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Abstract: Rainbow trout (Oncorhynchus mykiss) was first introduced into Argentinean Patagonia, the southernmost
region of South America, from the United States in 1904 and at present constitutes the most conspicuous freshwater
fish in lakes and rivers of the region. The Santa Cruz River in Southern Patagonia is the only river in the world where
a self-sustained population of introduced rainbow trout is known to have developed an anadromous run. In this study,
we examined mtDNA sequence variation to identify the source of Santa Cruz River rainbow trout, providing a histori-
cal framework to interpret the processes underlying phenotypic variation and structure of Patagonian populations. The
Santa Cruz River may harbor distinct North American stocks of rainbow trout, widely distributed around the world
during the late 19th and early 20th centuries, but today threatened after decades of habitat loss, species introduction,
and introgression from alien stocks. The mtDNA sequence data revealed that the most likely origin for wild anadro-
mous and nonanadromous fish was the McCloud River in California. Meanwhile, a local hatchery stock, representative
of rainbow trout introduced from Denmark after 1950 and widely stocked ever since throughout Patagonia, most proba-
bly originated from multiple lineages from western North America, including non-Californian populations.

Résumé : La truite arc-en-ciel (Oncorhynchus mykiss) a été introduite en Patagonie argentine, la région la plus australe
de l’Amérique du Sud, depuis les États-Unis en 1904 et elle est actuellement le poisson d’eau douce le plus en évi-
dence dans les lacs et rivières de la région. La rivière Santa Crux en Patagonie du Sud est la seule rivière au monde
dans laquelle une population autosuffisante de truites arc-en-ciel introduites ait développé une migration anadrome.
Notre étude examine la variation des séquences de l’ADN mitochondrial (ADNmt) afin d’identifier l’origine des truites
arc-en-ciel de la rivière Santa Crux et elle procure ainsi un cadre historique pour l’interprétation des processus sous-
jacents à la variation phénotypique et à la structure des populations de Patagonie. La rivière Santa Crux peut contenir
des stocks différents de truites arc-en-ciel nord-américains qui ont été largement répandus à travers le globe à la fin du
19e siècle et au début du 20e siècle, mais qui sont aujourd’hui menacés après des décennies de pertes d’habitats,
d’introductions d’espèces et d’introgressions avec les stocks étrangers. D’après les données de séquences d’ADNmt,
l’origine la plus probable des poissons sauvages anadromes et non anadromes est la rivière McCloud de Californie. De
plus, un stock local de pisciculture, typique des truites arc-en-ciel introduites du Danemark après 1950 et ensemencées
depuis lors partout en Patagonie, provient très probablement de multiples lignées de l’ouest de l’Amérique du Nord, y
compris de populations d’ailleurs que la Californie.

[Traduit par la Rédaction] Riva Rossi et al. 1101

Introduction

Salmon and trout have been transplanted to habitats
throughout the world and self-sustaining populations have
been successfully established globally, with the exception of
Antarctica (MacCrimmon 1971; Quinn et al. 1996; Nielsen
1996). Rainbow trout (Oncorhynchus mykiss) was first intro-
duced into Argentinean Patagonia, the southernmost region
of South America, at the turn of the twentieth century and

eventually became the most conspicuous freshwater species
in major river basins of the region (Pascual et al. 2002b).

Like all other known introduced rainbow trout around the
world, typical Patagonian fish remain in fresh water through-
out their entire life cycle, with a life history similar to that of
resident populations in rivers and head lakes in western
North America (Wydosky and Whitney 1979). The Santa
Cruz River in Patagonia (50°S) is the only drainage in the
world where introduced rainbow trout are known to have
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developed partially migratory populations composed of indi-
viduals exhibiting a marine migratory phase, so-called steel-
head, and strictly freshwater fish that remain resident in their
native stream (Pascual et al. 2001).

As in many other salmonid populations with this dual
anadromous–nonanadromous life history, the way and extent
to which the two ecotypes intermingle in the Santa Cruz is
uncertain. Genetic analyses based on microsatellite loci re-
vealed that the anadromous form is genetically indistinguish-
able from main-stem resident trout (Pascual et al. 2001),
suggesting that significant gene flow occurs between the two
forms.

Whether the introduced fish were in effect anadromous or
anadromy arose in situ remains unknown (Behnke 2002;
Pascual et al. 2002a). We also ignore the specific mecha-
nisms underlying the expression of alternative life histories
in the Santa Cruz, i.e., a genetic polymorphism, a genetically
determined developmental threshold (i.e., the link between
individual growth performance and anadromy or non-
anadromy; Thorpe et al. 1998), or an entirely environmental
effect. At this point, there are critical aspects regarding the
environmental versus genetics bases of life history variation
in Santa Cruz River rainbow trout that we do not know.

