 1 0.033 *

Copepods 30.09 30.71 13.24 101.72 45.98 84.00 4.911 1 0.024 *

Ostracods 9.53 15.89 0.00 63.38 55.73 0.00 2.801 1 0.040 *

Sergestes sp. 0.00 0.00 5.07 4.10 15.09 38.47 1.931 1 0.037 *

Mysis larvae 0.02 0.05 0.00 0.45 1.13 0.00 0.113 1 0.736 n.s.

Mann-Whitney U tests (X2) results between day and night abundances. n.s.: not significant; *p < 0.05, **p < 0.01.
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FIGURE 4 | Vertical distribution of the most abundant zooplankton crustacean groups at day (white) and night time (colored) collected at both locations (pooled
data). Abundance are expressed as density of individuals at each sampled stratum (ind./m3).

(TP = 2.7), ostracods (TP = 2.6), and the pelagic M. gregaria stage
with the lowest trophic position (TP = 2.1). The isotopic ellipses
diagram shows a great degree of overlap in isotopic niche width
among most groups except pelagic M. gregaria that occurred
at the bottom of the ellipses diagram and that overlapped
only partially with the other groups (Figure 5B). While pelagic
M. gregaria showed the narrowest ellipse areas, Sergestes sp.
showed the widest area (Figure 5C). Adult E. vallentini, and
copepods, in turn showed similar ellipse areas, as revealed by
the mean SEAc values, and ostracods showed values between
the later groups and pelagic M. gregaria (Table 3). The relative
importance of terrestrial organic carbon (TOC) in the diet
of all crustaceans, as depicted by the δ13C content, indicates
that all groups analyzed were deeply dependent on terrestrial
carbon, with percentages of terrestrial contribution varying
from 41% in E. vallentini to 54% in mysid larvae (Table 3).
Within the crustacean assemblage, pelagic M. gregaria (43%)
and Sergestes sp. (42%) showed a lower proportion of terrestrial
organic carbon in their tissues, compared with ostracods and
copepods (50%).

Munida gregaria Stable Isotopes at
Different Body Lengths and at Different
Depths
Pelagic M. gregaria showed a wide range of body lengths (11.9–
40.8 mm total length, TL), particularly at the surface layer
where the size range was wider than that at other depths

(Figure 6). Along the water column, however, their length
distribution was dominated by a narrow body size range (15–
20 mm TL) at all depths.

Over the length range of pelagic M. gregaria utilized for
isotope and C/N analyses (6.9–21.5 cephalothorax length, CL),
very small isotopic changes were observed in δ13C (linear model,
n = 44, p = 0.0104) and δ15N (lineal model, n = 44, p = 0.0213)
with cephalothorax length but with very low coefficients of
determination (R2 = 0.14 and R2 = 0.12 for δ13C and δ15N,
respectively) (Figure 7). No significant relationship was observed
between C/N and pelagic M. gregaria cephalothorax length
(linear model, n = 44, p = 0.3408, R2 = 0.02).

Along the water column, δ13C in particulate matter
(POM) ranged from −25.6 to −23.6h and did not show
increases in mean values from the surface layer (δ13C
POM0−10 m = −24.8 ± 0.4h) to deeper layers (δ13C POM100

m = −24.0 ± 0.4h). No significant difference was observed in
the mean isotopic values of δ13C in pelagic M. gregaria (Kruskal-
Wallis, p = 0.237), suggesting that they eat terrestrial plant carbon
and phytoplankton/macroalga-derived carbon throughout the
column. However, a slight increase in δ15N in pelagic M gregaria
toward higher depths was observed (Figure 8), which coincided
with the slightly higher trophic positions toward deeper waters
(TP0−10m = 2.1, TP10−50m = 2.13, TP50−100m = 2.17). The δ15N
difference among depths was not statistically significant when
the mean values were compared (Kruskal-Wallis, p = 0.126).
Means C/N values among depths were not significantly different
(Kruskal-Wallis, p = 0.444).

