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Abstract Non-native trout (Oncorhynchus mykiss,

Salmo trutta) invasions have been implicated in the

decline of native galaxiid fishes throughout temperate

Southern Hemisphere freshwaters. As many Galaxias

fishes are endangered, knowledge of factors facilitating

localised co-occurrence of native and introduced species

is needed for both conservation and management. While

recent research demonstrates a role for flow-related

mediation of trout effects on galaxiids, the mecha-

nism(s) underlying such phenomena remain unclear.

Accordingly, we assessed the interplay between environ-

mental conditions and trophic niches for both species

across a gradient of co-occurrence and hydrology. In

particular, we quantified the trophic position (TP), energy

sourcing patterns, and niche breadth based on the

abundance of naturally occurring stable isotopes

(15N and 13C) within muscle tissues for trout and galaxiids

in replicate food webs from streams varying widely in size

and disturbance regime. We found that both species held

similar trophic positions, but TP varied considerably

across individuals and sites due to combined effects of

body size and hydrological disturbance. Further, patterns

in d13C revealed an effect of disturbance on the relative

reliance by fish on a key prey taxon, and a ca. 1 % shift in

d13C by galaxiids in the presence of trout. Lastly, isotope-

based measures of niche width, which were positively

correlated with coarse dietary measures of niche width,

were similar, albeit variable, for all groups. Galaxiid niche

width co-varied negatively with relative trout abundance,

whereas that for trout did so with stream size. Altogether,

our findings demonstrate that both the presence of trout

and environmental conditions act in concert to influence

where galaxiids are positioned within stream food webs.

Perhaps more importantly, they suggest that flexible

niches may enable galaxiids to persist in the presence of a

species that might otherwise cause their local extinction.

Keywords Niche flexibility � Non-native fishes �
Non-native trout � New Zealand fish

Introduction

Despite posing a considerable threat to global fresh-

water fish diversity (Rahel 2000; Ricciardi 2007), the

Electronic supplementary material The online version of
this article (doi:10.1007/s10530-012-0237-6) contains
supplementary material, which is available to authorized users.

P. McHugh � A. McIntosh � S. Howard

Freshwater Ecology Research Group, School of

Biological Sciences, University of Canterbury,

Christchurch, New Zealand

Present Address:
P. McHugh (&)

Statewide Salmon and Steelhead Unit, Washington

Department of Fish and Wildlife, Olympia, WA, USA

e-mail: peter.a.mchugh@gmail.com

P. Budy

United States Geological Survey, Utah Cooperative Fish

and Wildlife Research Unit, Watershed Sciences

Department, Utah State University, Logan, UT, USA

123

Biol Invasions

DOI 10.1007/s10530-012-0237-6

http://dx.doi.org/10.1007/s10530-012-0237-6


negative effects of non-native fishes are being increas-

ingly weighed against their societal benefits (Gozlan

2008; Gozlan et al. 2010). This is particularly chal-

lenging for trout (e.g., rainbow trout, Oncorhynchus

mykiss; brown trout, Salmo trutta), which have been

introduced widely, have known impacts on native

species (Garcia de Leaniz et al. 2010), but also provide

for highly valued non-native fisheries (Arismendi and

Nahuelhaul 2002). Broad-scale non-native species

eradication efforts may be undesirable under these

circumstances (Pascual et al. 2009), thereby necessi-

tating more strategic, localised control measures. As a

consequence, there is an increasing demand for

knowledge of factors enabling native fish to persist

in the presence of alien species, particularly when

invader-induced extinction is the prevailing outcome

(McIntosh et al. 2010).

Fishes in the family Galaxiidae, which constitutes

an overwhelming proportion of the fish fauna of

temperate Southern Hemisphere freshwaters, have

been greatly affected by non-native brown and rainbow

trout through a combination of direct predatory and

more complex sub-lethal interactions, such as compe-

tition for prey and habitat resources (see McDowall

2006; McIntosh et al. 2010 for reviews). Identifying

individual- and population-level mechanisms, as well

as environmental drivers, facilitating co-occurrence

with trout is therefore a top priority for galaxiid

conservation and management. Importantly, while

early evidence implied that galaxiid exclusion was

inevitable following trout invasion (Townsend and

Crowl 1991), more recent studies suggest otherwise

and provide insight on possible causes (McIntosh et al.