A logical first step to start elucidating the bases of life
history variation in Patagonian rainbow trout, in particular,
the development of anadromy, is to assess their genetic leg-
acy through the identification of the parental sources. Poor
historical bookkeeping and complex ancestry have made it
difficult to address this issue from transplant records alone.
The Santa Cruz River, as well as all other rivers throughout
Patagonia, received rainbow trout from two main sources at
different times. Between 1904 and 1910, rainbow trout ova
were imported from the United States (US), most likely de-
rived from rainbow trout and steelhead from locations in
northern California or southern Oregon (Pascual et al. 2001,
2002a; Behnke 2002). After the 1930s, and particularly after
the 1950s when fish transplants within the region became
more common, all rainbow trout plantings were based on
new stocks imported from Germany and Denmark (Baigún
and Quirós 1985). However, the Santa Cruz River has had a
history largely independent from that of more northerly
Patagonia locations, with only occasional introductions after
1920 (Pascual et al. 2001, 2002a). Thus, presumably, wild
populations in this river were mostly derived from the early
shipments from the United States.

Mitochondrial DNA (mtDNA) has proven very successful
for identifying the origins of several introduced salmonid
populations and for assessing genetic differences between
contemporary wild and introduced populations (Quinn et al.
1996; Burger et al. 2000). In this paper, we use mtDNA se-
quence variation to identify the founding populations of
Santa Cruz River rainbow trout. We start by analyzing
mtDNA sequences of both resident and migratory fish. We
include in the analysis fish from a local hatchery, which was
founded with European trouts widely stocked around the re-
gion after 1950. We then build and apply a probabilistic
model of random survival and reproduction of individual
fish to calculate the likelihood that wild Santa Cruz fish had
originated from a collection of candidate North American
stocks. Finally, we discuss the merits of the techniques ap-
plied to evaluate the relative contribution of pre-1950 trans-

plants from US stocks and post-1950 transplants from Dan-
ish stocks to wild populations of rainbow trout throughout
Patagonia.

Methods

Transplant history of rainbow trout in the Santa Cruz
River

From 1904 to 1910, several consignments of rainbow trout
embryos arrived at Argentina, mainly from the United States,
with only occasional importations from European countries,
such as France and Germany (Tulian 1908; Marini and
Mastrarrigo 1963; Behnke 2002). Between 1906 and 1910, a
total of 105 000 rainbow trout ova collected in the United
States were shipped to the Santa Cruz River: 25 000 in 1906,
30 000 in 1908, and 50 000 in 1909. The 1908 shipment was
completely lost, but the other two consignments were suc-
cessfully hatched and planted in the river, with comparable
losses all through (about 65%; Tulian 1908; Marini and
Mastrarrigo 1963). For practical purposes, therefore, the
number of eggs from the parental populations giving rise to
the Santa Cruz stock was 75 000. The most likely origin of
these eggs was the Baird Station on the McCloud River, Cal-
ifornia (Pascual et al. 2001). However, they may as well
have come from steelhead and rainbow trout in alternative
northern California and southern Oregon locations (Behnke
2002; Pascual et al. 2002a).

Rainbow trout introductions into Argentina intensified af-
ter the 1950, this time based on stocks from Denmark (Pillay
1969; MacCrimmon 1971) and maintained by the Bariloche
Hatchery in Northern Patagonia. By that time, Bariloche be-
came the main center of salmonid propagation in Argentin-
ean waters, contributing to the distribution of these new
stocks throughout the 1950s, 1960s, and 1970s. Danish
stocks of rainbow trout have a complex ancestry; multiple
lineages from California, Michigan, Canada, New Zealand,
and France appear to have contributed to their foundation
(MacCrimmon 1971). Small consignments of these fish
(<2000 embryos) arrived at the Santa Cruz River from Bari-
loche in the 1970s and were planted in second- to third-
order tributaries flowing into the upper basin (Fig. 1).
Finally, in 1991, the Piedra Buena Hatchery was built on the
lower Santa Cruz River (Fig. 1). The fish used to found this
hatchery’s broodstock also came from Danish fish, as those
kept by the Bariloche Hatchery. Although fish of this hatch-
ery are not used for stocking the river, escapes are likely, so
that some introgression with wild fish might occur (Pascual
et al. 2001). In any case, these fish provide a representative
group of known Danish origin with which to contrast the ge-
netic structure of Santa Cruz River wild fish.

