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The occidental shore of the southern tip of South America is one of the largest estuarine ecosystems

around the world. Although demersal finfish fisheries are currently in full exploitation in the area, the

fjords south of 471S have been poorly investigated. Two bio-oceanographic cruises carried out in austral

spring 1996 and 2008 between 471S and 501090S were utilized to investigate the spatial distribution of

fish eggs and larvae. Small differences in the environmental conditions were identified in the top 200 m

of the water column between years (5.3–10.5 1C and 0.7–33.9 units of salinity in October 1996;

6.3–11.5 1C and 1.2–34.2 units of salinity in November 2008). The low salinity surface layer generated a

highly stable water column within the fjords (Brunt–Väisälä frequency, N40.1 rad/s; wave period

o60 s), whereas a well-mixed water column occurred in the gulfs and open channels. For both years,

the ichthyoplankton analysis showed that early life stages of lightfish Maurolicus parvipinnis were

dominant (475% total eggs and 470% total larvae) and they were collected throughout the area,

irrespective of the water column stratification. However, other components of the ichthyoplankton

such as Falkland sprat Sprattus fuegensis, rockfish Sebastes oculatus, and hoki Macruronus magellanicus

were more abundant and found in a wider range of larval sizes in less stable waters (No0.1 rad/s).

Oceanic taxa such as myctophids (Lampanyctodes hectoris) and gonostomatids (Cyclothone sp.) were

collected exclusively in open waters. The October 1996 observation of Engraulis ringens eggs in plankton

samples corresponded to the southernmost record of early stages of this fish in the Pacific Ocean. We

found a significant negative relationship between the number of larval species and N, and a significant

positive relationship between the number of larval species and wave period. Therefore, only some

marine fish species are capable to utilize fjords systems as spawning and nursery grounds in areas

having high amounts of freshwater discharges and very high vertical stratification during austral spring

season.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In fjord systems, high levels of freshwater discharge promote
stratification in the head of fjords (upper fjords), whereas strong
tidal currents enhance some vertical mixing (Etherington et al.,
2007; Valle-Levinson et al., 2007). On the other hand, because of
the larger tidal velocities over the sills, mixing can be strong and
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the stratification weaker in the mouth of a fjord (Dyer, 1997). In
this sense, along a fjord system several suitable environments are
available for the reproduction and nursery of marine fishes of a
wide range of habitats. In coastal areas, positive relationships
between larval fish abundance and stratification (Reiss et al.,
2002; Bustos et al., 2008a) and between the location of larval fish
in the water column and stratification have been identified
(Sánchez-Velasco et al., 2007; Øresland and André, 2008).

The fjord ecosystem in southern Chile (411200–551580S, Fig. 1)
is over 1600 km long and has a surface area of about 240,000 km2,
with a high degree of geomorphologic and hydrographic
complexity, forming one of the largest estuarine areas in the
world (Palma and Silva, 2004). The water column of the area is
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Fig. 1. Map showing the location of the stations sampled in October 1996 and November 2008. Lines correspond to transects showed in Figs. 2 and 3.
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characterized by a low salinity surface layer (due to freshwater
discharge, high precipitation rates, and coastal runoff) and
relatively high salinity, low temperature, and high-density
bottom water. A sharp vertical salinity gradient occurs between
these layers at 20–30 m depth, producing a highly stratified
system (Silva et al., 1995, 1998; Cáceres et al., 2006). The coastal
waters follow a classical spring and autumn chlorophyll bloom
cycle (Toro et al., 1999) in which primary production is co-limited
by strong seasonal changes in light and nitrate (Iriarte et al.,
2007). Recently, the area between 411200S and 461S has been the
subject of intensive marine research because it is heavily used for
fisheries, aquaculture, and ecotourism (Soto and Norambuena,
2004; Buschmann et al., 2006; Aranis et al., 2007; Bustos et al.,
2008a; Silva et al., 2009).