2010; Young et al. 2010). In hydrologically variable

environments, for instance, both high- (i.e., floods and

the associated physical instability of habitats; McIntosh

2000a) and low-flow (i.e., drying, Leprieur et al. 2006)

disturbance events appear to benefit galaxiids via a

negative influence on trout. Spatially dependent

demographic processes (i.e., source-sink dynamics)

can also facilitate localised co-occurrence; however,

this phenomenon can be variable in space and time

and may not always lead to long-term co-existence

(i.e., supported by local recruitment; Woodford and

McIntosh 2010, 2011). Lastly, the traits of the non-

native trout in question (e.g., body size, McIntosh

2000a) can also influence their impact on galaxiids.

In contrast to the studies outlined above, relatively

little is known about the role galaxiid behaviour has

played in determining the outcome of trout invasions.

Past work has shown that galaxiids can alter their use

of particular habitats in both stream (McIntosh et al.

1992; Penaluna et al. 2009) and lake environments

(Stuart-Smith et al. 2008) in the presence of trout.

Prey-use studies, on the other hand, have yielded

equivocal conclusions (McIntosh et al. 2010). Specif-

ically, the extent to which galaxiids modify prey-use

patterns when trout are present has been studied

minimally, even though extensive dietary overlap

has been widely demonstrated and acknowledged

(see McDowall 2003 for a review). For instance,

Cadwallader (1975) reported no difference in Galax-

ias vulgaris and brown trout diets, whereas Glova and

Sagar (1991, 1993) and Glova et al. (1992) found

evidence of temporal and taxonomic differences for

three galaxiid species relative to trout. Work published

to date on trout–galaxiid trophic relations also stems

from observations made under a narrow scope (e.g., in

a single stream reach at one instant in time) and

without reference to trout-free controls (McIntosh

et al. 2010). Further, no study to date has assessed the

interplay between hydrologic conditions (i.e., stream size

and stability) and interspecific relationships, despite the

known influence of the former on invertebrate prey

communities (Death and Winterbourn 1995), as well as

invasion outcomes (Woodford and McIntosh 2011).

Despite these gaps in knowledge, the generalist

nature of many galaxiid species allowing them exploit

a wide range of prey and habitats (McDowall 1990)

suggests that niche flexibility has likely played a role

in determining invasion outcomes, particularly in the

absence of predatory trout impacts (i.e., where trout do

not attain sizes [150 mm, McIntosh 2000a). Accord-

ingly, our goal was to describe and compare the food-

web relations of trout and galaxiids in South Island,

New Zealand streams, and secondarily to test for a

moderating influence of hydrologic context on the

trophic relations of species. Our specific objectives

were: (1) to assess whether or not these two groups of

fish are positioned similarly within stream food webs,

both in terms of energy sourcing and trophic position;

(2) to estimate and compare the width of trout and

galaxiid trophic niches, and (3) to test for statistical

relationships between food-web metrics and the

presence/absence and abundance of trout, stream size,

and geomorphic stability. In this paper, we apply and

validate a novel set of niche width metrics generated

from the stable carbon and nitrogen isotope signatures
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of fish collected from a wide range of streams,

including trout-free controls. In doing so, we provide

new insight on the influence of dietary niche shifts on

patterns of trout–galaxiid co-occurrence.

Methods

Study site description

Eighteen streams were sampled in the Waimakariri

and Rakaia river basins, South Island, New Zealand

during the austral summer 2005–2006 (Table 1).

