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Abstract
Humans have been altering their environment for thousands of years both
intentionally and unintentionally. The alteration of freshwater ecosystems has been
extensive through the transfer of species across natural barriers and outside their
native range. Salmonids were introduced into the Southern Hemisphere in the mid19th century during a worldwide frenzy of plant and animal introductions known as
the Acclimatisation Movement.
Seeking to populate the streams and rivers with useful species for food or sport, brook
charr (Salvelinus fontinalis) were introduced to New Zealand during this time along
with a number of other salmonids. The introductions were haphazard and not well
documented, especially as sustained, repeated introductions from hatchery stock
continued well into the 20th century. This thesis examines the introduction of brook
charr to New Zealand in a historical perspective, then looks at the current distribution
of brook charr and some of their life history, their diet and energetics, and also
competitive interactions with native galaxiids in a laboratory experiment.
The highland streams of Otago received brook charr introductions starting in the
1880s and sporadically through the 20th century. A fishery did not develop but many
populations remain somewhat cryptically present in headwater streams, mostly
upstream of brown trout (Salmo trutta). Some of these populations were confirmed
and have a direct overlap with the native non-migratory galaxiid species complex
which is threatened or endangered.
Brook charr displayed a suite of life history traits in these streams including small adult
size, early or delayed maturation, and short life span. The life histories were reflective
of a combination of factors at each site and were mostly shaped by temperature,
growth, and interspecific competition. Growth was influenced by water temperature
and light. Fish in warmer water had good growth rates and early maturation. Fish
that were sympatric with brown trout had poorer growth but still had early
maturation that appears to be a resource allocation strategy. Fish in the cold, high
altitude water had slower growth but lived longer and had delayed maturation.
An examination of the energy available as invertebrate drift showed differences in the
available energy available to fish and that was used to model growth and compare to
observed growth. All sites were found to have sufficient invertebrate drift to support
the populations. Diet was also examined and analyses indicate a significant overlap
between charr and trout.
Competitive interactions were measured between brook charr and galaxiids in the
laboratory. Galaxiids changed their behaviour in the presence of brook charr in a way
that would have negative implications for a population and would make cohabitation
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of a stream very unlikely. Given these conclusions brook charr will persist in Otago for
decades or longer and will remain a threat to native fish.
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Chapter 1

General Introduction

1.1 Human expansion
We are now in the Anthropocene age where the human race is leaving its mark on the
earth in various ways (Crutzen 2002). Some geologists and climate scientists argue that
the Anthropocene should start in the modern era at the industrial revolution (Steffen,
Grinevald et al. 2011) or after World War II (Zalasiewicz, Waters et al. 2015, Waters,
Zalasiewicz et al. 2016), while others contend that the permanent effects of humanity
began in antiquity as soon as we became efficient enough to hunt some animals to
extinction and thereby change those ecosystems (Doughty, Wolf et al. 2010) or became
settled enough to domesticate plants and animals (Smith and Zeder 2013). Only time
will tell and history decide where the Anthropocene begins, but within this wide period
of human history, large scale human migrations and resettlements have affected
permanent change in the landscapes colonised by humans.
Habitat alteration occurs through numerous human actions such as agriculture,
resource use, or land development. Understandably people have always tried to
modify their surroundings fit their needs and that desire has carried through to
Western Civilisation which always seeks to remake, improve, or conquer what already
exists (Merchant 2003). The alterations of landscape that result from human migration
and expansion have facilitated human mediated species invasions (Floerl, Pool et al.
2004) and caused many extinctions (Clavero and García-Berthou 2005). Freshwater
systems have been severely impacted by these alterations (Dudgeon, Arthington et al.
2006) where extinctions are occurring at a disproportionately higher rate compared to
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terrestrial and marine systems (Strayer and Dudgeon 2010, Burkhead 2012) and likely at
a frequency ten times higher than previously thought (Lamkin and Miller 2016).

1.2 Expansion of Salmonids
The worldwide distribution the Salmonids, family Salmonidae, is tangible evidence of
the influence of Western Civilization and the belief that nature could be improved
upon. Originally a circumpolar family of cool to cold freshwater fish of the Northern
Hemisphere, Salmonids now have a worldwide distribution following an extended
period of translocations in the 19th and 20th centuries led by the Acclimatisation
Movement and related efforts (MacCrimmon and Marshall 1968, MacCrimmon 1971,
MacCrimmon, Gots et al. 1971, Moyle 1976, McDowall 1994, Rahel 1997, Draper 2006).
The most widespread genera include the trout and salmon (Salmo, Oncorhynchus) and
charr (Salvelinus). This group is arguably the most successful and important to humans
of any of the freshwater fish and their importance to humanity cannot be overstated.
For instance, Atlantic salmon (Salmo salar) fishing rights were included in the Magna
Carta in 1215 to prevent the monarchy from interfering with the harvest of the land
owners (Griffiths, Ellis et al. 2011). Before that, the Romans built weirs in the United
Kingdom and Europe to take advantage of the migration runs to feed their vast armies
(Schmitt 2015).

1.3 Effect of Salmonids on native fish
The overwhelming success, following a huge effort, of the introduction of salmonids
outside their natural range has had impact on the native fish in the receiving systems.
In addition to impacts from predation (Crowl, Townsend et al. 1992, Townsend 1996,
Pascual, Macchi et al. 2002), salmonids have also been implicated in the decline of
2

native species through competition, displacement, hybridisation, and trophic changes
(Fausch and White 1981, Larson and Moore 1985, Townsend 2003, Kitano 2004,
McDowall 2006, McHugh and Budy 2006, Blanchet, Loot et al. 2007, Pascual, Lancelotti
et al. 2009, Young, Dunham et al. 2010, McIntosh, McHugh et al. 2012).
Family Galaxiidae of the Southern Hemisphere has been particularly ravaged by
introduced salmonids (McDowall 2006). New Zealand is home to many endemic
galaxiid species, many non-migratory, that have been on the decline since brown trout
(Salmo trutta) were introduced to New Zealand in 1867 and successfully naturalised
(McDowall 2003). That successful introduction was soon followed by the naturalisation
of rainbow trout (Oncorhynchus mykiss), quinnat salmon (Oncorhynchus tshawytscha),
and brook charr (Salvelinus fontinalis) (Thomson 1922, McDowall 1994). Brown trout,
rainbow trout, and quinnat salmon each developed into fisheries and have become part
of New Zealand culture.

1.4 Study species
Brook charr (Salvelinus fontinalis) are native to Eastern North America from the
Appalachian Mountains in the United States, north to Hudson Bay in Canada and from
the Atlantic Ocean east to the Great Lakes (Fausch 2008). Known for their beauty, they
are the smallest of the genus Salvelinus and are the shortest lived (Power 1980). Their
preferred temperature range is approximately 10°– 19°celsius (Coutant 1977, Power
1980). Their popularity as a sport fish and the ease with which they can be raised as a
hatchery fish led to widespread transfer both inside and outside their native range
starting in the mid-19th century. At the same time brown trout and rainbow trout were
being widely distributed in the Eastern United States, and the effect on native brook
3

charr was negative as they retreated to higher elevations (Powers 1929). While
struggling in their native range, an impressively flexible life history has allowed them to
become a persistent invasive species in the Western United States, Europe, and Japan.
Brook charr were transferred across the equator in 1877, from the United States to
New Zealand where they were cultured and widely introduced, especially on the South
Island.

1.5 Brook charr in New Zealand
Brook charr naturalised in New Zealand in many upland streams on the South Island,
but never developed into a significant fishery, and were then largely forgotten except
by fisheries professionals and those who considered them to be a potential threat to
native galaxiids (Allibone and McDowell 1997, Allibone 1999). There is a concern
because introduced brook charr have been documented to compete with native
salmonids (Dunham, Adams et al. 2002, Gunckel, Hemmingsen et al. 2002, Levin,
Achord et al. 2002, Kitano 2004, Peterson, Fausch et al. 2004, Rieman, Peterson et al.
2006, Korsu, Huusko et al. 2007, Spens, Alanärä et al. 2007) and like brown and rainbow
trout, likely have a competitive and predatory advantage over native fish in New
Zealand because of their life history traits of large egg size, large precocious larvae,
aggressive behaviour, and large relative size (Townsend 2003). A negative effect on
galaxiids is assumed because research has shown the direct effects of brown trout
predation on non-migratory galaxiids (McIntosh 2000), and that brown trout presence
affects the behaviour, habitat use, activity, and feeding of non-migratory galaxiids
(McIntosh, Townsend et al. 1992, Edge, Townsend et al. 1993). In addition, brook charr
appear to have a clear niche overlap with galaxiids as they both require
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macroinvertebrate prey and pool/riffle/run habitat for drift-feeding, especially in small
headwater streams (Fechney 1988, Glova and Sagar 1991).
The life history of brook charr and their threat to native fish in New Zealand has not
been investigated. I hypothesise that brook charr are expressing the same plasticity in
life history in New Zealand that they demonstrate on other continents and that brook
charr would have a negative effect on galaxiids in the same reach even when there was
a low risk of predation due to low density, small size disparity, and a surplus of
invertebrate drift.

1.6 Aim
The aim of this thesis is to document some aspects of the life history of naturalised
populations of brook charr (Salvelinus fontinalis) in Otago, New Zealand, and compare
those life history aspects to other populations around the world, and determine if the
brook charr in Otago pose a threat to native galaxiids.

1.7 Thesis structure
Chapter 2 – Brook charr in New Zealand: past and present
The first chapter reviews the historical introductions of brook charr and defines the
current known distribution in Otago.
Chapter 3 – Some ecological aspects of 5 populations of brook charr in Otago and
sympatry with brown trout
This data chapter examines some life history aspects of five populations of brook charr
and compares some ecological aspects of sympatric brook charr and brown trout in
Otago.
5

Chapter 4 – An analysis of diet, invertebrate drift energy, and growth potential
modelling of 5 populations of brook charr in Otago
This data chapter analyses the energy available as invertebrate drift at each site,
examines the diet of fish populations and models the growth of brook charr and brown
trout present in five highland streams in Otago, aiming to determine whether fish
populations are habitat or energy-limited.
Chapter 5 – Interspecific competition between brook charr and galaxiids
This experimental chapter examines interspecific competition between brook charr and
galaxiids in a laboratory setting.
Chapter 6 – General Discussion, invasion potential, and recommendation to eradicate
brook charr
This general discussion summarises the key findings of the previous chapters and
describes the invasion potential of brook charr and the implications for galaxiid
conservation management.
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Chapter 2

The History of Brook Charr in New Zealand

2.1 Introduction
Invasive species theory predicts that once an introduced species gets a foothold,
subsequent invasions are easier (Taniguchi, Fausch et al. 2002), and invasive species can
facilitate invasions by other species (Simberloff 2006). Humans (Homo sapiens) are
arguably the most invasive species in the history of the earth (Brown and Sax 2004) and
our actions and measurable impacts on all of the Earth’s ecosystems make this an
unavoidable conclusion (Vitousek, Mooney et al. 1997). Humans have not only
facilitated subsequent waves of further invasion by humans, but have also facilitated
the spread of countless other species (Floerl, Pool et al. 2004) far outside their native
range and caused many unintentional extinctions (Clavero and García-Berthou 2005).
The total effect of both intentional actions and unintentional consequences is
pronounced in freshwater systems (Dudgeon, Arthington et al. 2006). Non-native
freshwater fish introductions have had numerous negative effects on native fish
including extinction (Cox and Lima 2006, McDowall 2006) and ecosystem changes
(Rahel 2002, Moyle and Marchetti 2006).
Salmonids have received the most attention and human assistance of translocated fish,
and their worldwide introduction outside their natural range has resulted in well
documented harm to native fish in the receiving systems. Salmonids have been
implicated in the decline of native species through competition, predation,
hybridisation, displacement, and trophic changes (Fausch and White 1981, Larson and
Moore 1985, Crowl, Townsend et al. 1992, Townsend 1996, Townsend 2003, Kitano
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2004, McDowall 2006, McHugh and Budy 2006, Blanchet, Loot et al. 2007, Pascual,
Lancelotti et al. 2009, Young, Dunham et al. 2010, McIntosh, McHugh et al. 2012).
In the Northern Hemisphere, brook charr (Salvelinus fontinalis) are one of the widely
introduced salmonids, and often compete with native salmonids like cutthroat trout
(Oncorhynchus clarkii) (Dunham, Adams et al. 2002, Peterson, Fausch et al. 2004) and
bull charr (Salvelinus confluentus) (Gunckel, Hemmingsen et al. 2002, Rieman, Peterson
et al. 2006) in Western North America and white-spotted charr (Salvelinus leucomaenis)
in Japan (Kitano 2004). Brook charr are listed on the 100 most invasive species in
Europe (DAISIE 2009) where they have been thought to displace brown trout (Salmo
trutta) in at least a few headwater streams (Korsu, Huusko et al. 2007) and lakes (Spens,
Alanärä et al. 2007). Brook charr have also been widely introduced into the Southern
Hemisphere where their impact on native fish remains largely unstudied. In South
America, new introductions and development of salmonid fisheries are ongoing and
brook charr are already wide spread in Patagonia but their impact is only beginning to
be investigated (Vigliano, Alonso et al. 2007).
The effort of the transplantation of salmonids to every part of the world in the 19 th
century was fostered by the Acclimatisation Movement which started in Britain in 1860
(Draper 2006). New Zealand’s first acclimatisation society was formed in 1861, and
another 22 or 23 societies followed shortly after (Draper 2006). Fish, especially
salmonid, introductions were the main focus of these groups, and where most of the
time and money was spent over the next century (McDowall 1994).
Salmonids were introduced to New Zealand starting in 1867. Brown trout naturalised
easily and colonised new areas and, together with rainbow trout (Oncorhynchus
8

mykiss), now cover nearly 100% of New Zealand systems from the sea upstream to 1 st
order streams (McDowall 1990, McDowall 1994). This success has taken its toll on
native fish, and trout have been implicated as the major contributor to the decline and
fragmentation of galaxiid (Galaxias spp.) populations (Townsend and Crowl 1991,
Crowl, Townsend et al. 1992, McDowall 2003, McIntosh, McHugh et al. 2010). Brook
charr introductions started in 1877, and the species was widely stocked in Otago
(Thomson 1922, McDowall 1994, Dorsey 2013).
A negative impact by brook charr on galaxiids in Otago is suspected (Allibone and
McDowell 1997, Allibone 1999), but has not been directly investigated. Brook charr,
like brown and rainbow trout, likely have a competitive and predatory advantage over
native fish in New Zealand, because of their life history traits of large egg size, large
precocious larvae, aggressive behaviour, and large relative size (Townsend 2003). A
negative effect is suspected because research has shown the direct effects of brown
trout predation on non-migratory galaxiids (McIntosh 2000) and that brown trout
presence affects the behaviour, habitat use, activity, and feeding of non-migratory
galaxiids (McIntosh, Townsend et al. 1992, Edge, Townsend et al. 1993). In addition,
brook charr appear to have a clear niche overlap with galaxiids since both require
macroinvertebrate prey and habitat for drift-feeding, especially in small headwater
streams (Fechney 1988, Glova and Sagar 1991).
This is the history of a very intentional, deliberate, and intensive effort to naturalise
brook charr in New Zealand from 1877 to 2004. In this chapter I give a historical
overview and relate historical introductions to recent records (naturalised populations).
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There is a gap in knowledge, and this review is of what happened and what is known of
the populations today.
2.1.1 Historical background of the settlement and Acclimatisation Movement in New
Zealand
New Zealand provides an interesting framework in which to understand the impact of
species introductions as it the most recently settled corner of the planet by both
aboriginal and European colonisation. The Polynesian ancestors of the Maori first
arrived on the North Island of New Zealand approximately 735 years ago (Wilmshurst,
Anderson et al. 2008), and brought Pacific rats, dogs, and varieties of edible plants to
use. New Zealand offered them seafood, fish stocks, and varied bird species. Many fish
and seafood species survived exploitation by the Maori, but the moa (Aves:
Dinornithiformes), a species complex of large wingless birds, did not survive Polynesian
colonisation and were hunted to extinction in as little as 100 years (Perry, Wheeler et
al. 2014).
Captain James Cook claimed New Zealand for Great Britain in 1769 (New Zealand
Official Yearbook 1893), and gets credit as the original acclimatisation proponent for
trying to naturalise pigs, goats, geese, and potatoes, cabbage, and other vegetables.
Following the colonial claim by Great Britain, there was a 100 years of relative peace in
Europe between the end of Napoleonic era and World War I that saw the expansion of
Western European society across the world. One of the dominant cultural themes of
the time was that society or life in general could be made better through an active
manipulation of the natural world based on informed, science based decisions.
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British colonists started arriving in New Zealand in large numbers in the second half of
the 19th century. Introductions of exotic species would have been attempted at the
individual level whereby settlers brought seeds or animals with them wherever they
settled. Despite the long established Maori fisheries that utilised native species like
eels, lampreys, galaxiid whitebait, common smelt, and native grayling, the colonists
wanted a familiar fish fauna in New Zealand. Prior to the successful naturalisation of
brown trout, the British found New Zealand’s rivers to be “destitute” or “scantily
stocked” with fish, and that “useful species” should be introduced because the native
fish attracted “little popular interest” (Allen 1956, McDowall 1994).
In 1864, Alec Johnson, a British emigrant bound for Christchurch, travelled by tall ship
with arctic charr, goldfish, gudgeon, bleak, barbel, rudd, roach, dace, minnows, tench
and perch. The voyage took 98 days and all the fish died, except for a couple of
goldfish, before they reached the port at Lyttelton (Thomson 1922). That same year,
James Youl, succeeded in importing ice-packed Atlantic salmon and brown trout ova
from Europe to Australia. Mr. Youl’s previous attempts to import live salmonids in 1841
and 1852, and irrigated ova in 1860 and 1862 had failed (Clements 1988). The
successful shipment was significant for New Zealand because subsequently Alec
Johnson bought the offspring of those brown trout from a hatchery in Tasmania,
Australia, and brought the first trout to New Zealand in 1867 (Thomson 1922).
In those same years the Acclimatisation Movement started in New Zealand and
Australia. The first society was formed in Auckland in 1861 (McDowall 1994), and
ultimately there were 22 societies around New Zealand that operated from 1861 to
1990 when the Fish and Game councils were established (McDowall 1994, Halford
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2011). New Zealand embraced the Acclimatisation Movement like no other country
and had the strongest acclimatisation effort in the world with more than half of all the
societies worldwide (Draper 2006). The most intense efforts were directed at
establishing fish (Thomson 1922, McDowall 1994). Their attempts may seem haphazard
or ridiculous when measured by today’s ethics but the stated function of all the
societies was the “introduction, acclimatisation and domestication of all innoxuous
animals, birds, fishes, insects, and vegetables whether useful or ornamental” (Draper
2006). Clearly, the goal of the Movement was to import and establish as many species
as possible.
Otago had one of the most active Societies which formed in 1864 and it aimed to
“people our tenantless waters with valuable food fishes” (Arthur 1881). An additional
fundamental goal, according to McDowall (1994), was to allow everyone access to
hunting and fishing opportunities in New Zealand regardless of wealth or property
ownership. Fishing and hunting in Britain was historically only for the privileged, so the
settlers of New Zealand had a priority to equalise opportunity so that all people had the
ability to fish and hunt. That ethos is still widely present in New Zealand culture and is
voiced if there is any hint of payment for river access or surrounding the idea that
brown trout could be commercially harvested or raised for meat (McDowall 1994).
Salmonid fish introductions represented an intense, organised, and sustained effort
lasting more than 100 years, beginning in 1864 with the successful transport of brown
trout ova from London to Melbourne. Brown trout were just an afterthought on that
journey, as the real goal was the introduction of Atlantic salmon. Brown trout were
soon successfully established throughout southern Australia and New Zealand and
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hence the later and continuing efforts of the acclimatisation societies was mostly
concentrated on establishing Atlantic salmon, along with several other species. By this
time, though, brown trout and brook charr were not being regularly imported because
they had established themselves either in the wild or as a hatchery stock.
Acclimatisation societies were a perfect embodiment of Victorian society, representing
an organised, science-based approach to reshaping or supplementing nature to fit their
ideal. “Nature dominated the English sensibility”(Altick 1978) and was viewed as
something that could be improved upon with a reasoned, experimental approach, but
never permanently harmed or destroyed by Man (Hughes 1971). Man was considered
outside of Nature and under divine blessing to have Nature serve the needs of
humanity, in the same way that the salmonids had already been serving Man for
thousands of years. Just as Captain Ahab was not able to kill Moby Dick in Herman
Melville’s 1851 novel, so most thought at the time that any of our actions, like fish
introductions, could not harm Nature, the untameable titan (Hughes 1971).
What we share with those of the past is the same desire for positive change or the
desire to do no harm, and like them, we have to make decisions with the information
we have, not the information we wish we had. So, it is in that forgiving context, the
Acclimatisation Movement should be viewed. They did not act out of malice toward
native flora and fauna, only out of a genuine desire to make things better for everyone.

2.2 Methods
In this study, brook charr records were examined and collated through review of
historical data from the acclimatisation societies, New Zealand Fish and Game (NZFG),
the New Zealand Freshwater Fish Database (NZFFD), and the University of Otago Library
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and its associated libraries, including the Hocken Library. Additional records were
gathered through personal communications and interviews.
To compile a historical overview of brook charr in New Zealand, all available brook charr
records were reviewed. The records consisted of importation records, hatchery
records, numbers of fish stocked and locations or watersheds where stocked, survey
data, visual observations, and general information about brook charr in Otago. All
records were considered. Two important histories were the 1922 publication The
Naturalisation of Animals and Plants in New Zealand by George Thomson, in which
Thomson tries to summarize and document all the major acclimatisation work of the
previous 60 or more years, and Robert McDowall’s 1994 Gamekeepers for the Nation:
The Story of New Zealand's Acclimatisation Societies, 1861-1990 which is a fish centred
view of the history of the acclimatisation societies in New Zealand.
To get the summary of known data, the electronic records in the New Zealand
Freshwater Fish Database (NIWA 2013) were accessed, and the records of the Otago
Acclimatisation Society were reviewed at the Otago Fish and Game office in Dunedin.
In addition, the catalogues of the University of Otago library and the Hocken library
were searched using “brook char” with one “r” and “salvelinus” as key search terms.
To gather what was known by current professionals, information was compiled through
personal communications, by both electronic mail and in conversation with Gerry Closs,
Richard Allibone, Niall Watson, Pete Ravenscroft, Daniel Jack, Morgan Trotter, Ian
Hadland, Donald Scott, Cliff Halford, Aaron Horrell, Kim Garrett, Mary Lee, Monty
Wright, Bob South, Dave Murphy, and Dick Marquand, each describing the populations
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they had first-hand knowledge of through sampling, stocking, fishing, direct
observation, and hearsay.
To confirm that brook charr were still present in Otago, a survey was done of some of
the known populations and to verify some of the NZFFD records. Field surveys were
conducted from June 2011 to December 2011 based on previous records of stockings
and occurrence. Brook charr were collected by backpack electrofishing (EFM300, NIWA
Instrument Systems, Christchurch, New Zealand) (400 – 600 volts) pulsed DC (see
Jellyman and McIntosh 2008 for more equipment description). All captured fish were
sedated with a 2% solution of AQUI-S (Isoeugenol; AQUI-S New Zealand, Ltd., Lower
Hutt, New Zealand), identified and measured for total length.
Additional records and confirmations were obtained by electrofishing field surveys
conducted during the concurrent research projects of Manna Warburton, who studied
the life history of Torrentfish (Cheimarrichthys fosteri) in Canterbury, Otago, and
Southland for his PhD project, Peter Jones, who studied the life history of the Galaxias
vulgaris species complex in Otago and Southland for his PhD project , and James
Shelley, an MSc student who studied the effect of water abstraction on brown trout and
galaxiids in the Ida Burn catchment in Otago.
This research was approved by the University of Otago Animal Ethics Committee.

2.3 Results
2.3.1 Historical records
Introductions of brook charr to New Zealand started in 1877. Alec Johnson was the first
person to successfully import brook charr, receiving a stock of eggs from New York via
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San Francisco in March 1877. He then sold brook charr to various acclimatisation
societies, from which they were then released into many streams around the country.
All in all, Alec Johnson was responsible for dozens, possibly hundreds, of plant,
invertebrate, and animal importations and distributions for introduction (Thomson
1922).
The Auckland Acclimatisation Society also imported in ova in 1877, but only 400
hatched and were liberated immediately in North Island streams that were probably
too warm, and none were kept for brood stock (Figure 2.1). Other early North Island
introductions were also failures probably due to summer temperature, but later
introductions on the volcanic plateau at cooler, higher elevations were successful
(Fechney 1988). Of those, the largest number of records for the North Island are from
the Moawhango River system, both upstream and downstream of Lake Moawhango.
There is limited access to this area as it is a training ground for the NZ army.
Downstream of Lake Taupo, the brook charr in the Te Rautehuia and Wairakei Streams
are currently used by Eastern Fish and Game as a source of stock to breed tiger trout
(Salmo trutta x Salvelinus fontinalis) that they release into Lake Rotoma. Also, Lake
Hinemaiaia provided a well-known fishery 1970s, but has since filled with pumice,
although the charr remain upstream in the headwaters in the Waiwhiowhio Stream
(Fechney 1988, McDowall 1994, South 2012).
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Figure 2.1 – North Island brook charr introductions and populations from NZFFD (2011), Bob South (2012), and
Thomson (1922). Surviving populations have green borders and failed introductions red borders. The successful
introductions are at elevations of 490 metres asl and higher and the failed introductions were all below 300 metres
asl.
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On the South Island, Alec Johnson was not operating as part of the Canterbury
Acclimatisation Society, but ran his own personal acclimatisation and small zoological
society. The Canterbury Society attempted to bring in brook charr ova in 1883 in two
different shipments, and when both failed they turned to Alec Johnson and bought 100
fry. They must have successfully used them as brood stock because they had a surplus
and sold 400 fry to the Otago Acclimatisation Society in 1885, who also purchased 50
fry from Alec Johnson that year (Thomson 1922).
Those purchases represent the beginning for brook charr in Otago, as the Otago
Acclimatisation Society successfully reared them in both the Opoho and Clinton
hatcheries (Arthur 1881, Thomson 1922). The following year they liberated 1400 fry,
and in 1887 they liberated 18,000 fish and gave at least 2300 to other societies (Otago
Acclimatisation Society 1887). By 1888 the Otago Acclimatisation Society was hauling
brook charr to the Manuherikia valley, an impressive feat considering it would have
been a multi-day journey keeping fish alive in a horse drawn wagon 15 years or so
before the railway was extended to the area (Otago Acclimatisation Society 1888). One
of the only identifiable liberation locations was the 400 brook charr released into
Dunstan Creek near St. Bathans in 1888. I was able to find and view this record in the
original hard copy Otago Acclimatisation Society annual report for 1888. The other
annual reports did not reveal any specifics other than a record from 1915 that noted
that 800,000 brook charr had been liberated to date. Both of those records were also
mentioned by Thomson (1922). Within that time period, 1886-1897, there were
373,000 brook charr released in Otago (McDowall 1994) and by subtraction indicates
that 427,000 were distributed between 1897 and 1915.
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According to Thomson (1922), the Otago Acclimatisation Society wrote an annual report
every year, but at the time of his research many records were missing, and neither the
Society nor the members could find any additional copies. McDowall (1994), writing
more than 70 years after Thomson, was not able locate specific brook charr records
either. So the detail of this movement are scant, especially the first 30 years when
brown trout and later brook charr were stocked in hundreds of streams on the South
Island. Liberation records for brook charr are almost non-existent, but it appears as if
brook charr introductions were widespread and haphazard. The records of the Otago
Acclimatisation Society were not all accessible at the time of research. Some records
are believed to exist, but could not be located. For instance, many Otago
Acclimatisation Society annual reports and records were sent to be archived at the
Hocken Library (Wright 2011) and the Wanaka hatchery records sent to Otago Fish and
Game (Halford 2011), but could not be accounted for at the time of my research. Fish
and Game New Zealand was the successor to the acclimatisation societies, and as such,
the Otago Fish and Game office is the curator of the records of the Otago
Acclimatisation Society. There appears to be a significant gap in the information for the
50 years between about 1922 and 1970 for which informal records may be missing or
lost. Thomson (1922) wrote that history was already being lost as the first two
generations of those involved in the Acclimatisation Movement and the early import
and introduction of freshwater fish were either dead or dying, and that because of a
lack of a history of their efforts, especially the failures, such failures were bound to be
repeated.
What is known is that the Wanaka hatchery operated from 1950 to 2009. Brook charr
brood stock was kept at the hatchery and hundreds of thousands of brook charr were
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stocked around Otago. Prior to the Wanaka hatchery opening in 1950, the Southern
Lakes Acclimatisation Society, one of two societies run by the New Zealand
government, only kept handwritten records (Halford 2011).
There was an attempt to establish a population of brook charr in the Benhar watershed
in Frasers and Lovells Creeks with an Otago Acclimatisation Society record of stocking
on the successive years of 1914, 1915, and 1916. According to Otago Fish and Game
staff, this population did not survive (Riddell, Watson et al. 1988). Those creeks are at a
low elevation of 100 – 200 metres above sea level in Otago and may have been too
warm in summer, and were probably home to established brown trout populations.
2.3.2 New Zealand Freshwater Fish Database
The NZFFD proved to be accurate for the most recent records. Prior to the creation of
the NZFFD, fish encounter data was submitted on a “freshwater fish survey” form or
“card” and sent in to the Ministry of Agriculture and Fisheries. All the cards were input
and formed the foundation of the NZFFD.
I was able to independently verify that the records in the NZFFD are true
representations of what was recorded on the original data cards. This was possible
because some of the original data cards were kept on file at Fish and Game Otago and I
was able to compare the original card to the electronic records in the NZFFD and verify
that they were accurately entered. The data cards on file at Fish and Game Otago were
from a period in the 1980s and were focused on records of brook charr from the Upper
Manuherikia River valley, upstream of Falls Dam. That survey was the result of a
fisheries investigation, and these brook charr populations were confirmed through a
field survey in September 2011 and one of the streams, Pierce’s Gorge, was selected as
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a more intensive field study site. I was able to verify the accuracy of the NZFFD records
for many of the brook charr records in Otago by looking through the records of the
Otago Acclimatisation Society that are housed at the Fish and Game Otago office. The
records in the NZZFD were accepted as valid records with only a couple of exceptions.
The NZFFD contained 173 brook charr records when examined in 2011 that span 90
years from 1919 to 2009 with 91% of those records being more recent from the period
of 1980 to 2009 (see table of records in Appendix 2.1 at the end of this chapter). The
records are distributed over 5 catchments on the North Island and 13 catchments on
the South Island. All record locations are plotted on the maps in Figures 2.2, North
Island records and 2.3, South Island records.
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Figure 2.2 - Map of North Island brook charr records ( ) from the New Zealand from NZFFD (NIWA, 2011). The
darker, solid cluster represents multiple overlapping records. The most recent records are from the surviving
populations on the central plateau and of those the largest cluster is 12 records from the Moawhango River and are
centred around Lake Moawhango.
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Figure 2.3 - Map of South Island brook charr records ( ) from the New Zealand from NZFFD (NIWA, 2011). The
darker, solid clusters represent multiple overlapping records. The largest, darkest cluster visible is the upper
Manuherkia River, upper Ida Burn, and upper Kye Burn which total about 70 records.