Study localities
The upper Santa Cruz basin is dominated by two large

glacial-fed lakes, Viedma and Argentino, that form the Santa
Cruz River. The main stem river has an average flow of
690 m3·s–1 and extends for 382 km across the Patagonian
plateau draining into the Atlantic Ocean (Fig. 1). Landlocked
populations of rainbow trout inhabit most of the second- to
third-order tributaries that feed the head lakes; few springs
and small tributaries enter the main-stem river, none of them
significant from the point of view of their trout populations.
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We restricted our analysis to the main-stem river popula-
tions, which, as revealed by a telemetry study, is the domain
of the anadromous rainbow trout and of the resident fish to
whom they are most likely related (Riva Rossi et al. 2003).

Adult anadromous and resident rainbow trout were caught
by hook and line and by gill nets between 2000 and 2002 in
April and September along the main-stem Santa Cruz River
(Fig. 1). Sampling locations were based on spawning and
fishing abundances documented in previous surveys and
consisted of two river reaches located in the upper course
(“Primer Laberinto” and “Segundo Laberinto”), one in the
middle course (“Ea. Rincón Grande”), and one in the lower
course (“Cte. L. Piedra Buena” City). At each locality, tissue
samples were obtained from fish of each ecotype. From a to-
tal of 182 wild fish captured, 20 were successfully sequenced:
five individuals of each ecotype from the upper course, three
resident fish from the middle course, and three anadromous
and five resident fish from the lower course. Direct inspec-
tion of external characteristics and scale pattern analysis
were used to distinguish anadromous from nonanadromous
fish (Pascual et al. 2001). Also, fin clips were obtained from
five spawners from the Piedra Buena Hatchery broodstock.

DNA techniques
Whole genomic DNA was extracted from alcohol-preserved

fin tissue by means of a sodium chloride extraction of pro-
teins followed by ispropylic alcohol precipitation of DNA
(Miller et al. 1988). The polymerase chain reaction (PCR)
was used to amplify a segment of the mitochondrial genome
containing 188 base pairs (bp) of the O. mykiss control re-
gion and 5 bp of the adjacent phenylalanine tRNA gene us-
ing primers S-phe (5′-CTTTAGTTAAGCTACG-3′ ) and P2
(5′-TGTTAAACCCCTAAACCAG-3′ ) (Nielsen et al. 1994).
Nomenclature for mtDNA control region haplotypes follow
those given in Nielsen et al. (1997a, 1998). Amplifications
were conducted in a total volume of 50 µL containing 1× re-

action buffer, 2 mmol MgCl2·L
–1, 80 µmol deoxynucleoside

triphosphate·L–1 (20 µmol·L–1 each), 0.08 unit of Promega
Taq DNA polymerase, and approximately 100 ng of DNA.
PCR cycling conditions consisted of an initial denaturing
step of 94 °C for 2 min followed by 30 cycles of 30 s at
94 °C, 30 s at 50 °C, and 30 s at 72 °C. A final elongation
step of 2 min at 72 °C ended the cycle. After the initial
PCR, amplified fragments were evaluated via electrophore-
sis of 5 µL of the PCR product from each reaction in a 3.5%
nondenaturing acrylamide gel, silver stained following
Sanguinetti et al. (1994). For specimens that exhibited suc-
cessful amplifications, the remaining PCR product was then
purified with Sephardex spin columns for cycle sequencing.
The nucleotide sequences were determined with the dideoxy
chain termination method using an ABI PRISM dye termina-
tor cycle sequencing ready reaction kit (Perkin–Elmer Corp.,
Norwalk, Conn.). The samples were analyzed with an auto-
mated DNA sequencer (ABI PRISM 377). Control region
sequences of Santa Cruz River O. mykiss revealed no length
or sequence variation, making sequence alignment straight-
forward.

Data analysis
Sequences were assembled based on overlapping regions

using Sequences Navigator (Applied Biosystems Inc. ver-
sion 1.0.1) and sequence alignment was performed using
CLUSTAL W (Thompson et al. 1994). Santa Cruz fish
mtDNA control region sequences were aligned against those
previously published by Nielsen et al. (1994) from Califor-
nia (ST1-14) and compared among the ecotypes and locali-
ties surveyed in this study and with those rainbow trout
sequences available in the literature (e.g., Nielsen et al.
1994; Bagley and Gall 1998; McCusker et al. 2000).