Based on prior knowledge of fish communities in the

area, we selected n = 10 streams containing trout and

galaxiids together and n = 8 containing galaxiids by

themselves or with trout at extremely low abundance

(B1% fish population by number). The study region is

hydrologically diverse, and sites were carefully

chosen to encompass as broad of a range of physical

conditions as possible; streams ranged widely in size

(i.e., from first to fourth order) and habitat stability

(i.e., from springs to braided rivers), and were

generally characterised by low-to-moderate gradients

(0.001–0.030 m m-1) and pool-riffle or plane-bed

channel morphologies. All sites were located between

500 and 850 m above sea level and were located

within 50 km of the University of Canterbury Cass

Field Station (43�02012.800, 171�45029.000). Sampled

reaches occurred entirely within tussock grasslands

(Festuca sp. and Poa sp.), and upstream-catchment

land cover comprised grassland, exposed greywacke

sandstone, and mountain beech (Nothophagus solan-

dri) forest. The climate of the study region is cool-

temperate (mean annual air temperature 8–10 �C) and

semi-arid, however, heavy rainfall and associated

flooding is possible in all seasons in surface runoff-fed

streams.

Table 1 Characteristics of study streams sampled for the analysis of galaxiid-trout trophic relationships

Site CSA

(m2)

RDI Galaxiid L

(mm)

Trout L

(mm)

Galaxiid N
(n/50 m2)

Trout N
(n/50 m2)

Trout

ratio

Species presenta

Acheron River 0.46 82 81 135 40.0 28.2 0.7 Gp,Om

Bradley Stream-Lower 0.23 64 91 102 45.1 16.4 0.4 Gv,Om,Ad

Bradley Stream-Upper 0.21 54 71 – 12.5 0.0 0.0 Gv,Ad

Broken River 1.41 110 66 123 1.5 1.3 0.9 Gv,Om,Ad,Gb

Cass River 1.12 112 76 138 14.2 0.8 0.1 Gp,Gv,St,Ad,Gb

Coach Stream-Lower 0.52 69 96 147 31.1 14.8 0.5 Gv,St,Ad,Gb

Coach Stream-Upper 0.18 98 85 – 18.1 0.0 0.0 Gv,Gb

Cora Lyn Spring 4.67 57 73 – 9.8 0.0 0.0 Gp,Gv,Ad,Ot

Dry Stream 0.12 110 81 88 21.3 3.8 0.2 Gp,Gv,Om,Gb

Flock Hill Stream 0.30 93 91 – 68.7 1.0 0.0 Gv,Om

Flock Hill Stream trib. 0.21 86 89 – 91.6 0.0 0.0 Gv,Ad

Ghost Creek 0.34 113 92 146 42.1 3.2 0.1 Gp,Gv,Om,Gb

Lower Farm Stream 0.41 84 74 – 52.3 0.0 0.0 Gp,Gv

Porter River 2.50 96 69 132 1.0 1.0 1.0 Gp,Gv,Om,Ad,Gb

Roadmarker Spring 0.56 50 88 133 1.9 0.6 0.3 Gv,Om,Ad,Gb

Slip Spring 0.72 69 87 123 10.8 9.0 0.8 Gp,Gv,Om,St,Ad,Ot

Thomas River 0.30 108 83 – 19.7 0.0 0.0 Gv

Waimakariri Spring 1.02 82 86 – 63.4 0.6 0.0 Gv,St,Ad

All sites were located within a 35-km radius of Cass, New Zealand (43�02012.800, 171�45029.000; the coordinates of individual sites are

listed in the supplementary materials)

CSA cross-sectional area, RDI river disturbance index, L is body length, N is the areal population estimate for a given site, scaled to

50 m2

a Galaxiids: Gp = Galaxias paucispondylus, Gv = G. vulgaris; trout: Om = Oncorhynchus mykiss, St = Salmo trutta; other

species: Ad = Anguilla dieffenbachii, Gb = Gobiomorphus breviceps, Ot = O. tshawytscha
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Fish communities

