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Abstract 

The behaviors of some partially migratory salmonids, at both the among- and within-

species levels, can be established early - on during their respective lives. For those species 

that have a plastic early life history in these regards, a variety of biological and environmental 

factors can result in some juvenile fish in a population to either stay resident within their natal 

streams or become migratory. This study examines the role of intraspecific competition as a 

trigger, either to remain resident or emigrate, for YoY (young-of-the-year) non-native 

(introduced) brown trout Salmo trutta found in a number of populations of selected natal streams in 

a large catchment in South Island, New Zealand. Brown trout are known to have the genetically-

mediated flexibility leading to the potential establishment of a variety of within-population 

alternatives for migratory life-history outcomes (e.g., stay put, move out of the immediate 

area, become anadromous). The role of positive feedback loops generated by parents that 

either stay to live out their whole lives within their natal stream, or leave either to go to other 

freshwater environments (other streams, lakes) or the ocean, before spawning and producing 

viable offspring is examined in this study. 

This thesis provides strong evidence for the role of competition in initiating 

downstream movement of YoY brown trout populations. These are mechanisms leading to the 

establishment of feedback loops between the migratory or resident life-histories of adults and 

the density of juvenile fish while they are stream rearing. Competition amongst juveniles was 

assessed by estimating and comparing the demands for energy and space of a number of 

rearing populations of YoY fish and the capacity of study stream to provide food and space. 

Stream-carrying capacity was estimated using data on fish-habitat suitability, invertebrate 

drift, energetic demand and the trophic selectivity of YoY trout. 

In the lowland reaches of my study catchment the population densities of YoY fish in 

their natal streams were generally high. I found the intensity of competition within this 

category of natal streams, amongst the high-density populations of the offspring of migratory 

trout, to also be high. Anadromy was the dominant life-history strategy for adult brown trout 

in these low-gradient, lowland streams. Along the lowland reaches, positive associations 

between YoY loss rate (driven by both emigration and mortality) and intra-cohort 

competition, were observed. The intensity of competition amongst YoY cohorts was primarily 

determined by temperature-mediated energy restrictions rather than territorial limitations. In 

contrast, in the headwater streams which are inhabited by resident trout, the abundance of 

YoY juvenile fish was relatively low, and there was no evidence to indicate that competition 

influenced the loss rate of these fish. Hence, based on the densities, competition and self-
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thinning of YoY brown trout, this suggests that the majority of the recruitment across the 

catchment was driven by the high reproductive inputs into lowland spawning grounds from 

adults with migratory life-history traits. However, an analysis of the recruitment sources of 

fish using otolith microchemistry indicated that a high proportion of adults reproducing in the 

coastal part of the catchment originated from the upland part of the catchment. This indicates 

that populations of anadromous and potamodromous brown trout are likely comprised of 

individuals originated from throughout the entire catchment. Most notably, the 

geomorphology of the landscape limits the upstream migration and spawning distribution of 

large fecund migratory trout due to physical barriers. 

These results highlight the genetically-mediated life-history flexibility of brown trout 

and their ability to shift between either migratory or resident phenotypes at early life stages. 

This flexibility is sustained even in populations that have originated from a likely-narrow 

genetic pool of introduced lineages of brown trout. Considering current changes in global-

climates, the findings of temperature-driven  energetic restrictions on species distributions may 

be highly important for brown trout management and conservation in New Zealand and 

elsewhere. The observed flexibility in life-history traits and high straying from natal streams 

contributes to their ability to utilize a wide range of opportunities across catchments.
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Chapter 1. General introduction 

1.1 Migrations and alternative life-histories: why do some individuals migrate but others 

do not? 

Migration is a large-scale movement of individuals and a dominant feature of the life-

history of many species of some animals, providing an opportunity to explore a variety of 

habitats across landscapes and potentially respond to a changing environment. In contrast to 

dispersal, migration is directional movement and migratory species actively or passively 

travel towards to environments necessary for specific life stages which is beneficial for 

expansion of the range of such species across accessible habitat areas (Fryxell & Sinclair, 

1988; Nebel, 2010). Despite the energy costs, physiological stress and high mortality (new 

predators, parasites, diseases and other hazardous factors) related to migration, the benefits of 

migrations for growth and reproductive potential can be significant (Gross, 1987). Some 

migratory species have highly structured movements and undertake obligate migrations to meet 

the specific habitat requirements necessary for each life stage (Quinn & Myers, 2004). In 

contrast, other species demonstrate the phenomenon of partial migration, when the population 

consists of both migratory and resident individuals (Chapman et al., 2012). Partial migration 

is a widespread natural phenomenon resulting in niche partiotioning and often underlies 

speciation in some species (Secor, 2015). 

Species that are capable of partial migration are more flexible in response to 

environmental variation than species representing obligatory sedentary or migratory life-

histories. The adult stage of partially migratory species typically demonstrate the greatest 

range of phenotypic variation given their greater tolerance to environmental conditions 

(Spicer & Gaston, 1999). Partially migratory animals have the ability to create the feedback 

loops between adults and offspring necessary for establishing self-sustaining populations under 

different conditions (Velez-Espino et al., 2013). Many examples of partially migratory species 

have been described, from invertebrates (Hansson & Hylander, 2009) to fish (Gillanders et al., 

2015), amphibians (Grayson & Wilbur, 2009), birds (Sekercioglu, 2010) and mammals (Ball 

et al., 2001). 

Why some of the individuals within a species or a population migrate but others stay 

resident is often poorly understood, and the triggers driving the establishment of different life-

histories for this trait are not clear. Understanding the mechanisms underlying life-history 

choice in animals is central to understanding partial migration. 
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1.2 The role of early life stage migrations in adult life-history choice and main driving factors 

Early-life stage migration is particularly important in establishing subsequent life-

history patterns in partially migratory species including those that live in aquatic 

environments. Examples from various taxa include the corals (Jokiel, 1984), gastropods 

(Mitton et al., 1989), decapods (Sanvicente-Añorve et al., 2018), and fishes [reef fishes 

(Shulman & Bermingham, 1995), sturgeons (Gisbert & Ruban, 2003; Khodorevskaya et al., 

2009), tunas (Rooker et al., 2007; Kitagawa et al., 2010)]. During the movement at early-life 

phases, small individuals of a given species (from eggs to larvae to juveniles) may travel for 

thousands of km, and up to long-time periods, before they settle into a given location for a 

sustained time period. During this journey they can be affected by a variety of hazards and 

suffer from high mortality rates (Chambers & Trippel, 1997). Such high mortality can be 

associated with the limited tolerances of early life-stages to environmental conditions but is 

usually compensated for through the high fecundity of such animals (Bosch et al., 2014; 

Truebano et al., 2018). 

Partially migrating species can be phenotypically flexible in regard to the location 

where they reside and live soon after being born. Thus, they generally choose between either 

migratory or resident phenotypes early in their life-history (Watts et al., 2017). Once the 

strategy is chosen at an early ontogenetic stage, it is relatively fixed for the entire life of the 

individual (Chapman et al., 2012). The initial phase of migration occurs when an individual 

attains a genetically determined life-history threshold connected to both a specific physiological 

state and environmental conditions (Mohapatra et al., 2015). 

The main factors triggering partial migrations of early life stages of different species have 

been the focus of many studies (Chapman et al., 2012). The major causes driving some 

individuals to migrate and the others to stay resident can be associated with specific physical 

traits (condition factor, size, lipid content, diet, locomotion) (Gnanadesikan et al., 2017). 

These, in turn, could be linked to various external factors including: e.g., inter- and 

intraspecific competition (Lundberg, 1988), environmental drivers such as flow (Tissot et al., 

2017) and temperature (Aldven, Degerman, Hojesjo, 2015), seasonal dynamics of climate 

(Hegemann, Marra, Tieleman, 2015), predator pressure (Skov et al., 2011; Kimirei et al., 

2013) or parasite load (Boyle, 2008). 

1.3 Brown Trout phenotypic plasticity and triggers of juvenile migrations 

Brown trout Salmo trutta is an example of a species that exhibits partial migratory 

behavior (Lobón-Cerviá & Sanz, 2017). It exhibits remarkable phenotypic plasticity in this 
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characteristic (Elliot, 1994; Jonsson & Jonsson, 2011) including the capability to establish 

resident as well as various types of migratory life-histories. These include potentially using 

lotic, lentic, estuarine and marine environments. 

Currently, brown trout has been successfully introduced well beyond its native 

distribution in Europe into the temperate environments of all continents except Antarctica 

(Elliot, 1994). In these new habitats, the different life strategies were expressed in a relatively 

short time (Scott, 1964). This provides an example of the remarkable response by one species 

to various environmental conditions despite originating from a relatively narrow genetic pool 

of artificially stocked fish (Thomson, 1922; McDowall, 1994). Understanding the ability of 

brown trout to establish a variety of life-histories is a central focus of numerous studies 

examining the ecological mechanisms regulating an individual’s choice of either migratory or 

resident phenotype (e.g., Cucherousset et al., 2005; Dodson et al., 2013a; Jones et al., 2015). 

However, despite the ability of adult migratory brown trout adults to utilize a wide variety of 

environments, all brown trout require cool, well-oxygenated streams with suitable spawning 

gravels for reproduction and the development of early life-history stages. According to recent 

studies and theories, the decision of juvenile trout to leave the natal stream or not is 

genetically determined within partially migratory salmonids (Dodson et al., 2013a; Kendall et 

al. 2015; Ferguson et al., 2017). The decision to leave the natal stream occurs when a 

genetically based threshold is attained, linked to size, growth rate and lipid content at specific 

“decision windows”, often at a particular time of the year (Koski, 2009) and activated by 

expression of the genes initiating the secretion of specific proteins (Satterthwaite et al., 2009; 

Beakes et al. 2010). The primary factor in such genotype-environment interactions has been a 

focus of numerous studies. 

Several research directions can be distinguished from the studies attempting to 

determine the factors driving juvenile brown trout and other salmonids to choose a migratory 

life-history as an alternative to a stream resident life-history. Most research indicates that 

density-dependent competition is the most important factor. Density-dependent competition is 

strongly influenced by juvenile densities, which are determined by various factors including 

parental spawning investment (Elliot, 1994), food restrictions (Olsson et al., 2006; Wysujack et 

al., 2009; Jones et al., 2015) and territory limitations (Steingrimsson & Grant 1999). Other 

studies indicate a role for environmental factors such as flow (Hayes et al., 2010; Holmes et al., 

2014; Bergerot & Cattanéo, 2017) and temperature (Aldven et al., 2015). Some studies have 

also indicated interactions between both hydrological and anthropogenic factors (Tissot et al., 

2017). Also, Elliott (1987) and Vøllestad and Olsen (2008) verified a spatial shift of the 
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regulating effects of density-dependent factors to density-independent factors on juvenile 

brown trout population dynamics as environmental conditions change from optimal to severe.  

1.4 Aims of the study 

Using a series of in situ studies, this thesis aims to examine the possible mechanisms 

determining variation in the life-histories of brown trout and the partial migration of early life-

stages from nursery streams. The thesis also seeks to examine role of feedback loops between 

adults and offspring, interacting with landscape, in driving the distribution of migratory life-

histories at the catchment scale. The main research questions to be addressed are; 

• Are the spatial and temporal dynamics of YoY (young-of-the-year) trout populations 

determined by life-history of their parents (Chapters 2 & 3)? 

• Are the population dynamics of YoY brown trout in their natal stream driven mostly by 

density-dependent or density-independent factors (Chapters 2, 3 & 4)? 

• Does the availability of energy resources in natal streams affect the out-migration of the 

offspring of migratory and resident brown trout (Chapter 4)? 

• Does homing by migratory adult fish generate a positive feedback loop in their spawning 

grounds (Chapter 5)? 

Understanding the migratory potential and ecological plasticity of brown trout is very 

important for effective conservation and stock management of this species in New Zealand and 

elsewhere. Native European populations of brown trout are on the IUCN Red List (Freyhof, 

2011), but elsewhere it is  considered to be one of the most invasive species in the world 

(Budy et al., 2013), with strongly negative impacts on native species in New Zealand 

(McDowall, 2006; McIntosh et al., 2010; Jellyman et al., 2017; Jones & Closs, 2017). 

Notwithstanding the ecological impacts to indigenous species in introduced areas, brown trout 

have high economic significance sustaining valuable recreational fisheries (Jiang, 2015; 

Holmes et al., 2018). 

1.5 Study sites 

Taieri River Watershed 

The catchment of the Taieri River, which is the 4th longest New Zealand stream and is 

located in the south-eastern South Island, was selected as the study watershed (Figure 1.1). 

The choice to use the populations of brown trout in this river system to address the research 

questions was related to the following: 
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• no significant interspecific competition due to the absence of other competing salmonid 

species and a low abundance of native fish species, probably due to their inability to compete 

with invasive brown trout (McDowall, 2006; McIntosh et al., 2010; Jones & Closs, 2017); 

• relatively low pressure from aquatic and terrestrial predators (Jellyman et al., 2017);  

• low genetic diversity of brown trout in New Zealand (Berrebi, Schikorski, Mikheev, 

unpubl. data; A. Canning, personal communication, May 28, 2019) owing to the relatively 

recent introduction of brown trout from mixed European stocks (Thomson, 1922; McDowall, 

1994). 

Consequently, intraspecific competition and density-independent environmental 

variables are likely to be the dominant factors influencing the population dynamics of brown 

trout life-history in the Taieri River catchment. Below, I describe individual drainages within 

the Taieri River watershed which were the focus of these within-species comparisons. 

Taieri River (mainstem) 

The Taieri River is a 320 km long stream in the south east of the South Island, New 

Zealand (Figure 1.1). This catchment was chosen for this study given the coexistence of both 

resident and migratory life-histories of brown trout in it. Previous studies have demonstrated 

that the distribution of brown trout migratory and resident forms within this drainage is 

strongly regulated by geomorphology and human activity. Both of these aspects affect the 

accessibility of adult fish to various spawning tributaries for migrants from Taieri River 

estuary as well as the mainstem of the stream (Kristensen & Closs, 2008b; Kristensen et al., 

2011; Jones et al., 2019). 

The Taieri River rises to an elevation of 1150 m above sea level (a.s.l.) in the Lammerlaw 

Range (Lat.: -45.7182, Long.: 169.7352) and flows along an almost-circular path flowing firstly 

north and then southeast across the Serpentine and Maniototo Plains, around the Rock and Pillar 

Range, and across the Taieri Plains to reach the Pacific Ocean 32 km southwest of Dunedin. 

Most of the catchment (84 %) is located above 300 m (Taieri River, 2000). The catchment 

also has an area of 5650 km2, and this includes the driest region in New Zealand because of 

the rain shadow formed by the Southern Alps. For example, the Waipiata settlement located in 

central part of the catchment receives only 383 mm of annual rainfall although in the 

headwaters it is greater and can be up to 1800 mm/year. The evaporation rates in the inland 

part of the catchment are much higher in comparison to coastal areas due to warm strong 

winds in summer leading to periodic droughts (Taieri River, 2000). 
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Figure 1.1 The map of the Taieri River catchment and its location within South Island of New 

Zealand; the names of observed rivers and streams are highlighted by bold; the names of 

settlements are underlined; the three gorges highlighted by dashed-line area. 

Taieri River flows at the most downstream flow gauge (Taieri at Outram, upstream 

catchment of 4705 km2) normally range between 1.7 m3/s to 2526 m3/s with a median annual 

discharge (MAD) of 35.8 m3/s (Taieri River, 2000) (Figure 1.2). There are several flood 

events in Taieri catchment throughout the year with these discharges averaging 653 m3/s. Peak 
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flow events occurred in February 1868 –peak discharge 2000 m3/s, February 1877– 1650 m3/s, 

May 1917 – 1600 m3/s, May 1923 – 1150 m3/s, May 1940 – 1800 m3/s, May 1944– 1750 

m3/s, May 1957 – 2000 m3/s, June 1980 – 2526 m3/s, December 1993 – 1500 m3/s, July 2017 

– 2000 m3/s, November 2018 - 1420 m3/s (Figure 1.2). 

  

Figure 1.2 Photos of the mainstem of Taieri River at Outram (Figure 1.1), looking upstream, 

under median-flow conditions (29 m3/s) in Jan 2017 and during the flood in Jul 2017.  

The most significant of the Taieri River tributaries, by volume, include Kye Burn 

(catchment area 376 km2, MAD 13 m3/s), Deep Stream (379 km2, MAD 12 m3/s) and Waipori 

River (400 km2, MAD 11 m3/s) (Figure 1.1). The hydrological regime of the Waipori River is 

influenced by marine tides and an upstream hydroelectricity-generating dam (Litchfield et al., 

2002). Most of the inflowing tributary streams within the central part of the catchment are 

intermittent due to climate (e.g., lack of sustained rainfall) (Figure 1.3) and poor land-use 

practices and are not conducive to brown trout spawning and rearing, thus affecting survival 

and recruitment of this species. Intensive agriculture is another stress–factor for fish 

inhabiting the Taieri River catchment due to water withdrawal, nutrient and sediment inputs, 

and riparian-area destruction. The downstream reaches of most of this watershed are impacted by 

agriculture to some degree (Lange et al., 2014; Ramezani et al., 2016) (Figure 1.3). 
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Figure 1.3 Photos of selected tributaries of Taieri River important for brown trout recruitment: 

a) Kye Burn near SH 85; b) Cap Burn near SH 87; c) Christmas Creek near confluence with 

Taieri; d), e) Pig Burn near Waipiata 2017 in January (seasonally dry) versus May (seasonally 

wet); f) Lee Stream headwaters showing intensive farming.  

Two natural lakes, Waihola and Waipori, occur within the Taieri River catchment. They 

are located on the Taieri Plain and represent a substantial element of the Taieri River estuary. 

Another two significant lacustrine waterbodies are located in the Taieri River catchment – 

Lake Mahinerangi which is on the tributary Waipori River and is formed by a hydropower 

dam, and Loganburn Reservoir created for hydropower and an irrigation scheme for the 

Maniototo Plain. Both the natural and artificial lakes are occupied by brown trout and represent 

significant recreational fisheries. 

The community of freshwater fish of the Taieri River catchment includes brown trout, 

introduced European perch (Perca fluviatilis), pouched lamprey (Geotria australis), shortfin 

eel (Anguilla australis), longfin eel (A. dieffenbachii), common bully (Gobiomorphus 
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cotidianus), redfin bully (G. huttoni), upland bully (G. breviceps), giant kokopu (Galaxias 

argenteus), banded kokopu (G. fasciatus) and inanga (G. maculatus). The native galaxiid fauna 

also includes the Taieri River catchment endemics, flathead galaxias (G. depressiceps), 

Eldon’s galaxias (G. eldoni) and roundhead galaxias (G. anomalus) (McDowall, 2010). 

Numerically, brown trout can be considered to be the dominant fish species across the 

catchment. 

Anadromous brown trout reproduce in the tributaries located below middle Taieri Gorge 

– the segment of the river between Strath Taieri valley and plateau and coastal Taieri Plain 

(Kristensen et al., 2011). Due to steep gradients and barriers to migration (waterfalls and 

cascades), very few anadromous adult brown trout can gain access upstream of the middle 

Taieri Gorge (Kristensen, 2006; Kristensen et al., 2011). The tributaries of the middle and 

upper parts of the Taieri River catchment are mostly used for reproduction by potamodromous 

or resident brown trout. The headwaters of the Taieri River tributaries are inhabited by 

stream-resident fishes that complete their entire life cycle in small upland streams (Huryn, 

1996; Kristensen & Closs, 2008b). 

Silverstream 

Silverstream (also known as Silver Stream) was chosen as the location for the fine-scale 

study of trout population dynamics as it is a tributary within the Taieri River watsershed 

(Figure 1.1). Silverstream is 30 km long and has a catchment area of 94 km2. It rises at an 

altitude of 580 m and joins the Taieri River at 4.6 m a.s.l., 29 km from the ocean. The fish 

fauna of the Silverstream is typical for Taieri River drainage, and brown trout is the dominant 

species throughout. Other species (European perch, common bully, pouched lamprey and 

Inanga) are rare and are most common near the confluence with the Taieri River.  Longfin eel 

is an exception to this pattern, and which can occasionally occur well upstream of its lower 

reaches. 

The hydrological regime of the Silverstream is highly variable, with occasional and 

potentially severe negative impacts on population dynamics of YoY trout due extreme flow 

events (Tissot et al., 2017). According to the data provided by Otago Regional Council, the 

median annual flow recorded in 2013-2017 varies between 0.33-0.56 m3/sec. The 7-day 

minimum annual low flow (MALF) occurs in summer - 0.09-0.18 m3/s. Floods are a regular 

occurrence in the Silverstream, and there are 5-15 small (2-20 m3/s) and 3-4 severe freshets 

(>30 m3/s) per annum. The highest recorded flows for this stream are: 96.5 m3/s (Jun 2013), 

128.4 m3/s (April 2014), 129.5 m3/s (June 2015), 35 m3/s (June 2016), 164.3 m3/s (July 2017) 

and 137.1 m3/s (November 2018). 
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Fine-scale data on YoY trout were collected monthly at three sampling sites located 

along the stream (Figure 1.4). These sites included reaches with differing land use, 

geomorphology, riparian canopy development, temperature regimes, and spawning 

distribution of different brown trout life-histories (Kristensen & Closs, 2008a).  

 

Figure 1.4 Map of Silverstream with study sites 1, 2 and 3 

The “Puddle Alley” site is located on the coastal Taieri Plain (Site 1, Lat: -45.8547, Long: 

170.3881) and at an altitude of 36 m a.s.l. (Figure 1.4, 1.5). At this location the stream is 

comprised of a meandering-gravel channel, with a slope of 1.18%, limited riparian shading 

and complex pools and riffles. The surrounding landscape includes intensive agriculture.  

The middle site (Site 2 “Scout Camp”, Lat: -45.8108, Long: 170.4225) of Silverstream 

is located in a piedmont landscape (stream surface altitude 95 m a.s.l., slope 2.21%) and is 

characterised by a well-developed riparian canopy (Figure 1.4, 1.6). Anthropogenic changes 

to the surrounding landscape are moderate.  

The most upstream headwater site (Site 3 “Swampy Spur”, Lat: -45.7718, Long: 

170.4571) is located at an altitude of 217 m a.s.l. (slope 7.05%) with the catchment dominated 

by native vegetation with minimal upstream or surrounding anthropogenic impacts (Figure 

1.4, 1.7).  

These three sites in Silverstream differ by water temperature, with a downstream 

increase in average values and amplitude of monthly fluctuations (Appendix B). Lower and 

middle stream reaches are used extensively for spawning by migratory brown trout from the 

mainstem and estuary of the Taieri River (Kristensen et al., 2011). The headwaters are 

inaccessible to migratory trout due to a weir (Lat: -45.77989, Long: 170.44552), constructed as 
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a part of Dunedin City’s water supply scheme in 1881 (Dunedin, 2018). Thus, only resident 

brown trout inhabit the headwaters upstream of the weir (Figure 1.7). 

 

Figure 1.5 Photo of Silverstream at Site 1 “Puddle Alley” looking upstream, under 

0.198 m3/sec flow in Jan 2017 (left) and looking downstream, under 0.303 m3/sec 

flow in Jul 2016 (right). 

 

Figure 1.6 The Silverstream at Site 2 “Scout Camp” looking downstream, under 

0.215 m3/sec flow in Jul 2016 (left) and looking upstream, under 0.165 m3/sec flow 

in Feb 2017 (right). 

 

Figure 1.7 The Silverstream at Site 3 “Swampy Spur” looking upstream, under 

0.092 m3/sec flow in Jan 2017 (left) and the weir (right). 
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1.6 Thesis structure 

• The aim of Chapter 2 is to fill the knowledge gap relating to the influence of abiotic 

and biotic factors on the temporal and spatial variation of population dynamics of YoY 

(young-of-the-year) brown trout across an extensive river catchment. I hypothesized that the 

temporal dynamics of YoY trout populations originating from the three different life-history 

types (residents, potamodromous and anadromous forms) will be diverse throughout the 

Taieri River catchment, with decreasing loss rates from the lower reaches of the spawning 

tributary streams to the headwaters. I further predicted that there would be a decline in the 

loss rate, going in an upstream direction, and this would be density-dependent, with reduced 

intra- and inter-cohort competition resulting in stable resident populations as one moves 

further up the watershed. 

• Chapter 3 aims to investigate the dynamics of YoY trout populations at a fine-scale 

within a single stream, to better understand the findings of Chapter 2 on population processes 

underlying the large-scale patterns examined at the Taieri River scale. I compared the 

variation in YoY trout population dynamics through the Austral summer at the lower, middle 

and upper reaches of Silverstream. Potential factors influencing fish population dynamics 

were assessed including: 1) density of eggs deposited by parents; 2) YoY trout density and 

migration rate, and 3) stream discharge and water temperature. I predicted that longitudinal 

variation in the abundance of YoY trout along Silverstream is primarily driven by the relative 

difference in parental spawning investment by migratory versus resident trout along 

Silverstream. I also predicted that the primary factors driving YoY trout population dynamics 

will change from downstream to upstream – with intra-specific competition (biotic) driving 

population dynamics in downstream reaches, and environmental factors (abiotic) driving 

population processes in the headwaters. 

• Chapter 4 tests the main hypothesis of the thesis, that intra-cohort competition drives 

YoY trout population dynamics and migratory decisions. The ratio of fish density to carrying 

capacity was used as a predictor for YoY trout loss rate through the summer at three locations 

along the model stream (Chapter 3). The carrying capacity modelling was based on habitat 

suitability and energetic demands and food limitations on YoY trout. I predicted that the 

effect of competition on YoY trout population dynamics would differ between populations of 

YoY originating from either migratory or resident life-histories. I also hypothesised that in 

spring, high densities of newly hatched YoY trout in the lower reaches of Silverstream cannot 

be supported by the existing resources available within the stream ecosystem. 
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• Chapter 5 aims to determine the source of brown trout adults reproducing in the 

Silverstream using otolith microchemistry as an analytical tool, to determine whether a 

positive feedback loop between migratory brown trout and YoY trout densities could drive 

life-history patterns at a landscape scale. Based on the Chapters 2 - 4, I expect young fish out-

migrating from Silverstream will return as adults to spawn, generating high YoY densities, 

thus creating a feedback mechanism that will drive competition and initiate juvenile 

outmigration. 

• Chapter 6 is a general discussion, summary and scientific & management implications 

of this thesis. 
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Chapter 2. The primary determining factors of the spatiotemporal 

dynamics of young-of-the-year brown trout populations in a large New 

Zealand catchment  

Abstract 

1 This study evaluated the key factors controlling the spatial and temporal dynamics of 

young-of- the-year (YoY) brown trout (i.e., density, loss rate and biological traits) through an 

Austral summer across the catchment of the 4th longest New Zealand River, the Taieri. Brown 

trout are the dominant fish species occupying the majority of the habitats throughout this 

watershed, from small upland tributary streams down through the main river and on to the 

estuary. 

2 The pattern of YoY brown trout population dynamics in its various tributary 

spawning streams depends on the specific life-history traits exhibited by the adults that use it 

for reproduction with the spectrum ranging from resident to anadromous spawners in the 

watershed. In populations generated from migratory adults, intensive loss rate in YoY fish is 

common, which contrasted with upstream populations where non-migratory resident fish 

dominated and no intensive loss rate occurred.  

3 The temporal dynamics of observed variables demonstrates that lower catchment 

populations, trout juveniles in the Taieri River watershed are characterized by high densities 

and biomass of fish early in the season. Because of high competition, leading to emigration, 

there were substantial decreases of fish abundance by later in the season. In contrast, in upstream 

parts of the Taieri River watershed, low densities and biomasses of trout were observed year-

round. 

4 The significant correlations of YoY density, biomass and YoY cohort proportion with 

the geomorphology of the catchment during the early season disappears by late summer/autumn. 

This indicates that, despite their original circumstances, all stream populations of brown trout 

YoY tend to form instream rearing populations with multicohort structure, among-season 

reduction in densities, and thus minimize competition level as the fish get older and larger. 

2.1 Introduction 

Migratory species, over a range of taxonomic groups, can utilise a variety of habitats 

at different life stages, significantly increasing their overall range and the success (Fryxell & 

Sinclair, 1988; Nebel, 2010). Despite the energetic costs, physiological stresses, and high 

mortality related to changing environments (e.g., new predators and parasites, osmoregulatory 
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stress, and other hazardous factors), the benefits of migration to new locations for growth and 

reproductive potential are well known (Gross, 1987). For some species migrations are 

obligate, with different life stages requiring specific conditions (Quinn & Myers, 2004). Other 

species demonstrate the phenomenon of partial migration, where some individuals undertake 

typical migrations, while others remain resident, or utilise a variety of alternative migratory 

life-histories (Chapman et al., 2012). Species capable of partial migration are more plastic in 

their adaptation to a given environment than obligate migratory species, and may be highly 

successful due to their ability to create feedback mechanisms which establish self-sustaining 

populations under different conditions (Velez-Espino et al., 2013). The phenotypic canalization 

of partially migratory species usually occurs during the early life-stages (Chapman et al., 2012), 

which have reduced tolerance limits to environmental variation relative to adults (Spicer & 

Gaston, 1999; Bosch et al., 2014; Truebano et al., 2018). 

Brown trout Salmo trutta exhibit a diverse range of life-history strategies and 

phenotypic plasticity (Elliot, 1994; Jonsson & Jonsson, 2011). In a single river basin, the life- 

histories of brown trout are typically spatially structured and comprise three major forms: 1) 

the upland part of river catchments inhabited by low-density populations of resident fish 

completing their entire life cycle in their natal stream; 2) river mainstem and lakes within the 

catchment populated by freshwater migratory (potamodromous) brown trout; and 3) fast-

growing anadromous forms that migrate from the freshwater to brackish estuarine and 

saltwater marine environments and return to their natal streams to spawn (Jonsson & Jonsson, 

2011). However, despite the broad range of habitats that can be exploited by this species, all 

adults must spawn in cool well-oxygenated, usually-headwater, streams with gravel substrata. 

Fish representing the different life-histories can interbreed, mixing at the spawning grounds in 

the streams, with each form arising from the same genetic pool (Charles et. al., 2005; Railsback 

et al., 2014; Ferguson et al., 2017). 

The abundance of headwater stream resident trout is generally relatively low, with 

their biomass presumably corresponding to the carrying capacity of their local environment, a 

pattern known as resource-matching (Railsback et al., 2014). In contrast, large migratory fish 

that migrate into headwater streams from productive lowland, estuarine and marine systems, 

for spawning, bring with them a significant resource subsidy from downstream in the form of 

body mass (Flecker et al., 2010). Consequently, these fish can produce large numbers of eggs, 

generating the potential for very high densities of juvenile fish that would normally rear near 

the natal areas, after emergerce. The high densities of rapidly growing juveniles in or around 

the spawning grounds leads to a high demand for food and space of offspring that might not 
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be sustainable in these less-productive headwater stream ecosystems. A consequence of this 

increasingly intense competition for food and space when the carrying capacity of the habitat 

is reached is the self-thinning phenomenon, where young fish out-migrate when the 

juvenile salmonid biomass exceeds the available food supply and space (Keeley, 2003; 

Lobón-Cerviá, 2008; Hayes et al., 2010). 

The actual decision to leave the natal stream is not determined genetically within 

salmonids (Satterthwaite et al., 2009, Dodson et al., 2013a; Kendall et al. 2015; Ferguson et al., 

2017) but by the different environmental cues triggering juvenile out-migration (Bergerot & 

Cattanéo, 2017). The initial phase of migration occurs when fish attain a genetically 

determined threshold linked to size, growth rate and lipid content at specific “decision 

windows” that are also linked to season (Satterthwaite et al., 2009; Beakes et al. 2010). 

However, the environmental factors influencing the genotype-environment interactions are 

still not clear. Some studies suggest that the most important factor driving residency or 

anadromy is competition, with energetic constraints driving downstream migration even 

where fish originate from a single genetic pool (Bohlin et al., 1994, Elliot, 1994; 

Steingrimsson & Grant 1999; Olsson et al., 2006; Wysujack et al., 2009; Jones et al., 2015). 

Others suggest that abiotic factors, such as flow, are more important, resulting in strong 

positive correlations between juvenile trout out-migration and stream discharge (Allen, 1951, 

Hayes et al., 2010; Holmes et al., 2014; Tissot et al., 2017; Bergerot & Cattanéo, 2017). 

Brown trout are now globally distributed, and their spatiotemporal dynamics have 

been well studied in their native range (Lobón-Cerviá & Sanz, 2017), but less so where they 

have been introduced. In New Zealand, the seasonal dynamics and spatial variation of brown 

trout juvenile populations have been described for just one coastal stream (Kristensen, 2006; 

Kristensen & Closs, 2008a) and for one larger river (Hayes, 1995). Jones and coauthors (2019) 

also conducted a broad landscape-scale study of trout population structure in a large river 

catchment, but temporal variation was not assessed. To date, no research has investigated the 

triggers driving spatiotemporal dynamics of brown trout juvenile populations within a large 

river catchment where all life-history strategies coexist and reproduce. 

New Zealand represents a perfect opportunity for studying brown trout life-history, as 

the population is derived from stocks introduced and spread by Acclimatisation Societies from 

1864 to 1965. The strains used for the initial propagation of the species across New Zealand 

originated from mixed European stocks (Thomson, 1922; McDowall, 1994). Subsequently, 

naturalized populations of the species have established a range of migratory and resident life-

histories at various locations across the landscape (Jones & Closs, 2017). I chose the 
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catchment of the Taieri River (Otago, New Zealand) as a model system for studying the 

variability in population dynamics of brown trout juveniles in relation to the resident and 

migratory life-history status of adult fish cohabiting across the catchment. Previous studies 

demonstrated that the distribution of brown trout migratory and residential forms throughout 

the catchment is strongly regulated by the geomorphology and access to the spawning habitat 

by adult fish (Kristensen & Closs, 2008b; Kristensen et al., 2011), particularly by the presence 

of barriers preventing  reaching headwater spawning grounds by anadromous migrants (see 

Bohlin, et al., 2001). Where large migratory adults can access spawning habitat, high spring 

densities of juveniles (usually in lowland river reaches) result, and rapid out-migration occurs 

during the subsequent months (Einum et al., 2006; Landergren, 2004). The upper reaches of 

the streams which are used for spawning by resident trout are characterized by low YoY 

(young-of-the-year) trout density early in spring and limited variation in trout abundance over 

the annual cycle (Kristensen & Closs, 2008a). 

I hypothesized that the spatiotemporal dynamics of YoY trout populations originating 

from the three different life-history types (residents, potamodromous and anadromous forms) 

will be diverse throughout the Taieri River catchment, with decreasing loss rates from the 

lower reaches of the spawning tributary streams to the headwaters. I further predicted that there 

would be a decline in the loss rate, going in an upstream direction, and this would be density-

dependent, with reduced intra- and inter-cohort competition resulting in stable resident 

populations as one moves further up the watershed (Kristensen et al., 2011). I examined 

relationships between the geomorphology of the Taieri River catchment in relation to the 

spatiotemporal dynamics of YoY trout (e.g., on loss rate intensity and dynamics of trout cohort 

structure). The elevation of the sampling locations above the Taieri River mainstem was 

expected to be a major predictor influencing YoY trout abundance and biomass (Jones et al., 

2019). Finally, to determine if competition drives out-migration of YoY brown trout when the 

density excess habitat capacity, I determined if initial YoY density in spring and related 

factors affected the loss rate, fish size and dynamics of the proportion of YoY trout to other 

cohorts. 

2.2 Materials and methods 

2.2.1 Study area 

For this study, data on YoY trout were collected in 2016-2017 from 13 tributaries of the 

320-km long Taieri River, the 4th-longest New Zealand river, located in the south-eastern part 

of the South Island (see Figure 1.1). The distribution of brown trout life-histories within the 

catchment is affected by its geomorphological diversity as the Taieri River flows through three 
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gorges, formed at the locations where the river passes rock formations separating one inland 

peneplain from another.  

To examine the influence of habitat on brown trout traits and population dynamics, the 

physical habitat of each study site was assessed at multiple stream reaches using published 

protocols (Jowett et al., 2008; Harding et al., 2009; Bouwes et al., 2011). All mesohabitats 

were classified to three basic groups – riffle, run and pool (Jowett, 1993). To standardise this 

description procedure, each stream segment was selected to include at least two pools if 

possible. 

To evaluate the effect of different environmental characteristics on juvenile trout 

population dynamics, the parameters important for stream salmonids (Näslund et al., 1998; 

Heggenes et al., 1999; Santiago et al., 2015) were assessed for each of the mesohabitat type: 

area, average and maximum depth, water velocity, the proportion of mesohabitat area with 

possible trout cover (wooden debris, macrophytes, overhanging vegetation and undercuts, 

cobbles and boulders not embedded in fine sediments), and the percentage of shaded area. Bed 

substrate composition was described following the Wentworth scale and evaluated visually as 

a proportion of bedrock, boulders (particles with size >256 mm), cobbles (64–256 mm), 

gravel (2-64 mm), sand and silt (<2 mm). Substratum compactness was estimated by a four-

grade scale with assessment from 1 (weak) to 4 (tight) (Harding et al., 2009). For water 

velocity measuremwnts March McBirney Flo-Mate Model 2000 was used. For calculation of 

mean water column velocity, 5 measurements in equal intervals from bottom to the surface 

were performed at the points with the highest flow of observed habitat. Habitat descriptions 

were performed at base-flow conditions. Water temperature data were collected hourly by 

HOBO 64K-UA-002-64 loggers between the first and last sampling of each site except for the 

Kye Burn and Waipori River, due to equipment loss. A quantification of key physical 

characteristics (e.g., water depth, velocity, substrate, cover) for the mesohabitats of assessed 

segments in the study areas of my studied streams is in Appendix A. 

2.2.2 Fish sampling 

To estimate the temporal dynamics of brown trout juvenile populations across the Taieri 

River catchment, fish data were collected twice. The initial sampling was conducted during 

Austral spring and summer when YoY trout density is the highest (Kristensen & Closs, 

2008a), and then subsequently in autumn, after out-migration of YoY fish from the spawning 

tributaries had potentially occurred. One location per stream was observed except 

Silverstream where lower (1), middle (2) and upper (3) reaches were sampled (Table 2.1).  
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Table 2.1 The list of sampling locations with geographical coordinates, sampling dates and 

physical characteristics used for evaluation of the effect of different environmental 

characteristics on YoY trout population dynamics.  

Location  Lat. Long. 
Sampling 

dates 

Elevation 

above 

Taieri, m 

Velocity 

at the 

riffles, 

m/s 

Percentage 

of the area of 

riffles and 

runs with 

cover, % 

Water temperature 

between the 1st and 2nd 

samplings, oC 

Mean SD  

Cap Burn  -45.26 170.26 26-Nov 8-Mar 8 0.48 46 14.1 2.4 

Christmas Cr. -45.71 170.35 5-Jan 11-Apr 4 0.75 75 13.2 2 

Deep St. -45.67 169.98 26-Dec 25-Apr 282 0.48 38 12.7 2.4 

Kye Burn -45.09 170.23 26-Nov 7-Mar 80 0.61 12   

Lee St. -45.77 169.97 28-Oct  428 0.69 52   

Nenthorn St. -45.45 170.34 21-Dec 8-Mar 218 0.51 46 14.6 2.5 

Scrub Burn -45.32 170.25 9-Jan 25-Apr 34 0.53 60 13.6 2.1 

Serpentine Cr. -45.45 169.79 25-Nov 7-Mar 32 0.63 34 11.9 2 

Silverstream (1) -45.85 170.39 18-Oct 28-Apr 36 0.75 52 13.9 2.3 

Silverstream (2) -45.81 170.42 25-Oct 29-Apr 95 0.65 44 11.4 1.2 

Silverstream (3) -45.77 170.45 7-Nov 18-Mar 217 0.72 43 10.7 1.5 

Sow Burn -45.24 170.04 13-Jan 25-Apr 29 0.44 3 12.4 1.7 

Styx St. -45.42 169.94 20-Dec 25-Apr 3 0.89 61 11.4 2.3 

Sutton St. -45.61 169.92 20-Dec 7-Mar 359 0.55 18 12.3 2.8 

Waipori River -45.92 170.06 30-Dec  19 0.61 33   

 

Brown trout density assessments were conducted via electrofishing. Fish were sampled by 

Kainga EFM 300 backpack electro-fisher (NIWA Instrument Systems, Christchurch) with 200-

600 V pulsed DC current. Both Zippin’s three-pass removal method (Zippin, 1956) and 

single-pass electrofishing were used. Three-pass sampling was applied for sampling minor 

spawning tributaries with bank width up to 5 m and where sampling of all types of habitats 

was achievable. At each habitat type, stop nets were set upstream and downstream of habitat 

borders, and the enclosed habitat was electrofished (Zippin, 1956). To ensure data were 

comparable from streams with different habitat heterogeneity, habitat-specific density data 

evaluated by the Zippin method were extrapolated to the area of studied stream reach based 

on area of three habitat types (Appendix A.). In larger stream reaches with low fish density 

and extended electrofishing area, the application of Zippin’s three-pass removal method for 

density evaluation was impractical. At these streams single-pass removal method was 

employed due to its higher efficiency when sampling large areas, and its ability to 

approximate fish density without accounting for habitat complexity (Foley et al., 2015). The 

single-pass removal was used for each habitat type without stop net deployment. To unify the 
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data obtained by both methods, single-pass data were converted to density values which could 

be estimated by “Zippin’s” three- pass removal method and calculated using linear 

regressions (Kruse et al., 1998) from observed data. For this, I used the data collected on 

streams where three- pass removal was applied. Also, I used the data collected at an example 

stream reach located at Silverstream (site 2) which was sampled at Oct 2016, Feb 2017, Mar 

2017 and May 2017. The habitat specific data on both “singe-pass” and “three-pass” density 

was extracted from the dataset and used for developing linear regressions, which then were 

applied for the conversion. 

To examine fish size and biomass at each site, captured juvenile individuals were 

measured (fork length ± 0.1mm) and weighed using a digital pocket scale (accuracy ± 0.01 g). 

To reduce stress for the fish during these procedures, juveniles were immersed in a solution of 

AQUI-S® fish anaesthetic before measurements and released unharmed after they had 

recovered. If a fish was sighted during sampling but not captured, it was counted and 

classified to one of three groups: YoY, age ≥1+, and adults. The classification was based on 

visual observation of the size of the fish and a clear difference in size between cohorts (Lund 

et al., 2003). 

2.2.3 Laboratory fish processing 

To clearly distinguish between different juvenile trout cohorts where size distributions 

overlapped, a sample of juveniles that were captured during the field sampling were retained 

for age determination. Fish were euthanised by an overdose of AQUI-S® fish anaesthetic and 

preserved in 70% ethanol, followed by measurement (± 0.1 mm), weighing (± 0.01 g) and 

sagittal otolith extraction in the laboratory. Otoliths were cleaned of adhering tissue, air dried, 

and then mounted flat on a standard glass microscope slide using thermoplastic resin 

(Crystalbond 509). Each side of the otoliths was polished using fine sandpaper (P1500 and 

P2000 grit) and abrasive lapping film (30 and 3 µm, 3M). Age identification was completed 

by light microscope Olympus SZ51 under magnification 10 – 40X. 

2.2.4 Data analysis 

To determine the temporal dynamics of brown trout YoY across the Taieri River 

catchment, the loss rate of YoY density (LR, % day-1), reduction of YoY biomass (BR, % 

day-1) and dynamics of YoY proportion compared to the rest of the brown trout cohorts (PR, 

% day-1) were calculated using the formula: LR (BR, PR) = [(ln X0 – ln Xt)/t] × 100, where X0 

is the initial density in ind./100 m2 (biomass in g/100 m2, proportion from 0 to 1); Xt is the 

final density (biomass, proportion), and t is the number of days between sampling dates. For 
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conversion of single-pass abundance data to values of density which can be evaluated by 

three-pass removal following formula was applied: TP=1.775 SP+0.020, R2= 0.96, where TP - 

density which can be calculated by three-pass removal method (ind./m2), and SP - single-pass 

abundance (ind./m2). To evaluate differences in fish size and individual mass across the 

landscape separately for spring/summer and autumn data, one-way ANOVAs with Tukey 

HSD test were applied. Eta-squared (Ƞ2) were computed for effect size estimation. The data 

on individual YoY trout size and mass were used as a response variable and 13 sampling sites 

were chosen as a categorical variable. The data were normalised by ln or 4th root 

transformation if necessary. Homogeneity of variances were tested by Levene’s test. The aov, 

etasq, leveneTest and TukeyHSD functions in R version 3.4.3 (R Core Team 2017) were 

applied. 

To assess the effects of the abiotic and biotic factors on spring/summer and autumn values 

of YoY density, biomass, as well as loss rate, and temporal dynamics of juvenile trout cohort 

structure, multiple linear regressions were calculated using the lm package in R. To evaluate 

the effects of environmental factors on juvenile trout density and biomass, the altitude of the 

sampling location above the river mainstem was used, plus several other factors known to be 

important for juvenile trout: the proportion of cover, water velocity on riffles, and riffle 

distribution. To estimate effects of environmental factors on loss rate and temporal dynamics 

of juvenile trout cohort structure, the site altitude above the mainstem, shelter availability, mean 

water temperature and its standard deviations and their interactions were considered as 

predictors into the model. The mean and SD of water temperature estimated during the period 

between the two sampling occasions was used. A loss rate and temporal dynamics of juvenile 

trout cohort structure were chosen as a response variable. To test the hypothesis that 

competition drives out-migration, the density, size of the fish and the YoY proportion of 

previous cohorts in spring/summer were used as predictors for loss rate (for both density and 

biomass) and cohort structure dynamics. The effect of initial density and cohort structure on 

fish size data collected at the spring/summer sampling was also examined. 

The data were checked for normality prior to analysis and transformed if necessary, by 

fourth-root or ln-transformation. For testing collinearity, the variance inflation factor (VIF) was 

used by employing the vif package in R. Following the rule of thumb, variables with a VIF 

value > 10 were removed (James et al., 2014). The best fitting model was evaluated using the 

step function in R. The model choice was based on the lowest AIC score following a backwards 

stepwise procedure, starting with the saturated model and then removing predictors one by one. 

Residuals were plotted against predictors and Q-Q plots were used for checking normality of 
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residuals. Residuals versus leverage plots with calculation of Cook’s distance were used for 

identifying influential outliers in a set of predictor variables. For this study, a confidence level 

of 95% (α = 0.05) was applied. 

2.3 Results 

2.3.1 Abiotic variables 

The density of YoY brown trout varied significantly within the studied stream sites in 

spring/summer and was reduced at most sites by autumn (Table 2.2). YoYs dominated the trout 

populations at the majority of sampling sites compared to older cohorts. However, no YoY 

brown trout were detected in Lee Stream (which was only sampled in spring). 

Table 2.2 Characteristics of young-of-the-year brown trout in sampling locations in Austral 

spring/summer and autumn of 2016-2017. 

Location 

Density of YoY 

trout, ind./100m2 

Proportion of YoY 

trout, % 

Biomass of YoY 

trout, g/100m2 

Mean size of YoY 

trout, mm 

1 2 
LR, 

% day-1
 

1 2 
PR, 

% day-1
 

1 2 
BR, 

% day-1
 

1 2 

Cap Burn  33.9 7.12 1.53 95 71 0.29 14.9 25.5 -0.53 36.0 

(32, 6.0) 

68.4 

(19, 2.0) 

Christmas Cr. 128.0 62.46 0.75 100 100 0.00 300.17 413.9 -0.33 59.8 

(22, 6.1) 

82.4 

(18, 8.4) 

Deep St. 1.89 1.28 0.32 88 88 0.00 2.79 11.06 -1.15 51.7 

(25, 5.8) 

90.0 

(29, 6.3) 

Kye Burn 11.13 3.07 1.28 100 64 0.44 8.35 31.34 -1.31 41.9 

(27, 12.6) 

93.3 

(22, 5.4) 

Lee St. 0   0   0     

Nenthorn St. 3.24 1.82 0.75 90 96 -0.08 6.20 10.56 -0.69 56.0 

(23,12.0) 

78.0 

 (25, 7.2) 

Scrub Burn 91.7 14.35 1.75 83 100 -0.17 205.32 87.10 0.81 58.9 

(30, 6.6) 

80.6 

(18, 6.3) 

Serpentine Cr. 29.7 8.88 1.19 75 69 0.08 4.76 15.10 -1.13 26.2 

(28, 8.1) 

57.5 

(25, 2.9) 

Silverstream (1) 102.9 0.67 2.71 100 100 0.00 27.92 7.56 0.70 31.0 

(31, 8.0) 

94.2 

(12, 7.9) 

Silverstream (2) 35.55 5.56 0.99 49 99 -0.38 5.59 30.90 -0.91 27.5 

(15, 5.6) 

78.4 

(24, 8.4) 

Silverstream (3) 0.24 1.1 -1.16 14 37 -0.72 0.02 4.15 -3.97 22.6 

(8, 3.2) 

68.9 

(10, 6.8) 

Sow Burn 35.65 8.67 1.39 100 100 0.00 46.33 29.59 0.44 53.6 

(25, 7.2) 

75.1 

(28, 8.0) 

Styx St. 51.49 21.09 0.71 81 83 -0.02 19.75 61.62 -0.90 34.4 

(37, 8.0) 

63.7 

(33, 3.1) 

Sutton St. 2.88 3.03 -0.07 47 53 -0.13 1.27 8.90 -2.53 35.4 

(23, 4.4) 

64.5 

(14, 5.5) 

Waipori River 0.27   30   0.54   57.6 

(2, 3.1) 

 

Notes: 1 – first sampling, 2 - second sampling. LR, is loss rate, BR is reduction of YoY biomass and PR is 

dynamics of YoY proportion compared to the rest of the brown trout cohorts. Size of the fish presented as 

mean with number of measured individuals and standard deviation in brackets. 
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YoY trout density estimated in spring/summer was significantly negatively associated (t = -

3.32, p = .014) with the altitude of the sampling sites above the confluence of the spawning 

tributary with the Taieri River (Figure 2.1a). Significant relationships between spring/summer 

juvenile trout density and several abiotic factors were identified. Positive effects were established 

for riffle flow velocity (t = 3.28, p = .013) (Figure 2.1c) and the distribution of cover at the runs and 

riffles (t = 5.39, p = .001). A negative relationship was found between fish density and riffle 

proportion (t = -7.66, p = <.001). The best-fitting model explaining the effect of environmental 

characteristics on biomass of YoY trout included the proportion of area with cover (t = 2.22, p = 

.026) (Table 2.3). In autumn, no significant relationships between any of the measured 

environmental factors and juvenile trout density or biomass were found (Figure 2.1b).  

  

             

Figure 2.1 Brown trout YoY density (4th root transformed) in spring/summer (a) and autumn (b) 

in relation to the elevation above the Taieri River main stem and current velocity at the riffles 

in spring/summer(c). The loss rate versus altitude (d). 

 

 

 

Current velocity at the riffles, m/s 
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Table 2.3 Models explaining the spring/summer values of YoY trout characteristics and its 

spatiotemporal dynamics in the Taieri River catchment based on Akaike's information criterion 

(AIC), with selected models for each fish response variable in bold.  

