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Abstract We document the invasion of Chinook
salmon (Oncorhynchus tshawytscha) to southern
South America providing historical, current and
future perspectives. We conducted field sampling,
angler surveys, and analyzed all written records, and
found evidence of reproductive populations in more
than ten Andean (and many more coastal) watersheds
draining mainly to the Pacific Ocean in Chile (39°—
53° S), but also to the Atlantic Ocean in Argentina
(50° S). Invasion begun ~25 years ago apparently
from a few point sources of introduction by ocean
ranching operations using spring-run Chinook salmon
originated from tributaries of the lower Columbia
River, USA. The rapid spread suggests that Chinook
salmon were pre-adapted to their novel marine and
freshwater environments because of similarities to
equivalent North Pacific habitats, and invasion may
have been facilitated by low ecological resistance.
Preliminary data suggest that populations express a
latitudinal gradient in juvenile migration life histories
equivalent to that in their native range. Parallels to
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the only other establishment of anadromous Chinook
salmon outside their native range, New Zealand,
suggests a predictable invasion rate. In South Amer-
ica, the invasion is ongoing in southern areas, yet we
deem unlikely colonization of rivers north of the
range reached thus far. This is the first anadromous
salmon species to have invaded such a large range in
South America, and it raises many evolutionary,
ecological, environmental and socioeconomic issues,
with several discussed here.
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Introduction

Biological invasions' have stimulated researchers to
develop descriptive and predictive theoretical frame-
works (e.g., Moyle and Light 1996; Mack et al. 2000;
Richardson et al. 2000; Facon et al. 2006), as well as
collect empirical data (e.g., Torchin et al. 2003;
Marchetti et al. 2004; Vila-Gispert et al. 2005;

' Herein the terms ‘biological invasion’ and ‘invasive species’
refer to the establishment, naturalization, and un-assisted
spread of non-indigenous species population(s) resulting in
range expansion (as per Richardson et al. 2000; Facon et al.
2006; Falk-Petersen et al. 2006).
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Stohlgren et al. 2006) however forecasting invasions
remains problematic. Recently, Facon et al. (2006)
proposed an eco-evolutionary framework that ordi-
nates sequence of events leading to invasiveness.
Their framework suggests three non exclusive path-
ways leading to invasiveness: Introduced species may
become invasive quickly if they are pre-adapted to
their new range (Scenario 1), or may require time to
allow for environmental (Scenario 2) or evolutionary
changes (Scenario 3) before their environmental
needs match the new environment. Here, we demon-
strate that Chinook salmon (ChS; Oncorhynchus
tshawytscha) from western North America that were
introduced to Chile in the period 1978-1989 have
now naturalized and are sweeping across a large
range in South America—matching the prediction of
the species having been pre-adapted. We review the
history of the introduction, study the rate of spread,
provide phenotypic data, and discuss potential con-
sequences for South America.

Over 3,000 fish introduction events involving
> 500 fish species have been recorded worldwide,
and more than half of these may have led to the
establishment of wild populations (Casal 2006).
However, little is known about why some introduced
fishes are successful and others are not (Copp et al.
2005). Salmonid fishes, native to the northern hemi-
sphere, are comun and popular among invasive fishes
(Welcomme 1988; Alcaraz et al. 2005). This may be
because of their high aesthetic, sport and commercial
value leading to repeated introductions. It may also
be that suitable niches for salmonids are widely
available outside their natural boundaries (e.g., in the
southern hemisphere), and thus salmonids show a
high degree of success once moved by humans. Also,
many species show high phenotypic plasticity and the
capacity for rapid genetic adaptive evolution to new
environments (e.g., Adkison 1995; Hendry et al.
2000; Quinn et al. 2001; Waples et al. 2004).

Salmonid invasions have the potential to nega-
tively impact native ecosystems. They are thought to
reduce taxonomic diversity (McDowall 2003; Bosch
et al. 2006; Dextrase and Mandrak 2006; Ortubay
et al. 2006) disrupt native food webs (Townsend
2003; Baxter et al. 2004; Ortubay et al. 20006),
modify the cycling of nutrients (Bilby et al. 1996),
alter the transmission of diseases (Muratov and
Posokhov 1989) and re-distribute pollutants (O’ Toole
et al. 2006). Thus, while the socioeconomic benefits
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of salmonid introductions may seem large, the
biodiversity and environmental costs must also be
taken into consideration (Crawford 2001).

One of the most preferred salmon species to
humans is the ChS, also called the King salmon
because it is the largest bodied of the North American
salmonids, reaching typically 5-11 kg but often
much higher weights. It is found from California
north to Alaska and also in eastern Asia south to
Kamchatka (Augerot 2005). Chinook salmon are the
least abundant of the five North American Oncorhyn-
chus species and are capable of spawning in both
mainstream rivers and small tributaries and headwa-
ters. Freshwater populations are also known but most
are anadromous, utilizing rivers for spawning and
early juvenile development and marine waters for
growth to adulthood (Healey 1991; Behnke 2002).
After 3-6 years and when nearing maturity, the
semelparous adults return to their natal river for
reproduction although some ‘stray’ into neighbouring
rivers (Unwin and Quinn 1993). Their life histories
vary greatly both within river basins and across the
range of the species (Waples et al. 2004; Augerot
2005) reflecting their capacity for local genetic
adaptation, made possible in part by their high site
fidelity (Quinn 2005). The juveniles of some popu-
lations migrate to the ocean in their year of birth
(ocean-type), while others migrate after spending
typically 1 year in their freshwater stream (stream-
type; Healey 1991). The two types use different
ocean rearing habitat, but both are highly piscivorous
feeders. Spawning time varies among populations
and is most often in the fall with late spring and
summer runs. Shortly after spawning the males and
females die and the embryos develop for two to six
months (depending on water temperature) in the
gravel nest before emerging as fry.

The first human introductions of ChS into the
southern hemisphere began in 1875 with approxi-
mately annual shipments of embryos from the
Sacramento River system of California to New
Zealand. These apparently failed until a 1904 ship-
ment produced the first adult returns to the river of
release in 1906-1907 (McDowall 1994). These
adults, along with subsequent shipments to 1907,
founded an anadromous population in the river of
introduction. Stray individuals from this population
have since gone on to colonize several other New
Zealand drainages. Currently, about seven river
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systems (43—45° S) of the Canterbury region in the
east coast of the southern island have regular and
substantial runs, and smaller rivers of other regions
feature smaller and intermittent populations (Unwin
2006; Deans et al. 2004). The main populations have
diverged significantly in terms of genetically based
life history traits in both adults (e.g., fecundity and
migration behaviour; Kinnison et al. 2002; Kinnison
et al. 2003) and juveniles (e.g., growth rates; Unwin
et al. 2000).

Successful introductions of ChS are the exception
rather than the rule, and most introductions have
failed for unknown causes. For example, during the
time of the introductions into New Zealand, ship-
ments were also made to Latin America, including
Argentina, Brazil, Chile, Nicaragua and Mexico
(Joyner 1980; Welcomme 1988). However, these
introductions were believed to be unsuccessful and
efforts were later abandoned.

In the 1960s, Norway initiated commercial prac-
tices in salmon aquaculture using the concept of
‘ocean ranching’, in which Atlantic salmon (Salmo
salar) smolts produced by hatcheries were released to
the sea and homing adults were used both for brood
stock and commercial sales. However, it proved
difficult to regulate the harvest when ranched fish co-
mingled with wild populations. Therefore, in the
1980s the industry shifted to ‘net-pen farming’, in
which the smolts were reared to adulthood in floating
net cages. Chile, which has no native salmonids but
has environmental characteristics in common with
Norway and British Columbia (productive oceans,
cold and mountainous rivers), began ocean ranching
in the late 1970s and 1980s using ChS as well as
other species. Despite promising results, by 1990 the
industry switched entirely from ocean ranching to net
pen farming, largely due to the absence of physical
and legal means to control the capture of returning
adults by local fishermen (Basulto 2003). A similar
sequence of events is also true in North America.
Currently, Chile and Norway are the two largest
producers of farmed salmonids in the world (FAO
Fishery Information 2006). Chinook salmon were
originally farmed in Chile but soon the industry
became dominated by Atlantic salmon, coho salmon
(O. kisutch), and rainbow trout (O. mykiss). Chinook
salmon were more difficult and expensive to raise
causing a drop in its production to less than 1% ever
since 1994 (FAO Fishery Information 2006).

Although sightings of free ranging ChS in Chile
have become more frequent and widespread during
the last fifteen years, until recently it was still
debatable whether or not they had established self-
sustaining populations (Fundacién Chile 1990; Soto
et al. 2001a; Behnke 2002; Soto et al. 2006). Chi-
nook salmon have not been stocked into nature since
the late 1980s, but escapees from farming facilities
(e.g., Soto et al. 2001a; Anonymous 2004) have been
regarded as possible source of wild-spawning ChS
(Soto et al. 2001a; Behnke 2002). Yet, the minimal
production of ChS by fish farms contrasts starkly with
their conspicuous annual spawning migrations in
Chilean and Argentinean rivers (see Results).
Recently, J. Ciancio et al. (2005) reported an estab-
lished self-sustaining population of anadromous ChS
in a river that drains into the Atlantic Ocean in
southern Argentinean Patagonia, and in Chile, D.
Soto and her colleagues (2007) reported the estab-
lishment of the species in several river systems that
drain into the Pacific Ocean in the lakes district.
However, the Chilean government has not yet
acknowledged their naturalization, nor regulated the
ChS (incipient) fishery, which so far is traded at low
value in the local black market by artisan fishermen.

The purpose of the present study is to: (1)
document the history of ChS introductions in South
America; (2) provide evidence for establishment and
self-sustainability; (3) map the progress of the
invasion revealing approximate invasion rate; (4)
document the putative phylogenetic origin; (5)
describe the adult body size and weight, spawning
date, and juvenile migration behaviour and compare
this to North American and New Zealand popula-
tions; (6) attempt to answer why ChS have been
successful (as per Facon et al. 2006), and where they
may eventually end their range in South America;
and finally (7) discuss potential ecological, evolu-
tionary, and socioeconomic consequences of this
invasion.