The area south of Taitao Peninsula (461S) has been less studied.
Off the coast, Subantarctic Surface Water (SASW) dominates
between the surface and 150 m depth. In the channels and fjords,
Surface Estuarine Water flows seaward in the upper level
(0–50 m) (Sievers et al., 2002; Silva and Calvete, 2002). Compared
with the adjacent coastal waters (open waters), the inner sea of
the channels and fjords is characterized by higher concentrations
of chlorophyll-a, larger amounts of suspended organic and
inorganic particulate matter (Pizarro et al., 2000) which produces
a milky water. In relation to zooplankton, higher densities of
gelatinous zooplankton (siphonophores Lensia conoidea; Palma
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
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and Silva, 2004), and reduced densities of micronecton (Euphausia

vallentini; Palma and Silva, 2004) and some taxa of larval decapod
crustaceans (such as Porcellanidae and Neotrypaea uncinata;
Mujica and Medina, 2000) have been detected. Over the
continental shelf of the adjacent coastal waters, dense aggrega-
tions of adult southern blue whiting Micromesistius australis,
southern hake Merluccius australis, hoki Macruronus magellanicus,
and warehou Seriolella caerulea are currently captured by
industrial fisheries (Saavedra et al., 2007). Fjords located between
411200S and 461S in southern Chile are used as spawning and
nursery grounds by a series of marine organisms such as mollusks
(Molinet et al., 2005, 2006, 2008), decapod crustaceans (Gebauer
et al., 2007; León et al., 2008), and fishes (Balbontı́n and Bernal,
1997; Bernal and Balbontı́n, 1999; Balbontı́n and Bernal, 2005;
Córdova and Balbontı́n, 2006; Landaeta and Castro, 2006; Bustos
et al., 2007, 2008a, b; Landaeta et al., 2008). Moreover, dense
aggregations of demersal fishes occur nearby (Saavedra et al.,
2007). Therefore, it is expected that areas south to Taitao
Peninsula also act as spawning and nursery grounds for several
groups of marine fishes. In the area, Baker river and the melting of
North and South Ice Fields (Fig. 1) add cold freshwater in the
upper fjords, which produce strong gradients on stratification and
stability of the water column along fjords and channels. Because
egg and larval marine fishes from southern Chile require different
environmental conditions for its development, it is also expected
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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that only some fish species may utilize areas of low water
temperature and salinity (and very high vertical stability) as
spawning grounds. We formulate the hypothesis that a relation-
ship exists between stratification of the water column and the
composition and abundance of early life stages of marine fishes
during austral spring conditions. The main goal of this research
was to identify the ichthyoplankton from southern fjords located
between 461480S and 501090S during austral spring 1996 and
2008, and relate them to the environmental conditions of the
water column, utilizing the vertical density gradients as measure
of stratification. Also, we will compare the composition and
abundance of ichthyoplankton between years to observe if
changes have occurred in a time lapse of 12 years in the area, in
the context of the global climate change.
2. Methods

2.1. Field work

Two bio-oceanographic cruises were carried out in austral
spring onboard the R/V Vidal Gormaz between 461480S and
501090S (Fig. 1). The first cruise, conducted between 16 October
and 7 November 1996, sampled 37 stations whereas the second,
carried out between 1 and 18 November 2008, comprised 42
stations. At each station, environmental data of the water column
(temperature, salinity, density) were collected from the surface to
800 m depth or 10 m above the bottom with a Seabird SBE–19
CTD profiler. Plankton samples were collected from 200 m depth
or 10 m above the bottom to the surface through oblique tows
with a Bongo net (66 cm diameter, 300 mm mesh size) with a
TSK flowmeter mounted in the frame of the net to estimate
the volume of seawater filtered. Towing speed was �2–3 knots.
The volume filtered in each tow (October 1996: range¼
39.5–398.3 m3/tow, mean7standard deviation¼171.8787.8 m3/
tow; November 2008: range¼101.9–881.6 m3/tow, mean7
standard deviation¼419.97151.1 m3/tow) was calculated from
flowmeter counts. Once over the vessel, the nets were washed and
one sample was fixed in 5% formalin buffered with sodium borate
for the identification of ichthyoplankton and morphologic mea-
surements and the other was preserved with 90% ethanol for
studies on larval growth (not shown in this work).
2.2. Laboratory work and data analyses

All eggs and larval fish were separated from all zooplankton
samples collected during both cruises and they were counted and
identified to the lowest taxonomic level possible. Identification
was carried out following Moser (1995), Balbontı́n et al. (2004),
Bustos and Landaeta (2005), Uribe and Balbontı́n (2005), and
Landaeta et al. (2008). Larvae were classified according to the
developmental stage as pre- or postflexion (inflexion larvae were
included in postflexion). All undamaged larvae (n¼535) were
measured to the nearest 0.1 mm (notochord length, NL, from the
tip of the snout to the tip of the notochord, or standard length, SL,
from the tip of the snout to the base of the hypurals). No attempt
was made to correct lengths for the effects of preservation. Egg
and larval counts were standardized to individuals �10 m–2 in
the water column for each sampling station.