2.3.2.1 Manuherikia River
The best set of occurrence records centre around the upper Manuherikia River valley
(Figure 2.4) in Central Otago which lies at latitude -44.84, longitude 169.92. This area
was an early focus of brook charr liberations, but details are few and far between. The
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only specific release recorded by the OAS is in Dunstan Creek in 1888, and that was
successful as I was able to confirm that brook charr were still present in Dunstan Creek
during a survey in 2012. Undocumented liberations continued in the upper
Manuherikia River tributaries until 1949 (Riddell, Watson et al. 1988).

Figure 2.4 – Map of Upper Manuherikia Valley showing survey locations from the 1980s that were confirmed by this
study in 2011.
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The Otago Acclimatisation Society surveyed the area above Falls Dam from 1981 – 1988
because of outside interest in developing a lignite mine in the valley. Those records are
summarised in a report, Riddell, Watson et al. (1988), were added to the NZFFD, and
represent the most detailed records I could find on brook charr. I surveyed most of
those streams and confirmed that the brook charr are still there in every creek on the
eastern side of the valley (Figure 2.4).
Downstream, in the southwest of the Manuherikia valley, brook charr were caught in
Lauder Creek by University of Otago staff in 2008 (Garrett 2011), but my survey only
revealed brown trout.
2.3.2.2 Ida Burn
The Ida Burn was surveyed above the water race in July 2011, upstream to the point
where there is only a single channel at an elevation of 780 metres. The NZFFD contains
three records of brook charr and brown trout coexisting from 1982 and 2000. The year
of first introduction is unknown, but it was probably before 1900. Only brown trout
were caught during July 2011, however a few brook charr were caught just above and
below the water race in November 2010 and April 2011 during surveys for a concurrent
research project (Shelley 2011).
2.3.2.3 Kye Burn
The Kye Burn valley was surveyed at different locations from July through November
2011. The date of first introduction of brook charr to the catchment is not known,
however, Naseby and the surrounding area was of interest to early tourists and it seems
likely that brook charr were stocked in the area at the end of the 19 th century.
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The Ewe Burn West Branch below the dam was surveyed on 10 November 2011, but no
brook charr were caught. There was reportedly brook charr caught here at some time
previously by Otago Fish and Game. The NZFFD has records of brook charr from 1996
and 1997 from the Ewe Burn East Branch. I was not able to gain access to these sites
which are in a forestry block. There is also a record of brook charr for No. 2 Spec Gully,
but I was also unable to gain access upstream. I did survey at the road but did not catch
any fish.
Pisgah Creek is somewhat unusual in that it did support a population of brook charr, but
does not contain brown trout. I believe brown trout are prevented from moving
upstream by a road culvert just upstream from the confluence with the Kye Burn.
Pisgah Creek does not appear in the NZFFD, nor is it named on most maps. This
population was known to University of Otago staff from other research (Garrett 2011).
Boundary Creek was surveyed at an elevation of 670 m, where only brown trout were
caught, and 730 m where brown trout and brook charr were both caught. This pattern
of coexistence agrees with the records in the NZFFD from 1982 and 2000 that were at a
similar elevation. The year of first introduction either species into Boundary Creek is
unknown, but it was probably before 1900.
2.3.2.4 Shag River
The NZFFD contains a record of brook charr from Pigroot Creek from 1967 in the
headwaters of the Shag River. The record also shows the presence of brown trout, eels,
and galaxiids. This site was sampled multiple times between September 2011 and May
2013 for a concurrent project and was dominated by galaxiids with brown trout being
rare. No brook charr were recorded from this stream.
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2.3.2.5 Waipori River
The upper Waipori River catchment records in the NZZFD are predominantly from
Department of Conservation work in 2006. Munro’s Creek was chosen as a focus site as
the brook charr release date is known to be 1970 when 200 brook charr fingerlings
were put into Munro’s Dam (Scott 2011). The wooden dam failed in 2009 and brook
charr have spread downstream (Figure 2.5), and forced galaxiids further downstream
based on monitoring data from the Department of Conservation (Jack 2011) and
concurrent research (Jones 2012).

Figure 2.5 - Munro's Creek, Upper Waipori catchment. Brook charr were introduced to this watershed through a
purposeful release of fish into Munro’s Dam, a small impoundment, in 1970. Significant records of their upstream
and downstream spread are contained in the information boxes. Munro’s Creek is the type locality for the nationally
endangered Dusky galaxiid (Galaxias pullus) that was first described in 1997, and now monitored by the Department
of Conservation (DOC). As of 2013, Brook charr have invaded the entire watershed and pushed galaxiids to the steep
sections above the waterfall.
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2.3.2.6 Waitati River & Dunedin City
The brook charr records in the NZFFD from the upper Waitati River in 1963 and 1992
and other records in and around Dunedin, including Bethune’s Gully (Flain 1987), are
likely the remnants of local stockings from the Otago Acclimatisation Society’s Opoho
hatchery that did not naturalise or misidentifications of small brown trout. The original
hatchery operated from 1868 to 1888 (Figure 2.6), and was the site from which the first
brown trout were introduced in New Zealand in 1868. I surveyed the Waitati River in
June 2011 from the headwaters down to the estuary, and the only fish present were
brown trout including a sea run fish of at least 800 mm in length. There have been no
recent reports, reliable or anecdotal, from the Dunedin catchments in recent years.

Figure 2.6 - Sketch of Otago Acclimatisation Society hatchery at Opoho, Dunedin c.1880 from Arthur (1882).
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2.3.2.7 Shannon Stream
Donald Scott (2011) said that Shannon Stream, near the old Shannon school, had a
breeding population of brook charr and that it was one of his favourite fishing spots in
the 1960s. He had written records of these visits that I was able to review. There is
also a record in the NZFFD from this time. Shannon Stream is a tributary of Deep
Stream. The year of first introduction is unknown, however, this area was of interest to
the Otago Society as Deep Stream was one of the first streams to receive brown trout in
1868-1870. I conducted a survey of Shannon Stream in September 2011 and did not
catch or see evidence of fish of any species. I observed that cattle had unrestricted
access to the stream and the riparian zone, stream banks, and water quality appeared
degraded. This population may be extirpated. Several surveys of streams in this
catchment over the past 20 years by University of Otago staff have not recorded any
brook charr.
2.3.2.8 Dalgety Stream
The brook charr of the upper Hakataramea River catchment, specifically Dalgety
Stream, were studied in the late 1980s by Glova (1987) and Fechney (1988), and the
NZFFD contains additional records from 2006 from the Department of Conservation.
The year of first introduction is unknown for this area. This population was confirmed
as still extant by survey on 1 September 2012 (Jones 2012, Warburton 2012).
2.3.2.9 Roaring Meg
The Roaring Meg is a stream with its headwaters at the peak of Mt. Pisa in the Kawarau
River catchment. Brook charr were stocked in the Roaring Meg in 1984 in a one-off
introduction during the development of the area for the Snow Farm ski tracks (Halford
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2011, Lee 2011). Records in the NZFFD show this population was surveyed in 1995 and
spread downstream in 1996. This population has persisted and was confirmed in
December 2011 when I surveyed the stream and then used the site for the markrecapture study in Chapter 3.
2.3.2.10 Other catchments
According to the NZFFD, brook charr are present in the Nevis River valley being
recorded in 1984 and 1991. The original stocking date is unknown, but it more likely
modern release because the Nevis River did not get mentioned in any of the 19 th
century literature or by Thomson (1922). I did not try to survey the Nevis River, but
there have been surveys done in the Nevis River catchment that confirm the long term
presence of brook charr in the higher elevation tributaries (Allibone 2011, Trotter
2012). According to Otago Fish and Game, there is some interest in these populations
as Roaring Lion Creek has been targeted by an angler recently and brook charr are
present in multiple tributaries of the Nevis River (Trotter 2012). In a pattern similar to
the upper Manuherikia River, brook charr are not present in the main stem where
larger brown trout are present. By naturalising in the Nevis River watershed, Brook
charr have a potential for harm as the Nevis is home to an endemic, threatened galaxiid
species, Galaxias gollumoides, that was only described in 1997 (McDowall 1997,
Allibone, David et al. 2010).
2.3.3 Literature
The modern published literature is scant on brook charr in New Zealand. There is one
peer reviewed journal article by Fechney (1988), who studied the diet of a population of
brook charr known to Glova (1987) in Dalgety Stream, a tributary of the upper
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Hakataramea River. Flain (1987) analysed some brook charr scale samples collected
sporadically over a 35 year period from populations in Otago and Canterbury. Both
Glova and Flain published their stories in the magazine Freshwater Catch.
The other published mentions of brook charr are in the upper Waipori River watershed
as one of the threats to the endemic non-migratory galaxiids (Allibone and McDowell
1997, Allibone 1999), and as being present in many tributaries of the upper
Manuherikia River (Riddell, Watson et al. 1988). In addition, Robert McDowall
summarised his thoughts on naturalised brook charr in New Zealand by comparing
them to drunk drivers and calling them a “scourge upon society” (Jellyman 2011).

2.4 Discussion
A great amount of effort was directed at the naturalisation of brook charr in the 19 th
century. In Otago alone, hundreds of thousands of fish were liberated in the decades
between 1870 and 1920. Interestingly, because of the detailed records kept by those
involved, their letters of correspondence, and the historical detail of sea travel we know
much more about the importation voyages and arrivals of ova from the Northern
Hemisphere (Clements 1988) than about the specific activities of the acclimatisation
societies and where all the juvenile fish were stocked. Upon examination, the level of
detail in records of the Otago Acclimatisation Society was disappointing, and
surprisingly vague, and not particularly useful for this project.
Thomson, writing in 1922, concluded the same as he reflected on the first 60 years of
acclimatisation and tried to summarise the whole of the work. He called the record
keeping of the entire effort in New Zealand “very careless”. He also lamented that the
first generation of acclimatisers were deceased, and that the second generation was
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passing as he wrote, and any history not written down would pass with them. As such,
though, we do have a general idea that starting in 1888 or so, many streams of Central
Otago were seeded with brook charr, up until about 1915. As the priorities of humanity
shifted, the period between WWI and WWII saw a lull in non-native introductions in
New Zealand, US, and around the world where the total numbers of new introductions
were down (Moyle 1976, Welcomme 1992, Rowe and Wilding 2012). The
Acclimatisation Movement never again reached the level of zeal for variety that it had
in the late 19th century.
What we know of those early liberations does not contradict what is seen today. Brook
charr have naturalised in many of the places they were stocked, especially at elevations
of over 600 m. Although brook charr could have benefited from high propagule
pressure from repeated stockings, it would seem likely that in many cases they
naturalised from a single stocking. This theory is supported by Arthur (1879), reporting
on the brown trout introduction effort in Otago, who asserts that some of the streams
were only stocked once with browns and left alone. With brown trout, the Society was
off to a good start in Otago as they had stocked 133 different waters in the first 9 years
alone (McDowall 1994).
Dunstan Creek still contains charr, and I would assume that given the route to this
stream crosses both the Kye Burn and Ida Burn and would have been challenging using
horse pulled wagons, they would have stocked other creeks along the way, including
those in the upper Manuherikia River tributaries. There is a parallel in the state of
California in the US to the acclimatisation effort in New Zealand. Upon completion of
the transcontinental railroad in 1869, California saw a great increase in the effort put
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into introductions that were managed by the US Fish Commission and California Fish
Commission (Moyle 1976), which were both government agencies that functioned as
acclimatisation societies. An account from this period in California says that fingerling
rainbow trout were distributed from train cars at railroad stations to any interested
person, but workers purposely mislabelled the cans of fish to match the requested
species. So the interested person would ask for brook trout or brown trout and receive
rainbow trout, and would then go on to distribute them at will and without record
(Pister 2001). There are no records of fish ever being distributed by train in Otago, but
the “wild west” method of distribution seems to have been in place. Thomson (1922)
implies that the Otago Acclimatisation Society was one of the better of the Societies at
keeping records but still not good at storage or management of the records since many
of the original annual reports are lost. The level of detail in the surviving records from
Otago is not sufficient to track the naturalisation of brook charr. To some extent, we
know where releases occurred simply because those populations persist. I believe that
some of these locations were only stocked once and that these single introductions
were enough to result in naturalised populations that have lasted more than 100 years
and remain effectively hidden. The assumption that some of these single introductions
resulted in naturalised populations is reinforced by the recent introductions at Munro’s
Creek (1970) and the Roaring Meg (1984) both of which survived after a single modest
stocking of a couple of hundred brook charr fingerlings (Halford 2011, Scott 2011,
Wright 2011).
There was a practice in Otago and possibly other regions for years to take brook charr
and distribute them in small doses to any waterbody they passed in a “Johnny
Appleseed” fashion (Jellyman 2011). This practice went on until the 1980s and may
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have continued until the hatcheries closed and the easy access to brook charr ended.
Trying to gather a historical record of these seedings is impossible because records
were never kept of the casual stockings (Allibone 2011). Even today brook charr are still
being moved across watersheds on the North Island by Eastern Fish and Game (South
2012).
The last brook charr were released in 2004 as the Wanaka hatchery wound down,
facing a changing set of national priorities (Murphy 2011). The last remaining fish at the
Wanaka hatchery, Atlantic salmon, were released into Lake Henry in 2009 ending not
only the 60 years of effort of the hatchery (Fish & Game New Zealand 2009), but
symbolically ending the Acclimatisation Movement in New Zealand after 145 years.
Brook charr are a failure as a sport fish, or so-called “useful” species by the societies,
but they are a success as an “ornamental” species, albeit a largely well-hidden
ornament. The stated function of all the societies was the “introduction,
acclimatisation and domestication of all innoxuous animals, birds, fishes, insects, and
vegetables whether useful or ornamental.” Brook charr were “heralded with jubilant
anticipations”, but after a failure to establish a fishery were “universally regarded as a
fish not to be depended upon” (Thomson 1922).
Later McDowall gave his summary saying that brook charr were a “scourge upon
society” (Jellyman 2011) which may be true from the galaxiid point of view, especially in
Munro’s Creek. McDowall was also an early opponent of the “Johnny Appleseed”
stocking behaviour originally practiced by the Otago and Southern Lakes Acclimatisation
Societies, and then later by the Department of Conservation that ended sometime in
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the 1990s when national priorities shifted toward conservation of native fish (Allibone
2011, Halford 2011, Jack 2011, Jellyman 2011, Ravenscroft 2011).
When the brook charr liberations did not develop into a fishery many people
speculated that they had gone to sea, never to return. People were disappointed as the
brook charr was considered the most beautiful of the salmonids. In 1908, Lake Ayson,
Chief Inspector of Fisheries for New Zealand, reported to the International Fishery
Congress that, “Our people think highly of this beautiful fish and are much disappointed
because better success has not attended the efforts made to thoroughly establish them
in our waters.”
According to McDowall (1994), all of the main catchments from North Canterbury
through Otago to Southland received releases of brook charr. Only the introduction of
brook charr into Lake Emily (Canterbury) in 1939 resulted in the establishment of a
meaningful fishery. It remains the only fishery of any note, but receives very little
fishing pressure (McDowall 1994).
It is interesting to note that the ecological impacts of human activity were noticed
starting back in the 19th century. The evidence that Man was already causing
irreparable harm was pieced together by Marsh (1864) a contemporary of Charles
Darwin. In New Zealand, it was also apparent that the fish introductions and human
impacts on the environment were having detrimental effects. Ayson (1910)
commented on the status of the now extinct grayling or upokororo (Prototroctes
oxyrhynchus), “This interesting fish, however, seems to be on the verge of
extermination, owing to the introduction of trout into the rivers it inhabits, to mining,
and to clearing of the vegetation from the banks of the rivers for farming purposes.”
35

Thomson (1922) noted that “in a number of streams heavily stocked with trout, the
native aquatic fauna has been nearly exterminated.”
The conflicting values of the past versus the present have not gone away. There is still
an active debate in New Zealand about the balance of native versus sport as well as
agriculture versus water quality.
Based on my observations the brook charr range is not expanding in Otago, and
because there are patterns to the success and failure of introduction across New
Zealand, I would also suggest that brook charr are not expanding at the country scale
either. While many of the highland populations seem to be self-sustaining based on
records in the NZFFD and data collected for this study, I did not encounter any
unexpected populations while surveying hundreds of locations in Otago for this and
concurrent projects. Unlike brown trout which were able to expand their range
through migration and colonisation, brook charr appear to be dependent on human
assisted transplantation to have achieved their current range.
Brook charr are no longer being transplanted on the South Island nor are any being
raised in hatcheries and stocked. The last hatchery raised brook charr was stocked in
2004. Since then the self-sustaining populations at locations at or above 400 metres,
including the in the hills of Otago, remain as a vestige of the Acclimatisation Movement
and the focus of this study.

36

2.5

Appendix

Appendix 2.1 - Brook charr records from New Zealand Freshwater Fish Database accessed in 2011.

37

38

39

40

41

42

Chapter 3

Some ecological aspects of 5 populations of brook charr in
Otago and sympatry with brown trout

3.1 Introduction
Life history theory predicts that a species with plastic life history traits, including
indeterminate growth, can occupy a wide range of habitats in its native range (Agrawal
2001). Life history plasticity also provides a species with a mechanism for adapting to
new environments (Klemetsen, Amundsen et al. 2003).
Salmonids, especially the genera Salvelinus, Salmo, and Oncorhynchus, display
considerable life history plasticity in almost every aspect of their life history with the
exception of the need for relatively cold, well oxygenated, clean water, particularly for
spawning (Balon 1980, Willson 1997, Elliott and Elliott 2010). They can be freshwater
stream or lake dwellers, or lake-run, however, they are also are commonly
anadromous, being born in freshwater then migrating to saltwater to grow and
returning to freshwater as an adult to spawn, or even amphidromous, being born in
freshwater and migrating to the sea as a larvae to grow enough to return to freshwater
as a juvenile and grow to adulthood, and some species even have populations that are
almost exclusively saltwater with spawning in the estuary (McDowall 1997, Klemetsen,
Amundsen et al. 2003, Closs, Krkosek et al. 2015). Salmonids can be migratory or nonmigratory, usually on a spectrum, and even the same population having both “movers”
and “stayers” with migrations and anadromy increasing as temperatures decrease
(McDowall 1997). Salmonids can be exclusively semelparous, spawning only once and
dying, like the Pacific salmon or always iteroparous, spawning multiple times across
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years, or the population can be both in response to conditions by focusing on the first
spawn and delaying age-at-maturity or alternating years in order to build energy,
primarily by females (Power 1980, Willson 1997, Closs, Krkosek et al. 2015). In their
native ranges, age-at-maturity and saltwater usage increase with latitude in the
Northern Hemisphere in response to harsher conditions like food scarcity, lower
temperature, and longer winters (McDowall 1997, Klemetsen, Amundsen et al. 2003).
Mature salmonids can be as small as 60 mm, weighing less than 3 grams, to well over a
metre long and over 40 kilograms, and in both examples the fish can be just a couple of
years old or 20 plus years old depending on the species and the conditions. Fecundity
and egg size usually increase as body size increases in salmonids (Klemetsen, Amundsen
et al. 2003). Many species are autumn spawners, but some are spring, summer, or even
winter spawners (Willson 1997). Some species like arctic charr (Salvelinus alpinus),
brook charr (Salvelinus fontinalis), Atlantic salmon (Salmo salar), and brown trout
(Salmo trutta) are able to exploit an incredible range of habitat because of their
phenotypic plasticity that facilitates an appropriate response to changing conditions
(Willson 1997). This includes polymorphism, where different morphs exploit different
resources in the same waterbody and are able to coexist (Klemetsen, Amundsen et al.
2003, Noakes 2008).
Salmonid life history plasticity has meant widespread success across their native
Northern Hemisphere, where they are circumpolar and native southward to
approximately 35° N in latitude (Scott and Crossman 1973, Balon 1980, Groot and
Margolis 1991, Klemetsen, Amundsen et al. 2003). Their range has expanded,
beginning in the mid-19th century, as the interest in salmonids for aquaculture,
fisheries, sport, and zoological novelty drove innumerable transplants as fish were
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assisted by humans in overcoming environmental hurdles and barriers (Dorsey and
Closs 2012). Brown trout ova were transported across the equator in 1864 on a voyage
from England to Australia where some of those ova became the original brood stock at
a hatchery in Tasmania, and this success fuelled the Acclimatisation Movement and the
“Salmonisation” of the Southern Hemisphere (Clements 1988, McDowall 1994, Draper
2006). Brown and Rainbow trout (Oncorhynchus mykiss) are the most widespread
species and now have worldwide distributions and are present on all continents except
Antarctica (MacCrimmon and Marshall 1968, MacCrimmon 1971). During this
expansion brook charr were also transplanted almost as widely and naturalised in
Europe, South America, Japan, Australia, New Zealand, as well as North America outside
their natural range (MacCrimmon and Campbell 1969, Kitano 2004).
3.1.1 Brook charr
Brook charr are native to Eastern North America, from the Appalachian Mountains
north to Hudson Bay in Canada (Figure 3.1). Their preferred temperature range is
approximately 10°– 19°celsius, with a thermal maxima of 23°– 25°celsius (Coutant 1977,
Power 1980, Jobling 1981), this preferred range is similar to brown trout and lower
than rainbow trout, the other two widely introduced species (Coutant 1977, Jobling
1981), although the maximum temperatures are reported to be same for all three
species (Grande and Andersen 1991, Wehrly, Wang et al. 2007).
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Figure 3.1 - Native range of brook charr (dark shaded) in Eastern North America (adapted from Fausch 2008).

Brook charr display at least four distinct life history strategies in their native range
(Power 1980) with two stream dwelling patterns and two lake/sea run patterns. The
“A” life history strategy is exemplified by rapid growth, early maturation, and short life
span (Figure 3.2A), and was described from the southern streams of the Appalachian
Mountains where production was higher due to long, warm growing seasons and high
mortality from fishing pressure (Power 1980). These populations mature early and as a
result have small body size, as well as, a scarcity of fish older than 3+. Brook charr have
also adopted this life history further north in their native range where they have
become restricted to headwater streams since the introduction of brown trout and
rainbow trout (Larson and Moore 1985). The “B” life history is typical for stream and
lake fish (Figure 3.2B) in both the native and introduced ranges in less productive,
colder water (Power 1980). These populations are characterised by delayed maturation
compared to the “A” strategy and would naturally have fish older than 3+. The “C” life
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history is common for lake-run or sea-run fish (Figure 3.2C) under moderate conditions
and includes the Laurentian Great Lakes and anadromous New England populations
(Power 1980). The “D” pattern is described from the northern part of the brook charr
native range (Figure 3.2D) where females stay at sea and alternate spawning years in
response to the short growing seasons and harsh winters (Power 1980).
The response to exploitation, like lower age-at-maturity or delayed reproduction in
response to harsh conditions, and the balance of cost and benefits are recognised in the
diagram of life history in Figure 3.2 (Power 1980). It shows how brook charr have the
plasticity necessary to exploit a wide range of habitats that fall within their physiological
tolerances, and allows them considerable potential as an invasive species.
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Figure 3.2 - From Power (1980), life history strategies of brook charr in their native range. “A” & “B” represent
stream or lake dwelling fish that both spawn and live in the same waters, while “C” & “D” represent fish that live in
lakes or the sea and run into streams to spawn. The roman numerals are fish ages and the arrows represent
reproductive behavior.

Brook charr were widely introduced outside their native range beginning in the mid-19th
century when fish culture was advanced and ova were readily available (Power 1980).
In 1869 they were introduced to California upon completion of the transcontinental
railroad where they have since naturalised in many headwater streams (Moyle 1976).
That same year, 1869, a shipment to Britain was the first of many to come to northern
Europe (MacCrimmon and Campbell 1969) where many naturalised brook charr
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populations now occur in headwater streams and display the traits of the “A” life
history of small adult size, early maturation, and short life span (Öhlund, Nordwall et al.
2008). Similar results have been documented in many different locations including
Finland and the Western United States (US) (Kennedy, Peterson et al. 2003, Korsu,
Huusko et al. 2009).
The resulting distribution patterns of introduced and native stream dwelling salmonids
have developed over the last century. Brook charr have had a reduction across their
native range as introduced non-native brown and rainbow trout naturalised in Eastern
North America (Fausch and White 1981, Larson and Moore 1985). Research has
pointed toward negative competitive interactions with non-native trout, where the
brook charr are not competitive at lower elevations and have been displaced to higher
elevations in response (Larson and Moore 1985). Similar forces are indicated in Europe
where introduced brook charr naturalise in headwater streams and exist at higher
elevations than native brown trout (Korsu, Huusko et al. 2007, Öhlund, Nordwall et al.
2008). The pattern is consistent in the Western US where all three species are
introduced and show a longitudinal variation in distribution with a transition zone at
mid elevations where both trout and charr are present and presumably neither has a
clear advantage (Rahel and Nibbelink 1999). Numerous studies in the American West
indicate a relationship between brook charr presence and lower temperature and
higher elevation in the same systems where brown and rainbow trout are present at
moderate temperatures and mid elevations (Vincent and Miller 1969, Fausch 1989,
Rahel and Hubert 1991, Taniguchi, Rahel et al. 1998, Rahel and Nibbelink 1999, Isaak
and Hubert 2004, Mullner and Hubert 2005).
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Brook charr were introduced to New Zealand in 1877. The introductions in Otago were
extensive but surviving records are few (see Chapter 2). What remains are widespread
persistent populations that have been in place for at least 130 years (Upper
Manuherikia River catchment) or as few as 30 years (Roaring Meg). The picture that
remains is of a widespread persistent fish that is of limited value as a sport fish, existing
upstream of brown trout in every case, and represents a potential threat to native fish
(Allibone and McDowell 1997). This distribution of surviving populations is described in
Chapter 2. Research on brook charr in New Zealand has only been in survey form
(Glova 1987, NIWA 2013) or in a one day diet study (Fechney 1988). It was assumed
that brook charr behave in the same way as in the Northern Hemisphere, but despite
being regularly cultured and stocked for over 100 years, basic life history has not been
assessed. What has been observed of these populations fits with the prediction that,
like other headwater populations around the world, brook charr in New Zealand are
generally small and early maturing, with very few fish older than age 3 (Whitworth and
Strange 1983, Larson and Moore 1985). As was described in Chapter 2 and speculated
over the years by others (McDowall 1994, Allibone 1999), these populations would
probably be mostly restricted to headwaters, upstream of established populations of
brown and rainbow trout in the main stem rivers where competition and in the lower
elevations, temperature, would restrict the downstream spread of brook charr. There
would be less restrictions on the upstream spread of brook charr and once established
would likely move upstream as long as there was water to colonise.
To further understand the life history of brook charr in New Zealand, five headwater
populations were studied in Otago. Given the similarity of favourable conditions to
support brook charr among headwater streams in New Zealand and North America, and
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observation that there are many naturalised populations in Otago, I hypothesise that
brook charr in these headwater or low order streams will display the same “A” life
history as brook charr in the Northern Hemisphere in low order streams both in the
native range and expanded distribution. To compare brook charr and brown trout life
history in sympatry, two of the five sites also supported brown trout and the same life
history aspects were also examined for those sympatric brown trout. Brown trout and
brook charr were stocked together in some streams, initially in the 19 th century. The
chosen sites are in the transition zone where both species seem to have been in stable
sympatry over the last 40 years based on survey data.
Brown trout have been studied extensively in New Zealand and their success is well
documented, as well as their devastating effect on native galaxiids (McDowall 2006,
McIntosh, McHugh et al. 2010). The relationship between brown trout and brook charr
has not been investigated beyond basic surveys (presence, absence, total length). It has
been assumed by most working in the field, and myself, that the failure of brook charr
as an introduced sport fish is solely because of competition with brown trout and not
due to lack of suitable habitat, food, or other conditions (Glova 1987, Fechney 1988,
Allibone 2011, Halford 2011, Scott 2011).