Models and variables AIC 

Relationships of abiotic predictor variables with YOY response variables  

Density ~ altitude + velocity*riffle + cover 105.8 

Density ~ altitude + velocity + riffle + cover 102.4 

Biomass ~ altitude + velocity + riffle + cover 46.5 

Biomass ~ cover 38.5 

LR ~ altitude + ToC mean + ToC SD -8.87 

LR ~ altitude * ToC mean + ToC SD -22.35 

PR ~ altitude + cover * ToC mean * ToC SD -44.44 

PR ~ altitude + cover + ToC mean + ToC SD -46.53 

Relationships of biotic predictor variables with YoY response variables  

LR ~ density + YoY proportion+ PR + size + Density* YoY Proportion + Density*PR -69.82 

LR ~ density + YoY proportion -72.04 

BR ~ density + YoY proportion + PR + size + Density* PR + YoY Proportion*PR -14.43 

BR ~ density + YoY proportion + PR -18.27 

PR ~ density + Prop + size -39.63 

PR ~ YoY Proportion -40.44 

Size ~ density * YoY Proportion -30.39 

Size ~ YoY Proportion -31.92 

YoY proportion ~ density + biomass -36.21 

YoY proportion ~ density * biomass -44.74 

Notes: velocity was measured at the riffles; cover – proportion of cover at the runs and riffles; ToC mean and 

ToC SD is an average and standard deviation of water temperature data collected during the period between 

sampling events (Table 2.1). 

 

The temporal dynamics of YoY response variables were significantly predicted by the 

altitude and related factors. Thus, the loss rate expressed as seasonal reduction of fish density 

was significantly and negatively related to altitude (t =- 4.17, p = .014) (Table 2.3, Figure 

2.1d). Mean water temperature was significantly negatively related to loss rate in combination 

with altitude only. The rate of total fish biomass reduction showed no significant correlations 

with the studied environmental factors. The proportion of YoY brown trout to elder cohorts 

substantially changed in autumn at lowland but not upland sites. This was demonstrated by 

significant negative effect of altitude (t = -3.69, p = .005) on rate of cohort structure dynamic 

(PR). Besides, the cohort structure dynamics was negatively related with cover distribution (t 

= -3.04, p = .016), mean temperature (t = -2.01, p = .078) and its standard deviation (t = - 

2.20, p = .059), although the latter two factors had p – values slightly above 0.05 (Table 2.3). 

No significant relationships between individual size or biomass of YoY trout with 

environmental characteristics were observed in either spring/summer or in autumn, regardless 
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of significant differences among sampling locations for fish size (ANOVA, F 13.312 = 116.6, p 

= < .001) and mass (ANOVA, F 13.312 = 76.05, p = < .001). However, in autumn the variance 

and the level of the difference of these two fish response variables between the sampled sites 

was reduced meaningfully, according to the drop of F-value for both size (ANOVA, F 12.355 = 

55.17, p = < .001) and biomass (ANOVA, F 12.355 = 44.53, p = < .001). The Eta-squared value 

(Ƞ2) demonstrated the same pattern. The seasonal reduction of effect size of sampling location 

was evaluated for both fish size (Ƞ2 = 0.83 at spring/summer; Ƞ2 = 0.65 at autumn) and mass 

(Ƞ2 = 0.76 at spring/summer; Ƞ2 = 0.60 at autumn). 

2.3.2 Biotic interactions 

The pattern of YoY brown trout population dynamics in the Taieri River catchment was 

strongly associated with fish abundance and cohort structure in spring/summer. The loss rate, 

expressed as the seasonal reduction of fish density (LR) and biomass (BR), was significantly 

positively affected by the initial values of fish density (t = 2.38, p = .038 for LR and t = 2.55, p 

= .031 for BR) and the proportion of YoY trout to older cohorts (t = 3.90, p = .003 for LR and 

t = 4.92, p = .001 for BR) at early season (Table 2.3, Figure 2.2a). 

The best-fitting model describing the effect of initial density and cohort structure on PR 

value and size of the fish in spring/summer showed that only YoY proportion compared to the 

rest of the brown trout cohorts in spring/summer was a significant predictor for these response 

values. It was negatively related to size of the fish in spring/summer (t = -2.78, p = .018) but 

positively associated with a dynamics of YoY proportion (t = 2.53, p = .03) (Table 2.3, Figure 

2.2b). 

Significant relationships between the studied YoY response variables observed for the 

spring/summer data were not repeated for the same response variables in the autumn data. 

  

Figure 2.2 Proportion of YoY trout versus biomass reduction rate BR (a) and cohort structure 

dynamics PR (b)  

 

The rate of change of YoY trout proportion, % day-

1 
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2.4 Discussion 

The results of this study confirm a strong negative relationship between YoY trout 

density and the loss rate with altitude upstream of the the mainstem Taieri River. This lends 

credence that the patterns seen in previous studies are a consequence of stable upland trout 

populations and highly dynamic lowland populations dominated by the spawning produciton 

of large migratory trout (Kristensen & Closs, 2008a; Jones et al., 2019). Consistent with other 

New Zealand studies, the annual decline rate of juvenile YoY trout abundance following their 

emergence from gravel is positively associated with initial densities of this cohort of fry 

(Hayes, 1995; Kristensen, 2006). Similar dynamics have been observed for brown trout in their 

native range in Britain (Environment Agency, 2003) and Sweden (Bohlin et al., 2001; Olsson 

& Greenberg, 2004), and for other salmonids with an extended freshwater juvenile stage 

(Flitcroft et al., 2012; Foley et al., 2018). Additionally, YoY trout density and biomass were 

best predicted by site elevation but also by habitat characteristics, including velocity, riffles 

proportion and shelter distribution. Again, this is similar to patterns observed in their native 

distribution (Lobón-Cerviá, 2007). The significant association of YoY density with velocity 

contradicts published optimal velocity conditions for YoY brown trout (U.S. Fish and 

Wildlife Service, 1986; Hayes & Jowett, 1994; Heggenes et al.,1999; Ayllón et al., 2009), and 

reflects the dominance of altitude as the most important factor affecting YoY abundance at the 

broad scales. 

At lowland sites in spring/summer the high density and proportion of YoY brown trout 

to other year classes likely resulted in strong intra-cohort competition due to high densities of 

these fish. This is likely a result of high spawning production of large, very fecund, migratory 

adults using these more-easily accessible low elevation sites for spawning. These high 

competition levels are likely to have reduced YoY density over the summer rearing period, as 

has been previously demonstrated for this species elsewhere (see Nordwall et al., 2001; 

Lobón- Cerviá, 2005; Vincenzi et al., 2010; Kvingedal et al., 2011; Höjesjö et al., 2015; 

Richard et al., 2015). High density and thus competition are strongly associated with the 

spawning distribution of anadromous trout across the Taieri catchment (Kristensen et al., 

2011), and has been previously described for stream-dwelling juveniles elsewhere (Dunham 

& Vinyard, 1997; Elliott, 1993; Keeley, 2003; Einum et al., 2006, Lobón-Cerviá, 2008; 

Myrvold, Kennedy, 2015). For comparison, the abundance of juvenile fish was directly 

related with the high density of eggs deposited by migratory trout spawning in English 

streams (Elliott, 1985, 1987). For the Taieri River, the low-elevation sites that I studied are 

more accessible for migratory adults and, in particular, large-fecund females due to the 
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accessibility of spawning areas here relative to sites further upstream or above gorges. The 

presence of upstream barriers can explain the predominant use of lowland spawning grounds 

by migratory fish from the river estuary (Kristensen et al., 2011). Previous studies of brown 

trout in Sweden (Bohlin et al., 2001) have similarly demonstrated that large fecund fish avoid 

excessive migration costs related with reaching stream headwaters for spawning. The high 

spawning production of migratory trout in low-elevation sites can explain revealed inter-

relationships between high competition in these high- density populations of the offspring of 

migratory trout. 

In the upland sites in spring/summer, a lower density and proportion of YoY fish relative 

to other cohorts was observed, which suggests decreased intra-specific competition driven by a 

lower adult reproductive output. The reduced density and multicohort structure of juvenile fish 

detected at these high-elevation sites are typical for brown trout in streams dominated by resident 

life-histories (Huryn, 1996; Kristensen, 2006; Jones et al., 2019). The limited effect of the low 

abundance of juvenile fish on inter-cohort competition has also been seen in Swedish brown 

trout (Kaspersson et al., 2013). Reduced densities of newly hatched YoY’s (and the 

resultingly low competition) are mostly associated with low reproductive productivity of the 

parents, as has been shown by Elliot (1987) for stream resident trout in England. Reduced intra- 

and inter-cohort competition likely leads to low out-migration and mortality of all cohorts of 

juvenile fish (Nordwall et al., 2001). Also, high elevation may be very unproductive thus the 

individual survival rates may still be low compared to low-elevation streams (Huryn, 1996; 

Myrvold, Kennedy, 2015). As a result, the multi-cohort structure of juvenile fish can be 

strongly associated with low density and intracohort competition driven by low adult 

spawning investment. 

By autumn, trout populations in both lowland and upland sites were characterised by 

lowered densities of YoY fish, relative to spring, suggesting a reduction of competition 

amongst a reduced number of fish. This inference is supported by the following: 1) the 

positive relationships between seasonal dynamics of cohort structure and spring values of 

YoY’s proportion of the population; 2) the absence of the effect of altitude and related 

environmental and biotic variables on juvenile trout traits, by autumn; 3) a seasonal reduction 

in the variability of size and mass of fish, and a reduction in the effect size (Eta-squared value 

Ƞ2
) of sampling location on these traits. The tendency of observed YoY trout populations to 

establish a low density, stable structure across the catchment, likely leads to reduced intra-

specific competition and thus a significant surplus in stream carrying capacity in autumn. 

The increasing availability of stream resources for a lower number of fishes can be considered 
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as a sustainable condition for growing individuals inhabiting observed relatively small lotic 

ecosystems. Thus, at headwaters of the Silverstream and Sutton Stream, populated by stream 

residential brown trout (Huryn, 1996; Kristensen & Closs, 2008b), autumn values of YoY fish 

density and biomass increase in comparison to spring values. Therefore, despite their origins 

(stream resident or migratory), all stream populations of YoY brown trout tend to establish 

populations with structure typical for stream resident life-history of the species. 

The mechanism underlying the observed temporal variability of YoY trout population 

dynamics may be related to self-regulation of fish abundance, whereby populations establish 

equilibrium with stream resources and thus reduce competition. As possible evidence of this, 

the observed difference in temporal dynamics of density and biomass can be considered. Both 

BR and LR were positively associated with the proportion of YoY fish to previous cohorts. 

However, in contrast to LR, most BR values were negative following an increase of total 

biomass despite a reduction in abundance. This contradiction can be explained by Elliot’s 

(1993) observations that trout mass – density relationships are analogous to those for plants 

(White, 1980) and animals (Begon et al., 1986, 2009). In all cases the relationship of mass and 

density was described by a negative (-1½) power function the authors called the “self-thinning 

rule”. This relationship provides evidence on energetic limitations occurring in stream-rearing 

brown trout populations and represents the response of fish on resource limitations (Elliot, 

1993). Following this, the self-regulatory mechanisms reducing intraspecies competition in 

populations of YoY trout can control the abundance of stream rearing fish. 

If resource limitation controls YoY brown trout population dynamics, future studies 

need to be focused on the evaluation of stream carrying capacity dynamics as one of the major 

factors affecting stream-dwelling trout. For this, researchers need to examine the following 

aspects affecting seasonal dynamics of YoY brown trout in streams: 1) habitat characteristics 

and ontogenetic changes in YoY trout environmental preferences, 2) seasonal dynamics of 

energetic content of drifting invertebrates, the major food source for stream dwelling 

salmonids (Rosenfeld & Ptolemy, 2012; Piccolo et al., 2014), and 3) ontogenetic shifts in the 

trophic selectivity of YoY trout. The collection of these data, with a focus on ontogenetic 

changes of YoY trout requirements, is necessary for estimating the seasonal dynamics of site- 

and cohort-specific carrying capacity calculations. Currently available species-specific habitat 

suitability curves and instream models available from the literature are likely unsuitable for this 

purpose (Hayes & Jowett, 1994; Ayllón et al., 2010; Conallin et al., 2014; Santiago et al., 

2015; Hayes et al., 2016). Further, published data on trophic selectivity of juvenile trout 

(Cochran-Biederman & Vondracek, 2017; Sánchez-Hernández & Cobo, 2018) show that only 
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a proportion of invertebrate drift is suitable for fish consumption, but any seasonal and 

ontogenetic variation of trophic selectivity in stream rearing YoY brown trout is unknown. 

The evaluation of these factors to examine the ontogenetic dynamics of stream carrying 

capacity for YoY brown trout across summer growing season in relation to population 

dynamics can be considered as a potentially productive but challenging direction for future 

research. 

The observed pattern of YoY brown trout population dynamics rearing in streams 

represents an example of the ability of a partially migratory salmonid to use feedback 

mechanisms necessary for establishing self-sustaining populations and utilize a range of 

different environments with varying producitivities (Chapman et al., 2012). The difference in 

spatial dynamics of YoY fish across the Taieri River catchment is associated with diverse 

within-speices and within-cohort competition levels, primarily driven by varying production 

of offspring resulting from alternative adult life-histories of the species (i.e., low-fecund, 

small resident adults versus highly-fecund, large anadromous females) (Elliott, 1993; Keeley, 

2003; Einum et al., 2006, Lobón-Cerviá, 2008). Access to high elevation locations is strongly 

regulated by the geomorphology of the landscape, with physical barriers to migration being 

one of the most obvious impendiments to anadromous fish reaching upland streams 

(Kristensen & Closs, 2008b; Kristensen et al., 2011; Jones et al., 2019). Once established, the 

spatiotemporal pattern of brown trout population dynamics appear to be consistent over time, 

being comparable to studies completed in the same catchment in previous years (Kristensen & 

Closs, 2008a; Jones et al., 2019). 

The data gathered by this study demonstrates the temporal dynamics of juvenile brown 

trout populations rearing in streams across a broad landscape, but the fine-scale dimension of 

the pattern in smaller time intervals and at lower, middle and headwater reaches of observed 

streams remains unknown. To that end, the next chapter of this thesis includes the results of 

fine-scale, intensive (monthly through the season) sampling of one of the spawning tributaries 

of the Taieri River used by various brown trout life-histories for reproduction within its lower, 

middle and upper reaches. 
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Chapter 3. Seasonal dynamics of young-of-the-year brown trout Salmo trutta 

density along a coastal New Zealand stream and controlling factors: 

abundance of eggs deposited by parents, density-dependence, and 

environment. 

Abstract 

1. The purpose of the chapter was to address the assessment of parental spawning 

investment and other primary factors, both density-dependent and environmental factors, 

driving young-of-the-year (YoY) brown trout Salmo trutta abundance and their dynamics 

through the Austral summer. The study took place in Silverstream which is a coastal New 

Zealand watercourse tributary to the Taieri River and used by sub-populations with both 

migratory and resident life- histories for spawning and rearing. 

2. To achieve this goal, the traits of spawning trout and the efficiency of reproduction 

were estimated; abundance of deposited eggs was used as a likely predictor for YoY’s spring 

density at four locations from the Silverstream confluence with the Taieri River to its 

headwaters. To determine the triggers of the following dynamics of juvenile trout abundance, 

data on YoY density and migration intensity, as well as water temperature and stream 

discharge, were repeatedly collected from spring (Oct 2016) to autumn (Apr 2017). These 

factors were used as categorical variables predicting loss rate of fish density.  

3. I found that the parental spawning investment did not affect juvenile trout 

distribution along the Silverstream, a result likely related with the mismatch between YoY 

fish abundance and densities of eggs deposited by adults at sampled locations. The results 

suggested high rates of pre-spawn mortality, reduced density of eggs deposited by parents and 

low spawning efficiency as the number of offspring (especially in headwaters) at this studied 

stream in comparison to European populations. 

4. The significant correlations between YoY trout loss rate and both YoY density and 

downstream migration was observed only for the lowland reaches of Silverstream, which had 

the highest density of deposited eggs by migratory adults. The reduction of the effect of biotic 

factors on population dynamics of YoY fish further upstream supports previous studies 

suggesting a shift from density-dependent to density-independent factors controlling the 

population dynamics of the species as environmental conditions move from relatively benign 

(lowlands) to relatively severe (headwaters). 

5. Spatial differences in brown trout YoY’s density dynamics throughout Silverstream 

are likely related to a gradient in environmental conditions over the stream changes in 

elevation. This spatial difference suggests the sampling sites differ in terms of brown trout 
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post-larval habitat suitability and intracohort competition level driven by parental spawning 

investment. The hypothesis of the effect of competition within brown trout YoY on density 

dynamics in this watershed thus warrants further investigation, as does the extent and reason 

for low egg survival of resident fish in headwaters, and the high spawning mortality of 

migratory fish. 

3.1 Introduction 

Understanding the major factors driving the temporal dynamics of the abundance of 

species is the key focus of many ecological studies (Mutshinda et al., 2009) and is extremely 

important for the management of exploited populations (Ye & Carocci, 2019). Fish are one of 

the most studied groups of animals, and for many species, the drivers of population dynamics 

are well understood (Ricker, 1975). The foremost mechanisms controlling abundance in 

species can be separated into two classes: environmental factors – where abundance is 

primarily regulated by specific external determinants and fluctuates with time correspondingly 

to these physical, chemical and thermal factors; and density-dependence which drives the 

population to equilibrium, and the long-term abundance values tend to balance near mean 

levels (Murdoch, 1994; Dennis & Trapper, 1994). 

Brown trout Salmo trutta exhibit remarkable phenotypic plasticity and are a popular 

model for testing both density-dependent and environmental mechanisms regulating the 

population dynamics of wild fish (Elliott, 1994; Jonsson & Jonsson, 2011; Lobón-Cerviá & 

Sanz, 2017). In a single river basin, the life- histories of brown trout comprise three major 

forms: 1) the upland part of river catchments inhabited by resident fish spending their entire 

life cycle in their natal stream; 2) river mainstem and lakes within the catchment populated by 

freshwater migratory (potamodromous) brown trout; and 3) fast-growing anadromous forms 

that migrate from the freshwater to brackish estuarine and saltwater marine environments and 

return to their natal streams to spawn (Jonsson & Jonsson, 2011). Brown trout’s ecological 

flexibility is a major contributor to its ability to colonize many parts of the world and its 

range-expansion is due to its popularity as a sport fish. It has been successfully introduced to 

many areas outside its native European range, with widespread and self-sustaining 

populations now established throughout both the Northern and Southern Hemispheres. Many 

studies have focused on the factors controlling the productivity and distribution of stream-

dwelling brown trout in a variety of geographical regions and habitats, but results often 

contradict, generating more questions than answers (Lobón-Cerviá et al., 2017). To date, most 

of this type of research has focused on native European populations of brown trout, with only 

relatively limited information on introduced populations. For New Zealand’s brown trout 
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there are a number of papers describing the population dynamics of brown trout juveniles 

(Hayes, 1995; Kristensen & Closs, 2008a; Hayes et al., 2010; Jones et al, 2019), and one study 

has examined their migration behaviour (Holmes et al., 2014). However, there has not been 

any New Zealand research that has examined the links between adult reproductive input into 

the spawning grounds and key environmental factors controlling the dynamics of juvenile 

trout density and migrations of young-of-the-year (YoY) over the period of their lives. 

Further, there are no published studies on the reproduction of wild brown trout in New 

Zealand. Because this is an economically and socially important species in this country, 

understanding the traits of spawning fish, and the response by juvenile rearing in relation to 

the stream-habitat landscape, is crucial for effective management of this species. 

In the previous chapter, the broad-scale spatial and temporal population dynamics of 

YoY brown trout were described for the Taieri River catchment. I found that the temporal 

dynamics of YoY (young-of-the-year) trout were closely related to the dominant life-history 

traits of adults at any particular location, ranging from resident to high-migratory anadromous 

individuals. Populations of brown trout found in river reaches accessible to-and-from the 

ocean and had large anadromous and potamodromous migratory adults (i.e., high fecundities) 

were characterized by high juvenile densities in spring which reduced drastically by autumn. 

Whereas headwater habitats populated predominantly by resident life history characterised by 

relatively low YoY densities and were stable in numbers. However, the fine-scale seasonal 

change of the population dynamics of YoY trout populations originating from migratory and 

resident life-histories remain unknown. Also, the distribution of spawning adults and their 

reproductive traits, the effect of density of deposited eggs on YoY density, and the seasonal 

dynamics of up- and down-stream migrations of migratory and resident trout offspring are 

unknown for New Zealand brown trout. Therefore, the aim of this chapter was to investigate 

these dynamics at a fine-scale within a single stream, in order to better understand the 

population processes underlying the previously identified large-scale patterns. 

The data gathered by this study demonstrates the temporal dynamics of juvenile brown 

trout populations rearing in streams across a broad landscape, but the fine-scale dimension of 

the pattern in smaller time intervals and at lower, middle and headwater reaches of observed 

streams remains unknown. 

I used the Silverstream (Figure 3.1) as a model system for evaluating the factors 

controlling fine-scale spatiotemporal changes of YoY brown trout population dynamics along 

reaches dominated by either spawning migratory or resident fish. The lower reaches of 

Silverstream are accessible to large migratory estuarine and potamodromous trout from the 
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Taieri River (Kristensen et al., 2011), generating high spring densities of juvenile fish which 

then sharply decline over the next 2-3 months (Kristensen, 2006; Kristensen & Closs, 2008a; 

Chapter 2). However, migratory fish are excluded from the headwaters by a weir (Figure 3.1); 

hence an isolated resident population of brown trout is present in the upper reaches of the 

stream. Juveniles can migrate downstream over the weir, but adults cannot migrate upstream. 

Considering published data on low densities and competition in populations of stream resident 

trout (Huryn, 1996; Kristensen, 2006; Jones et al., 2019), the population dynamics are expected 

to be more stable. Thus, Silverstream presents an ideal small-scale model system to study the 

influence of both environmental factors and density-dependence on brown trout population 

dynamics due to the coexistence of populations with contrasting life-histories, and the 

presence of published data from previous research. 

Building on the prior observations of Kristensen & Closs (2008a), I predicted that 

longitudinal variation in the abundance of YoY trout along Silverstream is primarily driven by 

the relative difference in parental investment by migratory versus resident trout along 

Silverstream. These predictions are based on: 1) the strong stock–recruitment correlation 

(Ricker, 1975) described for brown trout (Elliott, 1994; Nicola & Almodovar, 2002; Sánchez-

Hernández еt al., 2016); 2) broad scale patterns in the wider Taieri river catchment suggesting 

highly-fecund migratory fish dominate lower altitudes, whereas resident fish dominate 

headwaters (Chapter 2; Jones et al., 2019); and 3) the discrete and separate distribution of 

migratory/resident life-histories of adults in the Taieri River catchment as demonstrated by 

strontium content analysis of trout eggs (Kristensen et al., 2011). I examined biological traits 

of migratory and resident trout spawning in Silverstream to estimate the parental investment of 

the contrasting life-histories along the stream. The estimated number of eggs deposited in 

redds in autumn was used as a predictor for YoY brown trout density in the following the 

spring. 

I also predicted that the primary factors driving YoY trout population dynamics will 

change from downstream to upstream – with intra-specific competition (biotic) driving 

population dynamics in downstream reaches, and environmental factors (abiotic) driving 

populations in the headwaters. This prediction is based on density-dependent population 

dynamics of juvenile salmonids at high densities (Bohlin et al. 2001; Keeley, 2003; Einum et 

al., 2006; Landergren, 2004) and the significant role of adverse environmental conditions which 

can override the density-dependent population processes and maternal effects (Elliott, 1994; 

Richard et al., 2015; Syrjänen et al., 2015). The effect of both biotic and abiotic variables on 

juvenile trout population dynamics was tested by analysis of the effect of fish density, 
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migration rate, stream discharge and temperature on the seasonal dynamics of YoY trout loss 

rate. Additionally, I observed the effect of stream flow and temperature on YoY migrations. 

Thus, the key environmental characteristics along the upstream and downstream reaches were 

considered to be potentially important drivers of population dynamics of early life-history of 

brown trout along the length of the Silverstream. 

A detailed description of the relevant biotic and abiotic factors, and determining their 

influence on seasonal changes in YoY brown trout density dynamics, is necessary to compare 

baseline data with reference to previous studies (Kristensen, 2006; Kristensen & Closs, 2008a; 

Kristensen et al., 2011; Jones et al., 2019), and allows for the building and testing the main 

hypothesis of this thesis. At the same time, data on the biological traits of spawning trout and 

the efficiency of exploitation of spawning habitat, with further estimation of juvenile trout 

density dynamics, is important to effectively manage this economically valuable species 

(Jiang, 2015; Holmes et al., 2018). Knowledge on the effect of density-dependent and density-

independent factors controlling population dynamics of YoY trout across a stream gradient 

through the season is necessary to fill knowledge gaps in the ecology of stream salmonids 

(Huntsman & Petty, 2014). 

3.2 Materials and methods 

3.2.1 Study area 

For the evaluation of brown trout reproductive input and the following spatiotemporal 

population dynamics of YoY fish, data were collected at three reaches along 30km of 

Silverstream, a key spawning and rearing tributary of the Taieri River (Kristensen, 2006). The 

lower and middle reaches of the stream are used for the reproduction by migratory brown trout 

from the main channel and estuary of the Taieri River (Kristensen et al., 2011). The upper part 

of the Silverstream is inaccessible to migrants due to a weir constructed as a part of the 

Dunedin water supply scheme in 1881 (Dunedin, 2018). The height of the weir is about 6 m, 

and only resident brown trout occur upstream of the weir although juvenile fish can migrate 

downstream.  

To assess the timing of juvenile emergence from redds within Silverstream, regular 

surveys started in Sep 2016 at four locations: “Gladfield Road” site (Lat: -45.8778, Long: 

170.2992) located 2.8 km upstream from the confluence with the Taieri River; “Puddle Alley” 

or Site 1 (Lat: -45.8547, Long: 170.3881) located 10.2 km upstream from the confluence; 

“Scout Camp” or Site 2 (Lat:-45.8108, Long: 170.4225) located 17.7 km upstream; and 

“Swampy Spur” or Site 3 located in the headwaters 25.1 km upstream from the confluence 

(Lat: -45.7718, Long: 170.4571) (Figure 3.1). The YoY fish data were regularly collected 
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across sites 1, 2 and 3 from October 2016 till April 2017 (Table 3.1). The “Gladfield Road” 

site was sampled twice in October and then sampling of this location was not continued due to 

logistical restrictions. 

 

 
Figure 3.1 Map of the Silverstream with study sites “Gladfield Road”, 1, 2 and 3. 

 

Table 3.1 The dates of the fish sampling at Sites “Gladfield Road”, 1, 2 & 3.   

 

“Gladfield 

Road” site 

 

Site 1 Site 2 Site 3 

2 October 16 3 October 16 3 October 16  

9 October 16 8 October 16 8 October 16 15 October 16 

 18 October 16 25 October 16 7 November 16 

 9 November 16 10 November 16 20 November 16 

 9 December 16 16 December 16 15 December 16 

 20 January 17 21 January 17 16 January 17 

 24 February 17 23 February 17 18 February 17 

 24 March 17 22 March 17 18 March 17 

 28 April 17 29 April 17 22 April 17 
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To measure the environmental characteristics important for stream salmonids (Näslund 

et al., 1998; Heggenes et al., 1999; Santiago et al., 2015), the habitat at each site was assessed 

using procedures described previously in Chapter 2 (Section 2.2.1). The total length of assessed 

stream reaches for Site 1, 2 and 3 were equal to 910 m, 699 m and 163 m, respectively 

(Appendix A). Water temperatures at the three primary sites were continuously recorded 

using HOBO 64K-UA-002-64 data loggers. Temperatures were recorded hourly from 

September 2016 to October 2017 at Site 1; July 2016 - October 2017 at Site 2; and November 

2016 - October 2017 at Site 3. Stream discharge was estimated using data provided by Otago 

Regional Council. Because the flow gauge was located downstream of all sampling sites 

(45°52'04.5"S 170°20'39.2"E, Gordon Road bridge, Mosgiel), flows at the sampling sites 

were estimated as a proportion relative to the gauging site based on the average area of riffles 

in the stream cross section at each site. The area of riffles cross sections used for conversion 

were: gauging site: 0.86 (±0.08 SE) m2, Site 1: 0.76 (±0.10 SE) m2, Site 2: 0.67 (±0.11 SE) 

m2, and Site 3: 0.37 (±0.03 SE) m2. 

To test the effect of water temperature and flow on juvenile trout loss rate, the 

environmental data collected during the period prior to each fish sampling were used. Mean 

and standard deviation of water temperature were used to predict of fish loss rate considering 

the importance of thermal conditions on trout distribution and population dynamics (Santiago 

et al., 2015). The median and maximum of discharge were used for the estimation of mean 

discharge and floods (maximum flow) effects on juvenile trout density dynamics (Table 3.2). 
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Table 3.2 The data on water temperature and flow collected in period of the samplings of fish 

data and used for estimation of the effect of water discharge and temperature on YoY trout 

loss rate.  

Site 

Period  

between 

sampling 

Water temperature, 
o
C Flow, m

3
/sec 

Mean
 

SD Median Maximum 

 18/10-9/11 12.15 2.02 0.50 3.08 

 9/11-9/12 12.19 2.02 0.50 3.08 

 9/12-20/01 14.88 2.42 0.25 2.01 

1 20/01-24/02 14.74 2.76 0.34 19.37 

 24/02-24/03 14.08 2.19 0.18 1.24 

 24/03-28/04 11.49 1.59 0.41 28.49 

 25/10-10/11 9.76 1.39 0.31 25.11 

 10/11-16/12 11.00 1.27 0.56 13.16 

 16/12-21/01 11.67 1.24 0.21 1.76 

2 21/01-23/02 12.07 1.61 0.32 17.07 

 23/02-22/03 11.42 1.3 0.17 1.09 

 22/03-29/04 9.95 0.96 0.30 25.11 

 20/11-15/12 9.93 1.51 0.30 1.85 

 15/12-16/01 11.23 1.6 0.11 0.35 

3 16/01-18/02 10.93 1.44 0.18 9.43 

 18/02-18/03 11.32 1.81 0.10 0.60 

 18/03-22/04 9.53 1.14 0.10 13.87 
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3.2.2 Fish data sampling 

To evaluate the numbers of migratory brown trout spawning in Silverstream and 

calculate density of deposited eggs, eight spawning surveys were completed between 11 June 

and 09 July in 2016. For each spawning survey, one 2-5 km long stream section, located 

between the confluence and the weir, was observed by walking surveys. The position of each 

redd and any dead or alive adult fish were recorded using a GARMIN GPSmap 60CSx, and 

each fish was also photographed. The fork length of dead fish was measured to the nearest 1 

mm and recorded. If the condition of the fish was suitable for autopsy, it was dissected for sex 

determination and an assessment of gonad condition. Females that had died before spawning 

and had complete gonads were used for fecundity calculation with the eggs being counted for 

each ovary. The sagittal otoliths were also extracted from all dead specimens for aging (and 

later otolith microchemical analysis – Chapter 5). 

To evaluate the density of eggs deposited by resident trout inhabiting the reach 

upstream of the weir, the total number of adult fish was assessed along a 470 m long stream 

section on the following dates: 07 Nov 2016; 16 Jan 2017; 19 Feb 2017; 19 Mar 2017; 15May 

2017; 23 Aug 2017 and 10 Oct 17. Fish were sampled by electrofishing using a Kianga EFM 

300 backpack electro-fisher (NIWA Instrument Systems, Christchurch) with 200- 600 V 

pulsed DC current. Because of low abundance of fish and extended electrofishing area, the 

application of Zippin’s three-pass removal method for density evaluation was impractical and 

the single-pass removal method was used due to higher efficiency when sampling large areas, 

and ability to approximate fish density without accounting for habitat complexity (Foley et 

al., 2015). Density was estimated from the single-pass abundance data using linear regression 

for conversion to values of density what could be calculated by Zippin’s three-pass removal 

method (Zippin, 1956; Kruse et al., 1998; Chapter 2). Captured fish also had their fins clipped 

and released for mark-recapture estimates of abundance using the Chapman estimator method 

(Chapman, 1951). On the last sampling (October 2017) all captured individuals were euthanised 

using an overdose of AQUI-S® fish anaesthetic for precise determination of sex, maturation 

stage, age, fork length, mass and somatic weight. 

Analysis of annual increments in sagittal otoliths was used to estimate the age structure 

of both migratory and resident spawning trout. The otoliths were dried and mounted flat on to 

microscope slides using thermoplastic resin (Crystalbond 509), and each side polished using 

fine-grit sandpaper (P1500 and P2000 grit) and lapping film (3-30 µm, 3M). Annual increments 

were counted using light microscopy (Olympus SZ2-ILST, Olympus Corp.) under 10-40X 

magnification. 
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Low electrofishing efficiency for YoY trout, especially at the beginning of the season 

(Jones et al., 2019), necessitated an alternate method to estimate their abundance. Hence, YoY 

trout abundance was assessed by spotlighting, given its low impact and high efficiency (Hickey 

& Closs, 2006). Each study site was divided into 30m-long sections, three of which were chosen 

semi-randomly for spotlight surveys. Selection of surveyed sections was restricted on the basis 

that the aggregate proportions and average characteristics of the mesohabitats of the three 

chosen sections must be representative of the study site as a whole (Appendix A).   

Spotlighting started at least one hour after sunset. Spotlight surveys were completed at 

baseflow conditions scanning with an LED headlamp from bank-to-bank walking upstream. 

Juveniles were classified to YoY and ≥1+ cohort groups based on visual observation of the 

size of the fish and a clear difference in size between cohorts (Lund et al., 2003). To calculate 

juvenile trout density per area unit, the number of fish counted in each section was divided by 

surveyed area. The average density (± SE) calculation was based on counts obtained at the three 

replicates of regularly monitored stream segments within each site. 

Both upstream and downstream movement of YoY trout were estimated at sites 1, 2 and 

3 using fry traps comprising two fyke nets oriented in up and downstream directions.  Each 

trap was joined by a central wing (3-mm mesh) that blocked the stream and directed fish into 

the fykes (Figure 3.2). Assuming that diurnal feeding migrations (Hubert et al., 1994; 

Bardonnet et al., 2006; Conallin et al., 2014) can affect the results of migration assessment, the 

traps were installed in the middle of the fastest riffle of each stream site. I assumed that habitats 

with flow velocities of 0.6-0.8 m/sec are not suitable for YoY trout rearing (Hayes & Jowett, 

1994; Heggenes et al.,1999; Jowett & Richardson, 2008; Ayllón et al., 2009), which was 

supported by the data on YoY trout habitat suitability (Appendix D2). Thus, only YoY 

emigrants or individuals moving upstream were captured. The traps were installed in a 

diagonal position between banks using steel poles and sink-stones with an angled wing 

guiding the juveniles to trap entrances. The lower edge of the wings was fixed to the bottom by 

doubled heavy metal chain and covered by a layer of gravel to prevent fish escaping 

underneath. Because of high flow conditions, the downstream fyke was joined with a net box 

included a protective board 25 x 100 cm in size, serving as a flow shelter for captured 

juveniles, thus averting fish mortality (Figure 3.2). To prevent clogging, three debris fences 

with mesh size 25, 38 and 50 mm were deployed upstream of the trap. The traps were deployed 

at each sampling location once a month on the new moon from October until April for 24 

hours. Traps were checked every 3 hours, and any fish counted were then released in the 

direction that they had been travelling when trapped. 
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Figure 3.2 Fry trap with net box installed at November 2016 at the Silverstream Site 1 

“Puddle Alley”, photographed looking upstream. 

 

3.2.3 Data analysis 

3.2.3.1 The analysis of the effect of density of eggs deposited by parents on spring 

abundance of YoY trout across the Silverstream 

To test the main hypothesis on the relationship between adult trout egg deposition and 

spring YoY density at the 4 Silverstream locations, linear regressions were generated using the 

lm package in R version 3.4.3 (R Core Team, 2017). The mean density of eggs deposited 

along the Silverstream was evaluated (Section 3.2.3.3) at 4 locations used for YoY’s sampling 

and used as a predictor. The spring values of YoY fish density at each of three 30m-long 

stream sections at each study site (“Gladfield Road” site, sites 1, 2 and 3; Section 3.2.2); with 

three replicates per site were used as a response variable. The data on reproductive input and 

fish density were 4th root and log10 - transformed for normality, respectively. Residuals were 

plotted against predictors and a Q-Q plot was used to check the normality of residuals. 

Residuals versus leverage plots, with calculation of Cook’s distance, were used for identifying 

of the influential outliers in a set of predictor variables. For this study a confidence level of 

95% (α = 0.05) was used.  
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3.2.3.2 The analysis of density-dependence and environmental factors controlling YoY 

trout loss rate across the Silverstream 

To test the predictions on relationships between density-dependence and environmental 

factors, and the population dynamics of YoY trout along the stream and across seasons, 

multiple linear regressions were applied using the lm package in R. Data collected at each of 

three 30m-long monitored stream sections per site were pooled and used as a replicate for each 

sampling event. The YoY loss rate for each monitored stream section was calculated and was 

used as the response variable. Juvenile trout density and the migration rate measured at the start 

date of the period used for loss rate calculations were set as predictors. The water flow and 

temperature data collected during the period between samplings were also used as predictor 

variables (Table 3.1). As well, multiple linear regressions were calculated to test the effect of 

stream discharge and temperature on YoY’s migrations. Data on stream flow and temperature 

were used as predictor variables, and the combined migration data from sites 1 and 2 were 

chosen as a response variable (Table 3.2). The data were checked for normality prior to the 

analysis and transformed as follows. Site 1 dataset: 4th-root transformation for instantaneous 

daily loss rate and log10 transformation for fish density, mean temperature and maximal flow. 

Site 2 dataset: 4th-root transformation for instantaneous daily loss rate, log10 transformation for 

fish density, migration rate, the mean temperature and median flow, Ln-transformation for the 

maximal flow. Site 3 dataset: log10 transformation for fish density, the mean temperature, 

median and maximal flow values. For testing the collinearity of the variables used in linear 

regression analysis, the variance inflation factor (VIF) was applied by vif package in R. 

Following the rule of thumb, all variable with VIF values exceeding 10 were removed (James 

et al., 2014). The model choice was based on the lowest AIC score following a backwards 

stepwise procedure, starting with the saturated model and then removing predictors one by one 

using the step function in R. 

3.2.3.3 The computation of density of eggs deposited by parents, analysis of biological 

traits of adult trout and estimation of Silverstream spawning capacity 

To evaluate the parental investment of migratory trout in Silverstream, the number of 

eggs deposited per unit area of stream was calculated, correcting for female size using the fork 

length / eggs per redd regression published by Elliott (1995): log10E=log10(-2.203 ± 0.332 

(95% CI))+(2.048 ± 0.131 (95% CI))log10L, R2= 0.97, where E is eggs per redd and L is fork 

length in mm. I assumed each female spawned in a single redd (Elliott, 1995; Rubin et al. 

2005), allowing estimation of the arithmetic mean (±SE) of the amount of deposited eggs per 

unit area. 
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For the estimation of the parental investment of resident trout inhabiting the 

Silverstream headwaters, the number of adults was evaluated and conversion of female mass 

to eggs per redd was applied. The abundance of stream resident adults was calculated using 

two methods: conversion of single-pass abundance data to values of density calculated by 

three-pass removal (Zippin, 1956), and by mark-recapture estimates using the Chapman 

estimator method (Chapman, 1951). For conversion of single-pass abundance data to values of 

density calculated by three-pass removal following formula was applied: TP=1.775 SP+0.020, 

R2= 0.96, where TP - density calculated by three-pass removal method (ind./m2), and SP - 

single-pass density (ind./m2). Fecundity was calculated using the equation developed by 

Jonsson & Jonsson (1999) for stream resident brown trout: ln F=0.836 ln W+1.735, R2= 0.70, 

where F = fecundity (eggs), and W = somatic weight (g). I then assumed that each female 

deposited 85.5 % of their eggs into a redd (Elliott, 1995), and that all mature females in the 

population spawned within the study stream. The calculation of parental investment of 

residential trout was based on May sampling data, which is the main spawning period for New 

Zealand brown trout. 

To test the ability of different sizes of spawning adults (males, females and both sexes) to 

reach different spawning sites along the Silverstream, a comparison of the size of spawners 

upstream and downstream of Site 2 was performed using a one-way ANOVA. The data on adult fish 

was split into two subsamples, including individuals gathered between the weir and Site 2 (6 males 

and 8 females) and between Site 2 and Silverstream mouth (5 males and 7 females). The size of the 

fish in each section were used as the response variables, with up and downstream sections used as 

the categorical variables.  

A one-way ANOVA was applied for the test of the temporal stability of the population of 

resident fish. The data on adult’s size collected at each sampling event was used as a response 

variable and month of sampling was used as a predictor variable. At each sampling event adult 

residents were collected (n = 14 to 23 fish per event) and each individual was used as a replicate. 

To evaluate the spawning capacity of the studied stream segments, I calculated the sum 

of the areas located at the end of pools and runs merging into riffles, which are the preferred 

spawning habitat for brown trout (Jonsson & Jonsson, 2011). Only zones with gravel and 

cobbles, flow velocity between 0.25 – 0.62 m/s and depth between 0.11 – 0.42 m were used, 

representing spawning suitability curves for substrata composition, water velocity and depth in 

rivers with discharge <10m3/s (Zimmer & Power, 2006; Louhi et al., 2008). For Site 3, only 

areas with suitable spawning gravel were counted assuming that the median particle size of the 

suitable spawning substratum is near to 10% of spawner body length (Kondolf, 1993).   
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3.2.3.4 Computation of the instantaneous daily loss rate of YoY trout and analysis of 

spatiotemporal change in density and population dynamics of YoY trout across study sites 

To estimate the fine-scale change in the abundance of YoY brown trout, the daily 

instantaneous loss rates was calculated using the formula: LR = (D0 – Dt)/t, where LR is loss 

rate (ind.*100 m-2 *day-1), D0 is the initial fish density (ind.*100 m-2), Dt is the final density 

(ind.*100 m-2) and t is the period between sampling in days. A two-way ANOVA was applied 

for the estimation of the effect of spatial (sampling location) and temporal (month of sampling) 

categories and their interactions (site х month) on the dynamics of YoY’s loss rate and density. 

The monthly data on YoY fish density and loss rate were used as a response variable for each 

site. At each site data collected at three monitored stream sections were used as replicates. The 

data on instantaneous daily loss rate and month of sampling was 4th root-transformed, and 

density values were log10-transformed for normality. Considering the temporal constancy of 

mesohabitat characteristics such as area, bottom substrate composition, proportion of the 

sheltered and shaded area, these factors were excluded from the analysis of the effect of key 

environmental factors controlling density and loss rate of YoY fish. As such, I used the 

sampling location, assuming these took these factors into account, as a predictor for testing the 

effect of the listed environmental variables on density and instantaneous daily loss rate. 

3.2.3.5 The analysis of environmental variation across the Silverstream 

To differentiate the sampling locations by the environmental characteristics most 

important for summer rearing of juvenile brown trout, a one-way ANOVA with Tukey HSD 

test for multiple comparison was applied. The environmental variation within and between 

sampling locations was assessed using a separate analysis for each environmental characteristic 

for each of three major habitat types – riffles, runs and pools. The measurements of each 

environmental characteristic across the different habitats were used as the response variables 

and site as a categorical variable. The number of riffles, runs and pools observed at each of the 

study sites were used as a replicate for 13 observed environmental characteristics (Appendix 

A). At sampling sites 1, 2 and 3, the number of major habitats (or replicates) were as follows: 

riffles – 23, 14 and 8; runs 23, 20 and 11; pools – 7, 13 and 3. For subsequent ANOVA 

analysis, the data were checked for normality and ln, log10 or 4th root transformed if necessary 

prior the analysis. Homogeneity of variances were tested by Levene’s test. Eta-squared 

estimation were computed for the measurement of the strength of the relationship between 

analysed variables. The aov, etasq, leveneTest and TukeyHSD functions in R version 3.4.3 (R 

Core Team, 2017) were applied. 
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3.3. Results 

The results of the analysis of environmental characteristics are presented in Appendix B. 

The results of the analysis of parental investment, the biological traits of adult trout and 

calculations of Silverstream spawning capacity are presented in detail in Appendix C1.  

The number of deposited eggs per unit area was a poor predictor for spring values of YoY 

trout density at all sites (F1,10 = 0.08, t = 0.286, p = .780, R2 = .012) (Figure 3.3).  

The first YoY brown trout were detected in the lower reach of the Silverstream at the start 

of October 2016 at the “Gladfield Road” site located near the confluence, with an average 

density of 17.7 (±3.1 SE; lim 11-26) fish per 100 m2. At Site 1, the density of YoY trout in 

October was equal to 102.9 (±21.7 SE; lim 77-146), which was three-times higher than at Site 

2 (35.6±20.2 SE; lim 15-76). At Silverstream headwaters the first juvenile fish were detected in 

November at extremely low densities (0.26±0.02 SE; lim 0.21-0.28) (Figure 3.3, Table 3.3). 

 

Figure 3.3 Density of YoY trout in spring in relation to number of deposited eggs for “Gladfield 

Road” site (black triangles), Site 1 (grey circles), Site 2 (white circles) and Site 3 (black 

diamonds).  

Subsequently, the dynamics of YoY brown trout density continued to differ across sites 

1, 2 and 3. At Site 1, the abundance of YoY fish constantly declined from spring to fall, with 

the most intensive loss rate during spring/summer. By April, the density of YoY trout at Site 1 

was close to zero. At Site 2 the density of YoY fish was lower than that at Site 1 in spring, but 

higher in the summer. The seasonal change of juvenile trout abundance at Site 2 had a 

negative trend, but decreased in a two-step pattern, with two peaks in November and February. 
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The YoY loss rate at Site 2 was higher in the second half of the season in comparison to earlier 

in the season. At Site 3 the density of YoY trout increased in December and was relatively 

stable over subsequent months (Table 3.3). 

Sampling location and month influenced fish density and YoY loss rate. ANOVA 

outputs confirmed the upstream (outputs for site: F1,51= 58.40, p = < .001) and seasonal (outputs 

for month: F1,51 = 9.30, p = .032) reduction of YoY density. Sampling site was a significant 

predictor for instantaneous daily loss rate by itself (F1,41 = 4.40, p = .042) and in combination 

with sampling date (F1,41 = 9.89, p =.003) confirming a general upstream reduction of YoY’s 

loss rate over time. However, month was not related to loss rate for data combined from the 

three sites (F1,41 = 0.50, p = .483). Results were significant for the separate datasets of sites 1 

and 2, but not for Site 3. The strong effect of sampling month confirmed decrease of fish loss 

rate from spring to autumn for Site 1 data (F1,16 = 23.54, p = < .001). At Site 2, the month of 

sampling had a significant effect (F1,16 = 4.99, p = .043) confirming an increasing of loss rate 

over the season. Conversely, the ANOVA results showed that month of sampling was not a 

significant predictor of juvenile trout loss rate at Site 3 (F1,8 = 3.33, p = .103). 

Movement of YoY trout occurred in both up and downstream directions, although the 

majority preferred to move downward and at night (Table 3.3). Downstream migration peaked 

in October at Site 1, and in January at Site 2. No fish were trapped at Site 3, except for one 

individual moving downstream in December. At the downstream sites, individuals moving 

upstream were captured every month from November until Mar, with the peak occurring in 

January at Site 2. Downstream movements generally occurred in the first half of the night, 

whereas upstream movement occurred in the second half of the night or during the morning. 
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Table 3.3 The seasonal change of brown trout YoY density (ind.*100/m2), daily instantaneous 

daily loss rate (LR, ind.*100/m2*day-1), diurnal dynamics of migrations (ind. per trap check), water 

temperature and stream flow at three locations of the Silverstream.  

 

D
en

si
ty

 

Site Oct Nov Dec Jan Feb Mar Apr 

1 102.9±21.68 

77.3-146.0 

77.3±23.95 

30.0-107.3 

42.4±6.38 

32.0-54.0 

14.0±4.39 

11.3-16.0 

6.9±0.59 

6.0-8.0 

3.6±1.56 

0.7-6.0 

0.7±0.01 

0.6-0.7 

2 35.6±20.23 

14.7-76 

82.9±25.23 

56.7-133.3 

47.1±21.10 

20.0-88.7 

24.2±4.90 

18.7-34 

50.4±16.04 

26-80.7 

16.2±2.47 

11.3-19.3 

5.6±1.35 

3.3-8.0 

3 
 

0.26±0.02 

0.21-0.28 

1.45±1.16 

0.28-2.61 

1.61±1.25 

0.35-2.85 

1.03±0.39 

0.63-1.41 

1.20±0.21 

0.99-1.41 

1.66±0.04 

1.61-1.70 

 

 

LR 

1  2.83±3.09 

-3.33-6.15 

1.16±0.83 

-0.38-2.51 

0.58±0.14 

0.33-0.80 

0.25±0.07 

0.11-0.34 

0.12±0.08 

0.00-0.27 

0.10±0.05 

0.00-0.18 

2  -2.96±0.32 

-3.58-(-2.54) 

0.99±0.17 

0.67-1.24 

0.63±0.69 

-0.39-1.95 

-0.78±0.50 

-1.78-(-0.22) 

1.27±0.52 

0.54-2.27 

0.28±0.05 

0.21-0.36 

3   -0.48±0.26* 

-0.93-(-0.03) 

-0.05±0.02* 

-0.07-(-0.02) 

0.18±0.15* 

-0.09-0.44 

-0.06±0.04* 

-0.13-0.00 

-0.13±0.04* 

-0.20-(-0.06) 

M
ig

ra
ti

o
n
s 

15:00 - 

18:00 

1     (1)   

2   (1)     

18:00 - 

21:00 

1 
 

1 
     

2 
 

1 
 

(1) 2 
  

21:00 - 

0:00 

1 
 

1 (1) 1 
   

2 
 

4 5 (1) 80 (6) 2 (1) 1 
 

0:00 -

3:00 

1 91 5 (1) 5 (2) 
   

2 
 

1 2 16 (10) 1 
 

1 

3:00 -

6:00 

1  1 1 (2) 3    

2 8 1 (2) 2 (2) 23 (3) 1 (1)  

6:00 -

9:00 

1 19   7    

2 2 1 (2)  1 2 1  

9:00 -

12:00  

1 1 (1) (1) 
  

(1) 
 

2 
 

1 (2) 
  

3 (1) 
  

12:00 -

15:00 

3 
  

1 
    

2    4    

Total 

in 24 

hours 

1 111 (0) 8 (1) 1 (4) 16 (2) 0 (1) 0 (1) 0 (0) 

2 10 (0) 9 (6) 9 (6) 124 (20) 11 (2) 2 (1) 1 (0) 

3  0 (0) 1 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

 
toC 

1 9.9  11.7  16.7  12.5 16.7  13.1  10.2  

 2 8.6  9.7  11.9  10.2  14.2  10.6 8.9  

 Flow, 

m3/sec 

1 0.51  0.36  0.46  1.27  0.19  0.15  0.21  

 2 0.35  0.28  0.24  0.37  0.19  0.14  0.16  
Notes: the density (loss rate) presented as an average ± SE above the line with limits below the line; * the values of 

loss rate at Site 3 are close to zero and multiplied to 1,000; diurnal dynamics of migrations presented as number of 

individuals captured by trap every 3 hours with fish moving down (and upstream) over the sampling period. The 

data on water temperature (to C) and stream flow used for linear regression model presented as mean values 

calculated from hourly data collected at the time of YoY trout migrations assessment. 
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Fish density and migration rate were significant positive predictors for YoY 

instantaneous daily loss rate at Site 1, whereas none of the measured categorical variables were 

related to YoY loss rate at Site 2 or 3. Water temperature and flow were excluded from the best 

fitting linear model for Site 1. The analysis did not reveal the significant predictors of YoY 

trout loss rate at Site 2 even if the final model included density as the only predictor, though 

the p value was close to significance. The best fitting model used for the evaluation of the effect 

of the measured parameters on juvenile trout loss rate at Silverstream headwaters included only 

two abiotic factors – mean water temperature and maximum flow but was not significant (Table 

3.4). 