Model of haplotype frequencies
All 20 Santa Cruz wild fish analyzed had the same haplo-

Fig. 1. Location of the Santa Cruz River and tributaries in Southern Patagonia, Argentina, including the localities discussed (Primer
Laberinto, Segundo Laberinto, Ea. Rincón Grande, and Piedra Buena).
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type (ST1, Nielsen et al. 1994; details in Results), suggest-
ing either that they descended from a monomorphic
population, that the population became fixed for haplotype
ST1 during establishment and colonization, or that not all
population haplotypes were represented in our sample. We
thus developed an ad hoc model to evaluate the likelihood of
ending with an all-ST1 sample given that the stock of origin
was nonmonomorphic. We consider three processes that, start-
ing with a nonmonomorphic maternal stock, could lead to an
all-ST1 sample: the sampling of females from the donor
population that produced the eggs imported (founder effect),
the mortality between eggs and reproductive fish contribut-
ing to establish the new stock (postfounding drift), and the
chance of missing population haplotypes during our sam-
pling process (sampling effect).

Each of these three processes can be viewed as sampling
from a finite population, which is most properly modeled by
a hypergeometric distribution. For the sample sizes and
probabilities used in our analysis, the binomial distribution
approximates the hypergeometric well. We therefore opted
for computational simplicity and modeled the foundation of
Santa Cruz populations as a chain of three binomial pro-
cesses.

The number of donor females, different females that could
have contributed to the Santa Cruz River stock, F, is calcu-
lated as

(1) F
F=

fec

where E is the number of eggs imported and “fec” are puta-
tive values for average female fecundity. Assuming that the
maternal females were randomly drawn from a particular
population, we modeled the number of ST1 eggs effectively
extracted from it and imported into Argentina, EST1, as a bi-
nomial process:

(2) E ST1 ≈ fec · Bin(F, φ)

where φis the frequency of the ST1 haplotype in the original
population. The postintroduction mortality from eggs to
founding fish, W, i.e., fish that effectively contributed to the
Santa Cruz stock, is simply modeled as

(3) W = surv · E

where “surv” are putative values of survival rate from eggs
to founding fish. The number of ST1 fish in this founding
stock is

(4) W W
E

E
ST1

ST1
Bin≈









,

where E ST1/E is the proportion of ST1 eggs effectively im-
ported as modeled in eq. 2. The number of ST1 fish in the
sample taken from the present population (SST1) is

(5) S n
W

W
ST1

ST1
Bin≈









,

where n is the sample size and WST1/W is the proportion of
ST1 individuals among the founding fish. It is assumed that
the frequency of ST1 currently observed in the population is
well represented by that of the founding fish. In other words,

we assumed that there was a single, primeval bottleneck
associated with initial establishment, after which the popula-
tion expanded rapidly enough for the frequency of ST1 to
remain reasonably unchanged.

The probability of obtaining and all-ST1 sample from the
present population is

(6) P S n W W
W

W
( | , )ST1 ST1

ST1
= =











Finally, for given founding stock (φ is the frequency of
ST1 in the maternal population), average fecundity (i.e., or
number of donor females (eq. 1)), egg to founding fish sur-
vival (i.e., or number of founding wild fish (eq. 3)), and
sample size (n), the probability of obtaining an all-ST1 sam-
ple is given by integrating eq. 6 over all possible outcomes
of eqs. 4 and 2:

(7) P S n E W( | , )ST1 = =

P E P W P S n E E W W
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ST1
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∑

E ST1

The number of eggs imported, E, was set to 75 000. We
used an array of values for “fec” between 500 (low fecun-
dity) and 4500 (high fecundity), considering 2800 to be an
average fecundity for typical Sacramento River rainbow
trout stocks (Carlander 1969). These values correspond to a
range of 17–150 donor females. We used values of φconsis-
tent with the frequency of haplotype ST1 in different candi-
date donor populations of Santa Cruz River fish (Table 1).
We used values of “surv” between 0.00006 and 0.0029, cor-
responding to founding population sizes of 5 (very low sur-
vival) to 215 fish (high survival). Finally, we used a sample
size n of 20, the number of wild fish sequenced in this study.

We did not consider in our model the chance of missing
low-frequency population haplotypes during our sampling
process. While this probability may not be unimportant for
sample sizes of less than 10 individuals and frequencies of
0.85, it becomes low for sample sizes of 20 individuals. We
therefore preferred to accept a small bias and avoid the need
for the much more intensive calculations demanded by in-
cluding three nested conditional probabilities in our model.