Materials and methods
Literature review
We conducted an intensive literature review to find

all known records of both introductions and free-
ranging ChS in South America, with particular focus
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on records from Chile. We reviewed any technical
report of fish surveys (particularly in fresh water),
including peer-reviewed journal articles, books,
unpublished base-line studies, and publicly funded
agency reports. This review spanned the past century,
encompassing the entire period of known South
American salmonid introductions. We also reviewed
media reports during the period 2000-2004 docu-
menting angler trophy catches or ChS runs, but
because of the non-technical nature of these reports
they were used only to supplement the angler
interview survey (see below). For each record of
salmon sighted in the wild, we recorded the sampling
site, date, number of individuals collected, ontoge-
netic stage, and observations. Records of stockings
were also reviewed from the same body of literature,
and we tabulated stocking sites, date, number of
individuals released, ontogenetic stage, origin of the
fish, institutions and people involved, results, and
observations.

Angler interview survey

We interviewed sport-fisherman in Chile and docu-
mented their personal observations of ChS between
the years of 2000 and 2004. Interviewees were 26—
56 years of age and were skilled anglers. In order to
reach the people who were most familiar with the
basins of interest, most of the interviews were
conducted locally, between February and March
2003, throughout the south of Chile (from Santiago
to Cochrane). During the interviews, we gathered
basic information on specific sites and dates where
ChS were observed. To avoid false positives, each
interviewee was first tested on his ability to identify
images of several salmonid species. For our analysis
we considered only those interviewees who correctly
identified ChS and who had sighted them freeranging
in South America. Most of the interviewees provided
photographs of their ‘trophy-fish’, and these were
scanned and examined to confirm the correct iden-
tification of ChS.

Field Sampling

From February 19th to May 1st, 2004, we conducted
a field survey of ChS in southern Chile (39° to 48° S).
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Five major basins were chosen for sampling: the
Toltén, Petrohué, Palena, Aysén, and Baker Rivers.
These were chosen to confirm information from
interviewees and records, and to sample a broad
range of the current ChS distribution. Each basin was
sampled at two to four sites or river portions (main
river or tributaries), which often included salmon
spawning areas. The Palena River basin was sampled
less intensively due to poor weather conditions. An
additional remote southern basin (Pascua, 48° S) was
visually inspected in March 2007 only to confirm the
presence of a ChS run.

A variety of fish sampling methods were used,
depending on the ontogenetic stage, decay stage and
abundance of the fish, as well as on the physical
conditions of the river. Juveniles were always angled
(fly-fishing and spinning), and were weighed, photo-
graphed and released (if alive). No hatchery existed
that could explain the presence of the juveniles in the
rivers studied. Adults were also collected in the rivers
and euthanized for examination; collection tech-
niques included gill-nets (5.5 inch monofilament),
gaff hooks, and sink lines with multiple treble hooks.
Carcasses were also located on the banks or obtained
from anonymous fishermen. Our sampling was not
intended to provide CPUE data. Every fish was
examined within 24 h of capture (most within 12 h).
Variables reported here include: ontogenetic stage;
sex (adults); presence/absence of foods in stomachs
(adults), fork length (adult lengths tape-measured to
the nearest 0.5 cm, juvenile fork lengths estimated
from images using digital callipers calibrated to
scales of reference accurate to the nearest 1 mm); and
wet weight (adults to the nearest 250 g, juveniles to
the nearest 0.5 g).

Results
Chinook salmon introductions

The many introductions to Latin American rivers
from 1891 to 1989 are summarized in Table 1.
Chinook salmon were introduced to five Latin
American countries: Mexico, Nicaragua, Brazil,
Argentina, and Chile. However, extant wild popula-
tions are known only in Argentina and Chile.
Argentina—Recently, Ciancio et al. (2005)
reported finding a population of anadromous ChS



Chinook salmon invade southern South America

0

o0zPoseaaI pue el
Aq pauodsuen arom s3urIefuy ‘syjuow Inoj Io)y

ozzaurgorey o) totxd jsnl (oSenueg reau) oouelg ory ur

AIoyojey I[Iq A[JUIOAI © JB PIALLIR SOAIqQUID Y],

(&) K1oyoey 1oALI

( omtomm:mb
Suump parp

ozc01ond oRy

S ozt ‘oond

0 OWEY20D) Oy
S 6Tk ‘owreyo0)
oz WIINEIA o1
S oTHuIINEN

oeZ4ImeD org

's$830 SUD PazInIdY 1..,000°00C WA d[IYD Jo PROTDOJA ‘UISEq I9ALI ((gSupuour-p) %0 wey) ssI[ S o6¢ ‘Tereduy
JuWUIoA0S oY) pojuasard JUSWUIdA0S ‘S () YL 1) ON 0JUWIRIORS VS sSurpreSury amI) ,000°00C 261 QD
sojuy sop ol
1 T961 U " Hmwa_mmaw
Ken3ni) ory oy ur syjej Surded] udds M vl ) o\i
SIUQPISAI [BJ0] 01 umowyun saroads e Jo ysy 144 .
931e] ‘renber ory oyl 01 SuruIN)aI uowes rBTUIOFIED) 415880 S o0¢ ‘Henbef
Jo sy10da1 ou a1om 213y} ySnoyly »1(0) ON ‘IOALI UBOLIDWY VS pazimiog +1000°00% 8661 ‘T1zeig
1noj snotaaxd oy apnjour Kew £ LUIseq JoALI umouyun)
(0T6T—H061) AnUd UBLUNUISIY ISE] AL, s1116ON OJudWERIceS & | VS umouyun) 21000°850°T 0161~ + 06T eUnUasIY
( ,122UIA0I] ZnID)
,1(0) urseq IoALx BIUBS JO SIOALY)
¢1(¢) ON ojuswRIdeS "YS( umouup) ,£1000°00C 0161 EUNUASIY
115008 Zn1) eviueg
,1(0) uIseq 1oALr 1S 00S ‘0om)
¢1(¢) ON ojusweIdeS VS umowupy 1100000 6061 EUNUASIY
115008 Zn1) eviues
£1(8) uIseq 1oAY 1S o0 “0o1UD
¢1(0) ON OJudWRIORS (VSN umouyupy ,£1000°00€ 8061 EuUnULsIY
1SS ‘s039[[eD
o1 (&) uIseq 19ATY o1S 00§ “Zni) eiUEs
a1(¢) ON OJudWRIOES VS umouupn) 9:000°00€ 9061 eunuasIy
159 2y Jy3u
0] PHIOA\ MAN oy} ul Suriq 0) Jdwone 21(¢) uIseq 1oL umouyun
9[QRISPISUOD B—aIAY) SUNI UOWI[ES MU 211N OJUSWEIJES | VSN umouyup) £1000°0C 0161-1061 enSeIedIN
SuIysI[qeISe JO BOPI OY) IIM ‘SILNUNOD (;) wiseq 1ALy umouwyun
1o u apdoad oy (qooury) wouryes 1 ON olowEI0ES ¢ | VSN umouyun 00005 0161-1061 0IXA
ogroed jo s33e worruu (9T A0 parddns et 1 cl :
“JUAIUT JUI[OAIUAQ [IIM ‘SILIQYST SQV uIseq JoALl umouup)
Jo neaing [SN] oW [0€6T—TL8T] WOL] OJUSWRIdRS * | VS umouufy 21000°0S 0061-T681 OIXN
pases[ax PaD0)s IoATY
a3eys S[enpIAIpul opmne ‘uiseq
SIUQWIWO))  SUINJAI J[Npy uISuo yo01g onsuagon JO Ioquuny (s)1eak ‘Anuno)