Communities were characterised and specimens were

collected using a combination of quantitative and

qualitative electrofishing. First, the abundance of trout

(rainbow trout, Oncorhynchus mykiss; brown trout,

Salmo trutta), galaxiids (alpine galaxias, Galaxias

paucispondylus; Canterbury galaxias, G. vulgaris),

and other species present (longfin eel, Anguilla

dieffenbachii; upland bully, Gobiomorphus breviceps;

and Chinook salmon, O. tshawytscha) was estimated

within a 30-m sample reach in each stream using

depletion electrofishing methods. Four larger streams

(Broken River, Cora Lyn Spring, Porter River, and

Slip Spring) could not be quantitatively fished during

the 2005–2006 summer; we used electrofishing data

collected in these streams during 2004–2005 for this

analysis. The upper and lower ends of survey reaches

were blocked with nets, and as many fish as possible

were removed during three successive electrofishing

passes. We also conducted focused, single-pass

electrofishing in optimal fish habitats adjacent to

quantitative reaches (i.e., within ± 100 m up- and

downstream) in order to verify the presence/absence

of trout, as well as to acquire an adequate sample for

stable isotope analysis. All electrofishing was con-

ducted using a backpack electrofisher (Kainga EFM

300, NIWA Instrument Systems, Christchurch, New

Zealand) which was operated with pulsed DC current

(400–600 V). We lethally sampled ca. six individual

trout and galaxiids (n range 5–12 galaxiids, 5–10 trout)

from each site for stable isotope analysis and diet

description purposes (galaxiids only). Retained spec-

imens were euthanized with a lethal dose of 2-phen-

oxyethanol, placed immediately on ice, and frozen for

later laboratory processing.

From quantitative electrofishing results, we esti-

mated the abundance of each species by maximum

weighted likelihood with the Carle-Strub depletion

estimator (Cowx 1983). Estimates were subsequently

expressed in areal (habitat measurements described

below) density terms as number per 50 m2. For

analysis purposes, we characterised trout abundance

in both absolute (i.e., trout N) and relative terms. After

Hasegawa and Maekawa (2008), we computed the

variable trout ratio (i.e., trout N/galaxiid N), and all

sites characterised by a trout ratio \0.01 were classi-

fied as ‘galaxiid only’ streams. Finally, given the high

degree of ecological similarity observed within

families for co-occurring trout and galaxiid species,

we collapsed S. trutta and O. mykiss, and G. vulgaris

and G. paucispondylus, into two respective taxa:

‘trout’ and ‘galaxiid’. Pooled ‘species’ designations

were used for all analyses, including those involving

the computation of dietary niche (below). See Sup-

plementary Material (Supplement 1) for a statistical

validation of these groupings.

During our fish community survey, we also col-

lected primary consumer invertebrates to characterise

site-level stable isotope baselines and for the estima-

tion of trophic position. From the invertebrates that

were incidentally captured on nets during fish sam-

pling activities, we retained multiple specimens of the

mayfly Deleatidium sp. (n = 15–20 individuals for 3

pooled baseline replicates). Samples were iced in the

field and frozen for later analysis. We chose Deleati-

dium for our stable isotope baseline because its diet

and position in stream food webs is well known; it is

ubiquitous in our study system; and it exhibits limited

inter-individual variation in isotopic values (McHugh

et al. 2010). Additionally, d13C for fish is tightly linked

with this prey item in our study system (linear

regressions between Deleatidium and fish d13C:

R2 [ 0.80 and P \ 0.001 for all groups), indicating

that it accurately captures basal isotopic variation; our

analysis also assumes that the d15N signatures of other

prey taxa are comparable to that of Deleatidium within

a site.