3.2 Methods
3.2.1 Study area and study systems
This study was conducted in Otago, New Zealand from August 2011 to June 2013. The
sites were selected based on the survey described in Chapter 2, and were chosen to
represent different altitudes and conditions where brook charr populations persist and
charr are reasonably abundant, and for two sites, where there is historical overlap
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between brook charr and brown trout. The locations are shown on a map of Otago in
Figure 3.3.

Figure 3.3- Field sites and their elevations (metres above sea level) in Otago.

3.2.2 Physical habitat
Pierce’s Gorge and Boundary Creek, were selected because brown trout were also
present and the sympatry between the two species was of interest. Sites were either
delineated as 100 m (Pierce’s Gorge, Boundary Creek, Roaring Meg) or 150 m (Munro’s
Creek and Pisgah Creek) based on the fish density during the initial survey to ensure
enough individual fish could be marked and useful recapture rates were returned
during each sampling event. The upper boundary of all sites had a natural feature that
hindered fish from moving upstream during an electrofishing sampling event. Because
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water temperature has been shown to affect the growth, reproduction, and behaviour
of salmonids and brook charr (Power 1980, McDowall 1997, Klemetsen, Amundsen et
al. 2003, Xu, Letcher et al. 2010), and light, as solar radiation, has been shown to drive
primary production, heterotroph growth, and water temperature (Hill, Ryon et al. 1995,
Davies-Colley and Quinn 1998, Hill 2017), water temperature and light intensity at each
site were recorded on separate HOBO Pendant data loggers (Onset Computer
Corporation, Bourne, MA, USA). At each site, the water temperature data logger was
secured underwater to the base of a post pounded into the substrate in the stream and
the light data logger was secured to the same post above water to a small wooden
platform affixed to the top of the post and oriented horizontally facing up.
Temperature, measured in degrees, and light, measured in lumens per square foot,
were recorded at 15 minute intervals and downloaded at each site visit. Temperature
and light readings were each compiled into a daily average by site and used accordingly
in the analyses. There were some losses in data due to malfunction and one complete
loss at Pisgah Creek. Following the loss of the temperature data logger, Pisgah Creek
temperatures were predicted using regression equations derived from actual
temperatures between Pisgah Creek and the two sites in closest proximity (see
Appendix 3.1 at the end of this chapter), Boundary Creek and Pierce’s Gorge, from
December 2011 to April 2012. The loss of the light logger and loss of data due to
malfunction necessitated a focus on a narrower time frame, December 2011 to April
2012. To determine whether water quality was within expectations, temperature,
salinity, conductivity, and dissolved oxygen were measured with a YSI multi-meter on
each visit. Continuous flow is important to brook charr (McFadden 1961), and all sites
maintained flow throughout the year. A profile of physical characteristics of wetted
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width, depth, and flow were taken together at each study site to allow the calculation
of fish density and other potential comparative measures between sites. Each site was
divided into equal transects, starting at the downstream end, and every 10 metres
after, a wetted width measurement was taken to the nearest centimetre, as well as
three depths to the nearest millimetre, and 3 flow readings (m/s) at equidistant points
on the transect. Also, a visual percentage estimate of substrate composition along each
transect was completed using a modified Wentworth (1922) scale of silt, sand (<2 mm),
gravel (2–64 mm), cobble (65–256 mm), boulder (>256 mm), and bedrock. The
substrate percentages were averaged together to derive a site average for each
substrate type for comparison.
3.2.3 Life history aspect assessment
Growth is a basic measure used to compare different fish populations (Elliott and
Hurley 2001). A mark-recapture study was conducted at each site to allow fish growth
and population structure to be followed through time. Munro’s creek was sampled 12
times, while Pisgah Creek, Pierce’s Gorge, and Boundary Creek were sampled 8 times.
Roaring Meg was sampled 6 times. Poor road and track conditions in winter and spring
and restricted access to sites during lambing season prevented some scheduled trips
and extended time between visits and resulted in the Roaring Meg only being sampled
six times instead of eight as originally planned. All sampling was done between August
2011 and April 2013. Single pass electrofishing was used for each site visit except for
the final visit in which 3 pass electrofishing was used to obtain a more accurate count of
total population and to recover the maximum number of marked individuals. Fish were
collected by backpack electrofishing (EFM300, NIWA Instrument Systems, Christchurch,
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New Zealand) (400 – 600 volts) pulsed DC (see Jellyman and McIntosh 2008 for more
equipment description). Sites were fished by a 2 person crew from downstream to
upstream in small increments using the electrofisher and a one person block seine. The
sites were not bound by upper and lower block nets after block nets were used for the
first few visits and discontinued because fish were not observed trying to swim either
upstream or downstream during electrofishing runs. All captured fish were sedated
before processing with a 2% solution of AQUI-S (Isoeugenol; AQUI-S New Zealand, Ltd.,
Lower Hutt, New Zealand).
Fish growth is seasonal so to differentiate the growing season from the low growth
period for comparison of populations and species, the year was divided into two equal
seasons; November – April was considered the summer period and May – October was
considered the winter period. To measure growth, all new untagged individuals
captured were tagged with a unique colour and body position combination of visible
implant elastomer tags (VIE, Northwest Marine Technology, Shaw Island, Washington,
USA). Individual fish were given two tags in a combination of 9 body locations (brow
over each eye, adipose eyelids, maxillaries, pectoral fins, and dorsal fin) shown in Figure
3.4. The two colour, 9 location tagging system allowed for 144 individual fish to be
uniquely marked for every two colours used at a site. After all 144 unique marks were
used at a site, two different colours were used thereby allowing for another 144 unique
marks or 288 marks that could be used at a site. None of the sites required more than
288 individual marks. VIE tags were chosen because of their low cost and high
retention and visibility in brook charr (Josephson, Robinson et al. 2008) and their
relatively low impact on small fish (Olsen and Vøllestad 2001). During processing, all
fish were measured for total length in millimetres, and weighed, in water, to the tenth
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of a gram. New fish were given tags, and recaptured fish tag colours and locations were
noted. After processing, fish were allowed to recover and then returned to the site
within 25 metres of capture location.

Figure 3.4 – Fish visible implant elastomer (VIE) marking locations: 1) right brow, 2) right maxillary, 3) right adipose
eyelid, 4) left brow, 5) left maxillary, 6) right adipose eyelid, 7) right pectoral fin, 8) left pectoral fin, and 9) dorsal fin.

Fish density can affect growth (Grossman, Ratajczak et al. 2010, Xu, Letcher et al. 2010)
in stream fish, and to calculate fish density at a site, both the number of fish captured
and their total weight in grams were divided by the total area of a site (metres2).
Population age and length-at-age for each cohort are important life history variables
because they indicate the structure of the population and suggest the strategy being
used (Hutchings 1993). For these brook charr populations, the lack of older fish would
be evidence that they have adopted the “A” life history where few fish survive past age
3 (Power 1980). Population structure and length-at-age cohorts were identified
through length-frequency histograms that were created for each sampling event using
the mark-recapture data. Fish of known ages, particularly those fish that were marked
at age 0 and recaptured, were used to confirm the length-at-age assignments.
Absolute growth is a good indicator to compare individual fish of the same species
(McHugh and Budy 2006), while relative growth is a better measure when comparing
between two species (Carlson, Hendry et al. 2007). To calculate absolute growth and
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relative growth in individuals, change in length (millimetres) and weight (grams) over
time (days between capture) was recorded. Absolute growth was calculated as the
daily change in length divided by the number of days between sampling events
according to the formula (Length2 – Length1)/Time. Absolute growth was used to
compare brook charr growth across sites. Relative growth was calculated as the daily
percentage change in length according to the formula 100 * (Length 2 – Length 1)/
(Length 1) Time (Magoulick and Wilzbach 1998). Relative growth was used to compare
brook charr to brown trout. Only adult fish, those age 1+ and older, were compared to
each other across sites and species.
3.2.4

Reproductive state, sexing, egg counts, and aging

Reproductive state and sex, linked with age, allow determination of age-at-maturity and
fecundity which are important life history measures to assess a population. These are
difficult to determine in the field so fish that did not recover from electrofishing, as well
as a sample of 30-60 fish from the final visit to each site, were euthanased streamside
in a 1ml/litre solution of 2-phenoxyethanol and then preserved in 85% ethanol. Fish
were processed in the laboratory to confirm sex, reproductive state, and fecundity of
female fish. Gonads were examined to determine sex and maturity. Fecundity and egg
diameter are usually positively correlated with size in brook charr and salmonids in
general (Hutchings 1990, Klemetsen, Amundsen et al. 2003). Developed eggs were
counted and egg diameter was measured in millimetres for a subset of fish. Sagittal
otoliths were removed using the “open-the-hatch” method described by Secor, Dean et
al. (1992), dried, and then mounted on slides with thermoplastic glue and hand
polished on one face with lapping film (see Secor, Dean et al. 1992 “glue and polish”
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method) and then read twice under a microscope. The second reading was randomized
so the reader could not bias the reading with prior knowledge. Age assignment by
otolith annuli was then compared to the cohorts determined from the length-frequency
analysis and plotted against total length by site.
3.2.5 Statistical tests
Substrate proportion, temperature, and light were compared across sites using a
Kruskal-Wallis test with post hoc pairwise comparisons to determine if differences
existed between sites. This non-parametric analysis was used because the parametric
assumptions were violated even after the data were transformed. Specifically, the
substrate proportions contained outliers that could not be removed and the data lacked
normality. The temperature and light data lacked normality and homogeneity of
variance. Growth rate distributions of brook charr were compared across sites using a
Kruskal-Wallis test with post hoc pairwise comparisons to determine if differences
existed between sites. This non-parametric analysis was used because the data lacked
normality. For the comparison of brook charr to brown trout at Pierce’s Gorge and
Boundary Creek, Kolmogorov-Smirnov Z tests were used to compare growth with the
assumptions that species were independent of one another and that that the data were
not normally distributed or of similar shape. To determine the relative importance of
temperature, light, trout presence, and other environmental and physical elements on
brook charr growth in millimetres per day in Otago, a hierarchical multiple regression
was performed. Variables were log transformed to reduce the influence of extreme
points and better fit the statistical assumptions of linearity, normality, and
homoscedasticity. Two variables, area of watershed upstream of the site and average
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width, were removed completely because the watershed variable displayed
multicollinearity and both could not meet the assumption of a linear relationship even
after transformation. The multiple regression was then repeated without those
variables. The variables used in the analysis are listed in the correlation matrix in Table
3.2. The high correlations between some variables were considered but retained.
Bivariate categorical data like trout presence are not influenced by correlation and the
substrate variable to substrate variable correlations are natural and unavoidable. To
ensure brook charr growth could be related to temperature and light, the original data
set of growth periods was restricted to only those that were calculated from brook
charr recaptures from consecutive sampling trips. This reduced the original 320 cases
down to 149. The remaining cases defined the specific dates that were used to
calculate the average temperature and light related to that corresponding growth
period. In addition to the variables of Water Temp (average water temperature at the
site for the growth period) and Light (average light in lumens per square foot at the site
for the growth period), the additional variables are Trout present (brown trout
presence or absence), Depth (average depth of the site), the percentage of each
substrate type at the site (Bedrock, Boulder, Cobble, Gravel, Sand, and Silt), Watershed
area (square kilometres), and Altitude (metres above sea level).
IBM SPSS Statistics (Version 20) was used to run all statistical tests.
This study was approved by the University of Otago Animal Ethics Committee.
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3.3 Results
3.3.1 Physical habitat
All sites were small, wadeable, cold headwater streams ranging across an elevation of
1000 vertical metres (Figure 3.5; Table 3.1). This difference in elevation may have had
an influence on water temperature creating an approximate 3 degree range and
difference for mean water temperatures across sites (Figure 3.6). The average daily
temperature significantly differed between all sites (P = 0.001) with the exception of the
pairwise comparison between Munro’s Creek for both Pisgah Creek and Boundary
Creek. Light (Figure 3.7), as measured every 15 minutes, differed between sites.
Pierce’s Gorge and Boundary Creek were significantly different from each other and the
other three sites (P = 0.001), while Munro’s Creek, Pisgah Creek, and Roaring Meg were
not different from each other.
Water quality parameters were within expectations during the sampling visits; the
water temperature ranged from 0° C – 14° C, dissolved oxygen ranged from 7.7 to 12.8
mg/L, and salinity ranged from 0.01 to 0.03 PSU across all sites. Average wetted width
ranged from 1.47 m at Munro’s Creek to 3.16 m at Roaring Meg (Table 3.1). Site
surface area ranged from 200 m2 at Pierce’s Gorge to 411 m2 at Pisgah Creek (Table
3.1). Streams had constant, stable flow and stable channels and banks. Substrate was
mostly boulder and cobble at all sites (Table 3.1), except Munro’s Creek (see photo in
Figure 3.5a) which also had bedrock, gravel, sand and silt. The finer sediments at
Munro’s Creek are most likely the result of the watershed being clear felled in 2009.
Median substrate proportions were significantly different between sites for Bedrock (P
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= 0.001), Boulder (P = 0.022), Cobble (P = 0.001), Gravel (P = 0.035), and Silt (P = 0.003),
while Sand was not statistically different at (P = 0.060).

Figure 3.5 – Photographs from field sites: a) Munro’s Creek, b) Pisgah Creek, c) Pierce’s Gorge, d) Boundary Creek, e)
Roaring Meg, f) Sympatric brown trout (top),brook charr (bottom) and tiger trout (inset) from Boundary Creek.
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Figure 3.6 - Average daily water temperature (°C) by site for the study period of November 2011 through April 2013.
Dotted line indicates estimated values for Pisgah Creek using regression equations derived from actual temperatures
between Pisgah Creek and the two sites in closest proximity, Boundary Creek and Pierce’s Gorge.
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Figure 3.7 Average light (Lumens/ft2) by month by site for the months of December 2011 through April 2012.
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Table 3.1 - Field site physical characteristics.

64

Table 3.2 – Correlation matrix for the single dependent variable, Growth mm/day, and 12 independent variables in the hierarchical multiple regression.
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The multiple regression showed the influence of water temperature and light as the
most important in relation to brook charr growth among the environmental variables
measured in this study. They accounted for 29% of the 40% of variance accounted for in
this analysis see Table 3.3 for full details on each regression model. The data were
assessed for linearity, independence of observations, homoscedasticity,
multicollinearity, leverage and influential points, and normality.
The full model of water temp, light, trout presence, depth, cobble, and gravel to predict
growth mm/day (Model 5) was statistically significant, R2 = 0.40, F(2, 142) = 15.810, P <
0.001; adjusted R2 = 0.375. The addition of light to the prediction of growth mm/day
(Model 2) led to a statistically significant increase in R2 of 0.14, F(1, 146) = 29.43, P <
0.001. The addition of trout presence to the predicted growth mm/day (Model 3) did
not significantly increase R2, ΔR2 = 0.02, F(1, 145) = 21.02, P = 0.073. The addition of
depth to the prediction growth mm/day (Model 4) did not significantly increase R2, ΔR2
= 0.01, F(1, 144) = 16.10, P = 0.264. The hierarchical multiple regression excluded
bedrock, boulder, sand, silt, watershed area, and altitude.
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Table 3.3 – Multiple Regression summary output. The dependent variable is brook charr growth in millimetres per
day across all sites. The independent variables retained in the models are water temperature, light, trout presence,
depth, cobble, and gravel.

3.3.2 Life history aspects
Data were collected from 1703 individual fish for this study, represented by 1290 brook
charr and 413 brown trout. Brook charr were present at all sites, and brown trout were
present at Pierce’s Gorge and Boundary Creek. In addition, two longfin eel (Anguilla
dieffenbachii) (TL = 470 mm, 960 mm) and Galaxias anomalus (TL = 79 mm, 79 mm)
were caught at Pisgah Creek on two occasions. Also, tiger trout (Salmo trutta x
Salvelinus fontinalis) (TL = 100 mm, 151 mm) (Figure 3.5f) were caught on two occasions
at Boundary Creek.
Recapture rates ranged from 8% to 25% between visits and did not allow marked fish to
be measured every visit which created gaps in the data that prevented some fish from
being used in growth analysis because the period of interest, being either season or
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annual, could not be isolated. As a result, of the over 1000 fish marked, less than half,
433 (247 brook charr and 186 brown trout) were used in the growth analysis.
3.3.3 Density
Density varied among sites; Pierce’s Gorge had the highest density, with brown trout
included, at 0.87 fish (13.59 g) per m2 in contrast to Pisgah Creek with the lowest
density at 0.08 fish (1.74 g) per m2. Pierce’s Gorge and Boundary Creek where brook
charr and brown trout were sympatric had the highest density in grams per metre
squared and also had the highest recapture rates (Table 3.4). This is consistent with
what was observed during sampling at those two sites where both species appeared to
use all habitats and cohabit in some pools.

Table 3.4 – Fish density by site measured in grams per metre squared and fish per metre squared. Density at Pierce’s
Gorge and Boundary Creek is for all fish (both species combined). Also included are the ratio of adults (>= 1+) to
juveniles (0+) and the ratio of brook charr to brown trout.
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3.3.4 Size and age
The populations at all sites were comprised of mostly age 0+, 1+, and 2+ fish as shown
in the length-frequency histograms (Figure 3.8). Length-frequency histograms show the
size of the age 0+ cohort at each site. The high growth rate at Pisgah Creek is reflected
in the highest length-at-age with the 0+ cohort reaching approximately 105 mm at the
end of summer in both 2012 and 2013. Munro’s Creek had the second largest 0+ fish at
about 90 mm. The remaining three sites had smaller age 0+ fish with the Roaring Meg
juveniles barely exceeding 60 mm at the end of their first summer. There were fish that
were older than 2+ at all sites but these were hard to distinguish from the lengthfrequency histograms as the cohorts increasingly overlapped and older fish reduced in
number. The adult fish ages were confirmed by the otolith data. Some otoliths were
unreadable and were not used. In addition, some independent readings did not agree
with one another and were disregarded. Of the 247 brook charr otolith sets mounted,
186 were used. The results show that only Roaring Meg had brook charr that were
older than 4+ (Figure 3.9). At all other sites, the oldest brook charr found were 4+
except for Pisgah Creek where the oldest fish found was age 3+. The Roaring Meg had
fish that were 5+ and possibly older. The regression line slopes of the otolith annulus
counts versus total lengths (Figure 3.10) imply that differences in length at age exist
between sites but could not be statistically tested because the heterogeneity of these
slopes violate the assumptions of the test.
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Figure 3.8- Length – Frequency histograms comparing brook charr at each site for April 2012 and April 2013 (note
different frequency scale for Roaring Meg).
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Figure 3.9 – Brook charr otolith annulus counts and fish length for each site. Data points are offset within each
annulus row to prevent points from being obscured and to allow easier viewing for each age (n = 186).
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Figure 3.10 – The regression lines for the brook charr otolith annulus counts and fish length for each site.

3.3.5 Growth
Brook charr growth was different between sites (Figure 3.11). When compared, sites
that were significantly different from one another were Munro’s Creek and Pierce’s
Gorge (P = 0.028), Pierce’s Gorge and Pisgah Creek (P = 0.001), Pisgah Creek and
Boundary Creek (P = 0.001), and Pisgah Creek and Roaring Meg (P = 0.041).
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Figure 3.11 - Growth comparison of adult (age 1+ and above) brook charr by site. Box of the boxplot represents the
middle 50% of aggregated absolute growth rates in millimetres per day (mm/day) with the median for each set of
rates shown by the horizontal line. The whiskers show the upper and lower values within 1.5x the interquartile range
and outliers are visible as open dots. Letters (A,B,C) indicate no significant difference between sites with the same
letter.

When examined by site and season (Figure 3.12), brook charr growth shows wide
variability for individual fish, but is generally consistent with the expectation that water
temperature and altitude would influence growth by site. The only sites that were
significantly different from one another in a pairwise comparison in the first summer
were between Munro’s Creek and Pierce’s Gorge (P = 0.025). Brook charr winter
growth was lower, but still positive, at all sites when compared the preceding summer
rates, and fish continued to grow throughout winter at all sites. The Pisgah Creek
winter rate of approximately 0.15 millimetres per day (mm/day) is roughly equal to the
preceding summer rate of Pierce’s Gorge, Boundary Creek, and Roaring Meg. For
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winter, the only sites that were significantly different in a pairwise comparison were
Pisgah Creek and Boundary Creek (P < 0.001). The second summer growth was lower
and more variable compared to the first summer. Growth at Pierce’s Gorge (0.034
mm/day) was lower than the winter rate (0.078 mm/day) which is unexpected based on
seasonal expectations and compared to the other sites which showed an increase in the
second summer compared to the winter. When compared in the second summer, sites
that were significantly different from one another were similar to the overall
comparisons and those were Munro’s Creek and Pierce’s Gorge (P = 0.020), Pierce’s
Gorge and Pisgah Creek (P < 0.001), and Pisgah Creek and Boundary Creek (P = 0.016).

Figure 3.12 - Growth comparison of adult (age 1+ and above) brook charr across all sites by season. Roaring Meg in
summer two does not have any data points because the recaptured fish did not have growth rates that could be
isolated to that summer. Box of the boxplot represents the middle 50% of seasonal (summer or winter) absolute
growth rates (mm/day) with the median for each shown by the horizontal line in the box. The whiskers show the
upper and lower values within 1.5x the interquartile range and outliers are visible as open dots. The dashed line
represents a rate of zero. “Summer” was defined as November – April and “Winter” as May – October. Letters
(A,B,C,D,E,F,G) indicate no significant difference between sites within the same season with the same letter.
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3.3.6 Reproduction
Brook charr spawning took place in the autumn as expected at all sites and was focused
in late April. Mature adults could be sexed by appearance in April and May (Figure
3.13), or by milt expression for males or swollen vents for females.

Figure 3.13 - Sexual dimorphism was evident at all sites in mature adults. The top photo is of a breeding male from
Roaring Meg, note the hooked jaw, humped back, and ruddy colour ventrally on the abdomen. The bottom photo of
a breeding female from Pierce’s Gorge, note the “torpedo” shape without any male features. Both photos were
taken in April 2012.

3.3.7 Maturity
The two sites with the highest growth rates, Pisgah and Munro’s Creeks, had male fish
that matured at age 0+ before their first winter (Table 3.5). Conversely, Roaring Meg
only had 44% of adult, 1+ and older, male fish in a mature state. Pisgah Creek and
Pierce’s Gorge had the highest percentage of female fish in a mature state at age 1+ or
above. Roaring Meg, again, had the lowest with only 5% of adult females showing
reproductive maturity.
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Table 3.5 – Percentage of cohort by sex and by site that was mature in April 2013.

3.3.8 Brook charr versus brown trout
When examined by season (Figure 3.14) brook charr grew significantly faster than
brown trout at both sites during the first summer (Pierce’s Gorge, P = 0.003) (Boundary
Creek, P = 0.004). Brook charr winter growth exceeded brown trout at both sites, but
was only significant at Pierce’s Gorge (P = 0.016) while Boundary Creek was not (P =
0.145). During the second summer, the trend reversed and brown trout growth
exceeded brook charr at both sites, but the difference was again only significant at
Pierce’s Gorge (P = 0.005) while Boundary Creek was not (P = 0.507).
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Figure 3.14 –Growth comparison of adult (age 1+ and above) sympatric brook charr and brown trout by season and by site. Box of the boxplot represents the middle 50% of
seasonal (summer or winter) growth rates with the median for each shown by the horizontal line in the box. The whiskers show the upper and lower values within 1.5x the
interquartile range and outliers are visible as open dots. “Summer” was defined as November – April and “Winter” as May – October. Letters (A,B) indicate no significant difference
between species within the same site and season with the same letter.
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When growth is combined together, in aggregate, Brook charr have a marginally higher
but non-significant growth advantage over brown trout at both Pierce’s Gorge (P =
0.060) and Boundary Creek (P = 0.074) (Figure 3.15).

Figure 3.15 –Growth comparison of adult (age 1+ and above) sympatric brook charr and brown trout by site. Box of
the boxplot represents the middle 50% of aggregated growth rates with the median for each set of rates shown by
the horizontal line. The whiskers show the upper and lower values within 1.5x the interquartile range and outliers are
visible as open dots.

The size and age structure differences between species are visible in the lengthfrequency data in Figure 3.16. Brook charr have a 10 mm length advantage at 0+
compared to brown trout at both sites, but the largest fish at both sites were brown
trout.
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Figure 3.16 – Length – Frequency histograms comparing brook charr (blue bars) to brown trout (red bars) at Pierce’s
Gorge (left) and Boundary Creek (right) for April 2012 (top) and April 2013 (bottom) (note different frequency scales).
Age 0+ fish for both species are represented here as the cohort from 49 mm to 89 mm. No age 0+ brown trout were
caught at Boundary Creek in April 2013.

3.3.9 Fecundity
Egg diameter (Figure 3.17) and egg number (Figure 3.18) increased with total length for
both brook charr and brown trout, although the relationships were weak for brook
charr.
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Figure 3.17 – Preserved egg diameter plotted against fish length for ripe females of brook charr and brown trout in
April 2013 from all sites. Total egg number varied by female and ranged from 5 to 255.
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Figure 3.18 -Total egg number per fish plotted against fish length for ripe females of brook charr and brown trout in
April 2013 from all sites.