68671 01 168] WOIJ SIOALI UBOLIOWIY UNET UL SOSE[dI UOW[ES Jooury) | J[qe],

pringer

AR



C. Correa, M. R. Gross

& PVT BOnIZIUY

({) Z9[9A 9p 0OdeIN)) UI SUINJOX

wolj sojowes ¢ o) Anuo

(BHEIN BJUES ORY
S obS ‘uen[ ueg

souowes Y3noiwy) 1Y) ugroepung 6(&) ON 9A0qe 1) se Jwes PRUCLEN 6000°00C 7861 1D
MO[9q SALIUD
0] I9Ja1 AeJA ﬁ.mwnEon IoyMny
10§ soyowred papraoxd asoy], o9foid
ay) jo siosuods "S'() pue ULSIYD) Y} ¢°U0?
JO suoneI0adX9 1S9POW Y} PIPIIIXD (‘7o ORY Ul $$9000S 0} < UorSuryse S[puuRyD wI_yINoS
IeJ SUD I[Npe JO SuINJAI ‘Ioje[ sIeak om[, 1opyar ABN) ((SeA Jo KyIsoAtun) ‘YSN () syowrs umousu) 7861 10 1861 AIUD
oS[ENPIAIPUL J[npe
L18 PO[[BI0} SS2UINJAI ‘JQGT JO ISjUIm DUEIS] SO0
oY) Y3noIy[, Py BINIEIUY SoUOUI[eS rNum&/ op moe.su
pawreuar pue ‘(uoneziuesio jgoid-uou  SWINRT Wwoy ’ .
areanid ) 9[IyD) UOIOBPUN 0} P[OS SEM soowes ;) Anuo S oC¥ "TBISEOD
"PIT oY) eronbsed easwo( ‘1861 Ul oSOA 2A0qe Ay se dweg  ((+ [) sjowg %000°06-000°0% 7861-0861 21D
oPUB[ST 2011YD
o (UOIBUIYSE A “UISEQ TOATY 2BRA ov, 0o
BIQUINOD 19MO[) S oTP ‘TeISEOD
o'PVT o[ry) eronbsoq easwo(g oSOA IATY ZMMOD (VSN G(+ 1) Sows 5000°061 6L61 2IUD
o WEANS Aoy
1oy 03 Sururmar padden arom . PUEIST 201140
USY Y€€ ‘6L6T UI' - UONBIUSWILIAAXD ,MWNWM_@\/ op mom?o
Suryouel-ueaoo uowes ueseq (VSN ,(UOIBUIYSE A ‘UISEQ 1OATY ’ )
‘uoneiodio) apiqie) uoru() 2y} jo BIQUIN[OD) I9MO) S ol [eISBOD
Arerpisqns) “py (1Y) erenbsaq easwoq oSk IATY ZMMOD TVS goo(+1) SUOWS ¢ 000°0L1 4000°0CT 8L61 OIUD
¢ HIIYD ory
9A0QE PAQLIOSAP JUIAD S ,0f ‘ouong
Sun{o0s oy 0} SIAJRI SIY) JT Tea[oun st If (&) ON umowyu) . SSureSuL] ¢1000°001 0L6T ‘6961 YD
" mocﬁa Aq juowdrys
)81y oy sem s1y L, ‘sdio) aoeaq L ory
"S(1 9y} PUE J[IYD) JO JUSWIUISAOD) ve ’
) JO AITAIDG YOOISIAIT pue L0L61) 081°69C S o0 ‘ouong
2IMNOUSY 2yl AQ SHOJJd PaeuIpIoo) (@) ON »eVSN  sSurreakqng (6961) 00S¥S 0L6T ‘6961 SO
paseajal PONO0IS JOATY
oFers S[enpIATpUT opmne| ‘urseq
SJUAWWO)) SuInjoI JNpy urSto y00)§ oneuagojuQ Jo IoquinN (s)1eak ‘Anuno)

ponunuod | JqeL

pringer

As



Chinook salmon invade southern South America

SIN[BA 661 + 8L61 Y PAIdeNqns st yorym woly (; Joy) 7861-8L61 10J 00000 JO
UONEWITISO UB WOLJ ST AN[BA ST, 4 ‘PAULIYUOdUN Inq o[qeqoid saredlpuy (;) "(1€61) SoLed, “(900Z) SUONEN Panuf); “(3¢61) UOSUIYIINY pue UOSPIAL( UL 9¢6 UL, (S00T)
‘[e 10 OIOUBL) UT €96 OSLLRNSEIN pue UL, ‘(S00T) '[E 30 OTULL) Ul 06T UBINL, ‘¢861 1oukof pue uospieuo(,, ‘(0861) 1oukor,  ‘8G6I ur paysiqnd Afeurstio (0007)
UONH, ‘(8E61) UOSUIYIINY PUB UOSPIABRCT,; “(8861) SWWOIDM [, (6861) Iedes ul pr dajowes . (€00T) ONNsed  (T661) UBWISOID UL 686 BIUNJA PUB OUBIOWEZ-ZIPUIIN
“(6861) snowkuouy, ‘(z861) US1aqpury, (8L6T) 'T& 12 BIIA “(€00T) OINseq Ul 6961 O[eS Pue SI[H,, ‘(€007) odnsed Ut [L6] 10pAuS, “(LT6T) epsN[oD ‘0661 A[MYD uorepung |
INOW IQALI AY) I8 UAIT ST opmne] ‘Jodsuen Surnp Ajeiow o} anp pajiodar uey)
S$S9] 2q AeW Pasea[al S[ENPIAIPUL JO JOQUINU U], *SIIINOS JUIIAIP WOIJ sPI0d2I A3o[duwIodul SUIUIqUIOd SAN[NOYJIP 0) NP IIIM] PAAR[NR) UG dARY ABUI S110JJ0 SUD[O0IS SWOS

6861 Ul Paso[d

wesdoxd Juryoues uvado AYJ, “ZIA[[
uensu) £q uonesunwiwod [euosiad e sem
¢ 9T JO 90INOS AU, 'SPIOSAT OM} AAOGE )
apn[out pnom Anus SIYL, Py LONIBIUY

£(0402 %9 SYD)

(UOBIO] Sueg

SoUOWIES YSNoIy) J[IYD) UorEpunj &(SUD %T <) sAKX @) SHows 000°0L9 6861-€861 91D
o V'S d9r0W[Eg pajeaId
BONIRIUY SQUOUWI[ES pUB 1Y) (¢,) Suryoo3s

uoroepung 8661 Ul PV BOLIBIUY 01(6861 THUN aA0Qe A} JO suInjar o1 TONESOT atreg

seuowes ySnoxy) S[IYD uoroepung LO'O~) SO woyy sapwes ¢ | 3D o+ 1) siows 01600°SEE L861°211YD
o17%4d ORd
o PV vOnIRIUY () ¢ uoIBuIysE A S ol eid

souow[es YSnoxy) YD ugroepunyg o1(BET~) S9K Jo Aysmoatun ¢ VSN o1+ 1) siows 01000°S €861 21D

paseafal PIYI0IS IATY

agers S[enpIATpUT apmne[ ‘uiseqg

SjuWIWO)) SuINIaI NPy uIStio 001§ oneuagou JO IoquinN (s)1eaL ‘Anuno)

penunuod | Jdqe],

pringer

A's



C. Correa, M. R. Gross

that spawn in the headwaters of the Santa Cruz River.
This is the only known record of ChS utilizing the
Atlantic ocean of South America. Its origin could be
individuals released between 1906 and 1910 in the
Santa Cruz River, but recent evidence from mito-
chondrial DNA points to origin from the ocean
ranching program at the Magellan region in southern
Chile in 1982-1989 (see below; Becker et al. in press).

Chile—Edarly attempts sponsored by the Govern-
ments of Chile, France, and the USA failed to
establish ChS. The very first of a series of attempts
was in 1,886 involving 39 juvenile ChS shipped to
Santiago of Chile from Paris (where the species was
previously introduced from the USA). These fish
were kept in captivity, however, and never stocked in
the wild (Basulto 2003).

In 1924, ova travelled for three months in a cargo-
steamer transport ship from the USA, and after
reaching land were reared to the fingerling stage and
then released into four basins in southern Chile
(Barros 1931). However, no returnees were found.
Mann (1954) and De Buen (1959) found no evidence
of establishment by ChS from any of these early
introductions.

In 1969, a new program to introduce ChS in Chile
involved cooperative efforts by the Chilean govern-
ment and the US Peace Corps. Embryos were now
flown from the USA to Chile and arrived in excellent
condition (Basulto 2003). Several hundred thousand
fingerlings were introduced in the Chirri River
(1969-1970). This project was suspended, however,
and its results were never officially assessed. No
returnees were reported during the following decade.

In 1976, the first commercial ocean-ranching
experiment was conducted near Ancud on the island
of Chiloé (Anonymous 1979; Joyner 1980). A simple
hatchery was built on a small island (Qhinchao) in the
village of Curaco de Vélez, from which several
hundred thousand ChS smolts were stocked between
1977 and 1982 in a stream flowing to the Pacific Ocean
(Fundacion Chile 1990). Jon Lindbergh of the famous
US aviation family held a senior position in the
company that performed the introduction, and pub-
lished a paper on the salmon enterprise but
unfortunately did not mention the origin of the
transplanted embryos (Lindbergh 1982). The only
reference that addresses the origin of these fish is an
interview with Jon Lindbergh for a US corporate
publication (Anonymous 1989) where he is quoted as
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saying: “We brought both coho and Chinook to the
Chiloé area in 1975..We took down two or three
[Chinook] strains, primarily Cowlitz Spring Chinook™.

Although the return rate was minimal (see next
section), adult ChS did return to the hatchery. In
1979, several hundred adult ChS returned from the
ocean, demonstrating for the first time the viability of
the species in the southeast Pacific. Returnees
provided the gametes to support the hatchery program
(Fundacién Chile 1990).

In the 1980s, additional releases of ChS for ocean-
ranching were carried out further south in the
Magellan region (south of 51°S), with several
hundred thousand smolts released between 1982
and 1989. The stock for the Magellan introductions
appear to be different yet phylogenetically related to
those used at Curaco de Vélez on the island of Chiloé.
Donaldson and Joyner (1983) report that in 1980,
eyed eggs were sent to Chile from the University of
Washington. After a rearing period, these were
released into ‘waters leading to the Southern Channel
zone’, and unexpectedly high returns were observed
two years later. They also state that the gametes of
these returns would be used for future stockings in the
Magellan region. Basulto (2003) assumes that Don-
aldson and Joyner (1983) refer to the stockings
conducted by Fundaciéon Chile in the Magellan
region, first in Rio Santa Maria, and then in Rio
Prat. Data from a company created by Fundacion
Chile (in Sakai 1989) indeed show that ChS imported
from the USA were stocked in 1983 in Rio Prat and
after 24 years, > 2% of the fish returned and
provided gametes for further stockings in the same
river in 1987. It is difficult to reject the possibility
that the company also used gametes from Curaco de
Vélez. Nevertheless, the Curaco de Vélez’ and the
University of Washington’s stock are closely related
phylogenetically (Waples et al. 2004) as both popu-
lations are derived from the lower Columbia River
watershed, USA (Donaldson and Joyner 1983; Anon-
ymous 1989). This was the last stocking for ocean
ranching in Chile.

Since 1991, Fundacién Chile has incorporated
‘closed’ production systems using ocean netpens to
rear adults, which have had considerable success and
now comprise the modern Chilean salmon-farming
industry (Fundacion Chile 1990). Escapees from net-
pens in the early to mid-1990s may have contributed
to the freeranging ChS currently in Chile. Soto and
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colleagues (2007) estimate that in the period from
1994 to 1996, escaped ChS could have numbered as
many as 50 thousand yearlings or older fish. How-
ever, it is our contention that most if not all of the
original stock of the wild ChS populations that we
document in Chile have stemmed from early ocean
ranching.