Table 3.4 Multiple linear regression analysis testing the relationships between biotic (density 

and migration rate) and abiotic (water temperature and flow) predictors of seasonal dynamics 

of YoY trout instantaneous daily loss rate at three sampling locations of Silverstream at season 

2016-2017. 

Effect 
Site 1 Site 2 Site 3 

Estimate ± SE t p Estimate ± SE t p Estimate ± SE t p 

(Intercept) 0.05±0.105 0.49  0.63 -0.60±0.44 -1.35 0.19 -0.01±0.004 -2.032 0.08 

Density 0.21±0.082 2.58  0.02 0.54±0.287 1.90 0.08  

Migration rate 0.01±0.001 8.68 <0.01   

Temperature 

mean 

  0.01±0.004 2.003  0.08 

Maximal flow   0.0003±0.0002 1.604   0.15 

Notes: effect of the significant predictors in bold. 

 
Both upward and downward migrations were not associated with water temperature 

(F1,13= 0.90, t = -0.98, p =.359, R2 = .03) or stream flow (F1,13 = 1.15, t = 1.28, p = .239, R2 = 

.02) despite some evidence of discharge affecting YoY trout migrations in the raw data. The 

statistical outputs of the data set did not determine significant associations, mostly due to 

January data when sampling occurred under high flow conditions. At this sampling, the second 

peak of emigrating YoY trout was evaluated at Site 1 and the seasonal maximum of both up 

and downstream migrations was assessed at Site 2 (Table 3.3). 
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3.4 Discussion 

3.4.1 The adult brown trout egg deposition and its effect on young-of-the-year trout 

abundance across the study stream 

The overall finding that the number of deposited eggs, per unit area, was a poor 

predictor of spring values of YoY trout density what did not align with the expectation that 

parental investment would influence YoY trout density in spring, in contradiction to published 

data (Elliott, 1994). Strong associations between parental investment and offspring abundance 

have been described for trout with both migratory and residential life-histories in Europe 

(Nicola & Almodovar, 2002; Sánchez-Hernández еt al., 2016). This relationship may hold 

true for Site 1 and 2 where juvenile trout density corresponded to adult reproductive input. 

These sites are intensively used by migratory adults for reproduction, and so I suspect that 

spawning conditions are close to optimal at this area (Louhi et al., 2008; Zimmer & Power, 

2006; Kondolf & Wolman, 1993). The converse pattern was observed at both the stream 

mouth and the headwaters. Only one redd was detected at the “Gladfield Road” site, and the 

first YoY trout were detected upstream of this redd. These YoY individuals must have 

originated from the redds located further upstream, and dispersed downstream soon after 

emergence from the gravels (Elliott, 1986; Hayes, 1988; Landergren, 2004; Boel et al., 2014). 

In the stream headwaters, a relatively high parental investment by stream resident trout 

contrasts with the low density of juveniles, in contrast to “Gladfield Road” site data. This could 

be related with low egg-to-fry survival what could be explained by the high fine sediments 

load in headwater habitats (due to landslips), which can significantly reduce eggs survival at 

the early embryogenesis period (Conallin, 2004; Cocchiglia et al, 2012). 

In comparison to European studies (Elliott, 1985, 1987), the parental investment and 

spawning efficiency of brown trout in Silverstream was relatively low, related to low 

abundance and high pre-spawning mortality of adults, but not biological traits of breeders or 

area of spawning grounds. The average abundance of deposited eggs in Silverstream was 

equal to 13,828 eggs per ha (±744 SE; lim 415-34,898) for migratory populations, and 15,361 

(± 919 SE; lim 7782-23,866) eggs per ha for stream residents. This is markedly less than 

observed in English streams, where Elliott (1985, 1987) recorded mean values of eggs density 

of 704,800 eggs per ha (±105,300 SE; lim 120,300-1,326,300) along migratory trout 

spawning reaches, and 42,300 eggs per ha (±4,600 SE; lim 42,300-60,500) for resident trout 

spawning reaches. 

The low number of spawning fish best explains the relatively low number of deposited 

eggs in Silverstream. The density of spawning females in Silverstream was equal to 18.3 ind./ha 
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for Site 1, 7.4 ind./ha for Site 2 and 131.4 ind./ha for Site 3. This is lower in comparison to 

density of migratory (762±86.8 SE; lim 167 – 1167 ind./ha) and resident (215±23.2 SE; lim 

137 – 308 ind./ha) spawning female trout in England (Elliott, 1985, 1987, 1994). Other factors 

negatively affecting the reproductive input is the observed pre-spawning mortality, which has 

not been previously described for this iteroparous species (Elliott, 1994; Jonsson & Jonsson, 

2011; Lobón-Cerviá & Sanz, 2017). Assuming the number of redds represents the number of 

spawning females, then the pre-spawning mortality rate represented 21% of the Silverstream 

spawning stock. Every third fish from gathered carcasses had died before spawning. The 

reduced egg density cannot be explained by traits of Silverstream spawners: the size, sex ratio, 

age structure and fecundity of adults were close to those published for both migratory and 

resident forms of the species (Elliott, 1994; Nicola & Almòdovar, 2002; Acolas et al., 2008). 

Deficiencies in the spawning capacity of the stream can also be excluded as a factor affecting 

trout reproductive input considering the area required for one female spawn; following the 

relationship between female size and required spawning area (Ottaway et al., 1981; Crisp & 

Carling, 1989), the extended reproductive period (Gortázar et al., 2007) and exploration of 

spawning grounds by multiple adults (Gortázar et al., 2012), we can assume the spawning 

capacity of Silverstream is significantly underexploited by brown trout. Therefore, the reduced 

parental investment of brown trout in Silverstream spawning grounds is likely associated with 

low stock abundance and high pre-spawning mortality. 

3.4.2 The role of density-dependence and environmental factors in YoY trout population 

dynamics 

The factors of density and migration of YoY trout significantly affected loss rate at lowland 

Site 1, but not at sites 2 and 3, which supports my predictions and the results of previous studies, 

and may be driven by differences in competition level associated with environmental variability 

between study sites (Elliott, 2006). Both published results and my data show evidence of upstream 

reduction of both spring density and loss rate of YoY trout (Chapter 2; Kristensen & Closs, 2008a; 

Jones et al., 2019; Huryn, 1996; Kristensen & Closs, 2008b). This pattern could be related to 

environmental differences among study sites; the lower part of the Silverstream is characterised by 

minor shade, higher daily mean and fluctuations of water temperature, and a lack of shelter 

(specifically boulders) which are important for juvenile brown trout habitat (Jonsson & Jonsson, 

2011). Site 2 is characterized by a high abundance of shelter in complex substrates, the lowest water 

temperature fluctuations, and extensive shading, suggesting highly suitable habitat for YoY trout 

(Conallin et al., 2014). The combination of these listed factors at sites 1 and 2 could substantially 

affect the carrying capacity and competition level relating to shelter and shade preferences (Enefalk 
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& Bergman, 2016) and high sensitivity of YoY trout to thermal conditions (Ayllón, 2013; O'Briain 

et al., 2019). This can explain the highest spring values of fish loss rate at Site 1 and the seasonal 

increasing of YoY trout loss rate at Site 2, suggesting possible “bottleneck” conditions in spring for 

Site 1 and in summer/autumn for Site 2. At Site 3, low values of YoY’s density in combination 

with high availability of habitats suitable for juvenile trout rearing suggests that there is a low level 

of intra-cohort competition across the rearing seasons. Thus, heterogeneous environments can 

drive competition at my study sites and affect the results of this study.  

The density-dependence of the highly dynamic loss rate of migratory offspring at 

lowland sites and the low stable density of stream resident offspring in the headwaters is in 

agreement with published studies, and suggests a reduction of the regulatory role of biological 

factors as conditions shift from favourable to more unfavourable. Elliott’s (1987) study was 

focused on the key-factors determining population dynamics of juvenile brown trout in English 

streams used by both migratory and resident forms for spawn. Elliott’s (1987) data on 

reproductive input of migratory brown trout versus progeny abundance during the early season 

were fitted to Ricker’s (1975) stock/recruitment model. No analogous relationship between 

deposited egg densities and surviving progeny for resident trout was established by the author. 

Elliott concluded that the results provided evidence for Haldane's (1956) hypothesis that 

density dependent factors become less important, and density independent more important, as 

the environment changes from optimal (which were used by migrants in my study) to hostile 

(which were used by residents in my study). Similar conclusions were reached by Vøllestad 

and Olsen (2008) who studied Norwegian brown trout and Velez-Espino (2013) who worked 

with North American brook trout (Salvelinus fontinalis). My results provide additional 

evidence for this ecological phenomenon. 

No significant environmental effect for fish loss rate was observed in my study, but the 

importance of discharge on YoY migrations and thus population dynamics was evident in the January 

data, which were strongly affected by flow. The January data were collected under high flow 

conditions following a moderate flood, that also coincided with the new moon when fish 

movements were assessed (Hayes, 1988; Slavík et al., 2012). In total, 124 YoY fish moving 

downstream were captured within 24 h at Site 2 at flow conditions 312-534 L/sec. Eighty of these 

individuals were captured between 21:00h and midnight at flows of 436-463 L/sec. To compare 

changes in migration intensity relative to discharge, the trap was deployed again the next day from 

9 PM to 12 AM when flows were greatly reduced (298-291 L/sec). Only 17 downstream-moving 

juveniles were captured. The results from Site 2 are also consistent with the results from the 

January sampling completed at Site 1 under high flow conditions. In total 16 YoY trout emigrants 
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were detected within 24 hours under flow 834-1751 L/sec, which was the highest observed 

migration rate for that location after the spring. Thus, my data demonstrate the importance of the 

flow on juvenile trout population dynamics. As a caution, the use of of fry traps to estimate 

migration data of YoY brown trout carries with it the risk of obtaining information influenced by 

unplanned environmental conditions. The use of PIT-tagging or Wolf trap may be a preferable 

method of assessing salmonid migration allowing continuous collection of data (Ombredane et al., 

1998; Jonsson & Jonsson, 2011). Both techniques allow registering of the targeted fish passing the 

transect point by PIT-tag antenna or trap. However, for both methods the loss of information and 

equipment during flood events is a significant risk (Holmes at al., 2014; Aarestrup et al., 2018). 

Different study designs can produce contradictory results to the same question. In this 

case, fine-scale (this study) versus broad-scale (Chapter 2) data collected at Site 3 provided 

alternative answers when testing hypotheses regarding the temporal dynamics of YoY brown 

trout populations. In Chapter 2, I showed a fivefold seasonal increase of YoY trout density in 

the Silverstream headwaters. In contrast, fine-scale sampling in the same area demonstrated a 

rapid increase of YoY trout abundance only the month following emergence in November; 

thereafter, the density of this cohort of fish was relatively constant. The delayed appearance of 

YoY trout in headwater reaches, compared to the downstream areas, can be explained by later 

emergence associated with lower temperatures (Appendix B) which extended the period of 

embryogenesis (Réalis-Doyelle et al., 2016). As a cautionary note, when testing scientific 

hypotheses, the results can vary when using alternative sampling approaches. Finally, for the 

detailed sampling of YoY trout abundance across the area intensively utilized by adult 

migrants for spawning and as examined by this study, I have shown that for this parameter it 

can be demonstrated that there can be a significant effect of parental reproductive input on 

offspring density. 

3.5 Conclusions 

My results demonstrate a strong spatial variation in the seasonal population dynamics 

of YoY brown trout abundance in Silverstream, and the factors likely driving those dynamics. 

The densities of deposited eggs and juvenile fish were proportional at sites intensively used by 

migratory adults for reproduction, but not proportional at other sites, leading to the conclusion 

of varying relationships between density of deposited eggs and subsequent YoY trout 

abundance depending on where I sampled. The effects of density and migration on YoY 

brown trout loss rate were significant only at lowland study sites, reflecting spatial 

heterogeneity in carrying capacity. Thus, competition amongst YoY migratory brown trout 

appears to have been driven in these locations by both fry density and environmental quality 
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(Elliott, 2006). This result supports previous studies (Elliott, 1987; Vøllestad and Olsen, 2008; 

Velez-Espino, 2013) demonstrating a shift from density-dependence to density-independence 

of YoY trout population dynamics from as environmental conditions shift from preferable to 

severe.  

Finally, I did not find any consistent effects of abiotic factors on YoY’s loss rate.  

However, but the importance of stream discharge for YoY brown trout migration was 

demonstrated by the results completed during a January flood, again consistent with published 

data (Holmes at al., 2014; Bergerot & Cattanéo, 2017; Aarestrup et al., 2018). These findings 

assessing the role of various environmental and biological factors driving YoY brown trout 

population dynamics contribute to the knowledge on the ecology of the species. 

In summary, this study highlights knowledge gaps in species-environment interactions 

and the rearing and reproductive ecology of brown trout in the Southern Hemisphere. Some of 

the relevant questions that arise from these information limitations include: 1. What are the 

spatiotemporal dynamics of stream carrying capacity for YoY brown trout in Silverstream? 2. 

What causes the mismatch between parental investment and offspring abundance in 

populations of stream residents? 3. What is the reason for high adult brown trout spawning 

mortality in Silverstream? 4. Why is the abundance of spawning stock much lower than in 

comparable systems in the Northern hemisphere?  

All these uncertainties leave room for further investigations. 
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Chapter 4. Does intracohort competition determine migratory and resident 

life-histories of brown trout? 

Abstract 

1. Decisions relating to migration made by the juveniles of partially migratory animals can 

determine the life-history of subsequent life stages, which given their high ecological tolerances 

can utilize a variety of habitats, explaining much of the success of such species. 

2. This study aims to test the hypothesis that the outmigration of the YoY (young-of-the-year) 

stage of brown trout Salmo trutta from nursery streams is initiated by intra-cohort competition 

for resources, and thus initiating the divergence of the migratory and resident life-histories. 

3. To test the hypothesis, competition intensity was evaluated by analyzing the territorial and 

energetic restrictions on YoY trout from hatching (October) until autumn (April) at three sites 

along the lower, middle and upper courses of Silverstream. The effect of competition on YoY 

loss rate was examined along the study sites, which are used for spawning and rearing by 

brown trout having either migratory or resident life-histories. 

4. My results suggest a significant effect of competition on YoY trout daily loss rate in high 

density lowland populations originating form adults with a migratory life-history. Previous 

studies have shown that loss rate, resulting from YoY’s out-migration, likely leads to a 

migratory life-history in the emigrants. In the stream headwaters, inhabited by low densities 

of resident trout, competition intensity was low, and did not affect the population dynamics of 

YoY fish. 

5. I conclude that high competition intensity driving emigration of YoY trout from the stream 

are primarily determined by the effects of energy restrictions rather than territorial limitations.  

4.1 Introduction 

Competition can trigger animal migrations due to resource limitations and 

environmental restrictions (Tissot et al., 2017), facilitating the movement to alternative and 

diverse habitats and enabling adaptation to variable environments (Lundberg, 1988; Chapman 

et al., 2012). However, the interrelationships between the top-down effect of competition and 

bottom-up effect of environmental factors in determining animal migration are still poorly 

understood. Some studies indicate density-dependent competition, driven by food and space 

limitations, can initiate migration of some individuals leading to the self-thinning of the 

remaining population (Keeley, 2003; Guiñez, 2005). Other studies suggest that abiotic 

environmental factors are more important regulators of abundance (Jiang & Kulczycki, 2004). 
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Species that exhibit partial migration are excellent models for testing the factors driving 

animal movement over the course of their life cycle (Chapman et al., 2012). The life-history 

variation of partially migratory species which are able to shift between migratory and resident 

phenotypes, represents a flexible trade-off between responses to variable environments and 

the phenotype of individuals (Jonsson & Jonsson, 1993; Watts et al., 2017). Decisions that 

determine whether an animal will remain resident or migratory occur during the early life 

stages, and once a life-history is ‘chosen’, it is relatively fixed for the entire life of the 

individual (Chapman et al., 2012). If migration is initiated during early life-history, it usually 

occurs once an individual has attained an age-related, genetically determined threshold 

(Mohapatra et al., 2015). Once this threshold has been crossed, migration can be triggered by 

density-dependence when competition drives the population dynamics (Murdoch, 1994; 

Dennis & Trapper, 1994), or by various environmental factors when movement is primarily 

regulated by specific determinants such as stream flow or temperature (Holmes et al., 2014; 

Aldven et al., 2015; Bergerot & Cattanéo, 2017). 

Brown trout Salmo trutta is a classic example of partially migratory species, exhibiting a 

diverse range of life-histories following juvenile rearing in headwater streams, from 

remaining resident to migration to downstream lotic, lentic, and/or oceanic habitats (Elliot, 

1994). In open river-lake-marine systems, the distribution of life-histories represents the 

continuum of three major forms: 1) small resident fish inhabiting headwater streams and small 

tributaries; 2) potamodromous fish inhabiting the main-stems of rivers and/or lakes; and 3) fast-

growing anadromous fish migrating from streams to marine environments (smolting) and 

back (Jonsson & Jonsson, 2011). Different life-histories may often interbreed in spawning 

streams (Charles et. al., 2005; Railsback et al., 2014). Whilst some juveniles remain in nursery 

streams and complete their life-cycles therein, others may disperse downstream, variously 

reaching and successfully exploiting riverine, lentic, brackish and marine environments 

before returning to spawn (Jensen et al., 2008). These flexible phenotypic responses can occur 

within individuals originated from the different life-histories interbreed in spawning areas 

(Ferguson et al., 2017). 

Brown trout introduced to New Zealand represent an ideal model for testing the role of 

intra-specific competition in initiating the early life-history migration that leads to the 

expression of a diverse range of migratory adult life-histories. Naturalized populations of New 

Zealand brown trout originated from mixed European stocks (Thomson, 1922; McDowall, 

1994), and have established a diversity of migratory and resident life-histories (Kristensen, 

2006; Hayes, 2010; Jones & Closs, 2017). The success of brown trout in New Zealand has been 
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attributed to the limited ability of the native fish community to compete against this invasive 

species (McDowall, 2006) and few natural predators (Jellyman et al., 2017). Limited inter-

specific competition and predation means the impact of intra-specific competition can be 

studied in relative isolation in a population characterised by low genetic diversity (Berrebi, 

Schikorski, Mikheev, unpubl. data; A. Canning, personal communication, May 28, 2019).  

In the previous chapters of this thesis, I presented the results of watershed-level 

landscape and fine-scale (tributary) studies of young-of-the-year (YoY) brown trout 

population dynamics (Chapter 2, Chapter 3) and concluded that the observations are broadly 

consistent with previously published New Zealand and European research (Hayes, 1995; 

Environment Agency, 2003; Olsson & Greenberg, 2004). At the landscape scale, a strong 

relationship between YoY trout population dynamics and geomorphology of the catchment 

was evident (see also Kristensen & Closs, 2008a; Jones et al., 2019). I found that the temporal 

dynamics of YoY trout in the Taieri River catchment are most likely driven by the spatial 

distribution of migrant and resident adult life-histories. In lowland river reaches, high parental 

investment by large fecund migratory fish likely leads to density-dependent competition for 

resources amongst YoY fish. In contrast, in more isolated upstream reaches, which are largely 

inaccessible to large migratory adults, smaller-stream resident brown trout produce a relatively 

low YoY density. These dynamics are consistent with other New Zealand and European 

studies demonstrating density dependence causing the seasonal decline of juvenile abundance 

of brown trout and other salmonids in many spawning and rearing streams (Hayes, 1995; 

Bohlin et al., 2001; Flitcroft et al., 2012; Foley et al., 2018). 

In this chapter, I test the main hypothesis of the thesis that the outmigration of YoY brown 

trout is initiated by intra-specific competition for resources, particularly for drifting 

invertebrate prey. I tested this hypothesis in Silverstream, a significant spawning and rearing 

stream and tributary of the Taieri River for brown trout. Density-dependent outmigration of 

juveniles occurs along the lowland reaches relatively soon after hatching in parts of 

Silverstream where high numbers of eggs incubate in that part of the stream (Chapters 2 & 3; 

Kristensen & Closs, 2008a). In contrast, in the headwaters which are inaccessible to large 

migratory adults and populated by relatively small resident adults, low YoY densities and 

stable population dynamics are evident (Chapters 2 & 3; Kristensen & Closs, 2008b). Based on 

data from previous studies, I assessed the intensity of competition in three different 

populations of YoY trout along a downstream gradient of Silverstream having differing levels 

of offspring production. Competition intensity was assessed by estimating and comparing the 

demands for energy and space of the growing population of YoY with the capacity of the 
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stream to provide space and food. Stream capacity was estimated using data on fish habitat 

suitability, invertebrate drift, energetic demand and trophic selectivity of YoY trout. The 

competition intensity was used to predict YoY brown trout population dynamics, specifically 

the likelihood of these young fish remaining within a reach or out-migrating. 

I predicted that the effect of competition on YoY trout population dynamics would differ 

between populations of YoY characterized by different fish densities and originating from 

either migratory or resident life-histories. This prediction is based on contrasting patterns of 

YoY abundance over the length of the stream, with self- thinning occurring by the initially-

abundant YoY brown trout in the lowland reaches, contrasting with initially-low abundance 

and stable population dynamics of the fish population living the upland reaches. These 

patterns are typical for stream-dwelling populations of brown trout studied elsewhere 

(Chapter 2 & 3; Keeley, 2003; Einum et al., 2006, Lobón-Cerviá, 2008; Kristensen & Closs, 

2008a; Myrvold & Kennedy, 2015; Jones et al., 2019). 

I also hypothesised that in spring, the high density of newly hatched trout in the lower 

reaches of Silverstream that has high numbers of YoY fry cannot be supported by the existing 

resources available within the stream ecosystem. Moreover, in summer warm temperatures 

further increase the energetic demands of fish, and energetic constraints occur at a population 

level when food supply is unable to meet these demands. This likely also leads to self-thinning 

phenomenon, a consequence of the high levels of juvenile salmonid energy requirements and 

space-demands exceeding that provided by the Silverstream ecosystem in its lower reaches 

(Keeley, 2003; Lobon-Cervia, 2008; Hayes, 2010). 

4.2 Materials and methods 

The main hypothesis was tested by examining the intensity of competition on the YoY 

trout daily loss rate. Competition intensity was expressed as the fish density / stream-carrying 

capacity ratio. Stream carrying capacity was estimated using data on invertebrate drift, fish 

diet and habitat preferences which were measured monthly along three Silverstream study 

sites (Chapter 3). Assessment of fish density and loss rate are described in Chapter 3. 

4.2.1 Study area 

Data to test the main hypothesis were collected along Silverstream from October to 

April, representing the seasonal rearing periods from YoY emergence to mid-autumn of the 

Austral calendar year. The same sampling sites 1, 2 and 3 (Chapter 3) where YoY brown trout 

were monitored during summer 2016-2017 were used for these analyses (Figure 1.4). The 

lower and middle reaches of the stream (sites 1 and 2) are used for spawning and rearing by 
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migratory brown trout from the main stem and estuary of the Taieri River (Kristensen et al., 

2011). The upper Silverstream (Site 3) is inaccessible to migrants due to a weir constructed as 

a part of the Dunedin water supply scheme in 1881 (Dunedin, 2018). The height of the weir is 

about 6 m, and only resident brown trout occur upstream of the weir (although juvenile fish can 

migrate downstream) (Figure 1.7). See Appendix B for a description of the major habitat 

characteristics of the study sites. Monthly sampling of invertebrate drift and benthos was 

conducted at all three sites from October 2016 until April 2017. For the evaluation of YoY 

trout diet, fish were collected only at sites 1 and 2. Fish were not sampled at Site 3 due to the 

low densities of YoY trout (see Chapter 3). 

The water temperature data were used to develop the model of trout energetic 

requirements presented in Table 4.1. Continuous water-temperature monitoring occurred at 

the three study sites in order to allow for modelling of the daily energetic requirements of the 

study fish (Elliot, 1994; Elliot & Hurley, 1998; Hughes et al., 2003). Water temperature was 

collected using data loggers (HOBO 64K-UA-002-64). Temperatures were recorded hourly 

from September 2016 to October 2017 at Site 1, from July 2016 to October 2017 at Site 2, and 

from November 2016 to October 2017 at Site 3. 

To calculate the habitat suitability index (HSI) required for weighted usable area (WUA) 

calculations that were then used for the stream carrying capacity modelling, stream habitat 

diversity was assessed at each study site by measuring water velocity, depth and substratum 

composition. Each of the three 30m-long sections used for routine fish sampling (see Chapter 3) 

was divided into cells, with each cell representing an area of relatively homogeneous habitat. Thus, 

the habitat complexity of the section determined the number and area of the cells. The number of 

the cells within each study site ranged between 42 and 67, with the area of individual cells varying 

from 0.64 to 12 m2. Water velocity (m/sec) was measured using a Marsh-McBirney 2000 Flo-Mate 

portable flowmeter. Water depth (cm) and substratum composition, following the Wentworth scale 

(Chapter 2), were determined using a ruler. All these measurements were completed at baseflow 

conditions, which represent most of the flow at the Silverstream from spring to fall. 

4.2.2. Fish sampling 

To evaluate the YoY trout habitat suitability index (HSI) required for calculating 

weighted usable area (WUA) during the time of invertebrate drift sampling matching to daily 

peak of trophic activity of stream – dwelling salmonids (Kreivi et al., 1998; Conallin et al., 

2012; Johnson, McKenna, 2015; Johnson et al., 2016), the following procedure was 

established at sites 1 and 2. Visual assessments of individual YoY trout positions were 
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conducted by spotlighting after sunset at baseflow conditions along the three monitored 

sections (see Chapter 3). Depth, nose-point water velocity and substratum composition were 

recorded at the point where each YoY individual was observed (see Chapter 2). The presence 

of cover (macrophytes, wooden debris etc.) was not assessed given the limited use of cover 

by trout at night (Conallin et al., 2012, 2014). In total, habitat suitability was described for 

1,154 individuals at Site 1 (517 fish in Oct, 352 fish in Nov, 186 fish in Dec, 46 fish in Jan, 

31 fish in Feb, 18 fish in Mar, 4 fish in Apr) and 1,276 fish at Site 2 (140 fish in Oct, 373 fish 

in Nov, 320 fish in Dec, 119 fish in Jan, 226 fish in Feb, 73 fish in Mar, 25 fish in Apr). For 

modelling carrying capacity and precise determination of habitat preferences relative to fish 

size, some individuals were captured by dip net, anaesthetized in 20-60 mg L-1 solution of 

AQUI-S (clove oil), measured (with 1 mm precision), weighed (with 0.1 g precision), and 

released at the point of capture after recovery (Table 4.1).  

Table 4.1 Water temperature and individual biomass of fish used for carrying capacity model 

undertaken on Silverstream for sites 1, 2 and 3 from Oct 2016 to Apr 2017. 

Month 

Water temperature (oC) 

 

Fish mass (g) 

 

Site 1 Site2 Site 3 Site 1 Site2 Site 3 

Oct 11.2 9.5 9.5 0.37 

(97, 0.22) 

0.16 

(11, 0.03) 

 

Nov 11.7 9.8 10.9 0.65 

(48, 0.26) 

0.26 

(31, 0.09) 

0.13 

(8, 0.02) 

Dec 14.7 11.6 10.7 1.52 

(24, 0.54) 

0.99 

(24, 0.39) 

0.85 

(10, 0.06) 

Jan 13.9 11.4 11.9 4.07 

(15, 1.30) 

2.23 

(154, 0.59) 

2.75 

(10, 0.22) 

Feb 15.8 12.6 10.4 6.65 

(18, 1.08) 

3.85 

(218, 1.09) 

3.77 

(4, 0.86) 

Mar 13.5 13.1 8.0 10.4 

(13, 3.77) 

4.86 

(39, 1.42) 

4.75 

(12, 1.00) 

Apr 11.0 10.7 9.5 11.3 

(27, 2.84) 

5.56 

(37, 2.18) 

0.10 

(17, 1.68) 

Note: mass of the fish presented as mean with number of weighted individuals and SD in brackets. 

 

To determine changes in diet over time and location, and the energetic implications of 

feeding selectivity, fish gut samples were collected monthly at sites 1 and 2. Fish were not sampled 

for diet at Site 3 due to the low densities of YoY trout. To ensure gut contents were representative 

of actual feeding selectivity, YoY trout were collected after sunset, minimizing the time since peak 

diurnal and crepuscular feeding activity (Kreivi et al., 1998; Conallin et al., 2012). Fish were 

captured by spotlighting and dip netting simultaneously with nearby invertebrate drift sampling 
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(described below). At each sampling location, 11-15 YoY trout were collected (see Table E2.7 of 

Appendix E2). Captured individuals were euthanized by an overdose of AQUI-S, and then 

preserved in 90% ethanol. In the laboratory fish were measured (±0.1 mm) and weighed (±0.1 g). 

The stomach contents were analyzed, with invertebrate prey items identified to the lowest practical 

level using the keys of Winterbourn et al. (2006) and online guides 

(http://www.landcareresearch.co.nz, http://www.niwa.co.nz). Total length of all invertebrates was 

measured using an ocular micrometer for subsequent dry weight calculation (see Appendix E1). 

Where invertebrates were partly digested, only the head width was measured with a precision of 

0.02 mm for subsequent reconstruction of total length and calculation of dry weight (Stoffels, Karbe 

& Paterson, 2003). 

 

4.2.3. Invertebrate sampling 

To estimate the density and biomass of invertebrate prey available for YoY brown trout, 

both terrestrial and benthic invertebrates were sampled from the water column and benthic 

substratum. To accommodate spatial variation in abundance, four similar riffles at each site 

were selected for routine sampling, with each riffle >30 m from the nearest sampled riffle to 

avoid impacting adjacent sites. One drift net per riffle was deployed in the middle of the riffle 

and the same location was used on all sampling occasions. Drift sampling was performed on 

seven dates each at sites 1 and 2 and on five dates at Site 3 (Tables 4.2 Table 4.3). 

Table 4.2 The dates of the invertebrate drift sampling at sites 1, 2 & 3 on Silverstream. 

Site 1 Site2 Site 3 

24 October 16 24 October 16  

10 November 16 10 November 16  

12 December 16 12 December 16 14 December 16 

21 January 17 21 January 17 16 January 17 

20 February 17 20 February 17 18 February 17 

20 March 17 20 March 17 18 March 17 

28 April 17 29 April 17 22 April 17 

 

  

http://www.landcareresearch.co.nz/
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Table 4.3 Physical characteristics of the riffles chosen for routine sampling of invertebrate 

drift at the three Silverstream study sites across Austral spring to fall YoY brown trout 

rearing season 2016-2017. 

Characteristic Site 1 Site 2 Site 3 

Length of the riffle (m) 

16.8 ± 2.8 

(13-25) 

17.8 ± 4.1 

(9-27) 

10.9 ± 2.0 

(7.6-17.8) 

Mean depth (cm) 

14.3 ± 2.2 

(10-20) 

9.3 ± 0.8 

(7-10) 

12.3 ± 1.0 

(10-15) 

Mean water velocity (m/s) 

0.75 ± 0.12 

(0.5-0.8) 

0.51 ± 0.03 

(0.44-0.55) 

0.66 ± 0.11 

(0.44-0.85) 

Percentage of boulders in bottom substratum 

(%) 

5.0 

(5-5) 

8.3 ± 1.4 

(5-10) 

12.5 ± 3.2 

(5-20) 

Percentage of cobbles in bottom substratum 

(%) 

43.3 ± 5.8 

(30-50) 

16.7 ± 2.9 

(10-20) 

(50.0±4.1) 

(40-60) 

Percentage of gravel in bottom substratum (%) 

53.8 ± 17.5 

(15-100) 

77.5 ± 7.8 

(60-95) 

30.0 ± 5.4 

(15-40) 

Percentage of sand and silt in bottom 

substratum (%) 
0 
 

7.5 ± 1.8 

(5-10) 

7.5 ± 2.5 

(5-15) 

Bottom substratum compactness (1 – weak to 4 

– tight) 

2.8 ± 0.6 

(1-4) 

3.0 ± 0.6 

(2-4) 

3.3 ± 0.3 

(3-4) 
Notes: the data presented as mean ± standard error with maximum and minimum in brackets. 

 

Invertebrates drift nets were 1 m long nets and conical (mouth diameter 25 cm, 400 µm 

mesh). Sampling was conducted at water depths of 8-20 cm, and always during baseflow 

conditions. Because most of the drift occurs after sunset (Allan & Russek, 1985), nets were set 

60 min after astronomical sunset and left for 2 hours. In addition, the diel cycle of drift density 

and biomass of drifting invertebrates was estimated at Feb 2017 by setting 4 nets per Site 1 at 6 

times during a single 24- hour cycle. Three sets of samples were collected at night and three 

by day, as follows: before and after sunset, in the middle of the night (and day), and before and 

after sunrise. To determine flow velocity (m/s) and volume (m3) of the filtered water, flow 

velocity was recorded at the start and at the end of each sampling for each of the nets using a 

Marsh-McBirney 2000 Flo-Mate portable flowmeter and averaged over the duration of 

sampling for each of the sample. 

To sample the benthic macroinvertebrate community, Surber samples (frame size 25 х 25 

сm, mesh 500 µm) were collected. Benthic samples were collected at the same riffles as 

macroinvertebrate drift samples, and four Surbers (one per riffle) were collected during each 

sampling event. Macroinvertebrates were collected near installed drift net by disturbing bottom 
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substrata for 3 min to a depth of 10 cm. The benthos sample was taken downstream installed 

driftnet to prevent disturbance of the bottom substrate upstream the net. 

Both drift and benthic macroinvertebrate samples were preserved in 90% ethanol. In the 

laboratory, samples were processed under a stereomicroscope (Olympus SZ51, magnification 

10 – 40X). Invertebrates were identified to the lowest practical level using the keys of 

Winterbourn et al. (2006) and online guides (http://www.landcareresearch.co.nz, 

http://www.niwa.co.nz). In the laboratory, the large particles were removed from the samples, 

and the samples were then subsampled using a plankton splitter (Motodo, 1959) into 1/8, 1/4, 

1/2 and 3/4 subsamples. Macroinvertebrates were stained with Rose Bengal. All 

macroinvertebrates from the subsamples were counted and their body length measured using 

1 mm mesh background in mm-size classes (0-1 mm, 1-2 mm, etc.). The processing of the 

subsamples was continued until 300 macroinvertebrates were counted, and rest of the sample 

was checked for rare taxa. Then the number of macroinvertebrates were proportionally 

calculated to 100% of the sample. 

4.2.4. Data analysis 

To test my main hypothesis that intracohort competition determines the life-history of 

trout, the competition intensity was assessed as the fish density / stream carrying capacity ratio 

and used as a predictor for the YoY trout daily loss rate. Competition intensity (CI) was 

calculated as the ratio of observed fish density (FD, ind./m2) and stream carrying capacity (CC, 

ind./m2) using the formula: CI = ln FD / ln CC. 

In brief, the modelling of stream carrying capacity was based on maximum theoretical 

abundance (based on the weighted usable area (WUA) and fish foraging area) adjusted by 

predicted food limitations of YoY trout (based on energetic content of invertebrate drift, trophic 

selectivity of YoY trout, probability of prey capture by fish and the energetic requirements). 

The CC was estimated for each of three 30m-long sections within sites 1 and 2 for every month 

from October 2016 to April 2017. At Site 3 CC was evaluated from December 2016 to April 

2017. 

To estimate the maximum theoretical abundance of YoY trout, WUA was calculated for 

each cell of each of three 30m-long sections of the examined stream sites using the habitat 

suitability index (HSI) (Sutton et al., 2006; Appendix D1-D5, F). The WUA was calculated 

following the algorithm utilized in the Physical Habitat Simulation (PHABSIM) Software 

(Milhous & Waddle, 2012). To calculate the maximum theoretical abundance of YoY trout per 

cell of the 30-m sections within each site, the WUA of the cell was divided by the feeding area 

http://www.landcareresearch.co.nz/
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(FA) of individual trout. The calculation of FA was based on reaction distance of the fish, size 

of the prey, water velocity, maximal sustainable fish speed, and fish size. Detailed descriptions 

of the WUA and FA evaluations are presented in Appendix F (Steps 1 & 2). Next, the maximum 

theoretical abundance of YoY trout was corrected by predicted fish energetic requirements and 

energetic value of drifting invertebrate prey. Data from each cell were summarized to obtain 

section- and month-specific values of maximum theoretical abundance of YoY trout 

individuals. To estimate CC, corrected section- and month-specific values of the maximum 

theoretical abundance of YoY trout were divided by the area of each monitored section. 

To estimate the food limitation experienced by YoY trout, the energetic limitations were 

calculated using fish energetic requirements, the energetic content of invertebrate drift, trophic 

selectivity of YoY trout, and the probability of prey capture by fish. To evaluate site- and 

month-specific values of the daily energetic requirements of YoY trout (cal/day), the equation 

of Elliot & Hurley (1998) was used (Appendix F Step 3). The daily energetic requirements of 

YoY trout were evaluated for specific water temperatures and the individual biomass of fish 

(Table 4.1). To estimate the energetic value of drifting invertebrates entering each cell, the data 

on energetic content of possible prey items drifting into the foraging area of fish (cal/day) was 

calculated using published taxon-specific “body length - dry mass” models (Appendix E1) and 

the caloric values of the dry mass of invertebrates calculated by Akbaripasand et al. (2014) 

(Appendix F Step 4). The caloric values of prey were reduced proportionally to the percentage 

of the drift used by YoY trout as food (Appendix F Step 5). To predict fish energetic 

limitations, the effect of depletion of invertebrate drift by YoY trout (Hayes et., 2016; Naman 

et al., 2016) in conditions of different density was calculated, and applied as a reduction 

coefficient for the theoretical density of fish (Appendix F Step 6). Thus, carrying capacity was 

calculated as the maximum theoretical abundance of YoY trout restricted by food limitations. 

The methods used to analyze both invertebrates and fish gut content data are presented in 

Appendix E1. Appendix E2 includes the results of the analysis of fish food resources and YoY 

trout trophic selectivity. The major steps of modelling the stream carrying capacity are 

presented in Appendix F. The procedures used to estimate YoY trout density and instantaneous 

daily loss are presented in Chapter 3. 

To estimate the effect of CI on fish loss rate, linear regressions using the lm package in 

R (R Core Team, 2017) were applied. The data from each of the three sections along each site 

were analysed. Data from each of three 30m stream sections per site were used as a replicate. 

The CI data measured at the start date of the period used for loss rate calculations was set as 
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the predictor, and the loss rate data was used as a response variable. Data were checked for 

normality prior to the analysis. Residuals were plotted against predictors and a Q-Q plot was 

used to check for the normality of residuals. Residuals versus leverage plots with the calculation 

of Cook’s distance were used for identifying influential outliers in a set of predictor variables. 

Separate one-way ANOVAs followed by Tukey HSD post-hoc tests were used to compare the 

CI among the three sites for each month. Prior to these ANOVAs, data were checked for 

normality and homogeneity of variances (using Levene’s tests) and LN, log10 or 4th root 

transformed if necessary. The partial eta-squared estimates were calculated to determine the 

strengths of the relationship between the analysed variables. The aov, etasq, leveneTest and 

TukeyHSD functions in R version 3.4.3 (R Core Team, 2017) were used. 

To compare sites 1, 2 and 3 with regards to YoY trout CI and food limitations, I calculated 

the restrictions on YoY trout density by food (Lf) and used a one-way ANOVA followed by 

Tukey HSD tests to compare Lf values across sites for each month. The Lf value was calculated 

by subtracting the CC values from the theoretical maximal density of YoY trout. The difference 

between theoretical maximal density of YoY trout and CC (or Lf value) was expressed as a 

proportion of maximum density. Thus, the Lf value can vary between 1 and 0, where 1 

represents the model prediction of an absence of food resources to support the energetic 

requirements of fish, and 0 is when the model predicts sufficient food to sustain the full 

theoretical maximum density of YoY trout (i.e. the unlimited food scenario). 

To evaluate the relative contribution of the different components used for calculations of 

the values of Lf, and thus the predicted limitations on fish density by food (Lf), a multiple linear 

regression model was applied. In this, the drift caloric content (E, cal/day), theoretical maximal 

density of YoY trout (FN, ind./m2) and fish energetic demands (Er, cal/day) were used as 

predictor variables. For E, the site- and month-specific caloric content of drift was calculated 

using the average of the samples collected on each sampling event. The Er value was calculated 

for each of the three monitored sections by the procedure described in Appendix F (Step 3). 

The Lf data was used as a response variable. The linear regression calculations were performed 

using the lm package in R. Data were checked for normality prior to analysis and transformed 

if necessary, using fourth-root or LN-transformations. The initial model did not include all the 

listed terms (E, FN, Er). Thus, the simplest model, with one predictor versus one term, was 

applied. The reliability of the fitted model was tested by checking normality of residuals. 

Residuals were plotted against predictors by Q-Q plots, and residuals versus leverage plots with 

calculation of Cook’s distance were used for identifying influential outliers in a set of predictor 

variables. 
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4.3. Results 

4.3.1. Competition intensity in relation to population dynamics of YoY brown trout 

The ratio of density of YoY fish to stream carrying capacity, and thus competition 

intensity (CI), varied across sites and season. At Site 1, YoY density was close to carrying 

capacity in spring and early summer, whereas it was much lower than the carrying capacity 

of the stream after December (Figure 4.1). Consequently, mean CI values were high (0.60-

1.04) until December and declined to <0.50 thereafter (Table 4.4). At Site 2, high (0.60-

1.08) mean CI values were typical for most months except January and April (Table 4.4). 

Fish density was generally close to carrying capacity at Site 2 (Figure 4.2). The population of 

YoY trout at Site 3 (resident fish only) was characterized by a large gap between the stream 

carrying capacity and fish density (Figure 4.3), indicating low CI values across all months 

(Table 4.4). Post-hoc tests revealed significant differences between mean CI values at Site 3 

and sites 1 and 2 for most sampling months, whereas a significant difference between Site 1 

and 2 occurred only for October (Table 4.4). 

Table 4.4 Mean competition intensity (CI) at the Silverstream sampling sites 1, 2 and 3 in 

summer 2016-2017 between YoY brown trout expressed as the ratio of fish density (FD, 

ind./m2) to stream carrying capacity (CC, ind./m2) using the formula: CI = ln FD / ln CC. 

Adjusted p-values of Tukey HSD tests used for multiple comparisons of CI among the three 

sites. 

Site Oct Nov Dec Jan Feb Mar Apr 

1 
0.87 ± 0.06 

(0.78-0.98) 

0.70 ± 0.07 

(0.57-0.83) 

1.04 ± 0.17 

(0.72-1.29) 

0.49 ± 0.03 

(0.46-0.54) 

0.36 ± 0.03 

(0.30-0.40) 

0.23 ± 0.17 

(-0.11-0.42) 

-0.11 ± 0.02 

(-0.13-(-0.08)) 

2 
0.68 ± 0.03 

(0.65-0.71) 

1.01 ± 0.07 

(0.75-1.19) 

0.68 ± 0.06 

(0.56-0.76) 

0.56 ± 0.04 

(0.51-0.64) 

1.08 ± 0.12 

(0.86-1.29) 

0.61 ± 0.06 

(0.50-0.70) 

0.29 ± 0.08 

(0.22-0.35) 

3   
0.08 ± 0.02 

(0.05-0.11) 

0.05 ± 0.03 

(0.01-0.09) 

0.17±0.08 

(0.04-0.29) 

4.26±0.48 

(3.58-4.94) 

5.29±0.12 

(5.12-5.47) 

p-value 1 vs 2 0.0384 0.7094 0.1811 0.8941 0.9598 0.9649 0.2240 

p-value 1 vs 3   <0.0001 0.0003 0.0609 0.0465 0.0018 

p-value 2 vs 3   0.0002 0.0002 0.0435 0.0341 0.0004 

Notes: CI values are presented as mean ± SE of the proportion of LN-transformed values of YoY trout density and 

stream carrying capacity, with 95% confidence limits below the line; p-values < 0.05 are in bold; number of degrees 

of freedom is 2 in all pairwise comparisons; data on CI at site 3 multiplied by 103. 
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Figure 4.1 Carrying capacity (grey box) and observed density (white box) of YoY trout in 

Site 1 across Austral spring-fall rearing seasons 2016-2017. The data presented in modified 

box and whisker plots include mean, standard error and 95% confidence limits. The Y-axis is 

in log10-scale. 
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Figure 4.2 Carrying capacity (grey box) and density (white box) of YoY trout in Site 2 across 

Austral summer 2016-2017. The data presented in modified box and whisker plots include 

mean, standard error and 95% confidence limits. The Y-axis is in log10-scale. 
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Figure 4.3 Carrying capacity (grey box) and density (white box) of YoY trout in Site 3 at 

Austral summer 2016-2017. The data presented in modified box and whisker plots include 

mean, standard error and 95% confidence limits. The Y-axis is in log10-scale. 
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Linear regressions confirmed positive associations between competition intensity and 

YoY trout loss rate for Site 1 but not for sites 2 and 3 (Figure 4.5). CI was positively related 

to YoY trout daily loss rate at Site 1 (F1,15=5.95, t= 2.439, p=.028, R2= .24). At Site 2, a 

positive but non-significant trend was evident in the data (F1,16=2.28, t= 1.512, p=.150, R2= 

.07) (Figure 4.6), whereas at Site 3 CI values were generally low and showed no relationship at 

all with loss rate (F1,12=0.0008, t= -0.029, p=.98, R2= .08) (Figure 4.7). 

 
 

 
Figure 4.4 The relationship between competition intensity and YoY brown trout daily loss rate 

at Site 1 (located at a lowland reach of Silverstream) in the rearing season spring-fall 2016-

2017. 

 

 

Figure 4.5 The relationship between daily loss rate of YoY brown trout and competition 

intensity at Site 2 (located at middle reach of Silverstream) in the rearing season spring-fall 

2016-2017.  
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Figure 4.6 The relationship between competition intensity and daily loss rate of YoY brown 

trout at Site 3 (headwaters of the model stream) in the rearing season spring-fall 2016-2017.  

4.3.2. The energetic constraints on the maximum theoretical abundance of YoY trout 

The predicted constraints on the maximum theoretical abundance of YoY trout as 

determined by the available food resources varied across sampling sites (Fig 4.8). In 11 of 20 

instances, the theoretical maximal density of YoY trout could not be supported by the amount 

of food supplied by the stream ecosystem. Food was predicted to be limiting at Site 1 across 

most of the months, excluding January and February. The corresponding ANOVA confirmed 

that food limitation was the highest at Site 1 across all pairwise comparisons except for in April 

(Table 4.5). Food limitation at Site 2 was predicted only for December, February and April. At 

Site 3, food limitation was predicted to affect fish abundance from January to April (Fig 4.8). 

Table 4.5 Adjusted p-values of Tukey HSD tests used for multiple comparisons of predicted 

food limitation (Lf) across sites 1, 2 and 3 during Austral summer 2016-2017.  

  Site 1 (2)  
   versus                 Dec Jan Feb Mar Apr 
  Site 2 (3)  
p-value 1-2 0.0002 (Site 1) 0.0006 (Site 1) 0.9740  
p-value 1-3 <0.0001 (Site 1) 0.0026 (Site 1)  
p-value 2-3 0.001 (Site 2) 0.0022 (Site 2) 

 

Notes: p-values below 0.05 are in bold; the site ranking with the highest values of food limitations in brackets; 

number of degrees of freedom is 2 in all pairwise comparisons; the missing p-values in the table means that a 

pairwise comparison could not be completed due to the absence of data on food limitation (Lf) at corresponding 

location and month (Fig 4.8). 
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Figure 4.7 Food limitation of YoY trout density (Lf) ranging from 0 to 1 predicted for sites 1, 2 

and 3 across Austral summer 2016-2017. Bars represent means and error bars represent 95% 

confidence limits. 

Linear modelling confirmed that food limitation of YoY trout density (Lf) was 

negatively associated with invertebrate drift caloric content and positively with fish energy 

requirements (Figure 4.9). Food limitations were highest at Site 1 and decreased further 

upstream, as indicated by the strengths of the significant negative relationships between drift 

caloric content and predicted limitations of YoY trout abundance by food at Site 1 (F1,19= 137.4, 

t= -11.72, p=<.001, R2= 0.87) and Site 2 (F1,19=12.22, t= -3.496, p=.002, R2= 0.36). A positive 

relationship between the temperature-based fish energetic demand (Er value) and energetic 

restrictions of fish density was observed only at Site 3 (F1,11=28.7, t= 5.357, p=<.001, R2= 

.67). No significant relationships between the theoretical maximal density of trout and food 

limitation were detected (Figure 4.9). 
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Site1 Site 2 Site 3 

 

 
 

 

 

 

Figure 4.8 The predicted limitations of YoY trout abundance by food restrictions versus drift 

caloric content, theoretical maximal density of fish and fish energy requirements at study sites 

1, 2 and 3. Trend lines are presented only when significant relationships were detected. 

4.4. Discussion 

The results of this study confirmed my a priori prediction that intra-specific competition 

amongst YoY trout would be strongly related to loss rate in dense lowland populations of 

juveniles, initiating the first step in establishing a migratory life-history. In Silverstream, 

positive relationships between intra-cohort competition intensity and YoY brown trout loss 

rate only occurred only at the two sites downstream of the weir which blocked the upstream 

migration of large fecund migratory adults. Previous studies in Silverstream and along other 

lowland spawning tributaries of the Taieri River have also found high densities of YoY trout in 

spring, followed by a dramatic drop in abundance over the following months (Chapters 2 & 3; 

Kristensen et al., 2008a; Jones et al., 2019). High densities of YoY trout along the lower-altitude 

reaches of Silverstream are a consequence of the high parental spawning investment (Chapter 

3) by large fecund migratory trout migrating into spawning tributaries from mainstem lowland 

river and estuarine environments (Kristensen et al., 2011). According to the findings of the 
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present study, the rapidly growing biomass of YoY trout that resulted from the parental 

investment of migratory adults soon exceeded the capacity of the stream to support them, 

resulting in a mismatch between energetic and spatial requirements of fast-growing young fish 

and available resources. These results suggest that intracohort competition can drive self-

thinning (Keeley, 2003; Lobon-Cervia, 2008; Hayes 2010), which results in YoY density 

declining, significantly associated with out-migration (Chapter 3). 