3.4 Discussion
The brook charr populations displayed different life history patterns and strategies
across the study sites which differ in temperature, light, and altitude. The hypothesis
that these brook charr populations in Otago were expressing the same plasticity as
other headwater populations around the world is supported by the data. The streams
had water quality parameters and a temperature range (0° C – 14° C) that is well within
the preferred ranges of the brook charr (Coutant 1977, Power 1980). The five streams
were similar in the fact that they all had suitable habitat to support naturalised brook
charr populations, while having different altitudes and water temperatures. Each
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population presented a slightly different picture with respect to growth, maturity, age,
and fecundity that indicates a response to the conditions, including sympatry with
brown trout, and reveals something about their plasticity and similarities to brook charr
in their native range. While each population presented a unique package, they were
similar in that all populations had small adults and low fecundity. Growth rates were
different across populations. Roaring Meg, the coldest and site with the slowest
growth, stood apart from the other four sites and did not appear to have any early
maturation in either males or females as the other sites did.
3.4.1 Munro’s Creek
Munro’s Creek is the lowest elevation site at 480 metres and had both the second
highest annual temperature at 8.01° C and second highest mean summer growth rate at
0.187 mm/day, and fish that displayed an early maturation strategy. The relationship of
altitude and temperature is generally linear in watersheds with lower altitudes being
warmer and more productive, and higher altitudes being colder and less productive
(Vannote, Minshall et al. 1980). The growth rate at Munro’s Creek would be expected
to outpace the higher altitude, cooler sites, all other factors being equal, as higher
temperatures in the preferred temperate range of salmonids equates to positive
growth (Elliott and Hurley 2000, Larsson and Berglund 2005), and this has been seen in
brook charr populations in the native range (Xu, Letcher et al. 2010).
The growth rate at Munro’s Creek was favourable enough that 14% of the male fish
matured in their first autumn at age 0+. Early maturation has been found in
populations of brook charr in the southern parts of their native range with a gradual
delay in maturation with increasing latitude (Power 1980, McDowall 1997, Klemetsen,
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Amundsen et al. 2003). The two prominent theories of the trigger of early maturation
in brook charr are high adult mortality (Power 1980) and high growth rates (Coombs
2010). There are no natural predators or fishing pressure at Munro’s Creek to cause
higher mortality and therefore it is likely that the maturity of age 0+ males
(approximately 99 mm) was facilitated by the growth rate. In the autumn of 2013, in
addition to the 14% of 0+ male fish that were mature, a further 83% of 1+ male brook
charr were also mature at Munro’s Creek. There were female fish that matured at 1+ at
Munro’s Creek (122 mm), and the proportion of ripe females to adult females (age 1+
and above) in the autumn was about 2:13 or 15%.
The age structure at Munro’s Creek showed age 4+ fish were present, with most of the
fish caught being of age 0+ to 3+. Larger fish of around 200 millimetres in length were
caught during the study but not sacrificed for the otoliths. A 200 millimetre fish from
this population could be age 5+ based on the length of the fish identified as 4+ being
approximately 165 millimetres long. This is mostly consistent with population structure
of brook charr in headwater streams in the native range where fish older than 3 are
rare (Stolarski 2007, Xu, Letcher et al. 2010, Hoxmeier and Dieterman 2013). The early
maturation for both males and females, the small adult size, and the scarcity of fish
older than 3+ at Munro’s Creek are all the features of the “A” life history.
There is no fecundity data for the Munro’s Creek population, but it would be expected
that the fish would be similar to the other sites and that early maturing fish would have
a smaller body size and correspondingly fewer, smaller diameter eggs which is a
common trait among salmonids (Jonsson and Jonsson 1999) and of brook charr in North
America as both introduced (Adams 1999) and natural populations (Power 1980). At
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Munro’s Creek, a 289 mm female was caught a kilometre downstream of the site that
had 1000 eggs with an average diameter of 4.6 mm. This was the most fecund brook
charr caught during this study with the next most fecund fish found being a 170 mm fish
with 255 eggs (average diameter of 3.7 mm) from Pisgah Creek. The number of eggs in
the 289 mm female indicates that that body size is important for fecundity in brook
charr in these populations, as it is for other salmonids (Thorpe, Miles et al. 1984).
3.4.2 Pisgah Creek
Pisgah Creek, at an elevation of 580 metres, was the warmest site with an estimated
annual temperature of 8.31° C, had the highest mean summer growth rate at 0.288
mm/day, and fish that clearly displayed an early maturation strategy. The water
temperature range during the warmest part of the summer at Pisgah Creek was 12° to
14° C, which is solidly in the middle of the brook charr’s preferred range of 10° to 19° C
(Coutant 1977), and the preferred range has been linked to “good” growth (Hokanson,
McCormick et al. 1973, Xu, Letcher et al. 2010).
Pisgah Creek had the lowest density of fish 0.08 n/m 2 and the lowest biomass at 1.74
g/m2. Densities in the brook charr’s native range are typically low at less than 0.5 fish
n/m2 (Utz and Hartman 2009), but higher densities are observed in some introduced
populations (Benjamin and Baxter 2010). The low density at Pisgah Creek likely also
contributes to a positive growth rate as growth has been found to be density
dependent in some brook charr populations in their native range (Utz and Hartman
2009, Grossman, Ratajczak et al. 2010), however others have found growth to be
independent of density when prey availability is high (Utz and Hartman 2006).
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The growth rate at Pisgah Creek allowed most fish to reach near 100 mm at the end of
their first summer. Male brook charr reached 93 mm – 119 mm and attaining this size
permitted 40% of the male fish to mature at age 0+. By their second autumn (1+), all
male brook charr were mature at Pisgah Creek.
Maturation at age 0+ is seen elsewhere in brook charr populations where male fish
approach 100 mm in their 1st year (Power 1980). The lower length threshold for female
maturity is approximately 75 mm in non-migratory stream salmonids (Hutchings 1994,
Klemetsen, Amundsen et al. 2003), although most of the female brook charr in their
native range do not reach maturity until age 2+ even under favourable conditions
(Power 1980). Most females at Pisgah Creek reached maturity at age 2+ or 3+. There
were no 1+ fish with eggs captured, but the relatively favourable conditions at Pisgah
Creek make it possible for females to mature in their second summer at 1+. Pisgah
Creek’s proportion of ripe females to adult females (age 1+ and above) in the fall was
about 4:6 or 67%. This proportion is higher than many populations elsewhere because
age 1+ maturation is not common for females (Power 1980).
Power (1980) suggests that the high mortality of the exploited brook charr fisheries in
the southern part of their native range, described as the “A” life history, drives the early
maturation, but also says that it is unclear in many locations what the driving force is
because at other sites low density does not equate to better growth and early
maturation. Growth and early maturation have been found to be positively correlated
and conversely delayed maturation has been found to be associated with poor growth
in salmonid populations (Myers, Hutchings et al. 1986, Hutchings 1993, Morita, Morita
et al. 2005, Coombs 2010).
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At Pisgah Creek, it appears that the early maturation is driven by a surplus of resources
in both space and energy (see Chapter 4), and a lack of competitive pressure from
brown trout. Coombs (2010) found early maturation to be driven by abiotic conditions
where mild conditions allowed good growth and higher recruitment following a harsh
year. Furthermore, there was no cost in a higher rate of mortality to those early
maturing fish, but there was however, a decrease in reproductive fitness in the
successive year.
In addition, the winter water temperature at Pisgah Creek averages between 6°and 7° C
which reduces incubation time significantly to around 75 days (Power 1980) and would
give the larvae a jump on growth through an early emergence and promote early
maturation (Coombs 2010).
Pisgah Creek was the only population where the adult fish sampled were all 3 years old
or less. This is mostly consistent with population structure of brook charr in headwater
streams in the native range where fish older than 3 are rare (Stolarski 2007, Xu, Letcher
et al. 2010, Hoxmeier and Dieterman 2013), and points toward the “A” lifestyle
described by Power (1980) where fish mature early and do not live beyond 3+.
Fecundity at Pisgah was drawn from a small sample but shows the same pattern that
these small adult fish of age 2 -3 have a relatively small amount of eggs (5-255) which is
consistent with the low fecundity found in other populations with small adults
(Sandlund, Gunnarson et al. 1992).
3.4.3 Pierce’s Gorge
Pierce’s Gorge is at an elevation of 740 metres and has an annual temperature of 6.85°
C. The mean summer growth rate for adult fish was only 0.067 mm/day. This
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population displayed a combination of slow growth and early maturation. The low
growth rate would not be expected if only water temperature was considered and
compared to the other study sites. Pierce’s Gorge summer water temperature was
similar to Munro’s Creek, 10.67° C and 11.02 ° C respectively, but had a significantly
lower growth rate than Munro’s Creek. While temperature has been considered to be
the primary variable in fish growth (Elliott and Hurley 2000, Xu, Letcher et al. 2010),
other factors like density have been shown to affect growth (Utz and Hartman 2009).
Pierce’s Gorge had the highest density of fish 0.87 n/m2 and the highest biomass at
13.59 g/m2 and of that density, 75% of the fish were brown trout. Both high density
(Utz and Hartman 2009) and sympatry with brown trout (Dewald and Wilzbach 1992,
Carlson, Hendry et al. 2007, Hoxmeier and Dieterman 2013) have been shown to slow
brook charr growth.
Even more unusual than the low mean summer growth rate was the second summer
growth rate at Pierce’s Gorge which was lower than the winter growth rate making that
the only growth of the study that did not correspond to the seasons. Growth in fish is
usually seasonal and driven by the goal of reproduction (Thorpe 1994).
Another possible influence on the fish at Pierce’s Gorge is that the smallest amount of
habitat was available with average depth of only 7 cm and most of the site was of a
width that was <1m. Smaller waters usually have smaller adult fish and this is true in
many populations across the brook charr’s native range (Power 1980).
Despite the growth rate, early maturation was also a feature of this population. By
their second autumn, at age 1+, all male brook charr sampled were mature at Pierce’s
Gorge. There were also female fish that matured at 1+ at Pierce’s Gorge. Pierce’s
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Gorge proportion of ripe females to adult females (age 1+ and above) in the fall was 4:4
as all of the females were ripe with lengths of 108, 110, 136, and 139 mm. This group
contained the smallest ripe female of the entire study at 108 mm (age 1+, 83 developed
eggs with an average diameter of 3.3 mm (preserved measure)) (see Figure 3.19).

Figure 3.19 – 108 mm preserved female brook charr from Pierce’s Gorge with abdomen wall removed showing 83
developed eggs with an average diameter of 3.3 mm.

While 108 mm is small for a mature female salmonid, the lower threshold for mature
female arctic charr is approximately 75 mm, recorded from Greenland (Sandlund,
Gunnarson et al. 1992), Iceland (Riget, Jeppesen et al. 2000), and Norway (Klemetsen,
Elliott et al. 2002). Those studies found individuals at the lower limit while the
population mean for mature females was higher. Not surprisingly, small fish usually
have fewer eggs with only 13 eggs found in the smallest of the arctic charr in Greenland
(Sandlund, Gunnarson et al. 1992), which is comparable to the low fecundity I observed.
(Öhlund, Nordwall et al. 2008) found that brook charr matured significantly earlier than
the brown trout in a sympatric populations in Sweden even though growth rates were
similar. Brook charr were approximately half the age at maturity and therefore at a
smaller adult size compared to brown trout. This apparent life history strategy in which
an early switch away from somatic growth is thought to be a mechanism to try and
outcompete the brown trout through recruitment (Öhlund, Nordwall et al. 2008,
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Coombs 2010), and the small adult size allows the brook charr to utilise more habitats
and maximize resource partitioning though a size differential with brown trout (Carlson,
Hendry et al. 2007, Öhlund, Nordwall et al. 2008).
Aspects of the “A” life history were exhibited by fish at Pierce’s Gorge, with the most
striking being the small size of mature females. In addition to the small adult size and
early maturation, this population was also mostly made up of fish that were 3+ or
younger with a few fish of 4+ observed. The oldest charr present at Pierce’s Gorge were
4+ and between 172 – 214 mm, with most of the fish caught being of 0+ to 3+ which is
similar to the other sites and to headwater populations in the charr’s native range
(Stolarski 2007, Xu, Letcher et al. 2010, Hoxmeier and Dieterman 2013).
The fecundity at Pierce’s Gorge shows the same pattern and as discussed above, that
these small adult fish of age 1+ and 2+ fish have very few eggs (83-215) which is
consistent with the low fecundity found in small adults in other salmonid populations
(Sandlund, Gunnarson et al. 1992) and in the brook charr’s native range (Coombs 2010).
3.4.4 Boundary Creek
Boundary Creek sits at 730 metres and has an annual mean temperature of 6.46° C.
Boundary Creek had a higher growth rate than Pierce’s Gorge in both summers despite
being cooler with a summer temperature of 9.33° C compared to 10.67° C, and having
almost as high a biomass density, 12.74 g/m2 compared to 13.59 g/m2. Mean summer
growth was 0.131 mm/day and brook charr reached 65 – 75 mm at the end of their first
year. Early maturation was possibly facilitated by competition as this site also has
brown trout and they comprised 67% of the fish density of 0.37 n/m2. Both high density
(Utz and Hartman 2009) and sympatry with brown trout (Dewald and Wilzbach 1992,
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Carlson, Hendry et al. 2007, Hoxmeier and Dieterman 2013) have been shown to slow
brook charr growth.
Boundary Creek did not have any fish mature by their first autumn and only a portion
matured at age 1+ with most maturing at age 2+. By their second autumn 67% of male
brook charr were mature at Boundary Creek. For females, the proportion of ripe to
adult females (age 1+ and above) in the fall was about 5:17 or 29%. All of the ripe
females were age 2+ and were 119, 124, 130, 135, and 135 mm. This seems to indicate
that much of the reproductive potential falls on initial female spawning because older,
3+ and 4+, fish were present but were not observed to be ripe. Under similar conditions
in the Eastern United States, Coombs (2010) concluded that while fish survived the
initial spawning, most did not successfully contribute reproductively again to the
population. This is in contrast to more extreme environments further north in the
brook charr’s native range where higher mortality is the cost of reproduction (Hutchings
1994).
The Boundary Creek population does not fit as perfectly into the “A” life history box as
the populations observed at Munro’s Creek, Pisgah Creek, and Pierce’s Gorge because
of the lack of any observed ripe 0+ fish. The “A” life history described by Power (1980)
does not seem to allow for variation like early maturation that starts in the second
autumn, and that makes it debatable that the fish at Boundary creek were exhibiting
the “A” life history. Although a spectrum or range was not part of Power’s description
of the four life histories I think it is realistic to describe the Boundary Creek brook charr
in terms of the “A” life history because although no fish were found that were mature
at 0+, most were mature at 1+ or 2+ and were small in size. The brook charr at
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Boundary Creek were also mostly made up of fish that were 3+ or younger with a few
fish of 4+ observed. The age structure at Boundary Creek showed fish of age 4+ present
and reaching between 171 – 213 mm, with most of the fish caught being of 0+ to 3+
which is nearly identical to the age structure at Pierce’s Gorge and similar to the other
sites and to the brook charr’s native range (Stolarski 2007, Xu, Letcher et al. 2010,
Hoxmeier and Dieterman 2013).
The fecundity at Boundary Creek shows the same pattern that these small adult fish of
age 2+ produce relatively few eggs (5-124) which is consistent with the low fecundity
found in other comparable salmonid populations (Sandlund, Gunnarson et al. 1992) and
in the brook charr’s native range (Coombs 2010).
3.4.5 Roaring Meg
The coldest, annual 4.90° C, and at 1460 metres, the highest site, Roaring Meg had
some of the slowest growth and oldest fish. The fish displayed a delayed maturation
where fish did not mature in their first or second year as they did in the other streams.
Mean summer growth was approximately 0.120 mm/day and fish reached 55-60 mm at
the end of their first year after a summer with a water temperature of 8.32° C. The
density at Roaring Meg was 0.55 n/m2 and the biomass at 8.18 g/m2 which was different
from the other sites in that the rank of those two measures were not the same. The
biomass was between the low biomass sites, Munro’s and Pisgah Creek, and the high
biomass sites, Pierce’s Gorge and Boundary Creek. The density at Roaring Meg was
second only to Pierce’s Gorge and was skewed higher by a large number of 0+ fish
caught in the final visit.
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Roaring Meg did not have any fish mature by their first autumn and less than half (44%)
of males were mature at age 1+. Most of the adult male fish were mature after age 2+
but a few of the males were 3+ or older, up to 190 mm, and had undeveloped gonads
which points to some fish utilising an alternative strategy of even further delayed
maturity. The proportion of ripe females to adult females (age 1+ and above) was
about 1:12 or only 5%. Even female fish of over 200 mm had mostly undeveloped
ovaries. Fecundity was not measured at Roaring Meg because of apparent delayed
maturity and the lack of ripe females. The one ripe female found was a 3 year old, 146
mm fish with 12 eggs with an average diameter of 3.73 mm.
Compared to the other four sites where the fish matured in the first or second year,
defined earlier as the “A” strategy (Power 1980), the fish in Roaring Meg displayed a
delayed maturity characteristic for mountain streams, defined as the “B” strategy
(Power 1980). Lower temperature and higher latitude usually means delayed maturity
(Power 1980, Adams 1999, Klemetsen, Amundsen et al. 2003) and greater age
(Kennedy, Peterson et al. 2003) in both the native range and elsewhere. Roaring Meg
was the only site where 5+ year old fish were recorded, but most of fish, like the other
sites and other continents, were younger between 0+ and 2+.
All life history strategies are shaped around the necessity to produce viable offspring
(Thorpe 1994). The Roaring Meg life history strategy is similar to other cold high
altitude, low energy populations where maturity can be delayed (Kennedy, Peterson et
al. 2003) possibly to extremes of over 10 years (Reimers 1979, Dawidowicz and Gliwicz
1983) in order to build enough lipid energy to produce viable eggs. The Roaring Meg
population is not impacted by competition from brown trout, agriculture or grazing, or
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fishing so the environmental conditions should be driving the life history without any
obvious contributing factors. The winter water temperature at Roaring Meg is less than
2° C which means the egg incubation time should be approximately 140 days (Power
1980). The winter period is stressful for post spawn fish, and it is harder for them to
recover going into a winter period where the water will be near freezing (Cunjak and
Power 1987), and perhaps that is why these fish delay maturation.
3.4.6 Brook charr versus brown trout
At first glance, the sympatric brook charr and brown trout seem to have a very similar
life histories at Pierce’s Gorge and Boundary Creek. There was no clear advantage in
growth as brook charr grew faster than brown trout at both Pierce’s Gorge and
Boundary Creek in the first summer and then positions reversed in the second summer
when trout outgrew the brook charr at both sites. Sympatric brook charr and brown
trout have been found to be similar in the first year of growth (age 0+) and then brown
trout outpace brook charr in subsequent years and end up larger for same age adults
(Fausch and White 1986, Carlson, Hendry et al. 2007, Hoxmeier and Dieterman 2013).
The opposite has also been found (Öhlund, Nordwall et al. 2008), where brook charr
outgrow brown trout in the first year but have a shorter life span. A clear growth
advantage was not obvious for either species in this study, however, when compared
side by side, differences are present that point to a delayed maturation strategy for
female brown trout compared to brook charr in these cold low energy sites.
As with brook charr, there were no brown trout age 0+ fish found at either site that
reached maturity. For adult brown trout males age 1+ and older, 86% were mature at
Pierce’s Gorge and 97% at Boundary Creek which is similar to brook charr where most
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males were matured at 1+. Brown trout females reached maturity starting at age 2+,
but most that were found were age 3+ or 4+ which is delayed compared to brook charr
where females reached maturity in one case at age 1+ and the rest at age 2+. Pierce’s
Gorge brown trout proportion of ripe females to adult females in the fall was 14:25 or
56% with all fish maturing by age 3+. Boundary Creek’s brown trout proportion of ripe
females to adult females in the fall was 5:15 or 33% with most fish maturing by age 3+
with the exception of two fish that had undeveloped ovaries and further delayed
maturity. The difference in age-at-maturity between species at both sites resulted in a
difference in length-at-age where brook charr were of smaller size overall.
This pattern has been observed elsewhere for sympatric populations. In Sweden, brook
charr were found maturing at half the age of sympatric brown trout in small streams
where growth was comparable between the species and this was recognised as a
strategy to maximize their reproductive potential and to use every available habitat
that their smaller size allowed (Öhlund, Nordwall et al. 2008). This type of resource
partitioning has also been used to explain different growth rates in stable sympatric
populations in the brook charr’s native range (Carlson, Hendry et al. 2007). Another
possible contributing factor to a stable persistence is that sympatry with brown trout
does not automatically equate to higher mortality for brook charr (Carlson and Letcher
2003, Hoxmeier and Dieterman 2013) nor does early maturation (Coombs 2010) in
some populations. In addition, the distribution gradient displayed at Pierce’s Gorge
and Boundary Creek is also similar to other headwater populations around the world
where brook charr are upstream of brown trout (Kozel and Hubert 1989, Rahel and
Hubert 1991).
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The two sympatric populations of brook charr and brown trout at Pierce’s Gorge and
Boundary Creek are similar to other sympatric populations around the world and are
coexisting through a likely resource partitioning setting that is facilitated by the
observed difference in age and length-at-maturity. Although, the resource partitioning
is not perfect at Boundary Creek, the sharing of spawning habitat results in the
occasional natural hybrids, known as tiger trout.
3.4.7 Conclusion
Brook charr in these populations displayed life history traits that were consistent with
known populations around the world. Brook charr are known for small size, early
maturation, and a short life span. Subtle variation in the range of traits or tactics was
observed. The brook charr at Pisgah Creek epitomised the “A” life history (Power 1980)
with growth that allowed some 0+ males to mature. Munro’s Creek followed the same
pattern but not as clearly. These populations share those traits that with many
populations in the brook charr’s native range, one difference perhaps is warm water
temperatures can limit growth in the southern native range (Xu, Letcher et al. 2010).
The association to the “A” life history for the brook charr at Pierce’s Gorge and
Boundary Creek is less clear. Both had early maturation, but the competition with
brown trout is likely a contributing factor even though growth is poor at Pierce’s Gorge,
and the water temperature is cold at Boundary Creek. Early maturation in brook charr
as a response to competition with brown trout is seen both in introduced (Öhlund,
Nordwall et al. 2008) and native (Carlson, Hendry et al. 2007, Hoxmeier and Dieterman
2013) populations elsewhere.
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The brook charr at Roaring Meg closely resembled the “B” life history (Power 1980)
where maturity was delayed in the cold, high altitude environment. This pattern has
been observed in introduced populations (Adams 1999, Kennedy, Peterson et al. 2003)
where the cold short growing season delays maturation.
No unique or novel life history traits were discovered in this study of brook charr as all
could be related back to previous studies and information. This is not surprising given
the benign climate of New Zealand and the available habitat. Otago lies at 45° south in
latitude which is comparable to the latitude of 40° - 50° north in North America in
native range of the brook charr where the same life history patterns are seen. Brook
charr are pushed to use their plasticity but are not pushed to their limit in New Zealand.
They are a persistent fish with an adaptive ecology with sufficient life history plasticity
to adapt to a relatively wide range of conditions.
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3.5 Appendix
Appendix 3.1 – Observed versus predicted temperatures for Pisgah creek following the loss of temperature logger.
Pisgah Creek temperatures were predicted using regression equations derived from actual temperatures between
Pisgah Creek and the two sites in closest proximity, Boundary Creek and Pierce’s Gorge, from December 2011 to April
2012.
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Chapter 4

An analysis of diet, invertebrate drift energy, and growth
potential modelling of 5 populations of brook charr in Otago

4.1

Introduction

Salmonids occupy headwater streams and other low productivity environments around
the world in both their native ranges and as introduced exotics (Fausch 2008). The
available energy in the invertebrate drift, from aquatic and terrestrial sources, is
therefore important as the main food source in small streams (Utz and Hartman 2006,
Sweka and Hartman 2008), and may determine the success of an individual or of a
population (Hansen and Closs 2009, Akbaripasand, Ramezani et al. 2014). While
salmonids as a group have a reputation for mobility and migration (Klemetsen,
Amundsen et al. 2003), some small stream populations display little mobility and stay in
their natal location not moving more than 100 metres over their lifetime (Petty,
Lamothe et al. 2005, Hoxmeier and Dieterman 2013). The consequence of not moving
for stream fish is that they are dependent upon the energy at that location and that
drifts in from upstream.
The energy contained in a headwater stream is influenced by the watershed (Vannote,
Minshall et al. 1980), however it has been suggested that the supply of allochthonous
organic material to New Zealand upland streams is largely intractable tussock grass leaf
litter in the headwaters which provides limited energy for stream food webs,
(Winterbourn, Rounick et al. 1981) with implications for the energy supply to
macroinvertebrates, and ultimately available to fish. The question of available energy
in New Zealand streams was addressed by Allen (1951) in a landmark study that
concluded that the aquatic invertebrates contained within his study sites on the
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Horokiwi stream were insufficient to support the observed population of brown trout.
Allen’s paradox has been investigated and some have suggested that terrestrial inputs
could make up the deficit (Kawaguchi and Nakano 2001, Utz and Hartman 2006).
However Edwards and Huryn (1995) found a minimal contribution of 5% terrestrial
invertebrates toward the annual production of brown trout in an Otago stream.
My study sites vary in temperature and altitude, but other studies have suggested the
growth of stream salmonids is governed by food availability more than temperature
(Railsback & Rose, 1999; Sweka & Hartman, 2008). Food limitation is relevant to this
study as the brook charr in Otago are in headwater streams, some at high altitude and
possibly in reaches that were naturally fishless and these populations long term
viability, life history, and potential threat to native fish is unknown. Stream dwelling
brook charr use invertebrate drift in North America in both their native range (Webster
and Hartman 2005, Sotiropoulos, Nislow et al. 2006, Utz, Ratcliffe et al. 2007) and
where they are introduced, typically in headwaters (Allan 1981, McNicol, Scherer et al.
1985). They also commonly select terrestrial invertebrates in the drift disproportionally
and as the terrestrial prey is available (Hubert and Rhodes 1989, Webster and Hartman
2005, Sotiropoulos, Nislow et al. 2006, Utz, Ratcliffe et al. 2007, Sweka and Hartman
2008). In the only published study on brook charr in New Zealand, Fechney (1988)
looked at the diet of brook charr populations allopatric and sympatric with brown trout.
She found that brook charr were using the invertebrate drift, and that there was
considerable dietary overlap with sympatric brown trout. Competition for resources,
especially diet overlap, is a pressure that brook charr could impose on native galaxiids.
Deleatidium spp. and other common stream invertebrates are important to galaxiids
(Allibone and Townsend 1998, McHugh, McIntosh et al. 2012), and it is assumed that
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brook charr would also consume common items in the drift and therefore have diet
overlap with galaxiids to the same extent that brown trout do (Edwards and Huryn
1996, McDowall 2003).
Brown trout have been shown to exclude brook charr from preferred in stream
positions (Fausch and White 1981, Blanchet, Loot et al. 2007) which has the potential to
lower growth (Carlson, Hendry et al. 2007) but more typically the competition for
resources results in a longitudinal distribution with brown trout in lower reaches and
brook charr in the upper reaches with a transition zone where presumably neither
species has an advantage (Kozel and Hubert 1989, Bozek and Hubert 1992, Taniguchi,
Rahel et al. 1998, Weigel and Sorensen 2001). This competition for resources with
brown trout presumably shapes and limits the distribution of brook charr in New
Zealand (Allibone and McDowell 1997, Allibone 1999)
I hypothesise that brook charr are using the available invertebrate drift, that there is
overlap in diet with both brown trout and galaxiids, and that the energy present in the
drift is enough to sustain these populations.
In this study, I assessed the composition and energy of the drift available to the brook
charr populations over a 24 hour period. To assess fish diet, fish stomachs were
examined and the contents identified and compared for similarity across sites. In
addition, the diets of sympatric brook charr and brown trout were compared for
similarity. Finally, a growth model was used to compare observed growth to predicted
growth at each site based on food availability and other variables including
temperature. This chapter aims to determine whether growth rates are consistent with
the availability of energy in the drift and the use of the aquatic versus terrestrial prey.
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4.2 Methods
The five study sites in Otago described in the previous chapter were used for this study.
They range in altitude from 480 m to 1460 m, annual water temperatures range from
4.9°C to 8.3°C, and upstream watershed area from 1.92 km2 to 16.45 km2. Land use
varied between sites and included pine plantations, improved pasture, grazed and
ungrazed tussock grassland. The invertebrate drift community in New Zealand has
been found to be generally less diverse than the aquatic invertebrate community
present on other continents and more consistent across systems despite differing land
use and habitat (Winterbourn, Rounick et al. 1981, Edwards and Huryn 1995). Brook
charr have been naturalised at Roaring Meg and Munro’s Creek sites for 30 to 40 years,
and probably over 100 years in Pierce’s Gorge, Pisgah and Boundary Creeks. Like other
headwater fish populations in New Zealand, it was assumed that aquatic and terrestrial
invertebrates, taken mostly from the drift, would comprise most if not all of the prey
items in the diet (Fechney 1988, Edwards and Huryn 1995).
4.2.1 Invertebrate drift
Invertebrate drift samples were collected to compare the relative available energy and
abundance of invertebrates across sites and relate these values to fish growth. Drift
samples were collected over 24 hours at each site in April 2012. April was chosen as the
month to sample the drift because it is a stable month at the end of the growing
season. Each site was sampled using 4 nets deployed simultaneously over 24 hours to
sample mean aquatic drift density and biomass (Matthaei, Werthmüller et al. 1998,
Shearer, Hayes et al. 2002). Drift nets were cone shaped, with a 25 cm mouth, 80 cm
deep, and 400 micron mesh. Nets were attached to metal poles pounded into the
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substrate and adjusted so that a portion of the mouth was out of the water in locations
that were deeper than 25 cm deep in order to collect a surface sample and any floating
terrestrial prey, which has been shown to be important to stream dwelling brook charr
(Utz and Hartman 2006). When the depth was less than 25 cm, the base of the net was
placed on the bottom. To calculate discharge and the volume of water sampled by each
net, the depth from the water surface to the bottom of the net, and total depth were
taken, as well as the flow at each net and location using an electronic flow metre
(Marsh-McBirney, Flo-mate 2000, Frederick, Maryland, accuracy ±0.02 m s -1). The
submerged area of net mouth was calculated using the segment of a circle formula and
used as a portion of the total discharge (area x velocity). Nets were deployed
continuously for 24 hours during which they were checked and emptied every 6 or 12
hours to avoid clogging of mesh. Drift samples were immediately preserved in 85%
ethanol. Because water temperature has been shown to affect the growth,
reproduction, and behaviour of salmonids and brook charr (Power 1980, McDowall
1997, Klemetsen, Amundsen et al. 2003, Xu, Letcher et al. 2010), and is a key input into
growth models (Hayes, Stark et al. 2000), water temperature at each site was recorded
on HOBO Pendant data loggers (Onset Computer Corporation, Bourne, MA, USA). A
second HOBO Pendant logger was used simultaneously above the water surface to
record light intensity and air temperature. Temperature and light intensity were
recorded at 15 minute intervals and downloaded at each site visit. There were some
losses of data due to logger malfunctions and one complete loss at Pisgah Creek.
In the laboratory, drift samples were processed in their entirety with invertebrates
sorted under a stereo microscope (Olympus SZ51, Olympus, Tokyo, Japan) and
identified to the lowest practical taxonomic level using Winterbourn, Gregson, &
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Dolphin (2006). Invertebrates were also measured for total length and assigned to a 3
mm length bin (0-3 mm, 3-6 mm, 6-9 mm, etc.) and counted. The length bins were
chosen to facilitate input into the Hayes brown trout growth model (Hayes 2000, Hayes,
Stark et al. 2000). The total length was used to assign a calculated dry weight value to
each invertebrate and each taxonomic group was assigned a caloric value per gram of
dry weight based on the Hayes brown trout growth model (Hayes 2000, Hayes, Stark et
al. 2000, Hayes 2012, Shearer 2012) and the references contained within for the
invertebrate length-weight relationships (Sage 1982, Sample, Cooper et al. 1993,
Towers, Henderson et al. 1994) and invertebrate caloric values (Cummins and
Wuycheck 1971, McCarter 1986). When possible, the caloric values per gram of dry
weight of certain taxa were replaced with actual caloric values obtained from Otago
stream invertebrates measured by Akbaripasand (2012). The calculated weights and
caloric values allowed drift density to be calculated for calories and grams per cubic
metre, in addition to the standard calculation of invertebrates per cubic metre (m 3).
For each size class, the drift density (m3), mean caloric value, and mean grams per prey
item were calculated and formatted for entry into the Hayes growth model (Hayes
2000). The mean drift energy, in calories per gram, for each size class was calculated by
calculating calories per taxa, summing those and dividing by the weight in grams. This
gave an adjusted energy value for calories per gram of prey item with weight given to
the most common taxa.
4.2.2 Growth model
To assess the adequacy of the drift prey base to support fish populations and compare
observed to predicted growth at each site and for both species, the drift measures were
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inputted into the Hayes model along with the site-specific variables. The site-specific
inputs that were used were mean daily water temperature (°C), forage hours, measured
as hours of light intensity above 0.02 lux (Hayes 2000), and drift density, weight, and
caloric value. In addition, the site and species-specific length-weight coefficients were
calculated and inputted. Variables were set for each day of the year and then averaged
into monthly time periods to be used in the simulations.
The Hayes model comprises three submodules; foraging, bioenergetics, and annual
growth (Hayes, Stark et al. 2000). The model uses invertebrate drift density and
composition along with temperature to model growth for a specific time period (Hayes,
Stark et al. 2000). The bioenergetics module can be run without the foraging cost
included to estimate the ration being consumed. The model was designed specifically
to model the metabolism of brown trout and the consumption rates in the model
equations were not altered for this comparison.
Within the Hayes model, the specific model “Trout_Energetics2” was used to run
annual growth model simulations both with and without the foraging cost module.
When foraging cost is not selected the user can specify the energy intake as a
proportion of maximum 24 hour energy consumption calculated from the invertebrate
drift inputs. The proportion of energy intake was adjusted and rerun until the predicted
growth approximated observed growth described in Chapter 3. The size the fish
attained in the month of April in each simulation was used to represent the size
achieved for that cohort in order to compare to the actual fish data which was obtained
in the month of April. “Trout_Energetics2” was used because it is preferred over
“Trout_Energetics1” when the fish are on reduced rations, meaning not being fed ad
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libitum (Hayes 2000). Reproductive cost modules were used in all simulations and as a
site-specific estimate of weight-at-maturity based on the population surveys was input.
The age data from the otolith analysis described in Chapter 3, was used to calculate a
mean length-at-age for each site. The data represent fish sampled and sacrificed in
April considered to be the end of summer and the height of the growing season.
4.2.3 Diet
Fish diet is an important measure of life history and can indicate the importance of prey
items that are not obvious from their abundance in the drift (Utz and Hartman 2006).
To assess fish diet, stomachs from fish that did not recover from capture and handling
during a sampling event were examined, and a selection of fish from the final visit to
each site were euthanased streamside in a 1ml/litre solution of 2-phenoxyethanol and
then preserved in 85% ethanol. Fish were processed in the laboratory, and stomachs
were removed and dissected to assess the contents. Stomachs were examined and
visually estimated for percent fullness and, if present, invertebrates were identified to
the lowest practical taxonomic level using Winterbourn, Gregson, & Dolphin (2006) and
estimated as percentage of the total stomach contents, or “prey abundance”, after
Admundsen (1995). Prey abundance is defined as the percentage a prey taxon
comprises of the total stomach contents of all fish sampled (Admundsen 1995) or the
mean percentage volumetric contribution of the taxonomic groups to the diet. Prey
abundance by taxon was totalled by site and also by species for Pierce’s Gorge and
Boundary Creek.
Drift density (invertebrates per m3) was compared among sites using a Kruskal-Wallis
test with post hoc pairwise comparisons using Dunn’s test to determine if differences
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existed between sites. This non-parametric analysis was used because the data lacked
normality. A Pearson correlation was used to look for a relationship between drift
density and temperature, light, and altitude. Variables were log transformed to reduce
the influence of extreme points and better fit the statistical assumptions of linearity.
IBM SPSS Statistics (Version 20) was used to run the tests.
To assess both the similarity of brook charr diet across sites and the similarity of diets of
sympatric brook charr and brown trout at Pierce’s Gorge and Boundary Creek, the mean
percentage volumetric contribution of the taxonomic groups to the diet for individual
fish by site were statistically compared using a permutational multivariate analysis of
variance (PERMANOVA) based on Bray-Curtis distance and also visually compared using
Nonmetric Multidimensional Scaling (NMDS) ordination plots because PERMANOVA
does not produce any graphical output. These analyses were carried out using the
statistical software R version 3.5.3. (R Core Team 2019) using the adonis, betadisper,
and metaMDS functions in the R package vegan and plotted with R package ggplot2
(Oksanen, Blanchet et al. 2019). The adonis function performs the PERMANOVA, a
nonparametric statistical method that uses a distance matrix and identifies the relevant
central points of the data and then calculates the squared deviations from these points.
It computes an R2 value which shows the percentage of variation explained by the
supplied category, as well as a p-value to determine the statistical significance
(Oksanen, Blanchet et al. 2019). The betadisper function performs a companion test to
adonis which tests the multivariate dispersion of the each groups data points which is
necessary because homogeneity of multivariate dispersion is the only assumption of
PERMANOVA (Anderson 2001), although it has been shown to be robust to
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heterogeneity of multivariate dispersion when the design is balanced with similar
sample sizes (Anderson and Walsh 2013). Function metaMDS was used to calculate the
NMDS proximity matrices that were then used to create the ordination plots. NMDS
assigns a rank based on distance between data points and then uses an iterative
process to adjust the data points in relation to one another until the lowest “stress” is
found (Cox and Cox 2001). The output is the data represented in two dimensions by
coordinates, and the coordinates were graphed in an ordination plot to show the mean
percentage volumetric contribution of the taxonomic groups to the diet for individual
fish by site or species in relation to one another. This is an exploratory technique is to
visualise the differences as a distance between site or species and not a statistical test
of those differences but for clarity the R2 and P value for each corresponding
PERMANOVA was included in the ordination plots. To visually assess the similarity and
importance of prey items in the diet of sympatric brook charr and brown trout at
Pierce’s Gorge and Boundary Creek, additional multidimensional scaling ordination
plots of the mean percentage volumetric contribution of the taxonomic groups to the
diet were graphed to show the prey items in relation to one another by fish species and
importance in the diet. This is an exploratory technique is to visualise the differences as
a distance between competitors and not a statistical test of those differences. This
analysis was calculated with XLSTAT 2016 (Addinsoft, New York, New York), a statistical
“Add-in” package to Microsoft Excel 2013.
To assess the diet overlap of sympatric brook charr and brown trout at Pierce’s Gorge
and Boundary Creek, the mean percentage volumetric contribution of the taxonomic
groups to the diet were tested with the simplified Morisita-Horn index (MH)(Horn
1966);
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n