With the information from the CTD, we calculated at each
oceanographic station the Brunt–Väisälä frequency (N¼[(g/r)�
(qr/qz)]1/2), where g is the gravity (9.8 m/s2), r the density of sea
water, and z the depth, which is the frequency at which a
vertically displaced parcel will oscillate within a statically stable
environment. We also calculated the period of the wave (t)
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
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following Mann and Lazier (2006), utilizing t¼2p/N for the
maximum value of N estimated in the water column at each
station. Finally, stations were classified considering the highest
value of N estimated in the water column at highly stable
(40.1 rad/s) or less stable (o0.1 rad/s) sampling stations.

Comparisons were carried out on larval size distributions of
selected fish species collected from highly (40.1 rad/s) or less
stable (o0.1 rad/s) sampling stations. Also, mean larval size of
each species was compared between cruises (1996 versus 2008).
Non-parametric statistics were utilized, i.e., Mann–Whitney U

tests, to compare larval sizes, after homogeneity of variances was
rejected (Levene’s test, po0.001 for all cases).

Least square linear regressions were computed between the
number of larval species (S) and N, and between S and the period
of the waves at each station for each sampling year.
3. Results

3.1. Physical setting

Two latitudinal sections (inner and outer transects) were
constructed to show the stratification of the water column in
temperature and salinity along channels of southern Chile. They
were selected in order to show the wide range of environments in
the study area: open oceans, channels, and areas influenced by
river discharge and ice melting. In October 1996 (Fig. 2), physical
conditions ranged from 5.3 to 10.5 1C and 0.7 to 33.9 units of
salinity. The highest temperatures were found in the surface
waters of Penas Gulf (10.5 1C). On the outer transect, tongues of
warmer surface waters (�25 m depth) were identified along
Fallos and Ladrilleros channels (Fig. 2). All along the surface
waters of transects thermal gradients were detected. Slightly
warmer subsurface waters were found along Picton Channel and
Trinidad Gulf (Fig. 2). Water column salinity was strongly
stratified in the upper 15 m depth. Salinity was lower (o25)
along Fallos Channel and Trinidad Gulf (Fig. 2). Salinity values
higher than 33 were detected below 75 m depth in Penas Gulf.
Saltier waters were found deeper (4110 m) inside latitudinal
channels (Fig. 2). In the inner transect, the Angostura Inglesa
Constriction (AIC) divided water parcels, where a thermal front
also occurred. Messier Channel, which is connected with Penas
Gulf through its northern side (Fig. 1), showed relatively warmer
subsurface waters than Wide Channel. In the latter channel, a
thermal inversion was noticeable (Fig. 2) because of the entrance
of glacier melt water from some fjords (Eire, Falcon, and Penguin)
and the Southern Ice Fields (Fig. 1) advected into the channels
through the fjord system. Vertical salinity stratification was also
observed in the upper 15 m depth (Fig. 2).

Similar trends in the water column structure were observed in
November 2008 in the channels of southern Chile (Fig. 3).
Temperature and salinity were 6.3–11.5 1C and 1.2–34.2 units of
salinity, respectively. Again, warmer and saltier waters were
found in Penas Gulf and a vertical thermal inversion was detected
in Wide Channel south of AIC; a core of cold (o7 1C) and salty
(34.5) water was denoted below 140 m depth (Fig. 3). In the
outer and inner transects, surface waters showed a latitudinal
temperature gradient ranging from 10.68 1C in Penas Gulf to
7.77 1C in Trinidad Gulf in the top 10 m depth (Fig. 3). Salinity was
lower in the top 15 m depth and the lowest values (o27) were
associated with Fallos and Wide channels and Trinidad Gulf
(Fig. 3). North of AIC, the water column was less vertically
stratified in temperature and salinity.