Environmental variables

We characterised the physical setting of study streams

using a combination of geomorphic and hydrologic

indicators, emphasising those that correspond primar-

ily to the size and stability of habitats. First, we

characterised stream size using mean cross-sectional

area (CSA), which was estimated from five depth-

width transects measured in each reach. CSA is highly

correlated with discharge, width, and depth (McHugh,

unpublished data) and is a preferred indicator of

ecosystem size for riverine food web studies involving

a range of flow types (McHugh et al. 2010). Second,

we quantified the stability of streams using the

Pfankuch river disturbance index (RDI), which is a

score-based assessment of 15 aspects of channel

morphology, including stream bed, lower bank, and

upper bank indicators (Pfankuch 1975). RDI ranges

from 35 to 110, with low values corresponding to
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stable (e.g., springs) and high values to unstable (e.g.,

braided rivers) channels. We assessed RDI over a

100-m segment, inclusive of the survey reach, and

averaged values over multiple observers.

Characterising food-web relations

The trophic relationships of trout and galaxiids were

characterised using a dual stable isotope approach.

Individual trophic position was inferred based on the

relative abundance of nitrogen-15, whereas energy

sourcing was inferred based on the abundance of

carbon-13 within animal tissues. To estimate tissue

isotope content, dorsal muscle samples were extracted

from individual fish, dried for 48 h at 55 �C, and

homogenised. Primary consumer baseline (i.e., n = 3

Deleatidium sp. aggregates) samples were processed

using the same preparation protocol. A ca. 1.0 mg

subsample from each specimen was then encapsu-

lated, and all samples were sent to the University of

California-Davis Stable Isotope Facility, where they

were analysed on a PDZ Europa 20–20 isotope ratio

mass spectrometer (Sercon Ltd., Cheshire, UK).

Isotope ratios, R (i.e., 13C:12C and 15N:14N), were

estimated relative to the ratios of their respective

standards (Pee Dee Belemnite limestone and atmo-

spheric nitrogen) and are expressed in per mille delta

notation [i.e., d15N = (Rsample/Rstandard - 1) 9

1,000]. The analytical error (i.e., 1 SD of the lab

standard) associated with our d13C and d15N sample

runs was estimated at 0.09 (d13C) and 0.18 % (d15N).

We corrected d13C signatures for lipid content prior to

analysis using observed C:N ratios and published

empirical relationships (Post et al. 2007).

The trophic position (TP) of individual fish (i)

at each site (j) was estimated as TPij = k ? (d15Nij

- d15Nbasej)/D, where d15Nbasej is the mean value for

the baseline from site j, k is the trophic position of the

baseline (i.e., 2 for Deleatidium) and D is the mean

fractionation rate (3.4 % per trophic transfer; Post

2002). While the potential for variation in D is

increasingly recognised, independent diet-based val-

idations suggest that TP can be accurately estimated

for fishes using this approach (Vander Zanden et al.

1997; Rybczynski et al. 2008). In addition, we made

inferences on energy sourcing for trout and galaxiids

based on individual d13C signatures, which were first

standardised to Deleatidium values to facilitate across-

site comparison (i.e., standardised d13Cs = d13Cij

- d13Cbasej). Here, we simply compare signatures

between taxa in an effort to gauge relative similarity/

difference, rather than ascribe diets to particular (and

unquantified) ultimate sources (e.g., terrestrial vs.

aquatic).

In addition to quantifying the trophic characteristics

of individuals, we quantified the width of niches for

trout and galaxiid populations using a novel isotope-

based approach. Thus, for each species within each

site, we computed the area of the convex hull polygon

(niche width measured in terms of trophic area [TA],

hereafter) that encompassed all individuals within

d13Cs–d15N bi-plot space, as well as the corresponding

total d13Cs [C range = max(d13Cs) - min(d13Cs)] and

d15N [N range = max(d15Ns) - min(d15Ns)] range

(Layman et al. 2007; Fig. 1). We also estimated niche

overlap as the overlapping area for trout and galaxiid

polygons at sites where both species were present. All

estimates were derived using GIS and graphics

functions in the R packages splancs, grDevices, and

PBSmapping (R Development Core Team 2010; see

Supplementary Material, Supplement 2 for R code).