Chinook salmon establishment

Over the last 25 years, sightings of freeranging ChS
in the freshwaters of Chile have increased in
frequency and distribution. Below we summarize
the chronology and pattern of ChS observed (Fig. 1;
Table 2; see also presence-absence database in
Appendix A).

1979 and 1980s—The first confirmed sighting of
freeranging ChS was in 1979, when several hundred
adults returned to the stream in Curaco de Vélez,
Chiloé (42° S), where stocking of smolts for ocean
ranching began 1 year earlier (Lindbergh 1982).
During the 1980s, returns continued to be observed

in Curaco de Vélez (Lindbergh 1982; Reyes 1982;
Munita 1988). Further south, stocking of smolts in
Rio Prat in the Magellan region (51° S) also produced
returnees (Sakai 1989; Basulto 2003). The number of
returning adults never exceeded 3% of the released
smolts (Table 1).

During this period, ChS were being reported in the
headwaters in Argentina of two unstocked Pacific
slope rivers (Yelcho and Palena). The mouths of
these rivers in Chile are located less than 200 km
southeast of the first ocean ranching site at Curaco de
Vélez (Fig. 1). Spawning ChS have been observed
there every austral summer/fall since 1984 (Grosman
1992; Pascual et al. 2002; Baigin and Ferriz 2003).
However, except for the returnees from the smolt
stocking at Curaco de Vélez, no freeranging ChS
were reported anywhere in Chile throughout the
1980s. Substantial fish sampling efforts in ten large
basins spanning from 39° to 45° S (including the
Chilean portions of the Yelcho and Palena basins) did
not detect ChS at this time (Campos et al. 1984;
Zama and Cérdenas 1984; Campos 1985; Campos
et al. 1985a, b). This suggests that only a few

B

Curaco de Velez |L.;-

Petrohué
Maullii
1978-1982
—
Yelcho
Palena

Chile  Argentina

Pacific Ocean

=== Prat
1983-1987

Atlantic Ocean

——# SanJuan
1982

1979-1989

o
160 80 O 160 320

1990-1999

Fig. 1 Range expansion of Chinook salmon in South America.
Locations and years of smolt releases for ocean ranching are
shown with arrows in panel A. The black areas are basins (only
labeled when first noted) where the species has been captured
freeranging as (A, B) reported in empirical studies, and (C)
based on empirical studies, angler interview surveys, media

C '* Toltén

Bueno

Baker

¥ Pascua

Santa Cruz

Grandes

2000-2004

reports and field sampling conducted in this study. The dashing
in panel D illustrates the general area where we suggest future
range expansion and population growth during the next few
generations (e.g. within 15 years). The white dashed line
represents approximate position of political border between
Chile and Argentina
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relatively small spawning populations, close to the
smolt stocking site, existed during this period.

1990s—ChS sightings were documented in five
Pacific basins during the 1990s. Runs continued in the
headwaters of the Yelcho and Palena Rivers (Gros-
man 1992). Although ChS adults were not reported in
Curaco de Vélez after 1988 (Munita 1988), returns
may have continued. Adult ChS were reported for the
first time in the Bueno, Maullin and Petrohué Rivers
(40-42° S). Particularly conspicuous runs were
observed in April of 1995 and 1996, in a short section
of a branch of the Petrohué River (at a site called Los
Patos), where many presumably anadromous adult
ChS exhibited reproductive behaviour (Jara and Soto
1996; Soto et al. 2007). Toward the north, in the
Bueno River (40° S) and particularly in Puyehue
Lake, gillnetting resulted in the capture of many ChS
across two years (1998—-1999), and one juvenile was
also fished in a tributary of this lake (Cassigoli 1999;
Soto et al. 2001b, 2007; see below). Adult ChS were
also captured sporadically in fjords near the coast of
Chiloé, Puerto Montt, and in continental Chiloé
(~42°8S), but not further south in Aysén (45° S)
(Soto and Jara 1996; Soto et al. 2001a). In Tierra del
Fuego (54° S), intensive electrofishing in four basins
revealed no salmon (Vila et al. 1999).

2000-2004—Information for the period 2000-
2004 comes from published and media literature,
but mostly from the results of our field sampling and
angler interview survey. Since 2000, published
technical records of ChS became more common and
adults were confirmed in eight major basins flowing
into the Pacific Ocean, four small coastal basins, and
in fjords of two distant areas. Combined, these reports
suggest a latitudinal range of 40-45° S on the Pacific
slope of South America. However, adding our angler
interview survey and media reports extends the
potential ChS distribution north and especially south
to a range encompassing 39-53° S (Table 2). Two
new records of ChS presence in major basins outside
the range reported in the literature were confirmed by
our field survey in 2004 (Table 3)—and an additional
southern basin was confirmed in 2007—supporting
the information provided by angler interviewees.
Below, we describe the current general pattern of
ChS distribution, integrating information from across
all of our sources.

The northernmost basin that anglers use to fish
anadromous adult ChS in summer and fall is Toltén,

particularly in the Allipen River and its tributaries.
We confirmed the presence of a small spawning run
in the fall of 2004, but we did not observe juveniles at
this site despite substantial snorkelling and angling
effort (Table 3). In the proximal northward basin (the
Imperial River), adults are rarely seen (and juveniles
have never been seen) by anglers and we therefore
consider the Toltén River to be the current northern-
most basin being colonized (Fig. 1). We did not find
any report of ChS in the Valdivia River basin (40° S,
the proximal basin south of Toltén). Between the
Bueno and Serrano rivers (40-51° S), however, the
species is often reported in technical literature or by
anglers revealing a nearly continuous range in
Andean basins (interrupted by ice fields between
Pascua and Serrano on the Pacific slope; Fig. 1).

The Bueno River basin appears to host both
anadromous and landlocked ChS populations (Soto
et al. 2007). This basin was surveyed intensively
during 2000 and 2001 (Soto et al. 2001b; Soto 2002).
Both juveniles and adults were collected in every
sampled area. Juveniles were caught in different
seasons in eight tributaries of three lakes (Ranco,
Puyehue and Rupanco), but always comprised only a
small fraction of the overall number of fish collected.
In lakes Ranco and Rupanco, and in the Bueno River,
gillnetting sporadically revealed a few adults,
whereas adults were collected year-round in Puyehue
Lake in high proportions relative to other species
(averaging 28% of the total catch). Size structure, full
stomachs, and examination of reproductive traits in
the Puyehue Lake population strongly suggest a
landlocked life history. Within 10 kms of the outlet
of Puyehue Lake is a 17 m natural waterfall and a
hydroelectric power plant that has operated since
1944 (CADE-IDEPE Ltda. 2004a), preventing
upstream salmon migration.

Intensive surveys in the Maullin River basin
revealed low abundance of ChS, but hundreds of
adults were seen and sampled while spawning in the
nearby Petrohué River (42° S) in the fall of 2001
(Soto 2002), but especially in 2004 (Soto et al. 2007).
Several hundred juveniles were also electro-fished in
spring of 2000, 2001 and 2004 (Soto 2002; Soto et al.
2007). Soto and collaborators have been annually
observing ChS reproductive events at this site since
1995 (Soto et al. 2007). Angler interviewees also
identified this site, and a site in the lower Petrohué
basin, as containing large numbers of adult ChS each

@ Springer



C. Correa, M. R. Gross

LE ‘pP1-06 ‘ST F LIT
el
‘0921009 TIT F 0S6

16
‘09T1-009 ‘011 F €86

It “TCOT-0SL L9 F TLY

00¢
8¢

011
8

Inolaeyaq
aanonpoidar ur SyO
pue Sppal pajqIyxe

pordures suoniod
I9ALI Q1) Jo Ayuofew
AL "SYD Jo 2ouasard
Pa[BaARI (S oL

—6€) sulseq JoAew
OAY WOIJ SIOALI
SATeM T, "$00T 6T
[udy pue gz Areniqoq
U99M19q PIIIJ[0

8 ‘vP1-06 ‘81 F €01
(%S
‘0921009 ‘01T F 656

6¢
‘09T1-009 ‘I11 F €86

€1 ‘SIOT-09L ‘1L F LS8

19
Jf +8

6¢
el

(srruaan( auo)

Inow 1ALy Ioyeq
Teau o010 [epniojur
(M E€EL S 6YolY)
[9M0], "IOATY

Ioyeg JO juanpje
‘1opio pig ‘doop

(M SO.EL S [TholV)
IOATY SeSIep

-ous Jurdures 3xou
A} 0] UAY) pue e
se3reA 0} Surpeo|

un| maJ ® 10J smog
jey) ‘sppal Auewr
)M IOALI IOPIO pug
“Mo[[eYs (M ,£0.EL
'S [ThoLp) 1A

6T ‘cv1—v6 TI F 0TI
0¢
‘SITI-0SL ‘I¥1 F 286

14
‘SITI-06L ‘0€T F LEOT

6 ‘0T6-0SL ‘IS F TS8

6S
6C

1c

IOATY

u9sAy Jo juonpje
uwoyou jueyodur
ue ‘IOATY sorenSIuejy
Jo Areynquny ‘sppai
Auew ynm ‘I1opIo

yIg 10 Yy ‘mo[reys

(M LOTL 'S 0ToSH)

IOATY oen3aIIN
0€ UOTBIN JOATY
u9sAy Jo juangje

uroyinos juerroduwr

‘19pIo yig ‘dosp

pue mofreys (M 01
—S00CL ‘S Fh—EtoSh)
IOATY uosdurg

BIEp ON

(Surdures

Iy pajuaaaxd
ULI0)S) POAIISQO SeM
SseoIed Q[3UIs B A[UQ

‘(eunuadIy Ul pajedo]

AIe S19)EM-DRIY
) IopIo iy 1o

pig A[qeqoid “1oAry
BUQR JO JUSNpJe
wayInos jueyrodur
ue ST YOTyM ‘JOATY
eoron3L jo Arenqrn

(M 6YoIL 'S Tloth)