n

MH = 2∑ i Pij Pik / ∑ i P2ij + ∑ i P2ik
where n = the total number of diet item groups;

Pij = the proportion of the diet item used by charr; and
Pik = the proportion of the diet item used by trout (King and Beamish 2000).
The index returns values between 0 (no overlap) and 1 (complete overlap) with a value
of 0.6 or greater being considered biologically significant by convention in the literature
(Zaret and Rand 1971, Labropoulou and Eleftheriou 1997, King and Beamish 2000,
Rodrigues and Vieira 2009).
This study was approved by the University of Otago Animal Ethics Committee.

4.3 Results
4.3.1 Invertebrate drift
In total, more than 50 invertebrate taxa were identified belonging to 18 invertebrate
orders (see Appendix 4.1 at the end of this chapter) in the drift samples collected across
the five sites in April 2012. The Munro’s Creek sample had the fewest taxa at 28 and
was dominated by Chironomidae larvae (26.0%) and adult Dipteran midges (21.7%),
Pisgah Creek had 39 taxa and was dominated by Deleatidium spp. (36.6%) and Olinga
(10.0%), while Pierce’s Gorge had 44 taxa and was dominated by adult Dipteran midges
(21.3%) and Austrosimulium larvae (19.5%). Boundary Creek was the most diverse with
50 taxa, with the two dominant taxa being Deleatidium spp. (13.8%) and adult Dipteran
midges (8.7%). Roaring Meg had 31 taxa, with two of those comprising over 50% of the
sample, Chironomidae larvae (30.6%) and Ostracoda (26.6%).
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Drift density was different between sites (see Figure 4.1). When compared, drift
density in Pisgah Creek was significantly higher than Munro’s Creek (P = 0.019) and
Roaring Meg (P = 0.010). Drift density was positively correlated to temperature (r =
0.573) and negatively correlated to light (r = -0.378) and altitude (r = -0.397) (Table 4.1),
which are, respectively, “large” and “medium” effect sizes as defined by Cohen (1988)
where for values of r, 0.1 is “small”, 0.3 is “medium”, and 0.5 is “large”. The
correlations were not statistically significant which is likely a result of the low sample
size, but they can still be interpreted as biologically significant effect sizes (Nakagawa
and Cuthill 2007).

Figure 4.1 – Drift density represented by mean invertebrates per cubic metre by site across four drift nets for the 24
hour sample. Box of the boxplot represents the middle 50% of density with the median for site shown by the
horizontal line. The whiskers show the upper and lower values within 1.5x the interquartile range. Letters (A,B)
indicate no significant difference between sites with the same letter.

109

Table 4.1 – Pearson correlation coefficients (r) in matrix with variables drift density (invertebrates per cubic metre),
temperature (°C average for the month of April 2012), light (lumens per square foot for the month of April 2012), and
altitude (metres above sea level).

In terms of energy, Pisgah Creek had the highest mean drift density of 14.8 calories per
m3, significantly higher brook charr growth rates, as well as the highest mean
temperature of all sites (Figure 4.2).

Figure 4.2 – Drift density represented by mean calories per cubic metre (± SE) across four drift nets for the 24 hour
sample from April 2012 plotted with the summer mean water temperatures (°C) and observed brook charr growth
rates (mm/d) from Chapter 3 for the period November 2011 to April 2012 for each site.

Munro’s and Boundary Creeks and Roaring Meg all had drift densities of less than one
invertebrate per cubic metre. By contrast, Pisgah Creek had a drift density of over 3.5
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invertebrates per cubic metre. In addition, Munro’s Creek and Roaring Meg had a caloric
density of less than 1 calorie per cubic metre (see Table 4.1).

Table 4.2 – Measures of drift (n, calories, & volume) by site with summer growth rate (mm/d), mean summer and
annual water temperature (°C), and altitude for reference. The drift densities are means across four drift nets for the
24 hour sample.

4.3.2 Diet
The stomach contents of 171 brook charr and 80 brown trout, taken in April 2013 on
final sampling, were identified and compiled as prey abundance. In total, the stomachs
contained 53 invertebrate taxa belonging to 20 orders, as well as one vertebrate, (fish
Salvelinus fontinalis), plant material, and gravel (see Appendix 4.2 at the end of this
chapter). Only two taxa, Deleatidium spp. and Hydrobiosidae, were common at all five
sites.
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For brook charr, diet in Munro’s Creek included 30 taxa, with Zelandobius spp. (16.7%),
Megaloptera (16.1%), and Deleatidium spp. (11.7%) being the top three groups. Pisgah
Creek diet had the fewest taxa at 21 and was dominated in abundance by Deleatidium
spp. (70.7%). Pierce’s Gorge brook charr diet had 23 taxa and was dominated by Olinga
(21.6%) and Beraeoptera (23.1%). Boundary Creek brook charr diet had a total of 32
taxa with Olinga at 36.1% and Deleatidium spp. at 21.2% combined to make up the
majority. Roaring Meg had 22 taxa, and Pycnocentria spp., Pycnocentrodes spp., and
Deleatidium spp. comprised 19.2%, 17.9%, and 16.4% of the abundance, respectively.
For brown trout, diet at both sites were dominated by Deleatidium spp. and Olinga.
Pierce’s Gorge brown trout diet had Olinga at 27.1% and Deleatidium spp. at 24.1%
among 32 taxa, while Boundary Creek diet had Deleatidium spp. at 21.5% and Olinga at
12.2% among 35 taxa.
The dominant groups in the abundance totals are all aquatic in origin, and only two
terrestrial taxa were present in double digit abundance; Hemipteran adults (11.31%) for
Pierce’s Gorge brook charr, and lepidopteran caterpillars (10.42%) for Boundary Creek
brown trout. The abundance of terrestrial items (Table 4.3) was low at Munro’s (7%)
and Pisgah (7%) Creeks and Roaring Meg (6%) compared to Pierce’s Gorge brook charr
(29%) and brown trout (16%) and Boundary Creek brook charr (15%) and brown trout
(17%).
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Table 4.3 – Abundance (%) of aquatic and terrestrial prey items and major taxa (> 10%) in fish stomachs from April 2013.
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PERMANOVA results (Table 4.4) for both site (P = 0.001) and species at Pierce’s Gorge
(P = 0.003) and Boundary Creek (P = 0.001) indicate a significant difference in mean
percentage volumetric contribution of the taxonomic groups to the diet for individual
fish which is in contrast to the ordination plots for site (Figure 4.3) and species (Figure
4.4) which indicate overlap in diet or the use of the resources.

Table 4.4 – PERMANOVA results based on Bray-Curtis dissimilarities using mean percentage volumetric contribution
of the taxonomic groups to the diet for individual fish by site (a) or species (b,c) in relation to one another
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Figure 4.3 – Nonmetric Multidimensional Scaling ordination plot of the mean percentage volumetric contribution of the taxonomic groups to the diet for individual brook charr by site in
relation to one another with 95% confidence interval ellipses (MC = Munro’s Creek, PC = Pisgah Creek, PG = Pierce’s Gorge, BC = Boundary Creek, RM = Roaring Meg). For clarity the R2 and p
values from Table 4.4 for the corresponding PERMANOVA test are included.
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Figure 4.4 - Nonmetric Multidimensional Scaling ordination plot of the mean percentage volumetric contribution of
the taxonomic groups to the diet for individual fish by species (charr in blue, trout in red) with 95% confidence
interval ellipses at Pierce’s Gorge (a) and Boundary Creek (b). For clarity the R2 and p values from Table 4.4 for the
corresponding PERMANOVA test are included. Note different scales.

116

When the use of taxa were examined by a dissimilarity distance calculation using
Multidimensional Scaling, some overlap between brown trout and brook charr is
apparent, as well as some specialisation. At Pierce’s Gorge both species heavily used
Olinga but differed in use of the other important taxa; Deleatidium spp. was favoured
by brown trout whereas Beraeoptera (Trichoptera) was favoured by brook charr. At
Boundary Creek, Deleatidium spp. was important to both species, but Olinga was of
greater importance to brook charr. Many taxa were used by both species in low
numbers with a similar low importance in the diet. These similarities and differences
are visible in the ordination plots for Pierce’s Gorge (Figure 4.5) and Boundary Creek
(Figure 4.6). Species preferences are visible along the horizontal (x) axis, with brook
charr to the left and brown trout to the right. Taxa used similarly by both species are
positioned near the vertical (y) axis. Importance of taxa to the diet is visible through
distance above the horizontal axis. Some difference in terrestrial prey use is visible with
Pierce’s Gorge with brook charr favouring adult Hemipterans and Orthoptera compared
to brown trout and trout consuming more slugs (Gastropoda spp.). At Boundary Creek,
brook charr are consuming spiders more frequently than brown trout, while trout are
favouring caterpillars as prey.
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Figure 4.5 – An ordination plot of the taxa in the diet of brook charr and brown trout at Pierce’s Gorge. Species
preferences are visible along the horizontal (x) axis, with brook charr to the left and brown trout to the right. Taxa
used by similarly by both species are positioned near the vertical (y) axis. Importance of taxa to the diet is visible
through distance above the horizontal axis.

118

Figure 4.6 - An ordination plot of the taxa in the diet of brook charr and brown trout at Boundary Creek. Species
preferences are visible along the horizontal (x) axis, with brook charr to the left and brown trout to the right. Taxa
used by similarly by both species are positioned near the vertical (y) axis. Importance of taxa to the diet is visible
through distance above the horizontal axis.

The analysis using the Morisita-Horn index indicates that there is some significant diet
overlap of charr and trout at both Pierce’s Gorge (MH = 0.75) and Boundary Creek (MH
= 0.74).
4.3.3 Growth model
The growth model simulations across all sites show a relationship between the
observed mean length-at-age and the predicted lengths based on the invertebrate
energy available in the drift. Overall the energy intake as a proportion of maximum 24
hour energy consumption models were better at approximating observed growth,
although at Boundary Creek and Roaring Meg both models approximated observed
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growth. The proportions of energy intake that approximated observed growth were
60% for Munro’s and Pisgah Creeks, 65% for Pierce’s Gorge, 75% for Boundary Creek,
and 80% for Roaring Meg. The forage model underestimated growth at Munro’s Creek
(Figure 4.7a) and overestimated growth at Pisgah Creek (Figure 4.7b) while the energy
intake model, using 60% intake, approximated the observed growth for both. The
Roaring Meg models were similar to one another and had a linear growth output that
approximated the observed growth (Figure 4.7c). The forage model underestimated
growth at Pierce’s Gorge for both brook charr (Figure 4.8a) and brown trout (Figure
4.8b) while the energy intake model, using 65% intake, approximated the observed
growth for both species. The Boundary Creek models were similar to one another and
had a growth output that approximated the observed growth for both species (Figures
4.8c & 4.8d).
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Figure 4.7 – Munro’s Creek (a), Pisgah Creek (b), and Roaring Meg (c) allopatric brook charr observed annual growth
compared to annual growth predicted by two modules of the Hayes growth model. The “forage model” includes the
energetic cost of drift feeding, while the “intake model” does not and instead relies a user input proportion of the 24
hour daily maximum energy intake available from the drift. Munro and Pisgah Creek best fit at 60% of the maximum
while Roaring Meg best fit at 80%. Lengths are taken from fish in the month of April for both observed and from the
simulations. Note different scale on Pisgah Creek (b).
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Figure 4.8 – Pierce’s Gorge brook charr (a), Pierce’s Gorge brown trout (b), Boundary Creek brook charr (c), and Boundary Creek brown trout (d), both sympatric populations, observed annual
growth compared to annual growth predicted by two modules of the Hayes growth model. The “forage model” includes the energetic cost of drift feeding, while the “intake model” does not
and instead relies a user input proportion of the 24 hour daily maximum energy intake available from the drift. Pierce’s Gorge best fit at 60% of the maximum for both species while Boundary
Creek best fit at 75% for both species. Lengths are taken from fish in the month of April for both observed and from the simulations.
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4.4 Discussion
Brook charr are using the drift in these Otago streams and it appears from this snapshot
of data that there is enough energy to support these headwater populations. The diet
analysis was also of narrow scope but indicates that although there is a significant
statistical difference in the contribution of the taxa between sites and by species there
is still an overlap in diet and the overlap between charr and trout at Pierce’s Gorge and
Boundary Creek is biologically significant. The overlap of brook charr diet with both
brown trout indicates a likely overlap of diet between brook charr and galaxiids. The
composition of the drift was different between sites but dominated by Ephemeroptera,
Plecoptera, Tricoptera, and Diptera, as would be expected for cool headwater streams
in New Zealand, and consistent with other regional studies (Fechney 1988, Sagar and
Glova 1992, Shearer, Hayes et al. 2002). These invertebrate taxa are known to be
common prey for drift feeding fish, especially salmonids (Hayes, Stark et al. 2000) and
can be expected to appear in diets of the brook charr and brown trout in these streams.
Despite the temporal difference between the drift and diet data sets, the dominant
items in the drift were generally the important items in the abundance measure in the
diet. Deleatidium spp. was prominent in the drift as well as Chironomidae, and both
were important in the diets of the fish. The ordination of both sympatric populations
show the majority of the taxa clustered near the origin on each plot indicating a similar
use of resources. The closer the values are to zero the more similar they are (Cox and
Cox 2001). There are however some differences and ordinations also show
dissimilarities in the diet and seem to indicate selection of certain items over others,
like the use of Olinga by brook charr at a rate 3 times higher than brown trout, which is
consistent with some studies that have indicated the brook charr select for preferred
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items disproportionally to the numbers present in the drift (Utz and Hartman 2006), but
any indication of selection must be taken with caution since the diet data was not
collected on each sample date and was not collected with the drift data. The
dissimilarities that are visible between fish species are supported by the significant
PERMANOVA results by species, but that is tempered by the ordination plots (Figure
4.4) which clearly indicate a spatial overlap. The visual overlap is supported by the
Morisita-Horn index values for both sympatric populations of charr and trout that were
above the conventional value of biological significance (0.60), and assuming that
threshold is correct, it indicates an overlap in diet of the sympatric brook charr and
brown trout in Pierce’s Gorge and Boundary Creek which is consistent with other
studies in New Zealand (Fechney 1988) and North America (Cunjak and Power 1987).
Drift density was not equal across sites and varied in terms of number of invertebrates
and calories per cubic metre and was positively correlated to temperature and
negatively correlated with altitude and light. The variation in drift density is not
unexpected given the range of physical conditions between sites. In addition to the
1000 metre spread in elevation and related water temperature difference, there are
also watershed differences in size, cover, and land use between sites that could affect
invertebrate drift density. The pasture that surrounds Pisgah Creek most likely
increases the productivity at that site and is a nutrient source that the other sites do
not share. Light grazing has the potential to increase drift rates (Suren and Jowett
2001) and productivity (Riley, Townsend et al. 2003) and induce a subsidy-stress
response in macroinvertebrates (Wagenhoff, Townsend et al. 2012) that could
contribute to high density at Pisgah Creek, but this is only speculation as sediment and
nutrient inputs were not measured. Drift is known to be variable in nature, and almost
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all abiotic and biotic features can have an effect on drift density (Brittain and Eikeland
1988).
The growth models seem to indicate that these populations are not severely food
limited as the best fit to observed growth comes from the models where the fish are
consuming 60 to 80 percent of the maximum available energy. This suggests that there
could be mild food limitation or the streams are close to carrying capacity which has
been proposed by other studies in Otago (Akbaripasand 2012). While this conclusion is
encouraging as a close match, it is a tentative one because the drift data is based on a
24 hour sample and cannot be assumed to be representative for the entire year. April
may be as representative as any month because the drift density does not decline in
late summer as it does in some streams in North America (Utz and Hartman 2006,
Sweka and Hartman 2008).
The survival of the populations at Munro’s Creek and Roaring Meg in the face of
relatively low drift densities may be due the low energy requirements of brook charr,
particularly in these high elevation, cold systems. Brook charr occupy low productivity
streams and appear to be food limited in some systems in their native range (Ensign,
Strange et al. 1990, Utz and Hartman 2006) and the Western US (Allan 1981), and may
be particularly adapted for success in these environments because of lower energy
demands than brown trout (Cunjak and Power 1987, Hartman and Sweka 2001, Sweka,
Keith Cox et al. 2004, Sweka and Hartman 2008). Brook charr can also maintain a
higher level of feeding activity and growth at lower temperatures which allows them to
out compete brown trout in cold environments (Öhlund, Nordwall et al. 2008, Xu,
Letcher et al. 2010). This would explain the success of brook charr at higher altitudes in
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New Zealand, and their extended distribution upstream of brown trout at Pierce’s
Gorge and Boundary Creek. Conversely, there is the possibility that the relatively young
populations at Munro’s Creek and Roaring Meg, 45 years and 30 years, respectively, are
not destined for long term success and that there has been a peak and decline that is
unobserved and in progress despite the brook charr reputation for survival in face of
extreme food limitation (Reimers 1979, Dawidowicz and Gliwicz 1983). There are other
indications that these two populations are under pressure as the delayed maturity at
the Roaring Meg and the presence of fish in the stomachs at Munro’s Creek and Roaring
Meg, although opportunistic cannibalism in salmonids is not uncommon (Klemetsen,
Amundsen et al. 2003).
Terrestrial items may be underutilised at Munro’s Creek, Pisgah Creek and Roaring Meg
compared to their abundance in the drift. Terrestrial inputs have been found to be a
disproportional percentage of items in the fish diet, especially in summer, and these
contributions approach 50% of the annual diet in some food limited systems (Wipfli
1997, Kawaguchi and Nakano 2001, Nakano and Murakami 2001, Utz and Hartman
2006, Sweka and Hartman 2008). The terrestrial prey are over-represented or overutilised in fish diets with the common assumption being that fish selectively choose
these items because they are of the highest value (Hubert and Rhodes 1989, Nakano,
Kawaguchi et al. 1999, Webster and Hartman 2005, Sotiropoulos, Nislow et al. 2006,
Utz, Ratcliffe et al. 2007). Although most of this research is focused on forested
streams, Kawaguchi and Nakano (2001) found that the contribution of terrestrial prey
to the annual total prey consumption of stream salmonids was about 50% for both
forested and grassland reaches despite the forested reaches have much greater totals
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of terrestrial input. In that study, terrestrial invertebrates comprised 77% of daily
consumption for salmonids during summer in grassland reaches compared to 68% for
forested reaches. The low representation of terrestrial items in the diets at Munro’s
Creek and Roaring Meg could be due to variability since both the drift and diet data
were of a limited scope and the patterns of use and abundance may have been missed.
Terrestrial peak input has been shown to vary by season between spring, summer, and
autumn (Mason and MacDonald 1982, Edwards and Huryn 1995, Kawaguchi and
Nakano 2001, Nakano and Murakami 2001) and even reported to vary at the same
study stream to be months apart and vary by half in value depending on the year
(Baxter, Fausch et al. 2005). Furthermore, the input of terrestrial prey is can be
influenced by invertebrate life history (Mason and MacDonald 1982) and local air
temperature, wind, and weather (Mason and MacDonald 1982, Edwards and Huryn
1995). Pisgah Creek appears to have abundant supply of Deleatidium spp. and
therefore the fish are able to meet their needs with that aquatic source, although
Nakano Nakano and Murakami (2001) found the consumption of terrestrial items was a
function of terrestrial prey availability and not a function of abundance of drift or
benthic prey. A more detailed study of the drift energy and comprehensive modelling
would be needed to better understand these systems, but the snapshot taken here
would appear to show the potential for long term survival of these populations given
the plasticity of brook charr and their low energy requirements.
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4.5 Appendices
Appendix 4.1 – Invertebrate drift taxa list with abundance percentage aggregated totals (%) and percentage of
aquatic versus terrestrial by site.
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Appendix 4.2 – Invertebrate diet taxa list and prey abundance (%) in fish stomachs from Munro's Creek, Pisgah
Creek, Pierce's Gorge, Boundary Creek, and Roaring Meg. Pierce's Gorge and Boundary Creek are subdivided by fish
species with brook charr in blue and brown trout in red. Terrestrial prey items are noted with “t". Prey abundance
percentages are aggregated totals. Fish were collected in April 2013.

130

131

Chapter 5

Interspecific competition between brook charr and galaxiids

5.1 Introduction
The worldwide introduction of various species of salmonid, particularly brown (Salmo
trutta) and rainbow (Oncorhynchus mykiss) trout, outside their natural range, have had
negative effects on native fish in the receiving systems. In the Northern Hemisphere,
salmonids have been implicated in the decline of native species through both direct and
indirect impacts (Fausch and White 1981, Larson and Moore 1985, Kitano 2004,
McHugh and Budy 2006, Blanchet, Loot et al. 2007, McIntosh, McHugh et al. 2012). In
the Southern Hemisphere, the impacts of salmonids are pronounced (Crowl, Townsend
et al. 1992, Townsend 1996, Townsend 2003, McDowall 2006, Pascual, Lancelotti et al.
2009, Young, Dunham et al. 2010), with many freshwater systems offering near ideal
conditions for invasion due to a favourable abiotic environment and little biotic
resistance (Moyle and Light 1996).

Salmonids were introduced to New Zealand starting in 1867 during an immense effort
to naturalise various species that was further complemented by the progressive
dispersal and colonisation of new areas by brown trout (McDowall 1994). Today,
brown and rainbow trout range coverage is nearly 100% of New Zealand across many
systems from the sea upstream to 1st order streams (McDowall 1990). This success has
taken its toll on native fish, and trout have been implicated as being the major
contributor to the decline and fragmentation of galaxiid (Galaxias spp.) populations
(Townsend and Crowl 1991, Crowl, Townsend et al. 1992, McDowall 2003, McIntosh,
McHugh et al. 2010).
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Of lesser infamy worldwide, introduced brook charr (Salvelinus fontinalis) have also had
an impact on native fish, including cutthroat trout (Oncorhynchus clarkii) (Dunham,
Adams et al. 2002, Peterson, Fausch et al. 2004) and bull charr (Salvelinus confluentus)
(Gunckel, Hemmingsen et al. 2002, Rieman, Peterson et al. 2006) in Western North
America, and white-spotted charr (Salvelinus leucomaenis) in Japan (Kitano 2004).
Brook charr are not on the list of “100 of the World’s Worst Invasive Alien Species” like
brown and rainbow trout (Lowe, Browne et al. 2000), but they are listed on the 100
most invasive species in Europe (DAISIE 2009) where they are thought to displace
brown trout in at least a few headwater streams (Korsu, Huusko et al. 2007) and lakes
(Spens, Alanärä et al. 2007). In the Northern Hemisphere, introduced brook charr most
often compete with native salmonids, but they have also been widely introduced in the
Southern Hemisphere where their impact on native fish remains largely unstudied. In
South America brook charr are widespread in Patagonia but are only beginning to be
investigated while introductions and development of salmonid fisheries are ongoing
(Vigliano, Alonso et al. 2007).