Lastly, we examined the contents of galaxiid

stomachs to test for correspondence between stable

isotope-based measures of niche width and variation

in diet. Prey taxa were identified to the lowest level of

taxonomic resolution possible (typically family or

genus) under a dissecting microscope, counted, dried,

and weighed. Because galaxiids tend to completely

Fig. 1 Example of trout (black triangles) and galaxiid (gray
circles) niche width estimation using the convex hull polygon

area method. Overlap was estimated as the area of the

intersection of the two polygons (shaded gray area). The

plotted data are from Slip Spring

Niche flexibility and trout–galaxiid

123



masticate their food, a large proportion of prey were

unidentifiable ([30 % by weight on average). Thus,

we used these data only to derive a site-level estimate

of the number of prey species for a coarse validation of

our niche width variables.

Data analysis

Individual and population-level trophic characteristics

were compared among the three study groups [(1)

galaxiids from streams containing trout, (2) galaxiids

from streams lacking trout, and (3) trout,], as well as

those related to individual body size (total length for

trout [FL = TL/k, where k = 1.049 for rainbow and

1.025 for brown trout, Carlander 1969], fork length for

galaxiids, respectively) and site-level environmental

variables (RDI, CSA) using a combination of statis-

tical approaches.

TP and d13Cs data were analysed using a two-step

mixed-effects modelling approach whereby the indi-

vidual-level model structure was first selected, and

then the site-level structure was chosen, based on the

lowest value of Akaike’s Information Criterion (with

small sample size correction, AICc; Burnham and

Anderson 2002) in the candidate model set. Five

models, ranging in complexity from one featuring an

intercept only (i.e., the null case) to one containing

length, group, and group 9 length effects, were

evaluated in the first step. Five site-level structures

were then assessed, including the null case (i.e., the

selected individual-level structure only) as well as

additive (e.g., CSA) and interactive (e.g., group 9

CSA) versions of each single environmental variable

possibility; a random stream effect was included

during each analysis step. We then based inference on

maximum likelihood estimates of parameters gener-

ated for the top model. Where present, interactions

were inspected graphically as well as through con-

trasts of fitted values at different predictor levels. All

models were fitted using the R package nlme (R

Development Core Team 2010). Where necessary, we

used the package ‘contrast’ to make comparisons

between groups at pre-determined levels of individ-

ual- and site-level predictors.

For population-level trophic metrics, we first com-

pared N range, C range, and niche width among the

three groups using ANOVA. We subsequently ana-

lysed relationships between each of these response

variables and both CSA and RDI using simple linear

regression, for each group separately. Given that trout

abundance ranged widely for ‘galaxiid with trout’

sites, we also analysed patterns in N range, C range,

and niche width as a function of the continuous

predictor trout ratio. For all analyses, statistical

significance was assessed based on P \ 0.05; how-

ever, we considered 0.05 \ P \ 0.10 to be suggestive

of a meaningful trend, particularly for the N range, C

range, and niche width regressions due to their small

n. Where analysis results implied significance on a

trend level only (a = 0.10) with no other significant

predictor, we additionally explored the potential for a

limit-type relationship using a quantile regression,

estimated at the 90th quantile (Cade and Noon 2003).

Results

In total, we collected 177 specimens (113 galaxiids, 64

trout) from our 18 study streams for analysis of stable

isotope tissue content. Sampled galaxiids averaged

82 mm (fork length, range 52–135 mm) in the pres-

ence of trout, 81 mm (45–123 mm) in the absence of

trout, and were not statistically different (one-way

ANOVA with random site effect: F1,16 = 0.02,

P = 0.876). Sampled trout were considerably larger

than galaxiids on average (fork length, range

72–200 mm), but averaged (mean: 125 mm) smaller

than the minimum size class (i.e., 150 mm, McIntosh

2000a, b) typically associated with predation on

galaxiids. Corrections of d13C accounting for lipid

content conducted were based on a tissue lipid content

average of 6 % for galaxiids (range 4–7 %; C:N mean

and range 3.6, 3.3–4.1) and 4 % for salmonids (range

3–6 %; C:N mean and range 3.4, 3.2–4.0). Lastly, the

site-level variables cross-sectional area (CSA), river

disturbance index (RDI), and relative trout abundance

(i.e., trout ratio) were uncorrelated across the 18 sites

(Pearson’s R \ 0.25 and P [ 0.45 in all cases) and

therefore taken as orthogonal predictors.