BIEp ON
1€ ‘001 1-0€L ‘06 F TS6
ST ‘0011-0€EL ‘88 F 796

9 “TTOI-0SL ‘96 F 16

oY

or

PIAIISqO
SPpPaI PaId)eds YIm
onyoned jo Areynqrn
IopIO PIE ‘MO[[eYS
(M 6TCL S OTolh)
nuony-nuny IoAry
‘[[eJ1)em S JOALL
urew 9y} Mo[oq

uny | Aperewrxoidde
sppa1 Surumeds Auew
YIM JOATY 9nyondd
Jo doo| mofreys
‘(deop w ¢ "xeur)
doap “(uny 1) 1oys
(M 8TTL S [TTo1h)
soleq SO 1B I0ATY

BIEp ON
61 ‘956

—98L ‘¢S F 1.8
9 ‘0S6

—-0S8 ‘v F €16
€1 ‘966

—98L ‘Lv ¥ TS8

0¢

[4
01
81

PoAIaSqO Sppal
Surumeds
palaneos

‘uiseq

IOATY UNOL
Jo youeiq
uIaylIou Yy

‘ToAry uediy

Jo sauengLn
IopI10

pug ‘(desp w ¢
*Xew) Mo[[eys
1B SIOALL [V
(M 670polL
,m \MmlﬁmowMV
ewire[ ] ‘oon[IA
‘[ynn-[oynig,
‘00N SIATY

So[IuoAN(

pojood synpy

so[ew Jnpy

$S9[RWdY NPy
(wiut) yi3uag
B0l
pSeruaAng
L(paxasun)
simpy
so[ewr 3npy
SO[eWJ JNPY
(#) paunupxs

S1ep
uonod9[[od 2
soys Jurdwes

QI9M S[ENPIAIPUL [V O[[IWEI[ “h7—C[ YOIRN 6 YOIRIN-8T AIeniqoq 10ATY 0014 ¢ [udy angondd 71— Hdy '6c-91 ady  jo uonduosaq
yeq ugsAy eudLRg onyoned ugor
[e10L, useq alqeLIeA

(OBWIO)S $)1 UT SW)I POOJ Pey I[npe ou ‘ysy pastes-uad ur paardsqo A[[eord£) suy papeiqe ay) pRAIQIYXd S[eNPIAIPUL Y} JO QUON "9[IYD) UIayInos ur pajdwes uowres yooury) jo (N
‘a8uey ‘s F uedlN) yStom pue YISUQ[ YI0J ‘9Fe)s [IUAWdO[oAdp Xas IoqUINU ‘SUOTIOS[[0D JO sAjep pue sa)is Jurjdures Jo uondiosa( "£9AIns ploy $)0g U JO SNSAY € dqel

pringer

as



Chinook salmon invade southern South America

SO[eWQ) JUIUTBWAI JY) UO SJUAUWIAINSEIW WOIJ paurelqo ‘/ /€84 — xo[dwod [eindAy Jon)sod 03 3110 Je[noo Iorajsod
% PEIET = Td S[eWa :Uonouny Ay} WoIj paje[no[ed sem YISu9 310f Ay} ‘SUIP[ING-ISOU WOIJ SUY [EPNEd PUB [EUE PIPOId PRY UIIYM SI[BWIDJ 6 105 ‘PINSLIW JOU—SSBOIRD
UNOY, ‘S PuUE ULSW JYSOM puE YISUS] JO UOHE[MO[ED Y} WOLf PAPN[OXd Sem [enplapul SIYL “[(PISUT x 897 0)dXH + £6TL'0 = WYSOA UOHOUNY PIAIR[IO[Ed dY) WLy
PAIRWNSA JYSIOM] YINOW ALY JoYeg Jeau Y9310 [EPILIAIUL YSIYOrIQ B UL PUNOj SeA ‘(IS3[[EwWs ayp) WYSoM Ul 5 ¢°¢ pue Suof wur g/ “O[uaAn( suQ, "PIXas IoASU d1om SI[IUSAN(,
"PIUTUIEXD AIOM ‘SISSBOIBD MIJ © SE [[oMm SB ‘S[enpIAIpul Judds pue od1I )0q {USULIAYSY AQ PAIRIIISIAD SSA[UN PIXIS SBM J[Npe AIOAH 'SUISEq Ioyeq pue 9nyonad Jo uoniod 1omof
03 s[[ej107eMm Aq PIIOLISII UOWI[ES,, T S[GEL UL [9A] BIS SAOQE JYSISY PUB SOUBISIP JOALL ‘(SpmINE] PUE “9FIBYDSIP "XBU JO UOSEIS “OFIBYISIP UL ‘Bale ‘0dA)) sa[quLieA ulseq 39§ ,

(100> d ‘1v = 62 ‘8 (2)S00 N 1159 LdUIIYA -UUBJA]) Joyeq WOIJ 50y} Uey) (I91ABAY 20Udy pue) IoSuo] Apueoyrusis
Q1om UPSAY WOIJ SI[IUSAN[ "SUISBQ UIO], PUB 9NYOIdJ Ul AJAINS P[oy dY3 JO pud ay) premol A[[eroadss ‘paumeds Aj[e1o) 10 Afrented arom Apms siy) ur pajdwes synpe SO\
(€% = N) YSToMm TBI0} 9[eW JO 9/~ PUe (9 = A7) YSTom 9[ewIdf 830} JO 9,97—GT SurySrom speuos yiIm ‘souo juads uey) ISTABAY oIom S[enpIAIpUl paumeds-un ‘snjeys Surumeds
110} 0) anp sem ‘soewa) ut Aprenonied JySiom Ysy Ul UOIeLIBA JQeIdPISUO) “(R11°0 = d ‘0'C = A ‘¢ = AQ UONIBIA] 11000 > d ‘1'CC = ‘T = AA X3S 9§T0=d ‘v'1 =4
‘¢ = J( ‘urseq :ejep pawiojsuel) ewrou Sof uo qSH N [enboun £q pamor[o} VAONYVY £em-om1) sofewa] uey) 1oSuof oq 0) papud) sofew jnq ‘suiseq Suowe ApueoyruSis Area
jou pIp YISuoT *(PAINSLIW S[eNPIAIPUI JO JoqUINU ) Yojew sKem[e JOU SQ0P 2I0JOIY) PAUIWUEXS S[ENPIAIPUT JO JOqUINU Y} PUE) PIINSEIW JOU AI9M SISSEIIRD U))01 Jo d)9[dwoouy

LE ‘S'6£9'8 8 ‘6'9¢-9'8 6T
‘'8 F 0°0C ‘COFLEL C6EE0L ‘YL FIT elep oN elep oN elep oN so[IuaAN(
9zl
‘0SLET-0STT TS ‘0SLET0STT 0€ “00S1¢C 1€ ‘00091
‘LOTY F $866 ‘LTO¥ F €6001  —0SLE ‘TESS F 6¥601 & —00SE ‘T80€ ¥ SSE0T €1 ‘0008-000% ‘T8IT F ¢y¥9  pojood sinpy
06 ‘0SLET-0STT 6€ ‘0SLET0STT 1T ‘00S1C ST ‘00091
‘L80F F 8TI1 ‘OP6€ F 66011 —000S ‘STTS F FLOET & —000S ‘8L8T ¥ S80I S ‘0008-00S9 ‘LT9 F 00FL So[eW NPy
9¢ ‘000€1-00S€ €1 ‘000£1-0SLE 6 ‘1L16 9 ‘000€1
‘LYET F YELY “YPST F LLOL —0SLE ‘S8LT F 1665 & —00S€ ‘66T ¥ T6C8 8 ‘0SLL—000% ‘TSOT F ¥¥8S  SO[EWIdJ NPy
(8) 1yS1oM
oyeqg u9sAy vuored onyonad uvxo],
®10], uiseq JIqeLIR A

penunuod ¢ Jqe],

pringer

A's



C. Correa, M. R. Gross

year. We confirmed spawning runs at these two sites
during our field survey. Juveniles (Soto et al. 2001b)
and adults (our interview survey) have also been
sighted in small coastal basins of this same general
area. Adults are occasionally caught in nearby fjords
(Soto et al. 2001a).

Toward the south, in the Argentinean headwaters
of the large Puelo, Yelcho and Palena Rivers (42° S,
43° S and 44° S, respectively), sightings of anadro-
mous ChS adults continue (Pascual et al. 2002;
Baigtin and Ferriz 2003; Soto et al. 2007). These
three basins have not been intensively surveyed in the
Chilean territory, but sampling in a tributary of the
Puelo detected juveniles (Soto et al. 2007), and
sampling in Lake Yelcho and three of its tributaries
in 2001 revealed one adult (Soto 2002). Anglers, by
contrast, report catching many adults in the Chilean
portion of these rivers. We attempted to sample the
Palena River basin, but were hampered by difficult
weather; we recorded one adult carcass near the
Argentinean border.

The next Andean basin southward, the Cisnes
River (45° S), also contained adult ChS, though only
in low numbers. This basin was surveyed in fall 2001,
but only a few adult ChS were caught near the
Argentinean border (Niklitschek and Aedo 2002).
Anglers reported the presence of ChS in this basin.

The southernmost basin in which ChS have been
reported in the literature is that of the Aysén River
(45°25" S). In summer 2001, Behnke (2002) observed
adults (assumed to have been on a spawning run) and
juveniles (hatched the previous year) in the Simpson
River, an observation consistent with surveys con-
ducted by local researchers in the same area and at
the same time (Niklitschek and Aedo 2002; Niklit-
schek et al. 2002). We confirmed the simultaneous
presence of both adults and juveniles in the same sub-
basin during the late summer and early fall of 2004,
as well as a large spawning run in a northern tributary
of the Aysén River (Table 3). Anglers also supported
these observations. Near the estuary of the Aysén
River, a few ChS smolts and adults were sampled in
both a coastal basin (Cuervo) and in an adjacent fjord
(Centro de Ecologia Aplicada Ltda. 2001).