In New Zealand, brook charr were introduced starting in 1877, an undertaking that
lasted through much of the 20th century (Dorsey 2013). Brook charr are still present in
many self-sustaining populations in New Zealand, especially on the South Island in the
Central Otago region, which is also home to a species-complex of endemic, nonmigratory galaxiids, several of which are listed as nationally endangered or vulnerable
(Allibone, David et al. 2010). Some of these galaxiid populations remain “trapped”
between brook charr in the headwaters and brown trout in the lower reaches and main
stems (Leprieur, Hickey et al. 2006). A negative impact of brook charr on galaxiids in
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Otago is suspected (Allibone and McDowell 1997, Allibone 1999), but has not been
directly investigated.

Brook charr, like brown and rainbow trout, likely have a competitive and predatory
advantage over native fish in New Zealand because of their life history traits of large
egg size, large precocious larvae, aggressive behaviour, and large relative size
(Townsend 2003). Furthermore, brook charr have been shown to impact native species
in experiments where their presence has affected the habitat selection of a native
species (Nakano, Kitano et al. 1998), reduced the fitness of the native fish (Rodtka and
Volpe 2007), or dominated native fish of similar sizes (Gunckel, Hemmingsen et al.
2002). In each of these experiments the effects were reversed when the brook charr
were not present. The effect of brook charr on galaxiids is suspected because
experiments have shown the effects of ecologically similar brown trout on nonmigratory galaxiids through direct predation (McIntosh 2000), and the indirect effect of
trout presence that affects the behaviour, habitat use, activity ,and feeding of nonmigratory galaxiids (McIntosh, Townsend et al. 1992, Edge, Townsend et al. 1993). In
addition, brook charr appear to have a clear niche overlap with galaxiids in New Zealand
as they both require macroinvertebrate prey and habitat for drift-feeding, especially in
small headwater streams (Fechney 1988, Glova and Sagar 1991). Based on this, I
hypothesise that brook charr would have negative ecological effects on galaxiids in the
same reach even when there was a low risk of predation due to a minimal size disparity
(or low density) and a surplus of invertebrate drift. Negative ecological effects would
be the increased use of cover or restricted movements by galaxiids that could affect
condition or fitness. In this experiment, I tested patterns of habitat use amongst
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allopatric and sympatric brook charr and galaxiids in the laboratory in artificial stream
flumes.

5.2 Methods
5.2.1 Experimental setup
This experiment was conducted at the Portobello Marine Laboratory. Three flume
tanks were used in this experiment, each measuring 250 cm x 40 cm x 40 cm with a 25
cm diameter recirculation pipe (Figure 5.1). Each tank had a total volume of about 680
L. Recirculating flow was powered by a shaft driven, 3 blade propeller that was
powered by a 1 horse power electric motor.

Figure 5.1 –Scale diagram of flume tank viewed from above (top) without the drive/motor shaft visible and from the
side (bottom) with the drive/motor shaft visible (adapted from Crow, Closs et al. 2010). All measurements are in
centimetres.
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An artificial stream chamber was created in each tank that measured 100 cm x 40 cm
with 19 cm of water depth. When filled, each tank had a total recirculating water
volume of approximately 420 L. Rigid 40 cm inserts covered by 2 mm mesh were used
at the upstream and downstream ends to allow water flow and food to circulate, but
prevented fish movement out of the experimental chamber. Tanks were subject to
ambient laboratory temperature and overhead fluorescent lighting on a 10 hours on, 14
hours off schedule. The 14 hour night period was lit by individual red filtered
fluorescent lights centred over each tank. Cadwallader (1975) and McIntosh, Townsend
et al. (1992) found no effect of red filtered light on the behaviour of Galaxias vulgaris or
brown trout during night observations in stream tanks, and there was no obvious
reaction to the red light in this experiment. The transition between lighting periods was
buffered by natural light from small outside windows on one wall of the laboratory. To
minimize fish exposure to external movement in the laboratory, black plastic sheeting
and black netting were used to cover all sides of tanks and create a viewing blind
around each tank. The tanks were filled from a single purified water source, and water
quality was maintained by a drip inflow /drain outflow system whereby the water in
each tank was completely replaced every 24 hours. Motor speed was set to achieve a
flow of 0.12 m/s in each test chamber. Environmental conditions and water quality
were the same in each tank throughout the experiment (mean water temperature 13.9°
C, mean DO 11.06 mg/L (107.04% oxygen saturation), mean Salinity 0.06 PSU).
To allow the quantification of fish position and standardization of the test environment,
substrate panels, made of a Perspex base, were constructed to fit in the test chambers.
Two panels were created for each test chamber. Each panel was subdivided into a grid
of 10 cm x 10 cm (100 cm2) squares, so when laid together the bottom of the test
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chamber was an even grid of 40 individually numbered squares or positions (Figure 5.2)
that were easily discernible from one another.

Figure 5.2 - Substrate panels grid design used to determine fish position in the experimental test chamber. The
numbers in parentheses are examples of some of the grid coordinates which represent the naming convention for
each square or position on the grid. Rows 1-10 along the longer axis would be the first coordinate and rows 1-4
along the shorter axis would be the second coordinate (i.e. the intersection of row 8 and row 3 would be square or
position 8.3 which is in the centre of the inset photo). The inset photo shows the mixture of alternating cover
(squares 7.2, 7.4, 8.3, 9.2, & 9.4) and substrate (squares 7.3, 8.2, 8.4, & 9.3) that were fixed to the panels and used
throughout the entire grid and test chamber on alternating squares. Every square had either cover or substrate.

Cover and substrate were attached to alternating grid squares (Figure 5.2, inset) so that
every position had either cover or substrate. Cover was created by adhering short
sections of either 4 cm or 8 cm diameter PVC half pipe to a grid square so each half pipe
was installed in one grid square. The finished habitat had 12 small (4 cm) and 4 large (8
cm) cover half pipes. Natural substrate was created by adhering gravel (10 – 30 mm) to
the square. Both PVC half pipes and gravel were attached with neutral cure silicone
caulk, and after drying all panels were soaked in water for 24 hours to allow for any
chemical residue to diffuse out.
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To allow fish habitat use to be expressed along a gradient by time (minutes) and
position, the grid rows were aggregated into five equal “zones” (Figure 5.3), with zone 1
being the upstream end of the chamber and zone 5 being the downstream end of the
chamber. Each zone was 20% of the test chamber and combined comprised 100% of
the available habitat. The zones were equal in total space and volume but not available
cover because the asymmetrical arrangement of the half pipes resulted in 2 pipes in
zone 3, 3 pipes in zones 1 and 5, and 4 pipes in zones 2 and 4.

Figure 5.3 – A diagram of the “zones” (1-5) overlain on the position grid. The zones were used in addition to the
position grid to measure time spent on the upstream – downstream gradient.

Wild brook charr and galaxiids were collected by backpack electrofishing (EFM300,
NIWA Instrument Systems, Christchurch, New Zealand) (400 – 600 volts) pulsed DC (see
Jellyman and McIntosh 2008 for more equipment description) and transported to the
Department of Zoology in aerated, 20 L containers. Brook charr were collected from
the 3 streams described in Chapter 3, Munro’s Creek, Pisgah Creek, and Pierce’s Gorge,
at least 250 m downstream of the study sites. The fish were taken from these streams
because of the ease of access. Canterbury galaxiids (Galaxias vulgaris), collected from
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the Waianakarua River, were used in this experiment as a surrogate species to
represent all of the threatened, non-migratory galaxiid species of Otago, which is a
complex that includes Galaxias anomalus, G. depressiceps, G. eldoni, G. pullus, and
others. Galaxias vulgaris shares the non-migratory life history of the Otago species
complex but its conservation status is listed as “Not Threatened” (Allibone, David et al.
2010).
To allow individual fish to be identified and tracked throughout the experiment, each
individual was tagged with a unique colour and body position combination of visible
implant elastomer tags (VIE, Northwest Marine Technology, Shaw Island, Washington,
USA). Individual fish of both species were given two tags in a combination of body
locations which included the pectoral fins, dorsal fin, and tail. In addition, brook charr
adipose eyelids and maxillaries were also used. Five tag colours were used during the
experiment. For galaxiids, a 5 colour, 4 location, and two tags per individual, allowed
for a possible 150 individual combinations although only 90 were used. For brook
charr, a 5 colour, 8 location, and two tags per individual, allowed for a possible 750
individual combinations although only 92 were used. VIE tags were chosen because of
their low cost and high retention and visibility in brook charr (Josephson, Robinson et
al. 2008) and relatively low impact on small fish (Olsen and Vøllestad 2001). Fish were
tagged prior to acclimation by sedating fish in a 2% solution of AQUI-S (Isoeugenol;
AQUI-S New Zealand, Ltd., Lower Hutt, New Zealand).

To allow fish to acclimate to captivity after tagging, all fish were held for three weeks in
allopatric aquaria and weaned onto 2mm commercial pellet food (Reliance Stock Foods,
NZ) prior to being used in the experiment. Feeding was accomplished via automatic
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feeders (Aqua One, Dial-a-Diet, Kong’s (NZ) Ltd., NZ) every four hours during
acclimation. Only fish that displayed normal behaviour and feeding after the
acclimation period were used in the experiment.

5.2.2 Assessment of habitat use and behaviour
To determine patterns of habitat use and activity of galaxiids and brook charr in
allopatry and sympatry, three experimental treatments, one in each tank, were used
concurrently in each 5 day “trial”; brook charr allopatric (alone), galaxiid allopatric
(alone), and brook charr and galaxiids in sympatry. Each treatment contained 6 fish in
total. The brook charr allopatric tank contained 6 brook charr, the galaxiid allopatric
tank contained 6 galaxiids, and the sympatric tank contained 3 brook charr and 3
galaxiids.

To ensure the risk of predation was minimised, brook charr of less than 150 mm were
used in the sympatric tank. This size threshold (<150 mm) is consistent with studies in
New Zealand that have found predation and co-occurrence of brown trout and galaxiids
to be size dependant (Glova and Sagar 1991, Glova, Sagar et al. 1992, Glova and Sagar
1993, McIntosh, Crowl et al. 1994, McIntosh 2000, Glova 2003). This size threshold
(<150 mm) is also below the length (>200 mm) of the onset of piscivory for brook charr
in their native range (East and Magnan 1991). For galaxiids, a size threshold of 80mm
has been documented for co-existence with brown trout that are under 120 mm
(McIntosh, Crowl et al. 1994) In this experiment, the total length of fish ranged from 67
– 162 mm (mean 113 mm) for brook charr and 65 – 125 mm (mean 80 mm) for
galaxiids. A total of 126 fish were used in the experiment of 182 collected.
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To begin each 5 day trial, fish of both species were randomly selected from holding
aquaria, transferred to the laboratory in aerated, 20 L containers, weighed to the
nearest tenth of a gram, measured to the nearest millimetre, and placed in the test
chamber and allowed to acclimate for 48 hours before data collection began. To keep
feeding consistent with the 3 week acclimation period, fish were fed the same
commercial fish food with the same automatic feeders every four hours during the test
chamber acclimation period and trial.

To collect behavioural data after the test chamber acclimation period, a 5 day trial was
started with an initial viewing “session”. A viewing session was all three tanks being
observed in successive 40 minute “periods” each for a total of 120 minutes of
observation per session. During each period individual fish were visually followed and
all grid square position changes, time spent in each position, and cover status were
recorded to the nearest minute during the 40 minute periods which generated 40
minutes of data per fish (6 per tank) per period or 720 fish minutes of data per session.
The fish remained in the test chamber in the tanks between sessions and for the
duration of each trial. A total of 6 viewing sessions were conducted during each trial
over a period of 5 consecutive days, and this was repeated with new fish for each new
trial 7 different times so that 7 trials were completed in total. Cover use in minutes was
tallied and analysed as either “cover” or “open”. Habitat zone use was tallied and
analysed as minutes per zone. Mobility was tallied and analysed as grid squares used as
a percent of the total available habitat. Agonistic behaviour was also recorded for each
individual fish for both species where both aggressor and recipient were both noted.
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For brook charr, the definitions of McNicol and Noakes (1981) were used to categorise
behaviour and identify hierarchies.

To capture possible diel differences in behaviour that have been documented for both
species (Cadwallader 1975, Allan 1981, Glova and Sagar 1991, Glova, Sagar et al. 1992,
Edge, Townsend et al. 1993, Glova and Sagar 1993, Allibone and Townsend 1998,
Johnson, Ross et al. 2011), viewing periods were divided equally between pre-dawn and
day. The pre-dawn viewing was done under a red filtered fluorescent light (McIntosh,
Townsend et al. 1992), and day viewing was done under normal fluorescent lighting. To
avoid disturbing the fish, all viewing was done from the blind on each tank. To
minimise the effect that feeding might have on habitat use and activity, viewing periods
straddled the automatic feeding period so that data was collected both before and after
feeding. To compensate for any unseen differences or disturbance between tanks that
might affect fish behaviour (like motor vibration, angle of light, or movement in the
laboratory), the order of viewing was rotated each day and the treatment assemblage
of each tank was rotated between trials (i.e. the tank used for the sympatric treatment
in trial one would be used for an allopatric treatment during trial 2). To assess weight
and condition across treatments and trials, all fish were weighed to the nearest tenth of
a gram at the conclusion of each trial and then euthanased in a 1ml/litre solution of 2phenoxyethanol.

To test for differences in cover use, habitat use, mobility, and growth between the
sympatric group and the allopatric group of the same species, Mann-Whitney U tests
were used to compare medians because the data contains of a number of outliers and
extreme points and is not normally distributed. The distributions are also not similar
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across all groups for both species and variables, all of which makes the use of ANOVA
problematic. Effect size, reported as Cohen’s d, was calculated for each result and
should be interpreted by the scale proposed by Cohen (Cohen 1988) where 0.2 is
“small”, 0.5 is “medium”, and 0.8 is “large” (Nakagawa and Cuthill 2007).

IBM SPSS Statistics (Version 20) was used to run all statistical tests.

This experiment was approved by the University of Otago Animal Ethics Committee.

5.3 Results
In this experiment, galaxiid behaviour was affected by the presence of brook charr.
Galaxiid use of cover was significantly higher in the presence of brook charr compared
to galaxiids alone (P = 0.026, d = 1.491) (Figure 5.4a). The habitat use of brook charr
was not affected by the presence of galaxiids as charr use of cover did not differ
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between tanks with and without galaxiids (P = 0.710, d = 0.241) (Figure 5.4b).

Figure 5.4 - Percentage of cover use (± SE) between sympatric groups (solid bars ) and allopatric groups (open bars
) of galaxiids (a) and brook charr (b).

The results show that galaxiids used less of the available habitat (zones) in the presence
of brook charr, spending the majority of the time in the downstream section of the
chamber (Figure 5.5a). This pattern differed from the allopatric galaxiids which used the
available habitat (zones) evenly. Habitat use differed significantly between galaxiids
groups in zones two (P = 0.002, d = 2.401), three (P = 0.004, d = 2.163), and five (P =
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0.001, d = 2.690) of the tank (Figure 5.5a). However, brook charr showed little
difference in overall spatial use with only zone three showing a difference (P = 0.038, d
= 1.364) between groups (Figure 5.5b). Brook charr of both groups spent the majority
of the time in the downstream section of the tank. Dominance hierarchies formed in all
brook charr groups across both treatments and all trials. No hierarchy was observed in
any of the galaxiid groups. Agonistic interactions were displayed by both species,
although it was usually intraspecific aggression and was much more frequent in the
brook charr groups.
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Figure 5.5 – Average minutes of time spent in each zone (± SE) and total percentage of time in each zone between
sympatric groups (solid bars ) and allopatric groups (open bars ) of galaxiids (a) and brook charr (b). Letters (A,B)
indicate no significant difference between galaxiid groups. Letters (A,B,C,D,E) indicate no significant difference
between charr groups.

Galaxiids were less mobile in the presence of brook charr compared to galaxiids alone
which were twice as mobile and used twice the available habitat (Figure 5.6), this
difference was significant (P = 0.001, d = 0.989). Brook charr showed no difference in
mobility between tanks (P = 0.426, d = 0.203).
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Figure 5.6 - Mobility (± SE) expressed as percentage use of total available habitat; sympatric groups (solid bars
allopatric groups (open bars ) of galaxiids (a) and brook charr (b).

) and

All fish groups lost weight during the experiment when averaged (Figure 5.7), although
positive and neutral weight change was recorded for individual fish of both species in all
groups. There was no significant difference in the weight lost between galaxiid groups
(P = 0.340, d = 0.255) and brook charr groups (P = 0.619, d = 0.203).
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Figure 5.7 –Average percentage change of weight in grams per day of the experiment (± SE) of sympatric groups
(solid bars ) and allopatric groups (open bars ) of galaxiids (a) and brook charr (b).

5.4 Discussion
Galaxias vulgaris habitat use and behaviour was altered through the presence brook
charr in the laboratory, which supports the hypothesis that brook charr would have
negative effects on galaxiids in the same reach of a stream. The assumption that
interactions between galaxiids and brook charr would be similar to those between
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galaxiids and trout is supported by the short term behavioural change observed in
galaxiids in this experiment, and this is consistent with previous experiments where
galaxiid behaviour was altered by brown trout (McIntosh, Townsend et al. 1992, Edge,
Townsend et al. 1993, Glova 2003, Stuart-Smith, White et al. 2007). The galaxiids used
cover more, used less of the available habitat by staying “downstream”, and were less
mobile in the presence of brook charr. Galaxiids in this experiment sought cover more
frequently in the presence of brook charr which is consistent with the results of Edge,
Townsend et al. (1993) who found galaxiids used cover more, were displaced from
preferred habitats, fed less, and were less successful when feeding in a laboratory with
juvenile brown trout in a competitive setting. In this experiment, galaxiids used less of
the available habitat in the presence of brook charr compared to the galaxiids alone,
which is consistent with previous studies that found that brown trout affected galaxiid
distribution in artificial streams (McIntosh, Townsend et al. 1992, Edge, Townsend et al.
1993, Glova 2003, Stuart-Smith, White et al. 2007). In this experiment, when alone,
galaxiids distributed themselves throughout the entire test chamber. Conversely, brook
charr were unaffected by the presence of galaxiids which has been observed previously
for other salmonids (Glova and Sagar 1993), and formed dominance hierarchies in both
sympatry and allopatry as would be expected for stream dwelling salmonids at this
density (McNicol and Noakes 1981, Fausch 1984, Nakano 1995, Blanchet, Loot et al.
2007). Habitat preference shifts by galaxiids in response to the presence of trout have
also been recorded in natural systems in New Zealand (McIntosh, Crowl et al. 1994,
Baker, Jowett et al. 2003) and in Patagonia (Penaluna, Arismendi et al. 2009, Lindegren,
Vigliano et al. 2012).
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The galaxiid behaviour observed in this experiment has implications for natural systems
as reductions in activity and shifts in habitat use may have consequences for both
individuals and populations. In this experiment, galaxiids were less active in the
presence of brook charr and used less of the habitat. In laboratory experiments,
galaxiids have been found to feed less, are less successful when feeding (Edge,
Townsend et al. 1993), and tend to be displaced from foraging habitat (McIntosh,
Townsend et al. 1992, Stuart-Smith, White et al. 2007) when brown trout are present.
As a result of that displacement from preferred foraging habitat, reduced growth and
increased mortality occurs (McIntosh, Townsend et al. 1992, Stuart-Smith, White et al.
2007). Native, small bodied fish have shown decreased condition factors and growth as
the consequence of competition with non-native trout in both instream experiments
(Fletcher 1979, Ruetz, Hurford et al. 2003, Zimmerman and Vondracek 2007) and in the
wild (Freeman and Grossman 1992, Pardo, Vila et al. 2009, Elgueta, González et al.
2013). A decrease in activity is a common response to a perceived threat and can be
called “refuging” (Lima 1998). For benthic fish, “refuging” commonly includes a
decrease in movement and more time in a habitat that provides cover (Lima 1998).
Some studies have linked the decrease in movement by native fish to a decrease in
growth (Dewald and Wilzbach 1992, Mills, Rader et al. 2004, McHugh and Budy 2006).
Galaxiid growth is unlikely to be food limited in Otago streams (Townsend and Crowl
1991), but the response behaviours of galaxiids seen in this experiment to the presence
of brook charr indicate that in sympatry with charr, they would likely “suffer” as a
subordinate member of a hierarchy as they display analogous behaviour to the
subordinates in a salmonid hierarchy (Fausch 1984, Taniguchi, Fausch et al. 2002). The
results of this study can be interpreted (i.e. galaxiids spent the majority of their time at
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downstream end of the tank in zone 5) as downstream displacement and indicates the
potential for negative consequences of brook charr on galaxiids. In natural systems,
native fish have been displaced by non-native fish (McGrath and Lewis 2007) and
displacements have been shown to expose the refugees to predation and increased
energy expenditure (Blinn, Runck et al. 1993, Schrank and Rahel 2004).

The short term behavioural change observed in galaxiids in this experiment supports
the assumption that interactions between galaxiids and brook charr would be similar to
those between galaxiids and trout. The tests of competition by McIntosh, Townsend et
al. (1992) and Edge, Townsend et al. (1993) used galaxiids with an average length of 80
mm paired with, so called, “juvenile” brown trout of <150 mm, and they revealed that
at these sizes, galaxiids alter their behaviour and use cover more, are displaced from
preferred habitats, and feed less frequently and less successfully. The 150 mm
transition to predation has been demonstrated through field surveys (McIntosh, Crowl
et al. 1994, McIntosh 2000) where coexistence between galaxiids and trout was only
found at sites where brown trout were <150 mm. Predation of galaxiids by trout >200
mm has been confirmed in tank experiments (McIntosh 2000, Glova 2003), verified in
stream enclosures (Fletcher 1979), and by field surveys that show that sites with large
trout do not contain galaxiids (Townsend and Crowl 1991, McIntosh, Crowl et al. 1994,
McIntosh 2000). Size does not offer galaxiids refuge because large trout can prey on
galaxiids at all sizes, and interactions between galaxiids and salmonids are negative at
all life history stages. At the larval stage, post emergence, brook charr immediately
have the advantage as they emerge in late winter, similar to brown trout, and at a much
larger size than galaxiids. Predation, while not proven, would be possible as galaxiid
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larvae emerge at 7-9 mm in October (Jones 2014) when juvenile brook charr are already
approximately 30 mm and occupy the same vegetated stream edges (pers. obs.) in
Otago. A similar size advantage has been observed for brown trout (Crowl, Townsend
et al. 1992). Brook charr are aggressive, territorial, and have a similar ecology to brown
trout (Chapter 3); the results of this experiment indicate the potential for brook charr to
exclude galaxiids from small streams in Otago where they have naturalised.
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Chapter 6

General Discussion, invasion potential, and recommendation
to eradicate brook charr

6.1 Summary of Findings
This thesis examined the introduction, naturalisation, and life history of brook charr in
New Zealand. The focus was on brook charr populations in the high country streams of
Central Otago and their threat to endemic, non-migratory galaxiids. This thesis used an
analysis of historic documents and records, field work, and experimental analysis to
document that the original haphazard but concerted effort by the Acclimatisation
Movement resulted in widely distributed and established populations of brook charr in
Otago above 400 metres in elevation. Brook charr subsequently have adapted to
different watersheds using a suite of flexible life history traits, and that coexistence
with native galaxiids seems unlikely because of predation and competitive exclusion.
This likely confirms what was suspected about the life history and impact of brook charr
in Otago, and reflects what is seen in naturalised populations on other continents and
in response to introduced trout in their native range.
In Chapter 2 I examined the history of the Acclimatisation Movement and the
introduction of salmonids to New Zealand. This is one facet of the larger story of the
introduction of salmonids to the Southern Hemisphere and was accomplished following
the successful transplant of brown trout to Australia and New Zealand during the
1860’s. The records revealed that brook charr ova were successfully hatched in 1877 in
Christchurch and Auckland. Successful brood stocks were kept on the South Island from
1877 to 2004, and hatchery stocking was supplemented by transplanting. The
acclimatisation societies did not keep detailed records, but the widespread presence of
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brook charr was confirmed in Otago through a field survey. Many of the populations
persist from introductions from 100 or more years ago, while others are less than 50
years old. All the known populations in New Zealand are at 300 metres or more above
sea level which is a consequence of both maximum summer temperature and the
ubiquitous presence of brown trout in the lower reaches of every system. There are a
number of streams where brook charr and brown trout coexist in a transition zone
where neither species is dominant, and natural hybrids, i.e. tiger trout, were found.
Brook charr are firmly established in Otago.
Chapter 3 examined some aspects of life history of five of the brook charr populations
in Otago and also looked at their coexistence with brown trout in two of those
populations. Different life history strategies and significant differences in growth were
found between the populations and were influenced by water temperature and light.
Warmer water and a longer growing season facilitated early maturation at Pisgah Creek
while, at the other end of the spectrum for the populations measured, Roaring Meg had
a short season, slow growth, and delayed maturation. All populations had relatively
small, short lived adults, and 3, 4, and 5 year old fish were well under 300 mm. This life
history pattern is seen in other headwater populations around the world including in
the native range of brook charr (Power 1980, Kennedy, Peterson et al. 2003, Öhlund,
Nordwall et al. 2008, Coombs 2010). The flexible life history allows brook charr to
adapt and persist in Otago.
Chapter 4 looked at the invertebrate drift at each site and the energy measured was
used to run growth model projections. In addition, the diet of sympatric brook charr
and brown trout were examined and compared. There were significant differences in
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the amount of energy available to fish between sites. The growth model predicted
observed growth at all sites when using a 65% to 80% energy intake model. Despite the
modest macroinvertebrate drift energy that was found, brook charr are surviving in
these streams as they do around the world. The results suggest a slight food limitation
based on the drift alone with the caveat that the drift data was limited to one 24 hour
sample. Based on that sample, there is enough energy in these streams that could be
further supplemented by benthic and terrestrial inputs that were not examined by this
study. The differences observed in the drift across the sites likely means that there
would be further differences in benthic and terrestrial food supply and those variances
might further explain some of the differences in life history aspects between sites.
There seemed to be differences in the diets of sympatric brook charr and brown trout
based on the data and according to the significant results of the PERMANOVA, but this
was contradicted by the ordination plots and significant results of the diet overlap index
which both indicate a diet overlap. So, it is likely that there is some direct competition
for food but no conclusions can be drawn about what role diet plays in the sympatric
populations.
Chapter 5 examined the competitive interactions between brook charr and galaxiids in
a non-predatory laboratory setting. Galaxiids changed their habitat use in the presence
of brook charr by, less of the available habitat and spending more time sheltering
compared to the galaxiid control group. This significant change in behaviour
demonstrates that coexistence of brook charr and galaxiids in the same reach of a
headwater and low order streams is unlikely. This competitive exclusion has long term
implications for the non-migratory galaxiids of Otago that face a loss of prime habitat
and a further reduction in range.
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6.2 Brook charr as an introduced species
Brook charr have been introduced around the world into numerous countries
(MacCrimmon and Campbell 1969). Many of those introductions resulted in naturalised
populations that persist after many decades. Originally introduced as a sport fish with
an often mentioned beauty, they were spread easily from coast to coast in the United
States. This process was facilitated by ease of culturing brook charr and their ability to
naturalise if their basic needs were met.
Brook charr were introduced to New Zealand with the hope, like all of the introduced
fish, that a fishery would develop and that they would thrive. The cool to cold, low
energy headwaters, are a good match for the biology of these fish, but poor
accessibility and small adult size will always limit their value as a fishery. Brook charr
exhibit life history plasticity in New Zealand similar to that observed elsewhere, and
their life history is influenced by landscape, especially water temperature. Just as in
their native range, the headwater populations are short lived and small and do not offer
much of a sport fishery. The same is true of most European populations and many in
the American West. Almost 140 years later, the failed introduction of brook charr as a
sport fish leaves the challenge of managing them as a long term threat to native fish.

6.3 Brook charr as a long term threat to native fish
Relatively little is known about the abundance of native fish in New Zealand before the
introduction of salmonids, but what is known points to greater abundance than is now
seen (McDowall 2006). The non-overlapping or “complementary” distributions of
galaxiids and trout were the original evidence used in New Zealand to infer the impact
of trout (Townsend and Crowl 1991, McDowall 2006). This same pattern was seen at
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the fine scale of this study. The only two galaxiids captured during this study were at
Pisgah Creek and none of the other sites and or surveys revealed any galaxiids cooccurring with brook charr or brown trout.
The streams in this study, both the sites described in Chapter 3 and the survey sites
described in Chapter 2, are single channel and not braided, unlike the larger braided
rivers of Canterbury that allow for some measure of co-existence between small trout
and galaxiids (McIntosh 2000, Woodford and McIntosh 2011). The consequence is that
galaxiid populations in headwater streams in many systems cannot be supported by
source sink replenishment, like that seen in the braided rivers of Canterbury (Woodford
and McIntosh 2011), and galaxiid populations cannot exist above other salmonids
because brook charr occupy the permanent headwater reaches. Given the success of
brook charr, or at least persistence, in high elevation headwaters in the Northern
Hemisphere in consistently cold temperatures, no elevation in New Zealand would
likely present a barrier. In fact the highest altitude fish population recorded in the New
Zealand Freshwater Fish database is the population of brook charr at the Roaring Meg
site (NIWA 2013).
Furthermore, only one species, Galaxias anomalus, of the non-migratory species
complex in Otago & Southland displays the egg size and dispersal patterns necessary to
make a source-sink situation possible (Jones and Closs 2015, Jones and Closs 2016) , and
densities of trout or brook charr have to be low before any galaxiids are recorded. The
other species in the Otago galaxiid complex do not easily colonise new areas or offer
much in the way of biotic resistance to salmonid invaders because of low numbers of
non-dispersing young (Jones and Closs 2015). The relatively stable headwater streams
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dominated by tussock (Chionochloa spp.) grass highlands do not offer the galaxiids a
haven when brook charr are present, but instead offer the charr a stable cool
environment where they will likely persist. In Patagonia, some research has suggested
that Salmonids may not have as serious an impact to their native fish communities that
contain Galaxidae because there are multi-fish assemblages including a piscivorous
predator (Macchi, Cussac et al. 1999). This is not the case in most streams in New
Zealand, and especially not true in the highland streams where single species streams
are natural. The highland streams of Otago provide brook charr with a near ideal
habitat and it is possible that these populations may maintain themselves as long as
their basic needs are met.

