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Abstract Food availability and predation risk have
been shown to affect phenotypes during early life
history of fishes. Galaxias maculatus, a small fish
widely distributed around the southern hemisphere,
clearly exhibits a complex trade-off between feeding
and predation avoidance during growth over the
larval period. We studied the effect of different
environmental variables on diet, growth, mortality,
and morphology through field surveys and data
revision in the literature for limnetic G. maculatus
larvae in five oligotrophic lakes of Patagonia. Both
number of food categories and prey ingested by
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larvae were directly related to zooplankton density.
Larval growth rate was related with zooplankton
density and temperature. Lakes with high zooplank-
ton densities and low predation risk had larvae with
deeper bodies and shorter caudal peduncles, while in
lakes with less food and high predation risk larvae
were slender with shallower bodies and longer
peduncles. Food availability and predation risk seem
to operate on the swimming performance of G. mac-
ulatus larvae through the slenderness of the body and
the length of the caudal peduncle. The observed
phenotypic variation in growth and morphology
could be a key feature that has allowed this species
to successfully colonize a wide variety of environ-
ments in the southern hemisphere.

Keywords von Bertalanffy model - Oligotrophic
lakes - Fish larvae - Zooplankton density - Phenotypic
variation

Introduction

Selective processes have a strong effect on populations
of teleost fishes during periods of intense mortality,
such as early life stages (Conover & Schultz, 1997).
Phenotypic differences among populations often
reflect local adaptations to spatial heterogeneity of
ecological conditions (Svanbick & Eklov, 2002). Two
of the main selective forces affecting phenotypes are
food availability and predatory risk (Fuiman & Higgs,
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1997). Planktivorous fishes inhabiting environments
with widely dispersed prey usually maximize feeding
efficiency having fusiform bodies that minimize the
drag and energetic costs of swimming (Kekéldinen
et al., 2010). On the other hand, high predation risk
induces morphological and behavioral changes asso-
ciated with predator evasion (Van Buskirk & McCol-
Ium, 1999; DeWitt & Langerhans, 2003; Rechencq
etal., 2010) or with gape limitations (Januszkiewicz &
Robinson, 2007). In response to predation risk, the
propulsion structures, such as the caudal peduncle
region (e.g., Gambusia sp., Langerhans et al., 2004,
2007) or caudal fin (e.g., Galaxias platei (Steindach-
ner), Milano et al., 2002, 2006), are modified to
improve swimming performance (Videler, 1996). In
the case of predation avoidance related to predator
gape limitation, deeper bodies or longer dorsal spines
are the main adaptations to increase chances of survival
(Abrahams, 2006). In turn, growth is not a simple
function of the food source (or temperature), which
generally tends to maximize growth, but itis optimized
depending on local variables, especially predation risk
(Arendt, 1997). Rapid growth due to frequent foraging
can diminish the time that a prey is exposed to
predation threat by a certain predator, allowing it to
reach sooner a safer body size (Urban, 2007).

Galaxias maculatus (Jenyns) is a small fish with a
remarkably wide distribution across the southern
hemisphere (Berra et al., 1996), including Australia,
New Zealand, Lord Howe Island, Chatham Island,
Chile, Argentina, and Malvinas (or Falkland) Islands
(McDowall, 1971; Cussac et al., 2004). This galaxiid
fish has a plastic life history including landlocked and
diadromous populations (McDowall, 2002, 2003;
Chapman et al., 2006; Barriga et al., 2007; Boy
et al., 2007). Lacustrine landlocked G. maculatus
populations have a larval period during which
individuals spend up to 6 months in the limnetic
zone of lakes (Cussac et al., 1992; Barriga et al.,
2002). The body size at the transition between larva
and juvenile is greater in diadromous individuals than
in landlocked ones (Cussac et al., 2004).

Larval G. maculatus is the main planktivorous fish
in Patagonian lakes (Cervellini et al., 1993). The
presence of these larvae as a predator in a lake
influences not only the zooplankton size structure and
species composition (Modenutti et al., 1993), but also
enhances the phytoplankton biomass because of
excretion (Reissig et al., 2003). At the end of the
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larval period, individuals migrate from the limnetic to
the littoral zone of lakes, changing their spatial and
trophic niches (Cussac et al., 1992; Cervellini et al.,
1993; Barriga et al., 2002). At the same time, this
species is the main prey for all piscivorous fishes,
native and exotic (Macchi et al., 1999, 2007; Vigliano
et al., 2009). Consequently, the larvae of this species
represent an important model to analyze environ-
mental effects, such as food density and predation
risk, on the phenotype. Based on the general hypoth-
esis that environmental conditions influence the G.
maculatus larvae phenotype, the purposes of this
study were: (1) to describe diet, growth, morphology,
and mortality of larval G. maculatus from different
oligotrophic lakes of north Patagonia, and (2) to
assess a possible association between these parame-
ters and environmental variables, such as food
availability and predation risk.