Frontiers in Marine Science | www.frontiersin.org 9 June 2021 | Volume 8 | Article 635190

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-635190 June 3, 2021 Time: 17:21 # 10

Castro et al. Munida and Zooplankton in Beagle Channel

TABLE 3 | Stable isotopes in the major pelagic crustaceans collected in the winter 2017 cruise to the Beagle channel, indicating number of samples analyzed (n), δ13C
(±standard deviation), δ15N (±standard deviation), C/N ratio, trophic position (TP), corrected Stable Isotope Bayesian ellipse area (niche width; SEAc) and terrestrial
organic carbon content (TOC) in the different groups.

Groups n δ13C (h) δ15N (h) C/N TP SEAc TOC (%)

Munida gregaria pelagic 131 −19.81 ± 0.93 12.43 ± 0.74 4.08 ± 1.43 2.1 2.16 43

Euphausia vallentini adult 21 −19.50 ± 1.22 14.58 ± 1.16 4.73 ± 1.68 2.8 4.66 41

Copepods 32 −20.77 ± 1.33 14.10 ± 0.94 7.26 ± 3.40 2.8 4.95 50

Ostracods 21 −20.75 ± 1.16 14.75 ± 1.06 9.97 ± 4.81 2.6 3.29 50

Sergestes sp. 13 −21.07 ± 1.29 15.34 ± 1.17 7.02 ± 3.59 3.0 5.26 42

Mysis larvae 4 −21.27 ± 1.07 14.26 ± 1.28 8.04 ± 4.79 2.7 – 54

FIGURE 5 | Stable isotopes δ13C and δ15N values of the most abundant crustacean zooplankton groups in both locations (pooled data) sampled in winter 2017.
(A) δ13C and δ15N plot of mean values (bars are standard deviations). (B) Stable Isotope Bayesian ellipses showing the width of the isotopic niche of each of the
crustacean groups. (C) Box and whiskers plot of ellipse areas of each group showing the median, 50, 75, and 95% limits, and corrected mean value (x). Mysid larvae
were not included in ellipses nor box and whiskers diagrams because of the low number of replicates available (<5 samples).

DISCUSSION

The general objective of this study was to assess how the
dominant chitinous zooplankton groups in the BC survive during
the winter low production season in this high latitude region.
Our results show that the zooplankton community was similar
in two fjords connected to the BC, where a single pelagic
group dominated in terms of biomass (pelagic Munida gregaria),
and that differences in vertical distribution occurred between
most principal crustacean zooplankton groups and M. gregaria,
which was partially explained by apparent shifts in vertical
distribution between day and night in the former groups. All
groups showed a high dependence on terrestrially derived organic
matter, as revealed by their δ13C values. However, the isotopic
composition, TP estimates, and isotopic niche widths of the
groups clearly separated pelagic M. gregaria from the others,
presenting the lowest δ15N and highest δ13C values, and a
narrower niche width. This group was dominated by a single
body size class along the 0–100 m water column and remained
during the day and at night, mostly in the upper layers (0–
50 m), apparently benefiting from the higher phytoplankton
concentrations (compared to deeper layers), as revealed by
their higher δ13C values and low TP. In contrast, the other
groups changed in vertical distribution between day and night
or remained deeper in the water column during the day, and
showed slightly higher δ15N values, higher TP, and lower δ13C
values, probably feeding on a microzooplankton-terrestrial POM

mixture at deeper layers. Trophic flows through microbial loops
from heterotrophic nanoflagellates and ciliates toward crustacean
zooplankton have been reported during the winter season in
Nord-Patagonian fjords (González et al., 2010).