Results

Sequence data revealed that all Santa Cruz River fish,
both anadromous and resident, had the ST1 haplotype de-
scribed by Nielsen et al. (1994). Hatchery fish, on the other
hand, were genetically different from wild fish. Only one of
the five fish examined had haplotype ST1, while the remain-
ing four fish had haplotypes ST3 and ST9 in similar propor-
tions. Each of these haplotypes differed by only a single
transitional base change from haplotype ST1 (G → A) at po-
sitions 1109 (ST3) and 1147 (ST9). All of these mtDNA
haplotypes were previously reported by Nielsen et al. (1994,
1997b, 1998) and Bagley and Gall (1998) in rainbow trout
populations from California and by McCusker et al. (2000)
in populations from British Columbia.

Mitochondrial DNA haplotype ST1 is dominant in steel-



© 2004 NRC Canada

Riva Rossi et al. 1099

head populations from the Sacramento and Eel rivers in
northern California but among the putative parental stocks
was found to be monomorphic only in the McCloud River
rainbow trout (Table 1) and in the Río Santo Domingo rain-
bow trout populations from Baja California (Nielsen et al.
1997b, 1998, 1999). We discard this last stock as a candi-
date source of Patagonian fish because Baja California trout
did not contribute to fish culture at the time of the introduc-
tions.

Haplotype ST3 is rare in steelhead populations from
northern California but is common in coastal populations
from the San Francisco Bay area and dominant in resident
populations from the upper Sacramento River and the Kern
and Little Kern rivers (Nielsen et al. 1997b, 1998; Bagley
and Gall 1998). Haplotypes ST1 and ST3 were found in
equal frequencies in steelhead populations from central Cali-
fornia (Table 1) (Nielsen 1996). Haplotype ST9 is rare
(<2%) in coastal populations from California (J. Nielsen, US
Geological Survey, Alaska Biological Science Center, 1011
East Tudor Road, Anchorage, AK 99503, USA, personal
communication), but it is more common in inland steelhead
populations from the Snake River in Idaho (Kucera and
Armstrong 2001) and in inland populations from the upper
Columbia River in Canada (McCusker et al. 2000).

To explore the hypothesis that a monomorphic sample of
Santa Cruz wild fish could have originated through haplo-
type loss and sampling bias, as opposed to a truly mono-
morphic origin in the McCloud River, we applied our
probabilistic model to two extreme alternative scenarios: a
central California type parental stock, with a minimum 40%
frequency of the ST1 haplotype, and a northern California
type stock, with a maximum of 83% frequency of ST1
(Figs. 2a and 2b, respectively). As expected from first prin-
ciples of a binomial sampling process, the probability of
haplotype fixation increases as the number of donor females
and founding fish decreases (lower left in Figs. 2a and 2b).
When a central California type parental stock is considered,
the probability of an all-ST1 sample remains very low (<1%)
for practically all values of donor females and founding fish

considered, indicating that it is highly unlikely that Santa
Cruz River fish originated from such a stock (Fig. 2a).

When a northern California type parental stock is consid-
ered, results are less clearcut, with probabilities ranging be-
tween 3% and 45% depending on the values chosen for

Stock Life history ecotype Haplotype Haplotype frequency (%)

McCloud redband trout Resident (anadromous ancestry) ST1 100
Northern California

Eel and Sacramento rivers Coastal steelhead ST1 83
ST3 9
ST5 4
ST8 4

Central California coast
Russian River Steelhead ST3 41

ST1 40
ST5 15
ST8 4

Upper Sacramento River Steelhead ST3 62
ST1 21
ST2 14
ST5 3

Resident STH3 >60

Note: Only those populations regarded as the putative parental sources for Santa Cruz River rainbow trout are included.
Frequency data taken from Nielsen (1996) and Nielsen et al. (1994).

Table 1. Haplotype distribution in rainbow trout populations throughout California.

Fig. 2. Probability isoclines of obtaining an all-ST1 sample of
20 individuals from polymorphic parental populations as a func-
tion of donor females and number of offspring colonizing the
river. Frequency of the ST1 haplotype in the maternal popula-
tion: (a) p = 0.4 and (b) p = 0.83. The shaded area indicates the
most likely range of fecundity for Californian hatchery fish.
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average fecundity and initial survival (Fig. 2b). This led us
to scrutinize these parameters in more detail. Individual rain-
bow trout can have fecundities as low as 500 and as high as
13 000 eggs (Carlander 1969). We used a range of 500–4500
to accommodate probable values for individual mothers of
Santa Cruz river fish, but average fecundities reported for
Californian wild populations are closer to the lower half of
this range. For example, Hallock et al. (1961) reported a
mean number of 2808 eggs for larger Sacramento River
stripped females. Perhaps more relevant to our case, Wales
(1939) reported that female rainbow trout trapped at Greens
Creek, the trapping site of the first egg-taking station of
rainbow trout on the McCloud River, weighed 2 lb on aver-
age, with a mean fecundity between 1000 and 2000. Aver-
age fecundities lower than 2500 (at least 30 donor females)
result in a probability of sampling only ST1 fish of less than
10% (Fig. 2), unless the survival from eggs to founding fish
was very low (<0.00033 or <25 founding fish), in which
case this probability becomes greater.