6.4 Recommendations
Brook charr need to be eliminated where appropriate to preserve or restore galaxiids.
Opposition probably will not be focused on brook charr promotion but rather on brown
trout as some anglers will not want to see a precedent of eradication set. If brook charr
are eradicated from a reach, natural recolonization is unlikely, as long as, brown trout
remain dominant or a barrier exists downstream.
Others have proposed galaxiid refuges (Correa and Hendry 2011) as a conservation tool
and some efforts have been made in New Zealand to eliminate trout with rotenone
from certain streams and create a native sanctuary (Pham, West et al. 2013). The
Department of Conservation has published a policy paper that advocates strategic
removal of invasive fish species if necessary as part of a management plan and
establishes criteria for eradication (Chadderton 2001). It has been established that the
endemic non-migratory galaxiids of Central Otago are in trouble (McDowall 2006,
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Allibone, David et al. 2010, Jones 2014) and need greater protection. The most critical
conservation issue identified by this research is the downstream movement by brook
charr in Munro’s Creek that threaten to extirpate Galaxias pullus from the type locality
for that species. Munro’s Creek is an ideal location for a rotenone eradication because
it is on forestry property and not a public use area nor does it support a recognised
fishery. In addition, the habitat is already degraded due to the repeated forestry
activity. Despite that activity, G. pullus remains common in nearby streams without
brook charr (pers. obs.).
The introduction of brook charr to New Zealand is not a unique event as many countries
received brook charr over the last 150 years, and populations now litter headwater
streams across the world on multiple continents. Many of these non-native
populations are in competition with native salmonids who exhibit similar life histories
and have some resistance to a brook charr invasion. The native galaxiids of Otago have
no such resistance to brook charr and will need human intervention on their behalf to
give them salmonid free sanctuaries.

159

References
Adams, S. B. (1999). Mechanisms Limiting a Vertebrate Invasion: Brook Trout in
Mountain Streams of the Northwestern USA Thesis, Doctor or Philosophy, The
University of Montana.
Admundsen, P.-A. (1995). "Feeding strategy of Arctic charr (Salvelinus alpinus): general
opportunist but individual specialist." Nordic journal of freshwater research 71: 150156.
Agrawal, A. A. (2001). "Phenotypic Plasticity in the Interactions and Evolution of
Species." Science 294(5541): 321-326.
Akbaripasand, A. (2012). Habitat use, growth and movement in relation to
bioenergetics of drift-feeding stream fish. Thesis, Doctor of Philosophy, University of
Otago.
Akbaripasand, A., J. Ramezani, P. M. Lokman and G. P. Closs (2014). "Can drifting
invertebrates meet the energy requirements of drift-feeding fish? A case study on
Galaxias fasciatus." Freshwater Science 33(3): 904-914.
Allan, J. D. (1981). "Determinants of Diet of Brook Trout (Salvelinus fontinalis) in a
Mountain Stream." Canadian Journal of Fisheries and Aquatic Sciences 38(2): 184-192.
Allen, K. R. (1951). "The Horokiwi Stream: A study of a trout population." NZ Mar. Dep.
Fish. Bull 10: 238.
Allen, K. R. (1956). "The geography of New Zealand’s freshwater fish." New Zealand
Science Review 14(3): 3-9.
Allibone, R. (2011). (BSc MSc (Hons) PhD), Senior Freshwater Ecologist, Golder
Associates (NZ) Limited. Interview, L. Dorsey.
Allibone, R., B. David, R. Hitchmough, D. Jellyman, N. Ling, P. Ravenscroft and J. Waters
(2010). "Conservation status of New Zealand freshwater fish, 2009." New Zealand
Journal of Marine and Freshwater Research 44(4): 271-287.
Allibone, R. M. (1999). "Impoundment and introductions: Their impacts on native fish of
the upper Waipori River, New Zealand." Journal of the Royal Society of New Zealand
29(4): 291-299.
Allibone, R. M. and R. M. McDowell (1997). Conservation Ecology of the Dusky Galaxias,
Galaxias pullus (Teleostei: Galaxiidae). Science for Conservation. Wellington, New
Zealand, Department of Conservation. 6.
Allibone, R. M. and C. R. Townsend (1998). "Comparative dietary analysis of a recently
described fish species complex (Galaxiidae) in a New Zealand river." New Zealand
Journal of Marine and Freshwater Research 32(3): 351-361.
160

Altick, R. D. (1978). "The Nature-Loving Victorians." The Virginia Quarterly Review 54(4).
Anderson, M. J. (2001). "A new method for non-parametric multivariate analysis of
variance." Austral Ecology 26(1): 32-46.
Anderson, M. J. and D. C. I. Walsh (2013). "PERMANOVA, ANOSIM, and the Mantel test
in the face of heterogeneous dispersions: What null hypothesis are you testing?"
Ecological Monographs 83(4): 557-574.
Arthur, W. (1879). "On the brown trout introduced into Otago." Transactions and
Proceedings of the New Zealand Institute 11: 271-290.
Arthur, W. (1881). "History of Fish Culture in New Zealand." Transactions and
Proceedings of the New Zealand Institute 14: 180-210.
Ayson, L. F. (1910). Introduction of American fishes into New Zealand. Bulletin of the
Bureau of fisheries, volume XXVIII, 1908. Proceedings of the Fourth International fishery
congress. Bureau of Fisheries. Washington D. C. 28.
Baker, C. F., I. G. Jowett and R. M. Allibone (2003). Habitat use by non-migratory Otago
galaxiids and implications for water management. Wellington, New Zealand,
Department of Conservation: 34.
Balon, E. K., Ed. (1980). Charrs: Salmonid Fishes of the Genus Salvelinus. The Hague, Dr.
W. Junk.
Baxter, C. V., K. D. Fausch and W. C. Saunders (2005). "Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones." Freshwater Biology 50(2): 201-220.
Benjamin, J. and C. Baxter (2010). "Do Nonnative Salmonines Exhibit Greater Density
and Production than the Natives They Replace? A Comparison of Nonnative Brook Trout
with Native Cutthroat Trout." Transactions of the American Fisheries Society 139(3):
641-651.
Blanchet, S., G. Loot, L. Bernatchez and J. J. Dodson (2007). "The disruption of
dominance hierarchies by a non-native species: an individual-based analysis." Oecologia
152(3): 569-581.
Blanchet, S., G. Loot, G. Grenouillet and S. Brosse (2007). "Competitive interactions
between native and exotic salmonids: a combined field and laboratory demonstration."
Ecology of Freshwater Fish 16(2): 133-143.
Blinn, D. W., C. Runck, D. A. Clark and J. N. Rinne (1993). "Notes: Effects of Rainbow
Trout Predation on Little Colorado Spinedace." Transactions of the American Fisheries
Society 122(1): 139-143.
Bozek, M. A. and W. A. Hubert (1992). "Segregation of resident trout in streams as
predicted by three habitat dimensions." Canadian Journal of Zoology 70(5): 886-890.

161

Brittain, J. E. and T. J. Eikeland (1988). "Invertebrate drift — A review." Hydrobiologia
166(1): 77-93.
Brown, J. H. and D. F. Sax (2004). "An Essay on Some Topics Concerning Invasive
Species." Austral Ecology 29(5): 530-536.
Burkhead, N. M. (2012). "Extinction Rates in North American Freshwater Fishes, 1900–
2010." BioScience 62(9): 798-808.
Cadwallader, P. (1975). "Feeding relationships of galaxiids, bullies, eels and trout in a
New Zealand river." Marine and Freshwater Research 26(3): 299-316.
Cadwallader, P. L. (1975). "Spontaneous locomotory activity of Galaxias vulgaris Stokell
(Pisces: Salmoniformes)." New Zealand Journal of Marine and Freshwater Research
9(1): 27-34.
Carlson, S. M., A. P. Hendry and B. H. Letcher (2007). "Growth rate differences between
resident native brook trout and non-native brown trout." Journal of Fish Biology 71(5):
1430-1447.
Carlson, S. M. and B. H. Letcher (2003). "Variation in brook and brown trout survival
within and among seasons, species, and age classes." Journal of Fish Biology 63(3): 780794.
Chadderton, W. L. (2001). Management of invasive freshwater fish: striking the right
balance! Managing invasive freshwater fish in New Zealand: Proceedings of a workshop
hosted by the Department of Conservation,10-12 May 2001, Hamilton, Department of
Conservation, Wellington, NZ.
Clavero, M. and E. García-Berthou (2005). "Invasive species are a leading cause of
animal extinctions." Trends in Ecology & Evolution 20(3): 110.
Clements, J. (1988). Salmon at the antipodes: a history and review of trout, salmon and
char and introduced coarse fish in Australasia. Alfredton, Ballarat, Victoria, Australia, J.
Clements.
Closs, G. P., M. Krkosek and J. D. Olden, Eds. (2015). Conservation of Freshwater Fishes.
Conservation Biology. Cambridge, Cambridge University Press.
Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Hillsdale, N.J., L.
Erlbaum Associates.
Coombs, J. A. (2010). Reproduction in the wild: The effect of individual life history
strategies on population dynamics and persistence. Thesis, Doctor of Philosophy,
University of Massachusetts - Amherst.
Correa, C. and A. P. Hendry (2011). "Invasive salmonids and lake order interact in the
decline of puye grande Galaxias platei in western Patagonia lakes." Ecological
Applications 22(3): 828-842.
162

Coutant, C. C. (1977). "Compilation of Temperature Preference Data." Journal of the
Fisheries Research Board of Canada 34(5): 739-745.
Cox, J. G. and S. L. Lima (2006). "Naiveté and an aquatic–terrestrial dichotomy in the
effects of introduced predators." Trends in Ecology & Evolution 21(12): 674-680.
Cox, T. F. and M. A. A. Cox (2001). Multidimensional Scaling, Second Edition. Boca
Raton, Chapman & Hall/CRC.
Crowl, T., C. Townsend and A. McIntosh (1992). "The impact of introduced brown and
rainbow trout on native fish: the case of Australasia." Reviews in Fish Biology and
Fisheries 2(3): 217-241.
Crutzen, P. J. (2002). "Geology of mankind." Nature 415(6867): 23-23.
Cummins, K. W. and J. C. Wuycheck (1971). "Caloric equivalents for investigations in
ecological energetics." Internationale Vereinigung fur Theoretische und Angewandte
Limnologie Verhandlungen 18: 1-158.
Cunjak, R. A. and G. Power (1987). "The feeding and energetics of stream-resident trout
in winter*." Journal of Fish Biology 31(4): 493-511.
DAISIE (2009). Species Accounts of 100 of the Most Invasive Alien Species in Europe.
Handbook of Alien Species in Europe, Springer Netherlands. 3: 269-374.
Davies-Colley, R. J. and J. M. Quinn (1998). "Stream lighting in five regions of North
Island, New Zealand: Control by channel size and riparian vegetation." New Zealand
Journal of Marine and Freshwater Research 32(4): 591-605.
Dawidowicz, P. and Z. M. Gliwicz (1983). "Food of brook charr in extreme oligotrophic
conditions of an alpine lake." Environmental Biology of Fishes 8(1): 55-60.
Dewald, L. and M. A. Wilzbach (1992). "Interactions between Native Brook Trout and
Hatchery Brown Trout: Effects on Habitat Use, Feeding, and Growth." Transactions of
the American Fisheries Society 121(3): 287-296.
Dorsey, L. W. (2013). The little survivor. Fish & Game New Zealand. Wellington, NZ,
Fairfax: 28-33.
Dorsey, L. W. and G. P. Closs (2012). The fish that didn't make it. Fish & Game New
Zealand. Wellington. NZ, Fairfax: 28-33.
Doughty, C. E., A. Wolf and C. B. Field (2010). "Biophysical feedbacks between the
Pleistocene megafauna extinction and climate: The first human-induced global
warming?" Geophysical Research Letters 37(15).
Draper, M. (2006). The Salmonisation of the South: Colonisation, Acclimatisation and
Conservation in New Zealand and South Africa. Conference on Colonialism,
Postcolonialism, and the Environment. Washington, D.C., German Historical Institute.
163

Dudgeon, D., A. H. Arthington, M. O. Gessner, Z.-I. Kawabata, D. J. Knowler, C. Lévêque,
R. J. Naiman, A.-H. Prieur-Richard, D. Soto, M. L. J. Stiassny and C. A. Sullivan (2006).
"Freshwater biodiversity: importance, threats, status and conservation challenges."
Biological Reviews 81(02): 163-182.
Dunham, J., S. Adams, R. Schroeter and D. Novinger (2002). "Alien invasions in aquatic
ecosystems: Toward an understanding of brook trout invasions and potential impacts
on inland cutthroat trout in western North America." Reviews in Fish Biology and
Fisheries 12(4): 373-391.
East, P. and P. Magnan (1991). "Some factors regulating piscivory of brook trout,
Salvelinus fontinalis, in lakes of the Laurentian Shield." Canadian Journal of Fisheries
and Aquatic Sciences 48(9): 1735-1743.
Edge, K. A., C. R. Townsend and T. A. Crowl (1993). "Investigating anti-predator
behaviour in three genetically differentiated populations of non-rnigratory galaxiid
fishes in a New Zealand river." New Zealand Journal of Marine and Freshwater Research
27(3): 357-363.
Edwards, E. D. and A. D. Huryn (1995). "Annual contribution of terrestrial invertebrates
to a New Zealand trout stream." New Zealand Journal of Marine and Freshwater
Research 29(4): 467-477.
Edwards, E. D. and A. D. Huryn (1996). "Effect of riparian land use on contributions of
terrestrial invertebrates to streams." Hydrobiologia 337(1): 151-159.
Elgueta, A., J. González, D. E. Ruzzante, S. J. Walde and E. Habit (2013). "Trophic
interference by Salmo trutta on Aplochiton zebra and Aplochiton taeniatus in southern
Patagonian lakes." Journal of Fish Biology 82(2): 430-443.
Elliott and Hurley (2001). "Modelling growth of brown trout, Salmo trutta, in terms of
weight and energy units." Freshwater Biology 46(5): 679-692.
Elliott, J. M. and J. A. Elliott (2010). "Temperature requirements of Atlantic salmon
Salmo salar, brown trout Salmo trutta and Arctic charr Salvelinus alpinus: predicting the
effects of climate change." Journal of Fish Biology 77(8): 1793-1817.
Elliott, J. M. and M. A. Hurley (2000). "Daily energy intake and growth of piscivorous
brown trout,Salmo trutta." Freshwater Biology 44(2): 237-245.
Ensign, W. E., R. J. Strange and S. E. Moore (1990). "Summer Food Limitation Reduces
Brook and Rainbow Trout Biomass in a Southern Appalachian Stream." Transactions of
the American Fisheries Society 119(5): 894-901.
Fausch, K. D. (1984). "Profitable stream positions for salmonids: relating specific growth
rate to net energy gain." Canadian Journal of Zoology 62(3): 441-451.

164

Fausch, K. D. (1989). "Do gradient and temperature affect distribution of, and
interactions between juvenile brook char and other salmonids in streams?" Physiol.
Ecol. Jap. Spec. Vol 1: 303-322.
Fausch, K. D. (2008). "A paradox of trout invasions in North America." Biological
Invasions 10(5): 685-701.
Fausch, K. D. and R. J. White (1981). "Competition between Brook Trout (Salvelinus
fontinalis) and Brown Trout (Salmo trutta) for Positions in a Michigan Stream."
Canadian Journal of Fisheries and Aquatic Sciences 38(10): 1220-1227.
Fausch, K. D. and R. J. White (1986). "Competition among Juveniles of Coho Salmon,
Brook Trout, and Brown Trout in a Laboratory Stream, and Implications for Great Lakes
Tributaries." Transactions of the American Fisheries Society 115(3): 363-381.
Fechney, L. R. (1988). "The summer diet of brook trout (Salvelinus fontinalis) in a South
Island high-country stream." New Zealand Journal of Marine and Freshwater Research
22(2): 163-168.
Fish & Game New Zealand (2009). Last ride for Atlantic Salmon. Otago Reel Life Fish &
Game New Zealand. April 2009.
Flain, M. (1987). The charming char. Freshwater Catch. Wellington, New Zealand,
Ministry of Agriculture and Fisheries. Autumn No. 31: 24 p.
Fletcher, A. R. (1979). Effects of Salmo Trutta on Galaxias Olidus and
Macroinvertebrates in Stream Communities. M.Sc., Monash University.
Floerl, O., T. K. Pool and G. J. Inglis (2004). "Positive Interactions between
Nonindigenous Species Facilitate Transport by Human Vectors." Ecological Applications
14(6): 1724-1736.
Freeman, M. C. and G. D. Grossman (1992). "A Field Test for Competitive Interactions
among Foraging Stream Fishes." Copeia 1992(3): 898-902.
Garrett, K. (2011). Personal Communication. L. Dorsey.
Glova, G. and P. Sagar (1991). "Dietary and spatial overlap between stream populations
of a native and two introduced fish species in New Zealand." Marine and Freshwater
Research 42(4): 423-433.
Glova, G. J. (1987). Co-occurence of brooks, browns, and rainbows. Freshwater Catch.
Wellington, New Zealand, Ministry of Agriculture and Fisheries. Autumn No. 31: 24 p.
Glova, G. J. (2003). "A test for interaction between brown trout (Salmo trutta) and
inanga (Galaxias maculatus) in an artificial stream." Ecology of Freshwater Fish 12(4):
247-253.

165

Glova, G. J. and P. M. Sagar (1993). "A further assessment of trophic and spatial interrelations of galaxiids and salmonids in New Zealand." Ecology of Freshwater Fish 2(3):
132-140.
Glova, G. J., P. M. Sagar and I. Näslund (1992). "Interaction for food and space between
populations of Galaxias vulgaris Stokell and juvenile Salmo trutta L. in a New Zealand
stream." Journal of Fish Biology 41(6): 909-925.
Grande, M. and S. Andersen (1991). "Critical Thermal Maxima for Young Salmonids."
Journal of Freshwater Ecology 6(3): 275-279.
Griffiths, A. M., J. S. Ellis, D. Clifton-Dey, G. Machado-Schiaffino, D. Bright, E. GarciaVazquez and J. R. Stevens (2011). "Restoration versus recolonisation: The origin of
Atlantic salmon (Salmo salar L.) currently in the River Thames." Biological Conservation
144(11): 2733-2738.
Groot, C. and L. Margolis, Eds. (1991). Pacific Salmon Life Histories. Vancouver, BC,
University of British Columbia Press.
Grossman, G. D., R. E. Ratajczak, C. M. Wagner and J. T. Petty (2010). "Dynamics and
regulation of the southern brook trout (Salvelinus fontinalis) population in an
Appalachian stream." Freshwater Biology 55(7): 1494-1508.
Gunckel, S. L., A. R. Hemmingsen and J. L. Li (2002). "Effect of Bull Trout and Brook Trout
Interactions on Foraging Habitat, Feeding Behavior, and Growth." Transactions of the
American Fisheries Society 131(6): 1119-1130.
Halford, C. (2011). Field Officer, Otago Fish & Game. Interview, L. Dorsey.
Hansen, E. A. and G. P. Closs (2009). "Long-term growth and movement in relation to
food supply and social status in a stream fish." Behavioral Ecology 20(3): 616-623.
Hartman, K. J. and J. A. Sweka (2001). "Development of a bioenergetics model for
Appalachian brook trout." Proceedings of the Annual Conference Southeastern
Association of Fish and Wildlife Agencies. 55(2001): 38-51.
Hayes, J. (2012). Personal Communication. L. Dorsey.
Hayes, J. W. (2000). Brown Trout Growth Models: User Guide - Version 1, Cawthron
Report No. 571. Nelson, New Zealand, Cawthron Institute: 39 p.
Hayes, J. W., J. D. Stark and K. A. Shearer (2000). "Development and Test of a WholeLifetime Foraging and Bioenergetics Growth Model for Drift-Feeding Brown Trout."
Transactions of the American Fisheries Society 129(2): 315-332.
Hill, W. R. (2017). Chapter 7 - Light. Methods in Stream Ecology, Volume 1 (Third
Edition). F. R. Hauer and G. A. Lamberti. Boston, Academic Press: 121-127.

166

Hill, W. R., M. G. Ryon and E. M. Schilling (1995). "Light Limitation in a Stream
Ecosystem: Responses by Primary Producers and Consumers." Ecology 76(4): 12971309.
Hokanson, K. E. F., J. H. McCormick, B. R. Jones and J. H. Tucker (1973). "Thermal
Requirements for Maturation, Spawning, and Embryo Survival of the Brook Trout,
Salvelinus fontinalis." Journal of the Fisheries Research Board of Canada 30(7): 975-984.
Horn, H. S. (1966). "Measurement of "Overlap" in Comparative Ecological Studies." The
American Naturalist 100(914): 419-424.
Hoxmeier, R. J. H. and D. J. Dieterman (2013). "Seasonal movement, growth and survival
of brook trout in sympatry with brown trout in Midwestern US streams." Ecology of
Freshwater Fish 22(4): 530-532.
Hubert, W. A. and H. A. Rhodes (1989). "Food selection by brook trout in a subalpine
stream." Hydrobiologia 178(3): 225-231.
Hughes, C. W. (1971). Man Against Nature: Moby Dick and "The Bear" (Thesis, Doctor of
Philosophy), Texas Tech University.
Hutchings, J. A. (1990). The evolutionary significance of life history divergence among
brook trout, Salvelinus fontinalis, populations. Thesis, Doctor of Philosophy, Memorial
University of Newfoundland.
Hutchings, J. A. (1993). "Adaptive Life Histories Effected by Age-Specific Survival and
Growth Rate." Ecology 74(3): 673-684.
Hutchings, J. A. (1994). "Age- and Size-Specific Costs of Reproduction within Populations
of Brook Trout, Salvelinus fontinalis." Oikos 70(1): 12-20.
Isaak, D. J. and W. A. Hubert (2004). "Nonlinear Response of Trout Abundance to
Summer Stream Temperatures across a Thermally Diverse Montane Landscape."
Transactions of the American Fisheries Society 133(5): 1254-1259.
Jack, D. (2011). Personal Communication. L. Dorsey.
Jellyman, D., Ed. (2011). Bob McDowall - Essays of a Fisheries Scientist: 50 years of
experience. NIWA Information Series. Wellington, New Zealand, NIWA.
Jellyman, P. G. and A. R. McIntosh (2008). "The influence of habitat availability and
adult density on non-diadromous galaxiid fry settlement in New Zealand." Journal of
Fish Biology 72(1): 143-156.
Jobling, M. (1981). "Temperature tolerance and the final preferendum—rapid methods
for the assessment of optimum growth temperatures." Journal of Fish Biology 19(4):
439-455.

167

Johnson, J. H., R. M. Ross, D. S. Dropkin and L. A. Redell (2011). "Ontogenetic and diel
variation in stream habitat use by brook trout (Salvelinus fontinalis) in a headwater
stream." Journal of Freshwater Ecology 26(1): 143-152.
Jones, P. (2012). Personal Communication. L. Dorsey.
Jones, P. E. (2014). Life history variation in the Galaxias vulgaris complex: implications
for interactions with invasive salmonids. Thesis, Doctor of Philosophy, University of
Otago.
Jones, P. E. and G. P. Closs (2015). "Life history influences the vulnerability of New
Zealand galaxiids to invasive salmonids." Freshwater Biology 60(10): 2127-2141.
Jones, P. E. and G. P. Closs (2016). "Interspecific differences in larval production and
dispersal in non-migratory galaxiids: implications for metapopulation structure." Marine
and Freshwater Research 67(10): 1479-1492.
Jonsson, N. and B. Jonsson (1999). "Trade-off between egg mass and egg number in
brown trout." Journal of Fish Biology 55(4): 767-783.
Josephson, D. C., J. M. Robinson, B. C. Weidel and C. E. Kraft (2008). "Long-Term
Retention and Visibility of Visible Implant Elastomer Tags in Brook Trout." North
American Journal of Fisheries Management 28(6): 1758-1761.
Kawaguchi, Y. and S. Nakano (2001). "Contribution of terrestrial invertebrates to the
annual resource budget for salmonids in forest and grassland reaches of a headwater
stream." Freshwater Biology 46(3): 303-316.
Kennedy, B. M., D. P. Peterson and K. D. Fausch (2003). "Different Life Histories of Brook
Trout Populations Invading Mid-Elevation and High-Elevation Cutthroat Trout Streams
in Colorado." Western North American Naturalist 63(2): 215-223.
King, J. R. and R. J. Beamish (2000). "Diet comparisons indicate a competitive
interaction between ocean age-0 chum and coho salmon." NPAFC Bull. 2: 65-74.
Kitano, S. (2004). "Ecological Impacts of Rainbow, Brown and Brook Trout in Japanese
Inland Waters." Global Environmental Research 8(1).
Klemetsen, A., P. A. Amundsen, J. B. Dempson, B. Jonsson, N. Jonsson, M. F. O'Connell
and E. Mortensen (2003). "Atlantic salmon Salmo salar L., brown trout Salmo trutta L.
and Arctic charr Salvelinus alpinus (L.): a review of aspects of their life histories."
Ecology of Freshwater Fish 12(1): 1-59.
Klemetsen, A., J. M. Elliott, R. Knudsen and P. Sørensen (2002). "Evidence for genetic
differences in the offspring of two sympatric morphs of Arctic charr." Journal of Fish
Biology 60(4): 933-950.

168

Korsu, K., A. Huusko and T. Muotka (2007). "Niche characteristics explain the reciprocal
invasion success of stream salmonids in different continents." Proceedings of the
National Academy of Sciences 104(23): 9725-9729.
Kozel, S. J. and W. A. Hubert (1989). "Factors Influencing the Abundance of Brook Trout
(Salvelinus fonfinalis) in Forested Mountain Streams." Journal of Freshwater Ecology
5(1): 113-122.
Kozel, S. J. and W. A. Hubert (1989). "Factors Influencing the Abundance of Brook Trout
(Salvelinus fontinalis) in Forested Mountain Streams." Journal of Freshwater Ecology
5(1): 113-122.
Labropoulou, M. and A. Eleftheriou (1997). "The foraging ecology of two pairs of
congeneric demersal fish species: importance of morphological characteristics in prey
selection." Journal of Fish Biology 50(2): 324-340.
Lamkin, M. and A. I. Miller (2016). "On the Challenge of Comparing Contemporary and
Deep-Time Biological-Extinction Rates." BioScience 66(9): 785-789.
Larson, G. L. and S. E. Moore (1985). "Encroachment of Exotic Rainbow Trout into
Stream Populations of Native Brook Trout in the Southern Appalachian Mountains."
Transactions of the American Fisheries Society 114(2): 195-203.
Larsson, S. and I. Berglund (2005). "The effect of temperature on the energetic growth
efficiency of Arctic charr (Salvelinus alpinus L.) from four Swedish populations." Journal
of Thermal Biology 30: 29-36.
Lee, M. (2011). Personal Communication. L. Dorsey.
Leprieur, F., M. A. Hickey, C. J. Arbuckle, G. P. Closs, S. Brosse and C. R. Townsend
(2006). "Hydrological disturbance benefits a native fish at the expense of an exotic fish."
Journal of Applied Ecology 43(5): 930-939.
Levin, P. S., S. Achord, B. E. Feist and R. W. Zabel (2002). "Non-indigenous brook trout
and the demise of Pacific salmon: a forgotten threat?" Proceedings of the Royal Society
of London. Series B: Biological Sciences 269(1501): 1663-1670.
Lima, S. L. (1998). "Nonlethal Effects in the Ecology of Predator-Prey Interactions."
BioScience 48(1): 25-34.
Lima, S. L. (1998). Stress and Decision Making under the Risk of Predation: Recent
Developments from Behavioral, Reproductive, and Ecological Perspectives. Advances in
the Study of Behavior. M. M. Anders Pape Møller and J. B. S. Peter, Academic Press. 27:
215-290.
Lindegren, M., P. Vigliano and P. A. Nilsson (2012). "Alien Invasions and the Game of
Hide and Seek in Patagonia." PLoS ONE 7(10): e44350.