Materials and methods
Study area and environmental data

Ichthyoplankton samples were taken from five oligo-
trophic post-glacial lakes in Patagonia. Morenito and
Ezquerra lakes have a polymictic thermal regime
while Moreno West, Moreno East and Gutiérrez lakes
are warm monomictic (sensu Lewis, 1983). These
lakes lie within the Nahuel Huapi basin that drains
toward the Atlantic Ocean through the Limay and
Negro rivers (Fig. 1).

The presence of aquatic vegetation in the littoral
zone is dominated by an emerged macrophyte,
Scirpus sp. from ~0 to ~2 m deep and by sub-
merged macrophytes, Potamogeton sp. and Myrio-
phyllum sp. from ~2 to ~5 m deep. Ezquerra and
Morenito lakes have large macrophyte areas (Fig. 1)
while in the deeper lakes (Moreno West, Moreno
East, and Gutiérrez) the littoral zone has fewer
macrophytes. Vegetated areas in the littoral zone of
Lake Gutiérrez are scarce.

Temperature profiles were obtained using a therm-
istor with a 100-m length wire for each sampling date at
5 m intervals in the limnetic zone of Gutiérrez, Moreno
East, and Moreno West lakes; and at 1 m intervals in
Lake Morenito. Temperature data for Lake Ezquerra
were taken from Diéguez et al. (1998). Mean epilim-
netic temperatures (MET) for Gutiérrez, Moreno East,
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Fig. 1 Geographic location
of the study sites in
Argentina (white arrow).
Water flow direction (black
arrow) and emergent
macrophyte areas (shaded
zones)
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and Moreno West lakes were calculated as the average
value of all recorded temperatures above the thermo-
cline, at 30 m depth. In Morenito and Ezquerra lakes,
MET were calculated taking into account all tempera-
ture values registered. MET values were calculated for
spring and summer. Transparency of the water was also
registered using a Secchi disk on each sampling date.

Ichthyoplankton sampling

Galaxias free embryos and larvae (sensu Balon,
1999) were captured in the limnetic zone of the lakes
with two conical ichthyoplankton nets of different
mesh size (32 cm diameter, 105 cm length, 270 um
mesh size; and 50.5 cm diameter, 260 cm length,
1500 pm mesh size). Nets were towed from a
motorized boat at the surface (0 m) and at different
depths employing a depressor (5 kg). Depending on
the depth of the lake, horizontal tows were performed
along a straight line at depths of 0.0, 3.5, 5.0, 7.5,
20.0, and occasionally at 30.0 m. To maintain the

sampling depth constant the towing rope angle was
continually monitored and adjusted by boat speed as
required. Towing time ranged from 2 to 10 min
(depending on the lake) at an average speed of
0.65m s~ !. In the shallow Lake Ezquerra, the
sampling method was different due to the small area
and depth of the lake. In this case, fish were captured
performing surface tows with a buoyed conical
ichthyoplankton net (50 cm diameter, 150 cm length,
and 250 um mesh size). Number of tows by lake was
55 in Ezquerra, 204 in Gutiérrez, 102 in Morenito,
138 in Moreno West, and 138 in Moreno East.
Samplings were carried out from October 1988 to
December 1989 in Lake Ezquerra, from August 1997
to November 1998 in Lake Gutiérrez, and from
September 1998 to September 1999 in Morenito,
Moreno East, and Moreno West lakes. Sampling
frequency was every 2-3 weeks in summer and
roughly monthly in winter, except in Lake Ezquerra
where it was every 1-2 weeks in summer. Captured
larvae were euthanized with a CO, saturated solution,
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fixed with 4% formaldehyde in the field and trans-
ferred to 70% ethanol in the laboratory. Larval
species identification was carried out using morphol-
ogy (Barriga et al., 2002), myotome number (Barriga,
2006) as well as validated by sequencing of mito-
chondrial DNA (cytochrome b and D-loop, Carrea,
2005). Individuals for mtDNA analysis were pre-
served in 70% ethanol.

Prey availability and larval diet

Food availability included densities of each zoo-
plankter obtained from both field and literature data.
Zooplankton samples were taken using a 25 cm
diameter Wisconsin type closing net (54 pm mesh) in
Lake Gutiérrez, preserved in 2% formaldehyde and
counted in a 5 ml Bogorov chamber under a stereo-
microscope. Zooplankton densities were taken from
Alonso (2001) and Alonso et al. (2004) for Morenito,
Moreno East, and Moreno West lakes; and from
Modenutti et al. (1993) for Lake Ezquerra. Both
zooplankton and ichthyoplankton samples were taken
at the same time in all lakes.