Trophic position and standardised d13C

Trophic position averaged 3.4 and spanned a full

trophic level (i.e., from 2.9 to 3.9) across sites and

species. Mixed-effects model analysis demonstrated

that TP varied interactively as a function of group,

body size, and RDI effects (Table 2; Supplementary

Material 3). Specifically, TP increased with body size
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for galaxiids (with or without trout) but not trout

(Fig. 2a), and decreased with disturbance (RDI) for

both trout and galaxiids together; TP for galaxiids in

the absence of trout showed little relationship to RDI.

Under average conditions (i.e., mean length and RDI),

however, there was no difference in TP for the three

groups (Fig. 2c), and although there was a statistically

significant group 9 RDI interaction, the extent of

difference between groups at low and high RDI (i.e.,

±1 SD) was negligible (TP difference \0.05 trophic

levels on average). There was no evidence of an effect

of CSA on TP patterns for fishes, regardless of species.

Given variation in standardised carbon-13 signa-

tures (i.e., d13Cs = d13Cfish - d13Cbase) among indi-

viduals, there was evidence of a strong effect of RDI

on patterns of energy sourcing for the three groups

(Table 2; Fig. 2b). In particular, d13Cs decreased

markedly (i.e., from ca. 6 to 1 %) with increasing

RDI, suggesting heavier reliance by fish on Deleati-

dium sp. in disturbed compared to stable streams. The

rate of d13Cs decrease with increasing RDI was

consistent for the three fish groupings, however

galaxiids were ca. 1 % more 13C-enriched than trout

where they co-occurred, even though galaxiids in the

absence of trout and trout had similar d13Cs values

(Fig. 2d). d13Cs was not influenced by inter-site

patterns in stream size (i.e., CSA). In sum,

Table 2 Results from mixed-effects model analysis of trophic

position and d13Cs (d13Cs = d13Cfish - d13Cbase) for galaxiid

and trout. Site was included in both models as a random effect;

see Supplementary Material for model selection results

Response Parameter df
num.

df
den.

F stat. P value

Trophic

position

Intercept 1 152 18,949.9 \.0001

Group 2 152 0.5 0.6198

L 1 152 32.4 \.0001

RDI 1 16 4.7 0.0466

Group 9 L 2 152 12.8 \.0001

Group 9 RDI 2 152 10.8 \.0001

d13Cs Intercept 1 154 140.9 \.0001

Group 2 154 9.1 0.0002

L 1 154 7.1 0.0085

RDI 1 16 18.0 0.0006

Group 9 L 2 154 2.2 0.1184

Group species (trout, galaxiid), L individual length, CSA cross-

sectional area, RDI river disturbance index

Fig. 2 Relationships

between trophic position

and body length (a) and

d13C values and the river

disturbance index (RDI; b)

for trout (black triangles),

galaxiids in the presence of

trout (gray circles), and

galaxiids in the absence of

trout (white circles). The

solid lines in a and

b correspond to those fitted

for galaxiids, whereas the

dashed line corresponds to

the relationship fitted for

trout. Mean trophic position

(c) and d13C values (d) for

trout and galaxiids; the

height of bars and whiskers
reflect model-adjusted

values (i.e., mean RDI,

CSA, and length [by

species]) and standard

errors. In d letters denote

differences between groups

with P \ 0.05, whereas no

between-group differences

were detected in c
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individual-level isotope signatures indicate that gal-

axiids and trout hold a similar trophic position but

suggest that they use somewhat different prey

resources in the presence relative to absence of trout.