Vertical profiles of the Brunt–Väisälä frequency (N) showed
spatial rather than temporal variability (Fig. 4). Stations located in
areas directly influenced by the open ocean (waters from Penas
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Fig. 2. Vertical sections of temperature (1C) and salinity in October 1996. See number of stations in Fig. 1 for details. EIC¼El Indio Constriction; AIC¼Angostura Inglesa

Constriction.

Fig. 3. Vertical sections of temperature (1C) and salinity in November 2008. See number of stations in Fig. 1 for details. EIC¼El Indio Constriction; AIC¼Angostura Inglesa

Constriction.
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Fig. 4. Vertical distribution of Brunt–Väisäla frequency (N) in October 1996 and November 2008 and horizontal distribution of fish eggs in October 1996 and November

2008. Abundance is given in individuals�10 m–2.
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Gulf) were less stable (i.e., No0.05 rad/s) than those located in
the channels and fjords (maximum value of N �0.1 rad/s) and at
the heads of fjords and near Baker River, where the maximum N

reached �0.25 rad/s (Fig. 4). In October 1996, maxima estimated
values of stability ranged between 0.013 and 0.296 rad/s,
occurring at 3–34 m depth. In November 2008, the maxima N

were 0.034–0.286 rad/s; these were located between 2 and 40 m
depth. Therefore, in this study N not only indicated water column
stability, but also showed spatial variability (location) because
all well-mixed stations were located close to the open ocean
(Penas Gulf and adjacent coastal waters) and all stratified stations
were located inside fjords and channels.
3.2. Biological data

During the cruise carried out in October 1996, a total of 1396
fish eggs and 415 larvae (353 preflexion and 62 postflexion) were
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
separated from zooplankton samples; these were identified as
belonging to 11 (egg) and 18 (larva) taxa (Tables 1 and 2). In
November 2008, 575 fish eggs and 242 larvae (154 preflexion and
88 postflexion) were separated from the zooplankton samples;
these belonged to 9 (egg) and 20 (larva) taxa (Tables 1 and 2).
Interestingly, in October 1996, eggs of the anchoveta Engraulis

ringens appeared in plankton samples from four stations (Table 1),
probably corresponding to incidental spawning of this species in
the area. This is the southernmost record of early stages of this
species in the Pacific Ocean to date. During the cruises, the
dominant (475%) and most frequently collected egg type over the
entire area was that of the lightfish Maurolicus parvipinnis, although
densities declined between years 1996 and 2008 (Fig. 4, Table 1).
Eggs of the Falkland sprat Sprattus fuegensis and southern hake
Merluccius australis were also collected, showing mean abundances
(71 standard deviation, SD) around 22.9713.9 and 26.2743.4
eggs�10 m–2, respectively (Table 1). Strong differences were
noticeable in the spatial distribution of S. fuegensis eggs between
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Table 1
Summary of basic statistics for fish egg abundance (eggs�10 m–2). SD¼one standard deviation. Dominance corresponds to the percentage of the abundance of a given

taxon in relation to total abundance. Occurrence corresponds to the percentage of oceanographic stations where a given taxon was positively collected.

October 1996 November 2008

Mean SD Median Dominance Occurrence Mean SD Median Dominance Occurrence

Eggs (%) (%) (%) (%)

Congiopodus peruvianus 9.07 – 9.07 0.09 2.70 – – – – –

Engraulis ringens 14.95 8.26 13.29 0.60 10.81 – – – – –

Lampanyctodes hectoris – – – – – 6.09 4.66 6.09 0.50 4.76

Genypterus sp. 17.19 – 17.19 0.17 2.70 3.54 0.38 3.54 0.29 4.76

Hippoglossina mystacium 7.90 3.54 7.68 0.24 8.11 5.47 – 5.47 0.23 2.38

Macrouridae 16.89 12.68 14.19 0.85 13.51 3.01 – 3.01 0.12 2.38

Macruronus magellanicus 16.89 – 16.89 0.17 2.70 – – – – –

Maurolicus parvipinnis 220.94 225.86 117.07 75.59 91.89 51.95 52.38 31.40 81.75 90.48