The development of the stomach in G. maculatus
takes place at the end of the metamorphic phase
(McDowall, 1968). Therefore, the whole gut of a
subsample of larvae (n = 667) was dissected and the
food contents examined microscopically. Prey was
identified to the lowest taxon possible. Larvae with
empty guts were not included in the analysis. In each
food category, the prey items were counted. Diet
composition for each taxon was expressed as per-
centage of the total number of all prey items in each
individual gut (Wallace, 1981). Angular transforma-
tion was applied to normalize the data before
analysis. Correlation between prey availability and
empty guts, as well as the number of prey eaten, was
seasonally assessed using Pearson’s coefficient. Cor-
relations between diet parameters within and among
populations were investigated using the Pearson’s or
the non-parametric Spearman’s coefficient.

Population parameters of G. maculatus early life
stages

Growth rate

Growth rate was calculated as the modal progression
in the size frequency of the fish captured throughout
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the sampled period. Of the two annual cohorts
recorded in each lake, von Bertalanffy growth model
parameters were estimated only for the first one as

TLt = Loo (1 . e*’“f*fo))

where TL¢ is the total length at date ¢, Loo is the
asymptotic length, K is the growth rate, and f, is the
date corresponding to TL = 0 (Wootton, 1998). Age
of each larva was calculated taking into account the
date of capture and the £, of the cohort. Since we used
only early life stages and as a consequence of the
interdependence between K and Loo, the growth
model was re-parameterized by incorporating
w = K-Loo. This parameter corresponds to the
growth rate near #; and it is suitable for comparisons
due to its statistical robustness (Gallucci & Quinn,
1979). The growth model parameters were evaluated
using maximum likelihood and differences among
lakes compared using likelihood ratio tests (Hilborn
& Mangel, 1997; Burnham & Anderson, 1998).
Afterward, the relationship between @ and zooplank-
ton density was seasonally analyzed using a regres-
sion analysis. Correlation between w and MET was
seasonally assessed using Spearman’s coefficient.

Larval morphology

To evaluate larval morphology, we measured total
length (TL), standard length (SL), pre-anal length
(PAL, from the snout to the anus), eye diameter (ED),
body depth at the pectoral fin (BDP, taken at the
insertion of pectoral fin), body depth at the anus
(BDA), and caudal peduncle length (CPL, from the
anus to the urostyle) of a subsample of larvae. TL,
SL, PAL, and CPL were taken parallel to the body
axis; while ED, BDO, and BDA were perpendicularly
taken. Body dimensions were measured under ste-
reomicroscope, using a vernier calliper (& 0.1 mm)
on camera lucida sketches (e.g., with a final precision
of + 0.0045 mm with a 25 x objective), for individ-
uals caught in Ezquerra (n = 48) and Gutiérrez
(n = 141) lakes. Individuals captured in Morenito
(n = 623), Moreno West (n = 679), and Moreno
East (n = 75) lakes were measured using an image
analysis software, Image-Pro Plus®, version 4.0 for
Windows (Silver Spring). The images were taken
with a digital camera attached to the stereomicro-
scope and connected with the image analyzer. The
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precision of the measurement, taking into account a
resolution of £ 0.1 mm of the human eye and the
magnification on the computer screen, was of
ca. = 0.002 mm. Morphometric measures were log-
transformed to obtain approximate linear relation-
ships (Barriga et al., 2002). Then, all measures of
morphometric traits were standardized to a common
fish size by regressing the measure against TL of the
fish. A similarity matrix with the morphometric
variables (regression residuals) was generated using
the Euclidean Distance similarity coefficient. After-
ward, differences in morphology were investigated
using non-metric multidimensional scaling analysis
(MDS) with cluster overlay, and then corroborated by
an analysis of similarity (ANOSIM) (Clarke &
Warwick, 2001). The methods were performed by
the Primer version 5.2.9 software (Clarke & Gorley,
2001). To compare body shape among populations,
two indexes were calculated as: CPL/SL (Watson &
Balon, 1984) and BDP/SL (Gatz, 1979).