The zooplankton community characteristics in both locations
were similar despite local hydrographic differences between
fjords exerted by different water exchange and freshening effects
given by marine and land-terminating glaciers. The Pia fjord,
closer to the Pacific Ocean connection than Yendegaia Bay,
showed lower temperature and salinity at the surface, a large
input of oceanic water at depth, and a more stratified water
column (Figure 2). The chlorophyll a concentrations were very
low (range: 0.03–0.28 mg/m3) in both locations reaching values
between one and two orders of magnitude lower than those
observed in the same area in spring (Giesecke et al., 2019).
The mesozooplankton community in this fjord, with abundances
of organisms also one to two orders of magnitude lower than
in spring (Giesecke et al., 2019), included a relatively similar
number of taxa (20–22 functional groups) and a similar total
number of organisms per group compared with Yendegaia Bay,
but showed some gelatinous organisms not present in Yendegaia
(apendicularia and ctenophores). The five numerically most
abundant groups (copepods, ostracods, E. vallentini juveniles,
E. vallentini adults, and pelagic M. gregaria) were the same in
both locations, copepods and ostracods representing 90% of the
zooplankton abundance in each zone, and were the most frequent
and abundant mesozooplankton groups reported previously in

Frontiers in Marine Science | www.frontiersin.org 10 June 2021 | Volume 8 | Article 635190

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-635190 June 3, 2021 Time: 17:21 # 11

Castro et al. Munida and Zooplankton in Beagle Channel

FIGURE 6 | Total length frequency distribution (%) of pelagic Munida gregaria
collected at the three sampled strata (0–10 m, 10–50 m and 50–100 m depth)
in both locations (pooled data) in winter 2017.

the BC but in other seasons (Biancalana et al., 2007; Aguirre
et al., 2012; Giesecke et al., 2019). However, when transformed
into biomass estimates (D/W), the relative importance of most
zooplankton groups in our winter study significantly decreased,
and pelagic M. gregaria became the most important group with
biomass representing from ∼70–90% of the total zooplankton
biomass in both locations (Figure 3).

The vertical distributions of the larger-sized crustacean groups
differed between day and night, except for pelagic M. gregaria.
While most groups showed an increase in abundance at all
sampled layers during the night, apparently after a diel residence
of most individuals deeper than our maximum depth sampled
(e.g., E. vallentini 150 m diurnal mean weight depth; Hamame
and Antezana, 2010), suggesting a diel vertical migration, pelagic
M. gregaria remained mostly in the shallower 0–50 m layer
in both periods. Diel vertical migration has been reported
for most of these groups in other locations, including the
Patagonian region, but in other seasons (Castro et al., 1993;
Hamame and Antezana, 2010; Valle-Levinson et al., 2014). In
M. gregaria zoea diel changes in vertical distribution have been

FIGURE 7 | Stable isotope values (δ13C, upper panel; δ15N, middle panel) and
C/N ratio (bottom panel) in different body length (cephalothorax length, mm)
pelagic Munida gregaria collected in winter 2107. Linear model regressions
are also shown in both panels.

documented mainly for the earlier stages in northern Patagonia
and, depending on the location, in synchrony with semidiurnal
tides (Castro et al., 2011, 2019). The vertical distribution of
the pelagic M. gregaria in our study coincides with previous
observations of post-larval stages in the Baker basin (47◦S) or
the inner sea of Chiloé (42◦S), where their position has been
associated with the halocline apparently to favor horizontal
transport (Castro et al., 2019; Meerhoff et al., 2019). This also
coincides with acoustic reports of juvenile M. gregaria in the
BC where it reached maximum depths deeper than 80 m but
that situated this species denser aggregations between 21 and
28 m depth (Diez et al., 2016, 2018). In neither of these studies
in the BC further north in the northern and central Chilean
Patagonian zone (Castro et al., 2019; Meerhoff et al., 2019), diel
vertical migrations were documented for the post-larval (juvenile
or megalopa) stages.