Merluccius australis 16.71 13.85 10.86 1.68 27.03 26.16 43.41 4.89 5.42 11.90

Normanichthys crockeri 54.28 83.25 8.45 1.64 8.11 12.18 – 12.18 0.50 2.38

Pinguipedidae 42.24 6.85 45.33 1.27 8.11 – – – – –

Sprattus fuegensis 66.13 84.97 35.39 14.64 59.46 22.92 13.95 23.50 8.54 21.43

Scomberesox saurus – – – – – 3.81 – 3.81 0.16 2.38

Unidentified taxa 25.29 28.66 12.87 3.05 32.43 6.67 3.75 5.59 2.49 21.43

Table 2
Summary of basic statistics for larval fish abundance (individuals �10 m–2). SD¼one standard deviation. Dominance corresponds to the percentage of the abundance of a

given taxon in relation to total abundance. Occurrence corresponds to the percentage of oceanographic stations where a given taxon was positively collected.

October 1996 November 2008

Mean SD Median Dominance

(%)

Occurrence

(%)

Size range

(mm)

Mean SD Median Dominance

(%)

Occurrence

(%)

Size range

(mm)

Epipelagic taxa

Normanichthys crockeri – – – – – – 4.06 – 4.06 0.40 2.38 4.9

Sprattus fuegensis 271.29 446.88 98.00 70.10 75.68 5.2–22.9 10.42 17.94 5.67 16.24 38.10 4.8–23.2

Seriolella caerulea 7.68 – 7.68 0.07 2.70 6.5 – – – – – –

Stromateus stellatus 17.72 10.52 14.19 0.82 13.51 4.8–7.0 – – – – – –

Mesopelagic taxa

Bathylagichthys parini 19.81 20.44 12.06 1.83 27.03 7.8–12.9 14.04 14.59 8.92 6.84 11.90 5.8–8.0

Cyclothone sp. 4.47 – 4.47 0.04 2.70 – 9.68 9.32 6.10 3.77 9.52 4.9–9.1

Lampanyctodes hectoris 9.74 3.79 9.97 0.27 8.11 6.9–14.5 18.09 17.85 18.09 3.52 4.76 3.8–18.0

Maurolicus parvipinnis 38.23 38.39 25.34 10.23 78.38 3.5–13.3 11.09 9.85 7.18 35.64 78.57 3.7–15.2

Protomyctophum crockeri 7.49 4.27 7.49 0.14 5.41 6.7 5.23 1.98 5.23 1.02 4.76 3.6–8.6

Protomyctophum sp. – – – – – – 3.60 – 3.60 0.35 2.38 –

Symbolophorus sp. – – – – – – 2.79 – 2.79 0.27 2.38 8.7

Demersal taxa

Echiodon cryomargarites 14.19 – 14.19 0.13 2.70 7.9 2.79 – 2.79 0.27 2.38 11.1

Genypterus blacodes – – – – – – 2.79 – 2.79 0.27 2.38 4.8

Hippoglossina mystacium 23.71 29.56 15.38 4.16 51.35 3.3–12.1 7.56 – 7.56 0.74 2.38 11.1–15.7

Macruronus magellanicus 14.46 13.93 10.51 2.54 51.35 4.2–35.7 4.06 – 4.06 0.40 2.38 6.6

Merluccius australis 21.38 32.03 8.66 1.97 27.03 4.1–6.4 4.18 1.23 3.99 1.22 7.14 3.1–9.5

Micromesistius australis 4.47 – 4.47 0.04 2.70 11.1 – – – – – –

Moridae 15.35 – 15.35 0.14 2.70 4.9 3.88 1.15 3.88 0.76 4.76 4.9–11.3

Ophichthyidae – – – – – – 3.01 – 3.01 0.29 2.38 20.2

Subtidal/Intertidal taxa

Agonopsis chiloensis – – – – – – 6.24 – 6.24 0.61 2.38 19.5

Bovictus chilensis 4.47 – 4.47 0.04 2.70 – – – – – – –

Helcogrammoides

cuninghammi

13.50 8.23 13.50 0.25 5.41 3.2–6.9 4.43 2.02 3.85 1.72 9.52 4.0–5.0

Nototheniidae 5.72 1.72 5.00 0.16 8.11 – 4.89 – 4.89 0.48 2.38 6.5

Prolatilus jugularis 12.51 6.80 14.10 0.58 13.51 3.2–7.2 – – – – – –

Sebastes oculatus 31.42 22.93 28.20 6.09 56.76 3.3–10.7 10.70 8.08 7.62 23.96 54.76 3.1–7.8