Mortality rate

We calculated larval mortality rates using standard
catch curves estimated from the limnetic net surveys
(Ricker, 1975). Plotting the natural logarithms of the
number of fish over age (in days) provides a catch
curve with a slope that is equal to the instantaneous
rate of daily mortality (Z) for the larval period.
Limnetic larval survivorship was calculated as
S = e “ P, where D is the duration in days of the
limnetic larval period. Inter-lake differences in mor-
tality rates were evaluated with likelihood division
tests (Hilborn & Mangel, 1997; Burnham & Ander-
son, 1998). On the basis of the assumption that age
groups must decrease their abundance with increasing
age, those age classes that did not satisfy the tendency
were not included in the analysis.

Predation risk

Incidence of piscivory was calculated from fish
surveys using gill net in Gutiérrez, Morenito, Moreno
East, and Moreno West lakes. Fish were caught using
60 m long and 2 m high gill nets, composed by 10 m
long panels with bar mesh sizes of 15, 20, 30, 50, 60,
and 70 mm. Nets were set at depths of 2, 10, 30, and
50 m, always near the bottom. In addition, we
installed gill nets at 0, 15, and 30 m in the limnetic

zone of the deeper lakes, following the methodology
described in Vigliano et al. (1999). In Lake Morenito,
gill nets were set at the depths of 2 and 10 m, near the
bottom. Sampling periods were 1997 for Lake
Gutiérrez, and 1999 for Morenito, Moreno East, and
Moreno West lakes.

Predator fish were identified to the species level
and their digestive tract was removed and preserved
in 4% formaldehyde for diet analysis. Prey fishes
were identified to the species level. Galaxias macul-
atus was separated into two categories: (1) larvae and
(2) juveniles and adults. Ontogenetic periods were
defined according to the SL of the fish (following
Barriga et al., 2002). Individuals of G. maculatus
larger than 28.3 mm were classified as juveniles and
adults; otherwise, they were classified as larvae. Prey
volume was measured recording water volume dis-
placement in graduate cylinders.

Results
Characteristics of the lakes

Productivity differed among lakes on the basis of
their physical, chemical, and biological properties
(Table 1). A trophic gradient was registered from
Gutiérrez, Moreno West, and Moreno East (all large
and deep) to Lake Ezquerra, with Lake Morenito in-
between. Deeper lakes were characterized by low
values of conductivity, low concentration of nutrients
and Chlorophyll a, low temperatures during spring
and summer and high transparency.

Food availability and larval diet

In concordance with their characteristics, deeper
lakes showed low zooplankton densities. In the other
extreme, Lake Ezquerra had the highest zooplankton
density in agreement with its highest productivity.
Lake Morenito had intermediate physicochemical
values and also zooplankton density (Table 2).
Galaxias maculatus larvae ate mostly zooplank-
ton. Main food categories in all lakes were the
calanoid copepod, Boeckella gracilipes (Daday)
(nauplii and adults) and the cladocerans Bosmina
sp. and Ceriodaphnia dubia (Richard) (Table 3).
Boeckella gracilipes had the highest occurrence
values and was eaten by almost all larvae (84% of
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Table 1 Characteristics of the surveyed lakes

Lake Zmax Area Transparency MET (°C) DOC TP Chl a Cond Fish assemblage
(m) (km®)  (Secchi m) mg1™) (ug1™) (ugl™) @Sem™)

Ezquerra 3 0.06 25 13.9/17.5@ 8.1® 19® 1.0® 87 Gm, Oh, P19

Morenito  12©  0.83© 7.0 13.3/18.7  2.00©  12-14© 12© 68 Gm, Oh, P1, Sf, Oom© ¥

M. East 112 542 148 10.4/169 0650  87® 0250 35® Gm, Gp, Oh, Ov, Pt, St, Sf,
Om(h)

M. West 90 522  17.6 10.2/158 0460  34©@ 050 37 Gm, Gp, Oh, Ov, Pt, St, Sf,
om™

Gutiérrez 111 16.4 18.0 10.3/1479 0320 109 0.2® 58 Gm, Gp, Ov, St, Sf, Om™

Maximum depth (Z,.x), area, Secchi disc depth, mean epilimnetic temperature (MET) for spring and summer (spring/summer),
dissolved organic carbon (DOC), total phosphorous (TP), chlorophyll a (Chl a), and conductivity (Cond) are indicated. Gm Galaxias
maculatus, Gp Galaxias platei, Oh Odontesthes hatcheri (Eigenmann), Ov Olivaichthys viedmensis MacDonagh, Pt Percichthys
trucha (Valenciennes), St Salmo trutta Linnaeus, Sf Salvelinus fontinalis (Mitchill), Om Oncorhynchus mykiss (Walbaum)

(a) Diéguez et al. (1998), (b) Pérez et al. (2008), (c) Cussac et al. (1992), (d) Cervellini et al. (1993), (e¢) Modenutti et al. (2000),
(f) Morris et al. (1995), (g) Temporetti (1998), (h) Milano et al. (2002), (i) Barriga et al. (2002) and (j) Market et al. (1997)