Stable isotope results show a narrow range in δ13C (−21.2 to
−19.5h) and δ15N (12.4–15.4h) mean values across all groups.
These low δ13C values highlight the importance of terrestrial
organic matter in sustaining the winter trophic web in the area
(TOC = 41–54%). A relatively similar range of mean δ13C values
(−20.8 ± 3.8h) was reported for zooplankton in spring in the
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FIGURE 8 | Stable isotope (δ13C, upper panel; δ15N middle panel) and C/N
ratio (bottom panel) in abdominal muscle of pelagic Munida gregaria at the
three depth of collection (0–10 m, 10–50 m and 50–100 m depth).

same BC by Riccialdelli et al. (2017). However, among all groups
in our study, pelagic M. gregaria (−19.81 ± 0.93h) along with
E. vallentini (−19.50 ± 1.22h) showed the highest δ13C values
suggesting that marine particulate organic matter might also
be an important part of their diet, at least in these two taxa.
The δ15N values and isotopic ellipses indicate that most groups
superpose their isotopic niche, except for pelagic M. gregaria,
which showed the lowest δ15N values (12.43 ± 0.74h) and TP
(2.1) and a narrower isotopic niche, suggesting some differences
in feeding resources compared to the other crustacean groups.

The δ15N values determined were within the range reported for
this species: 10–12h in northern Patagonia (Meerhoff et al.,
2019) and 14.1 ± 0.7h in the same BC in spring (Riccialdelli
et al., 2017). Interestingly, δ13C and δ15N stable isotope values
were similar at different M. gregaria body lengths in our study.

Slight differences in trends were observed in δ13C and δ15N
values in pelagic M. gregaria toward deeper layers. In δ13C, no
clear differences were observed among depths, suggesting that a
mixture of terrestrial and marine POM was ingested along the
water column. Increasing values were observed in δ15N toward
higher depths, which resulted in a slightly higher TP deeper
in the water column. Dissimilar trends in δ13C and δ15N in
pelagic M. gregaria tissues with depth apparently resulted from
a combination of processes that include, first, terrestrial organic
carbon entering at the sea surface plus phytoplankton, and
secondly, in addition to the sinking of organic matter from those
sources in shallow waters, the potential addition of sinking fecal
pellets, microzooplankton, or zooplankton debris into the pelagic
M. gregaria diets at higher depths, which would result in similar
δ13C values but higher δ15N and higher trophic levels deeper in
the water column. Sediment trap samples deployed at 100 and
200 m depth from the study area (BC) showed a high amount
of fecal material throughout the year (González, unpublished
data). These sequential processes highlight the role of terrestrial
and marine phytoplankton at the surface layers and of the
sinking matter and microzooplankton at deeper layers, which
determine a similar but significant terrestrial organic matter
signal along the pelagic M. gregaria vertical distribution but
with different trophic positions at different depths. The higher
δ15N and TP values of the other zooplankton or deeper resident
crustacean groups coincide with the higher δ15N and TP of those
pelagic M. gregaria present in deeper waters, supporting this
hypothesis, which suggests that feeding in deeper environments
may modify the TP of organisms and hence induce separate
feeding patterns among groups.

This study aimed to assess whether the more abundant
and largest-body-sized crustacean pelagic groups in the BC
develop differential feeding strategies conducive to favoring their
coexistence during the austral low production winter season.
Our overall results showed that two major groups could be
identified in terms of feeding strategies: the first group included a
mixture of some of the most abundant holoplankton organisms
(>90% numerically) plus zoea M. gregaria stages, that reside
deeper in the water column and move vertically during the
day. The holoplanktonic group may feed on sinking organic
matter or microzooplankton at depth and hence showed slightly
higher trophic levels than the other group. The second group
contained a single species (pelagic M. gregaria), which constitutes
the dominant pelagic group in terms of biomass (>70%),
resides mostly at the shallower 50 m of the water column,
rich in terrestrially derived organic matter and some marine
phytoplankton that constitutes its food, and which infringes them
a lower trophic position and a slightly different terrestrial organic
carbon signature in their tissues, compared with organisms in the
other zooplankton groups. Pelagic M. gregaria did not change in
vertical distribution during the day (at least not detected by our
sampling methods) and so overlapped its distribution only with
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those vertical migrating zooplankton groups at night, reducing
the potential competence for food resources. The different (i)
vertical distributions, (ii) trophic level food sources, and (iii)
slightly different original organic carbon sources, seem to be part
of the adaptive feeding strategy that facilitates the coexistence
of different pelagic crustaceans under harsh feeding winter
conditions at this high latitude region.
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