We could not find printed records of field surveys
finding ChS further south in Chile, but interviewees
in our study reported adults in several systems further
south. Our field study confirmed two of these reports:
In 2004 we observed and sampled a conspicuous
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adult run, as well as some juveniles in Baker River
(47°47" S; Table 3), and in March 2007 we witnessed
the same and another spawning run further south in
the remote Pascua River basin (48°12’ S). Similarly,
interviewees reported ChS presence in Serrano River
(52° S), and this was corroborated by sport-fishing
outfitters (CADE-IDEPE Ltda. 2004b). Near Punta
Arenas (the southernmost Chilean provincial capital),
a ChS run on the Grande River of Riesco Island
(53°S) was documented and broadcasted by a
Chilean mainstream TV news program (Teletrece
2004).

It may be possible for wild ChS to stray through
the Magellan Strait (or around Tierra del Fuego
Island) to the Atlantic Ocean and colonize Argentin-
ean watersheds. While a recent review of freshwater
fishes in Argentinean Patagonia found no ChS in
Atlantic basins (Pascual et al. 2002), Ciancio and
collaborators (2005) recently documented a spawning
population in the Caterina River, a tributary of the
Santa Cruz River (50° S), in 2003 and 2004. Five
sub-adults were also caught in nearby ocean waters
by bottom trawlers during 2002 and 2003 (Ciancio
et al. 2005). These are the first known records of ChS
utilizing the Atlantic Ocean of South America. This
population largely consists of a stream-type life
history, migrating to the ocean after a full year in
freshwater, and spending an average of three years in
the ocean (range 2—4 years) before returning in mid-
March at an average weight of 4.35 kg and 77 cm
fork length (range 47-104 cm) to spawn and die. The
population is small, numbering perhaps a couple of
hundred adults (Ciancio et al. 2005). An interviewee
photographed the capture of one large adult ChS, and
another interviewee reported the presence of groups
of ‘presumable’ ChS adults in the Grande River in
Tierra del Fuego, a river which also drains into the
Atlantic Ocean (54° S). However, these records
represent insufficient evidence of establishment.

Discussion

Distribution and biology

Currently, ChS are established across a large range in
South America, mainly in the Pacific basin, but also

in the Atlantic basin. Printed records from Pacific
drainages suggest a latitudinal distribution from
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40° S to 46° S, and our information extends this
range to 39-53° S (spanning > 1,500 km of lineal N—
S distance). The strongest previous evidence for self-
sustaining ChS populations in Pacific watersheds is
provided by D. Soto and collaborators who located a
land-locked population in Puyehue Lake, consistent
annual runs and subsequent juvenile production in the
Petrohué River, and the presence of juveniles or
adults in the Puelo, Yelcho and Palena basins and in a
few coastal basins (Soto et al. 2001b, 2007; Soto
2002). Printed records from Atlantic drainages pro-
vide strong evidence of only one established
population in a tributary of the Santa Cruz River
(Ciancio et al. 2005). We now know that ChS
reproduce in > 10 Andean basins draining into the
South Pacific Ocean (39-53° S), and in at least one
draining into the South Atlantic Ocean (50° S).

We confirmed runs in a total of five basins chosen
from the ~ 10 basins identified by our interviewees as
hosting relatively large populations of ChS. These
included three basins located outside the range
reported in the literature, and thus our confidence in
our interviewees is high. We observed typical (e.g.,
Healey 1991) reproductive behaviour such as
upstream migration, territory defence, nest building,
mate-guarding, and intra-sexual agonistic interactions
by both sexes. Adults were never feeding as revealed
by stomachs dissections, and their mean size (fork
length) is similar to or perhaps slightly higher than
that observed in the anadromous populations
described for Argentina (Ciancio et al. 2005), New
Zealand (Kinnison et al. 1998), and North America
(Roni and Quinn 1995). No southern South American
freshwater fish reaches a body size as large as
anadromous ChS. Thus, the adult ChS sampled in this
study were anadromous (mature male parr may exist;
e.g., Unwin et al. 1999). In our field survey we also
observed juveniles from previous years but only in
the southernmost basins, suggesting a stream-type
life history—a trait prevailing (92%, N=46) in the
single Argentinean population (Ciancio et al. 2005).
This suggests a strong latitudinal cline with the
ocean-type dominating at lower latitudes and the
stream-type at higher latitudes, as is the case in the
ChS’s native North American range (Healey 1991).
At a smaller scale, the influence of lakes on water
temperature at rearing sites may accelerate develop-
ment facilitating an ocean-type life history (Soto
et al. 2007). Interestingly, most ChS from the

putative source population in North America are
ocean-type (Waples et al. 2004) consistent with high
plasticity of age at sea entrance affected by growth
rate, photoperiod, or other factors (see Quinn et al.
2001; Waples et al. 2004, and references cited
therein).

Chinook adults in most South American rivers are
found in spring and summer, and spawn in late
summer and fall (from March through May). Salmon
are usually observed in clear, shallow water in the
upper portions of the basins, unless physical barriers
prevent upstream migration, in which case fish
congregate in nearby habitats. For example, the
Petrohué and Baker rivers feature waterfalls that
apparently restrict salmon to the lower portions of
these basins. Although salmon entrance to the river is
difficult to observe, silver-coloured and thus fresh
from the ocean ChS are often caught in the spring in
the lower portions of the Toltén and Aysén River, and
near the border with Argentina in the Palena River.

Origin and colonization

Current populations of ChS in South America are
likely derived from ocean ranching operations in
Chile. During the decade starting in 1977, approxi-
mately 1.5 million ChS (mostly yearlings) were
stocked, initially in a stream on Chiloé Island
(42° S), and later in rivers of the Magellan region
(52°S) (Sakai 1989; Fundaciéon Chile 1990). The
former ranching operation was the only possible
source of colonists establishing in Yelcho and Palena
River basins in the 1980s. These fish were, in turn,
apparently derived from the lower Columbia River
basin, the former from the Cowlitz River and the
latter from the Kalama River (Donaldson and Joyner
1983; Anonymous 1989) which are phylogenetically
related (Waples et al. 2004). There is a correspon-
dence between the reproductive timing of ChS in
South America and the reproductive timing of the
putative source population in Cowlitz River (spring
run with fall spawning). However, this is a weak
evidence of recent ancestry because run timing is a
labile trait subject to rapid evolution and environ-
mental influence (Quinn et al. 2000; Waples et al.
2004). Alternative or additional routes of introduction
are escapes from aquaculture facilities in Chile
during the 1990s (with unknown ancestry to us),
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and early (1904-1910) stockings in Argentina using
Sacramento, CA, fish. However, Becker and col-
leagues (in press) recently discarded the latter
potential source by comparing mitochondrial DNA
sequences obtained from the Santa Cruz River
Chinook salmon (Argentina) with haplotypes from
Sacramento River Chinook salmon and from the
University of Washington Hatchery.

The colonization of New Zealand began when
approximately 1.5 million juvenile ChS from the
Sacramento River basin were released in the Waitaki
River between 1901 and 1907 (McDowall 1978;
Quinn et al. 2001). Hatchery supplementation con-
tinued for many years in the same river (using local
returns as broodstock), and within fifteen years (four
or five generations) the species had naturally strayed
and colonized several rivers up to 230 km northward
from their point of introduction. These sites in the
Region of Canterbury now have the largest current
runs (McDowall 1978; Quinn et al. 2001; Unwin
20006).

Similar to the pattern observed in New Zealand,
within 15 years of the introduction programs in
Chile, ChS have colonized Andean basins within a
radius of 200 km from the two points of introduc-
tion—the Yelcho, Palena and Petrohué Rivers in the
northern area (~42° S), and the Serrano River in the
southern area (~51° S; distances measured as the
shortest distance by sea to each river’s mouth). In the
last 5-10 years, ChS distribution in Chile has
continued to expand rapidly. However, since the
southern stockings were done several years after the
northern stockings, and because we lack information
for the Serrano River during the 1990s, we cannot
discard the possibility that the southern areas
received their colonists from the northern area rather
than from the stocking program (molecular genetic
analysis may also help to resolve this question). It is
even more difficult to ascertain the founders of the
Pacific basins of intermediate position (e.g., Aysén
and Baker). Yet, we can conclude that ChS not only
established, but rapidly colonized many new areas.

After a decade of ocean-ranching experimentation,
stocking ceased, and salmon farming (rearing in
captivity) begun. Currently, Chile is a leading
producer with over 600 thousand tons of farmed
salmon and trout harvested every year (FAO Fishery
Information 2006), a quantity so high that it inevi-
tably leads to the speculation that escapees may
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create or sustain free ranging populations. There is no
conclusive evidence that escaped farmed salmon
have given rise to wild populations anywhere in the
world (Volpe et al. 2000; Naylor et al. 2001), but we
cannot rule out the possibility that genetic contribu-
tions from farm escapees have influenced current
wild populations. The low production of farmed ChS
in Chile since 1994 (< 1% of the total production per
year; FAO Fishery Information 2006), the current
wild ChS distribution well beyond the range of ChS
farming facilities (e.g., in the Toltén, Baker, Pascua
and Magellan basins), and the presence of juveniles
in rivers indicates that escape from farms does not
account for current populations. None of the individ-
uals sampled in our field study had the morphological
traits of farmed fish (e.g., abraded pectoral or dorsal
fins, Gross 1998).

A potential ChS population from aquaculture
escapement is the land-locked population of Puyehue
Lake (41° S) (Soto et al. 2007). Natural colonization
is unlikely since the lake is unreachable by upstream
salmon migrants. However, the lake hosted a ChS
farming facility (Soto et al. 2007) and juveniles
captured in the lake’s tributaries are likely escapees
(I. Arismendi and D. Soto personal communication).
Whether this population is self-sustaining remains
unclear (Soto et al. 2007).

What makes Chinook salmon invasive?