Table 2 Zooplankton density (mean = SE) by season and lake

Taxon Zooplakton density (ind. m~>)
Ezquerra(“) Morenito® M. East® M. West® Gutiérrez

Spring
Boeckella gracilipes

Adults 282,391 £ 33,014 5,208 + 3,144 138 + 48 234 + 81 159 + 42

Nauplii 9,435 £ 2,730 9,061 £ 4,063 407 + 190 179 + 70 287 +£ 76
Bosmina sp. 431,000 £ 39,275 7,315 £+ 2,823 15+7 3+2 0£0
Ceriodaphnia dubia 168,609 + 29,538 1,257 £ 550 29 £ 11 32 £ 18 18 +4
Total 222,859 + 21,778 5,710 &+ 1,489 147 £ 52 112 £ 29 116 + 40
Summer
Boeckella gracilipes

Adults 43,458 + 12,038 3,558 £ 2,929 39 £ 16 60 £ 33 117 + 64

Nauplii 5,292 + 986 1,128 £ 319 95 £ 25 51 £ 18 133 + 31
Bosmina sp. 12,57,375 £ 26,2210 12,210 + 3,985 94 £+ 30 57 £ 18 8+4
Ceriodaphnia dubia 30,583 £+ 15,735 1,282 £+ 1,153 11+4 24 £ 8 300 £ 58
Total 377,548 £ 95,880 4,544 £+ 1,397 57+ 11 48 £ 10 139 + 31

(a) Data from Modenutti et al. (1993), (b) Data from Alonso (2001)

all fish), with the exception of individuals of Lake
Ezquerra where Bosmina sp. predominated. The
number of food categories and the percentage of
empty guts differed among lakes. Individuals from
Lake Ezquerra fed on a greater number of food
categories and few individuals presented no prey in
their guts. Larvae belonging to deeper lakes had
lower number of food categories and high
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percentages of empty guts. Individuals from Lake
Morenito showed an intermediate position in both
food categories and empty guts (Table 3).

A positive correlation between the mean number of
prey eaten and the mean zooplankton density was
found in spring (Pearson, p = 0.95, P < 0.016,n = 5)
and summer (Pearson, p = 0.91, P < 0.035, n = 5).
In addition, the mean number of prey eaten correlated
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Table 3 Diet composition as percentage by number and occurrence (in parentheses) of larval Galaxias maculatus by lake

Food category Lake
Ezquerra Morenito M. East M. West Gutiérrez

Insecta 0.25 (17.93) - - - -
Diptera

Chironomidae 0.17 (63.37) - - - -
Ephemeroptera - 0.04 (1.27) - - -
Ostracoda 0.10 (5.98) - - - -
Amphipoda

Hyalella curvispina 0.01 (0.40) - - - -
Copepoda

Calanoida

Boeckella gracilipes 3.32 (63.75) 30.99 (91.14) 89.08 (100.00) 80.39 (92.59) 31.48 (72.73)

Ciclopoida 1.16 (29.48) 0.04 (1.27) - - -

Harpacticoida 0.66 (13.55) - - - -
Cladocera

Bosmina sp. 91.47 (84.46) 24.14 (32.91) 4.39 (36.36) 1.66 (12.96) 59.52 (40.00)

Ceriodaphnia dubia 0.07 (5.18) 14.31 (18.99) 4.93 (22.73) 4.25 (5.56) 8.99 (7.27)

Chidorus sp. 0.24 (9.96) - - - -
Rotifera

Keratella sp. 0.40 (25.10) 0.04 (1.27) - 0.10 (1.85) -

Polyarthra sp. 0.09 (9.16) 3.49 (18.99) - 1.87 (12.96) -

Pompholix sp. 1.08 (30.68) - - - -

Trichocerca sp. 0.9 (24.70) - - - -

Monostyla sp. - 0.08 (2.53) 0.70 (3.03) 11.72 (1.85) -

Lecane sp. - 26.87 (27.85) 0.89 (3.03) - -
Algae 0.25 (17.93) - - - -
Total food categories eaten 15 10 6 7 5
Empty guts (%) 1.9 13.7 35.0 49.4 57.6