In contrast, upstream of the weir in Silverstream at the site occupied by stream resident 

trout, YoY biomass remained relatively low, with no evidence of intense intra-cohort 

competition among YoY fish, or significant out-migration. These patterns of population 

dynamics are consistent with previously published studies of upland streams occupied by 

resident populations of brown trout and other salmonids elsewhere (Kristensen & Closs, 2008a; 

Lobón-Cerviá, 2009; Myrvold & Kennedy, 2015; Jones, 2019). This pattern suggests an 

upstream decrease of density dependence, consistent with my findings in earlier chapters of this 

thesis (Chapter 2 & 3), and in previous European studies (Elliott & Elliott, 2006; Nicola et al., 

2008) which described an downstream to upstream spatial shift from density-dependent to 

density-independent regulation of YoY trout. 

In Silverstream, an energetic deficit appears to be the likely underlying mechanism 

driving YoY trout out-migration, potentially causing individual YoY trout to diverge into a 

migratory life-history. In populations of stream salmonids, self-thinning maintains an 

energetic balance between the available resources and the constantly increasing biomass of 

the growing YoY trout (Rosenfeld & Tonn, 2014). As energetic and spatial resources become 

limiting (mostly due to a temperature-driven increase of metabolic rate), density starts to 

decrease as a consequence of out-migration or mortality (Einum & Nislow 2005; Jonsson, 

2017). The reduction in fish density in watersheds flowing to alternative rearing habitats in 

downstream areas, allowing for immigration of adult fish back to their natal areas for 

spawning, is strongly associated with emigration of juveniles (Chapter 3; Holmes et al., 2014). 

Thus, this situation can lead to the initiation of contrasting resident and migratory behaviours 

including adfluvial and anadromous life–histories (Northcote, 1992; Jonsson & Jonsson, 1993; 

Cucherousset et al., 2005). The alternative tactic, which is migratory, is adopted by juvenile 

trout and is driven by limitations of two major resources – space and amount of invertebrate 

drift, which is the primary food source for stream-dwelling trout (Elliot, 1970; Naman et al., 

2016). The results of my study suggest a primary regulatory role for food limitation rather 

than space limitations. 

My findings support those of earlier studies indicating carrying-capacity limitations in 
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populations of territorial animals which can drive migration, and while also revealing some 

knowledge gaps. For example, the likely regulatory role of food limitation for the abundance 

of YoY trout in Silverstream is consistent with literature review published by Maher and Lott 

(2000), who demonstrated that food limitation was the most important factor mediating 

territorial behavior. In my study, I have not integrated aggression into my calculations, and 

factoring in the territorial behaviour of stream-dwelling brown trout (Titus, 1990; Kristensen 

& Closs, 2008b) would probably increase the precision of modelled carrying-capacity 

estimates. Ayllón et al (2012) incorporated territorial behaviour into their models of brown 

trout carrying capacity, demonstrating that aggressive interactions can reduce the theoretical 

maximum density of stream brown trout, with their prediction being subsequently confirmed 

in 12 Mediterranean populations for a 12-year study period. Whilst using both regulatory 

factors (food and behaviour) when modelling carrying capacity could improve precision, in 

practice, relationships between food availability and territoriality amongst stream brown trout 

are not always clear. Some studies demonstrate an absence of food-abundance effects on 

stream salmonids aggression (Brännäs et al., 2003; Toobaie & Grant, 2013), whereas others 

suggest weak support for increased territoriality when energy is limiting (Dunbrack et al, 1996; 

Näslund & Johnsson, 2016). How or, indeed, if to include territoriality when modelling the 

population dynamics of stream trout thus remains unclear. 

My findings also indicate that a better understanding of the factors affecting the 

population dynamics of salmonids, food abundance and predator-prey interactions in stream 

environments is required. Surprisingly, the highest competition intensity was observed at Site 

2, but this was not significantly linked to population dynamics. This likely suggests that other 

factors are also controlling population dynamics, contradicting my expectations to some 

degree. Site 2 was characterised by high habitat complexity and riparian shading (Chapter 3). 

These features can significantly reduce agonistic interactions and territoriality, potentially 

increasing carrying capacity of the stream (Höjesjö et al., 2004). Further, my study focused on 

the factors driving the population dynamics of YoY trout, but published data on the 

interacting factors affecting later juvenile and adult life-history stages of brown trout are still 

limited, particularly for New Zealand streams. Furthermore, the factors affecting the 

dynamics of food abundance, trophic selectivity and prey capture probabilities for salmonids 

also need to be investigated further, to obtain a deeper understanding of the mechanisms 

underlying ecosystem functioning. The findings of this and previous chapters suggest that 

difference in density of an offspring of large migratory and small resident brown trout can 

lead to a difference in competition amongst YoY fish. Where competition amongst YoY trout 

was estimated to be intense, marked density reduction of YoY fish was evident. The high 
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reproductive input by large migratory brown trout into what is a relatively small stream 

environment likely results in a mismatch between of stream energy supply and the growing 

energetic demands of the juvenile fish. This conclusion is consistent with previous studies 

suggesting density-dependent regulation of population dynamics of juvenile trout in reaches 

dominated by the spawning of large fecund migratory brown trout (Chapters 2 and 3; 

Kristensen et al., 2008a; Kristensen et al., 2011; Jones et al., 2019), and suggests intracohort 

competition can result in self-thinning (Keeley, 2003; Lobon-Cervia, 2008; Hayes 2010) 

through out-migration (Chapter 3; Holmes et al., 2014). Incorporating a behavioral component 

(Titus, 1990; Kristensen & Closs, 2008b) into the modeling of trout abundance would likely 

improve the precision of our estimates of stream carrying capacity, similar to European 

studies (Ayllón et al., 2012). Uncertainties in the relationships between food availability and 

territoriality also provides scope for future research. Also, the present study was limited to a 

single tributary of Taieri River, hence wider application of the findings must be made with 

caution. Regardless, the patterns presented here are broadly consistent with population 

dynamics observed elsewhere, and at the very least, the present study highlights the potentially 

significant role that energetic constraints can play in controlling the population dynamics of 

YoY brown trout. 
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Chapter 5. Homing and straying of brown trout in Taieri River catchment 

Abstract 

1. Natal homing and straying are the opposite behavioral tactics of migratory animals which 

leave their nursery habitats at an early life stage to grow and mature in an alternative 

environment and return to breeding grounds for reproduction. 

2. This study aims to estimate homing precision and the proportion of straying individuals in a 

population of brown trout Salmo trutta spawning in a coastal tributary of the 4th longest New 

Zealand river. To date there is no published information on rates of homing for populations of 

brown trout introduced into New Zealand. 

3. To examine brown trout homing and straying in a river catchment, otolith microchemical 

analysis was applied. I used discriminant function analysis to compare the trace element 

composition in the otoliths of YoY (young-of-the-year) trout collected at spawning streams 

across the catchment and adult trout reproducing in Silverstream. 

4. The results showed that only eight from a sample of 30 spawning adults in Silverstream 

originated from Silverstream. Another five fish likely originated from other Taieri tributaries 

further upstream, but the origin of the remaining 17 could not be determined. 

5. The low homing and high straying rate of brown trout reproducing in Silverstream is contrary 

to published studies based on wild populations of brown trout in Europe, and several other 

species of salmonids. Low homing may be a consequence of the geomorphology of the Taieri 

catchment, and highlights the adaptability of brown trout to different environmental contexts  

5.1 Introduction 

Natal homing is a behavioural trait that occurs in many migratory animals, including 

both native and introduced populations of salmonids (Quinn, 2005). Homing, or returning to 

place of origin for spawning, is potentially beneficial for reproductive success (Keefer & 

Caudill, 2014). Fish returning to their natal stream or breeding grounds increase the likelihood 

of encountering a mate in a habitat suitable for both reproduction and survival of early life-

history stages (Bentzen et al., 2001). Individuals and populations may also be adapted to 

reproducing in a specific spawning area, and are characterized by certain phenotypic, genetic, 

and behavioural traits that maximise fitness in that habitat (Taylor, 1991). Whilst there are 

many examples of salmonid homing (Keefer & Caudill, 2014), studies of the homing of 

salmonids outside their native range is scarce (Tilzey, 1977; Unwin & Quinn, 1993). 

Straying is the additive migratory tactic to homing, contributing to maintaining genetic 
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diversity and creating potential for the colonization of new habitats (McDowall, 2001; 

Stephenson, 2006; Waples et al., 2008). Salmonid evolution has been closely associated with 

the development of anadromy, driven by increasing ocean productivity associated with the 

cooling of the climate since the Oligocene (Gross, Coleman, McDowall, 1988; McDowall, 

2001; Crête-Lafrenière et al., 2012; Shedko et al., 2012). During the last glaciation, 

continental ice-sheets drastically affected the distribution of salmonids, which then 

recolonised streams as the ice sheets retreated (Power, 2002). Clearly, the straying of 

anadromous fish from their natal streams has played an important role in the recolonization of 

new habitats during in post-glacial conditions (Sanz, Garcia-Marin & Pla, 2000; Seifertová et 

al., 2012), and has continued to be an important process for contemporary salmonid 

populations (Milner & Bailey, 1989; Pess et al., 2012; Scribner et al., 2017). 

Brown trout Salmo trutta adult life-histories and homing precision are remarkably 

variable due to their ability to use different migratory tactics and explore variable feeding 

habitats for growth and maturation (Jonsson & Jonsson, 2011). In river systems that allow 

upstream return of adults, brown trout are represented by a continuum of life-histories from 

small stream residents in headwaters to a variety of migratory forms inhabiting the river main 

stem, lakes, and estuarine environments in the catchment. Despite the diversity of life-

histories, all these forms require cool, well-oxygenated stony streams for reproduction, and 

often intermix on spawning grounds (Charles at al., 2006; Goodwin et al., 2016). Frequently, 

the breeding areas used by large fecund migratory fish for reproduction are characterised by 

high abundance of newly hatched fry. This leads to density-dependent self-thinning through 

out-migration (Chapters 2 - 4; Holmes et al., 2014) when juvenile salmonid biomass exceeds 

the available food supply and space (Chapter 4; Keeley, 2003; Lobón-Cerviá, 2008; Hayes 

2010). Intense intra-cohort competition drives young trout to out-migrate from natal streams, 

initiating the establishment of a diversity of life-histories (Montorio et al., 2018). Large fecund 

migrants returning to spawn in small streams potentially establish a positive feedback loop, 

and when there is a mismatch between juvenile abundance and available resources, these 

conditions drive outmigration of surplus production. However, the precision of natal homing 

is unclear, with some studies indicating high precision (Berg & Berg, 1987; Sambrook, 1990; 

Jonsson et al., 2004), but others indicating a high proportion of straying individuals (Knutsen 

et al., 2001b; Degerman et al., 2012; Jensen et al., 2015; King et al., 2016). This chapter aims 

to estimate the homing and straying rates of brown trout reproducing in a tributary of the 

Taieri River catchment, which is 4th longest New Zealand river, using otolith microchemistry 

as an analytical tool. Based on the previous studies (Chapters 2 - 4; Kristensen et al., 2008a; 

Jones et al., 2019), I expect young fish out-migrating from Silverstream will return as adults to 
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spawn, thus creating a feedback mechanism that will drive competition and initiate juvenile 

outmigration. 

This study also represents an opportunity to evaluate the potential of otolith 

microchemistry as a tool for identifying natal origin of spawning brown trout in Silverstream, 

which is one of the New Zealand South Island coastal tributaries of Taieri River used for 

spawning by migratory and resident trout (Kristensen et al., 2008a; 2011). I used YoY 

(young-of-the-year) trout collected at major spawning streams across the catchment to 

compile baseline otolith micro-elemental data. The micro- elemental compositions of these 

YoY trout otoliths were used as a baseline classification in order to compare to the juvenile 

signatures obtained from the otoliths of large post-spawning adult fish collected from 

Silverstream. 

I predict that a high proportion of brown trout spawning in the Silverstream will have 

returned to their natal stream. These predictions are based on published examples of natal 

homing of brown trout (Tilzey, 1977; Jonsson et al. 2004, 2018; King et al., 2016) and the 

accessibility of Silverstream for migratory trout based on the location of the stream and the 

effect of obstructions on both the spawning distribution of anadromous trout (L’Abée-Lund, 

1991; Bohlin et al, 2001) and YoY fish abundance (Chapter 2; Jones et al., 2019). However, 

the geomorphology of the Taieri River catchment may also increase the proportion of fish 

straying from their natal streams further upstream. Fish dispersing from the Taieri catchment 

upstream of the middle gorge are unlikely to return to this part of the catchment to spawn, 

given the presence of rocky cascades and small waterfalls in this part of the river. Kristensen et 

al. (2011) observed very few anadromous fish spawning upstream of the middle gorge based 

on their analysis of the trace element content of trout eggs. High rates of straying could be 

also be associated with range-edge effect and a high proportion of straying individuals under 

the harsh environmental conditions (Sambrook, 1990; Dittman & Quinn, 1996; Knutsen et al., 

2001b; Jonsson et al., 2004; Keefer & Caudill, 2014; King et al., 2016; Bett et al., 2017). 

This study addresses a knowledge gap related to rates of homing of New Zealand brown 

trout, which is important for both management and conservation. Only one other study has 

examined homing in the Southern hemisphere, finding a high rate of homing in a land-locked 

population of brown trout in Lake Eucumbene, New South Wales, Australia (Tilzey, 1977). No 

information on brown trout homing has been published for brown trout introduced to New 

Zealand. Finally, the data on brown trout homing is important for both management of 

recreational fisheries (Holmes et al., 2018) and conservation of freshwater biodiversity 

(McDowall, 2006; Jellyman et al., 2017) in New Zealand. 
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5.2 Materials and methods. 

5.2.1 Study catchment 

To test the predictions outlined above, YoY fish were first sampled from known 

spawning streams across the Taieri River catchment located in Otago, South Island of New 

Zealand. Five YoY trout were sampled per sites 1-9 (Figure 5.1) within several months 

following emergence in order to develop baseline data. Sampling aimed to catch the YoY fish 

whilst resident within their natal streams (Chapter 3), thus otolith microchemical signatures 

should reflect the water chemistry of their natal stream. 

Thirty dead pre- or post-spawning adults were also collected from the Silverstream for 

otolith extraction and analysis (Stream 1, Figure 5.1). Silverstream is the most downstream 

major spawning tributary in the Taieri River catchment, and consistently supports a 

significant spawning run of migratory fish in late autumn/winter. The dead fish were collected 

over two spawning seasons, 2016 and 2017. Fish were collected along the 23 km long stream 

reach between the upstream weir and Taieri River confluence used by anadromous and 

potamodromous trout for spawning (Kristensen et al., 2011) (Figure 3.1).  

 

 

Figure 5.1 Brown trout spawning tributaries of Taieri River used for fish sampling: 1 – 

Silverstream; 2 – Big Stream, 3 – Christmas Creek; 4 – Deep Stream; 5 – Nenthorn Stream; 

6 - Sutton Stream; 7 – Cap Burn; 8 – Kye Burn; 9 – Saw Burn 
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For microchemical analysis, the sagittal otoliths from both adult and YoY trout were 

first prepared by polishing. After extraction, the otoliths were cleaned and left to dry and then 

one otolith from each pair was mounted flat on a microscope slide using thermoplastic glue 

(Crystalbond 509). Each side of the otoliths were polished using fine sandpaper (P1500 and 

P2000 grit) and abrasive lapping film (30 and 3 µm, 3M). The polishing was finished after the 

clear visual identification of the otolith core at the exposed surface. The quality of polishing 

was assessed using a light microscope Olympus SZ2-ILST with magnification 10 – 40X. 

5.2.3 Otolith analyses 

To establish the origin of adult fish spawning at the Silverstream a trace-element 

analysis was performed by quadrupole laser ablation inductively coupled plasma mass 

spectrometry (Q-LA-ICPMS) [Agilent 7500cs Q-ICPMS coupled to a Resonetics (now ASI) 

RESOlution M-50-LR excimer 193-nm laser] at the Centre for Trace Element Analysis located 

in the University of Otago, Dunedin, New Zealand. The otolith samples were ablated using the 

transection method. The horizontal laser ablation transects were oriented from the core of the 

otolith to the edge of trout otolith across the zone optimal for investigating chronological data 

series (Aymes et al., 2016) (Figure 5.2). Each sample was ablated at 20 Hz with speed 10 µm/s 

and laser beam size equal to 70 µm. Ablation occurred in an atmosphere of pure helium (Eggins 

et al., 1998). NIST SRM 612 was employed as the calibration standard and was ablated for 40 

s after every 10 samples. MACS-3 powdered calcium carbonate standard was ablated at the 

beginning of every laser session.  

 

Figure 5.2 The Aymes’s (2016) schematic illustration of the otolith of 3-year-old brown trout 

with zone the optimal for chronological data transects. The arrow indicates the location of 

transect segment which I used for analysis. 
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For analysis, I used the data on microchemical composition across the 50-micron long 

segment of transect located 200-250 microns from the core of otolith extracted from both 

juvenile and adult fish (Figure 5.2). I assumed this section of the transect reflects the period of 

otolith formation whilst the YoY trout inhabited their natal stream (see Dodson et al., 2013b), 

and hence should carry a trace element signature reflective of that stream. The assumption is 

based on the results of analyses of otolith microstructure completed by Dodson and co-authors 

(2013b) and results of YoY otoliths analyses completed by Jones (2018) in the Taieri River 

catchment. I avoided using of the chemical composition of the area located near the core of the 

otolith for the study given this region may carry a maternal trace element signature (Gabrielsson 

et al., 2012). I assumed that interannual variation of the water chemistry is minimal across 

spawning streams leading to temporal stability in the trace element signature in the collected 

otoliths (see Barnett-Johnson et al., 2010; Olley et al., 2011; Martin et al., 2013; Ryan et al., 

2016). 

The raw machine-output data were corrected using IOLITE Version 2.50 run on Igor Pro 

(Version 6.37) (Paton et al., 2011). The internal standard for trace elements concentration was 

43Ca, and elements were expressed as element molar weight to 43Ca molar ratios. Fourteen 

elements concentrations were analysed (7Li, 11B, 23Na, 24Mg, 25Mg, 27Al, 31P, 39K, 

55Mn, 64Zn, 85Rb, 88Sr, 137Ba, 138Ba). I used 22 measurements of trace elements obtained 

from a 50 µm long section of the prepared otolith transect for individual adult and YoY fish. 

The data from five YoY individuals from one tributary was combined in the data set which 

consists of 110 measurements for each of the element used for analysis as described in Olley 

et al. (2011). 

5.2.4 Data analyses 

To determine the origin of adult brown trout reproducing in the Silverstream, a linear 

discriminant analysis (LDA) was applied. The lda function in the MASS package implementing 

maximum-likelihood estimation for estimating means and variances was applied in R version 

3.4.3 (R Core Team, 2017). To characterize the element:Ca signatures of sampled streams an 

LDA model was trained on 110 values of six elements (23Na, 55Mn, 64Zn, 85Rb, 88Sr, 

138Ba) from the otoliths of YoY trout sampled from nine Taieri river tributaries (Figure 5.1). 

The classification success of the LDA model was calculated by jack-knife cross validation 

matrices. The model was further used to predict the most probable stream of origin for the 30 

spawning fish collected in the Silverstream and an average from the 22 measurements of the 

concentration of every element were used. Thus, the classification of individual adult fish was 
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based on one value of concentration of each of the six elements chosen for analysis. The 

validation results for the classification of the Taieri River tributaries using YoY data and the 

individual spawning fish data set indicated that the model would perform satisfactorily (Table 

5.1) in predicting the stream of origin for spawning fish, with low level of misclassification 

occurring between streams. 

The preliminary analysis of the data was performed by principal component analysis 

(PCA) applied to examine the variation of the element:Ca ratios, and I choose the elements 

most valuable for distinguishing between the tributaries of the Taieri River catchment based 

on the chemistry of YoY trout otoliths. The prcomp function was applied in R version 3.4.3. 

The distribution of datapoints of 14 elements from sampled streams 1-9 (Figure 5.3) 

demonstrated that classification of the YoY fish based on composition of all analysed traced 

elements could not be applied for the classification procedure. The exclusion of 7Li, 11B, 

24Mg, 25Mg, 27Al, 31P, 39K, 137Ba from the analysis improved the determination of YoY 

trout from individual stream (Figure 5.4). After the elimination of listed trace elements, the 

data were used for the LDA. 

Before the calculations of the normality of data were tested, a LN transformation was 

applied to the trace element data to provide normality for the distribution and stabilise the 

variance. 



 

 
 

 

 

Figure 5.3 PCA plot demonstrating the distribution of 14 trace elements in YoY trout otoliths sampled from nine tributaries of the Taieri River 

catchment.  
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Figure 5.4 PCA plot showing the distribution of 23Na, 55Mn, 64Zn, 85Rb, 88Sr, 138Ba in YoY trout 

otoliths sampled from nine tributaries of the Taieri River catchment. 

5.3 Results 

The discriminant model predicted the origin of 13 from 30 of the Silverstream adult 

brown trout spawning fish, based on the comparative classification of the otolith trace element 

signatures obtained from YoY trout collected from nine major spawning tributaries around the 

Taieri River catchment. Eight (26.7%) of the spawning fish were classified as belonging to 

Silverstream while five (16.7%) of the adults were grouped to other streams within the Taieri 

River catchment, and the origin of 17 specimens was unknown (Table 5.2). The cross-

validation results for classification of the Taieri River tributaries by YoY’s otolith chemistry 

indicated that the model classified the YoY trout correctly with an average precision of 

88.4%. The highest precision was established for Cap Burn, Deep Stream, Nenthorn Stream 

and Silverstream. The precision of YoY trout samples collected from the remaining streams 

varied between 72.7% and 89.1%. The highest level of misclassification occurred between 

Christmas Creek, Kye Burn and Saw Burn located in opposite parts of Taieri catchment.  
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Table 5.1 The cross validation LDA classification of YoY brown trout to their site of capture 

based on 110 measurements of six elements (23Na, 55Mn, 64Zn, 85Rb, 88Sr, 138Ba) across the 

section of otolith transect chosen for analysis. The number and percentage of correctly classified 

individuals are shown in bold. 

Spawning 

tributary 

Big  

Stream 

Cap 

 Burn 

Deep 

Stream 

Kye  

Burn 

Nenthorn 

Stream 

Saw  

Burn 

Silver 

stream 

Sutton 

Stream 

Christmas 

Creek 

Big  

Stream 

88 

(80.0%) 
      4 14 

Cap  

Burn 
 

110 

(100%) 
 4  16   11 

Deep  

Stream 
  

110 

(100%) 
    2  

Kye  

Burn 
   

88 

(80.0%) 
 44 1 10 44 

Nenthorn 

Stream 
2    

110 

(100%) 
  6  

Saw  

Burn 
9     

90 

(81.8%) 
   

Silver 

stream 
5   19   

109 

(99.1%) 
 1 

Sutton 

 Stream 
1       

98 

(89.1%) 
 

Christmas 

Creek 
5        

80 

(72.7%) 

 

Table 5.2 Summary of final classification of 30 brown trout spawners from Silverstream 

Silverstream Big Stream Cap Burn Kye Burn Unknown 

8 (26.7%) 2 (6.7%) 1 (3.3%) 2 (6.7%) 17 (56.7%) 

     

It is noteworthy that the predicted origin of brown trout spawning in the Silverstream 

demonstrated a high proportion of straying adults. Final assignment results demonstrated that 

roughly a quarter of brown trout reproducing in Silverstream originated from this stream. Three 

of the adults spawning in Silverstream had either Cap Burn and Kye Burn as their natal stream, 

indicating catchment-wide connections across the catchment of the Taieri River. 

5.4 Discussion 

I confirmed a high proportion of straying brown trout individuals were spawning in 

Silverstream. Published studies on natal homing of brown trout completed at the small-brook 

scale for both natural (Frank et al., 2012) and introduced populations of the species (Tilzey, 

1977) shows much lower proportion of straying breeders in comparison to my data. Moreover, 

at open-to-sea river scale, the proportion of straying individuals is often close to zero. For 

natural populations of brown trout, 82 - 100% of spawners reproducing in such rivers, natally 

home to their natal streams; these results are close to data on homing for other species of 

salmonids (Table 5.3).  
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Table 5.3 The homing precision of brown trout and other salmonids to their natal streams as 

shown in the published literature. 

Species and origin Location 
Homing 

precision, % 
Source 

Brown trout (BT), wild Istra River, western Norway 100 Jensen, 1968 

BT, wild Vardnes River, northern Norway 84.5 Berg and Berg, 1987 

BT, wild South Norway 97-99 Jonsson et al. 2004, 2018 

BT, wild South-west England 90 King et al., 2016 

BT, stocked Luleälven River, Bothnian Bay, Sweden 88.7 Degerman et al., 2012 

BT, stocked Skellefteälven, Bothnian Bay, Sweden 95 Degerman et al., 2012 

BT, stocked Umeälven, Bothnian Bay, Sweden 87.5 Degerman et al., 2012 

BT, stocked Gideälven, Bothnian Sea, Sweden 53.8 Degerman et al., 2012 

BT, stocked Ångermanälven, Bothnian Sea, Sweden 90.7 Degerman et al., 2012 

BT, stocked Indalsälven, Bothnian Sea, Sweden 66.7 Degerman et al., 2012 

BT, stocked Ljungan, Bothnian Sea, Sweden 57.1 Degerman et al., 2012 

BT, stocked Ljusnan, Bothnian Sea, Sweden 62.5 Degerman et al., 2012 

BT, stocked Dalälven, Bothnian Sea, Sweden 93.1 Degerman et al., 2012 

BT, wild Piteälven River, Bothnian Bay, Sweden 82 Östergren et al., 2012 

BT, wild and introduced Vindelälven River, Bothnian Bay, Sweden 37 Östergren et al., 2012 

BT, wild Chicheron Brook, Meuse basin, Belgium 55 Frank et al., 2012 

BT, wild and introduced Esva, Navia, Porcia Rivers, northern Spain 0-45.9 Ayllon et al., 2006 

BT, introduced Lake Eucumbene, Australia 66.7-100 Tilzey, 1977 

Atlantic salmon S. salar 

(AS), wild 
River Imsa, south-western Norway 94.2 Jonsson et al., 2003 

AS, stocked River Imsa, south-western Norway 84.6 Jonsson et al., 2003 

AS, wild Rivers draining to Baltic Sea 97 Carlin, 1969;  

AS, wild British and Irish rivers 98 Thorpe, Mitchell, 1981 

AS, stocked River Conon, Scotland 81.1 Mills, 1994 

Chinook O. tshawytscha 

(ChiS), wild 
Wenatchee River, Washington, USA 96 Ford et al., 2015 

ChiS, stocked Wenatchee River, Washington, USA 71 Ford et al., 2015 

ChiS, stocked Rakaia River, New Zealand 87.9 Unwin & Quinn, 1993 

Sockeye salmon O. 

nerka (SS), wild 
Lake Shikotsu, Japan 83 Ueda, 2012 

SS, stocked Hidden Lake, Alaska 58 Habicht et al., 2013 

Coho O. kisutch, 

 wild and stocked  
Vancouver Island, Canada 98 Labelle, 1992 

Masu salmon O.masou, 

wild 
Atsuta River, Hokkaido, Japan 92.4 Kitanishi et al., 2012 

Chum salmon O. keta 

(ChuS), wild 
Vancouver Island, British Columbia 46-100 Tallman, Healey, 1994 

ChuS, stocked Prince William Sound, Alaska 36-100 Brenner et al., 2012 

Pink salmon O. 

gorbuscha (PS), wild 
Russian Far East 90-95 Klyashtorin, 1989  

PS, wild Auke Creek, Alaska 93.3-95.6 Mortensen et al., 2002 

PS, stocked Prince William Sound, Alaska 2-100 Brenner et al., 2012 

PS, stocked Western Sakhalin, Russia 62.6 Glubokovsky, Zhivotovski, 1989 

PS, stocked Eastern Sakhalin, Russia 52.1 Glubokovsky, Zhivotovski, 1989 

PS, stocked Gulf of Aniva, Russia 92.5 Glubokovsky, Zhivotovski, 1989 

PS, stocked Iturup Island, Russia 88.6 Glubokovsky, Zhivotovski, 1989 
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The landscape geomorphology can be considered as a main factor driving the high 

straying of brown trout in the Taieri River catchment. The location of the Silverstream, close 

to the estuarine part of the catchment, suggests that this stream is the most readily accessible 

spawning site for individuals which have dispersed downstream from the headwaters of the 

Taieri River. Fish that migrated downstream as juveniles through the Taieri Gorge are unlikely 

to be able to return to the headwaters to spawn, and thus must seek out an alternate spawning 

stream (Figure 5.5). The significant surplus in spawning capacity of lowland spawning 

tributaries of the river (Appendix C1), and the observation of fish most likely originating from 

Kye Burn and Cap Burn spawn in Silverstream, indicate this pattern of movement is plausible. 

The effect of geomorphology on spawning distribution of adults has been shown previously in 

European anadromous brown trout, with a negative association existing between altitude and 

the density of sea-run fish offspring (Figure 5.6, Bohlin et al, 2001), consistent with the 

significant relationship of YoY trout abundance and elevation in the Taieri catchment 

(Chapter 2). Additionally, this pattern could be confirmed by the findings of L’Abée-Lund 

(1991) of positive associations of altitude and distance with size and age of sea-run spawners 

(Figure 5.6), highlighting the barrier effect preventing of reaching upland spawning areas by 

anadromous fish and the comparatively easy accessibility of Silverstream spawning grounds. 

 

 

Figure 5.5 An elevation profile of Taieri River catchment represented as altitude a.s.l. versus 

distance from river mouth with indication of Taieri Gorge position and location of the 

confluence of sampled tributaries with river mainstem. 
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Figure 5.6 A) Bohlin et al., (2001) relationship between altitude and recruitment of different 

life-histories of brown trout. B & C) L’Abée-Lund’s (1991) relationships between altitude, 

and distance of migration with size of mature anadromous brown trout in Norwegian Rivers. 

The non-native and introduced origin of brown trout inhabiting Taieri River catchment 

can be used as an additional explanation for high rates of straying among Silverstream 

spawners. Several studies have shown that low homing rates and high straying in stocked 

populations of brown trout (Degerman et al., 2012) and other salmonids (Table 5.3) is 

associated with the lower genetic diversity leading to reduced ability to adapt to variable 

environment of introduced fish in comparison to native trout (Hindar et al., 1991). Not only 

hatchery cultured fish releases but other anthropogenic activities can also increase straying in 

salmonids. A low proportion of returning migrants was observed for brown trout from River 

Navia (Iberian Peninsula), heavily impacted by damming (Ayllón et al., 2006). The 

recruitment of the small sub-population of brown trout inhabiting this river is mainly 

supported by spawners straying from adjacent river catchments. 

My results on straying and homing of brown trout reproducing in Taieri River 

catchment could be different if alternative study designs were implemented. For example, I 

was unable to establish the origin of more than half of the sampled brown trout spawning at 

Silverstream, which could be associated with the limited number of sampled locations across 

the Taieri River catchment. Straying of spawners from adjacent catchments that were not 

assessed could have influenced the results. Increasing the number of sampling sites and 

numbers of fish captured across the various spawning grounds in the Taieri River catchment 

could increase the proportion of fish with a successfully identified origin. Additionally, I only 

examined the natal origins of spawners collected from one lowland stream, and while this 

revealed the proportion of natal/non-natal breeders in this system, the findings of low homing 

of Silverstream brown trout could be camouflaged by the high number of strays originating 
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from further up the catchment. The collection of spawning adults from across the catchment, 

including sites located further upstream, would be necessary for a more-complete the 

evaluation of homing of brown trout throughout the Taieri River catchment. Based on the 

results of this study, I hypothesize that there will be higher precision of natal homing of 

potamodromous trout inhabiting the middle and upper courses of the Taieri River due to 

geomorphological specifics of the landscape discussed above. 

Regardless of my research limitations, this study provides the first results on the 

homing – straying ratio of New Zealand brown trout, and the first application of otolith 

microchemistry for this purpose, which undoubtedly has fundamental and practical 

significance for fisheries science and management. The results that I have provided suggest 

that the management of brown trout populations cannot be successful when undertaken on a 

stream- by-stream basis but need to be performed for whole catchments and, possibly, 

adjacent catchments. Also, high intermixing (Kristensen et al., 2011) of the potamodromous 

and anadromous trout at lowland spawning grounds has assumedly reduced genetic diversity 

of migratory life-histories in examined catchment. Correspondingly, stream residents 

inhabiting upland sites which migratory trout are unable to reach should tend to exhibit higher 

genetic diversity in comparison to migratory trout due to isolation effect, which has been 

confirmed for the population inhabiting the isolated Silverstream headwaters (Berrebi, 

Schikorski, Mikheev, unpubl. data).  

Diversity at both the inter- and intra-species level enhances recovery from disturbance 

(Reusch & Hughes, 2006; Richards et al., 2010). The lower genetic diversity and, thus, greater 

vulnerability to stressors of migratory trout from one side, is thus balanced by cohabitation of 

more genetically diverse resident life-history from the other side. This can represent the 

mechanism of genetic pool conservation under variable environmental conditions, where 

refugia populations are providing a source for recolonization. This has been confirmed for 

postglacial dispersal of the brown trout (Sanz et al., 2000; McKeown et al., 2010). 

This final chapter of this thesis links high straying of spawning adult brown trout with 

the data on population dynamics of YoY fish in Taieri River catchment and the results of 

previous studies. The working hypothesis of a feedback loop between early life-stage and 

spawners of brown trout in Taieri River catchment can be postulated as follows. The previous 

studies determined density-dependence of the population dynamics of YoY trout originated 

from migratory life-histories of the species in Taieri River catchment (Chapter 2 and 3; 

Kristensen et al., 2011). The daily loss rate was positively associated with emigration (Chapter 

3) driven by high intracohort competition following a mismatch of fish energetic requirements 
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and the availability of stream resources (Chapter 4). The ontogenetic niche shift of YoY trout 

(Regnier, 2012) leads to a pattern of general downward movement of juvenile fish from their 

natal streams (Cucherousset et al., 2006), resulting in the formation of a continuum of 

sympatric resident and migratory life-histories (Cucherousset, 2005; Montorio et al., 2018). 

The individuals who reach the productive brackish habitats of the river estuary and large tidal 

lake-wetland Waihola – Waipori complex (Figure 1.1) (Schallenberg et al., 2003) can realise a 

high growth potential, ultimately having the capacity to invest in a large reproductive output 

(Ferguson et al., 2017). Highly fecund anadromous females make a significant input to the 

recruitment of brown trout across the lower catchment of the Taieri River (Cucherousset, 

2005; Jonsson & Jonsson, 2011; Goodwin et al., 2016; Ferguson et al., 2017). Thus, after 

maturation, big fecund estuarine fish migrating back upstream to spawn result in dense YoY 

populations, generating a positive feedback loop starting a new cycle of population dynamics.
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Chapter 6. General discussion and conclusion 

6.1 Major findings of this study 

Through a series of in situ studies, this thesis has aimed to better understand the factors 

driving emigration of the YoY (young-of-the-year) stage of a partially migratory salmonid from 

their natal streams, initiating individual fish to undertake alternative life-history trajectories, 

and generating the potential for migratory feedback loops as large fecund migratory fish return 

to their natal streams to spawn. Using the brown trout Salmo trutta introduced into the 

catchment of a large New Zealand river as my study model, I investigated the major factors 

driving facultative migrations of the YoY life-history stage. I found that the initiation of 

alternate migratory tactics by YoY fish was driven by both competition and environmental cues, 

with out-migration being a consequence of a resource mismatch caused by large migratory 

brown trout returning to their small natal streams for reproduction. These findings contribute 

to a better understanding of the triggers of the facultative migration that occurs in the early 

life-stage of partially migratory animals, as a genetically determined response to variable 

stress-factors (Skov et al., 2010; Ferguson et al., 2017). Despite the biological costs, 

alternative migratory tactics can benefit individuals by allowing the exploitation of more 

productive environments, enhancing fitness and reproductive potential of migratory 

individuals (Fryxell & Sinclair 1988; Nebel, 2010). Following their introduction to New 

Zealand, the remarkable ability of brown trout to establish alternate resident and migratory 

phenotypes in their new Southern hemisphere environment explains much of the success of 

the species. 

In Chapter 2, I evaluated the key factors controlling the spatiotemporal dynamics of 

YoY brown trout (density, loss rate and biological traits) through an Austral summer across the 

catchment of the Taieri River, the 4th longest New Zealand River. The pattern of YoY brown 

trout population dynamics in streams was related to altitude, which affects the distribution of 

spawning by migratory and resident adults. In lower altitude streams, spawning habitat was 

accessible to returning large and fecund migratory females, resulting in high densities of YoY 

fish in spring, followed by high loss rates. In contrast, the intensive reduction of YoY fish 

density did not occur in upstream stream reaches, where low number and biomass of YoY fish 

were observed year-round, and where resident fish across a range of age-classes dominated. 

The results indicate that, despite their origin, all stream populations of YoY brown trout are 

tending to lower densities, and thus minimizing competition. 

In Chapter 3, I tested the effect of parental spawning investment on the spring 
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abundance of YoY trout and the importance of endogenous (density and downward migration) 

and environmental (water temperature and stream discharge) factors on the YoY loss rate across 

the lower, middle and upper reaches of Silverstream through the Austral summer of 2016-2017. 

The parental spawning investment did not affect juvenile trout distribution, which was related 

to the disproportion of the abundance of YoY fish and densities of eggs previously deposited 

by adults at sampled locations. The significant correlation between density and downward 

migrations versus juvenile trout loss rate was found only for the lowland segment of 

Silverstream where the highest density of deposited eggs by migratory adults occurred. The 

limited role of biotic factors further upstream supports previous studies indicating a shift from 

density-dependent to density-independent factors controlling the population dynamics of the 

species from benign to harsh environmental conditions. The spatial differentiation in YoY’s 

density dynamics also can be related to this gradient in environmental suitability. 

Chapter 4 examined the hypothesis that the migratory life-history of brown trout was 

initiated by the emigration of YoY stages from natal streams due to competition for resources. 

Intracohort competition in relation to the YoY loss rate was evaluated from emergence in spring 

(October 2016) to autumn (April 2017) along the lower, middle and upper study reaches of 

Silverstream. Competition was estimated as a ratio of fish density to carrying capacity, the 

latter calculated by estimating territorial requirements and energetic demand and constraints 

on YoY brown trout across the study reaches. Intracohort competition significantly affected 

YoY trout loss rate and thus, both emigration and mortality, in the crowded lowland 

populations where spawning was dominated by migratory adults. In the headwaters, where the 

adults were only resident trout, there was no evidence to suggest that competition affected the 

population dynamics of YoY fish. I found that competition for food resources rather than space 

was the best explanation for the loss rate of YoY trout at the lower reaches of Silverstream, 

inducing fish into a migratory life-history pathway. 

In Chapter 5, I evaluated the precision of homing and the proportion of straying by 

migratory brown trout spawning in Silverstream, using microchemical analysis of otoliths. 

Comparison of trace elements composition of the otoliths of YoY trout collected at spawning 

streams across the catchment with adult mature trout spawning in Silverstream indicated only 

eight from 30 adults were spawning in their natal stream. Another five fish could be traced to 

tributaries further upstream in the Taieri River catchment, and the origin of the remaining 17 

not being able to be determined. I concluded that the high straying by brown trout in 

Silverstream is likely a consequence of the fish passage difficulties for returning adult fish 

due to the geomorphological context of Silverstream in the wider Taieri River catchment. 
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Despite high rates of straying across the wider catchment, a positive feedback loop whereby 

outmigration by YoY fish is driven by high rates of fecundity by large migratory adults in 

Silverstream likely sustains populations of migratory brown trout in the Taieri River catchment. 

6.2 The regulatory role of food resource limitations and environmental factors 

in population dynamics of stream salmonids 

I conclude that the emigration of YoY brown trout from natal streams is the key step 

initiating the establishment of alternative life-histories and, at least in this case, is primarily 

determined by energy restrictions rather than territorial limitations. The resources of stream 

ecosystems are limited in space, and food restrictions affect the population dynamics of stream 

salmonids through density-dependent self-thinning (Keeley, 2003; Lobón-Cerviá, 2008; 

Kvingedal et al., 2011). The results of Chapter 4 suggest food restrictions rather than 

competition for space are of primary importance. The food constraints were predicted as higher 

temperatures lead to an allometric increase of YoY trout energetic demands (Elliot & Hurley, 

1998). This result is consistent with previous studies confirming the significant role of energetic 

equivalence (Johnson et al., 2006; Rosenfeld & Tonn, 2014) driving intra- and intercohort 

competition (Kvingedal et al., 2011). In turn, competition affects fish habitat selection 

(Rosenfeld et al., 2005) leading to an ontogenetic niche shift (Regnier at al., 2012), and thus, 

dispersal of the early life stages from streams (Cucherousset et al., 2006; Chapter 2 and 3). 

Individuals that emigrate from their natal stream are on the pathway to a migratory life-history, 

as an alternative to stream residency (Northcote, 1992; Jonsson & Jonsson, 1993; Cucherousset 

et al., 2005). My results suggest the mechanism explaining loss rate is the need to achieve 

energy equivalence between stream food resources and energetic requirements of fish driven 

by metabolic allometry. These conclusions support previous studies indicating the significance 

of food limitation in establishing alternative life – histories of the species (Jonsson & Jonsson, 

1993; Olsson et al., 2006; Wysujack et al., 2009; Jones et al., 2015). Also, my findings have 

practical importance confirming the applicability of carrying capacity models for efficient 

fisheries management, conservation and restoration of endangered populations of the species in 

Europe. 

My results indicate that at the catchment scale, the population dynamics of YoY brown 

trout are determined by complex interactions between energetic restrictions and the variable 

environment of the stream ecosystem. Rosenfeld & Tonn (2014) demonstrated the importance 

of both energetic equivalence and habitat suitability for predicting the abundance of stream 

salmonids. This concept was used for the model of carrying capacity for YoY brown trout, with 

the calculations based on both habitat suitability and food limitations across the model stream. 
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The energetic limitations of YoY brown trout along the middle and upper courses of 

Silverstream were predicted for summer/autumn but not for spring, in contrast to the intense 

early season competition along the lowland study reach (Chapter 4). However, despite evidence 

for resource limitation along the middle study reach, a relationship with loss rate was not 

evident. The high habitat complexity of this middle reach may reduce agonistic interactions and 

maintain territoriality of YoY trout along this reach (Höjesjö et al., 2004). Also, environmental 

factors such as water flow can influence YoY trout emigration (Holmes et al., 2014; Aldven et 

al., 2015; Tissot et al., 2017) as seen in Chapter 3. Clearly, complex interrelationships between 

energy equivalence and the environment determine the alternant life-history choices of juvenile 

brown trout. 

6.3 The landscape and plastic response of brown trout inhabiting expanded river network 

The effect of geomorphology on the abundance and population dynamics of YoY brown 

trout and the high proportion of straying adults reproducing Silverstream determines the 

feedback loop between parents and offspring. Chapter 2 indicates the effect of altitude in the 

tributaries of the Taieri River influencing the spring density and subsequent self-thinning of 

YoY brown trout. The high spring density and positive relationship with downward migration 

of YoY fish were typical for lowland reaches (Chapters 2 & 3) where spawning is dominated 

by anadromous and potamodromous brown trout (Figure 6.1). Constraints on the spawning 

distribution of migratory fish were likely related to the presence of barriers and risk of 

mortality associated with reaching upland spawning reaches (Bohlin et al., 2001; Jonsson & 

Jonsson, 2006). An inability to return to natal streams in the upper Taieri River catchment 

best explains the high straying rate of breeding adults into Silverstream (Chapter 5), where 

stream geomorphology allows for easy access to high quality spawning habitat in the lower 

reaches (Jones et al., 2019; Chapter 2). Thus, the landscape affects the parental investment of 

migratory parents driving an abundance of YoY fish and the dynamics of the feedback loop 

between adults and offspring of Taieri River catchment brown trout. 
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Figure 6.1 The predicted distribution of anadromous (blue areas) and potamodromous (yellow 

areas) life – histories of brown trout and observed values of YoY trout density at the Taieri 

River catchment excluding landlocked populations of Mahinerangi and Loganburn reservoirs. 

Predictions are based on elevation (a.s.l. for anadromous life-history and above Taieri River 

for potamodromous trout), the results of current and previous studies (Chapter 2 & 3; David et 

al., 2002; Kristensen et al., 2011), and information provided by Otago Fish and Game 

Council. The YoY abundance from Chapter 2, David et al. (2002), Kristensen (2006) and 

Jones et al. (2019), marked as “H” and “L” for densities >0.2 ind./ m2 and <0.2 ind./ m2 

correspondingly. The area of distribution of resident life-history is not highlighted by color 

following the assumption that the majority of the streams at the catchment populated by 

stream residential trout.
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The sympatric coexistence of migratory and resident life-histories of brown trout in 

the Taieri River catchment is consistent over time (Kristensen, 2006; Jones, 2018), and 

represents a highly efficient strategy explaining much of the species success in both native 

distribution and area of introduction. The production of YoY fish along lowland spawning 

streams is driven by the high parental investment of migratory adults (Figure 6.1) and 

supports much of the recruitment across the catchments (see Goodwin et al., 2016; Rohtla et 

al., 2017). Resident trout inhabiting headwaters are less important for recruitment at the 

metapopulation scale given the relatively low densities and population dynamics of both adult 

and juvenile fish (Chapter 2 and 3). This pattern in the Taieri River catchment is consistent for 

this and previous studies (Huryn, 1996; Kristensen & Closs, 2008a; Jones et al., 2019). The 

establishing of alternative migratory tactics by the offspring of both migratory and resident 

parents (Chapter 2; Phillis et al., 2016; Ferguson et al., 2017; Watts et al., 2017), could reflect 

a mechanism of genetic pool conservation. In the case of high mortality of anadromous fish or 

low survival of eggs and embryos due to catastrophic events (floods, droughts, etc.), the 

upstream-resident stocks are more likely to survive. In such a scenario, populations of stream 

residents will be a source for species dispersal and re-establishing of the downstream 

continuum of life-histories anew. Considering specifics of Taieri River catchment 

geomorphology (Chapter 1), and presence of resident trout at streams headwaters (Chapter 2; 

Chapter 3), significant number of populations of up-river small-discharge stream residents 

will increase the chance of survival of some of them in the lower river in case of a 

catastrophic event; this will start recolonization. Such a mechanism has been confirmed for 

reinvasion of the species from refugial populations (Sanz et al., 2000; McKeown et al., 2010) 

and is associated with straying behavior. The compensatory role of productivity of resident 

life-history in conditions of low spawning efficiency of migratory trout has also been 

described for the species (Goodwin et al., 2016) and explains much of brown trout success. 

6.4 Directions of future studies 

My findings highlight some knowledge gaps and identify possible directions for future 

studies, including: 

1) Why do juvenile brown trout mostly emigrate from their natal streams earlier in New 

Zealand relative to most European studies (Jonsson & Jonsson, 2011)? I found most juvenile 

trout leave their natal streams in their first summer following emergence from redds in spring 

across the Taieri River catchment. In Europe, the most common smolt ages of brown trout are 

2 and 3 years (L’Abée-Lund et al., 1989), even for streams with median discharge less than 

0.2 m3/sec (Jonsson et al., 2001). Further, the smoltification was not observed for trout 
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reproducing in Taieri River catchment. It is possible that these differences relate to the 

inherited traits of the original stock released into the Taieri River catchment, but this is 

unknown. 

2) What are the triggers determining alternate life-histories (migratory vs. resident) in 

brown trout in both native and introduced populations? Early emigration and the absence of 

smoltification suggest the triggers of ontogenetic niche shift for young trout in Taieri River 

catchment may differ from some populations in Europe. It would be useful to use a similar 

methodological approach to compare populations in their native and introduced range. 

3) Could whole life-history models linking the trophic ecology, growth, maturation and 

seasonal distribution of brown trout in New Zealand estuaries, lakes and rivers be developed? 

After emigration from stream environment young brown trout reach main river channel, lakes 

at the catchment or river estuary, which leads to the establishment of the different life-history 

trajectories (Northcote, 1992; Jonsson & Jonsson, 1993; Cucherousset et al., 2005). These 

individuals grow faster in conditions of higher temperatures and more-abundant 

macroinvertebrate and fish prey resources, especially in productive estuarine environments 

(Knutsen et al., 2001a; Ciancio et al., 2008; Davidsen et al., 2017). However, prey abundance 

is seasonal (Hope, 1928; Sutherland & Closs, 2001; McDowall, 2006; McIntosh et al., 2010; 

Bierschenk, 2015), and hence should drive the spatiotemporal patterns of riverine, lacustrine 

or estuarine resource use and distribution by brown trout. Crucially, are the patterns of 

movement and resource use simply a response to proximate cutes, or do they represent 

underlying genetic adaptation? 

4) How does the movement of brown trout impact on lowland lentic and estuarine 

ecosystems? Whilst the negative effect of brown trout on indigenous fish and 

macroinvertebrates communities inhabiting stream ecosystems is well understood (Huryn, 

1998; McDowall, 2006; Jellyman et al., 2017; Jones & Closs, 2017), there is little knowledge 

of trout impacts on fish and food webs in lakes and estuaries, other than observations of 

distribution and diet. The introduction of brown trout in New Zealand lakes can reduce the 

abundance of native planktivorous fishes such as smelt (Retropinna retropinna) and kōaro 

(Galaxias brevipinnis), which could cause trophic cascades (Burns et al., 2014; S. Khan, M. 

Schallenberg, L. Schallenberg, personal communication April 9, 2019). Further, given the 

negative effects of introduced brown trout on native estuarine fish species elsewhere (Warner 

et al., 2015), the implications of brown trout on lentic and estuarine ecosystems deserves further 

investigation. 

5) Can New Zealand brown trout establish oceanic life-histories? For introduced brown 
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trout, the occurrence of a clear oceanic life-history has only been described for South American 

populations (Ciancio et al., 2008; Casalinuovo et al., 2017). If anadromous brown trout in New 

Zealand prefer to use estuaries and marine environments near river mouths, instead of open-sea 

environments, an evaluation of the determinants of oceanic life-history establishing by 

introduced strains of the species has both fundamental and practical significance. 