In summary, unless a small number of particularly large
females (<17) had been used to produce the eggs shipped to
the Santa Cruz River and (or) a very small proportion of the
imported eggs survived to become founding fish (<25 indi-
viduals), the probability of obtaining an all-ST1 sample of
20 individuals from a northern California type parental stock
is less than 10% (Fig. 2).

Discussion

Our analyses allowed us to establish the most likely origin
of Santa Cruz River main-stem fish as well as to advance
our general knowledge on the relative contribution of differ-
ent parental stocks to rainbow trout in Patagonia. As previ-
ously suggested by microsatellite analyses (Pascual et al.
2001), mtDNA data reinforce the idea that anadromous and
nonanadromous Santa Cruz fish do not constitute independ-
ent lineages but have a common ancestry. Wild fish are
clearly differentiated from hatchery Danish stocks widely
propagated in the region after 1950, providing strong evi-
dence for an origin of Santa Cruz populations in Californian
rainbow trout imported to Argentina during the first decade
of the twentieth century. Additionally, these results indicate
that the introgression from hatchery fish into the wild popu-
lation has not been significant.

Although it has been widely accepted that early trans-
plants of rainbow trout from the United States to locations
around the world, including Argentina, came from the
McCloud River (Scott et al. 1978; Busack and Gall 1980;
Pascual et al. 2002a), historical records alone were insuffi-
cient to verify this, conferring some credence to the idea that
other locations in northern California and southern Oregon
could have potentially contributed fish to these early trans-
plants (Behnke 2002). The fact that Santa Cruz River wild
fish analyzed were monomorphic for haplotype ST1, together
with the results from our probabilistic model, provides addi-
tional support to the view that the source of these popula-
tions was indeed the McCloud River.

It must be noted, however, that our approach does not
consider some complex scenarios that could muddle the
identification of parental stocks. First, Santa Cruz fish could
have been derived from a mixture of fish from the McCloud

and other northern California locations, leading to a larger
probability of haplotype fixation than purported by our sce-
narios. Second, the founding population could have experi-
enced multiple bottleneck events instead of the single event
at the onset of the introduction that we modeled, increasing
as well the probability of haplotype fixation. Since there are
no conceivable bounds on the exercise of conjecturing com-
binations of parental stocks or bottleneck sequences, we did
not attempt additional analyses, leaving it simply as a pre-
cautionary note.

The clear differences found between wild and hatchery
Santa Cruz fish point at mtDNA analysis as a powerful tool
to elucidate the ancestral genetic makeup of rainbow trout in
Patagonia at a regional scale and to determine the relative
contribution of stocks used before and after 1950. The
occurrence of ST3 in hatchery stocks may suggest a Califor-
nian origin, most likely a genetic heritage derived from the
Sacramento River rainbow trout, while haplotype ST9,
which is rare in Californian wild stocks, hints at a complex
ancestry of stocks imported from Europe, with probable con-
tributions of non-Californian fish (e.g., British Columbia,
where ST9 is more frequent). However, we analyzed only a
handful of hatchery fish and larger samples from different
hatchery stocks will be required to fully characterize the ge-
netic makeup of this stock.

At present, these data make no suggestion as to what ex-
tent anadromy and residency in the Santa Cruz River are
merely recreating the preexistent variation or have been
modified in response to the specific selective pressures of
the novel environment. Nevertheless, the identification of the
genetic roots of Santa Cruz fish provides relevant back-
ground information to guide future research about the origin
of life history variation in this river. Regardless of the spe-
cific processes underlying life history variation, our results
indicate that the Santa Cruz River may well constitute a
unique, secluded reservoir of those ancestral McCloud fish
widely distributed around the world during the late nineteeth
and early twentieth centuries, which in their native range
have been substantially affected by habitat modification and
introgression from hatchery stocks (Busby et al. 1996; Niel-
sen et al. 1999; McEwan 2001).