Prey absent (-) is also indicated

positively with the total number of food categories
(Pearson, p = 0.95, P <0.015, n =5). A negative
correlation between the percentage of individuals with
empty guts and mean zooplankton density was found
in spring (Pearson, p = —0.93, P < 0.024, n = 5) and
summer (Pearson, p = —0.88, P < 0.047, n =5).
Mean number of prey ingested per fish was positively
correlated with larval size range in Ezquerra (Spear-
man, p = 0.72, P < 0.02, n = 10), Morenito (Spear-
man, p = 095, P <0.001, n = 11), Moreno East
(Spearman, p = 0.98, P < 0.001, n = 13), Moreno
West (Spearman, p = 0.89, P < 0.001, n = 12), and
Gutiérrez (Spearman, p = 0.80, P < 0.002, n = 11)
lakes (Fig. 2). In the same way, mean number of food
categories was positively correlated with larval size
range in Morenito (Spearman, p = 0.70, P < 0.015,

n = 11) and Moreno East (Spearman, p = 0.84,
P < 0.001, n = 13) lakes (Fig. 2). In Lake Gutiérrez,
the number of Bosmina sp. (Spearman, p = 0.50,
P <001, n=167) and Polyarthra (Spearman,
p = —0.77, P <0.02, n = 7) found in the gut corre-
lated significantly with larval size.

Population parameters of G. maculatus early life
stages

Growth rate

Significant differences were found among o and

K parameters of von Bertalanffy growth model
among populations (%, P < 0.01). However, no
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tion showed the highest w, followed by Lake
Morenito population. The lowest @ was found in 40 1 (e)
the deepest lakes: Moreno East, Moreno West, and g 30
Gutiérrez lakes (Fig. 3, Table 4). In this way, three 20 4 o .
groups of populations were established on the basis of ﬁ 10 A CE
their w. These w were positively regressed with the 0 , ; ; , ; ; ,
mean zooplankton density in spring (R* = 0.77, P < Nov. Jan Mar May Jul  Sep Nov Jan
0.001, n = 19) and summer (R2 = 0.76, P < 0.001, Date

n = 20) (Fig. 4). There was also a direct correlation
between o and MET during spring and summer
(Spearman, p = 0.9, P < 0.05, n = 35).

Larval morphology

The MDS, based on the residuals of five morpholog-
ical variables, showed three main groups: Lake
Ezquerra, Lake Morenito, and the deeper-lake pop-
ulations (Gutiérrez, Moreno West, and Moreno East
lakes). Ezquerra was clearly different from the other
populations. There was a gradient of larval body
shape from Ezquerra population to the deeper-lake
populations, with Morenito in an intermediate posi-
tion. It was evident that larvae from Gutiérrez,
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Fig. 3 Variation of mean total length (TL in mm, +SD) for
the first (white) and second (black) limnetic cohorts of
Galaxias maculatus throughout the year in the Ezquerra (a),
Morenito (b), Moreno East (¢), Moreno West (d), and
Gutiérrez (e) lakes. Solid line represents a von Bertalanffy
growth function for the first cohort (see Table 4 for details)

Moreno West, and Moreno East were morphologi-
cally closer to each other than to Morenito and
Ezquerra populations (Fig. 5). All populations were
significantly different (ANOSIM, Global R = 0.188,
P < 0.001). However, pairwise tests indicated no
significant differences between Gutiérrez and Moreno
West populations (ANOSIM, R = 0.009, P = 0.35).

An inverse relationship between body depth and
peduncle length was evident among larval populations.
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Table 4 von Bertalanffy growth model parameters and mortality rate (Z) for Galaxias maculatus by lake

Lakes Growth model parameters Z (dayfl) Number of
-1 larvae in analysis
o (mm day ") K to
Ezquerra 0.4056 0.0136® —8.11 - 216
Morenito 0.1734® 0.0037® —47.11 0.0250% 497
M. East 0.0759 —0.0003 —131.78 0.0166 364
M. West 0.0484 —0.0033 —170.54 0.0238” 233
Gutiérrez 0.0149 —0.0042 —290.87 0.0192® 128

Letters (a—c) indicate significant differences between pairs of populations (3%, P < 0.01, different letter) or not significant differences

(xz, P > 0.05, same letter)

05 @

A B. gracilipes nauplii
O B. gracilipes adult
N Bosmina sp.