6) Can Southern Hemisphere salmonids be used as a model for investigating the 

responses of acclimatized species to novel environments? According to the migration 

continuum concept (Lucas & Baras, 2001), migrations are a behavioral phenomenon driven 

by trade-offs between migratory costs and benefits. The concept assumes that emigration from 

a natal stream occurs for exploration of alternate resource-rich environments (Gross, 1987), 

associated with the higher risk of mortality versus profit of increased fitness and high 

reproductive output for adults returning for spawn. Populations of partially migratory 

salmonids evolved a flexible response in dynamic Northern Hemisphere environments by 

establishing a continuum of life-histories (Jonsson & Jonsson, 1993). While acclimatized 

animals experienced new conditions, their plasticity allowed them to successfully occupy the 

available niches of their new environment (Thomson, 1922). However, can the migration 

continuum concept be applied to introduced populations of such species as brown trout? The 

reduced interspecies competition and low predator pressure in New Zealand freshwater 

ecosystems assumes a stronger effect by other factors on brown trout mortality. This and 

previous studies (Chapter 3; Holmes et al., 2014) show that the population dynamics in 

streams is significantly associated with emigration, but no data on the factors affecting the 

survival of brown trout in other New Zealand aquatic habitats are available. The observed 

spawning mortality of trout inhabiting Taieri River catchment suggests a lower tolerance to 

some stress-factors, perhaps associated with the non-native origin of these populations. The 

low survival and low contribution to recruitment by stocked trout relative to native 

anadromous trout was confirmed for Denmark populations of the species (Ruzzante et al., 

2004). Thus, more investigations are required to understand the response of introduced 

species to conditions of the area of acclimatization. 

7) What knowledge on the behavior and reproductive ecology of brown trout is required 

for improving predictions of abundance and population dynamics? An alternative perspective 

of stream trout abundance suggests territoriality is a key determinant of stream-dwelling 

salmonid abundance (e.g. Titus, 1990; Kristensen & Closs, 2008b; Ayllón et al., 2012; Näslund 

& Johnsson, 2016). There are multiple studies highlighting the regulatory role of aggression in 

self-thinning by dominance hierarchies (Elliott, 1990) forcing subdominant individuals to 
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emigrate (Ayllón et al., 2012; Van Leeuwen et al., 2016). However, most of the studies on 

territoriality of stream salmonids were carried out under experimental conditions (Grant, 

Kramer, 1990; Keeley, 2000; Klemetsen et al., 2003); the need to better understand the use of 

individual space by wild brown trout has been confirmed via results of behavioral studies 

conducted in situ which contradicted expectations (Gunnarsson & Steingrímsson, 2011). Other 

factors affecting both parental investment and egg survival also need to be incorporated into 

models of stream salmonid abundance. The spawning mortality of the spawners (Chapter 3) 

and the low survival of eggs and embryos (Réalis-Doyelle et al., 2016) strongly affect the 

abundance of early life-history stages (Syrjänen et al., 2015), even where environmental 

conditions are highly suitable for YoY stage. Thus, despite an extensive salmonid literature on 

this subject, more knowledge on responses of salmonids to variable environmental conditions 

is needed to improve predictions of their abundance. 

6.3 Summary and wider implications 

This thesis represents a synthesis of in situ and modelling studies on the stream 

ecology of a polymorphic salmonid, brown trout. My results suggest the mechanism 

underlying the alternative life-histories of migratory or resident occurs during decisions made 

during early life- history, and is driven by potential resource limitations related to a parent-

offspring feedback loop. My findings contribute in knowledge on ecology of the species by 

using novel approaches on evaluation of stream carrying capacity, factors driving food 

limitations in YoY trout and the application of otolith microchemistry for testing adult natal 

homing. 

Despite the challenges of collecting the diverse range of data for this approach, my 

results have practical implications for both fisheries management and conservation. I found that 

in the high-density conditions along the lowland reaches of Silverstream, emigration of YoY 

trout was influenced by competition. This competition was primarily associated with a 

mismatch between energetic content of the available food resources and fish energetic 

requirements. The energy deficit was less severe and frequent at upstream habitats, and lower 

temperatures reduced the metabolic rates of YoY trout, thus leading to reduced fish growth 

and size. Even though the prevailing temperatures were within species optimum, the observed 

food deficit can significantly reduce predicted trout abundance based on habitat suitability 

only. Most of the predictions of lotic habitat suitability for brown trout are usually based on 

flow limitation and other physical habitat characteristics (Strakosh et al., 2003; Ceola & 

Pugliese, 2014; Fornaroli et al., 2016; Galbraith et al., 2016). My results indicate that 

consideration of temperature-driven energetic restrictions can greatly improve the predictions 
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of brown trout distribution for both fisheries management and conservation purposes, with 

significant implications given the prediction of global climate change. 

My results also refine predictions of the spatial distribution of variable life-histories, and 

indicate the high straying of New Zealand brown trout from natal streams, at least for some 

situations, with significant implications for population dynamics of brown trout and the 

conservation of native fish fauna. Considering the strong negative impact of brown trout on 

indigenous species (McDowall, 2006; Jellyman et al., 2017; Jones & Closs, 2017), the creation 

of trout exclusion zones at stream headwaters is potentially an efficient option for the 

conservation of endangered non-migratory species, especially galaxiids (Lintermans, 2000). 

However, high straying form natal streams likely contributed to the rapid and effective spread 

of brown trout across the catchments, and needs to be considered when planning native fish 

conservation reserves. 



100  

References 

Acolas, M.L., Roussel, J.M., & Baglinière, J.L. (2008). Linking migratory patterns and diet to 

reproductive traits in female brown trout (Salmo trutta L.) by means of stable isotope 

analysis on ova. Ecology of Freshwater Fish, 17, 382–393. 

Aarestrup, K., Birnie-Gauvin, K., & Larsen, M.H. (2018). Another paradigm lost? Autumn 

downstream migration of juvenile brown trout: Evidence for a presmolt migration. 

Ecology of Freshwater Fish, 27, 513–516. 

Akbaripasand, A., Ramezani, J., Lokman, P.M., & Closs, G.P. (2014). Can drifting 

invertebrates meet the energy requirements of drift-feeding fish? A case study on 

Galaxias fasciatus. Freshwater Science, 33, 904–914. https://doi.org/10.1086/676957 

Aldven, D., Degerman, E., & Hojesjo, J. (2015). Environmental cues and downstream 

migration of anadromous brown trout (Salmo trutta) and Atlantic salmon (Salmo salar) 

smolts. Boreal Environment Research, 20, 1–10. 

Alexandrou, M.A., Swartz, B.A., Matzke, N.J., & Oakley, T.H. (2013). Genome duplication 

and multiple evolutionary origins of complex migratory behavior in Salmonidae. 

Molecular Phylogenetics and Evolution, 69(3), 514–523. 

Allan, J.D., & Russek, E. (1985). The quantification of stream drift. Canadian Journal of 

Fisheries and Aquatic Sciences, 42, 210–215. 

Allen, K.R. (1951). The Horokiwi Stream: a study of a trout population. New Zealand Marine 

Department Fisheries Bulletin, 10, 1-238. 

Ayllón, D., Almodóvar, A., Nicola, G.G., & Elvira, B. (2009). Interactive effects of cover and 

hydraulics on brown trout habitat selection patterns. River Research and Applications, 

25(8), 1051-1065. https://doi.org/10.1002/rra.1215 

Ayllón, D., Almodóvar, A., Nicola, G.G., & Elvira, B. (2010). Ontogenetic and spatial 

variations in brown trout habitat selection. Ecology of Freshwater Fish, 19, 420–432. 

Ayllón, D., Almodóvar, A., Nicola, G.G., Parra, I. & Elvira, B. (2012). Modelling carrying 

capacity dynamics for the conservation and management of territorial salmonids. 

Fisheries Research, 134–136, 95–103. 

Ayllón, F., Moran, P., & Garcia-Vazquez, E. (2006). Maintenance of a small anadromous 

subpopulation of brown trout (Salmo trutta L.) by straying. Freshwater Biology, 51, 351- 

358. 

Ayllón, D., Nicola, G.G., Elvira, B., Parra, I., & Almodóvar, A. (2013). Thermal carrying 

capacity for a thermally-sensitive species at the warmest edge of its range. PLoS ONE, 

8(11), e81354. https://doi.org/10.1371/journal.pone.0081354  

Aymes, J.C., Vignon, M., Beall, E., Guéraud, F., & Gaudin, P. (2016). Age validation of the 

Kerguelen Island brown trout, Salmo trutta L., and selection of the otolith optimal zone 

for investigating chronological data series. Fisheries Research, 176, 23–29. 

Ball, J.P., Nordengren, C., & Wallin, K. (2001). Partial migration by large ungulates: 

Characteristics of seasonal moose Alces alces ranges in northern Sweden. Wildlife 

Biology, 7, 39–47. 



101  

Bardonnet, A., Poncin, P., & Roussel, J.M. (2006). Brown trout fry move inshore at night: a 

choice of water depth or velocity? Ecology of Freshwater Fish, 15, 309-314. 

Barnett-Johnson, R., Teel, D.J. & Casillas, E. (2010). Genetic and otolith isotopic markers 

identify salmon populations in the Columbia River at broad and fine geographic scales 

Environmental Biology of Fishes, 89, 533–546. https://doi.org/10.1007/s10641-010- 

9662-5 

Beakes, M. P., Satterthwaite, W. H., Collins, E. M., Swank, D. R., Merz, J. E., Titus, R. G., 

Sogard, S. M. & Mangel, M. (2010). Smolt transformation in two California steelhead 

populations: effects of temporal variability in growth. Transactions of the American 

Fisheries Society, 139, 1263-1275. 

Benke, A.C., Huryn, A.D., Smock, L.A., & Wallace, J.B. (1999). Length–mass relationships 

for freshwater macroinvertebrates in North America with particular reference to the 

south-eastern United States. Journal of the North American Benthological Society, 18, 

308–343. 

Bentzen, P., Olsen, J.B., McLean, J.E., Seamons, T.R., & Quinn, T.P. (2001). Kinship analysis 

of Pacific salmon: insights into mating, homing, and timing of reproduction. Journal of 

Heredity, 92(2), 127–136. https://doi.org/10.1093/jhered/92.2.127 

Begon, M., Firbank, L. & Wall, R. (1986). Is there a self-thinning rule for animal 

populations? Oikos, 46, 122-124. 

Begon, M., Mortimer, M. & Thompson, D.J. (2009). Population Ecology: A unified study of 

animals and plants. Edition 3. Oxford, UK: Blackwell. 

Berg, O.K., & Berg, M. (1987). Migrations of sea trout, Salmo trutta L., from the Vardnes river 

in northern Norway. Journal of Fish Biology, 31, 113–121. 

Bergerot, B., & Cattanéo, F. (2017). Hydrological drivers of brown trout population dynamics 

in France. Ecohydrology, 10(1), e1765. https://doi.org/10.1002/eco.1765 

Bierschenk, B.M. (2015). Life-history and distribution of mysid species in a large open estuary 

(Unpublished doctoral dissertation). University of Otago, Dunedin, New Zealand.  

Bett, N.N., Hinch, S.G., Burnett, N.J., Donaldson, M.R., & Naman, S.M. (2017). Causes and 

consequences of straying into small populations of Pacific salmon. Fisheries, 42, 220– 230. 

Boel, M., Aarestrup, K., Baktoft, H., Larsen, T., Madsen, S., Malte, H., Skov, C., Svendsen, J., 

& Koed, A. (2014). The physiological basis of the migration continuum in Brown Trout 

(Salmo trutta). Physiological and Biochemical Zoology, 87, 334-345. 

https://doi.org/10.1086/674869. 

Bohlin, T., Dellefors, C., Faremo, U., & Johlander, A. (1994). The energetic equivalence 

hypothesis and the relation between population density and body size in stream-living 

Salmonids. The American Naturalist, 143(3), 478-493. 

Bohlin, T., Pettersson, J., & Degerman, E. (2001). Population density of migratory and resident 

brown trout (Salmo trutta) in relation to altitude: evidence for a migration cost. Journal 

of Animal Ecology, 70, 112–121. 

 

https://doi.org/10.1093/jhered/92.2.127


102  

Bosch, T. C., Adamska, M., Augustin, R., Domazet-Loso, T., Foret, S., Fraune, S., Funayama, 

N., Grasis, J., Hamada, M., Hatta, M., Hobmayer, B., Kawai, K., Klimovich, A., Manuel, 

M., Shinzato, C., Technau, U., Yum, S., & Miller, D. J. (2014). How do environmental 

factors influence life cycles and development? An experimental framework for early- 

diverging metazoans. BioEssays: news and reviews in molecular, cellular and 

developmental biology, 3(12), 1185-1194. 

Bouwes, N., Moberg, J., Weber, N., Bouwes, B., Bennett, S., Beasley, C., Jordan, C.E., Nelle, 

P., Polino, M., Rentmeester, S., Semmens, B., Volk, C., Ward, M.B., & White, J. (2011). 

Scientific protocol for salmonid habitat surveys within the Columbia Habitat Monitoring 

Program. Wauconda, WA: Terraqua, Inc. 

Boyle, W.A. (2008). Partial migration in birds: tests of three hypotheses in a tropical lekking 

frugivore. Journal of Animal Ecology, 77, 1122-1128. https://doi.org/10.1111/j.1365- 

2656.2008.01451.x 

Brenner, R.E., Moffitt, S.D., & Grant, W.S. (2012). Straying of hatchery salmon in Prince 

William Sound, Alaska. Environmental Biology of Fishes, 94, 179–195. 

Brännäs, E., Jonsson, S., & Lundqvist, H. (2003). Influence of food abundance on individual 

behaviour strategy and growth rate in juvenile brown trout (Salmo trutta). Canadian 

Journal of Zoology, 81(4), 684–691. https://doi.org/10.1139/z03-047 

Budy, P., Thiede, G., Lobón-Cerviá, J., Fernandez, G., McHugh, P., McIntosh, A., Vollestad, 

L., Becares, E., & Jellyman, P. (2013). Limitation and facilitation of one of the world’s 

most invasive fish: an intercontinental comparison. Ecology, 94, 356–367.  

Burns, C.W., Schallenberg, M., & Verburg, P. (2014). Potential use of classical 

biomanipulation to improve water quality in New Zealand lakes: a re-evaluation. New 

Zealand Journal of Marine and Freshwater Research, 48(1), 127-138. 

https://doi.org/10.1080/00288330.2013.838589 

Carlin, B. (1969) Salmon tagging experiments. Swedish Salmon Research Institute Report, 2(4), 

8–13. 

Casalinuovo, M., Alonso, M., Macchi, P., & Kuroda, J. (2017). Brown Trout in Argentina: 

biology, ecology and management. In J. Lobón-Cerviá, & N. Sanz (Eds.) Brown Trout: 

Biology, Ecology and Management. (pp. 599-622). Hoboken, NJ: John Wiley & Sons. 

https://doi.org/ 10.1002/9781119268352.ch23 

Ceola, S., & Pugliese, A., (2014). Regional prediction of basin-scale brown trout habitat 

suitability. In: A. Castellarin, et al. (Eds.), Evolving water resources systems: 

understanding, predicting and managing water–society interactions (Vol. 364. pp. 26– 

31). Wallingford, UK: International Association of Hydrological Sciences. 

Ciancio, J. E., Pascual, M. A., Botto, F., Frere, E., & Iribarne, O. (2008). Trophic relationships 

of exotic anadromous salmonids in the southern Patagonian Shelf as inferred from stable 

isotopes. Limnology and Oceanography, 53, (2), 788-798. 

https://doi.org/10.43/lo.2008.53.2.0788 

 

 



103  

Chambers, R.C., & Trippel, E.A. (1997). Early life-history and recruitment: legacy and 

challenges. In: Early life-history and recruitment in fish populations (pp. 515-549). New 

York: Springer. 

Ciborowski, J.J.M. (1983). Downstream and lateral transport of nymphs of two mayfly species 

(Ephemeroptera). Canadian Journal of Fisheries and Aquatic Sciences, 40, 2025-2029. 

Chapman, D.G. (1951). Some Properties of the Hypergeometric Distribution with Applications 

to Zoological Sample Censuses. University of California Publications in Statistics, 1(7), 

131-160. 

Chapman, B.B., Hulthén, K., Brodersen, J., Nilsson, P.A., Skov, C., Hansson, L.-A., & 

Brönmark, С. (2012). Partial migration in fishes: causes and consequences. Journal of 

Fish Biology, 81, 456–478. https://doi.org/10.1111/j.1095-8649.2012.03342.x 

Charles, K., Guyomard, R., Hoyheim, B., Ombredane, D., & Baglinière, J. (2005). Lack of 

genetic differentiation between anadromous and resident sympatric brown trout (Salmo 

trutta) in a Normandy population. Aquatic Living Resources, 18, 65–69. 

Charles, K., Roussel, J.-M., Lebel, J.-M., & Baglinière, J.-L. (2006). Genetic differentiation 

between anadromous and freshwater resident brown trout (Salmo trutta L.): insights 

obtained from stable isotope analysis. Ecology of Freshwater Fish, 15, 255–263.  

Chesson, J. (1983). The estimation and analysis of preference and its relationship to foraging 

models. Ecology, 64(5), 1297-1304. https://doi.org/10.2307/1937838 

Cocchiglia, L., Curran, S., Hannigan, E., Purcell, P.J., & Kelly-Quinn, M. (2012). Evaluation 

of the effects of fine sediment inputs from stream culverts on brown trout egg survival 

through field and laboratory assessments. Inland Waters, 2(1), 47-58. 

Cochran-Biederman, J.L. & Vondracek, B. (2017). Seasonal feeding selectivity of brown trout 

Salmo trutta in five groundwater-dominated streams. Journal of Freshwater Ecology, 

32(1), 653-673. https://doi.org/10.1080/02705060.2017.1386595 

Conallin, J. (2004). The negative impacts of sedimentation on brown trout (Salmo trutta) natural 

recruitment, and the management of Danish streams. Journal of Transdisciplinary 

Environmental Studies, 3(2), 1–12. 

Conallin, J., Jyde, M., Filrup, K., & Pedersen, S. (2012). Diel foraging and shelter use of large 

juvenile brown trout (Salmo trutta) under food satiation. Knowledge and Management of 

Aquatic Ecosystems, 404, 05. https://doi.org/10.1051/kmae/2011083. 

Conallin, J., Boegh, E., Olsen, M., Pedersen, S., Dunbar, M. J., & Jensen, J. K. (2014). Daytime 

habitat selection for juvenile parr brown trout (Salmo trutta) in small lowland streams. 

Knowledge and Management of Aquatic Ecosystems, 413, 09-09p16. 

https://doi.org/10.1051/kmae/2014006 

Crête-Lafrenière, A., Weir, L.K., & Bernatchez, L. (2012). Framing the Salmonidae family 

phylogenetic portrait: a more complete picture from increased taxon sampling. PLoS 

ONE, 7(10): e46662. https://doi.org/10.1371/journal.pone.0046662 

Crisp, D.T., & Carling P.A. (1989). Observations on siting dimensions and structure of 

salmonid redds. Journal of Fish Biology, 34, 119-134. 



104  

Crossin, G.T., Hinch, S.G., Cooke, S.J., Cooperman, M.S., Patterson, D.A., Welch, D.W., 

Hanson, K.C., Olsson, I., English, K.K. & Farrel, A.P. (2009). Mechanisms influencing 

the timing and success of reproductive migration in a capital breeding semelparous fish 

species, the sockeye salmon. Physiological and Biochemical Zoology, 82, 635–652. 

Cucherousset, J., Ombredane, D., Charles, K., Marchand, F., & Baglinière, J.-L. (2005). A 

continuum of life-history tactics in a brown trout (Salmo trutta) population. Canadian 

Journal of Fisheries and Aquatic Sciences, 62, 1600–1610. 

Cucherousset, J., Ombredane, D., & Baglinière, J. (2006). Linking juvenile growth and 

migration behaviour of brown trout (Salmo trutta) using individual PIT-tagging. Cahiers 

De Biologie Marine, 47(1), 73-78. 

David, B.O., Closs, G.P., & Arbuckle, C.J. (2002). Distribution of fish in tributaries of the lower 

Taieri/Waipori rivers, South Island, New Zealand. New Zealand Journal of Marine and 

Freshwater Research, 36(4), 797-808. https://doi.org/10.1080/00288330.2002.9517132 

Dauvin, J.C., & Joncourt, M. (1989). Energy values of marine benthic invertebrates from the 

western English Channel. Journal of the Marine Biological Association of the United 

Kingdom, 69(3), 589-595. 

Davidsen, J.G., Knudsen, R., Power, M., Sjursen, A.D., Rønning, L., Hårsaker, K., Næsje, T., 

& Arnekleiv, J.V. (2017). Trophic niche similarity among sea trout Salmo trutta in 

Central Norway investigated using different time-integrated trophic tracers. Aquatic 

Biology, 26, 217–227. https://doi.org/10.3354/ab00689 

Degerman, E., Leonardsson, K., & Lundqvist, H. (2012). Coastal migrations, temporary use of 

neighbouring rivers, and growth of Sea trout (Salmo trutta) from nine northern Baltic Sea 

rivers. ICES Journal of Marine Science, 69, 971–980. 

Dennis, B. & Traper, M.L. (1994). Density dependence in time series observations of natural 

populations: estimation and testing. Ecological Monographs, 64, 205–224. 

Dittman, A.H., & Quinn, T. (1996). Homing in Pacific salmon: mechanisms and ecological 

basis. Journal of Experimental Biology, 199, 83– 91. 

Dodson, J.J., Aubin-Horth, N., Theriault, V., & Paez, D.J. (2013a). The evolutionary ecology 

of alternative migratory tactics in salmonid fishes. Biological Reviews Cambridge 

Philosophical Society, 88(3), 602-625. 

Dodson, J.J., Sirois, P., Daigle G., Gaudin P., & Bardonnet, A. (2013b). Otolith microstructure 

during the early life-history stages of brown trout: validation and interpretation. North 

American Journal of Fisheries Management, 33, 108–116. 

Drake, D.C., & Naiman, R.J. (2000). An evaluation of restoration efforts in fishless lakes 

stocked with exotic trout. Conservation Biology, 14, 1807–1820. 

Dunbrack, R.L., Clarke, L. & Bassler, C. (1996). Population level differences in aggressiveness 

and their relationship to food density in a stream salmonid (Salvelinus fontinalis). Journal 

of Fish Biology, 48, 615-622. https://doi.org/ doi:10.1111/j.1095-8649.1996.tb01456.x 

Dunedin (2018). Dunedin. Retrieved from http://www.dunedin.govt.nz/services/water- 

supply/history. 

http://www.dunedin.govt.nz/services/water-


105  

Dunham, J.B., & Vinyard, G.L. (1997). Relationships between body mass, population density, 

and the self-thinning rule in stream-living salmonids. Canadian Journal of Fisheries and 

Aquatic Sciences, 54(5), 1025-1030.  

Eggins, S.M., Kinsley L.P.J., & Shelley J.M.G. (1998). Deposition and element fractionation 

processes during atmospheric pressure laser sampling for analysis by ICP- MS. Applied 

Surface Science, 127–129, 278–286. https://doi.org/10.1016/S0169-4332(97)00643-0 

Einum, S., & Nislow, K.H. (2005). Local-scale density-dependent survival of mobile organisms 

in continuous habitats: an experimental test using Atlantic salmon. Oecologia, 143, 203– 

210. https://doi.org/10.1007/s00442-004-1793-y 

Einum, S., Sundt-Hansen, L., & Nislow, K.H. (2006). The partitioning of density dependent 

dispersal, growth and survival throughout ontogeny in a highly fecund organism. Oikos, 

113, 489-496. 

Elliott, J.M. (1970). Diel changes in invertebrate drift and the food of brown trout (Salmo 

trutta). Journal of Fish Biology, 2, 161-165. 

Elliott, J.M. (1984). Growth, size, biomass and production of young migratory trout Salmo 

trutta in a lake district stream, 1966–83. Journal of Animal Ecology, 53, 979–994. 

Elliott, J.M. (1985). Population regulation for different life-stages of migratory trout Salmo 

trutta in a Lake District Stream, 1966-83. Journal of Animal Ecology, 54(2), 617-638. 

Elliott, J.M. (1986). Spatial distribution and behavioural movements of migratory trout Salmo 

trutta in a Lake District stream. Journal of Animal Ecology, 56, 83–98. 

Elliott, J.M. (1987). Population regulation in contrasting populations of trout Salmo trutta in 

two Lake District streams. Journal of Animal Ecology, 56, 83-98. 

Elliott, J.M. (1990). Mechanisms responsible for population regulation in young migratory 

trout, Salmo trutta. III. The role of territorial behaviour. Journal of Animal Ecology, 

59(3), 803-818. 

Elliott, J.M. (1993). The self-thinning rule applied to juvenile sea-trout, Salmo trutta. Journal 

of Animal Ecology, 62(2), 371-379. 

Elliott, J.M. (1994). Quantitative ecology and the brown trout. Oxford Series in Ecology and 

Evolution. Oxford UK: Oxford University Press. 

Elliott, J. M. (1995). Fecundity and egg density in the redd for sea trout. Journal of Fish Biology, 

47, 893-901. https://doi.org/10.1111/j.1095-8649.1995.tb06010.x 

Elliott, J.M. (2006). Periodic habitat loss alters the competitive coexistence between brown 

trout and bullheads in a small stream over 34 years. Journal of Animal Ecology, 75, 54- 

63. https://doi.org/10.1111/j.1365-2656.2005.01022.x 

Elliott, J.M., & Elliott, J.A. (2006). A 35-year study of stock-recruitment relationships in a 

small population of sea trout: assumptions, implications and limitations for predicting 

targets. In: Harris, G., Milner, N. (Eds.), Sea Trout. Biology, Conservation and 

Management (pp. 257–278). Oxford, UK: Blackwell Science. 

 



106  

Elliott, J.M., & Hurley, M.A. (1998). A new functional model for estimating the maximum 

amount of invertebrate food consumed per day by brown trout, Salmo trutta. Freshwater 

biology, 39, 339-349. 

Enefalk, Å. & Bergman, E. (2016). Effect of fine wood on juvenile brown trout behaviour in 

experimental stream channels. Ecology of Freshwater Fish, 25, 664-673. 

https://doi.org/10.1111/eff.12244 

Environment Agency. (2003). Relationship between juvenile salmonid populations and 

catchment features. (Environment Agency R&D Technical Report W2-065/TR). 

Cardiff, UK: Coley, A. 

Ferguson, A., Reed, T., Mcginnity, P., & Prodöhl, P. (2017). Anadromy in brown trout (Salmo 

trutta): A review of the relative roles of genes and environmental factors and the 

implications for management and conservation. In: Sea Trout: Science and 

Management-Proceedings of the 2nd International Sea Trout Symposium (pp. 1-40). 

Leicestershire, UK: Matador. 

Flecker, A.S., McIntyre, P.B., Moore, J.W., Anderson, J.T., Taylor, B.W., & Hall, R.O. (2010). 

Migratory fishes as material and process subsidies in riverine ecosystems. American 

Fisheries Society Symposium, 73, 559-592. 

Flitcroft, R.L., Burnett, K.M., Reeves, G.H., & Ganio, L.M. (2012). Do network relationships 

matter? Comparing network and in-stream habitat variables to explain densities of 

juvenile coho salmon (Oncorhynchus kisutch) in mid-coastal Oregon, U.S.A. Aquatic 

Conservation: Marine and Freshwater Ecosystems, 22(3), 288-302. 

Foley, K., Rosenberger, A., & Mueter, F. (2015). Effectiveness of single-pass backpack 

electrofishing to estimate juvenile coho salmon abundance in Alaskan headwater streams. 

Fisheries Science, 81(4), 601-610. 

Foley, K., Rosenberger, A., & Mueter, F.J. (2018). Longitudinal patterns of juvenile Coho 

Salmon distribution and densities in headwater streams of the Little Susitna River, 

Alaska. Transactions of the American Fisheries Society, 147(2), 247-264 

Ford, M.J., Murdoch, A., & Hughes, M. (2015). Using parentage analysis to estimate rates of 

straying and homing in Chinook Salmon (Oncorhynchus tshawytscha). Molecular 

Ecology, 24, 1109–1121. 

Fornaroli, R., Cabrini, R., Sartori, L., Marazzi, F., Canobbio, S., & Mezzanotte, V. (2016). 

Optimal flow for brown trout: Habitat-prey optimization. Science of the Total 

Environment, 566-567, 1568–1578. 

Frank, B.M., Gimenez, O., & Baret, P.V. (2012). Assessing brown trout (Salmo trutta) 

spawning movements with multistate capture-recapture models: A case study in a fully 

controlled Belgian brook. Canadian Journal of Fisheries and Aquatic Sciences, 69, 1091– 

1104 

Freyhof, J. (2011). Salmo trutta. The IUCN Red List of Threatened Species. Retrieved from 

http://dx.doi.org/10.2305/IUCN.UK.2008. RLTS.T19861A9050312.en. 

Fryxell, J.M. & Sinclair, A.R.E. (1988). Causes and consequences of migration by large 

herbivores. Trends in Ecology and Evolution 3, 237–241. 

http://dx.doi.org/10.2305/IUCN.UK.2008


107  

Gabrielsson, R.M., Kim, J., Reid, M.R., Stirling, C. H., Numata, M. & Closs, G.P. (2012). 

Does the trace element composition of brown trout Salmo trutta eggs remain unchanged 

in spawning redds? Journal of Fish Biology, 81, 1871-1879. 

https://doi.org/10.1111/j.1095-8649.2012.03396.x 

Galbraith, H., Blakeslee, C., Cole, C., Talbert, J. & Maloney, K. (2016). Evaluating methods to 

establish habitat suitability criteria: A case study in the upper Delaware River Basin, 

USA. River Research and Applications, 32, 1765-1775. 

Gillanders, B.M., Izzo, C., Doubleday, Z.A., & Ye, Q. (2015). Partial migration: growth varies 

between resident and migratory fish. Biology letters, 11(3), 20140850. 

Gisbert, E., & Ruban, GI (2003). Ontogenetic behavior of Siberian sturgeon, Acipenser baerii: 

A synthesis between laboratory tests and field data. Environmental Biology of Fishes, 67, 

311. https://doi.org/10.1023/A:1025851502232 

Glubokovsky, M.K., & Zhivotovski, L.A. (1989). Популяционная структура горбуши 

[Population structure of pink salmon]. In: M.K. Glubokovsky, A.B. Zhermunski and V.V. 

Effremov (Eds.), Лососевоe хозяйствo Дальнего Востока. [Transactions of Salmon 

Management of the Far East.] (pp. 34-51). Vladivostok, USSR: USSR Academy of 

Sciences, Far-Eastern Brunch (in Russian). 

Gnanadesikan, G.E., Pearse, W.D., & Shaw, A.K. (2017). Evolution of mammalian migrations 

for refuge, breeding, and food. Ecology and Evolution, 7(15), 5891–5900. 

https://doi.org/10.1002/ece3.3120 

Goodwin, J.C.A., King, A., Jones, J., Ibbotson, A., & Stevens, J. (2016). A small number of 

anadromous females drive reproduction in a brown trout (Salmo trutta) population in an 

English chalk stream. Freshwater Biology, 61(7), 1075-

1089.https://doi.org/61.10.1111/fwb.12768. 

Gortázar, J., Alonso, C., & García de Jalón, D. (2012). Brown trout redd superimposition in 

relation to spawning habitat availability. Ecology of Freshwater Fish, 21, 283-292. 

Gortázar, J., García de Jalón, D., Alonso-González, C., Vizcaíno, P., Baeza, D., & Marchamalo, 

M. (2007). Spawning period of a southern brown trout population in a highly 

unpredictable stream. Ecology of Freshwater Fish, 16, 515–527.  

Grant, J.W.A., & Kramer, D.L. (1990). Territory size as a predictor of the upper limit to 

population density of juvenile salmonids in streams. Canadian Journal of Fisheries and 

Aquatic Sciences, 47, 1724-1737. https://doi.org/10.1139/f90-197 

Grayson, K.L., & Wilbur, H.M. (2009). Sex- and context-dependent migration in a pond- 

breeding amphibian. Ecology, 90, 306 – 311. 

Gross, M.R. (1987). The evolution of diadromy in fishes. American Fisheries Society 

Symposium, 1, 14-25. 

Gross, M.R., Coleman, R.M. & McDowall, R.M. (1988). Aquatic productivity and the 

evolution of diadromous fish migration. Science, 239, 1291–1293 

Gruner, D.S. (2003). Regressions of length and width to predict arthropod biomass in the 

Hawaiian Islands. Pacific Science, 57, (325-336). 



108  

Guiñez, R. (2005). A review on self-thinning in mussels. Revista de Biologia Marina y 

Oceanografia, 40, 1–6 

Gunnarsson, G.S., & Steingrímsson, S.Ó. (2011). Contrasting patterns of territoriality and 

foraging mode in two stream-dwelling salmonids, Arctic char (Salvelinus alpinus) and 

brown trout (Salmo trutta). Canadian Journal of Fisheries and Aquatic Sciences, 68, 

2090-2100. https://doi.org/10.1139/f2011-127 

Habicht, C., Tobias, T.M., Fandrei, G., Webber, N., Lewis, B. & Grant, W.S. (2013). Homing 

of sockeye salmon within Hidden Lake, Alaska, can be used to achieve hatchery 

management goals, North American Journal of Fisheries Management, 33 (4), 777-782. 

https://doi.org/10.1080/02755947.2013.808290 

Haldane, J.B.S. (1956). The relation between density regulation and natural selection. 

Proceedings of the Royal Society B, 145, 306-308. 

Hansson, L.A., & Hylander, S. (2009). Size-structured risk assessments govern Daphnia 

migration. Proceedings of the Royal Society B: Biological Sciences, 276, 331 – 336. 

Harding, J.S., Clapcott, J.E., Quinn, J.M., Hayes, J.W., Joy, M.K., Storey, R.G., Greig, H.S., 

Hay, J., James, T., Beech, M.A., Ozane, R., Meredith, A.S., & Boothroyd, I.K.D. (2009). 

Stream habitat assessment protocols for wadeable rivers and streams of New Zealand. 

Christchurch, New Zealand: University of Canterbury Press. 

Hayes, J.W. (1988). Comparative stream residence of juvenile brown and rainbow trout in a 

small lake inlet tributary, Scotts Creek, New Zealand. New Zealand Journal of Marine 

and Freshwater Research, 22(2), 181-188. 

Hayes, J.W. (1995). Spatial and temporal variation in the relative density and size of juvenile 

brown trout in the Kakanui River, North Otago, New Zealand. New Zealand Journal of 

Marine and Freshwater Research, 29, 393-407.  

Hayes, J.W. & Jowett, I.G. (1994). Microhabitat models of large drift-feeding brown trout in 

three New Zealand rivers. North American Journal of Fisheries Management, 14, 710- 

725. 

Hayes, J.W., Olsen, D.A., & Hay, J. (2010). The influence of natural variation in discharge on 

juvenile brown trout population dynamics in a nursery tributary of the Motueka River, 

New Zealand. New Zealand Journal of Marine and Freshwater Research, 44(4), 247 — 

269. 

Hayes, J.W., Goodwin, E., Shearer, K.A., Hay, J. & Kelly, L. (2016). Can weighted useable 

area predict flow requirements of drift-feeding salmonids? Comparison with a net rate of 

energy intake model incorporating drift–flow processes. Transactions of the American 

Fisheries Society, 145(3), 589-609. https://doi.org/10.1080/00028487.2015.1121923 

Hegemann, A., Marra, P.P., & Tieleman, B.I. (2015). Causes and consequences of partial 

migration in a passerine bird. American Naturalist, 186, 531–546. 

Heggenes, J., Baglinière, J.L., & Cunjak, R.A. (1999). Spatial niche variability for young 

Atlantic salmon (Salmo salar) and brown trout (S. trutta) in heterogeneous streams. 

Ecology of Freshwater Fish, 8, 1–21. 



109  

Hickey, M.A., & Closs, G.P. (2006). Evaluating the potential of night spotlighting as a method 

for assessing species composition and brown trout abundance: a comparison with 

electrofishing in small streams. Journal of Fish Biology, 69(5), 1513-1523. 

Hindar, K. (1992). Ecological and genetic studies on salmonid populations with emphasis on 

identifying causes for their variation. (Unpublished doctoral dissertation). University of 

Oslo, Oslo, Sweden. 

Hindar, R., Ryman, N., & Utter, F. (1991). Genetic effects of cultured fish on natural fish 

populations. Canadian Journal of Fisheries and Aquatic Sciences, 48, 945–957. 

Höjesjö, J., Johnsson, J., & Bohlin, T. (2004). Habitat complexity reduces the growth of 

aggressive and dominant brown trout (Salmo trutta) relative to subordinates. Behavioral 

Ecology and Sociobiology, 56, 286–289. 

Höjesjö, J., Kaspersson, R. & Armstrong, J. (2015). Size-related habitat use in juvenile Atlantic 

salmon: the importance of inter-cohort competition. Canadian Journal of Fisheries and 

Aquatic Sciences, 73 (8), 1182-1189. https://doi.org/10.1139/cjfas-2015-0446. 

Holmes, R., Hayes, J. W., Jiang, W., Quarterman, A. & Davey, L.N. (2014). Emigration and 

mortality of juvenile brown trout in a New Zealand headwater tributary. Ecology of 

Freshwater Fish, 23, 631-643. 

Holmes, R., Matthaei, C., Gabrielsson, R., Closs, G., & Hayes, J. (2018). A decision support 

system to diagnose factors limiting stream trout fisheries. River Research and 

Applications, 34, 816–823. https://doi.org/10.1002/rra.3292 

Hope, D. (1928). Whitebait (Galaxias attenuatus); growth and value at trout food. Transactions 

and Proceedings of the New Zealand Institute, 58, 389-391. 

Hubert, W.A., Harris, D.D. & Wesche, T.A. (1994). Diurnal shifts in use of summer habitat by 

age-0 brown trout in a regulated mountain stream. Hydrobiologia, 284, 147-156. 

https://doi.org/10.1007/BF00006886 

Hughes, N.F., & Dill, L.M. (1990). Position choice by drift-feeding salmonids: model and test 

for Arctic grayling (Thymallus arcticus) in subarctic mountain streams, interior Alaska. 

Canadian Journal of Fisheries and Aquatic Sciences, 47, 2039- 2048. 

Hughes, N.F. (1992). Selection of positions by drift-feeding salmonids in dominance 

hierarchies: model and test for Arctic grayling (Thymallus arcticus) in subarctic mountain 

streams, interior Alaska. Canadian Journal of Fisheries and Aquatic Sciences, 49, 1999– 

2008. 

Hughes, N.F., Hayes, J.W., Shearer, K.A., & Young, R.G., (2003). Testing a model of drift- 

feeding using 3D videography of wild brown trout in a New Zealand river. Canadian 

Journal of Fisheries and Aquatic Sciences, 60, 1462–1476. 

Huntsman, B.M., & Petty, J.T. (2014). Density dependent Regulation of Brook Trout 

Population Dynamics along a Core-Periphery Distribution Gradient in a 

CentralAppalachian Watershed. PLoS ONE, 9(3): 

e91673.https://doi.org/10.1371/journal.pone.0091673 

 



110  

Huryn, A.D. (1996). An appraisal of the Allen paradox in a New Zealand trout stream. 

Limnology and Oceanography, 41, 243-252. 

Huryn, A.D. (1998). Ecosystem-level evidence for top-down and bottom-up control of 

production in a grassland stream system. Oecologia, 115(1-2), 173–183. 

https://doi.org/10.1007/s004420050505 

James, D.A., Csargo, I.J., Von Eschen, A., Thul, M.D., Baker, J.M., Hayer, C.-A., Howell, J., 

Krause, J., Letvin, A., & Chipps, S.R. (2011). A generalized model for estimating the 

energy density of invertebrates. Freshwater Science, 31, 69–77. 

James, G., Witten, D., Hastie, T., & Tibshirani, R. (2014). An Introduction to Statistical 

Learning—with Applications in R. Springer. 

Jellyman, P.G., McHugh, P.A., Simon, K.S., Thompson, R.M. & McIntosh, A.R. (2017). The 

effects of Brown Trout on the trophic webs of New Zealand streams. In J. Lobón-

Cerviá, & N. Sanz (Eds.) Brown Trout: Biology, Ecology and Management. (pp. 569- 

598). Hoboken, NJ: John Wiley & Sons. https://doi.org/10.1002/9781119268352.ch22 

Jensen, K.W. (1968). Sea trout (Salmo trutta L.) of the river Istra, western Norway. Reports of 

Institute of Freshwater Research, Drottningholm, 48, 187-213. 

Jensen, L.F., Hansen, M.M., Pertoldi, C., Holdensgaard, G., Mensberg, K.L., & Loeschcke, V. 

(2008). Local adaptation in brown trout early life-history traits: implications for climate 

change adaptability. Proceedings. Biological sciences, 275(1653), 2859-2868. 

Jensen, A.J., Diserud, O.H., Finstad, B., Fiske, P., & Rikardsen, A.H. (2015). Between- 

watershed movements of two anadromous salmonids in the Arctic. Canadian Journal of 

Fisheries and Aquatic Sciences, 72, 855-863. https://doi.org/10.1139/cjfas-2015-0015 

Jiang, L. (2015). Economic value of freshwater recreational angling in Otago. A travel cost 

method approach. (Unpublished master's thesis). University of Otago, Dunedin, New 

Zealand. 

Jiang, L., & Kulczycki, A. (2004). Competition, predation and species responses to 

environmental change. Oikos, 106, 217-224. 

Jokiel, P.L. (1984). Long distance dispersal of reef corals by rafting. Coral Reefs, 3(2), 113– 

116. 

Jones, D.R., Kiceniuk, J.W., & Bamford, O.S. (1974). Evaluation of swimming performance of 

several fish species from the MacKenzie River. Journal of the Fisheries Research Board 

of Canada, 31, 1641-1647. 

Jones, D.A., Bergman, E., & Greenberg, L. (2015). Food availability in spring affects smolting 

in brown trout (Salmo trutta). Canadian Journal of Fisheries and Aquatic Sciences, 

72(11), 1694-1699. 

Jones, D.A. (2018). Environmental regulation of migratory movements by juvenile brown trout 

(Salmo trutta) (Unpublished doctoral dissertation). University of Otago, Dunedin, New 

Zealand. 

 

 



111  

Jones, D.A., Akbaripasand, A., Nakagawa, S., & Closs, G. (2019). Landscape features 

determine brown trout population structure and recruitment dynamics. Ecology of 

Freshwater Fish, 00, 1– 9. https://doi.org/10.1111/eff.12474 

Jones, P., & Closs, G. (2017). The Introduction of Brown Trout to New Zealand and their 

Impact on Native Fish Communities. In J. Lobón-Cerviá, & N. Sanz (Eds.) Brown Trout: 

Biology, Ecology and Management. (pp. 545-567). Hoboken, NJ: John Wiley & Sons. 

https://doi.org/10.1002/9781119268352.ch21  

Johnson, R.L., Blumenshine, S.C. & Coghlan, S.M. (2006). A bioenergetic analysis of factors 

limiting Brown Trout growth in an Ozark tailwater river. Environmental Biology of 

Fish, 77, 121-132. https://doi.org/10.1007/s10641-006-9059-7 

Johnson J.H. & McKenna Jr J.E. (2015). Diel Resource Partitioning among Juvenile Atlantic 

Salmon, Brown Trout, and Rainbow Trout during Summer. North American Journal of 

Fisheries Management, 35(3), 586-597. doi:10.1080/02755947.2015.1017121 

Johnson J.H., Chalupnicki M., & Abbett, R. (2016). Feeding periodicity, diet composition, 

and food consumption of subyearling rainbow trout in winter. Environ. Biol. Fishes, 

99(10), 771–778. doi:10.1007/s10641-016-0521-x. 

Jonsson, B. & Jonsson, N. (1993). Partial migration: niche shift versus sexual maturation in 

fishes. Reviews of Fish Biology and Fisheries, 3, 348 – 365. 

Jonsson, N. & Jonsson, B. (1999). Trade-off between egg mass and egg number in brown trout. 

Journal of Fish Biology, 55, 767–783. 

Jonsson, B., Jonsson, N., Brodtkorb, E., & Ingebrigtsen, P.J. (2001). Life-history traits of brown 

trout vary with the size of small streams. Functional Ecology, 15, 310–317 

Jonsson, B., Jonsson, N. & Hansen, L.P. (2003). Atlantic salmon straying from the River Imsa. 

Journal of Fish Biology, 62, 641–657. 

.Jonsson, B., Muniz, I.P., & Jonsson, N. (2004). Sjøaureovervakning langs Skagerrakkysten: 

Erfaringer fraet forprosjekt utført i perioden 1998-2003 [Sea trout monitoring on the 

Skagerrak coast. Experiences from a pre-project carried out during 1998-2003]. NINA 

Minirapport, 54, 1–31 (In Norwegian). 

Jonsson, B., & Jonsson, N. (2006). Life-history effects of migratory costs in anadromous brown 

trout. Journal of Fish Biology, 69(3), 860–869. https://doi.org/10.1111/j.1095- 

8649.2006.01160.x 

Jonsson, B., & Jonsson, N. (2011). Ecology of Atlantic salmon and brown trout: habitat as a 

template for life-histories. Dordrecht, Heidelberg, London, New York: Springer. 

Jonsson, B., Jonsson, N., & Jonsson, M. (2018). Water level influences migratory patterns of 

anadromous brown trout in small streams. Ecology of Freshwater Fish. 27, 1–10. 

https://doi.org/10.1111/eff.12415 

Jonsson, T. (2017). Metabolic theory predicts animal self-thinning. Journal of Animal Ecology, 

86, 645-653. https://doi.org/10.1111/1365-2656.12638 

 

 



112  

Jowett, I.G. (1993). A method for objectively identifying pool, run, and riffle habitats from 

physical measurements. New Zealand Journal of Marine and Freshwater Research, 

27(2), 241-248. https://doi.org/10.1080/00288330.1993.9516563 

Jowett, I.G., Hayes, J.W., & Duncan, M.J. (2008). A guide to instream habitat survey methods 

and analysis. NIWA Science and Technology Series No. 54. 

Jowett, I.G., & Richardson, J. (2008). Habitat use by New Zealand fish and habitat suitability 

models. NIWA Science and Technology Series No. 55. Wellington, NIWA.  

Kaeriyama, H., & Ikeda, T. (2002). Body allometry and developmental characteristics of the 

three dominant pelagic ostracods (Discoconchoecia pseudodiscophora, Orthoconchoecia 

haddoni, and Metaconchoecia skogsbergi) in the Oyashio region, western North Pacific, 

Plankton Biology and Ecology, 49, 97–100. 

Kaspersson, R., Sundström, F., Bohlin, T., & Johnsson, J.I. (2013). Modes of competition:  

adding and removing Brown Trout in the wild to understand the mechanisms of density-

dependence.  PLoS ONE 8(5): e62517. https://doi.org/10.1371/journal.pone.0062517 

Keefer, M.L., & Caudill, C.C. (2014). Homing and straying by anadromous salmonids: a review 

of mechanisms and rates. Reviews in Fish Biology and Fisheries, 24(1), 333–368. 

Keeley, E.R. (2000). An experimental analysis of territory size in juvenile steelhead trout. 

Animal Behavior, 59, 477–490. 

Keeley, E.R. (2003). An experimental analysis of self-thinning in juvenile steelhead trout. 

Oikos, 102, 543-550. 

Kendall, N.W., McMillan, J.R., Sloat, M.R., Buehrens, T.W., Quinn, T.P., Pess, G.R., 

Kuzishchin, K.V., McClure, M.M., & Zabel, R.W. (2015). Anadromy and residency in 

steelhead and rainbow trout (Oncorhynchus mykiss): a review of the processes and 

patterns. Canadian Journal of Fisheries and Aquatic Sciences, 72(3), 319-342. 

Khodorevskaya, R.P., Ruban, G.I., & Pavlov, D.S. (2009). Behaviour, migrations, distribution 

and stocks of sturgeons in the Volga-Caspian basin. Norderstedt, Germany: Books on 

Demand. 

Kimirei, I.A., Nagelkerken, I., Trommelen, M., Blankers, P., Van Hoytema, N., Hoeijmakers, 

D., Huijbers, C.M., Mgaya YD, & Rypel AL (2013). What drives ontogenetic niche shifts 

of fishes in coral reef ecosystems? Ecosystems, 16, 783–796. 

King, R.A., Hillman, R., Elsmere, P., Stockley, B., & Stevens, J.R. (2016). Investigating 

patterns of straying and mixed stock exploitation of sea trout, Salmo trutta, in rivers 

sharing an estuary in south-west England. Fisheries Management and Ecology, 23, 376- 

389. https://doi.org/10.1111/fme.12181 

Kitagawa, T., Kato, Y., Miller, M.J., Sasai, Y., Sasaki, H., & Kimura, S. (2010). The restricted 

spawning area and season of Pacific bluefin tuna facilitate use of nursery areas: A 

modeling approach to larval and juvenile dispersal processes. Journal of Experimental 

Marine Biology and Ecology. 393(1-2), 23-31. 

https://doi.org/10.1016/j.jembe.2010.06.016  

 

https://doi.org/10.1016/j.jembe.2010.06.016


113  

Kitanishi, S., Yamamoto, T., Koizumi, I., Dunham, J.B., & Higashi, S. (2012). Fine scale 

relationships between sex, life-history, and dispersal of masu salmon. Ecology and 

Evolution, 2(5), 920–929. https://doi.org/10.1002/ece3.228 

Klemetsen, A., Amundsen, P.A., Dempson, J.B., Jonsson, B., Jonsson, N., O'Connell, M.F., & 

Mortensen, E. (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. 

Klyashtorin, L.B. (1989). Хоминг горбуши [Homing of the pink salmon], Рыбное xозяйство 

[Fisheries], 1, pp. 56–58 (in Russian). 

Knapp, R.A., Matthews, K.R. & Sarnelle, O. (2001). Resistance and resilience of alpine lake 

fauna to fish introductions. Ecological Monographs, 71, 401–421. 

Knutsen, J.A., Knutsen, H., Gjøsæter, J., & Jonsson, B. (2001a). Food of anadromous brown 

trout at sea. Journal of Fish Biology, 59, 533−543 

Knutsen, H., Knutsen, J.A., & Jorde, P.E. (2001b). Genetic evidence for mixed origin of 

recolonized sea trout populations. Heredity, 87, 207–214. 

Kondolf, G.M. & Wolman, M.G. (1993). The sizes of salmonid spawning gravels. Water 

Resources Research, 29(7), 2275-2285. 

Koski, K V. 2009. The fate of coho salmon nomads: the story of an estuarine-rearing strategy 

promoting resilience. Ecology and Society, 14(1), 4. Retrieved from: 

http://www.ecologyandsociety.org/vol14/iss1/art4/ 

Kreivi, P., Muotka, T., Huusko, A., Mäki-Petäys, A., Huhta, A. & Meissner, K. (1999). Diel 

feeding periodicity, daily ration and prey selectivity in juvenile brown trout in a subarctic 

river. Journal of Fish Biology, 55, 553-571. https://doi.org/10.1111/j.1095- 

8649.1999.tb00699.x 

Kristensen, E.A. (2006). Population dynamics, spawning and movements of brown trout in 

Taieri River tributary streams. (Unpublished doctoral dissertation). University of Otago, 

Dunedin, New Zealand. 