Acknowledgements

We acknowledge J. Ciancio, J. Lancelotti, F. Hidalgo, R.
Hudson, and P. Fernández for help with field collections, A.
Castillo, G. Wlasiuk, and I. Tomasco for help with labora-
tory work, and M. Novara and P. Dell’Arciprette for helping
with the figures. We are indebted to D. Ruzzante, C.
Garza, L.E. Holm, P. Bentzen, M. Canino, I. Spies, J. Niel-
sen, and M. McCusker for providing us primers, sequence
information, and phylogeografic interpretation of data on
North American stocks. We thank A. Parma for critical com-
ments and discussions during the development of the model
used in this work and two anonymous reviewers for their in-
sightful comments on an earlier version of this manuscript.
Funding for this research was provided by the Agencia
Nacional de Promoción Científica y Tecnológica and the
Subsecretaría de Pesca y Asuntos Portuarios de la Provincia
de Santa Cruz, Argentina, to M.A. Pascual.



© 2004 NRC Canada

Riva Rossi et al. 1101

References

Bagley, M.J., and Gall, G.A.E. 1998. Mitochondrial and nuclear
DNA sequence variability among populations of rainbow trout
(Oncorhynchus mykiss). Mol. Ecol. 7: 945–961.

Baigún, R.M., and Quirós, R. 1985. Introducción de peces exóticos
en la República Argentina. Tech. Rep. No. 2. Departamento de
Aguas Continentales, INIDEP, Mar del Plata, Argentina.

Behnke, R.J. 2002. Comment: First documented case of anadromy
in a population of introduced rainbow trout in Patagonia, Argen-
tina. Trans. Am. Fish. Soc. 131: 582–585.

Burger, C.V., Scribner, K.T., Spearman, W.J., Swanton, C.O., and
Campton, D.E. 2000. Genetic contribution of three introduced
life history forms of sockeye salmon to colonization of Frazer
Lake, Alaska. Can. J. Fish. Aquat. Sci. 57: 2096–2111.

Busack, C.A., and Gall, G.A. 1980. Ancestry of artificially propa-
gated California rainbow trout strains. Calif. Dep. Fish Game
Fish Bull. 66: 17–24.

Busby, P.J., Wainwright, T.C., Bryant, G.J., Lierheimer, L.J., Waples,
R.S., Waknitz, F.W., and Lagomarsino, I.V. 1996. Status review of
west coast steelhead from Washington, Idaho, Oregon, and Califor-
nia. NOAA Tech. Memo. NMFS-NWFSC-27.

Carlander, K.D. 1969. Handbook of freshwater fishery biology.
Iowa State University Press, Ames, Iowa.

Hallock, R.J., Van Woert, W.F., and Shapovalov, L. 1961. An evalua-
tion of stocking hatchery-reared steelhead rainbow trout (Salmo
gairdneri gairdneri) in the Sacramento River System. Fish. Bull.
114: 1–74.

Kucera, P.A., and Armstrong, R.D. 2001. Salmonid gamete preserva-
tion. Snake River Basin 2000 annual report to the Bonneville
Power Administration, Contract No. 00003047. (Available from
Bonneville Power Administration, P.O. Box 3621, Portland, Oreg.)

MacCrimmon, H.R. 1971. World distribution of rainbow trout (Salmo
gairdneri). J. Fish. Res. Board Can. 28: 1699–1725.

Marini, T.L., and Mastrarrigo, V. 1963. Piscicultura. Recursos
Naturales Vivos. Evaluación de los Recursos Naturales de la Ar-
gentina. Ministerio de Agricultura de la Nación, Tomo 7(2),
Buenos Aires.

McCusker, M.R., Parkinson, E., and Taylor, E.B. 2000. Mitochon-
drial DNA variation in rainbow trout (Oncorhynchus mykiss)
across its native range: testing biogeographical hypotheses and
their relevance to conservation. Mol. Ecol. 9: 2089–2108.

McEwan, D.R. 2001. Central Valley steelhead. In Contributions to
the biology of Central Valley salmonids. Edited by R.L.Brown.
Calif. Dep. Fish Game Fish Bull. 179: 1–43.

Miller, S.A., Dikes, D.D., and Polesky, H.F. 1988. A simple salting
out procedure for extracting DNA for human nucleated cells.
Nucleic Acids Res. 16: 215.

Nielsen, J.L. 1996. Molecular genetics and the conservation of
salmonid biodiversity: Oncorhynchus at the edge of their range.
In Molecular genetics approaches in conservation. Edited by
T.B. Smith and R.K. Wayne. Oxford University Press, Oxford,
UK. pp. 383–398.