Unidentified taxa 7.34 2.61 7.35 0.41 16.22 – 6.35 4.29 6.35 1.24 4.76 –
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years. In October 1996, eggs of this species were distributed along
the Baker, Messier, and Picton channels, and standardized
abundances were as high as 760 eggs�10 m–2 (Fig. 4). However,
in November 2008, mean egg density was reduced three times
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
(Table 1) and the spatial distribution was restricted to some
channels and one positive station in Penas Gulf (Fig. 4).

For larval fish, M. parvipinnis was collected throughout the
sampled area during both cruises, but densities were higher in
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Fig. 5. Horizontal distribution of larval fish in October 1996 and November 2008. Abundance is given in individuals�10 m–2.
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October 1996 (5.5–121.3 larvae�10 m–2) than November 2008
(2.2–39.8 larvae�10 m–2, Fig. 5). A similar pattern was detected
for larval rockfish Sebastes oculatus (4.2–90.9 vs. 2.9–27.9
larvae�10 m–2 in 1996 and 2008, respectively). Larval hoki
M. magellanicus and sprat S. fuegensis were collected along the
Baker and Ladrilleros channels and in Trinidad Gulf (Fig. 5),
showing reduced larval densities (M. magellanicus, 2.5–61.4
larvae�10 m–2, S. fuegensis, 3.4–77.1 larvae�10 m–2, Table 2). In
general, several egg and larval taxa were less abundant (mean and
median values) in 2008 than in 1996 (Tables 1, 2).

Mean larval size was not statistically different in highly
(40.1 rad/s) and less stable waters (o0.1 rad/s) for M. parvipinnis
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
during both cruises (October 1996: U¼1464, p¼0.679; November
2008: U¼707, p¼0.943). No significant differences were detected
in the mean larval size in relation to stratification in several taxa
(October 1996: S. oculatus, U¼312, p¼0.905; M. magellanicus,
U¼101, p¼0.919; November 2008: S. oculatus, U¼175, p¼0.208;
S. fuegensis, U¼108, p¼0.429), however they were more fre-
quently captured at sites with less stratified waters (Fig. 6).
Comparing larval size between cruises (1996 versus 2008), larval
M. parvipinnis collected in November 2008 were significantly
larger (mean7SD¼7.4672.54 mm) than larvae found in October
1996 (5.7971.97 mm; U¼2462, po0.001, Fig. 6), and is
apparently associated with lower stability values. Larval rockfish
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Fig. 6. Size distribution of selected larval fish collected in October 1996 and November 2008 in highly stable (N40.1 rad/s) and less stable (No0.1 rad/s) stations of

southern Chile.
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S. oculatus collected in November 2008 (4.0270.62 mm) were
significantly smaller than those caught in October 1996
(5.4471.47 mm; U¼108, po0.001).

Significant (po0.05) relationships were detected between
numbers of larval species and the Brunt–Väisälä frequency for
both cruises; however, the explained variance of the linear model
was low for both sampling years (r between 0.293 and 0.353). The
trend showed that as N decreased as a measure of water column
stability, the number of taxa of collected fish larvae in the
plankton samples augmented (Fig. 7a). For example, at the
stations located in Penas Gulf, where N was low (Fig. 4), several
taxa of oceanic fishes such as gonostomatids (Cyclothone sp.) and
myctophids (Lampanyctodes hectoris, Protomyctophum crockeri,
Symbolophorus sp.) were collected that were absent within the
fjords and channels. However, when N increased beyond 0.25
rad/s, only one to three fish species were collected, the ubiquitous
M. parvipinnis, S. fuegensis, and S. oculatus. Similarly, significant
positive trends were identified between species number and wave
period of the vertical fluctuation of the stratification for both
cruises (October 1996 and November 2008) (Fig. 7b), although,
again, r was low (0.279 and 0.441 for 1996 and 2008,
respectively).
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
4. Discussion

Spatial and temporal variability in ichthyoplankton abundance
and distribution were detected in austral spring 1996 and 2008 in
the fjords and channels of southern Chile located between 461480S
and 501090S. On a spatial scale, ichthyoplankton was more diverse
(in terms of species number) in areas where vertical stratification
of the water column was lower, e.g., when water masses were
more mixed. At the species level, higher abundances and broader
ranges of larval sizes were found in deep, open channels
compared with stations inside the fjords, although mean larval
size were similar between locations. On a temporal scale, the
taxonomic composition of the ichthyoplankton, i.e., the fish
species that actually spawned in the area was similar; however,
for several fish taxa a decrease in egg and larval abundance
occurred between spring 1996 and 2008. Particularly, differences
in mean larval sizes were detected for two species: rockfish
S. oculatus and lightfish M. parvipinnis.