The large South American range colonized by ChS in
the 25 years since its two successful point-introduc-
tions indicates that this species is invasive (See
footnote 1). We suggest that pre-adaptation and low
ecological resistance (e.g., spare spawning grounds,
few enemies and competitors; Elton 2000) are the
two primary characteristics allowing ChS to be
invasive in South America and probably in New
Zealand. In Facon et al’s. (2006) framework for
biological invasions, we would say there is a pre-
existing match between the ChS strain(s) introduced
and the environment encountered in southern South
America. Neither evolutionary nor environmental
changes seem to have been necessary for their rapid
spread. The only factor that prevented an earlier
natural colonization by salmon of South America
appears to have been the warm waters of the
equatorial region. The lack of success of early
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transplants before ocean ranching may have been due
to the limited number released, or due to vulnerable
early life stages stocked rather than release at the
smolt stage.

The pre-adaptation hypothesis favouring immedi-
ate invasiveness might be challenged by a hypothesis
of rapid adaptive evolutionary change. Many intro-
duced species show a time lag before becoming
invasive. Facon et al.’s (2006) framework interprets
this time lag as necessary for evolutionary and/or
environmental change to occur when introduced
species do not match the novel environment. Adap-
tive evolution may arise during the very early stages
of colonization when colonists represent a highly
selected (non-random) sample of the introduced
population (i.e. ‘favoured founders effect’; Quinn
et al. 2001). This evolutionary change could quickly
improve the fitness of the new population, acting as a
trigger for invasiveness. The corollary is that most
invasive species would undergo this process yet many
still need long time lags to become invasive. We
therefore emphasize the magnitude of the evolution-
ary change needed to match the novel environment,
and suggest that pre-adapted invasive species require
little evolution, and that their source population
already possess the required genetic variability to
succeed in the new environment. Pre-adapted inva-
sive species can of course also continue to evolve
after expanding their range (Facon et al. 2006) as
happened with New Zealand ChS (Quinn et al. 2001;
Kinnison et al. 2002, 2003).

Anadromy and homing behaviour also play impor-
tant roles in the invasiveness of ChS. Following point
introductions, homing behaviour favours initial estab-
lishment by congregating returning adults in the
vicinity of their point of introduction. Without
homing, anadromous salmon would disperse widely,
making reproduction and population growth difficult.
Homing also facilitates human production efforts as
homing fish are used as broodstock for the next
generation. Both in Chile and New Zealand, initial
releases were comprised of imported stocks, but after
a few years local returns provided the necessary
gametes to continue the stocking programs (McDo-
wall 1978; Fundacion Chile 1990). Pacific salmon
homing/straying rates vary substantially among pop-
ulations (Quinn 1993). In the Cowlitz River (putative
source for stockings in the northern site in Chile) and
in the Waitaki River (New Zealand), over 70% of

spawning adults return to their river of origin (Quinn
and Fresh 1984; Quinn et al. 1991; Unwin and Quinn
1993). These rivers are relatively short (< 100 km),
like many Chilean rivers (Table 2). While homing
rates are generally high, low (but non-zero) straying
rates have important evolutionary consequences
through both founding new runs which may involve
‘favoured-founders effect’ (Quinn et al. 2001), and
increasing gene flow among populations (McDowall
2001).

Colonization of pristine habitats is likely to occur
if there is a source population from which colonists
may be produced in sufficient numbers. Several
interacting factors determine the likelihood that
enough strays will meet at a new spawning ground
to enable successful reproduction and establishment.
The most important factors include: mortality rate,
size of the source population, distance between river
mouths, river flow (higher flow attracts more strays),
degree of dichotomy of river systems (i.e., the more
branched a river, the less likely the encounter
between strays on new spawning grounds will be),
and the physical and chemical properties of the new
river (e.g., water temperature, oxygen, and mechan-
ical barriers). A large-scale mark-recapture
experiment conducted in New Zealand revealed that
12% of recaptured individuals entered a different
river from that in which they were released. These
strays were mostly recaptured in rivers located within
a distance of 200 km from their river of origin, with a
maximal straying distance of 580 km (as measured
by sea distance from each river’s mouth; Unwin and
Quinn 1993). Although hatchery fish may display
abnormal behaviour, these empirical observations
match the early colonization rate observed both in
Chile and in New Zealand populations, where strays
appear to have colonized nearby basins (within
~200 km) within a span of 4-5 generations
(15 years). This suggests a predicable invasion rate.

Colonization: an ongoing process?

The establishment of ChS populations in South
America appears to be an ongoing process. The
lower bound of their latitudinal distribution is 39° in
both their native North American range (i.e., Sacra-
mento-San Joaquin River system) and their novel
South American range (i.e., Toltén River basin). This
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fact may not be coincidental, since it has been
suggested that oceanographic processes and their
effects on climate and biota are comparable and
similar between the Northern and Southern East
Pacific (Halpin et al. 2004). In Chile, few adult ChS
have been sighted in the closest basin north of the
Toltén, indicating that, despite the lack of apparent
barriers, warmer climate and sub-optimal water
conditions may prevent establishment further north
(Fig. 1D). Additionally, human population density,
irrigation practices, damming, and eutrophication
increase considerably toward Santiago of Chile
further preventing ChS establishment. However,
there are many more rivers in the Pacific and Atlantic
drainages of southern South America (particularly
south of 50° S) that could be colonized by ChS (if
colonization has not already occurred; Fig. 1D). For
example, the species has been spotted in the Atlantic
basins of the Gallegos River and the Grande River in
Tierra del Fuego (F. Valenzuela and G. Cortés,
personal communication). The fact that other studies
(Vila et al. 1999; Pascual et al. 2002) have not found
ChS in that region may reflect the recent spread of the
species and the lack of appropriate field surveys. The
presence of other anadromous salmonids in the area,
including rainbow trout (steelhead; Pascual et al.
2001) and brown trout (sea-trout; Baigin and Ferriz
2003) in the Atlantic rivers of Tierra del Fuego and
north of the Magellan Strait to Santa Cruz (50° S)
suggest potential for ChS colonization as demon-
strated recently by Ciancio et al. (2005). Also, rivers
in southern Patagonia are relatively close to each
other, facilitating the colonization of new rivers.
The conditions for ChS in rivers north of 50° S on
the Atlantic coast may not be as favourable as they
are on the Pacific coast at similar latitudes. Rivers
become considerably longer, with little slope in most
of their course, and the adjacent terrestrial habitat is
much drier and warmer, similar to northern Chile
(i.e., xeric habitat type; Olson et al. 1998), all of
which may result in physiological constraints upon
salmon (Fig. 1D). Also, river mouths become farther
apart, and basins become larger with several sub-
basins, all of which are characteristics that diminish
the likelihood of sufficient numbers of strays gather-
ing in particular spawning grounds to facilitate
establishment (see above). Finally, the likelihood
that ChS in South America may be pre-adapted to
relatively short rivers might diminish their capacity

@ Springer

for establishment in longer rivers: Waples et al.
(2004) showed that populations from the lower
Columbia River (putative origin of South American
ChS), and from coastal rivers between California to
British Columbia (comparable to Chilean rivers in
length), evolved from a different lineage than those in
the upper Columbia or Fraser Rivers, which require
much longer migration (e.g., <200 km vs.
>1,000 km). Each lineage has a suite of life history
traits that may favour performance solely for its
respective length of river (Waples et al. 2004).

The naturalization of ChS in South America offers
an outstanding and unique opportunity to study
contemporary evolution, ecology, and invasion biol-
ogy. The species’ broad latitudinal distribution in
South America provides an environmental cline
comparable to that found in its native range, offering
an excellent opportunity to study local adaptation.
The presumably monophyletic origin of current
populations should assist in the interpretation of
evolutionary processes. Recent introductions, the
early stage of naturalization, and apparent ongoing
colonization, all offer the opportunity to study
evolutionary and ecological processes as part of what
determines the success of invading species. Finally,
this species is a longstanding influential model
system elsewhere (e.g., Hendry and Stearns 2004)
providing excellent basis to impel advanced future
research.

Overview on expected consequences

The invasion of ChS into South America raises
issues for native biodiversity and ecosystems, as well
as for human socioeconomics. On theoretical
grounds, the evolutionary insularity of South Amer-
ican fish fauna from most North American fish fauna
may make them especially sensitive to biological
invasions (Rodriguez 2001). Each ChS ontogenetic
stage and life history type can have particular
impacts on the ecosystem and biotic community.
For example, fingerlings in fresh water may compete
for food with native fish (and with other introduced
salmonids), yet may also provide prey for native
species. Their impacts may be particularly intense
toward higher latitudes, where more juveniles seem
to spend a full year in streams (i.e., stream-type;
Healey 1991).
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In marine waters, Chile is currently experiencing
colonization by over 30 non-indigenous marine algae
and macroinvertebrates (Castilla et al. 2005), and the
addition of anadromous ChS increases stress and
perturbation to the food web. Once in the marine
environment, sub-adults have the potential to roam
several thousand kilometres as they feed and grow for
2-6 years, although ‘ocean-type’ fish tend to reside in
deep pelagic zones of coastal areas closer to their
river of origin (Healey 1991). Sub-adult ChS are
primarily pelagic and benthopelagic fish consumers
(Healey 1991; James and Unwin 1996; Behnke
2002). Based on diet data of coho salmon caught in
fjords of Chile (Soto et al. 2001a), where ocean-type
ChS may forage, predation by ChS on shoaling fishes
(including Engraulis rigens, Sardinops sagax, Nor-
manichthys crockeri, Odontesthes regia and juvenile
Macruronus magellanicus, as well as on unspecified
crustacean species) is anticipated, since coho and
ChS have similar diets in the north Pacific (Healey
1991). However, it is difficult to foresee the impact of
tens or hundreds of thousands of ChS foraging at sea.
The land-locked ChS population in Puyehue Lake is
also mainly ichthyophagous (Soto et al. 2001b).
Understanding ChS vertical and horizontal food
web interactions and their impacts on local ecosys-
tems and resources demands substantial empirical
research.