Kristensen, E.A. & Closs, G.P. (2008a). Environmental variability and population dynamics of 

juvenile brown trout (Salmo trutta) in an upstream and downstream reach of a small New 

Zealand river. New Zealand Journal of Marine and Freshwater Research, 42(1): 57-71. 

Kristensen, E.A. & Closs, G.P. (2008b). Variation in growth and aggression of juvenile brown 

trout (Salmo trutta) from upstream and downstream reaches of the same river. Ecology of 

Freshwater Fish, 17, 130-135. 

Kristensen, E.A., Closs, G.P., Olley, R., Kim, J., Reid, M., & Stirling, C. (2011). Determining 

the spatial distribution of spawning by anadromous and resident brown trout Salmo trutta 

L using strontium content of eggs collected from redds. Ecology of Freshwater Fish, 

20(3), 377-383. 

Kruse, C.G., Hubert, W.A., & Rahel, F.J. (1998). Single-pass electrofishing predicts trout 

abundance in mountain streams with sparse habitat. North American Journal of Fisheries 

Management, 18(4), 940-946. 



114  

Kvingedal, E., Grant, J., & Einum, S. (2011). Intracohort and intercohort spatial density 

dependence in juvenile brown trout (Salmo trutta). Canadian Journal of Fisheries and 

Aquatic Sciences, 68, 115-121. 

L’Abée-Lund, J.H., Jonsson, B., Jensen, A.J., Saettem, L.M., Heggberget, T.G., Johnsen, B.O., 

& Naesje, T.F. (1989). Latitudinal variation in life-history characteristics of sea-run 

migrant brown trout Salmo trutta. Journal of Animal Ecology, 58, 525–542. 

L’Abée-Lund, J.H. (1991). Variation within and between rivers in adult size and sea age at 

maturity of anadromous brown trout, Salmo trutta. Canadian Journal of Fisheries and 

Aquatic Sciences, 48, 1015–1021. 

Labelle, M. (1992). Straying patterns of coho salmon (Oncorhynchus kisutch) stocks from 

southeast Vancouver Island, British Columbia. Canadian Journal of Fisheries and 

Aquatic Sciences, 49, 1843-1855. 

Landergren, P. (2004). Factors affecting early migration of sea trout Salmo trutta parr to 

brackish water. Fisheries Research, 67(3), 283–294. 

Lange, K., Townsend, C.R., Gabrielsson, R., Chanut, P.C.M., & Matthaei, C.D., (2014). 

Responses of stream fish populations to farming intensity and water abstraction in an 

agricultural catchment. Freshwater Biology, 59, 286–299. 

Lintermans, M. (2000). Recolonization by the mountain galaxias Galaxias olidus of a mountain 

stream after the eradication of rainbow trout Oncorhynchus mykiss. Marine and 

Freshwater Research, 51, 799–804. 

Litchfield, N., Craw, D., Koons, P.O., Edge, B., Perraudin, E., & Peake, B. (2002). Geology 

and geochemistry of groundwater within the Taieri Basin, east Otago, New Zealand. New 

Zealand Journal of Geology and Geophysics, 45(4), 481-497. 

https://doi.org/10.1080/00288306.2002.9514987 

Lobón-Cerviá, J. (2005). Spatial and temporal variation in the operation of density dependence 

on growth of stream-living trout (Salmo trutta L.). Canadian Journal of Fisheries and 

Aquatic Sciences, 62, 1231–1242. https://doi.org/10.1139/F05– 034 

Lobón-Cerviá, J. (2007). Numerical changes in stream-resident brown trout (Salmo trutta): 

uncovering the roles of density dependent and density-independent factors across space 

and time. Canadian Journal of Fisheries and Aquatic Sciences, 64, 1429–1447.  

Lobón-Cerviá, J. (2008). Habitat quality enhances spatial variation in the self-thinning patterns 

of stream-resident brown trout (Salmo trutta). Canadian Journal of Fisheries and Aquatic 

Sciences, 65(9), 2006-2015. 

Lobón-Cerviá, J. (2009). Recruitment as a driver of production dynamics in stream-resident 

brown trout (Salmo trutta). Freshwater Biology, 54: 1692-1704. 

https://doi.org/10.1111/j.1365-2427.2009.02218.x 

Lobón-Cerviá, J., & Sanz, N. (2017). Brown Trout: Biology, Ecology and Management. 

Hoboken, NJ: John Wiley & Sons. 

 

 



115  

Lobón-Cerviá, J., Rasmussen, G.H., & Mortensen, E. (2017). Discharge-dependent recruitment 

in stream spawning brown trout. In J. Lobón-Cerviá, & N. Sanz (Eds.) Brown Trout: 

Biology, Ecology and Management. (pp. 297 -318). Hoboken, NJ: John Wiley & Sons 

https://doi.org/10.1002/9781119268352.ch13 

Louhi, P., Mäki-Petäys, A., & Erkinaro, J. (2008). Spawning habitat of Atlantic salmon and 

brown trout: general criteria and intragravel factors. River research and applications, 

24(3), 330-339. 

Lucas, M.C., & Baras, E. (2001). Migration of freshwater fishes. Oxford, UK: Blackwell 

Scientific Publications Ltd. 

Lund, E., Olsen, E.M. & Vøllestad, L.A. (2003). First-year survival of brown trout in three 

Norwegian streams. Journal of Fish Biology, 62, 323-340. https://doi.org/10.1046/j.1095- 

8649.2003.00025.x 

Lundberg, P. (1988). The evolution of partial migration in birds. Trends in Ecology and 

Evolution, 3, 172 – 175. 

Maher, C.R., & Lott, D.F. (2000). A review of ecological determinants of territoriality within 

vertebrate species. American Midland Naturalist, 143, 1-29. 

Martin, J., Bareille, G., Berail, S., Pecheyran, C., Gueraud, F., Lange, F., Daverat, F., Bru, N., 

Beall, E., Barracou, D., & Donard, O. (2013). Persistence of a southern Atlantic salmon 

population: diversity of natal origins from otolith elemental and Sr isotopic signatures. 

Canadian Journal of Fisheries and Aquatic Sciences, 70, 182–197. http://dx.doi. 

org/10.1139/cjfas-2012-0284 

McDowall, R.M. (1994). Gamekeepers for the nation: the story of New Zealand's 

acclimatisation societies, 1861-1990. Christchurch, New Zealand: Canterbury University 

Press. 

McDowall, R.M. (2001). Anadromy and homing: two life-history traits with adaptive synergies 

in salmonid fishes? Fish and Fisheries, 2, 78–85. 

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.  

McDowall, R.M. (2010). Historical and ecological context, pattern and process, in the 

derivation of New Zealand's freshwater fish fauna. New Zealand Journal of Ecology, 34 

(1), 185–194. 

McIntosh, A.R., McHugh, P.A., Dunn, N.R., Goodman, J.M., Howard, S.W., Jellyman, P.G., 

O’Brien, L.K., Nyström, P. & Woodford, D.J. (2010). The impact of trout on galaxiid 

fishes in New Zealand. New Zealand Journal of Ecology, 34(1), 195-206. 

McKeown, N.J., Hynes, R.A., Duguid, R.A., Ferguson, A. & Prodöhl, P.A. (2010). 

Phylogeographic structure of brown trout Salmo trutta in Britain and Ireland: glacial 

refugia, postglacial colonization and origins of sympatric populations. Journal of Fish 

Biology, 76, 319-347. https://doi.org/10.1111/j.1095-8649.2009.02490.x 

 

https://doi.org/10.1046/j.1095-%208649.2003.00025.x
https://doi.org/10.1046/j.1095-%208649.2003.00025.x
http://dx.doi/
https://doi.org/10.1111/j.1095-8649.2009.02490.x


116  

Milhous, R.T. & Waddle, T.J. (2012). Physical Habitat Simulation (PHABSIM) Software for 

Windows. Fort Collins, CO: USGS Fort Collins Science Center. 

Mills, D. (1994). Evidence of straying from wild Atlantic salmon, Salmo salar L., smolt 

transportation experiments in northern Scotland. Aquaculture Research, 25, 3-8. 

https://doi.org/10.1111/are.1994.25.s2.3 

Milner, A.M. & Bailey, R.G. (1989). Salmonid colonization of new streams in Glacier Bay 

National Park, Alaska. Aquaculture Research, 20, 179-192. 

https://doi.org/10.1111/j.1365-2109.1989.tb00343.x 

Miserendino, M.L. (2001). Length mass relationships for macroinvertebrates in freshwater 

environments of Patagonia (Argentina). Austral Ecology, 11, 3-8. 

Mitton, J.B., Berg C.J. Jr., & Orr, K.S. (1989). Population structure, larval dispersal, and gene 

flow in the queen conch, Strombus gigas, of the Caribbean. Biological Bulletin, 177, 356- 

362. 

Mohapatra, A., Ohms, H.A., Lytle, D.A. & De Leenheer, P. (2015). Population models with 

partial migration. Journal of Difference Equations and Applications, 22(2), 316–329. 

https://doi.org/10.1080/10236198.2015.1091451 

Montorio, L., Evanno, G., & Nevoux, M. (2018). Intra- and interspecific densities shape life- 

history traits in a salmonid population. Oecologia, 188, 451-464. 

https://doi.org/10.1007/s00442-018-4213-4 

Motodo, S. (1959). Devices of simple plankton apparatus. Memoirs of the Faculty of Fisheries 

Sciences, 7, 73-94. 

Mortensen, D.G., Wertheimer, A.C., Maselko, J.M. & Taylor, S.G. (2002). Survival and 

straying of Auke Creek, Alaska, pink salmon marked with coded wire tags and thermally 

induced otolith marks. Transactions of the American Fisheries Society, 131(1), 14-26. 

https://doi.org/10.1577/1548-8659(2002)131<0014:SASOAC>2.0.CO;2  

Munakata, A. (2012). Migratory behaviours in Masu salmon (Oncorhynchus masou) and the 

influence of endocrinological factors. Aqua - BioScience Monographs, 5(2), 29-65. 

Murdoch, W.W. (1994). Population regulation in theory and practice. Ecology, 75, 271–287. 

Mutshinda, C.M., O'Hara, R.B. & Woiwod, I.P. (2009). What drives community dynamics? 

Proceedings of the Royal Society B: Biological Sciences, 276(1669), 2923-2929. 

Myrvold, K.M. & Kennedy, B.P. (2015). Local habitat conditions explain the variation in the 

strength of self-thinning in a stream salmonid. Ecology and Evolution, 5(16), 3231-42. 

Naman, S.M., Rosenfeld, J.S., & Richardson, J.S. (2016). Causes and consequences of 

invertebrate drift in running waters: from individuals to populations and trophic fluxes 

Canadian Journal of Fisheries and Aquatic Sciences, 73, 1292-1305, 

https://doi.org/10.1139/cjfas-2015-0363 

Näslund, I., Degerman, E. & Nordwall, F. (1998). Brown trout (Salmo trutta) habitat use and 

life-history in Swedish streams: possible effects of biotic interactions. Canadian Journal 

of Fisheries and Aquatic Sciences, 55, 1034–1042. 

 

https://doi.org/10.1577/1548-8659(2002)131%3c0014:SASOAC%3e2.0.CO;2


117  

Näslund, J., & Johnsson, J.I. (2016). State-dependent behavior and alternative behavioral 

strategies in brown trout (Salmo trutta L.) fry. Behavioral ecology and sociobiology, 70 

(12), 2111-2125. 

Nebel, S. (2010). Animal Migration. Nature Education Knowledge, 3(10), 77. 

Nicola, G.G. & Almòdovar, A. (2002). Reproductive traits of stream-dwelling brown trout 

Salmo trutta in contrasting neighbouring rivers of central Spain. Freshwater Biology, 47, 

1353–1365. 

Nicola, G.G., Almodóvar, A., Jonsson, B., & Elvira, B. (2008). Recruitment variability of 

resident brown trout in peripheral populations from southern Europe. Freshwater 

Biology, 53, 2364–2374. 

Nordwall, F., Näslund, I., & Degerman, E. (2001). Inter-cohort competition effects on survival, 

movement, and growth of brown trout (Salmo trutta) in Swedish streams. Canadian 

Journal of Fisheries and Aquatic Sciences, 58, 2298–2308. 

Northcote, T.G. (1992). Migration and residency in stream salmonids — some ecological 

considerations and evolutionary consequences. Nordic Journal of Freshwater Research, 

67, 5–17. 

O'Briain, R., Coghlan, B., Shephard, S., & Kelly, F.L. (2019). River modification reduces 

climate resilience of brown trout (Salmo trutta) populations in Ireland. Fisheries 

Management and Ecology, 00, 1–15. https://doi.org/10.1111/fme.12326 

Olley, R., Young, R.G., Closs, G.P., Kristensen, E.A., Bickel, T.O., Deans, N.A., Davey, L.N., 

& Eggins, S.M. (2011). Recruitment sources of brown trout identified by otolith trace 

element signatures. New Zealand Journal of Marine and Freshwater Research, 45(3): 

395-411. 

Olsson, I.C. & Greenberg L.A. (2004). Partial migration in a landlocked brown trout population. 

Journal of Fish Biology, 65(1), 106-121. 

Olsson, I.C., Greenberg, L.A., Bergman, E. & Wysujack, K. (2006). Environmentally induced 

migration: the importance of food. Ecology Letters, 9(6), 645-651. 

Ombredane, D., Bagliniere, J.L. & Marchand, F. (1998) The effects of Passive Integrated 

Transponder tags on survival and growth of juvenile brown trout (Salmo trutta L.) and 

their use for studying movement in a small river Hydrobiologia 371: 99. 

https://doi.org/10.1023/A:1017022026937 

Ottaway, E.M., Carling, P.A., Clarke, A. & Reader, N.A. (1981). Observations on the structure 

of brown trout, Salmo trutta Linnaeus, redds. Journal of Fish Biology, 19, 593-607. 

Östergren, J., Nilsson, J., & Lundqvist, H. (2012). Linking genetic assignment tests with 

telemetry enhances understanding of spawning migration and homing in sea trout Salmo 

trutta L. Hydrobiologia, 691, 123-134. https://doi.org/10.1007/s10750-012-1063-7 

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., & Hergt, J. (2011). Iolite: freeware for the 

visualisation and processing of mass spectrometric data. Journal of Analytical Atomic 

Spectrometry, 26, 2508–2518. 

 



118  

Petersen, H. (1975). Estimation of dry weight, fresh weight, and calorific content of various 

Collembolan species. Pedobiologia, 15, 222–243. 

Pess, G.R., Hilborn, R., Kloehn, K., & Quinn, T.P. (2012). The influence of population 

dynamics and environmental conditions on pink salmon (Oncorhynchus gorbuscha) 

recolonization after barrier removal in the Fraser River, British Columbia, Canada. 

Canadian Journal of Fisheries and Aquatic Sciences, 69, 970–982. 

Phillis, C.C., Moore, J.W., Buoro, M., Hayes, S.A., Garza, J.C., & Pearse, D.E. (2016). Shifting 

thresholds: rapid evolution of migratory life-histories in Steelhead/Rainbow Trout, 

Oncorhynchus mykiss. Journal of Heredity, 107(1), 51–60. 

https://doi.org/10.1093/jhered/esv085 

Piccolo, J.P., Frank, B.M., & Hayes, J.W. (2014). Food and space revisited: the role of drift- 

feeding theory in predicting the distribution, growth, and abundance of stream salmonids. 

Environmental Biology of Fishes, 97, 449–451. 

Power, G. (2002). Charrs, glaciations and seasonal ice. Environmental Biology of Fishes 64, 

17-35. https://doi.org/10.1023/A:1016066519418 

Quinn, T.P., & Myers, K.W. (2004). Anadromy and the marine migrations of Pacific salmon 

and trout: Rounsefell revisited. Reviews in Fish Biology and Fisheries, 14, 421–442. 

Quinn, T.P. (2005). The behavior and ecology of Pacific salmon and trout. Bethesda, Maryland: 

University of Washington Press. 

R Core Team (2017). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL http://www.R-project.org. 

Railsback, S.F., Harvey, B.C., & White, J.L. (2014). Facultative anadromy in salmonids: 

linking habitat, individual life-history decisions, and population-level consequences. 

Canadian Journal of Fisheries and Aquatic Science, 71, 1270–1278. 

Ramezani, J., Akbaripasand, A., Closs, G., & Matthaei, C. (2016). In-stream water quality, 

invertebrate and fish community health across a gradient of dairy farming prevalence in 

a New Zealand river catchment. Limnologica, 61, 14-28. 

https://doi.org/10.1016/j.limno.2016.09.002 

Réalis-Doyelle, E., Pasquet, A., De Charleroy, D., Fontaine, P., & Teletchea, F. (2016). Strong 

effects of temperature on the early life stages of a cold stenothermal fish species, Brown 

Trout (Salmo trutta L.). PLoS ONE 11(5): e0155487. 

Regnier, T., Labonne, J., Gaudin, P., & Bolliet, V. (2012). Influence of energetic status on 

ontogenetic niche shifts: Emergence from the red is linked to metabolic rate in brown 

trout. Oecologia, 168, 371–380. 

Reusch, T.B.H., & Hughes, A.R. (2006). The emerging role of genetic diversity for ecosystem 

functioning: Estuarine macrophytes as models. Estuaries and Coasts, 29, 159–164. 

Richard, A., Cattaneo, F., & Rubin, J.F. (2015). Biotic and abiotic regulation of a low-density 

stream-dwelling brown trout (Salmo trutta L.) population: effects on juvenile survival 

and growth. Ecology of Freshwater Fish, 24(1), 1-14. 

 

http://www.r-project.org/


119  

Richards, C.L., Wares, J.P. & Mackie, J.A. (2010). Evaluating adaptive processes for 

conservation and management of estuarine and coastal resources. Estuaries and Coasts, 

33, 805-810. https://doi.org/10.1007/s12237-010-9306-1 

Ricker, W.E. (1975). Computation and interpretation of biological statistics of fish 

populations. Bulletin of the Fisheries Research Board of Canada, 119. Ottawa. 

Rincón, P.A. & Lobón-Cerviá, J. (2002). Nonlinear self-thinning in a stream-resident 

population of brown trout (Salmo trutta). Ecology, 83, 808-816. 

Rohtla, M., Matetski, L., Svirgsden, R., Kesler, M., Taal, I., Saura, A., Vaittinen, M., & 

Vetemaa, M. (2017). Do sea trout Salmo trutta parr surveys monitor the densities of 

anadromous or resident maternal origin parr, or both? Fisheries Management and 

Ecology, 24, 156–162. https://doi.org/10.1111/fme.12214 

Rooker, J.R., Bremer, J.R.A., Block, B.A., Dewar, H., De Metrio, G., Corriero, A., Kraus, R.T., 

Prince, E.D., Rodríguez-Marín, Е. & Secor, D.H. (2007). Life-history and stock structure 

of Atlantic Bluefin Tuna (Thunnus thynnus). Reviews in Fisheries Science, 15(4), 265- 

310. https://doi.org/10.1080/10641260701484135  

Rosenfeld, J., Leiter, T., Lindner, G., & Rothman, L. (2005). Food abundance and fish density 

alters habitat selection, growth, and habitat suitability curves for juvenile coho salmon 

(Oncorhynchus kisutch). Canadian Journal of Fisheries and Aquatic Sciences, 62, 1691- 

1701. https://doi.org/10.1139/f05-072 

Rosenfeld, J.S., & Ptolemy, R. (2012). Modelling available habitat versus available energy flux: 

do PHABSIM applications that neglect prey abundance underestimate optimal flows for 

juvenile salmonids? Canadian Journal of Fisheries and Aquatic Sciences, 69, 1920– 

1934. 

Rosenfeld, J.S. & Tonn, W. (2014). Modelling the effects of habitat on self-thinning, energy 

equivalence, and optimal habitat structure for juvenile trout. Canadian Journal of 

Fisheries and Aquatic Sciences, 71(9), 1395-1406. https://doi.org/10.1139/cjfas-2013- 

0603. 

Rubin, J., Glimsäter, C., & Jarvi, T. (2005). Spawning characteristics of the anadromous brown 

trout in a small Swedish stream. Journal of Fish Biology, 66, 107-121. 

https://doi.org/10.1111/j.0022-1112.2005.00586.x 

Ruzzante, D.E., Hansen, M.M., Meldrup, D., & Ebert, K.M. (2004). Stocking impact and 

migration pattern in an anadromous brown trout (Salmo trutta) complex: where have all 

the stocked spawning sea trout gone? Molecular Ecology, 13, 1433-1445. 

https://doi.org/10.1111/j.1365-294X.2004.02162.x 

Ryan, D., Shephard, S., & Kelly, F.L. (2016). Temporal stability and rates of post-depositional 

change in geochemical signatures of brown trout Salmo trutta scales. Journal of Fish 

Biology, 89, 1704-1719. https://doi.org/10.1111/jfb.13081 

Sabo, J.L., Bastow, J.L., & Power, M.E. (2002). Length-mass relationships for adult aquatic 

and terrestrial invertebrates in a California watershed. Journal of the North American 

Benthological Society, 21(2), 336–343. 

 

https://doi.org/10.1080/10641260701484135


120  

Sambrook, H. (1990). Homing of sea trout: Evidence derived from the River Fowey stock. In 

M.J. Picken, & W.M. Shearer (Eds.) The Sea Trout in Scotland (pp. 13–24). Oban, 

Scotland: Dunstaffnage Marine Research Laboratory. 

Sánchez-Hernández, J., Shaw, S.L., Cobo, F., & Allen, M.S. (2016). Influence of a minimum- 

length limit regulation on wild Brown Trout: an example of recruitment and growth 

overfishing. North American Journal of Fisheries Management, 36(5), 1024-1035. 

https://doi.org/10.1080/02755947.2016.1184204 

Sánchez-Hernández, J., & Cobo, F. (2018). Modelling the factors influencing ontogenetic 

dietary shifts in stream-dwelling brown trout (Salmo trutta). Canadian Journal of 

Fisheries and Aquatic Sciences, 75, 590-599. https://doi.org/10.1139/cjfas-2017-0021.  

Santiago, J.M., García de Jalón, D., Alonso, C., Solana, J., Ribalaygua, J., Pórtoles, J., & Monjo, 

R. (2015). Brown trout thermal niche and climate change: expected changes in the 

distribution of cold-water fish in central Spain. Ecohydrology 9, 514–528. 

Sanvicente-Añorve, L., Zavala-Hidalgo, J., Allende-Arandía, E., & Hermoso-Salazar, M. 

(2018). Larval dispersal in three coral reef decapod species: Influence of larval duration 

on the metapopulation structure. PLoS ONE, 13(3), e0193457. 

https://doi.org/10.1371/journal.pone.0193457 

Sanz, N., Garcia-Marin, J.L., & Pla, C. (2000). Divergence of brown trout (Salmo trutta) within 

glacial refugia. Canadian Journal of Fisheries and Aquatic Sciences, 57, 2201-2210. 

Satterthwaite, W.H., Beakes, M.P., Collins, E.M., Swank, D.R., Merz, J.E., Titus, R.G., Sogard, 

S.M., & Mangel, M. (2009). Steelhead Life-history on California's Central Coast: Insights 

from a State-Dependent Model. Transactions of the American Fisheries Society, 138(3), 

532-548. 

Scott, D. (1964). The migratory trout (Salmo trutta L.) in New Zealand. I. The introduction of 

stocks. Transactions of the Royal Society of New Zealand, Zoology 4, 209-227. 

Scribner, K.T., Soiseth, C., McGuire, J., Sage, G.K., Thorsteinson, L., Nielsen, J.L., & 

Knudsen, E. (2017). Genetic assessment of the effects of streamscape succession on coho 

salmon Oncorhynchus kisutch colonization in recently deglaciated streams. Journal of 

Fish Biology, 91(1), 195-218. https://doi.org/10.1111/jfb.13337 

Secor, D.H. (2015) Migration Ecology of Marine Fishes. Baltimore (Maryland): Johns 

Hopkins University Press.  

Seifertová, M., Bryja, J., Vyskočilová, M., Martínková, N., & Šimková, A. (2012). Multiple 

Pleistocene refugia and post-glacial colonization in the European chub (Squalius 

cephalus) revealed by combined use of nuclear and mitochondrial markers. Journal of 

Biogeography, 39(6), 1024-1040. 

Sekercioglu, C.H. (2010). Partial migration in tropical birds: the frontier of movement ecology. 

Journal of Animal Ecology, 79, 933-936. https://doi.org/10.1111/j.1365-

2656.2010.01739.x 

Schallenberg, M., Burns, C.W., & Peake, B.M. (2003). A temperate, tidal lake-wetland complex. 

1. Water balance and ecological implications. New Zealand Journal of Marine and 

Freshwater Research, 37(2), 415-428. https://doi.org/10.1080/00288330.2003.9517177 

https://doi.org/10.1139/cjfas-2017-0021
https://doi.org/10.1111/jfb.13337


121  

Shedko, S.V., Miroshnichenko, I.L., & Nemkova, G.A. (2012). Phylogeny of salmonids 

(Salmoniformes: Salmonidae) and its molecular dating: analysis of nuclear RAG1 gene. 

Russian Journal of Genetics, 48, 575–579. 

Shulman, M.J., & Bermingham, Е. (1995). Early life-histories, ocean currents, and the 

population genetics of Caribbean reef fishes. Evolution, 49(5), 897-910. 

Skov, C., Aarestrup, K., Baktoft, H., Brodersen, J., Brönmark, C., Hansson, L.A., Nielsen, E.E., 

Nielsen, T., & Nilsson, P.A. (2010). Influences of environmental cues, migration history, 

and habitat familiarity on partial migration, Behavioral Ecology, 21(6), 1140–1146. 

https://doi.org/10.1093/beheco/arq121 

Skov, C., Baktoft, H., Brodersen, J., Brönmark, C., Chapman, B.B., Hansson, L.A., & Nilsson, 

P.A. (2011). Sizing up your enemy: individual predation vulnerability predicts migratory 

probability. Proceedings of the Royal Society B: Biological Sciences, 278, 1414 – 1418.  

Slavík, O., Horký, P., Randák, T., Balvín, P., & Bílý, M. (2012). Brown trout spawning 

migration in fragmented central European headwaters: Effect of isolation by artificial 

obstacles and the moon phase. Transactions of the American Fisheries Society, 141, 673–

680. https://doi.org/10.1080/00028487.2012.675897 

Spicer, J.I., & Gaston, K.J. (1999). Physiological diversity and its ecological implications. 

Oxford England, Malden, Blackwell Science. 

Steingrimsson, S.O., & Grant, J.W.A. (1999). Allometry of territory size and metabolic rate as 

predictors of self-thinning in young-of-the-year Atlantic salmon. Journal of Animal 

Ecology, 68, 17-26. 

Stephenson, S.A. (2006). A review of the occurrence of Pacific salmon (Oncorhynchus spp.) in 

the Canadian Western Arctic. Arctic, 59, 37–46. 

Stoffels, R.J., Karbe, S., & Paterson, R.A. (2003). Length-mass models for some common New 

Zealand littoral benthic macroinvertebrates, with a note on within taxon variability in 

parameter values among published models. New Zealand Journal of Marine and 

Freshwater Research, 37(2), 449-460. https://doi.org/10.1080/00288330.2003.9517179 

Strakosh, T.R., Neumann, R., & Jacobson, R. (2003). Development and assessment of habitat 

suitability criteria for adult brown trout in southern New England rivers. Ecology of 

Freshwater Fish 12(4), 265–274. 

Sutherland, D.L. & Closs, G.P. (2001). Diel patterns of mysid drift (Crustacea: Mysidacea) in 

the Taieri River estuary, New Zealand. New Zealand Journal of Marine and Freshwater 

Research, 35(1), 197-200. https://doi.org/10.1080/00288330.2001.9516990 

Sutton, R., Morris, С. & Tisdale-Hein, R. (2006). Instream flow assessment: selected stream 

segments— John Day and Middle Fork John Day River Sub-basins, Oregon. U.S. Bureau 

of Reclamation report. Retrieved from 

https://www.usbr.gov/pn/fcrps/ce/oregon/middlefork/flowstudy.pdf 

Syrjänen, J.T., Ruokonen, T.J., Ketola, T. & Valkeajärvi, P. (2015). The relationship between 

stocking eggs in boreal spawning rivers and the abundance of Brown Trout parr. ICES 

Journal of Marine Sciences, 72(5), 1389–1398. 

http://www.usbr.gov/pn/fcrps/ce/oregon/middlefork/flowstudy.pdf


122  

Taieri River (2000). Taieri River. Retrieved from http: //hywr.kuciv.kyoto- 

u.ac.jp/ihp/riverCatalogue /Vol_03/ 07_New_Zealand-4  

Tallman, R.F., & Healey, M.C. (1994). Homing, straying, and gene flow among seasonally 

separated populations of chum salmon (Oncorhynchus keta). Canadian Journal of 

Fisheries and Aquatic Sciences, 51(3), 577-588. 

Taylor, E.B. (1991). A review of local adaptation in Salmonidae, with particular reference to 

Pacific and Atlantic salmon. Aquaculture, 98, 185–207 

Thomson, G.M. (1922). The naturalisation of animals and plants in New Zealand. Cambridge 

University Press. 

Thorpe, J.E., & Mitchell. K.A. (1981). Stocks of Atlantic salmon (Salmo salar) in Britain and 

Ireland discreteness, and current management. Canadian Journal of Fisheries and 

Aquatic Sciences, 38, 1576–1590. 

Thorstad, E.B., Todd, C.D., Uglem, I., Bjørn, P.A., Gargan, P.G., Vollset, K.W., Halttune, E., 

Kålås, S., Berg, M., & Finstad, B. (2016). Marine life of the sea trout. Marine Biology 

163, 47. https://doi.org/10.1007/s00227-016-2820-3 

Tilzey, R.D.J. (1977). Repeat homing of brown trout (Salmo trutta) in Lake Eucumbene, New 

South Wales, Australia. Journal of the Fisheries Research Board of Canada, 34, 1085– 

1094. 

Tissot, L., Bret, V., Capra, H., Baran, P., & Gouraud, V. (2017). Main potential drivers of trout 

population dynamics in bypassed stream sections. Ecology of Freshwater Fish, 26(3), 

336-346. 

Titus, R.G. (1990). Territorial behavior and its role in population regulation of young brown 

trout (Salmo trutta): new perspectives. Annales Zoologici Fennici, 27, 119–130. 

Toobaie, A., & Grant, J.W.A. (2013). Effect of food abundance on aggressiveness and 

territory size of juvenile rainbow trout, Oncorhynchus mykiss. Animal Behaviour, 85(1), 

241-246.  

Truebano, M., Fenner, P., Tills, O., Rundle, S.D., & Rezende, E.L. (2018). Thermal strategies 

vary with life-history stage. Journal of Experimental Biology, 221, pii: jeb171629. 

https://doi.org/10.1242/jeb.171629. 

Ueda, H. (2012). Physiological mechanisms of imprinting and homing migration in Pacific 

salmon Oncorhynchus spp. Journal of Fish Biology, 81, 543–558. 

https://doi.org/10.1111/j.1095-8649.2012.03354.x PMID: 22803723 

Unwin, M.J. & Quinn, T.P. (1993). Homing and straying patterns of Chinook salmon 

(Oncorhynchus tshawytscha) from a New Zealand hatchery: spatial distribution of strays 

and effects of release date. Canadian Journal of Fisheries and Aquatic Sciences, 50, 

1168–1175.  

U.S. Fish and Wildlife Service. (1986). Habitat suitability index models and instream flow 

suitability curv es: brown trout, revised. [Biological Report 82 (10.124)]. Washington, 

DC: Raleigh, R.F., Zuckerman, L.D., & Nelson, P.C. 

 



123  

Van Leeuwen, T.E., Hughes, M.R., Dodd, J.A., Adams, C.E., & Metcalfe, N.B. (2016). 

Resource availability and life-history origin affect competitive behavior in territorial 

disputes. Behavioral Ecology, 27(2), 385–392. https://doi.org/10.1093/beheco/arv163 

Velez-Espino, L.A., McLaughlin, R.L., & Robillard, M. (2013). Ecological advantages of 

partial migration as a conditional strategy. Theoretical Population Biology 85, 1–11. 

Vincenzi, S., Crivelli, A.J., Jesenšek, D., & De Leo, G.A. (2010). Detection of density 

dependent growth at two spatial scales in marble trout (Salmo marmoratus) populations. 

Ecology of Freshwater Fish 19, 338–347. 

Vøllestad, L.A., & Olsen, E.M. (2008). Non-additive effects of density dependent and density- 

independent factors on brown trout vital rates. Oikos 117, 1752–1760. 

Waples, R.S., Pess, G.R., & Beechie, T. (2008). Evolutionary history of Pacific salmon in 

dynamic environments. Evolutionary applications, 1(2), 189-206. 

Warner, L.A., Purchase, C., & Veinott, G. (2015). Seasonal variation in estuarine habitat use 

by native Atlantic salmon and invasive brown trout in southeast Newfoundland. 

Northeastern Naturalist. 22(2), 424-436. https://doi.org/10.1656/045.022.0212 

Watts, H., Cornelius, J., Fudickar, A., Pérez, J., & Ramenofsky, M. (2017). Understanding 

variation in migratory movements: A mechanistic approach. General and Comparative 

Endocrinology. 256, 112-122. https://doi.org/10.1016/j.ygcen.2017.07.027. 

Watz, J., Piccolo, J., Bergman, E. & Greenberg, L. (2013). Day and night drift-feeding by 

juvenile salmonids at low water temperatures. Environmental Biology of Fishes, 97, 505– 

513. 

White, J. (1980). Demographic factors in populations of plants. In O.T. Solbrig (Ed.) 

Demography and Evolution in Plant Populations (pp. 21-48). University of California 

Press, Berkeley. 

Winterbourn, M.J., Gregson, K.L.D., & Dolphin, C.H. (2006). Guide to the aquatic insects of 

New Zealand. Entomological Society of New Zealand. 

Wissinger, S.A., Mcintosh, A.R., & Greig, H.S. (2006). Impacts of introduced brown and 

rainbow trout on benthic invertebrate communities in shallow New Zealand lakes. 

Freshwater Biology, 51, 2009–2028. 

Wysujack, K., Greenberg, L.A., Bergman, E., & Olsson, I.C. (2009). The role of the 

environment in partial migration: food availability affects the adoption of a migratory 

tactic in brown trout Salmo trutta. Ecology of Freshwater Fish, 18, 52–59. 

https://doi.org/10.1111/j.1600-0633.2008.00322.x 

Ye, Y., & Carocci, F. (2019). Control mechanisms and ecosystem-based management of fishery 

production. Fish and Fisheries, 20, 15–24. https://doi.org/10.1111/faf.12321 

Young, J.L., Cooke, S.J., Hinch, S.G., Crossin, G.T., Patterson, D.A., Farrell, A.P., Van Der 

Kraak, G., Lotto, A.G., Lister, A., Healey, M.C., & English, K.K. (2006). Physiological 

and energetic correlates of en route mortality for abnormally early migrating adult 

sockeye salmon in the Thompson River, British Columbia. Canadian Journal of Fisheries 

and Aquatic Sciences, 63, 1067–1077. 



124  

Zhivotovsky, L.A. (2015). Genetic history of salmonid fishes of the genus 

OncorhynchusRussian Journal of Genetics, 51(5): 491-505. 

Zimmer, M.P., & Power, M. (2006). Brown trout spawning habitat selection preferences and 

red characteristics in the Credit River, Ontario. Journal of Fish Biology, 68, 1333–1346. 

Zippin, C. (1956). An evaluation of the removal method of estimating animal populations. 

Biometrics 12, 163–169. 



125  

Appendix A. Physical characteristics of study sites of Taieri River tributaries. 
 

Physical characteristics* 
Cap Burn (261 m) Christmas Creek (156 m) Deep Stream (343 m) Kye Burn (755 m) 

pool riffle run pool riffle run pool riffle run pool riffle run 

Total area of meso-habitats, m2 426 751 217 57.5 308 155 80 939 3,119 1,057 1,998 3,064 

Percentage of major meso-habitats area % 30.6 53.9 15.6 11.1 59.2 29.7 1.9 22.7 75.4 17.3 32.6 50.1 

Meso-habitats length, m 
Mean 13.7 17.3 7.9 7.0 20.4 10.0 8.0 30.3 48.8 25.7 34.3 54.5 

SD 7.8 13.4 2.4 2.8 21.5 4.4  5.9 21.1 19.6 33.2 41.3 

Meso-habitats width, m 
Mean 5.4 4.1 3.6 3.8 3.1 3.4 10.0 10.0 10.8 7.1 7.6 9.1 

SD 3.4 2.2 1.5 1.8 2.2 1.8  2.6 6.5 2.0 3.6 3.2 

Depth average, cm 
Mean 48.0 9.1 15.6 55.0 13.4 27.5 150.0 23.3 47.0 96.8 14.1 30.0 

SD 39.5 1.9 5.5 7.1 4.2 8.7  5.8 20.5 38.0 8.4 23.5 

Mean water column velocity, m/s  
Mean 0.10 0.48 0.32 0.25 0.75 0.39 0.14 0.48 0.22 0.14 0.61 0.34 

SD 0.10 0.12 0.10 0.27 0.28 0.13  0.06 0.13 0.11 0.18 0.17 

 

 

 

Benthic 

substrate 

granulometric 

composition, % 

Bedrock 
Mean 10.0  5.0 30.0 15.0 13.3 20.0 20.0 20.0 30.0 25.0 10.0 

SD    28.3 7.1 5.8  14.1 7.1 14.1   

Boulders 
Mean 3.0 7.5 6.4 15.0 8.0 17.5 10.0 10.0 12.0 5.0 3.2 2.3 

SD 2.7 3.8 4.8 7.1 2.7 5.0  0.0 4.5  1.6 2.3 

Cobbles 
Mean 33.0 47.5 44.3 30.0 72.0 45.0 10.0 13.3 15.0 10.8 36.8 11.7 

SD 10.4 10.7 7.9 28.3 13.0 28.9  5.8 5.8 4.9 24.0 4.1 

Gravel 
Mean 42.0 35.0 37.1 12.5 11.6 25.0 10.0 65.0 38.0 36.7 40.6 46.3 

SD 8.4 9.3 4.9 3.5 2.3 17.3  15.0 17.5 10.3 19.0 29.2 

Sand and silt 
Mean 16.0 10.0 10.0 7.5 2.0 10.0 50.0 7.5 18.0 41.7 18.8 25.0 

SD 13.4 0.0 0.0 3.5    3.5 23.6 17.2 11.9 20.0 

Benthic substrate compactness 

(1 -weak, 4-tight) 

Mean 1.60 1.6 1.8 1.6 2.3 3.4 3.5 2.0 2.7 2.4 1.5 2.3 

SD 0.55 0.6 0.5 0.5 0.3 0.6 0.6  0.6 0.9 0.8 1.0 

Area of available cover, % Mean 13.4 6.1 4.9 21.0 14.0 22.1 70.0 22.0 25.6 14.0 5.1 6.4 

SD 10.3 2.4 1.8 8.5 16.7 8.6  15.1 8.6 6.9 3.9 4.9 

Area of the banks with undercut and 

overhanging vegetation, % 

Mean 29.0 10.0 17.1 10.0 34.0 37.5 50.0 36.7 82.0 17.5 1.3 15.1 

SD 35.8 14.1 21.6 0.0 23.0 29.9  20.8 29.5 6.9 2.3 14.0 

Area unshaded water surface, % 
Mean 78.0 86.3 85.7 50.0 68.0 62.5 50.0 80.0 66.0 77.5 97.5 91.7 

SD 14.8 23.1 15.9 0.0 17.9 18.9  10.0 19.5 27.9 4.6 8.2 

Water temperature at Jan (“pool” column), 

Feb (riffle) and Mar (run) oC 

Mean 14.1 15.8 14.6 13.2 15.3 12.9 12.7 15.9 13.1    

SD 2.4 2.3 3.2 2.0 2.3 1.7 2.4 2.1 1.7    

Note: * - the total length of stream study reach is in brackets after stream name. 
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Continuation of Appendix A 
 

Physical characteristics* 
Nenthorn Stream (370 m) Scrub Burn (258 m) Serpentine Creek (490 m) Sow Burn (346 m) 

pool riffle run pool riffle run pool riffle run pool riffle run 

Total area of meso-habitats, m2  468 257 1115 138 202 96 561 765 996 70.6 118 714 

Percentage of major meso-habitats area % 25.4 14.0 60.6 31.7 46.4 22.0 24.2 32.9 42.9 7.8 13.1 79.1 

Meso-habitats length, m 
Mean 52.0 16.7 40.2 8.1 10.3 10.3 21.3 19.4 26.4 9.5 11.1 32.9 

SD  11.0 28.8 4.8 7.6 8.4 17.4 11.8 13.2 3.4 10.4 28.8 

Average width, m 
Mean 9.0 2.0 4.9 1.7 1.3 2.0 6.4 3.9 4.9 1.8 1.9 2.4 

SD  0.7 2.3 0.6 0.6 0.7 2.3 0.5 2.0 0.6 1.5 1.1 

Depth average, cm 
Mean 60.0 12.7 36.0 27.2 8.6 14.3 97.5 14.5 41.9 37.5 12.7 22.1 

SD  7.7 22.2 13.5 3.5 5.4 28.7 10.4 25.8 5.0 9.1 12.9 

Mean water column velocity (m/s) 
Mean 0.06 0.51 0.20 0.06 0.53 0.22 0.17 0.63 0.30 0.06 0.44 0.09 

SD  0.10 0.22 0.00 0.07 0.11 0.13 0.15 0.15 0.00 0.20 0.09 

 

 

 
Benthic 

substrate 

granulometric 

composition, % 

Bedrock 
Mean  7.0 9.0 32.0 40.0  36.7 35.0 23.3 0.0 0.0 0.0 

SD    17.9 26.5  28.9 35.4 15.3    

Boulders 
Mean  14.0 20.0 33.3 19.3 16.3 41.0 17.2 11.4 0.0 0.0 0.0 

SD  17.7 26.0 15.1 10.0 16.0 55.2 16.9 8.4    

Cobbles 
Mean 40.0 34.3 32.4 23.8 30.8 37.5 13.3 46.1 34.0 0.0 0.0 0.0 

SD  22.1 25.3 11.9 11.9 15.0 5.4 21.8 19.5    

Gravel 
Mean 40.0 37.1 25.4 27.5 37.7 41.3 26.3 31.4 40.0 20.0 60.0 40.0 

SD  23.8 22.1 18.3 15.4 16.5 22.1 22.9 26.3 14.1 25.2 25.8 

Sand and silt 
Mean 10.0 11.1 15.3 20.0 13.8 20.0 20.0 15.6 14.4 80.0 40.0 60.0 

SD  6.6 12.0 12.7 5.2  10.0 8.1 12.1 14.1 25.2 25.8 

Benthic substrate compactness 

(1 –weak 4-tight) 

Mean 2.0 1.9 2.4 2.7 2.8 1.8 2.3 2.5 2.5 1.0 1.0 1.1 

SD  0.9 1.1 0.9 0.9 1.0 1.3 1.2 0.8 0.0 0.0 0.4 

Area of available cover, % 
Mean 18.0 28.4 15.2 15.2 9.3 12.8 5.0 9.0 5.8 15.0 2.9 2.9 

SD  27.1 14.3 30.8 16.9 22.9 6.1 11.9 3.1 30.0 7.6 7.6 

Area of the banks with undercut and 

overhanging vegetation, % 

Mean 110.0 61.4 60.0 3.3 2.1 0.0 62.5 61.0 76.3 57.5 22.9 44.3 

SD  40.6 36.7 7.1 3.2 0.0 33.0 32.6 39.5 26.3 20.6 23.0 

Area of unshaded water surface, % 
Mean 95.0 47.1 50.0 74.4 75.0 85.0 88.8 96.5 96.3 40.0 65.7 58.6 

SD  36.8 36.7 26.5 24.1 10.0 10.3 4.7 5.2 27.1 25.1 20.4 

Water temperature at Jan (“pool” 

column), Feb (riffle) and Mar (run) oC 

Mean 14.6 17.0 14.9 13.6 15.4 13.1 11.9 13.6 12.7 12.4 14.2 13.3 

SD 2.5 2.9 2.2 2.1 1.8 1.6 2.0 1.9 1.1 1.7 1.4 1.1 

Note: * - the total length of stream study reach is in brackets after stream name. 
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Continuation of Appendix A 
 

Physical characteristics* 
Styx Stream (219 m) Sutton Stream (198 m) Waipori River (374 m) 

pool riffle run pool riffle run pool riffle run 

Total area of meso-habitats, m2  10.4 601 247 476 214 124 1,323 755 2,552 

Percentage of major meso-habitats area % 1.2 70.0 28.8 58.5 26.3 15.2 28.6 16.3 55.1 

Meso-habitats length, m 
Mean 5.2 23.4 18.4 14.8 6.8 13.8 18.0 18.8 26.1 

SD  14.8 10.6 9.4 5.8 8.5 5.4 5.0 21.8 

Average width, m 
Mean 2.0 4.2 3.5 5.3 3.9 3.5 15.4 10.0 11.6 

SD  2.3 0.6 2.3 2.0 1.7 5.9 2.2 1.4 

Depth average, cm 
Mean 100.0 26.7 23.8 66.7 6.5 11.7 152.0 22.5 44.4 

SD  17.2 18.0 23.6 2.4 1.5 20.5 2.9 22.6 

Water column velocity (m/s) 
Mean 0.28 0.89 0.29 0.06 0.55 0.28 0.09 0.60 0.17 

SD  0.26 0.20 0.00 0.00 0.00 0.10 0.17 0.10 

 

 

 
Benthic 

substrate 

granulometric 

composition, % 

Bedrock 
Mean    52.0 50.6 35.0 10.0  15.0 

SD    31.9 41.9 21.2   7.1 

Boulders 
Mean 30.0 32.5 18.8 7.5 3.5 4.7 7.5 10.5 8.3 

SD  19.94 13.15 3.54 1.73 4.62 3.54 13.44 2.89 

Cobbles 
Mean 60.0 37.5 40.0 13.0 18.3 17.0 32.0 55.0 40.6 

SD  17.8 21.6 6.7 8.2 1.7 22.8 5.8 26.3 

Gravel 
Mean 10.0 28.3 31.3 17.5 35.5 25.0 22.0 38.8 38.8 

SD  13.3 15.5 10.8 18.3 5.0 16.4 8.5 29.1 

Sand and silt 
Mean  10.0 40.0 25.8 17.7 30.0 37.0 4.0 13.8 

SD    17.2 10.5 20.0 16.4  11.6 

Benthic substrate compactness 

(1 -weak 4-tight) 

Mean 3.0 2.8 2.5 1.8 2.4 1.3 3.0 3.5 3.8 

SD  0.8 1.3 0.8 1.3 0.6 0.0 0.6 0.5 

Area of available cover, % 
Mean 0.0 29.3 23.4 11.8 8.0 7.0 36.7 41.4 24.2 

SD  35.2 37.9 9.9 7.4 1.7 11.8 12.4 14.1 

Area of the banks with undercut and 

overhanging vegetation, % 

Mean 0.0 4.2 8.3 37.5 40.0 65.0 39.0 22.5 37.5 

SD  4.9 8.4 26.8 33.0 30.4 36.1 26.3 23.6 

Proportion of unshaded water surface, % 
Mean 10.0 39.2 60.0 74.2 70.5 88.3 67.0 70.0 64.0 

SD  34.4 36.5 24.2 28.3 7.6 17.9 10.0 15.2 

Water temperature at Jan (“pool” column), 

Feb (riffle) and Mar (run) oC 

Mean 11.4 13.2 11.5 12.3 14.6 13.4    

SD 2.3 2.6 2.0 2.8 3.0 2.3    

Notes: * - the total length of observed stream segment is in brackets after stream name 
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End of Appendix A 
 

 

Physical characteristics* 

Silverstream 

Site 1 “Puddle Alley” (910 m) Site 2 “Scout Camp” (699 m) Site 3 “Swampy Spur” (163 m) 

pool riffle run pool riffle run pool riffle run 

Average area of meso-habitats, m2 Mean ± SD 77.1±29.7 46.2±6.5 167.0±60.9 106.1±38.2 58.0±10.3 103.3±24.5 24.5±5.9 24.7±5.2 20.7±2.7 

Percentage of total area of major meso-habitats % 7.9 19.5 70.5 29.9 19.1 48.5 14.7 39.6 45.7 

Meso-habitats length, m 
Mean 13.6 11.1 25.5 21.7 14.4 17.3 6.5 9.0 6.4 

SD 10.1 5.7 31.0 12.2 10.2 16.3 2.3 4.2 2.5 

Average width, m 
Mean 4.8 4.2 5.1 7.4 5.0 5.8 3.5 2.6 3.2 

SD 2.6 2.1 1.8 3.4 3.7 2.2 2.1 0.9 0.6 

Depth average, cm 
Mean 68.0 19.0 31.4 102.9 17.8 28.8 56.7 13.6 25.9 

SD 40.1 8.7 13.7 24.3 10.9 9.9 15.3 2.0 6.6 

Mean water column velocity (m/s) 
Mean 0.19 0.75 0.27 0.04 0.65 0.24 0.13 0.70 0.28 

SD 0.20 0.24 0.17 0.01 0.21 0.17 0.13 0.22 0.11 

 

 

 
Benthic 

substrate 

granulometric 

composition, % 

Bedrock 
Mean  5.0  1.5  1.0 7.5 3.0 5.0 

SD    0.7   0.5   

Boulders 
Mean 10.0 18.9 14.4 27.1 28.2 24.4 18.3 12.5 11.4 

SD  14.3 12.8 17.0 26.3 16.5 18.9 5.3 5.5 

Cobbles 
Mean 24.0 48.8 43.8 15.0 36.5 29.2 30.0 45.0 39.1 

SD 16.7 26.5 24.3 8.4 20.7 17.5 20.0 14.1 15.6 

Gravel 
Mean 64.0 42.6 50.4 39.3 45.8 44.7 21.7 30.6 32.3 

SD 11.4 30.0 23.3 16.4 28.5 19.2 7.6 8.2 14.9 

Sand and silt 
Mean 16.7 6.00 9.0 15.0 6.7 10.9 25.0 9.3 16.8 

SD 11.6 2.2 2.8 6.5 2.9 3.0 15.0 6.1 8.5 

Bottom substrate compactness 

(1 -weak 4-tigth) 

Mean 2.5 2.7 2.7 1.7 3.4 3.2 2.7 3.3 3.1 

SD 0.6 0.9 0.7 0.8 0.9 0.8 1.2 0.7 0.5 

Area of available cover, % 
Mean 9.4 19.0 19.0 41.4 32.3 36.2 40.2 27.7 36.2 

SD 7.9 24.3 15.1 18.8 21.5 19.4 21.2 15.4 11.8 

Area of the banks with undercut and 

overhang vegetation, % 

Mean 72.0 35.0 44.1 36.4 30.4 45.8 43.3 27.5 19.6 

SD 41.5 31.1 31.0 14.4 32.3 38.0 32.2 24.8 12.9 

Area of unshaded water surface, % 
Mean 60.0 63.9 61.5 40.7 41.1 43.0 50.0 65.0 63.6 

SD 23.5 20.6 19.3 25.2 20.6 22.2 10.0 20.0 17.5 

Water temperature at Jan (“pool” column), Feb 

(riffle) and Mar (run) oC 

Mean 13.9 15.7 13.5 11.4 12.6 10.9 10.7 11.9 10.4 

SD 2.3 2.5 1.9 1.2 1.5 1.0 1.5 1.7 1.3 

Notes: * - the total length of observed stream segment is in brackets after stream name). 
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Appendix B. The differentiation of environmental characteristics along the Silverstream 

The sampled Silverstream sites 1, 2 and 3 differed from each other both in terms of the 

total area and proportions of major habitat types including pools, riffles and runs (Table B.1). 