Nielsen, J.L., Gan, C., and Thomas, W.K. 1994. Differences in ge-
netic diversity for mitochondrial DNA between hatchery and
wild populations of Oncorhynchus. Can. J. Fish. Aquat. Sci. 51:
290–297.

Nielsen, J.L., Carpanzano, C., Fountain, M.C., and Gan, C.A.
1997a. Mitochondrial DNA and nuclear microsatellite diversity in

hatchery and wild Oncorhynchus mykiss from freshwater habitats
in southern California. Trans. Am. Fish. Soc. 126: 397–417.

Nielsen, J.L., Fountain, M.C., and Wright, J.M. 1997b. Biogeo-
graphic analysis of Pacific trout (Oncorhynchus mykiss) in Cali-
fornia and Mexico based on mitochondrial DNA and nuclear
microsatellites. In Molecular systematics of fishes. Edited by T.
Kocher and C. Stepien. Academic Press, New York. pp. 53–69.

Nielsen, J.L., Fountain, M.C., Favela, J.C., Cobble, K., and Jensen,
B.L. 1998. Oncorhynchus at the southern extent of their range: a
study of mtDNA control-region sequence with special reference
to an undescribed subspecies of O. mykiss from Mexico. Evol.
Biol. Fish. 51: 7–23.

Nielsen, J.L., Crow, K.D., Fountain, M.C. 1999. Microsatellite di-
versity and conservation of a relic trout population: McCloud
River redband trout. Mol. Ecol. 8: 129–142.

Pascual, M.A., Bentzen, P., Riva Rossi, C., Mackey, G., Kinnison,
M., and Walker, R. 2001. First documented case of anadromy in
a population of introduced rainbow trout in Patagonia, Argen-
tina. Trans. Am. Fish. Soc. 130: 53–67.

Pascual, M., Kinnison, M., and Riva Rossi, C. 2002a. Response to
Behnke on Pascual et al.: First documented case of anadromy in
a population of introduced rainbow trout in Patagonia, Argen-
tina. Trans. Am. Fish. Soc. 131: 585–588.

Pascual, M.A, Macchi, P., Urbansky, J., Marcos, F., Riva Rossi, C.,
Novara, M., and Dell’Arciprete, P. 2002b. Evaluating potential
effects of exotic freshwater fish from incomplete species presence–
absence data. Biol. Invasions, 4: 101–113.

Pillay, T.V. 1969. Fish culture development. FAO Fish Cult. Bull.
1: 13.

Quinn, T.P., Nielsen, J.L., Gan, C., Unwin, M.J., Wilmot, R., Guthrie,
C., and Utter, F.M. 1996. Origin and genetic structure of chinook
salmon, Oncorhynchus tshawytscha, transplanted from California
to New Zealand: allozyme and mtDNA evidence. Fish. Bull. 94:
506–521.

Riva Rossi, C.M., Arguimbau, M., and Pascual, M.A. 2003. The
range and timing of the spawning migration of anadromous rain-
bow trout in the Santa Cruz River, Patagonia (Argentina) through
radio-tracking. Ecol. Austral, 13: 151–159.

Sanguinetti, C.J., Neto, E.D., and Simpson, A.J.G. 1994. Rapid sil-
ver staining and recovery of PCR products separated on poly-
acrylamide gels. Biotechniques, 17: 915–918.

Scott, D., Hewitson, J., and Fraser, J.C. 1978. The origins of rain-
bow trout Salmo gairdneri Richardson in New Zealand. Calif.
Dep. Fish Game Fish Bull. 64: 210–218.

Thompson, J.D., Higgins, D.G., and Gibson, T.J. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence align-
ment through sequence weighting, position-specific gap penalties
and weight matrix choice. Nucleic Acids Res. 22: 4673–4680.

Thorpe, J.E., Mangel, M., Metcalfe, N.B., and Huntingford, F.A.
1998. Modelling the proximate basis of salmonid life-history
variation, with application to Atlantic salmon, Salmo salar L.
Evol. Ecol. 12: 581–599.

Tulian, E.A. 1908. Acclimatization of American fishes in Argen-
tina. Bull. Bur. Fish. 18: 957–965.

Wales, J.H. 1939. General report of the investigation on the
McCloud River drainage in 1938. Calif. Dep. Fish Game Fish
Bull. 25: 272–309.

Wydosky, R.S., and Whitney, R.R. 1979. Inland fishes of Washing-
ton. University of Washington Press, Seattle, Wash.