After the marine growth period, mature adults
migrate upstream from the ocean, whereupon they
spawn and die. Although ChS cease feeding after
entering freshwater (Healey 1991; this study), they
can impact aquatic, riverine, and terrestrial ecosys-
tems through the nutrients released on their death
(Soto and Campos 1995; Soto et al. 2007) as well as
parasites from the ocean (the macro-parasite fauna
found in our field survey is described in Bravo 2005).
Input of marine-derived nutrients may result in
increased basal food web production (Zhang et al.
2003; Wilkinson et al. 2005), and cascade to upper
trophic levels (Bilby et al. 1998). These are only a
few simple examples of how ChS invasion may
impact local ecosystems. A proper environmental
impact assessment involving more complex ecolog-
ical interactions is required.

From the perspective of human socioeconomics,
the presence of harvestable wild origin ChS may
create commercial and recreational marine and
freshwater fisheries comparable to those long

practiced in Pacific waters of North America and
Asia. During their upstream migration, ChS in Chile
already support a sport fishery with economic and
recreational benefits. A commercial marine ChS
fishery could also provide a substantial source of
employment in remote areas. However, the Govern-
ment of Chile has not yet officially recognized ChS as
a resource available to fisheries, and this results in
unknown (but potentially large) economic and envi-
ronmental losses. Paradoxically, ChS foraging at sea
may be harvesting significant proportions of tradi-
tional natural resources, which are subject to
restrictive harvestable quotas to local fishermen
(e.g., M. magellanicus, Merluccius australis). Stake-
holders need to develop management policies to
address the dilemmas posed by these fish—policies
that recognize the capacity to provide important
economic benefits, but also recognize the potential to
cause significant biological changes to local ecosys-
tems. Decision-making should acknowledge the
inherent complexities of the tradeoffs between pro-
tection and economic opportunities (Pascual et al.
1998). Chile has to be particularly cautious in this
matter given the high importance of its aquaculture
industry, which has long been criticized for being
environmentally subsidized (Naylor et al. 1998; Gaj-
ardo and Laikre 2003). Future research should
provide insights for management strategies, address
environmental impacts in marine and freshwater
ecosystems, and address ecological and evolutionary
processes related to the naturalization of ChS in
South America.
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Appendix A Review of Chinook salmon sighted freeranging in Chile (presence-absence database). For each basin, basin portion,
or group of coastal basins, presence (P), absence (A), or total number of individuals reported (#) is presented for four time periods

Basin (Type)* Source type 1979 1980s 1990s 2000-2004

Pacific Ocean and watersheds
draining to the Pacific Ocean

Imperial, 39° S (Pre-Andean)** Tech A? A? No study  No study
Int pa'?
Toltén, 39° S (Andean) Tech A? AP No study  No study
Int Pa! 23456 . Pj|,2,4,5
News Pa™"
Field 30a
Valdivia, 40° S (Trans-Andean) Tech A? A* No study  No study
Bueno, 40° S (Andean) Tech A? A° 61a%* ; 1° 2072 ; 1515°
Int Pa’®
News Pa'l
Maullin, 42° S (Pre-Andean) Tech A* No study A%eh 3 3,0 3
Petrohué, 41° S (Andean) Tech No study No study 364 > 50029 ;
> 10005
Int pa%101112 , pyl1
News Pa™
Field 49a
Puelo, 42° S (Trans-Andean) Tech No study No study No study ~ Pa* ; pj*
Int Pa'®
News pa*ii
Pichicolo, Cuchildeo and Tech No study No study No study 155j°
Negro, 42° S (Coastals) Int Pa26:13:14
News pa*t
Blanco, Cholgo, Quintupeu, Cahuelmo, Tech No study No study No study  No study
Huinay, and Vodudahue, 42° S Int pa26-13.14
(Coastals)
Stream near Curaco de Vélez, Tech [Few hundred]a® ; 334a’ 818a™™ ; Pa™ No study ~ No study
42°S (Coastal)
Fjords ~42° S (Sea)** Tech No study No study 17aP 2a°
Yelcho, 43° S (Trans-Andean) Tech No study A9 1a" 6a" > 10a* ; P*
Int pal516.17.18
Palena, 44° S (Trans-Andean) Tech No study A9 3a" 3a" 253 ; Pa®©
Int Pal5:1617.19
Field la
Queulat, 45° S (Coastal) Tech No study Al No study No study
Int pa?®
Cisnes, 45° S (Trans-Andean) Tech No study Af No study 2a'
Int Pa||,|5,|9,2]
Cuervo, 45° S (Coastal) Tech No study No study No study  5j"
Aysén, 45° S (Trans-Andean) Tech No study ALY No study ~ 9a"™ ; Pa* ; Pj*
Int Pals2022 ; pj1s20
Field 30a; 29j
Fjords 44-45° S (Sea)** Tech No study No study AP 3a"

@ Springer



Chinook salmon invade southern South America

Appendix A continued

Basin (Type)* Source type 1979 1980s 1990s 2000-2004
Baker (lower, below waterfalls), Tech No study No study No study No study
48° S (Trans-Andean) Int Pal820.2223.24
News pYii
Field 52a; 9j
Pascua, 48° S (Trans-Andean) Tech No study No study No study No study
Int Pa25, see also ref. ad.
Field > 10a ; 1j¥*%*
Serrano 51° S (Trans-Andean) Tech No study No study No study Pa?° (but see note
after reference)
Int No study No study No study pa'® 26 27
Prat, 51° S (Coastal) Tech No study 346a* ; Pa® No study No study
Grande in Riesco Island, 53° S (Coastal) Tech No study No study No study No study
News Paix (but see note
after reference)
Céndor and Bueno in Tierra del Fuego, Tech No study No study AY No study

54° S (Coastals)

Atlantic Ocean and watersheds draining to the Atlantic Ocean

Santa Cruz 50° S (Andean) Tech No study No study No study 57a*

Grande Bay 49-52° S (Ocean)** Tech No study No study No study 5a”

Grande in Tierra del Fuego Tech No study No study AY No study
54°S (Trans-Andean)** Int Pa!8:26

Ontogenetic stage of observed fish is also provided: juveniles (j) or adults (a). The information is classified by type of source, namely
technical reports (Tech), angler interview survey (Int), media news reports (News), or field sampling in this study (Field). References
are indicated in superscript letters (literature), numbers (interviewees), and roman numerals (news reports) as listed at the bottom of
the table. Technical reports were reviewed for every time period and basin, whereas interviews, news reports and field sampling
provided supplementary information only for 2000-2004. Basins with presence are listed from north to south

Cited literature: *Campos (1985); bCampos et al. (1985a); “Campos et al. (1985b); dCassigoli (1999); Soto et al. (2001a); Soto
(2002); &Soto et al. (1993); "Soto et al. (1997); 'Wood (1997); Jara and Soto (1996); *Pascual et al. (2002); 'Lindbergh (1982);
MReyes (1982); "Fundacién Chile (1990); °Basulto (2003); PSoto and Jara (1996) or Soto et al. (2001a); Campos et al. (1984);
"Grosman (1992); *Pascual et al. (2002); ‘Niklitschek and Aedo (2002); "Centro de Ecologia Aplicada Ltda. (2001); “Vila et al.
(1999); “Zama and Cardenas (1984); *Behnke (2002); *Niklitschek et al. (2002); “Ciancio et al. (2005); **Salmotec S.A. in Sakai
(1989); **CADE-IDEPE Ltda. (2004b) (This last study reports presence of the species based on interviews to sport fishing outfitters.);
*Baigtin and Ferriz (2003); *“Soto et al. (2007)

Sport fishermen personal communications (2003-2006): 'Francisco Javier Nualart, Temuco; %Patricio Salas and Claudio Fuentes,
Temuco; *Fermin (Rubén) Buchhorsts, Villarrica; “Mario Alarcén, Pucén; 5Sergio Maza, Sergio de la Fuente and Leonardo Ortega,
Temuco; ®Antonio Vasquez and Jorge Merifio, Los Angeles; 'Sergio Santana, Entrelagos; *Hernan Fuentealba, San Pablo; *Francisco
Castafos, Pto.Varas; '°Carlos Bretén, Pto. Varas; ''Robert Parker, Llanquihue; 2Javier Gebauer, Ranco; 13Jorge Espindola,
Hornopirén; Alfredo Stanke, Hornopirén; I5Stephan Weber, Chaiten; 15Roberto Matamala, Palena; 7pablo Schlegel, Palena;
8Gonzalo Cortés, Santiago; YGustav Basedow, Coyhaique; 2Eduardo Otarola, Coyhaique; 21 Alfredo Torres, Coyhaique; 22Claudio
Urrejola, Coyhaique; 2Carlos Benes, Cochrane; 24Alejandro Brautigam, Pto. Guadal; SEmilio Marquez, Pto. Bertrand; 2%Brancisco
Valenzuela, Santiago

News reports: IEl Diario Austral Osorno: 5 January 2001; E] Diario Austral La Araucania: 21 November 2000, 5 and 24 February,
and 19 December 2001, 26 December 2003, 28 March 2004, i'E] Diario Austral Osorno: 23 and 24 January, 19 March 2001 and 18
March 2002; VEI Diario Austral Osorno: 13 March 2004; ¥ El Mercurio: 11 May 2004; ViE] Diario Austral Osorno: 9 March 2004;
ViE] Diario Austral La Araucania: 25 March 2004, ViE] Diario Austral Osorno: 20 February 2002; ViiE] Diario Austral La Araucania:
13 March 2004; *Teletrece news report (open TV): 2 June 2004 (the video shows only a few decaying Chinook salmon and fresher
coho salmon)

Notes: * Type of basin sensu Niemeyer and Cereceda (1984). ** Not included in Fig. 1, see text. *** We confirmed this run in March
2007
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