Runs were the dominant macrohabitat along all three reaches, with the highest proportion 

along the most downstream reach (Site 1). The proportion of riffles was greatest along the most-

upstream headwater reach (Site 3), whereas pools represented almost a third of the 

macrohabitat along the middle reach (Site 2). The average area of macrohabitat types was 

smallest at Site 3 relative to the other two sites (ANOVA outputs for area F2,51 = 8.8, p = < 

.001; for length F2,51 = 7.1, p = .002; for width F2,51 = 7.3, p = .0017). 

Table B.1 The adjusted p-value for multiple comparisons using Tukey HSD test for comparison 

of basic mesohabitats characteristics within sampling sites 1 “Paddle Alley”, 2 “Scout Camp” 

and 3 “Swampy Spur”. 

 

Habitat characteristics Pools Riffles Runs 
 

 1-2 1-3 2-3 tr 1-2 1-3 2-3 tr 1-2 1-3 2-3 tr 

Area of meso-habitats, m2 0.97 0.65 0.51 * 0.81 0.77 0.51 * 0.60<0.01 0.02 * 

Meso-habitats length, m 0.91 0.34 0.18 * 0.57 0.19 0.05 * 0.93<0.01 <0.01 * 

Average width, m 0.99 0.96 0.92 * 0.72 0.18 0.07 * 0.56 0.01 <0.01 * 

Depth, cm 0.96 0.99 0.94 ** 0.69 0.44 0.86 * 0.72 0.38 0.78  

Water velocity (m/s) 0.08 0.97 0.33 ** 0.44 0.88 0.87 0.75 0.98 0.72 * 

Boulders, % 0.21 0.15 0.70 * 0.02 0.03 0.94 * <0.01<0.01 0.93 * 

Cobbles, % 0.67 0.82 0.42 * 0.63 0.83 0.44 * 0.07 0.80 0.42  

Gravel, % 0.35 0.02 0.11 ** 0.92 0.90 0.99 * 0.91 0.71 0.90 * 

Sand and silt, % 0.41 0.05 0.19 ** 0.99<0.01 <0.01 * 0.93<0.01 <0.01 * 

Area with cover, % 0.11 0.97 0.40 * 0.97 0.94 0.99 0.53 0.69 0.99 * 

Bank length with cover, % 0.03 0.37 0.85 ** 0.97 0.72 0.64 * 0.91 0.80 0.96 * 

Unshaded water surface, % 0.21 0.71 0.90 ** <0.01 0.99 0.03 <0.01 0.97 0.01 * 
 

Notes: values of p below confidence level (<0.05) are in bold; 1-2, comparison of site 1 and site 2; 1-3, comparison 

of site 1 and site 3; 2-3, comparison of site 2 and site 3; tr, type of data transformation: *, LN (x+1); **, (x+1)1/4
 

 

The measured environmental factors differed among sites. The proportion of the 

boulders (ANOVA outputs for riffles F2,42 = 5.5, p = .008; for runs F2,51 = 16.1, p = < .001) 
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being greatest at Site 2. Gravel dominated pools along the Site 1, (F2,20 = 4.3, p = .03), 

whereas sand was the most abundant along the headwater reach (ANOVA outputs for riffles 

F2,42 = 10.3, p = < .001; for runs F2,51 = 6.7, p = .003). The distribution of the cover among 

observed stream sections were the lowest at Site 1 but the statistical analysis did not reveal 

significant differences. Tree canopy was the most developed at Site two where water surface 

shading was most developed at all types of habitats. However, only the among-site 

comparisons of riffles and runs showed significant differences (ANOVA outputs for riffles 

F2,42= 6.1, p = .001; for runs F2,51 = 5.8, p = .005) (Table B.1). 

Water temperatures varied across sites and throughout the year in Silverstream. The 

greatest variability and maximum temperatures occurred in summer at Site 1, with a 

maximum of 23.7oC on 27 Dec 2016. The smallest variations and the lowest temperature 

values were recorded in Site 2 “Scout Camp” where1.8oC was recorded in July 2017. Except 

for winter months, the coldest part of the Silverstream is in its headwaters, where Site 3 was 

located, and where the highest summer temperature recorded was 16.8oC. Note that the 3rd 

quartile did not exceed 12.9oC for the headwaters. Diel and monthly temperature variation 

was reduced in winter for all sites (Figure B.1). 

 

Figure B.1 Box-plots of monthly water temperature at three sampling locations in 

Silverstream including median, 1st quartile, 3rd quartile and outliers. 
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Appendix C1. Parental investment, the biological traits of adult migratory and resident 

brown trout, and Silverstream spawning capacity 

 

In total, 77 redds of brown trout were identified between the confluence with Taieri 

River and the weir (Appendix C2, C3). Only 1 redd was detected along first 5 km segment of 

the stream and only 3 redds along the most upstream 3 km reach were identified below the 

weir. In contrast, 22 redds were counted between 8-11 km from stream mouth (Table C1.1). 

In total, 71 alive and 28 dead adult trout were counted along Silverstream from the Taieri 

confluence to the weir at the time of spawning surveys. Most of the live fish were detected on 

the first two trips (11 and 14 June 2016) near redds and resting in pools. The redds were 

typically located in likely downwelling flow zones located at the downstream end of runs. Up 

to 5 brown trout carcasses were encountered on each survey. Fifteen dead fish were females 

and 11 males. Twelve dead females were dissected with 5 having full gonads (Figure C1.1). 

The males were also dissected but spawning condition could not be determined. A third of dead 

fish were in a fresh condition, without any obvious injuries and otherwise appeared healthy 

with recently consumed prey items in their stomachs. 

 

Figure C1.1 Adult brown trout females dead before spawning at the Silverstream. The total 

fecundity of two females (496 mm long, age 5+ and 435 mm long, age 4+) was estimated as 3,037 

and 2,459 eggs. 

The size of the females ranged between 333-527 mm (mean 457 ± 13.3 SE mm). The 

males were slightly bigger (368-647 mm and 459 ± 20.8 (SE) mm). No significant 

differentiation was apparent for two groups of fish gathered upstream and downstream site two 
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“Scout Camp” for both sexes (F1,25 = 0.39, p = .53) and separately for males (F1,10 = 0.68, p = 

.41) and females (F1,14 = 0.75, p = .38). 

The age was determined for all collected trout carcasses and varied between 3+ and 5+ 

years, with 4+ cohort dominance within females, and 3+ being the dominant year class in males. 

Six of 15 females were spawning at age 3+ and one fish was 5+. Only 3 spawning males were 

characterised by age 4+, the rest were 3+ years old. 

The average number of eggs deposited per redd by migratory fish was estimated at 1,768.2 

(±88.8 SE; lim 919-2,356). The highest density of eggs per stream area unit was evaluated for 

the section which includes site 1. At site 2 “Scout Camp” reproductive input was more than 

twofold lower (Table C1.1). 

Table C1.1 Density of brown trout redds and average of the number of deposited eggs (±SE) 

per stream area at different sections of the Silverstream. 

Stream section (distance from stream mouth) Redds/ha Thousands of eggs / ha 

1 (0-5 km) 0.5 0.8±0.04 

2 (6 - 7 km) 10.9 19.2±0.97 

3 (8 - 9 km) 14.8 26.2±1.31 

4 (10 - 11 km) 13.9 24.5±1.23 

5 (12 - 14 km) 8.2 14.5±0.73 

6 (15 – 17 km) 6.5 11.5±0.58 

7 (18 – 20 km) 4.9 8.7±0.43 

8 (21 – 23 km) 2.9 5.2±0.26 

9 (24 - 24.5 km)* 131.4** 15. 4±0.9 
 

*- habitats of stream resident brown trout; ** - spawning females per stream area unit. 

 
The biological traits of resident fish isolated above the weir in the upland reach of the 

Silverstream differed markedly from the migratory fish spawning downstream. By the final 

sampling, a total of 39 fish had been collected over one year of monitoring. Sixteen fish were 

YoY juveniles. Only two aged 1+ were identified, one being a mature male and the other an 

immature female. Six females and one male were estimated as 2+, all mature. Six from the 

sampled fish has 3+ age including two females and four males. The oldest individuals were 4+ 

years old (three females and three males). The average size of adult stream residents was equal 
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to 187.4 (±7.7 SE; lim 142-228) mm for females and 192.0 (±11.0 SE; lim 113.5-225) mm for 

males. No seasonal dynamics of adult fish size was revealed (ANOVA, F6.101 = 0.85, p = .53). 

The average of reconstructed fecundity of one mature female was equal to 164.7 (± 14.4 SE; 

lim 83-254) eggs. The average amount of eggs deposited by one female was estimated as 140.8 

(± 12.3 SE; lim 71-217) eggs. 

The number of adult resident fish inhabiting the monitored 470 m long stream section 

was low and slightly varying within the year. Adult trout abundance evaluated by one-pass 

versus three-pass regression method was the lowest (24 fish) at Aug, the highest (51 fish) at 

Jan, and the average for all sampling events was equal to 41 (± 14.4 SE) fish. The average 

recapture rate was equivalent to 42.1 (± 3.4 SE) % with the lowest (35%) value at Feb (next 

sampling after tagging at Jan) and the highest (53.8%) at Aug. In October the last sampling 

recapture value was equal to 45.4%. Fish abundance evaluated by Chapman estimator was close 

to regression method. The lowest number of adult stream residents was estimated at October 

(28 fish), the highest at March (50 fish) with an average of 40 (±4.3 SE) individuals. 

Parental investment of stream residents at Silverstream headwaters was close to that for 

migrants. At May, which is spawning time for New Zealand brown trout, the number of adult 

fish (calculated by regression method) was estimated as 35 individuals. Following a sex ratio 

1.4(♀):1(♂) of dissected specimens, 21 from these individuals were females. Assuming all 

females spawned, the density of eggs was estimated at 15,361 ± 919 SE (lim 7,782-23,866) eggs 

per ha of the headwater stream reach (Table C1.1). 

The total area of habitat suitable for trout spawning was estimated to 1,335 m2 at site 1 

(23.9% of total area of observed stream segment), 871 m2 at site 2 (20.4% of total area of 

observed stream segment) and 52.2 m2 at site 3 (10.4% of total area of observed stream 

segment). Extrapolating the data on redd density (Table C1.1) to the area of available habitat 

suitable for trout spawning, the number of redds (or spawning females) for site 1, 2 and 3 was 

estimated as 8, 3 and 7 correspondingly. An area available for one female spawn can be 

calculated as 172.1, 314.2 and 7.9 m2 respectively for sites 1, 2 and 3. 



 

Appendix C2. Locations and number of brown trout redds in the middle and lower part of the Silverstream from the confluence with Taieri 

River up to Three Mile Hill Road bridge, observed from 11 June to 09 July 2016 (scale 1:50 000).  
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Appendix C3. Locations and number of brown trout redds in the middle and upper reaches of 

the Silverstream from the Three Mile Hill Road bridge up to the dam estimated from 11 June to 

09 July 2016 (scale 1:50 000). 
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Appendix D1. Young-of-Year (YoY) brown trout nighttime habitat suitability index (HSI) 

value for water depth (cm) throughout summer 2016-2017 for Site 1 and Site 2.  
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Appendix D2. YoY brown trout nighttime habitat suitability index (HSI) value for water 

velocity (m/s) throughout summer 2016-2017 for Site 1 and Site 2. 

 
Site 1 Site 2 

 

 
Oct 

 

 

 

 

Nov 

 

 

 

 

Dec 

 

 

 

 
Jan 

 

 

 

 

Feb 

 

 

 

 

Mar 

 

 

 

 

Apr 



138  

Appendix D3. YoY brown trout nighttime habitat suitability index (HSI) value for 

substrate type (sand, gravel, cobbles, boulders) throughout summer 2016-2017 for Site 1 

and Site 2.  
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Fish size 

25-35 mm 
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Appendix D4. YoY brown trout nighttime habitat suitability index (HSI) for depth (cm), 

water velocity (m/s) and substrate type for five fish size classes from 25 to 75 mm. 
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Appendix D5. YoY brown trout nighttime habitat suitability index (HSI) for depth (cm), 

water velocity (m/s) and substrate type at four temperature regimes from 8.5 to 12.5oC. 
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Appendix E1. Analysis of invertebrate data  

Drift and benthos 

To reconstruct the dry weight of sampled invertebrates, published taxa-specific “body 

length - dry mass” models were applied. For most of the aquatic invertebrates used in this study, 

the coefficients from the equations from a previous Silverstream study were used (Kristensen 

and Closs, 2008a). For terrestrial invertebrates and some aquatic taxa, I used the coefficients 

published by Benke (1999), Miserendino (2001), Sabo et al. (2002) and Gruner (2003). For 

ostracods (Ostracoda) and springtails (Collembola), the models developed by Kaeriyama and 

Ikeda (2002), and Petersen (1975) were used correspondingly. 

To evaluate the spatial and temporal dynamics of invertebrate drift, benthos density and 

biomass at Silverstream throughout the Austral summer, two-way ANOVAs were run in R 

version 3.4.3 (R Core Team, 2017). The sampling location and the month of sampling were 

chosen as categorical predictor variables and the values of invertebrate abundance and biomass 

(in total and for specific groups) were used as a response variable. An Eta-squared (Ƞ2) was 

computed for effect size estimation using the etasq function. The Tukey HSD test was applied 

for multiple comparison of data from three sites for each month. The data were checked for 

normality and LN or 4th root transformed if necessary. Homogeneity of variances were tested 

by Levene’s test. 

To determine differences in size structure of drifting invertebrates and compare size 

distributions of drifting invertebrates during the day and at night between sites, a one-way 

ANOVA using the aov function was applied. For differentiation of sampling sites by size of 

invertebrates, the sampling site was used as the predictor variable, while proportion of 

invertebrates in different size classes were used as the response variable. For the day-night 

comparison, the data from 6 sets of samples collected within 24 hours at Site 1 in February 

2017 were split in two groups. One group included three sets of samples collected during 

night-time. Another group included the samples collected during daytime. The “daytime” and 

“nighttime” category were chosen as the predictor. The proportion of invertebrates with a size 

of more than 4 mm to total abundance of invertebrates was chosen as the response variable. 

The data from each sample were used as a replicate; thus, for each day/night category, 12 

response variables were applied. Data were normalised by LN or 4th root transformation as 

necessary. Homogeneity of variances was tested using the Levene’s test. Pairwise Tukey HSD 

post-hoc comparisons was applied in the comparison of size structure of invertebrates 

between sites.
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Fish diet 
 

To analyse the spatiotemporal dynamics of the number of prey items consumed by YoY 

trout, a one-way ANOVA was applied. The number of prey items per individual fish collected at 

each sampling event was used as a replicate and as the response variable. Sampling site and 

month were used as categorical predictor variables. The data on prey numbers were normalised 

by 4th root transformation. The aov and etasq functions in R version 3.4.3 (R Core Team, 2017) 

were applied. Eta-squared (Ƞ2) values were computed for effect size estimation. Data were 

checked for normality prior to analysis. Homogeneity of variances was tested with the Levene’s 

test. 

To evaluate the importance of specific invertebrate groups in YoY trout diet, the 

frequency of occurrence and prey-specific abundances were calculated. Frequency of 

occurrence was estimated for each specific taxon (group), as the percentage of fish stomachs 

with selected prey items to the total number of observed fishes. For prey-specific abundance 

calculation, the data on numbers of invertebrates from all fish sampled at each of the sampling 

events were combined in a single data set. The prey-specific abundance for each taxon (group) 

was calculated as a percentage of the number of specific prey items to the total number of prey 

items in that data set. 

To estimate the spatiotemporal dynamics of fish gut content biodiversity and its 

associations with invertebrate drift biodiversity, the Shannon diversity index was used, and a 

one-way ANOVA was applied. The Shannon index was calculated for each individual trout and 

used as a replicate for every sampling event. Site and month of sampling were used as 

categorical predictor variables, and Shannon index of fish gut content as the response variable. 

The Shannon index was evaluated for each drift sample. One sample was used as a replicate for 

every sampling event. To test the response of biodiversity gut content on variability of food 

resources, the Shannon index of drifting invertebrates was used as a predictor variable. The aov 

function in R version 3.4.3 (R Core Team, 2017) was applied. Data were checked for normality 

prior to analysis, and homogeneity of variances was tested by Levene’s test. 

For the evaluation of the importance of major factors affecting the diversity of YoY trout 

prey items, linear regressions were calculated using the lm package in R. The following data 

were used as predictor variables: size of observed individual fish, water temperature at the 

time of fish sampling, and Shannon diversity index of invertebrate drift for each drift sample. I 

used the Shannon index of individual trout as a replicate and as a response variable. The data 

were checked for normality prior to the analysis. For testing the collinearity of the variables 
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used in linear regression analysis, the variance inflation factor (VIF) was applied using the vif 

package in R. The best fitted model was evaluated using the step function in R.  

To determine the spatial and temporal dynamics of size structure of YoY trout prey 

items, the body length of digested prey was reconstructed for further statistical analysis. For 

this reconstruction, I used equations developed from my data on the head width - body size 

relationship: Deleatidium sp. larva BL = 4.4562 HW - 0.5523 (R2=0.95); Chironomidae larva 

BL = 9.1771 HW + 1.1123 (R2=0.63); Austrosimulium sp. larva BL = 8.0428 BW + 0.0556 

(R2=0.74); where BL – body length (mm), HW – head width. Then I ran two-tailed t-tests for 

two samples with unequal variances to determine the difference between size of the prey 

items between sampling locations for each of the month. A one-way ANOVA was applied for 

the evaluation of seasonal dynamics of prey size. In this ANOVA, month was used as the 

predictor variable and size of individual prey as the response variable. Data were 4th root 

transformed to improve normality. The aov function in R version 3.4.3 (R Core Team, 2017) 

was applied. Homogeneity of variances was tested by Levene’s test. 

To assess the selectivity of YoY trout feeding on specific prey types, Chesson’s α index 

(Chesson, 1983) was calculated using the formula: 

 

 

 
, 

 

where ri is the proportion of prey item i in YoY trout diet, ei is the proportion of the prey in the 

drift, rj (ej) is the proportion of prey belonging to each category in the diet (environment), and 

k is the number of observed prey categories. For each specific prey types, αi can vary between 

0 and 1, which corresponds to non-selective and exclusive feeding, respectively. The neutral 

selectivity level is indicated as k-1 and positive and negative selection corresponds to values 

higher and lower to k-1. For instance, the neutral selectivity level for dataset with nine prey 

types will be equal to 1/k=0.11. The Chesson’s α was calculated for individual fish collected et 

each sampling event. The Chesson’s α for individual fish was used as a replicate for further 

statistical analysis. 

For the determination of the factors driving YoY trout feeding priorities, the Chesson’s α 

was used as the response variable in a one-way ANOVA with proportion of prey items in the 

drift, fish size and month of the sampling as predictor variables. To evaluate the most important 

factors affecting selective feeding of fish on specific invertebrate prey taxa, I chose Chesson’s 

α calculated for Deleatidium sp. larvae as the most important prey item. The proportion of 

Deleatidium sp. in the drift, individual fish size and month of the sampling were used as 
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predictor variables. The data on Chesson’s α calculated as a measure of selective feeding of 

individual YoY trout on Deleatidium sp. were used as the response variable. To determine 

spatiotemporal dynamics of selective feeding of fish on specific size of prey, the Chesson’s α 

was calculated for each of the size classes of invertebrates. Site and sampling month were used 

as predictors, and Chesson’s α for size classes of prey were used as response variable. For both 

analyses, the aov function in R version 3.4.3 (R Core Team, 2017) was applied. Data were 

checked for normality and normalised by 4throot transformation prior to analysis. Homogeneity 

of variances was tested with the Levene’s test. 

To evaluate the proportion of the drift preferable for YoY trout feeding, the difference in 

the size structure of prey items and invertebrate drift was used. Only data on drifting 

invertebrates used by trout as a prey were included in this analysis. Estimates were calculated 

for every month and sampling location. The combined data from analyzed fish guts collected 

at each sampling event was used. The calculations were undertaken for each size class of 

invertebrates. The evaluation of the amount of drift not used by fish as a food was calculated 

as the difference of the proportion of size-specific preys in YoY trout diet and invertebrate drift. 
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Appendix E2. Results of analysis of invertebrate data  

Seasonal dynamics of invertebrate drift and benthos in Silverstream 

Invertebrate drift varied across study sites, with the highest values for both drift density 

and biomass of drifting invertebrates occurring in the middle of the Austral summer (Figure 

E2.1, Figure E2.2; Table E2.1). Both site and month of sampling were significantly associated 

with density (ANOVA outputs for site F2,54=13.3, p=<0.001; for month F10,54=14.1, p=<0.001) 

and biomass (ANOVA outputs for site F2,54=8.9, p=<0.001; for month F10,54=4.5, p=<0.001). 

In spring, only sites 1 and 2 were sampled. No significant differences in both density and 

biomass of the drifting invertebrates across these two sites were established in October and 

November. The same result was observed for the December samples, when the data collected 

at Site 3 significantly differed from data collected at sites 1 and 2. Both density and biomass of 

drifting invertebrates were significantly lower at Site 3. In January, drift density and biomass 

reached their peak values at Site 2, but only density differed significantly among study sites. 

Unexpectedly, invertebrate drift density and biomass were both lowest at Site 2 in February, 

when a significant difference in drift biomass was detected between this site and Site 1. In 

March, invertebrate drift density and biomass were again highest at Site 2, as indicated by 

significant differences from both Site 1 and 3. In April, no statistically significant differences 

were detected, but drift density tended to be highest at Site 1. 

 
Figure E2.1. Invertebrate drift density (individuals/m3) at the Silverstream sites 1 (white box), 

2 (dark grey box) and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are 

presented in box and whisker plots showing mean values with standard error bars and data 

limits. 
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Figure E2.2. Dry weight (mg/m3) of drifting invertebrates at sites 1 (white box), 2 (dark grey 

box) and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in 

box and whisker plots showing mean values with standard error bars and data limits.  

Table E2.1. Adjusted p-values of Tukey HSD tests used for multiple comparisons of density 

and biomass of invertebrates from drift and benthos within sites 1, 2 and 3 from Austral spring 

to autumn 2016-2017. 

 Oct Nov Dec Jan Feb Mar Apr 

 1-2 1-2 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 1-2 1-3 2-3 

Drift 

density 
0.92 0.78 0.93 0.05 0.07 0.01 0.98 0.01 0.65 0.99 0.60 0.02 0.99 0.02 0.10 0.15 0.95 

Drift 

biomass 
0.06 0.75 0.34 0.01 <0.01 0.47 0.97 0.35 0.01 0.13 0.25 0.05 0.98 0.04 0.38 0.93 0.57 

Benthos 

density 
0.05 0.76 0.37 0.06 0.38 0.02 <0.01 0.26 0.44 0.03 0.15 <0.01 <0.01 0.49 0.35 0.45 0.07 

Benthos 

biomass 
0.05 0.24 0.68 0.05 0.02 0.02 <0.01 0.05 0.71 0.10 0.27 0.10 0.09 0.99 0.99 0.76 0.81 

Note: p-values < 0.05 are in bold; 1-2, comparison between Site 1 and Site 2; 1-3, comparison between Site 1 

and Site 3; 2-3, comparison between Site 2 and Site 3. 

 

In contrast to the drift data, ANOVAs did not reveal any seasonal changes of density and 

biomass of invertebrates inhabiting bottom substrata (Table E2.1; Figure E2.3, Figure E2.4). 

Only sampling location had a significant effect on density (F1,51=70.8, p=<0.001) and biomass 

(F1,51=33.8, p=<0.001) of the benthos. The highest benthic community abundance was 

typically found at Site 1, which was characterized by the highest benthos abundance and 

biomass in October, December, January and March. Site 3 generally showed the lowest density 

and biomass of benthic invertebrates compared to the other two locations. 
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Figure E2.3. Abundance of benthic invertebrates at study sites 1 (white box), 2 (dark grey box) 

and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in box and 

whisker plots showing mean values with standard error bars and data limits. 

 

 

Figure E2.4. Biomass of benthic invertebrates at study sites 1 (white box), 2 (dark grey box) 

and 3 (light grey box) from Austral spring to autumn 2016-2017. Data are presented in box and 

whisker plots showing mean values with standard error bars and data limits. 



 

 

Table E2.2. Mean percentage (±SE, %) of invertebrate taxa in drift samples at study sites from October to April. Data are presented only for taxa that contributed >1% 

of the total density (individuals/m3) presented. 

Group Taxan 
Site 1  Site 2  Site 3  

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr Dec Jan Feb Mar Apr 

Ephemeroptera 

Deleatidium sp. 
larvae 

24.1 
(10.3) 

22.9  
(1.2) 

15.1 
(4.8) 

13.1 
(6.1) 

54.0 
(7.0) 

31.9 
(5.3) 

41.5 
(5.3) 

23.6 
(3.1) 

10.5 
(3.8) 

10.0 
(1.4) 

9.8 
(1.1) 

15.6 
(1.4) 

6.7 
(0.9) 

17.7 
(5.7) 

17.1 
(1.2) 

10.6 
(4.1) 

21.3 
(5.9) 

18.8 
(3.7) 

21.1 
(3.1) 

Ephemeroptera 
imago 

 
2.9 

(0.7) 

 
1.9  

(1.2) 
4.5 

(1.7) 
1.4  

(0.8) 

      
 

      

Plecoptera 

Zelandoperla sp. 
larvae 

      
1.3 

(0.2) 

   
4.2 

(1.0) 
4.3  

(1.3) 
3.3  

(2.1) 
7.1 

(2.0) 
2.3 

(0.2) 
2.9 

(0.9) 
5.2 

(1.4) 
8.7  

(2.9) 
9.2 

(1.2) 

Austroperlidae 
larvae 

              1.2 
(0.3) 

 

 1.1 
(0.3) 

4.2 
(0.6) 

2.2 
(0.6) 

Trichoptera 

Hydropsychidae 
larvae 

   
8.5 

 (1.8) 
2.0 

(0.5) 
3.7 

 (1.9) 
2.5 

(1.4) 

    
1.0  

(0.3) 
1.0  

(0.7) 

     
1.0 

(0.2) 

Hydrobiosidae 
larvae 

 
1.1  

(0.6) 
3.4 

(1.4) 
5.2 

 (1.8) 
5.4 

(1.2) 
9.7 

 (4.4) 
7.8 

(3.6) 

   
2.9 

(0.6) 
6.7 

 (2.2) 
1.2 

(0.3) 

 
1.7 

(0.9) 
5.5 

(2.5) 
3.5 

(0.5) 
5.7  

(1.0) 
6.0 

(3.1) 

Oxyethira sp. 
 larvae 

  
 2.5 

 (0.2) 
 3.0 

(0.9) 
1.6 

(1.0) 
2.6 

(1.9) 

 
1.1 

(0.6) 
5.2 

(1.2) 
9.7 

 (1.7) 
2.9  

(1.1) 
1.3 

(0.7) 

     

Conoesucidae 
larvae 

 
1.7  

(0.7) 

  
2.9 

(0.6) 

 
3.0 

(1.0) 
1.9 

(1.2) 

  
1.4 

(0.4) 
2.8  

(1.8) 
1.0 

(0.4) 
8.9 

(1.4) 
7.9 

(2.0) 
12.5 
(4.5) 

15.2 
(5.1) 

20.0 
(2.9) 

15.1 
(4.4) 

Trichoptera 
imago 

3.3 
(2.0) 

2.6  
(2.0) 

 23.2 
(2.0) 

3.0 
(0.5) 

2.6  
(1.3) 

 
1.2 

(0.4) 

 
 4.7 

(1.0) 
3.7 

 (0.3) 
3.2  

(2.2) 

 
 4.7 

(1.8) 
2.3 

(0.6) 

  

Diptera 

Austrosimulium sp. 
larvae 

2.0 
(0.7) 

14.2 
 (3.6) 

9.6 
(2.8) 

8.3 
 (1.5) 

1.5 
(0.2) 

2.7 
(0.7) 

 0.6 
(0.4) 

12.2 
(2.7) 

22.3 
(4.1) 

19.0 
(6.1) 

43.1 
(5.2) 

9.8 
(3.5) 

2.1 
(0.1) 

12.5 
(2.2) 

5.7 
(0.8) 

4.0 
(1.2) 

4.4 
(0.6) 

0.8 
(0.4) 

1.6 
(1.0) 

Paradixa sp.  
larvae 

     
2.1 

(1.5) 

    
1.6 

(0.7) 
3.7 

 (0.5) 
11.6 
(4.2) 

1.1 
(0.6) 

 
2.4 

(0.5) 
3.7 

(1.6) 
5.4  

(0.4) 

 

Chironomidae 
larvae 

61.4 
(13.0) 

23.9 
 (7.6) 

47.7 
(11.1) 

10.5 
(4.9) 

5.1 
(1.3) 

7.2 
 (4.1) 

0.6 
(0.2) 

23.6 
(3.1) 

22.2 
(4.5) 

27.8 
(5.4) 

4.8 
(1.0) 

9.8 
 (1.5) 

1.8 
(0.9) 

1.2 
(0.8) 

19.3 
(4.9) 

2.0 
(0.6) 

2.6 
(1.1) 

0.9 
(0.2) 

2.5 
(1.0) 

Chironomidae 
pupae 

 
1.0  

(0.2) 

 
1.9  

(0.7) 

   
7.9 

(2.6) 
9.8 (4.7) 3.1 

(0.4) 
2.7 

(0.7) 
3.7  

(1.7) 
1.3 

(0.7) 

 
4.7 

(2.7) 
 

   

Chironomidae 
imago 

 
4.5 

 (1.7) 
1.9  

(1.0) 
2.1 

(1.1) 
2.6 

(1.1) 
3.0 

 (0.8) 
2.0 

(1.4) 
16.2 
(5.2) 

19.6 
(3.8) 

7.3 
(1.3) 

 
5.6  

(1.6) 
7.1 

(2.4) 
2.7 

(2.5) 
3.2 

(2.1) 
4.9 

(2.0) 
2.6 

(0.5) 
1.7 

(0.4) 
1.1 

(0.8) 

Empididae imago 
 

1.6 (1.0)  5.8 (1.8) 4.2(1.5)  
    

1.0(0.9) 
 

 
      

Ephydridae imago 
  

1.2(0.9) 
      

 1.7(1.7) 2.2 (0.5)  
 

 5.2(1.3)  
  

Tipulidae imago           1.2(0.7)     2.3(0.9)    

Coleoptera 
Elmidae larvae   2.0(0.1)  1.2(0.9)          1.1(0.5)     

Hydraenidae imago         1.6(0.8)   1.5(0.8)   1.8(0.4) 1.2(0.3) 2.3(0.3) 2.2(0.9) 2.0(1.0) 

Oligochaeta  1.8(1.3) 1.5(0.6) 7.3(5.2)   10.2(6.9)  2.9(1.1) 3.3(1.4) 6.6(3.0) 1.1(0.8) 3.1(0.6) 1.7(1.0) 1.9(0.6) 8.2(5.5)  2.9(1.0) 3.1(1.6) 1.5(1.0) 

Gastropoda   5.7 (2.4) 2.5 (0.8) 
 

 3.8 (1.2) 5.4(1.9) 
    

2.0(2.8)  
 

1.0(0.5) 
 

2.6(1.0) 8.2 (2.7) 3.1 (1) 

Ostracoda  
 

2.6 (1.8)  3.1 (3.0)  2.1 (1.2) 2.3(0.8) 
     

 
      

Acari  
       

1.5(0.2) 2.3(0.7) 1.8(0.5) 1.0(0.8) 3.5 (1.2) 6.1(0.7) 3.4(1.8) 2.3(0.8) 1.6(0.7) 
  

1.0(0.5) 

Fish larvae    1.1 (0.5)                 
Terrestrial 
arthropods  

1.5 
(0.6) 

8.5 
 (0.8) 

2.3  
(0.2) 

2.4 
 (0.1) 

4.7 
(1.2) 

9.5 
 (3.7) 

27.7 
(4.5) 

23.7 
(3.3) 

24.0 
(6.1) 

15.6 
(3.7) 

10.4 
(4.0) 

14.1 
(3.1) 

44.2 
(1.9) 

34.4 
(1.7) 

14.0 
(4.0) 

31.3 
(8.0) 

22.5 
(6.0) 

11.4 
(1.5) 

21.0 
(5.0) 
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The invertebrate drift community generally consisted of the larval and imaginal stages 

of amphibiotic insects and adults of terrestrial arthropods, plus benthic invertebrates such as 

oligochaetes, gastropods and ostracods. These invertebrate taxa comprised 82 to 95% of the 

total drift abundance across three sites throughout the sampling period, with means of 87.4% 

(±1.8 SE) for Site 1, 91.1% (±1.6 SE) for Site 2 and 87.4% (±1.2 SE) for Site 3 (Table E2.2). 

Only four of 80 different groups of identified animals were commonly found in the drift 

samples across all three study sites, namely: the larval stages of Deleatidium sp. 

(Ephemeroptera: Leptophlebiidae), Austrosimulium sp. (Diptera: Simuliidae) and various 

representatives of the Chironomidae family (Diptera), plus adult terrestrial arthropods (Table 

E2.2). These four taxa were the most dominant at Site 1 in spring, representing up to 89% of 

the total drift abundance. Prevalence of these four groups decreased further upstream and as the 

seasons progressed. At Site 3, the proportion of these taxa was 56% of the total drift abundance 

in December and dropped to 32% in the subsequent months. Thus, the input of specific 

invertebrate taxa in total drift concentration differed across sites and seasons. 

Deleatidium sp. was the most abundant individual invertebrate taxon identified in the 

drift but its proportion to total abundance was significantly different between sites (F1,55=4.2, 

p=0.050). This mayfly larva represented 30.4% (±5.0 SE; lim 15.1-54.0%) of the total 

invertebrate drift density at Site 1, 11.2% (±5.0 SE; lim 4.5-16.2%) at Site 2, and 17.8% (±2.0 

SE; lim 10.6-21.3%) at Site 3. No statistically significant (F10,55=2.2, p=0.159) change in 

Deleatidium sp. abundance was found between seasons. 

The contribution of terrestrial invertebrates differed among sites (F1,46=4.7, p=0.045) but 

not across seasons (F1,55=2.1, p=0.158). In contrast to Deleatidium sp., the lowest proportion 

of terrestrial invertebrates typically occurred at Site 1 (8.1% ±3.5 SE; lim 1.5-27.7%). At sites 

2 and 3, this proportion was equal to 23.3% (±4.2 SE; lim 10.4-40.9%) and 20.0% (±3.5 SE; 

lim 11.4-31.3%), respectively. 

Austrosimulium sp. larval drift differed across seasons (F1,55=5.8, p=0.019) but not 

among sampling locations (F1,55=1.7, p=0.192). Mean prevalence of this taxon was higher at 

Site 1 (12.7% ±7.3 SE; lim 1.5-47.7%) and Site 2 (16.2% ±5.2 SE; lim 2.1-43.2%) than at Site 

3 (3.3% ±0.9 SE; lim 0.8-5.7%). For all three sites, peak abundance of Austrosimulium sp. 

occurred during summer, but this pattern shifted by two months in an upstream direction: from 

December at the lowland Site 1 to February at Site 3 in the headwaters. 



150 

 

The proportion of Chironomidae larvae in the drift had negative upstream and seasonal 

dynamics, confirmed by ANOVA outputs for both site (F1,55=8.63, p=0.005) and sampling 

month (F1,55=5.9, p=<0.001). At Site 1, this taxon contributed up to 61.4% of drift concentration 

in October but dropped to 0.6% by April, with an average seasonal input equal to 16.9% (±7.9 

SE). At the other two sites, chironomid proportions fluctuated less seasonally, with average 

values of 12.6% (±4.2 SE; lim 1.2-27.9%) for Site 2 and 14.1% (±2.0 SE; lim 7.9-20.0%) for 

Site 3. 

Other groups of invertebrate animals contributed a significant proportion of drift 

sporadically, especially at the time of emergence of imaginal forms of aquatic insects. For 

instance, the caddisfly and chironomid imago input reached up to 13.1% and 12.2% of drift 

density, respectively, at Site 1 in January and at Site 2 in October. The rest of the groups 

contributed less than 10% of the total density, with the exception of Conoesucidae larvae 

(Trichoptera) at stream headwaters where their mean abundance was equal to 14.1% (±2.0 SE; 

lim 7.9-20.0%). 

The size structure of drifting invertebrates varied across the study sites. The average 

size of 7447 invertebrates collected at Site 1 across all sampling dates in 2016-2017 was 3.65 

mm (±0.01 SE; lim 0.5-20). At Site 2, in total 5768 drifting organisms were collected and 

measured, and the average size of animals was 2.86 mm (±0.01 SE; lim 0.5-17). Similar 

results (2.87 mm ±0.02 SE; lim 0.5-20) were established for the 3992 drifting invertebrates 

sampled from December until April at Site 3. Most of the animals sampled had lengths 

between 1 mm and 6 mm. Invertebrate drift at Site 1 was characterized by a higher proportion 

of larger invertebrate forms in comparison to upstream sites. There were no significant 

differences between sites 2 and 3 in the size structure of invertebrate drift (Table E2.3). The 

data on the size of individual taxa or groups of taxa for each of the sampling locations and 

months are presented in Table E2.4. 
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Table E2.3. Size structure of the drifting invertebrates collected from Austral spring to autumn 

2016-2017 at sites 1, 2 and 3, represented as a percentage of the number of measured 

individuals for the most abundant size classes (mm), with ANOVA outputs with adjusted p- 

values for multiple comparisons completed by Tukey HSD tests. 

Size class, 

mm 

Site 1, 

% 

Site 2, 

% 

Site 3, 

% 
df 

F 

value 

p- 

value 

Tukey 

HSD 

test 1-2 

Tukey 

HSD 

test 1-3 

Tukey 

HSD 

test 2-3 

0-1 3.09 5.2 9.24 2,16 4.03 0.038 0.809 0.036 0.105 

1-2 19.09 31.2 26.18 2,16 6.33 0.009 0.007 0.186 0.369 

2-3 25.06 27.92 22.28 2,16 3.56 0.052 0.204 0.620 0.051 

3-4 17.78 16.1 15.84 2,16 0.12 0.888 0.977 0.877 0.951 

4-5 12.99 8.57 10.52 2,16 4.55 0.027 0.022 0.265 0.516 

5-6 10.03 5.8 7.4 2,16 5.17 0.018 0.014 0.208 0.504 

6-7 5.89 2.76 3.99 2,16 5.20 0.018 0.013 0.285 0.378 

7-8 3.2 1.41 2.85 2,16 2.57 0.108 0.132 0.996 0.203 

8-9 0.79 0.18 0.2 2,16 8.07 0.004 0.009 0.009 0.954 

9-10 0.46 0.19 0.31 2,16 0.16 0.852 0.998 0.860 0.879 

Notes: values of p below confidence level are in bold; df, degrees of freedom; 1-2, comparison of Site 1 and Site 2; 

1-3, comparison of Site 1 and Site 3; 2-3, comparison of Site 2 and Site 3. 



 

 

 

Table E2.4. Average (± SE) and limits (dashed numbers) of the size (in mm) of drifting invertebrates at study sites from October 2016 to April 2017. 

Data are presented only for taxa that contributed >1 of the total abundance and biomass. 

Group Taxan 
Site 1  Site 2  Site 3  

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr Dec Jan Feb Mar Apr 

Ephemeroptera 

Deleatidium sp. 
larvae 

3.7 (0.1) 
1-8 

3.5(0.1) 
1-10 

2.9(0.1) 
1-8 

4.1(0.1) 
1-9 

4.2(0.1) 
1-8 

3.9(0.1) 
1-9 

3.1(0.1) 
1-7 

3.8(0.2) 
1-8 

4.2(0.1) 
1-9 

3.4(0.2) 
1-7 

3.5(0.3) 
1-8 

3.0(0.2) 
1-7 

3.1(0.1) 
1-7 

3.0(0.2) 
1-8 

4.5(0.2) 
1-8 

4.7(0.3) 
1-8 

4.1(0.3) 
1-10 

4.4(0.4) 
1-8 

3.1(0.3) 
1-8 

Ephemeroptera 
imago 

7.5(0.3) 
6-9  

6.5(0.1) 
4-9 

 6.8(0.3) 
5-12 

6.9(0.2) 
5-10 

  
  

6.5(0.5) 
6-7 

7.5(0.5) 
7-8   

7.5(0.5) 
7-8  

11.5(2.5) 
8-15    

Nesameletus sp. 
larave 

  17.5 (0.1)  
17-18 

    
       

28 
     

Plecoptera Zelandoperla 
sp. larvae   

    3.7 (0.3) 
1-8    

2.2(0.1) 
1-5 

2.2(0.1) 
1-4 

2.5(0.2) 
1-4 

2.8(0.3) 
1-6 

3.8(0.5) 
1-8 

2.4(0.4) 
1-8 

2.4(0.4) 
1-7 

2.6(0.3)
1-7  

Trichoptera 

Hydrobiosidae 
larvae  

7.5(0.7) 
2-15 

 5.8(0.3) 
3-15 

8.1(0.7) 
2-17 

5.2(0.5) 
2-13 

6.0(0.3) 
2-16 

8.0(3.1) 
2-16 

12.5(1.9) 
6-17   

5.1(0.7) 
1-16 

6.3(0.1) 
1-13 

5.2(0.4) 
1-10 

5.7(2.1) 
1-17 

6.2(0.6) 
1-13 

5.6(0.9) 
1-14 

4.8(0.4) 
1-8 

6.3(0.8) 
2-14 

Trichoptera 
imago 

8.5 (0.7) 
6-14 

6.5(0.2) 
2-10 

8.5(0.8) 
5-12 

6.8(0.3) 
5-12 

6.2(0.3) 
4-13 

7.3(1.0) 
2-12 

 4.7(0.7) 
3-17 

6.2(1.4) 
2-11 

5.1(1.2) 
3-8 

6.3(0.4) 
3-14 

5.2(0.2) 
3-12 

4.4(0.4) 
2-9   

4.7(0.3) 
1-9 

5.5(0.3) 
2-12 

6.0(1.0) 
4-8  

Oxyethira sp. 
larvae 

   2.2(0.1) 
1-4 

  2.3(0.6) 
1-3 

2.6(0.3) 
1-4   

2.6(0.2) 
1-8 

2.7(0.3) 
1-4 

2.6(0.3) 
1-4 

2.1(0.1) 
1-4      

Conoesucidae 
larvae 

 4.2(0.6) 
2-14 

  2.7(0.5) 
1-5 

 4.1(0.4) 
1-11    

3.8(0.4) 
2-8 

3.1(0.5) 
2-12 

3.2(1.2) 
1-7 

4.2 (0.6) 
1-10 

3.1(0.3) 
1-13 

3.8(0.2) 
1-8 

3.5(0.3) 
1-8 

4.2(0.3) 
1-8 

4.2(0.4) 
1-13 

Leptoceridae 
larvae 

 13.2 (1.5) 
8-17 

    7.7(0.3) 
3-20   

12.5(0.3) 
8-17 

16.0(0.5) 
15-17         

Diptera 

Austrosimulium 
larvae 

2.9(0.2) 
2-6) 

3.1(0.1) 
1-6 

2.9(0.1) 
1-7 

3.3(0.1) 
1-6 

 2.1(0.7) 
1-3 

 2.9(0.3) 
1-6 

3.2(0.1) 
1-8 

2.9(0.2) 
1-6 

2.7(0.2) 
1-6 

2.7(0.2) 
1-6  

2.9(0.2) 
1-5 

3.1(0.3) 
1-7 

2.5(0.2) 
1-5 

2.8(0.2) 
1-6   

Paradixa sp. 
larvae 

     5.2(0.4) 
3-8 

 
   

5.6(0.2) 
2-8 

5.3(0.1) 
3-7 

5.3(0.2) 
1-8 

4.0(0.5) 
3-5  

4.6(0.4) 
1-7 

4.8(0.2) 
2-8 

5.3(0.2) 
2-8  

Chironomidae 
larvae 

3.6 (0.1) 
1-8 

4.5(0.1) 
1-10 

3.9(0.2) 
1-8 

4.1(0.2) 
1-8 

3.6(0.3) 
1-8 

3.0(0.3) 
1-6 

 3.5(0.7) 
1-8 

3.8(0.1) 
1-8 

3.2(0.2) 
1-8  

2.8(0.2) 
1-7  

3.1(0.1) 
1-4 

2.7(0.1) 
1-8 

2.9(0.5) 
1-8 

3.0(0.2) 
1-6   

Chironomidae 
pupae 

 2.0(0.1) 
1-3 

2.8(0.2) 
1-4 

2.5(0.1) 
1-4 

3.1(0.2) 
2-5 

  2.8(0.4) 
1-5 

2.8(0.2) 
1-7 

2.3(0.1) 
1-6 

2.7(0.2) 
1-6 

2.9(0.1) 
1-5 

3.1(0.4) 
1-5  

1.8(0.2) 
1-5 

3.5(0.4) 
1-5 

3.3(0.1) 
2-5   

Chironomidae 
imago 

 2.1(0.1) 
1-5 

2.7(0.5) 
1-7 

2.7(0.3) 
1-5 

 3.2(0.5) 
1-8 

2.0(0.3) 
1-4 

2.4(0.1) 
1-5 

3.9(0.1) 
1-8 

1.8(0.1) 
1-5  

1.9(0.1) 
1-5 

1.7(0.1) 
1-4 

2.1(0.1) 
1-3 

2.1(0.3) 
1-3 

1.7(0.1) 
1-4 

2.3(0.2) 
1-5 

2.9(0.1) 
1-4  

Empididae 
imago 

3.8(0.1) 
3-5 

4.1(0.1) 
3-5 

4.5(0.1) 
3-5 

4.3(0.1) 
3-6 

4.3(0.1) 
2-6 

  
  

8.0(0.5) 
4-12 

3.5(0.1) 
2-4 

3.9(0.1) 
2-5    

3.8(0.2) 
3-5 

3.5(0.5) 
3-4   

Ephydridae 
imago 

       
   

2.7(0.1) 
2-4 

2.5(0.5) 
2-3    

2.3(0.1) 
1-5    

Diptera pupae   2.5(0.1) 2-
4 

                
Tipulidae 

imago 
     6.5(0.5) 

6-7 
 3.5(0.5) 

3-4  
6.0(0.5) 

2-10 
5.5(0.1) 

5-8 
7.5(0.3) 

3-11  
3.0(0.5) 

2-4  
3.7(0.2) 

2-6 
6.0(0.8) 

5-8   

Coleoptera 
Hydraenidae 

 imago 
       1.5(0.5) 

1-2 
1.5(0.4) 

1-2   
1.9(0.1) 

1-3  
2.3(0.1) 

1-3 
1.8(0.2) 

1-3 
2.3(0.3) 

1-3 
1.6(0.1) 

1-3 
1.8(0.1) 

1-3  
Hemiptera Sigara sp. 5.3(0.2)5-7  6.1(0.2)   6.0(0.5)6-7  6.5(0.5)             

Oligochaeta  14.8(0.6)1-20 13.8 (0.8) 1-20  3.0(1.1) 1-14  2.0(0.2)1-7      1.6(1.5) 1.3(0.3) 1.6(0.6) 2.9(1) 3.1(0.3)1-8  1.6 (0.5)1-4 2.2(1.5) 3.7(1.2) 
Gastropoda   1.2(0.1)1-5 2.5(0.5)     1.8(0.3)  1.5(0.1)    1.7(0.1)1-4  1.7(0.3)1-4  0.7(0.4) 0.7(0.3) 0.7(0.2) 
Ostracoda   1.5(0.1)1-3  1.5 (0.2) 1-3  1.2(0.1) 1.4(0.1)             

Acari         0.7(0.3)1-2   0.7(0.4)0.5-3  0.8(0.1) 0.5(0.2) 0.7(0.1) 0.6(0.1)   0.7(0.5) 

Terrestrial 
arthropods 

 
5.3(3.8) 

1-19 
2.5(0.1) 

1-7 
2.0(0.1) 

1-4 
2.7(0.3) 

1-15 
2.8(0.4) 

1-18 
2.8(0.1) 

1-19 
2.1(0.1) 

1-16 
2.1(0.2) 

1-7 
2.0(0.2) 

1-8 
1.8(0.1) 

1-7 
2.3(0.1) 

2-4 
1.8(0.1) 

1-11 
2.0(0.3) 

1-8 
2.0(0.1) 

1-8 
2.5(0.5)

1-16 
2.2(0.4) 

1-16 
2.0(0.2) 

1-12 
2.4(0.2) 

1-7 
2.2(0.4) 1-

12 
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The percentages of different taxa and groups contributing to the total biomass of drifting 

invertebrates varied and differed from those contributing to density. The imaginal stage of 

amphibiotic insects contributed up to 41% of total biomass of the drift. At Site 1, the dominant 

groups comprising up to 75% of total biomass included terrestrial arthropods, Deleatidium sp. 

larvae, Austrosimulium sp. larvae, adult caddisflies and, in rare occasions, emerging imagos of 

Empididae (Diptera) and mayflies. The dominant groups contributing to the majority of drift 

biomass at sites 2 and 3 included chironomid larvae, terrestrial arthropods, Deleatidium sp. 

larvae, caddisfly imagos and Conoesucidae (Trichoptera) larvae. The seasonal changes of the 

proportion of the biomass of different groups across the studied sites are presented in Table 

E2.5. 

The composition of invertebrate community inhabiting the streambed substrata differed 

from the composition of animals drifting in the water column. The number of dominant taxa 

(comprising 75% of benthos density) increased upstream. At Site 1, the dominant benthic forms 

were Deleatidium sp larvae, Conoesucidae larvae, gastropods and ostracods. These groups, with 

the addition of Austrosimulium sp. and chironomid larvae, were the most common invertebrates 

found at sites 2 and 3. The data on the spatial and temporal dynamics of the contributions of 

individual taxa or taxon groups to the total abundance of benthic organisms are presented in 

Table E2.6. 
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Table E2.5. Mean percentage (± SE, %) contributions to the total biomass of drifting invertebrates at the three study sites from Austral spring to autumn 2016 – 2017. 

Only data on taxa which contributed >1% of the total dry weight (mg of dry weight per m3) are presented. 