@ Ceriodaphnia dubia

® (mm . day™)

100 10" 102 10° 10 108 10% 107

Mean zooplankton density
(Ind . m*)

Fig. 4 Growth rate (w, mm day™') of Galaxias maculatus
larvae versus mean prey availability (individuals m—>) for
spring (a, y = 0.086 x — 0.096, P = 0.77) and summer (b,
y =0.093 x — 0.104, P = 0.76). w values (on the Y axis) are
indicated for individuals belong to Ezquerra (Ezq), Morenito
(Mto), Moreno East (ME), Moreno West (MW), and Gutiérrez
(Gut) lakes. Dashed lines represent significant linear regres-
sions. X axis is represented in logarithmic scale

Larvae from Ezquerra had the shortest CPL, the longest
trunks and the deepest (BDP) bodies. Meanwhile in the
other extreme, larvae from the deeper lakes (Gutiérrez,
Moreno West, and Moreno East) had the longest CPL,

Stress: 0.06

MW

s L

ME
Mto

Ezq

Fig. 5 Non-parametric MDS based on five morphological
measures of Galaxias maculatus larvae from Ezquerra (Ezq),
Morenito (Mto), Moreno East (ME), Moreno West (MW), and
Gutiérrez (Gut) lakes. Bidirectional means and 95% confidence
intervals are indicated for each lake

shortest trunks, and slender bodies. Lake Morenito
population showed an intermediate situation (Fig. 6).

Mortality rate

Mortality rate was estimated for all populations with
the exception of Lake Ezquerra. No differences in
mortality rates were found among lakes (%, P > 0.03,
Table 4). As the duration of the limnetic period of
G. maculatus larvae was different in each lake (see
Fig. 3), larval survivorship was calculated for each
population based on the oldest age registered:
SL(MtO) =253 (147 days), SL(MW) = 422(133 days),
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Gut
0.26 @ '
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Fig. 6 Morphological variation of Galaxias maculatus larvae
from Ezquerra (Ezq), Morenito (Mto), Moreno East (ME),
Moreno West (MW), and Gutiérrez (Gut) lakes. The proportion
of caudal peduncle length (CPL) with respect to standard
length (SL) is represented in Y axis and the depth of the body is
represented in X axis as the proportion between the body depth
at the pectoral fin (BDP) and SL. Bidirectional means and 95%
confidence intervals are indicated for each lake

SL(ME) = 4.87 (182 days),
(181 days, Fig. 7).

and SL(Gut) = 3.10

Predation risk

Galaxias maculatus was preyed on by all the
salmonid species and also by two native species,
P. trucha and G. platei. Olivaichthys viedmensis and
O. hatcheri did not include G. maculatus in their
diets. In Lake Gutiérrez, the percentage in volume of
G. maculatus of the total prey eaten was the highest
(39.4%), followed by Moreno East (33.5%), Moreno
West (18.3%), and Morenito (9.0%) lakes. Larvae
were more preyed on than juveniles and adults in
deep lakes, while the reverse pattern was found in
Lake Morenito, where predation on larvae was almost
negligible (Table 5). Considering all lakes, salmonid
species were the most important predators of
G. maculatus.

Discussion
Our results show a relationship between larval G. mac-

ulatus phenotype and several characteristics of the
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Fig. 7 Logarithm of the number of Galaxias maculatus
individuals versus age (in days) collected from Ezquerra (a),
Morenito (b), Moreno East (¢), Moreno West (d), and
Gutiérrez (e) lakes. Dashed lines represent significant linear
regressions. Black and white circles represent data included
and excluded, respectively, into the mortality rate estimation
(see text for details)

environment they inhabit. We found that larval mor-
phology was related to the productivity of lakes and
hence zooplankton density, as well as to predation risk.
In those lakes where food was more abundant and
predation risk was low (e.g., Lake Morenito), larvae
had deeper bodies and shorter caudal peduncles. In
contrast, larvae in deeper lakes showed slender bodies
with longer caudal peduncles. These morphological
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variations have strong implications in hydrodynamics
and swimming performance (Videler, 1996).

Diel vertical migrations of both zooplankton
(Alonso et al., 2004) and ichthyoplankton (Rechencq
et al., 2010) have been registered in Moreno West
and Moreno East lakes (Barriga, 2006). During
daytime, densities of G. maculatus larvae were high
at deep strata while near the surface were almost
zero. The inverse situation was found during night
time (Barriga, 2006). In deep oligotrophic lakes,
better swimming abilities mediated by a streamlined
body and a longer peduncle would result in an
increment of fitness. Competition for food in these
oligotrophic lakes would be likely, owing to the
scarce and elusive zooplankton, and thus favoring
selection toward an increasing feeding efficiency
(Kekildinen et al., 2010). Magnhagen & Heibo
(2004) pointed out that an increased competition for
pelagic zooplankton may lead to morphological
adaptations favoring effective planktivory and thus
slender body morphology, whereas in lakes with low
competition, bodies usually have a higher depth.