Fish eggs and larvae from a wide range of taxa, including
epipelagic, mesopelagic, demersal, and intertidal species, were
collected in southern Chile during austral spring. Some physical
mechanisms may partially explain this occurrence. According to
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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Fig. 7. Relationship between (a) Brunt–Väisäla frequency (N) and number of larval species and (b) wave period and number of larval species for October 1996 (black dots)

and November 2008 (grey squares).
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Dávila et al. (2002), in austral spring–summer, southward wind
stress induces eastward Ekman water transport, piling up fresh-
water near the coast. The onshore transport of coastal waters may
also advect early stages of oceanic taxa such as gonostomatids
and myctophids located in the surface waters. On the other hand,
freshwater input from the Baker (47.811S, 73.631W) and Serrano
(48160S, 73.071W) rivers and ice melting from the Northern and
Southern Ice Fields may increase offshore advection of surface
waters (Dávila et al., 2002) and the transport of zooplankton,
intertidal and subtidal fish larvae, and postlarval hake (Basedow
et al., 2004; Bustos et al., 2007). Landaeta and Castro (2006) and
León et al. (2008) suggested such a pattern to explain the
off-channel transport of larval rockfish S. capensis (¼S. oculatus) and
early zoeae of Munida gregaria in austral spring from 441 to 461S.

The presence of oceanic taxa, particularly myctophids and
gonostomatids larvae at upper fjords was probably limited by
topographic features (constrictions) rather than physiological
constraints by low salinity waters. For example, in glacial
fjords of North America, Abookire et al. (2002) collected juveniles
and adults of northern lampfish Stenobrachius leucopsarus

(Myctophidae) and northern smoothtongue Leuroglossus schmidti

(Bathylagidae) between 10 and 20 m depth. In Chilean fjords,
Uribe and Balbontı́n (2005) found larval Bathylagichthys parini

(Bathylagidae), probably because this is where the species
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
reproduces. Larval size distributions of the species indicate the
presence of recently hatched larvae (S. oculatus, S. fuegensis)
as well as postlarval stages of several marine fish taxa (e.g.,
M. parvipinnis, M. magellanicus, S. fuegensis) in channels. Large hoki
larvae (15.2–35.7 mm) were collected exclusively in less stratified
waters; however, the large variance of the data precluded the
identification of significant differences in mean larval sizes.
Differences in larval sizes inside and outside the fjords have been
found for hake larvae in southern Chile (Bustos et al., 2007) and
cod in Sweden. Studying cod larvae inside and outside Gullmar
Fjord, Øresland and André (2008) found that fjord larvae were
more common in surface waters, were shorter, had unimodal
length and hatch date distributions, and differed in their genetic
composition when compared to the larvae collected outside the
fjord. In the present case, fish larvae of similar size in and out
fjords may indicate that reproduction may have been occurring all
over the place, and differences in size range may be explained by
differences in larval growth and survival between colder, turbid
areas (upper fjords) and warmer, saltier and more mixed zones
(open waters and channels).