 

Group Taxan 
Site 1  Site 2  Site 3  

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr Dec Jan Feb Mar Apr 

Ephemeroptera 

Deleatidium sp. 
larvae 

8.3  
(3.9) 

8.7 
(2.2) 

11.8 
(4.3) 

12.4 
(3.6) 

16.3 
(3.3) 

23.1 
(9.9) 

18.5 
(4.2) 

15.0 
(8.8) 

9.2 
 (5.4) 

6.3  
(1.0) 

4.8  
(1.7) 

6.8 
 (0.8) 

2.3 
(1.0) 

7.4 
(1.0) 

17.1 
(1.2) 

5.8 
 (2.7) 

12.4 
(3.5) 

19.8 
(1.1) 

6.3 
 (2.6) 

Nesameletus sp. larvae  
 

7.1 (2.1) 
   

        2.0(2.0)     
Coloburiscus larvae             1.1(0.7)      2.2(1.6) 
Ameletopsis larvae          2.9(2.7)    1.1(1.1)      

Ephemeroptera imago 1.7(0.9) 11.1(1.0) 
 

4.4(2.6) 17.7(5.6
) 

5.5(0.6)  2.0(1.5)  1.2(1.0) 1.3(1.0)   2.0(2.0)  2.4(1.4)    
Plecoptera Zelandoperla sp. larvae               2.3(0.2)     

Trichoptera 

Hydropsychidae larvae  2.6(2.1)  3.0(1.1) 1.3(0.2) 1.1(0.5) 6.3(5.2)            2.4(2.4) 
Hydrobiosidae 

larvae  
1.3 

(0.7) 
1.8 

(0.8) 
2.6 

(1.9) 
5.2 

(1.8) 
4.4 

(2.5) 
9.6  

(5.1) 
1.9 

(1.1) 
1.9 

(1.5)  
2.8 

(1.8) 
4.6 

 (1.5) 
1.5 

(1.2) 
9.9 

 (2.4) 
1.7 

(0.9) 
1.9 

(0.8) 
4.7 

(1.0)  
3.0 

(0.6) 
Trichoptera 

imago 
36.7 

(16.3) 
18.3 

(10.6) 
12.8 
(7.8) 

35.2 
(13.9) 

13.5 
(2.9) 

21.3 
(13.7) 

 2.9 
(1.1) 

9.4 
 (6.4) 

3.7 
(1.4) 

40.8 
(5.4) 

27.5 
(3.6) 

6.7  
(3.4)   

12.0 
(6.2) 

16.3 
(9.3) 

3.8  
(1.9)  

Oxyethira sp. larvae            1.5(0.5)        
Conoesucidae 

larvae 
1.9 

(0.9) 
3.3 

(3.0) 
4.0 

(3.0) 

   
7.1  

(4.8)     
2.5 

(1.6)  
20.5 

(12.7) 
7.9 

 (2.0) 
4.9 

 (2.0) 
6.5 

 (0.9) 
21.8 
(2.3) 

12.7 
(7.5) 

Leptoceridae larvae  7.4(2.7) 
    

7.3(7.2)   5.1(2.9) 4.7 (2.6)         

Diptera 

Austrosimulium sp. 
larvae 

 2.5 
(0.5) 

24.0 
(10.4) 

1.2 
(0.3) 

  
 1.9 

(0.5) 
5.8 

(1.4) 
5.3 

(0.8) 
7.4 

 (2.5) 
2.1 

(0.5)  
2.9 

(1.0) 
5.7 

(0.8)     
Paradixa sp. larvae            1.7 (0.9) 4.6(2.3)    1.0(0.5)   

Chironomidae 
larvae 

8.2  
(2.0) 

6.1 
 (3.2) 

5.6 
(2.3) 

2.0 
(1.1) 

  
 4.9 

(0.4) 
4.3 

(1.4) 
6.5 

(0.5)  
1.4 

(0.1)   
19.3 
(4.9)     

Chironomidae 
 pupae 

 
 

1.5 
(0.6) 

1.4 
(0.3) 

  
 5.9 

(1.5) 
6.5 

(1.7) 
6.5 

(1.7) 
4.7 

(1.6) 
9.2 

(0.7) 
3.5 

(1.7)  
4.7 

(2.7) 
1.5 

(0.6) 
2.0 

(0.9)   
Chironomidae 

 imago 
 3.5 

(1.5) 
5.8 

(1.1) 
1.6 

(0.5) 
2.0 

(1.0) 
7.0 

(4.7) 
 20.5 

(2.1) 
27.7 

(15.3) 
10.0 
(2.0)  

5.7 
(1.6) 

10.4 
(5.5) 

3.5 
(1.4) 

3.2 
(2.1) 

2.0 
(0.5) 

2.8 
(0.5)   

Diptera pupae  
 

7.3 (7.0) 
   

             
Empididae imago 1.6(0.6) 

 
2.3(1.1) 14.2(7.7

) 
5.8(3.2) 

 
   2.3(2.0) 3.1(2.9) 2.8(1.4)    1.1(1.1) 1.7(0.7)   

Ephydridae imago            1.3(1.3)    1.1(0.3)    
Tipulidae imago  

    
1.5 (1.2)  1.3(0.9)  6.1(2.0) 3.5(2.6) 4.6(1.4)  1.4(0.7)  5.1(3.3) 1.2(0.6)   

Culicidae imago         1.0(0.9)   3.6(3.6)      3.0(2.1) 1.3(1.3) 
Megaloptera Archichauliodes larvae 

larvae 
          1.1 (1.1)         

Coleoptera 

Elmidae larvae                    
Elmidae imago     1.5(0.3) 2.5(2.1)            1.1(1.1)  

Hydraenidae imago            2.3(0.2)  3.3(1.7) 1.8(0.4) 1.6(0.1) 2.6(0.3) 3.1(1.2) 3.5(2.6) 
Dytiscidae imago     1.2(1.0) 1.2(1.0)          2.3(2.3)    

Staphylinidae imago          2.3(1.7)   2.0(0.8)      2.5(0.4) 
Hemiptera Sigara sp. 4.7(2.6) 5.3 (2.3) 

  
1.8(1.5) 

 
2.7(2.5)             

Oligochaeta  2.9(2.8) 
     

        8.2(5.5)     
Gastropoda   5.0 (3.7) 3.3(2.1) 

  
2.8(0.8) 3.9(0.6)     2.7(2.7)      1.1(0.3)  

Acari                2.3(0.8)     
Lamprey larvae        3.1(2.5)             

Terrestrial 
arthropods 

  31.4 
(19.7) 

16.3 
 (5.4) 

2.0 
(0.5) 

16.6 
(4.1) 

30.8 
(14.6) 

25.3 
(17.2) 

31.7 
(12.3) 

39.5 
(6.9) 

30.9 
(8.1) 

31.8 
(7.6) 

19.3 
(10.3) 

19.5 
(4.2) 

58.8 
(7.8) 

43.2 
(11.0) 

14.0 
(4.0) 

50.5 
(8.6) 

41.4 
(5.6) 

34.4 
(3.4) 

58.6   
(7.5) 
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Table E2.6. Mean percentage contributions to the total density of invertebrates per Surber sampler (± SE, %) at the three study sites from Austral spring to 

autumn 2016 – 2017. Only data on taxa which contributed >1% of the total abundance are presented. 

 
 

Group Taxan 
Site 1  Site 2  Site 3  

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr Dec Jan Feb Mar Apr 

Ephemeroptera 
Deleatidium sp. 

larvae 
49.1 
(7.3) 

33.8 
(10.7) 

28.5 
(13.1) 

30.2 
(1.3) 

30.0 
(6.0) 

40.0 
(10.2) 

55.9 
(11.3) 

35.4 
(4.9) 

28.9 
(1.9) 

26.1 
(4.7) 

25.8 
(4.8) 

28.1 
(3.3) 

17.1 
(9.7) 

24.2 
(3.5) 

21.5 
(6.5) 

18.3 
(3.6) 

22.6 
(3.4) 

29.0 
(6.5) 

15.8 
(6.3) 

Nesameletus sp. larvae               1.2(0.2) 2.3(1.7)   1.4(1.0) 

Plecoptera 
Zelandoperla sp. larvae 

       

  
1.3 

(1.3) 
1.0( 
0.3)  

1.8 
(0.7) 

1.7 
(1.0) 

1.3 
(0.2) 

0.6 
(0.4) 

1.2 
(1.2) 

2.0 
(1.3) 

1.1 
(0.6) 

Austroperlidae larvae         1.2 
(0.5) 

     7.4 
(1.2) 

2.5 
(1.0) 

5.8 
(1.2) 

1.1 
(0.5) 

2.2 
(1.2) 

Trichoptera 

Hydropsychidae larvae    2.0(1.0)   2.0(1.2
) 

            
Hydrobiosidae larvae 1.0 

(0.7)  
2.6( 
0.8) 

4.6 
(0.7) 

3.1 
(0.6) 

1.5 
(0.3) 

2.8 
(0.2)   

1.1 
(0.4) 

4.5 
(2.2) 

3.7 
(2.1) 

4.6 
(1.9) 

2.3 
(0.7) 

2.1 
(1.1) 

3.4 
(1.0) 

2.8 
(0.9) 

2.9 
(0.6) 

0.7 
(0.7) 

Oxyethira sp. larvae                    
Conoesucidae larvae 3.9 

(2.7) 
3.0 

(1.0) 
1.7 

(0.3) 
12.8 
(5.0) 

20.9 
(12.8) 

33.1 
(18.8) 

20.4 
(6.0) 

2.2 
(0.4) 

4.1 
(1.4) 

3.6 
(0.5) 

11.9 
(2.5) 

4.0 
(2.5) 

8.3 
(5.0) 

16.0 
(6.7) 

6.4 
(0.3) 

17.7 
(3.0) 

10.1 
(3.4) 

17.6 
(3.5) 

6.8 
(2.5) 

Leptoceridae larvae        7.1(4.8) 1.8(0.8) 1.1(0.4)  4.7(2.6) 3.7(3.5)       

Diptera 

Austrosimulium sp. 
larvae 

4.4 
(1.5) 

2.6 
(1.6) 

2.5 
(2.0) 

    3.8 
(3.4) 

27.6 
(10.9) 

5.9 
(4.3) 

4.3 
(1.0)         

Chironomidae 
larvae 

       7.2 
(4.5) 

7.0 
(4.1) 

11.2 
(3.5) 

4.6 
(1.9) 

7.5 
(5.0) 

16.0 
(4.2)  

10.0 
(5.4) 

7.0 
(2.6) 

1.9 
(0.8) 

3.9 
(1.4) 

3.9 
(2.5) 

Chironomidae 
 pupae 

       
     

1.0 
(0.5)       

Ceratopogonidae larvae 1.5 
(1.2) 

 1.2 
(0.3) 

    7.3 
(6.0) 

1.8 
(1.1) 

1.8 
(0.7)  

9.8 
(4.9) 

1.2 
(1.0)  

3.2 
(1.7) 

3.2 
(0.6) 

1.0 
(0.5)   

Ephydridae imago            1.9(0.9) 2.5(2.3)       
Tipulidae larvae                   1.2(1.2) 

Megaloptera Archichauliodes sp. larvae         2.3(1.5) 2.8(0.6) 3.1(0.6) 2.2(1.3) 1.6(0.3)  1.6(1.5) 1.7(0.4) 0.6(0.6) 1.0(0.5)  1.6(0.7) 

Coleoptera 
Elmidae larvae 

3.0 
(1.3) 

1.3 
(0.6) 

7.8 
(3.0) 

11.6 
(1.3) 

7.2 
(3.1) 

2.0 
(0.7) 

3.0 
(1.3) 

3.6 
(2.0) 

3.3 
(0.5) 

4.0 
(2.7) 

7.5 
(1.9) 

4.5 
(1.3) 

2.9 
(1.3) 

1.0 
(0.8) 

5.7 
(1.5) 

1.9 
(0.6) 

3.8 
(1.1) 

2.3 
(0.5) 

1.6 
(0.3) 

Ptilodactylidae larvae              2.3(1.8) 3.1(1.4)  3.1(0.9) 1.7(0.8) 2.5(0.8) 

Oligochaeta 
 25.0 

(5.8) 
52.0 

(10.1) 
41.5 

(13.5) 
8.8 

(4.7) 
12.5 
(5.7) 

10.8 
(4.1) 

2.3 
(0.8) 

16.1 
(4.5) 

11.3 
(5.7) 

30.6 
(5.7) 

22.2 
(8.5) 

12.9 
(0.8) 

31.7 
(17.8) 

40.3 
(15.1) 

20.5 
(3.9) 

22.2 
(6.8) 

27.4 
(6.4) 

21.2 
(5.2) 

46.3 
(11.6) 

Gastropoda  3.9 
(2.2) 

3.0 
(2.4) 

2.9 
(1.4) 

14.4 
(2.4) 

13.3 
(5.3) 

1.8 
(0.4) 

4.4 
(1.7) 

8.6 
(7.7) 

7.1 
(3.6) 

3.7 
(1.4) 

10.1 
(3.5) 

6.1 
(2.6) 

3.1 
(1.5) 

3.0 
(1.6) 

1.1 
(0.6) 

5.4 
(3.2)  

5.6 
(2.5) 

3.4 
(0.6) 

Ostracoda 
 5.4 

(1.5) 
1.1 

(0.7) 
9.1 

(3.6) 
5.0 

(2.0) 
6.8 

(2.5) 
7.6 

(3.3) 
4.9 

(1.3) 
1.2 

(1.0) 
0.6 

(0.2) 
2.1 

(0.5) 
0.8 

(0.2) 
7.9 

(0.2) 
1.0 

(0.4) 
3.9 

(2.9) 
3.6 

(2.1) 
6.1 

(2.2) 
8.8 

(1.3) 
5.9 

(0.8) 
5.8 

(1.9) 

Acari 
        

  
1.4 

(0.8)  
3.1 

(0.2)   
5.9 

(3.0) 
3.8 

(2.2) 
6.2 

(1.0) 
3.5 

(0.8) 
2.6 

(2.6) 
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Diurnal dynamics of invertebrate drift at Site 1 

There was a peak in both invertebrate density and biomass stream drift after sunset 

(Figure E2.5). Between 10:00 PM and 12:00 AM, 45.3% (±4.6 SE; lim 38.3-51.1) of the daily 

drift density was collected at the monitored riffle sections. This proportion was equal to 

69.2% (±6.6 SE; lim 55.7-87.0) of the measured dry weight of invertebrate drift. The higher 

proportion of the crepuscular peak values for drift biomass were related to a greater number of 

larger-sized invertebrates in the drift after sunset (Figure E2.6). The corresponding ANOVA 

confirmed a significant difference in the percentage of invertebrates larger than 4 mm 

(F1,22=34.8, p=<0.001) between samples collected at nighttime and daytime. 

 

Time (24 h format) Time (24 h format) 

Figure E2.5 The diurnal dynamics of density (a) and biomass (b) of invertebrate drift at Site 1 

in Feb 2017. The data presented in box and whisker plot show the mean, standard error and 

data limits. 
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Size class, mm Time (24 h format) 

 

Figure E2.6 The circadian dynamics of invertebrate drift size structure in Feb 2017 at Site 1 

(a). The percentage of individuals with body size >4 mm across 24 hours in Feb 2017 at Site 1 

(b). The data for “b” graph presented in box and whisker plot including mean, standard error 

and limits.
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YoY brown trout stomach content and dynamics of the selectivity of feeding across 

Silverstream from Austral spring to autumn 2016-2017 

The number of prey items consumed by individual YoY trout varied across the season at 

sites 1 and 2. The corresponding ANOVA did not determine any significant differences in 

prey number per individual fish among sampling sites, but the result was close to significant 

(F1,196=3.7, p=0.051). The sampling month was significantly associated with ingested prey 

abundance. The corresponding ANOVA (F1,196=22.6, <p=0.001) confirmed that ingested prey 

abundance increased from spring to autumn. The lowest average number of ingested prey items 

per fish occurred in October at Site 1 and was 3.8 (±0.5 SE; lim 1-9) invertebrate individuals. 

The highest abundance of prey items was determined for February at Site 2, where a mean of 

33.1 (±4.3 SE; lim 9-88) prey items per fish were identified (Table E2.7). 

The diversity of YoY trout stomach content differed across sampling locations and 

season. Site (F1,196=13.7, <p=0.001) and sampling month (F1,191=16.3, <p=0.001) were 

significant predictors for the Shannon index confirming spatial and seasonal dynamics of prey 

items diversity (Figure E2.7). Diversity of YoY trout invertebrate food prey constantly 

increased across the sampling period at Site 1. At Site 2, composition of YoY trout 

invertebrate food prey fluctuated across the sampling period. At Site 2, the dynamics of the 

Shannon index had a generally positive trend. The lowest values were typically in October-

December followed by a sharp increase in January. 

 

Month of the sampling Month of the sampling 

 

Figure E2.7 The seasonal change of Shannon diversity index of invertebrate drift (line chart) 

and YoY tout prey (box and whisker) at Site 1 (a) and Site 2 (b). The data presented in line 

chart based on an average value. The data presented in box and whisker plot including median, 

1st quartile, 3rd quartile and outliers.  
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Table E2.7 Frequency of occurrence (%), prey-specific abundance (%) of invertebrate taxa, number of observed fish guts and ingested prey 

items from YoY trout diet at sites 1 and 2 from Austral spring to autumn 2016 – 2017. 

Group Taxan 
Site 1  Site 2  

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 

Ephemero 
ptera 

Deleatidium sp. larvae 92.9 66.3 86.7 48.2 93.3 70.2 93.3 61.9 100 58.1 100 66.0 93.3 21.5 86.7 26.4 86.7 19.8 86.7 16.7 83.3 10.9 73.3 22.9 86.7 15.4 63.6 23.5 
Ameletopsis sp. larvae 

              
6.7 0.7 

    
8.3 0.3 

  
6.7 0.4 

  

Ephemeroptera pupae 
      

6.7 0.3 
                    

Ephemeroptera imago 
  

46.7 18.1 
  

40.1 9.4 83.3 17.8 80.1 14.2 66.7 7.6 
      

8.3 0.7 13.3 0.4 13.3 0.9 
  

Plecoptera 

Zelandoperla sp. larvae 
                    

16.7 0.7 
    

27.3 3.7 
Eustheniidae larvae 

      
6.7 0.3 

            
8.3 0.3 6.7 0.2   

  

Austroperlidae larvae 
      

6.7 0.2 
                    

Notonemouridae larvae 
                      

6.7 0.2 
    

Trichoptera 

Hydropsychidae larvae 
    

13.3 0.8 46.7 4.6 33.3 3.2 53.3 4.6 33.3 4.8 
      

8.3 0.3 13.3 0.4 
  

9.1 1.2 
Hydrobiosidae larvae 

  
6.7 1.0 40.1 8.2 53.3 5.8 50.1 5.8 73.3 6.3 53.3 7.0 

    
13.3 1.2 58.3 4.0 73.3 13.7 46.7 6.0 54.5 22.2 

Oxyethira sp. 
      

13.3 1.8 
    

20.1 2.6 
      

33.3 3.0 46.7 2.4 53.3 7.7 18.2 2.5 
Conoesucidae larvae 

  
6.7 1.0 

  
13.3 0.4 

    
26.7 3.5 6.7 0.7 6.7 0.4 6.7 0.6 8.3 0.3 6.7 0.2 33.3 4.7 18.2 11.1 

Polycentropodidae larvae 
                      

13.3 1.0 13.3 1.3 9.1 2.5 
Leptoceridae larvae 

                        
20.1 1.7 

  

Trichoptera imago 
        

8.3 0.5 53.3 4.4 26.7 1.1 
      

41.7 3.3 26.7 1.0 6.7 0.4 9.1 1.2 

Diptera 

Austrosimulium sp. larvae 14.3 6.7 26.7 11.2 46.7 15.8 40.1 5.7 
      

13.3 2.1 73.3 16.9 60.1 51.2 83.3 30.1 33.3 6.0 26.7 3.8 
  

Paradixa sp. larvae 
        

8.3 1.2 
          

8.3 0.7 20.1 3.4 26.7 1.7 
  

Chironomidae larvae 21.4 7.7 20.1 8.5 13.3 3.4 26.7 3.1 
    

  53.3 66.4 93.3 58.5 66.7 27.4 91.7 21.8 86.7 30.2 60.1 17.5 54.5 17.3 
Chironomidae pupae 

      
6.7 2.2 

      
6.7 0.7 26.7 2.0 

  
33.3 2.6 33.3 2.6 13.3 0.9 

  

Chironomidae imago 
            

6.7 0.4 
  

13.3 0.8 
  

33.3 3.0 53.3 2.4 60.1 17.9 
  

Ceratopogonidae larvae 
                

13.3 0.8 
      

6.7 0.4 
  

Tanyderidae larvae 
                      

6.7 0.2 
    

Ephydridae imago 
        

8.3 0.3 
  

13.3 1.2 
        

6.7 0.4 
    

Tipulidae larvae 
              

13.3 1.4 6.7 0.4 6.7 0.6 25.0 1.3 6.7 0.2 
    

Tipulidae imago 
        

8.3 0.3 
    

6.7 0.7 
    

8.3 0.3 
  

6.7 0.4 
  

Megaloptera Archichauliodes larvae  
                    

8.3 0.3 
    

9.1 1.2 

Coleoptera 
Elmidae larvae 

        
8.3 1.2 

                  

Staphylinidae larvae 
                        

6.7 0.4 
  

Oligochaeta  
                    

8.3 1.0 
      

Crustacea Paracalliope sp. 35.7 18.1 20.1 5.4 6.7 1.7 26.7 3.6 66.7 10.9 26.7 3.4 86.7 22.9 
              

Gastropoda  
          

6.7 
         

8.3 0.3 6.7 0.2 
  

18.2 3.7 
Ostracoda  

            
13.3 3.8 

      
8.3 1.0 20.1 4.2 

    

Acari 
                     

8.3 0.3 6.7 0.2 
    

Araneae Dolomedes aquaticus 
                      

6.7 0.4 
    

Terrestrial arthropods 7.1 1.2 
    

6.7 0.7 8.3 0.6 13.3 0.6 60.1 25.0 6.7 1.4 6.7 0.8 
  

41.7 18.8 40.1 6.6 60.1 24.4 45.5 17.3 
2 mm size stone 

                  
6.7 1.2 

        

Vegetation fibres and particles 
                      

13.3 0.4 
    

Total number of observed fish individuals 14 15 15 15 12 15 15 15 15 15 12 15 15 11 
Total number of observed prey items 54 79 128 250 173 330 436 140 248 168 303 497 234 81 

The number of preys per stomach 3.8(0.5) 
1-9 

5.3(0.8) 
0-12 

8.5(1.6) 
3-28 

16.7(2.9) 
3-43 

14.4(2.5) 
3-31 

22.0(2.7) 
8-46 

29.0(5.7) 
2-71 

9.3(3.1) 
1-48 

16.5(2.4) 
6-37 

11.2(3.2) 
1-53 

25.2(5.4) 
3-72 

33.1(4.3) 
9-88 

15.6(2.6) 
3-38 

7.3(1.5) 
1-16 

Notes: frequency of occurrence values are in bold, and prey-specific abundance values are underlined. Number of preys per stomach: mean (±SE) above the line, limits below the line 
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The Shannon diversity index of prey consumed by YoY trout was not associated with 

Shannon diversity of invertebrate drift but was significantly related to the size of the fish 

and to water temperature (Figure E2.8). The linear regression model outputs for both Site 1 

and Site 2 confirmed significant positive relationships with fish size (Site 1: F2,98=12.9, t= 

4.88, p=<.001, R2= 0.19; Site 2: F2,94=31.1, t= 6.17, p=<.001, R2= 0.36). Water temperature 

at the time of fish sampling was significantly positively associated with prey diversity at 

Site 2 (F2,94=31.1, t= 2.45, p=.02, R2= 0.36), but not at Site 1. 

 

 

 

Fig. E2.8. Relationships of Shannon diversity index of YoY tout preys with fish size, water 

temperature and invertebrate drift diversity at Site 1 (a) and Site 2 (b) at 2016-2017 rearing 

season. Regression lines are presented only where significant relationships were 

determined. 
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At both sampling locations, the dominant prey items were also the most common 

groups of drifting invertebrates: i.e., larval and imaginal forms of amphibiotic insects and 

terrestrial arthropods. Thus, Deleatidium sp., Austrosimulium sp., Chironomidae, 

Hydrobiosidae, Hydropsychidae larvae and mayfly imago comprised up to 100% of YoY’s 

diet in Site 1 across the sampling period. In addition to the aforementioned taxa, the 

crustacean Paracalliope sp. (Amphipoda) was another common prey at Site 1. The 

importance of Paracalliope sp. (frequency of occurrence 6.7-86.7%; prey-specific 

abundance 1.7-22.9%) is in contrast to the extremely low abundance of this crustacean in 

the stream environment. It comprised only up to 1.4% of density and 0.3% of biomass of 

invertebrate drift and up to 0.6% of density and 0.1% of biomass of the benthos. 

Deleatidium sp., Austrosimulium sp., and Chironomidae larvae contributed up to 95% of 

the total number of YoY trout prey at Site 2 from October till December. From January 

onwards, the occurrence of these groups of prey decreased rapidly, whereas cased and non-

cased caddisfly larvae, imago of aquatic insects and terrestrial arthropods increased in the 

fish diet. The data on the seasonal dynamics of frequency of occurrence and abundance of 

specific invertebrate taxa and groups from YoY trout stomach at sites 1 and 2 are presented 

in Table E2.7. 

The Chesson’s α index, showing selectivity of YoY trout diet, demonstrated a spatial 

and temporal preferential differentiation of specific prey items. Juvenile trout inhabiting 

Site 1 were mostly targeting stream crustacean Paracalliope sp. The Chesson’s α for this 

amphipod was higher than neutral selectivity level across the season. Deleatidium sp. and 

Austrosimulium sp. larvae represented other preferable prey items at Site 1, with the highest 

selectivity occurring in the middle of the summer (Figure E2.9). A YoY trout inhabiting Site 

2 demonstrated selective feeding on Deleatidium sp. and chironomids larvae (Figure 

E2.10). In autumn, the imagos of amphibiotic insects were preferable prey items for YoY 

trout at both sites. The importance of Deleatidium sp. larvae decreased with the seasons at 

both locations, which was confirmed by ANOVA outputs for Site 1 (F1,48=5.5, p=0.023) 

and Site 2 (F1,29=4.1, p=0.045). No significant relationships of Chesson’s α with 

invertebrate drift composition nor with fish size were found. 
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Figure E2.9. Seasonal dynamics of average Chesson α index showing selectivity of YoY trout 

on their most important prey items at Site 1. Each average was calculated based on the 

combined data from all fish individuals collected at each sampling event. 

 

 

Figure E2.10. Seasonal dynamics of Chesson α index showing selectivity of YoY trout on 

most important prey items at Site 2. See previous figure legend for details. 
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Positive seasonal dynamics of the size of prey items and higher proportion of large-sized 

invertebrates consumed by YoY trout were observed at Site 1. The corresponding t-test 

demonstrated significant differences between the YoY trout prey by size at two sites for all 

months except April and October (Table E2.8). According to the corresponding ANOVA 

outputs, at Site 1 the size of the prey items was significantly positively related to the month of 

sampling (F1,1273=68.1, p=<0.001). No significant temporal dynamics of the size of 

invertebrates from trout stomachs were revealed for Site 2 (F1,996=3.3, p=0.070). 

Table E2.8. Size composition and t-statistics outputs for YoY trout prey throughout the Austral 

summer 2016-2017 at Site 1 and Site 2. The size-specific component of the diet is represented 

as a percentage (%) of the number of measured individuals for each size interval (mm). 

Size 
interval, 

Oct Nov Dec Jan Feb Mar Apr 

mm Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 

0-0.9    4.6  3.6  3.0 5.3 2.6 0.3 1.0 7.7 1.4 

1-1.9 7.9 3.6 7.4 9.2 5.9 18.8 2.2 16.2 11.1 15.1 0.6 20.8 27.0 11.6 

2-2.9 23.7 18.2 5.9 16.9 13.4 24.1 12.6 22.3 6.4 13.4 6.0 25.9 29.7 24.6 

3-3.9 34.2 27.3 13.2 33.8 21.0 25.9 16.0 25.9 9.4 14.5 8.6 20.3 11.0 23.2 

4-4.9 15.8 27.3 17.6 16.9 18.5 8.0 17.7 12.2 11.7 14.2 15.2 9.6 6.5 15.9 

5-5.9 13.2 12.7 16.2 8.5 10.1 8.9 15.6 4.6 17.5 15.3 20.3 4.6 4.7 8.7 

6-6.9 5.3 10.9 25.0 6.9 17.6 3.6 20.3 6.6 25.7 12.2 26.7 7.6 5.3 7.2 

7-7.9   11.8 2.3 11.8 3.6 14.3 0.5 9.9 7.4 15.6 5.1 4.5  

8-8.9   2.9 0.8 1.7 2.7 0.4 4.1 0.6 3.4 4.4 2.0 2.7 2.9 

9-9.9      0.9 0.9 1.5 1.8 0.9 1.9 2.5 0.9 1.4 

10-10.9        1.5 0.6 0.6 0.3   2.9 

11-11.9        1.0       

12-12.9        0.5       

20-20.9          0.3     

30-30.9          0.3     

M (±SE), 

mm 

3.43 

(0.21) 

3.92 

(0.17) 

5.03 

(0.15) 

3.46 

(0.14) 

4.68 

(0.14) 

3.33 

(0.17) 

5.01 

(0.12) 

3.60 

(0.16) 

4.88 

(0.17) 

4.23 

(0.14) 

5.73 

(0.15) 

3.50 

(0.14) 

3.20 

(0.11) 

3.83 

(0.26) 

N, ind. 38 55 68 130 119 112 231 197 171 351 315 196 338 69 

t statistics -1.78 6.34 5.49 7.18 2.95 13.13 -2.07 

df 78 127 228 369 402 357 119 

P value 0.078 <0.001 <0.001 <0.001 0.003 <0.001 0.051 

Notes: values of p < 0.05 confidence level are in bold; df, degrees of freedom. 
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Selective consumption of invertebrates by YoY trout was established for specific 

size classes of invertebrate drift. At both study sites, YoY trout preferred to consume larger 

prey items than the average size that were available for foraging (Figure E2.11). The 

Chesson’s α was above the neutral selectivity level for size 6-10 mm for both sites 

throughout the sampling period for all types of prey. Less selective feeding of YoY trout 

on invertebrates was evaluated for prey items with a size of 2-6 mm. The proportion of 

invertebrate drift preferable for YoY trout feeding varied between 51% and 91% of prey 

items used by fish as food. The seasonal variation of this proportion was higher at Site 1 

than at Site 2 (Table E2.9, E2.10). 

 

Fig. E2.11. Averages (±SE) of monthly values of Chesson α indices (solid line) indicating 

selective feeding of YoY trout on specific invertebrate size classes and size structure of 

invertebrate drift (dashed line) for Site 1 (a) and Site 2 (b). The average of the neutral 

selectivity level k-1 is indicated by the shaded area. 
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Table E2.9. Size composition and percentage of drifting invertebrates used by YoY trout as a 

food source at Site 1 at Austral summer 2016-2017. 

Size 

class, 

mm 

Size composition of drifting invertebrates 

used by YoY trout as a food source, % 

Percentage of drifting invertebrates used by 

YoY trout as a food source, % 

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 

0-0.9 0.7 0.8 0.7 0.2 0.4 1.7 0.1 99.3 99.2 99.3 99.8 100.0 98.6 100.0 

1-1.9 9.9 14.1 21.0 14.8 9.0 26.9 27.7 98.0 93.2 84.9 87.4 100.0 73.7 99.3 

2-2.9 26.1 20.6 37.0 26.9 20.2 24.2 37.6 97.5 85.3 76.4 85.7 86.2 81.8 92.1 

3-3.9 27.9 23.5 18.5 16.1 19.4 11.8 18.5 100.0 89.8 100.0 99.9 90.0 96.8 92.5 

4-4.9 16.7 17.0 11.8 11.7 15.6 8.8 10.5 99.1 100.0 100.0 100.0 96.1 100.0 96.0 

5-5.9 10.5 13.8 7.5 13.7 16.2 10.4 4.8 100.0 100.0 100.0 100.0 100.0 100.0 99.9 

6-6.9 6.2 8.1 2.6 8.8 11.7 10.1 0.8 99.1 100.0 100.0 100.0 100.0 100.0 100.0 

7-7.9 1.8 1.4 0.8 6.8 6.5 4.7 <0.1 98.2 100.0 100.0 100.0 100.0 100.0 100.0 

8-8.9 0.1 0.4 <0.1 0.9 0.7 1.3 <0.1 99.9 100.0 100.0 99.6 99.9 100.0 100.0 

9-9.9 <0.1 0.3 <0.1 <0.1 0.3 <0.1 <0.1 100.0 99.7 100.0 100.0 100.0 100.0 100.0 

Total percentage of the invertebrate drift 

preferable for trout feeding, % 91.1 67.2 60.6 72.4 72.3 50.9 79.8 
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Table E2.10. Size composition and percentage of drifting invertebrates used by YoY trout as 

a food source at Site 2 from Austral spring to autumn 2016-2017. 

Size 

class, 

mm 

Size composition of drifting invertebrates 

used by YoY trout as food source, % 

The percentage of drifting invertebrates 

used by YoY trout as food source, % 

Oct Nov Dec Jan Feb Mar Apr Oct Nov Dec Jan Feb Mar Apr 

0-0.9 0.4 0.9 1.0 1.5 2.4 0.0 0.3 99.6 100.0 100.0 100.0 100.0 100.0 100.0 

1-1.9 24.0 17.6 28.6 21.5 25.1 25.6 25.7 79.6 91.6 90.1 94.7 90.0 95.2 85.9 

2-2.9 31.4 25.0 31.8 33.4 31.1 31.3 32.1 86.8 92.0 92.3 89.0 82.2 94.6 92.6 

3-3.9 22.8 22.6 20.7 22.4 23.2 17.2 16.6 100.0 100.0 100.0 100.0 91.3 100.0 100.0 

4-4.9 10.3 18.3 10.0 9.7 7.6 10.5 8.2 100.0 98.6 98.0 100.0 100.0 99.1 100.0 

5-5.9 5.3 9.1 4.9 5.6 4.6 9.0 6.4 100.0 99.4 100.0 99.0 100.0 95.5 100.0 

6-6.9 3.5 3.8 2.0 2.2 3.3 4.5 3.8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

7-7.9 1.8 2.2 0.9 2.2 1.1 0.6 2.9 98.2 100.0 100.0 98.3 100.0 100.0 97.1 

8-8.9 <0.1 0.2 0.1 0.1 0.5 0.6 0.6 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

9-9.9 0.2 <0.1 <0.1 0.3 <0.1 <0.1 3.5 99.8 100.0 100.0 100.0 100.0 100.0 98.0 

10-10.9 <0.1 0.2 <0.1 0.3 0.2 <0.1 <0.1 100.0 99.8 100.0 100.0 100.0 100.0 100.0 

11-11.9 0.1 <0.1 <0.1 0.5 0.5 0.3 <0.1 99.9 100.0 100.0 100.0 100.0 99.7 100.0 

Total percentage of the invertebrate drift 

preferable for trout feeding, % 63.9 81.5 80.5 81.0 63.5 84.1 73.5 

 

I applied dry mass data of invertebrate drift reduced using the proportion of prey 

items preferable for trout feeding (Table E2.9, E2.10), in order to model the stream carrying 

capacity for YоY brown trout for my study sites in Silverstream. There were two reasons 

for employing this method. First, the YoY trout primarily feed on invertebrates drifting in 

the water column, rather than those organisms inhabiting the benthic substrata. Second, the 

spatiotemporal variability of selective feeding of YoY trout on specific size of the prey 

items was much lower than taxa-specific trophic selectivity by the fish. The individual steps 

of stream carrying-capacity modelling are presented in Appendix F.
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Appendix F. The steps of Silverstream carrying capacity modelling 

Carrying capacity, represented as the number of YoY brown trout per area unit, was 

evaluated for each month at Silverstream sites 1, 2 and 3. The calculations were performed for 

each cell of every studied section of examined stream sites. The habitat-restricted maximum 

theoretical abundance of YoY trout for each cell was corrected by predicted fish energetic 

requirements and energetic value of drifting invertebrate prey items. Next, data from each cell 

were summarized to obtain section- and month-specific values of habitat-restricted theoretical 

abundance of YoY trout individuals adjusted with food limitations. Then, section- and month-

specific values of the theoretical abundance of YoY trout were divided by the area of each 

monitored section to obtain carrying capacity in units of YoY brown trout individuals per m2. 

The major steps of calculations are presented below: 

Step 1. Calculation of the weighted usable area (WUA) for YoY trout (m2). 

To calculate weighted usable area (WUA), the habitat suitability index (HSI) was 

assessed for three major environmental characteristics – water velocity, depth and substrate 

composition (Appendix D). For HSI computation, the forage ratio was calculated for each 

habitat category. The forage ratio is a proportion of the number of trout individuals in a specific 

habitat category to the number of samples of the analyzed habitat category. The habitat 

suitability index (HSI) for each habitat category was calculated by dividing the forage ratio by 

its maximal value. The HSI ranged from 1 – full preference, to 0 – complete avoidance (Jowett 

& Richardson, 2008). Water temperature was not considered for HSI evaluation because water 

temperature varied between 8.5 and 18oC during fish sampling, which is within the thermic 

tolerance limits of brown trout (Elliot, 1994). In addition, the effects of other factors such as 

flow can overweigh thermal effects (Holmes et al., 2014; Bergerot & Cattanéo, 2017). 

To evaluate the area of habitats suitable for YoY trout across the sampling period at the 

three locations of the model stream, the weighted usable area (WUA) was calculated following 

the algorithm utilized by the Physical Habitat Simulation (PHABSIM) Software (Milhous & 

Waddle, 2012). The weighted usable area was calculated for each of the cells of three 30m-long 

sections used for routine fish sampling across study sites 1, 2 and 3. The WUA calculation for 

individual cells was based on the inclusion of each habitat characteristic into the equation: 

WUA i= HSI vi × HSI di × HSI bsi × Ai, where: WUAi - Weighted useable area for cell i, vi - 

HSI for water velocity at the cross-section of the cell i, di - HSI for depth at cell i, bsi - HSI 

value for substrate type at cell i as described in Sutton et al. (2006) (Figure F.1). 
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Figure F.1. An example of the habitat suitability evaluation procedure for the determination of 

weighted usable area (WUA) in one cell from Sutton et al. (2006). 

To estimate WUA at Site 3 in the headwaters of Silverstream, the habitat suitability data 

collected at sites 1 and 2 were used. This was done because it was not possible to collect 

representative HSI data at Site 3 due to low fish density. The monthly data on fish habitat 

preferences from sites 1 and 2 cannot be applied to Site 3 due to the differences in water 

temperature regime and size of the fish. Water temperature at Site 3 was the lowest across the 

stream from spring to autumn: at the time of data sampling, water temperature varied from 8.5 

oC in April to 12.4oC in February. The average fish size varied from 22.6 (±0.4 SE; 21.3-23.4) 

mm in November to 75.1 (±1.5 SE; 68.1-84.4) mm in April. Following this, the HSI values for 

flow, depth and bottom substrata were developed for Site 3 specifically for the listed values of 

water temperature and fish size. The HSI values presented in Appendix D4 and D5 were applied 

for estimation of WUA at Site 3. 
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Step 2. Calculation of theoretical maximal number of YoY trout per cell (individuals) 

To estimate month-specific values of maximal number of YoY trout per cell of studied 

stream sections, the weighted usable area (WUA) of the cell was divided by the modelled 

feeding area (FA) of individual trout. The FA for individual trout were calculated by following 

equations: 

FA = Π*(FR)2, 

 
       (Hughes & Dill, 1990), 

        (Hughes & Dill, 1990), 

          (Jones et al., 1974), 

where FA is feeding area of individual trout (m2); Π – is Pi-number; FR – foraging radius (m); 

RD – reaction distance (m); mVel2 – cell-specific mean water column velocity (m/sec); Vmax – 

maximal sustainable fish speed (m/sec); FL – fork length of fish individual (cm); PL is the 

average length of prey (mm) consumed by trout at each of the month at sites 1, 2 and 3. For 

calculations of FA value for Site 3, the data on size of YoY trout prey items from Site 2 were 

applied due to the absence of a significant difference in size structure of invertebrate drift 

between sites 2 and 3 (Table E2.3.). 

Step 3. Evaluation of site- and month-specific values of daily energetic requirements of 

YoY trout (cal/day) 

To evaluate daily energetic requirements of YoY trout (Er, cal/day), Elliot and Hurley’s 

(1998) equation was applied: 

Er =  

where CMAX is the daily energy intake of a 1 g fish at TM , TM is the temperature at which daily 

energy intake is maximal; TL is the temperature at which energy intake is zero; TR = T and TS = 

TI for T ≤ TI; TR = TI and TS = T for T > TI; TI is the temperature close to 7 °C at which the slope 

generated by the model changes, and bI is the power which controls the degree of concavity 

below TI; T is the temperature of environment; bH = bL for T ≤ TM and bH = bR for T > TM, bL 

and bR are the powers that control the degree of concavity below and above TM, respectively; d 

is constant, wr - mean value site- and month specific fish mass, ε represents the independent 

homogeneous random errors from a normal distribution with a variance of σ2. Graphically, the 

daily energy requirements of individual juvenile brown trout in dependence of water 

temperature and body mass can be demonstrated in the following 3D surface plot (Figure F.2) 
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Figure F.2. Theoretical daily energy requirements of brown trout with a body mass of 1-6 g at 

a temperature from 1-25oC, calculated using the formula in Elliot and Hurley (1998). 

Step 4. Evaluation of daily energetic value of drifting invertebrates entering the cell 

(cal/day) 

To evaluate the energetic value of drifting invertebrates entering the cell, the data on 

energetic content of possible prey items were used. The energetic content of the drifting 

invertebrates was estimated as calculated by Akbaripasand et al. (2014) who used the caloric 

values of the dry mass of invertebrates eaten by fish as food in coastal streams near Dunedin 

(New Zealand). The authors demonstrated low variability of energetic content of different 

taxa of both benthic and terrestrial drifting invertebrates used by stream-dwelling fish as food, 

a finding consistent with other published studies (Dauvin & Joncourt, 1989; James et al., 

2011). Consequently, I used the energetic value of 5621.4 cal per g of dry weight developed 

by Akbaripasand et al. (2014) as a constant to convert the dry weight of invertebrates to 

caloric values passing through the feeding area of individual fish as drift. 

To calculate caloric values of drifting invertebrates entering each stream cell, the cell- 

specific water velocity and area of upstream cell cross-section were applied to convert drift data 

collected at each sampling event. These calculations were done using the following three steps: 

1) conversion of invertebrate drift biomass collected by traps to values of drift biomass 

crossing the trap entrance in 24 h by applying the proportion (69.2%) of crepuscular drift 

biomass to daily drift biomass (Appendix E2), 2) conversion of site- and month-specific daily 

values of drift biomass to individual cell values using cell / drift net proportion for water 



171  

velocity and cross section area, 3) conversion of cell- and month-specific values of drift dry 

weight to caloric values. For these conversions, averaged data from drift nets were applied 

(Appendix E2). Drift data were not adjusted for current velocity because there was no 

relationship between water velocity and drift dry weight (Figure F.3). 

 

 

Figure F.3. Plot showing the lack of a relationship between dry weight of invertebrate drift 

(mg/m3) and water velocity (m/sec) at the Silverstream study sites during Austral spring to 

autumn 2016-2017. 

To calculate the amount of invertebrate drift usable by trout as prey items, the caloric 

values of prey entering each stream cell during 24 h were reduced proportionally to the 

percentage of the drift used by YoY trout as food. Following trophic selectivity of YoY trout 

(Appendix D2), I used site- and month-specific proportions of invertebrate drift suitable for 

trout feeding. The applied percentage varied from 50.9 to 91.1% at Site 1 and from 63.5 to 

84.1% at Site 2 across the sampling period (Table E2.9, D2.10). There was no significant 

difference in the size structure of invertebrate drift between sites 2 and 3 (Table E2.3.). Data on 

the proportion of the invertebrate drift preferable for trout feeding at Site 2 were applied for 

calculations used for Site 3. 

Step 5. Modelling of the depletion of prey abundance by YoY trout predation 

To model the possible effect of YoY trout predation on invertebrate drift, evidenced 

from the ability of the fish to deplete the abundance of prey items (Hayes et., 2016; Naman et 

al., 2016), the effect of YoY trout on drift was modelled. Previous studies experimentally 

demonstrated that stream-dwelling YoY trout had mean prey capture probabilities equal to 

76% during daytime (light intensity 300 lx) and 10% at nighttime conditions (light intensity 

0.1 lx) (Watz et al., 2013). Following this, I assume that fish capture 31% of the daily amount 

of drift entering each stream cell. At the same time, depletion by foraging fish is compensated 

by the lateral transport of invertebrates from adjacent cells and resuspension of the benthos 

(recruitment of new drift invertebrates from the benthos within that particular cell) from the 
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streambed. I used an equation for lateral transport developed and parameterized by 

Ciborowski (1983): 

s = β3 + β4√x+ β5*v, 

 
where s – standard deviation of mean distance from shore of suspended animals; β3, β4 and β5 

are the regression coefficients of the relationship between the standard deviation of the mean 

distance from shore of the suspended animals for Baetis tricaudatus (spring); x is the 

downstream distance from the point that the drift enters the cell (m); v is water velocity. To 

quantify the contribution of benthic invertebrates entering the drift by resuspension from stream 

bed, the equation developed by Hughes (1992) was applied: 

 

IR = (1 – e -R*0.5) * (1 – PC), 

 
where IR – proportion of invertebrates resuspended from stream bed, PC is the concentration 

of prey (proportion of unexploited concentration); R is coefficient calculated as R = 8.01 V-1.07; 

V – water velocity in cell. Thus, the possible dynamics of invertebrate drift abundance were 

predicted based on the effects of predation, lateral diffusion and resuspension from the 

streambed. 

Step 6. Evaluation of stream carrying capacity by the correction of theoretical maximal 

number of YoY trout per WUA (ind./m2) 

To model the stream carrying capacity, the theoretical maximal abundance of YoY trout 

at each of the cells (steps 1 and 2) was corrected by food limitations in the case if fish energetic 

requirements (step 3) exceeded the energetic value of food (step 4) affected by YoY trout 

predation compensated by the lateral transport of invertebrates from adjacent cells and 

resuspension of the benthos from the streambed (step 5). The general assumption of the model 

based on self-thinning of juvenile trout population (Keeley, 2003; Rincón & Lobón-Cerviá, 

2002; Hayes et al., 2010) is that in conditions of high fish density, food limitations drive fish 

elimination by out-migration or mortality (Wysujack et al., 2009; Jones et al., 2015). 

To predict fish energetic limitations, the effect of YoY trout energetic requirements on 

drift caloric content in conditions of different fish density was calculated and applied as a 

reduction coefficient for the maximal theoretical abundance of fish. Food limitations were 

modelled from an upstream cross-section to a downstream cross section of each stream cell in 

10%-steps to estimate the dynamics of energy flow through the cell with fish. The model 

assumes that at each 10%-segment of the cell, the caloric content of drift prey items is depleted 

proportionally to trout energetic requirements, density of fish and probability of prey capture. 
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At the same time, the depletion of prey items by fish is compensated due to lateral diffusion 

and resuspension of benthic animals to the drift (as explained above). With this assumption, the 

model will show a constant increase of drift prey items supplied to the cell from the upstream 

habitat in the absence of fish. The calculations for energy flow through each tenth cell segment 

were performed as follows: 

𝐸𝑜𝑢𝑡 = (𝐸𝑖𝑛 ∗ 0.31) − 𝑃𝑟 + 𝐿𝐷 + 𝑅𝑒𝑠, 

𝑃𝑟 = (𝐸𝑟 ∗ 𝐹𝑁 ∗ 0.1), 

𝐿𝐷 = 𝐸𝑖𝑛 ∗ 0.174 ∗ 𝐿𝑐 ∗ 0.1 + 0.007, 

𝑅𝑒𝑠 =  𝐸𝑖𝑛 ∗ 𝐼𝑅 

where Ein - caloric content of YoY trout prey entering 10% segment of the cell (cal/day); Eout  

– caloric content of YoY trout preys leaving 10% segment of the cell (cal/day); Pr – energy 

reduction by predation; Er – energetic requirements of fish (cal/day); FN - theoretical 

maximal number of YoY trout per cell (ind.); LD – lateral diffusion of drift; Lc – length of the 

cell (m); Res – resuspension of the drift from the streambed; IR – proportion of invertebrates 

resuspended from stream bed. If lateral diffusion and resuspension cannot compensate 

depletion of caloric content of the prey by predation across the cell, the maximum theoretical 

abundance of fish must be correspondingly manually reduced. The reduction procedure needs 

to be continued until the drift caloric content from the upstream-to-downstream border of the 

cell reaches a stable state. If this condition is implemented, the procedure of the correction of 

the maximum theoretical abundance can be completed. The corrected cell-specific values of 

maximum theoretical abundance of fish can be summarised for each of the studied stream 

sections for the final evaluation of stream carrying capacity. 

The application of the theoretical model can be demonstrated using data collected at 

Site 2 in April 2017 (Table F.1). The model predicts that in the absence of fish, drift caloric 

content will constantly increase (Fig F.4d). In conditions of maximal number of fish per cell, 

the model predicts drift depletion to zero soon after drift enters the upstream cross section of 

the cell (Fig F.4a). If fish number is reduced by 40%, drift will reach zero only after the 

middle of the cell (Fig F.4b). After reducing the fish abundance to 85%, no drift depletion is 

predicted, and drift caloric content is stable across the cell (Fig F.4c). Thus, the carrying 

capacity in that case can be evaluated as 15% of the theoretical maximal abundance of fish. 
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Table F.1. Predictions of energetic value of drifting invertebrates entering example cell with 

different YoY trout numbers at Site 2 in April. 

 

Value of caloric 

content of the 

preys entering the 

cell  

(Ein, cal/day) 

Caloric content of the drift entering the cell and affected by fish 

predation, lateral diffusion and resuspension of the benthos from 

streambed (Eout, cal/day) 

Proportion of 

maximal theoretical 

abundance of YoY 

trout  
Cell length 

10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

2470 

1562 864 167 -531 -1229 -1927 -2625 -3322 -4020 -5539 100% 

1717 1142 568 -7 -582 -1156 -1731 -2305 -2880 -3455 85% 

1871 1420 969 517 66 -386 -837 -1288 -1740 -2191 70% 

2078 1790 1503 1216 929 642 355 68 -220 -507 50% 

2284 2161 2038 1915 1792 1669 1546 1424 1301 1178 30% 

2439 2439 2439 2439 2440 2440 2440 2441 2441 2441 15% 

2717 2840 2964 3087 3211 3334 3458 3581 3705 3828 0% 

 

 

Fig. F.4. Predictions of energetic value of YoY trout prey items entering the cell in 

conditions of 100% of maximal theoretical density of fish (a), in conditions of reduction of 

fish density by 40% (b), 85% (c) and in conditions of the absence of the fish (d). The data 

from Site 2 collected in April 2017 were applied for the modelling. 

 