Morphological traits like posterior positioning of
dorsal and anal fins, a broad caudal peduncle and the
low aspect ratio of the tail, suggest that propulsion in
galaxiid fishes is accomplished by the rear part of the
body with a tendency to rapid-burst swimming
(McDowall, 2003). Specifically, this author indicated
that G. maculatus shows a trend toward carangiform
“narrow necking” swimming mode. In lakes where
predation is high, as in Lake Gutiérrez, we found that
G. maculatus larvae have longer caudal peduncles,
presumptively increasing its burst speed. By contrast,
in lakes with low predation risk, such as Morenito and
probably Ezquerra, G. maculatus larvae have shorter
caudal peduncles. An increased burst speed could
increase survival during encounters with predators.
However, Langerhans et al. (2004) suggested that a
morphology that increases fitness in the presence of
predators might decrease fitness in their absence, thus
explaining why this morphological variation is main-
tained among populations. The strong predation
pressure on limnetic and littoral G. maculatus by
native and exotic fishes (Macchi et al., 1999; Vigliano
et al., 2009) indicates that predation has an important
role in the selective processes of this species.

Fish morphology has a strong dependence with
both the habitat and the anti-predatory responses
displayed in each situation (Fuiman & Magurran,
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1994; Abrahams, 2006; Andersson et al., 2006). The
deep benthic adult of G. platei, present in the bottom
of most of Patagonian lakes, shows an inverse
relationship between caudal fin length and predation
risk (Milano et al., 2002, 2006). Predation risk
changes during ontogeny as the ecological niche
changes (Coop et al., 1999). In the limnetic zone, the
probability of being preyed on by piscivorous fishes
increases with body size. In this sense, the existence
of a complex trade-off between food availability and
predation risk is evident with the movement between
the limnetic and littoral zones. There is a limnetic
abundance of small-sized prey for larvae and shelter
availability in the littoral area for bigger fish (Werner
& Hall, 1988; Cussac et al.,, 1992; Barriga et al.,
2002). The limnetic—littoral migration of juvenile G.
maculatus (Cussac et al., 1992; Barriga et al., 2002)
seems to be the final output of this complex trade-off.

Zooplankton density and temperature were the
variables that explained the growth rate gradient
found for G. maculatus larvae, from the lowest
growth in deeper lakes to the highest in Lake
Ezquerra. Taylor et al. (2000) registered a similar
growth rate variation in Gobiomorphus cotidianus
larvae comparing lakes of different trophic level in
New Zealand (from 0.10 mm day ™' in oligotrophic
to 0.36 mm day " in eutrophic lakes).

Mortality rates for landlocked G. maculatus larvae
were lower than Z = 0.16 =+ 0.04 day ™' reported for
freshwater fishes (Houde, 1994). In spite of the different
characteristics of the studied lakes, mortality did not
differ among populations. Macchi et al. (1999) found
that G. maculatus was the main food category for exotic
and native fishes in Patagonian lakes, but only when the
size of individuals was over 20 mm SL, approximately
the size at metamorphosis (Barriga et al., 2002). In
addition, Vigliano et al. (2009) found that limnetic
galaxiid larvae were, from a bioenergetic point of view,
the most important prey consumed by rainbow trout in
both Moreno East and Moreno West lakes. They
estimated that 23% of the annual production of Galaxias
larvae is preyed on by this trout. This suggests that
recruitment in G. maculatus is mostly controlled by
predation during larval—juvenile shift due to the increase
of conspicuousness of the fish. Particularly, G. macul-
atus acquire pigmentation as early juvenile (McDowall,
1968). Early life of landlocked G. maculatus resembles
the general pattern of marine fishes, such as small size at
hatching and a long larval period. Nevertheless, the
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year-class strength seems to be regulated during their
juvenile period through trophic interactions, competi-
tion for resources, and overwinter mortality, following a
typically freshwater pattern (Houde, 1994).

Both productivity of lakes and predation risk seem
to operate on the larval morphology of G. maculatus.
Two gradients can be observed in the system studied,
being productivity inversely linked with predation
risk. Therefore, experimental designs, where these
variables are controlled, will be important in order to
clarify the relative importance of the two factors on
G. maculatus morphology.

Conclusion

The results of this study indicate a strong influence of
environmental variables on some population parame-
ters of G. maculatus during its early life. The great
variation in diet, growth, and morphology found during
larval life seems to be the consequence of divergent
selection regimes (i.e., lake size, water temperature,
productivity, food availability, and predation risk)
among alternative environments. Zooplankton density
is directly related to larval diet and hence to the growth
rate. Food availability, via intraspecific competition,
and predation risk would operate on the swimming
performance of G. maculatus larvae affecting the
slenderness of the body and the length of the caudal
peduncle. In conclusion, the phenotypic variation
seems to be the outcome of adaptive mechanisms that
allowed this species to colonize a wide variety of
freshwater environments in the southern hemisphere.
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