If fjords around the world are utilized by several marine and
estuarine taxa as spawning and nursery zones (Asplin et al., 1999;
Halliday et al., 2001; Bustos et al., 2007), and if positive
relationships have been found between N and fish egg and larval
distribution and its relation with water column stratification in
ontinental Shelf Research (2010), doi:10.1016/j.csr.2010.03.013
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abundances (Reiss et al., 2002; Bustos et al., 2008a, b), why were
so few larval species collected in the highly stratified areas of the
upper fjords? In our case, both temperature and salinity were low
(�6 1C, o15) within the fjords from 461480 to 501090S. Also, the
optical density of organic and inorganic particulate material was
two to four times higher than at oceanic stations (Pizarro et al.,
2000) because of the erosive action of runoff and precipitation.
This is provoked mainly by Baker river, the largest Chilean river in
terms of volume of water, and melting of North and South Ice
Fields, the largest continuous mass of ice outside of the polar
regions, which produce high amounts of freshwater (Fig. 1).
Although chlorophyll-a concentrations were higher inside fjords
(o1–17.5 mg/m3) than in adjacent waters (0.2–3.7 mg/m3) in
spring 1996 (Pizarro et al., 2000), the physical characteristics of
the water column could be detrimental to the efficient energy
transfer to fish larvae (Coombs et al., 1994). Therefore, only few
fish taxa may be capable for utilizing this very cold, fresh and
turbid environment as a nursery ground.

The exception was M. parvipinnis. This small, mesopelagic fish
species shows high plasticity in its reproductive tactics and early
life dynamics. Eggs and larvae of this species have been collected
in upwelling ecosystems (Landaeta and Castro, 2002), oceanic
islands (Landaeta and Castro, 2004), and the inner seas and fjords
of the Pacific Ocean (Balbontı́n and Bernal, 1997; Bernal and
Balbontı́n, 1999; Córdova and Balbontı́n, 2006; Bustos et al.,
2008b). In October 1996 and November 2008, M. parvipinnis eggs
and larvae were collected throughout the study area irrespective
of water column stratification. Previously, Bustos et al. (2008b)
reported that early stages of this species were collected in greater
abundance in the fjords of the inner sea of Chiloé, southern Chile
(411300–441S) where stratification was strongest, similar to that
described by Lopes (1979) and Halliday et al. (2001) for
M. muelleri eggs and larvae in Norwegian fjords. The similarity
in the frequency of larval size distribution among sites with
different stratification in the study area seems to indicate that
advection off fjords is negligible for this species. Retention within
the fjords may be increased by a combination of deep-water
spawning (Lopes, 1979; Landaeta and Castro, 2002) and differ-
ences in vertical distribution (Halliday et al., 2001) and/or vertical
migrations of larger larvae on diel (Landaeta and Castro, 2002)
and/or tidal time scales (Landaeta et al., 2010).

A decrease in standardized abundance (mean and median
values) was evident for several taxa, both in egg and larval stages,
together with a slight increase in seawater temperature between
October 1996 and November 2008, although the sampling effort
(measured as filtered seawater) was two times higher in 2008
(see Section 2.2). The slight increase in water temperature in
November 2008 may have triggered earlier spawning of some
taxa (e.g., M. parvipinnis), partially explaining the lower abun-
dance of eggs, larvae, and differences in larval sizes. Methodolo-
gical problems were probably negligible because the same gear
and ship were used for both cruises. Therefore, differences may
have been caused by variations in the timing of spawning, adult
biomass, and other aspects. One of the most striking variations
was observed in abundance of early stages of hoki M. magellani-

cus: in October 1996, hoki larvae were found at half the stations,
comprising 2.54% of the total collected larvae yet, by November
2008, only one specimen (a preflexion larva) was collected in the
area. A drastic decrease in the abundance of this species was
also observed from ichthyoplankton collected in October 1995
and November 2005 in the Inner Sea of Chiloé, southern Chile
(411200–441S; Bustos et al., 2008b). Then, can this may be an
ecological response to recent climate change? Differences in
seawater temperature probably are caused by changes in ice
melting, triggering variations in phenology of marine fishes and
alterations in assemblages of species (Walther et al. 2002).
Please cite this article as: Bustos, C.A., et al., Ichthyoplankton spatial
fjords of southern Chile (461480–501090S) in austral spring 1996.... C
However, this item should be investigated by continuous
monitoring of the area to understand the temporal fluctuations
of fish communities of fjord systems.

In conclusion, only some marine fish species are capable to
utilize fjords systems as spawning and nursery grounds in areas
having high amounts of freshwater discharges and very high
vertical stratification during austral spring season. Majority of fish
taxa are using relatively warmer, saltier and less stable seawater
in adjacent open coastal waters during early development
between 461480S and 501090S. Further studies are necessary to
elucidate the role of seawater stability and mixing in feeding
success and larval growth in this highly stratified zone.
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