169

Lowe, S., M. Browne, S. Boudjelas and M. De Poorter (2000). 100 of the World’s Worst
Invasive Alien Species: A selection from the Global Invasive Species Database. Auckland,
New Zealand, IUCN/SSC Invasive Species Specialist Group (ISSG).
Macchi, P. J., V. E. Cussac, M. F. Alonso and M. A. Denegri (1999). "Predation
relationships between introduced salmonids and the native fish fauna in lakes and
reservoirs in northern Patagonia." Ecology of Freshwater Fish 8(4): 227-236.
MacCrimmon, H. R. (1971). "World Distribution of Rainbow Trout (Salmo gairdneri)."
Journal of the Fisheries Research Board of Canada 28(5): 663-704.
MacCrimmon, H. R. and J. S. Campbell (1969). "World Distribution of Brook Trout,
Salvelinus fontinalis." Journal of the Fisheries Research Board of Canada 26(7): 16991725.
MacCrimmon, H. R., B. L. Gots and J. S. Campbell (1971). "World Distribution of Brook
Trout, Salvelinus fontinalis: Further Observations." Journal of the Fisheries Research
Board of Canada 28(3): 452-456.
MacCrimmon, H. R. and T. L. Marshall (1968). "World Distribution of Brown Trout,
Salmo trutta." Journal of the Fisheries Research Board of Canada 25(12): 2527-2548.
Magoulick, D. D. and M. A. Wilzbach (1998). "Effect of Temperature and Macrohabitat
on Interspecific Aggression, Foraging Success, and Growth of Brook Trout and Rainbow
Trout Pairs in Laboratory Streams." Transactions of the American Fisheries Society
127(5): 708-717.
Marsh, G. P. (1864). Man and Nature. London, Sampson Low, Son and Marston.
Mason, C. F. and S. M. MacDonald (1982). "The input of terrestrial invertebrates from
tree canopies to a stream." Freshwater Biology 12(4): 305-311.
Matthaei, C. D., D. Werthmüller and A. Frutiger (1998). "An update on the
quantification of stream drift." Archiv für Hydrobiologie 143(1): 1-19.
McCarter, N. H. (1986). "Food and energy in the diet of brown and rainbow trout from
Lake Benmore, New Zealand." New Zealand Journal of Marine and Freshwater Research
20(4): 551-559.
McDowall, R. M. (1990). New Zealand freshwater fishes: a natural history and guide,
Heinemann Reed.
McDowall, R. M. (1994). Gamekeepers for the Nation: The Story of New Zealand's
Acclimatisation Societies, 1861-1990, Canterbury University Press.
McDowall, R. M. (1997). "The evolution of diadromy in fishes (revisited) and its place in
phylogenetic analysis." Reviews in Fish Biology and Fisheries 7(4): 443-462.

170

McDowall, R. M. (1997). "Two further new species of Galaxias(Teleostei: Galaxiidae)
from the Taieri River, southern New Zealand." Journal of the Royal Society of New
Zealand 27(2): 199-217.
McDowall, R. M. (2003). "Impacts of Introduced Salmonids on Native Galaxiids in New
Zealand Upland Streams: A New Look at an Old Problem." Transactions of the American
Fisheries Society 132(2): 229-238.
McDowall, R. M. (2006). "Crying wolf, crying foul, or crying shame: alien salmonids and
a biodiversity crisis in the southern cool-temperate galaxioid fishes?" Reviews in Fish
Biology and Fisheries 16(3-4): 233-422.
McFadden, J. T. (1961). "A Population Study of the Brook Trout, Salvelinus fontinalis."
Wildlife Monographs(7): 3-73.
McGrath, C. C. and W. M. Lewis (2007). "Competition and Predation as Mechanisms for
Displacement of Greenback Cutthroat Trout by Brook Trout." Transactions of the
American Fisheries Society 136(5): 1381-1392.
McHugh, P. and P. Budy (2006). "Experimental Effects of Nonnative Brown Trout on the
Individual- and Population-Level Performance of Native Bonneville Cutthroat Trout."
Transactions of the American Fisheries Society 135(6): 1441-1455.
McHugh, P., A. McIntosh, S. Howard and P. Budy (2012). "Niche flexibility and trout–
galaxiid co-occurrence in a hydrologically diverse riverine landscape." Biological
Invasions 14(11): 2393-2406.
McIntosh, A. R. (2000). "Habitat- and size-related variations in exotic trout impacts on
native galaxiid fishes in New Zealand streams." Canadian Journal of Fisheries and
Aquatic Sciences 57(10): 2140-2151.
McIntosh, A. R., T. A. Crowl and C. R. Townsend (1994). "Size related impacts of
introduced brown trout on the distribution of native common river galaxias." New
Zealand Journal of Marine and Freshwater Research 28(2): 135-144.
McIntosh, A. R., P. A. McHugh and P. Budy (2012). Brown trout (Salmo trutta). A
Handbook of Global Freshwater Invasive Species. R. A. Francis. Hoboken, Taylor and
Francis: 285–296.
McIntosh, A. R., P. A. McHugh, N. R. Dunn, J. M. Goodman, S. W. Howard, P. G.
Jellyman, L. K. O'Brien, P. Nyström and D. J. Woodford (2010). "The impact of trout on
galaxiid fishes in New Zealand." New Zealand Journal of Ecology 34(1): 195.
McIntosh, A. R., C. R. Townsend and T. A. Crowl (1992). "Competition for space between
introduced brown trout (Salmo trutta L.) and a native galaxiid (Galaxias vulgaris Stokell)
in a New Zealand stream." Journal of Fish Biology 41(1): 63-81.

171

McNicol, R. E. and D. L. G. Noakes (1981). "Territories and territorial defense in juvenile
brook charr, Salvelinus fontinalis (Pisces: Salmonidae)." Canadian Journal of Zoology
59(1): 22-28.
McNicol, R. E., E. Scherer and E. J. Murkin (1985). "Quantitative field investigations of
feeding and territorial behaviour of young-of-the-year brook charr, Salvelinus
fontinalis." Environmental Biology of Fishes 12(3): 219-229.
Merchant, C. (2003). Reinventing Eden: The Fate of Nature in Western Culture,
Routledge.
Mills, M. D., R. B. Rader and M. C. Belk (2004). "Complex Interactions between Native
and Invasive Fish: The Simultaneous Effects of Multiple Negative Interactions."
Oecologia 141(4): 713-721.
Morita, K., S. H. Morita, M.-a. Fukuwaka and H. Matsuda (2005). "Rule of age and size at
maturity of chum salmon (Oncorhynchus keta): implications of recent trends among
Oncorhynchus spp." Canadian Journal of Fisheries and Aquatic Sciences 62(12): 27522759.
Moyle, P. B. (1976). "Fish introductions in California: History and impact on native
fishes." Biological Conservation 9(2): 101-118.
Moyle, P. B. and T. Light (1996). "Biological invasions of fresh water: Empirical rules and
assembly theory." Biological Conservation 78(1–2): 149-161.
Moyle, P. B. and M. P. Marchetti (2006). "Predicting Invasion Success: Freshwater Fishes
in California as a Model." BioScience 56(6): 515-524.
Mullner, S. A. and W. A. Hubert (2005). "Low Summer Water Temperatures Influence
Occurrence of Naturalized Salmonids across a Mountain Watershed." North American
Journal of Fisheries Management 25(3): 1034-1040.
Murphy, D. (2011). Otago Fish & Game, Ret. Interview, L. Dorsey.
Myers, R. A., J. A. Hutchings and R. J. Gibson (1986). "Variation in Male Parr Maturation
Within and Among Populations of Atlantic Salmon, Salmo salar." Canadian Journal of
Fisheries and Aquatic Sciences 43(6): 1242-1248.
Nakagawa, S. and I. C. Cuthill (2007). "Effect size, confidence interval and statistical
significance: a practical guide for biologists." Biological Reviews 82(4): 591-605.
Nakano, S. (1995). "Competitive interactions for foraging microhabitats in a sizestructured interspecific dominance hierarchy of two sympatric stream salmonids in a
natural habitat." Canadian Journal of Zoology 73(10): 1845-1854.
Nakano, S., Y. Kawaguchi, Y. Taniguchi, H. Miyasaka, Y. Shibata, H. Urabe and N. Kuhara
(1999). "Selective foraging on terrestrial invertebrates by rainbow trout in a forested
headwater stream in northern Japan." Ecological Research 14(4): 351-360.
172

Nakano, S., S. Kitano, K. Nakai and K. D. Fausch (1998). "Competitive interactions for
foraging microhabitat among introduced brook charr, Salvelinus fontinalis, and native
bull charr, S. confluentus, and westslope cutthroat trout, Oncorhynchus clarki lewisi, in
a Montana stream." Environmental Biology of Fishes 52(1): 345-355.
Nakano, S. and M. Murakami (2001). "Reciprocal subsidies: Dynamic interdependence
between terrestrial and aquatic food webs." Proceedings of the National Academy of
Sciences 98(1): 166-170.
New Zealand Official Yearbook (1893). Registrar-General's Office. Wellington,
Government Printer.
NIWA (2013). New Zealand Freshwater Fish Database, National Institute of Water and
Atmospheric Research, Wellington, NZ.
Noakes, D. L. G. (2008). "Charr truth: sympatric differentiation in Salvelinus species."
Environmental Biology of Fishes 83(1): 7-15.
Öhlund, G., F. Nordwall, E. Degerman and T. Eriksson (2008). "Life history and largescale habitat use of brown trout (Salmo trutta) and brook trout (Salvelinus fontinalis) —
implications for species replacement patterns." Canadian Journal of Fisheries and
Aquatic Sciences 65(4): 633-644.
Oksanen, J., F. G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P. R. Minchin,
R. B. O'Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, E. Szoecs and H. Wager
(2019). vegan: Community Ecology Package. R package version 2.5-4. https://CRAN.Rproject.org/package=vegan.
Olsen, E. M. and L. A. Vøllestad (2001). "An Evaluation of Visible Implant Elastomer for
Marking Age-0 Brown Trout." North American Journal of Fisheries Management 21(4):
967-970.
Otago Acclimatisation Society (1887). Annual Report of the Otago Acclimatisation
Society. Otago, New Zealand.
Otago Acclimatisation Society (1888). Annual Report. Dunedin, New Zealand.
Pardo, R., I. Vila and J. J. Capella (2009). "Competitive interaction between introduced
rainbow trout and native silverside in a Chilean stream." Environmental Biology of
Fishes 86(2): 353-359.
Pascual, M., P. Macchi, J. Urbanski, F. Marcos, C. Riva Rossi, M. Novara and P.
Dell'Arciprete (2002). "Evaluating Potential Effects of Exotic Freshwater Fish From
Incomplete Species Presence–absence Data." Biological Invasions 4(1): 101-113.
Pascual, M. A., J. L. Lancelotti, B. Ernst, J. E. Ciancio, E. Aedo and M. García-Asorey
(2009). "Scale, connectivity, and incentives in the introduction and management of nonnative species: the case of exotic salmonids in Patagonia." Frontiers in Ecology and the
Environment 7(10): 533-540.
173

Penaluna, B. E., I. Arismendi and D. Soto (2009). "Evidence of Interactive Segregation
between Introduced Trout and Native Fishes in Northern Patagonian Rivers, Chile."
Transactions of the American Fisheries Society 138(4): 839-845.
Perry, G. L. W., A. B. Wheeler, J. R. Wood and J. M. Wilmshurst (2014). "A high-precision
chronology for the rapid extinction of New Zealand moa (Aves, Dinornithiformes)."
Quaternary Science Reviews 105: 126-135.
Peterson, D. P., K. D. Fausch and G. C. White (2004). "Population ecology of an invasion:
Effects of brook trout on native cutthroat trout." Ecological Applications 14(3): 754-772.
Petty, J. T., P. J. Lamothe and P. M. Mazik (2005). "Spatial and Seasonal Dynamics of
Brook Trout Populations Inhabiting a Central Appalachian Watershed." Transactions of
the American Fisheries Society 134(3): 572-587.
Pham, L., D. West and G. P. Closs (2013). "Reintroduction of a native galaxiid (Galaxias
fasciatus) following piscicide treatment in two streams: response and recovery of the
fish population." Ecology of Freshwater Fish 22(3): 361-373.
Pister, E. P. (2001). "Wilderness Fish Stocking: History and Perspective." Ecosystems
4(4): 279-286.
Power, G. (1980). The brook charr, Salvelinus fontinalis. Charrs: Salmonid Fishes of the
Genus Salvelinus. E. K. Balon. The Hague, Dr. W. Junk: 141–203.
Powers, E. B. (1929). "Fresh Water Studies. I. The Relative Temperature, Oxygen
Content, Alkali Reserve, the Carbon Dioxide Tension and pH of the Waters of Certain
Mountain Streams at Different Altitudes in the Smoky Mountain National Park." Ecology
10(1): 97-111.
R Core Team (2019). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. Vienna, Austria, https://www.R-project.org/.
Rahel, F. J. (1997). "From Johnny Appleseed to Dr. Frankenstein: Changing Values and
the Legacy of Fisheries Management." Fisheries-Bulletin of the American Fisheries
Society 22(8): 8-9.
Rahel, F. J. (2002). "Homogenization of Freshwater Faunas." Annual Review of Ecology
and Systematics 33: 291-315.
Rahel, F. J. and W. A. Hubert (1991). "Fish Assemblages and Habitat Gradients in a
Rocky Mountain–Great Plains Stream: Biotic Zonation and Additive Patterns of
Community Change." Transactions of the American Fisheries Society 120(3): 319-332.
Rahel, F. J. and N. P. Nibbelink (1999). "Spatial patterns in relations among brown trout
(Salmo trutta) distribution, summer air temperature, and stream size in Rocky
Mountain streams." Canadian Journal of Fisheries and Aquatic Sciences 56(S1): 43-51.
Ravenscroft, P. (2011). Personal Communication. L. Dorsey.
174

Reimers, N. (1979). "A history of a stunted brook trout population in an alpine lake: a
lifespan of 24 years." California Fish and Game 65(4): 196-215.
Riddell, J. M., N. R. N. Watson and S. F. Davis (1988). Fisheries investigations of the
Ashers-Waituna, Benhar, and Hawkdun lignite deposit areas. New Zealand Ministry of
Agriculture and Fisheries. Christchurch: 218.
Rieman, B. E., J. T. Peterson and D. L. Myers (2006). "Have brook trout (Salvelinus
fontinalis) displaced bull trout (Salvelinus confluentus) along longitudinal gradients in
central Idaho streams?" Canadian Journal of Fisheries and Aquatic Sciences 63(1): 6378.
Riget, F., E. Jeppesen, F. Landkildehus, L. T. Lauridsen, P. Geertz-Hansen, K.
Christoffersen and H. Sparholt (2000). "Landlocked Arctic charr (Salvelinus alpinus)
population structure and lake morphometry in Greenland – is there a connection?"
Polar Biology 23(8): 550-558.
Riley, R. H., C. R. Townsend, D. K. Niyogi, C. A. Arbuckle and K. A. Peacock (2003).
"Headwater stream response to grassland agricultural development in New Zealand."
New Zealand Journal of Marine and Freshwater Research 37(2): 389-403.
Rodrigues, F. and J. Vieira (2009). "Feeding strategy of Menticirrhus americanus and
Menticirrhus littoralis (Perciformes: Sciaenidae) juveniles in a sandy beach surf zone of
southern Brazil." Zoologia 27(6): 873-880.
Rodtka, M. and J. Volpe (2007). "Effects of Water Temperature on Interspecific
Competition between Juvenile Bull Trout and Brook Trout in an Artificial Stream."
Transactions of the American Fisheries Society 136(6): 1714-1727.
Rowe, D. K. and T. Wilding (2012). "Risk assessment model for the introduction of nonnative freshwater fish into New Zealand." Journal of Applied Ichthyology: no-no.
Ruetz, C. R., A. L. Hurford and B. Vondracek (2003). "Interspecific Interactions between
Brown Trout and Slimy Sculpin in Stream Enclosures." Transactions of the American
Fisheries Society 132(3): 611-618.
Sagar, P. M. and G. J. Glova (1992). "Diel changes in the abundance and size
composition of invertebrate drift in five rivers in South Island, New Zealand." New
Zealand Journal of Marine and Freshwater Research 26(1): 103-114.
Sage, R. D. (1982). "Wet and Dry-weight Estimates of Insects and Spiders Based on
Length." The American Midland Naturalist 108(2): 407-411.
Sample, B. E., R. J. Cooper, R. D. Greer and R. C. Whitmore (1993). "Estimation of Insect
Biomass by Length and Width." The American Midland Naturalist 129(2): 234-240.
Sandlund, O. T., K. Gunnarson, P. M. Jonasson, B. Jonsson, T. Lindem, K. P. Magnusson,
H. J. Malmquist, H. Sigurjonsdottir, S. Skulason and S. S. Snorrason (1992). "The Arctic
Charr Salvelinus alpinus in Thingvallavatn." Oikos 64: 305-351.
175

Schmitt, C. (2015). The President's Salmon: Restoring the King of Fish and its Home
Waters, Down East Books.
Schrank, A. J. and F. J. Rahel (2004). "Movement patterns in inland cutthroat trout
(Oncorhynchus clarki utah): management and conservation implications." Canadian
Journal of Fisheries and Aquatic Sciences 61(8): 1528-1537.
Scott, D. (2011). Professor, Ret. Interview, L. Dorsey.
Scott, W. B. and E. J. Crossman (1973). "Freshwater fishes of Canada." Fisheries
Research Board of Canada Bulletin 184.
Secor, D., J. Dean and E. Laban (1992). Otolith removal and preparation for
microstructural examination. Otolith microstructural examination and analysis. D.
Stevenson and S. Campana, Canadian Special Publication of the Fisheries and Aquatic
Sciences. 117: 19-57.
Shearer, K. (2012). Personal Communication. L. Dorsey.
Shearer, K. A., J. W. Hayes and J. D. Stark (2002). "Temporal and spatial quantification of
aquatic invertebrate drift in the Maruia River, South Island, New Zealand." New Zealand
Journal of Marine and Freshwater Research 36(3): 529-536.
Shelley, J. (2011). Personal Communication. L. Dorsey.
Simberloff, D. (2006). "Invasional meltdown 6 years later: important phenomenon,
unfortunate metaphor, or both?" Ecology Letters 9(8): 912-919.
Smith, B. D. and M. A. Zeder (2013). "The onset of the Anthropocene." Anthropocene 4:
8-13.
Sotiropoulos, J. C., K. H. Nislow and M. R. Ross (2006). "Brook trout, Salvelinus
fontinalis, microhabitat selection and diet under low summer stream flows." Fisheries
Management and Ecology 13(3): 149-155.
South, B. (2012). Personal Communication. L. Dorsey.
Spens, J., A. Alanärä and L.-O. Eriksson (2007). "Nonnative brook trout (Salvelinus
fontinalis) and the demise of native brown trout (Salmo trutta) in northern boreal lakes:
stealthy, long-term patterns?" Canadian Journal of Fisheries and Aquatic Sciences 64(4):
654-664.
Steffen, W., J. Grinevald, P. Crutzen and J. McNeill (2011). "The Anthropocene:
conceptual and historical perspectives." Philosophical Transactions of the Royal Society
of London A: Mathematical, Physical and Engineering Sciences 369(1938): 842-867.
Stolarski, J. T. (2007). Age and growth of Appalachian brook trout in relation to lifehistory and habitat features. Thesis, Master of Science, West Virginia University.

176

Strayer, D. L. and D. Dudgeon (2010). "Freshwater biodiversity conservation: recent
progress and future challenges." Journal of the North American Benthological Society
29(1): 344-358.
Stuart-Smith, R. D., R. W. G. White and L. A. Barmuta (2007). "A shift in the habitat use
pattern of a lentic galaxiid fish: an acute behavioural response to an introduced
predator." Environmental Biology of Fishes 82(1): 93-100.
Suren, A. M. and I. G. Jowett (2001). "Effects of deposited sediment on invertebrate
drift: An experimental study." New Zealand Journal of Marine and Freshwater Research
35(4): 725-737.
Sweka, J. and K. Hartman (2008). "Contribution of Terrestrial Invertebrates to Yearly
Brook Trout Prey Consumption and Growth." Transactions of the American Fisheries
Society 137(1): 224-235.
Sweka, J. A., M. Keith Cox and K. J. Hartman (2004). "Gastric Evacuation Rates of Brook
Trout." Transactions of the American Fisheries Society 133(1): 204-210.
Taniguchi, Y., K. Fausch and S. Nakano (2002). "Size-structured Interactions between
Native and Introduced Species: Can Intraguild Predation Facilitate Invasion by Stream
Salmonids?" Biological Invasions 4(3): 223-233.
Taniguchi, Y., F. J. Rahel, D. C. Novinger and K. G. Gerow (1998). "Temperature
mediation of competitive interactions among three fish species that replace each other
along longitudinal stream gradients." Canadian Journal of Fisheries and Aquatic
Sciences 55(8): 1894-1901.
Thomson, G. M. (1922). The naturalisation of animals and plants in New Zealand.
London, Cambridge University Press.
Thorpe, J. E. (1994). "Performance Thresholds and Life-History Flexibility in Salmonids."
Conservation Biology 8(3): 877-879.
Thorpe, J. E., M. S. Miles and D. S. Keay (1984). "Developmental rate, fecundity and egg
size in Atlantic salmon, Salmo salar L." Aquaculture 43(1): 289-305.
Towers, D. J., I. M. Henderson and C. J. Veltman (1994). "Predicting dry weight of New
Zealand aquatic macroinvertebrates from linear dimensions." New Zealand Journal of
Marine and Freshwater Research 28(2): 159-166.
Townsend, C. R. (1996). "Invasion biology and ecological impacts of brown trout Salmo
trutta in New Zealand." Biological Conservation 78(1–2): 13-22.
Townsend, C. R. (2003). "Individual, Population, Community, and Ecosystem
Consequences of a Fish Invader in New Zealand Streams." Conservation Biology 17(1):
38-47.

177

Townsend, C. R. and T. A. Crowl (1991). "Fragmented Population Structure in a Native
New Zealand Fish: An Effect of Introduced Brown Trout?" Oikos 61(3): 347-354.
Trotter, M. (2012). Personal Communication. L. Dorsey.
Utz, R. M. and K. J. Hartman (2006). "Identification of critical prey items to Appalachian
brook trout (Salvelinus fontinalis) with emphasis on terrestrial organisms."
Hydrobiologia 575(1): 259-270.
Utz, R. M. and K. J. Hartman (2006). "Temporal and spatial variation in the energy intake
of a brook trout (Salvelinus fontinalis) population in an Appalachian watershed."
Canadian Journal of Fisheries and Aquatic Sciences 63(12): 2675-2686.
Utz, R. M. and K. J. Hartman (2009). "Density-dependent individual growth and size
dynamics of central Appalachian brook trout (Salvelinus fontinalis)." Canadian Journal
of Fisheries and Aquatic Sciences 66(7): 1072-1080.
Utz, R. M., B. C. Ratcliffe, B. T. Moore and K. J. Hartman (2007). "Disproportionate
Relative Importance of a Terrestrial Beetle Family (Coleoptera: Scarabaeidae) as a Prey
Source for Central Appalachian Brook Trout." Transactions of the American Fisheries
Society 136(1): 177-184.
Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell and C. E. Cushing (1980).
"The River Continuum Concept." Canadian Journal of Fisheries and Aquatic Sciences
37(1): 130-137.
Vigliano, P., M. Alonso and M. Aquaculture (2007). Salmonid Introductions in Patagonia:
A Mixed Blessing. Ecological and Genetic Implications of Aquaculture Activities. T. Bert,
Springer Netherlands. 6: 315-331.
Vincent, R. E. and W. H. Miller (1969). "Altitudinal Distribution of Brown Trout and
Other Fishes in a Headwater Tributary of the South Platte River, Colorado." Ecology
50(3): 464-466.
Vitousek, P. M., H. A. Mooney, J. Lubchenco and J. M. Melillo (1997). "Human
Domination of Earth's Ecosystems." Science 277(5325): 494-499.
Wagenhoff, A., C. R. Townsend and C. D. Matthaei (2012). "Macroinvertebrate
responses along broad stressor gradients of deposited fine sediment and dissolved
nutrients: a stream mesocosm experiment." Journal of Applied Ecology 49(4): 892-902.
Warburton, M. (2012). Personal Communication. L. Dorsey.
Waters, C. N., J. Zalasiewicz, C. Summerhayes, A. D. Barnosky, C. Poirier, A. Gałuszka, A.
Cearreta, M. Edgeworth, E. C. Ellis, M. Ellis, C. Jeandel, R. Leinfelder, J. R. McNeill, D. d.
Richter, W. Steffen, J. Syvitski, D. Vidas, M. Wagreich, M. Williams, A. Zhisheng, J.
Grinevald, E. Odada, N. Oreskes and A. P. Wolfe (2016). "The Anthropocene is
functionally and stratigraphically distinct from the Holocene." Science 351(6269).

178

Webster, J. J. and K. J. Hartman (2005). "The Role of Terrestrial Invertebrates in
Allopatric Brook Trout Headwater Streams in the Central Appalachian Mountains."
Journal of Freshwater Ecology 20(1): 101-107.
Wehrly, K. E., L. Wang and M. Mitro (2007). "Field-Based Estimates of Thermal
Tolerance Limits for Trout: Incorporating Exposure Time and Temperature Fluctuation."
Transactions of the American Fisheries Society 136(2): 365-374.
Weigel, D. E. and P. W. Sorensen (2001). "The Influence of Habitat Characteristics on
the Longitudinal Distribution of Brook, Brown, and Rainbow Trout in a Small
Midwestern Stream." Journal of Freshwater Ecology 16(4): 599-613.
Welcomme, R. L. (1992). A history of international introductions of inland aquatic
species. ICES Marine Science Symposia, International Council for the Exploration of the
Sea (ICES).
Wentworth, C. K. (1922). "A Scale of Grade and Class Terms for Clastic Sediments." The
Journal of Geology 30(5): 377-392.
Whitworth, W. E. and R. J. Strange (1983). "Growth and Production of Sympatric Brook
and Rainbow Trout in an Appalachian Stream." Transactions of the American Fisheries
Society 112(4): 469-475.
Willson, M. F. (1997). Variation in salmonid life histories: patterns and perspectives.
Res. Pap. PNW-RP-498. Portland, Oregon, US Department of Agriculture, Forest Service,
Pacific Northwest Research Station 50: 498.
Wilmshurst, J. M., A. J. Anderson, T. F. G. Higham and T. H. Worthy (2008). "Dating the
late prehistoric dispersal of Polynesians to New Zealand using the commensal Pacific
rat." Proceedings of the National Academy of Sciences 105(22): 7676-7680.
Winterbourn, M. J., K. L. D. Gregson and C. H. Dolphin (2006). Guide to the aquatic
insects of New Zealand. Auckland, New Zealand, Entomological Society of New Zealand.
Winterbourn, M. J., J. S. Rounick and B. Cowie (1981). "Are New Zealand stream
ecosystems really different?" New Zealand Journal of Marine and Freshwater Research
15(3): 321-328.
Wipfli, M. S. (1997). "Terrestrial invertebrates as salmonid prey and nitrogen sources in
streams: contrasting old-growth and young-growth riparian forests in southeastern
Alaska, U.S.A." Canadian Journal of Fisheries and Aquatic Sciences 54(6): 1259-1269.
Woodford, D. J. and A. R. McIntosh (2011). "Location of demographic sources affects
the distributions of a vulnerable native fish in invaded river networks." Freshwater
Biology 56(2): 311-324.
Wright, M. (2011). Councillor, Otago Fish & Game. Interview, L. Dorsey.

179

Xu, C., B. H. Letcher and K. H. Nislow (2010). "Context-specific influence of water
temperature on brook trout growth rates in the field." Freshwater Biology 55: 2253–
2264.
Xu, C. L., B. H. Letcher and K. H. Nislow (2010). "Size-dependent survival of brook trout
Salvelinus fontinalis in summer: effects of water temperature and stream flow." Journal
of Fish Biology 76(10): 2342-2369.
Young, K. A., J. B. Dunham, J. F. Stephenson, A. Terreau, A. F. Thailly, G. Gajardo and C.
Garcia de Leaniz (2010). "A trial of two trouts: comparing the impacts of rainbow and
brown trout on a native galaxiid." Animal Conservation 13(4): 399-410.
Zalasiewicz, J., C. N. Waters, M. Williams, A. D. Barnosky, A. Cearreta, P. Crutzen, E. Ellis,
M. A. Ellis, I. J. Fairchild, J. Grinevald, P. K. Haff, I. Hajdas, R. Leinfelder, J. McNeill, E. O.
Odada, C. Poirier, D. Richter, W. Steffen, C. Summerhayes, J. P. M. Syvitski, D. Vidas, M.
Wagreich, S. L. Wing, A. P. Wolfe, Z. An and N. Oreskes (2015). "When did the
Anthropocene begin? A mid-twentieth century boundary level is stratigraphically
optimal." Quaternary International 383: 196-203.
Zaret, T. M. and A. S. Rand (1971). "Competition in Tropical Stream Fishes: Support for
the Competitive Exclusion Principle." Ecology 52(2): 336-342.
Zimmerman, J. and B. Vondracek (2007). "Interactions between Slimy Sculpin and Trout:
Slimy Sculpin Growth and Diet in Relation to Native and Nonnative Trout." Transactions
of the American Fisheries Society 136(6): 1791-1800.

180