Niche width analysis

Based on data from the 87 galaxiids and 17 sites for

which gut contents information was available, we

documented galaxiids using between one and ten prey

taxa across sites, including three dipterans, four

ephemeropterans, eight trichopterans, and one cole-

opteran (Supplementary Material 4); Deleatidium

appeared to be the most significant prey item across

sites, comprising ca. one third of identifiable prey

mass across sites. At the aggregate level, we found

evidence of a positive association between the number

of prey taxa used by galaxiids at a particular site and

isotope-based measures of niche width (Fig. 3a). For

niche width, this relationship was nearly significant for

the entire dataset (F1,15 = 3.9, P = 0.068, R2 = 0.20)

and was partially influenced by a statistical outlier.

When the outlier was removed, the relationship was

strengthened considerably (F1,14 = 8.5, P = 0.011,

R2 = 0.39). This same diet–isotope correspondence

was observed for C range, but not N range. Taken

together, these observations indicate that niche width

estimates derived from stable isotopes accurately

characterise inter-site patterns of galaxiid dietary

niche breadth. Diet data, however, were not available

to corroborate correspondence between trout dietary

niche breadth and isotope indicators values.

On a categorical level, we found no evidence of a

niche width (F2,25 = 0.6, P = 0.530), C range

(F2,25 = 0.3, P = 0.728), or N range (F2,25 = 0.1,

P = 0.867) difference among the three groups (i.e.,

Fig. 3 a Relationship between stable isotope-based estimates

of niche width and the number of prey taxa found in galaxiid

diets (white circles absence of trout, gray circles presence of

trout). b Mean niche width (trophic area, TA) for trout and

galaxiids (with and without trout). Relationships between c trout

niche width (TA) and stream size (cross-sectional area, CSA)

and d galaxiid niche width (TA) and the relative abundance of

trout (i.e., trout number:galaxiid number). Symbol and bar
colouration follows that described in the Fig. 2 caption; solid
lines denote regressions with P \ 0.05, whereas dashed lines
reflect trends that were significant at 0.05 \ P \ 0.10. Curved
lines appear where a log-transformation was required to meet

regression assumptions. Note that the solid line in d is the

estimated 90th regression quantile for the bivariate relationship
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trout and galaxiids in the presence and absence of

trout; Fig. 3b). Niche width, however, varied widely

within groups, spanning an order of magnitude in all

cases. For trout, variation in all three stable isotope

metrics was most strongly related to stream size (i.e.,

CSA; Table 3, Fig. 3c), with this predictor capturing

64 % of niche width variation alone. Trout niche width

also decreased with increasing relative trout abun-

dance (i.e., trout ratio), although the strength of

association was considerably less than that for stream

size (Table 3). For galaxiids, we found no evidence of

a relationship between the width of galaxiid niches

(i.e., N and C ranges, niche width) and either CSA or

RDI, regardless of the presence or absence of trout

(P [ 0.10 in all cases; Table 3). In the presence of

trout, however, the width of galaxiid niches scaled

negatively with relative trout abundance (i.e., trout

ratio; Fig. 3d); the relationship was evident as a linear

trend (F1,8 = 3.6, P = 0.094, R2 = 0.31; Table 3)

and as a limit function for TA (i.e., 90th regression

quantile, bootstrapped t = -2.74, P = 0.025), as well

as for C range (linear regression, F1,8 = 3.9,

P = 0.083, R2 = 0.33; quantile regression, t =

-2.37, P = 0.045). We found no evidence of rela-

tionships between: (1) isotope-based estimates of

galaxiid niche overlap and any predictor variable

(P [ 0.20 in all cases), and (2) galaxiid niche width

and absolute trout abundance (N or biomass). Thus,

the width of trout niches varied with stream size,

whereas that for galaxiids varied as a function of trout

abundance.

Discussion

Our findings illustrate that the presence of non-native

trout, body size, and environmental conditions act in

concert to influence where galaxiids are positioned

within stream food webs. In trophic-level dimensions,

galaxiids occupied the same position as trout regard-

less of trout presence or absence, but TP increased

markedly with environmental stability for all fish, and

with increasing body size for galaxiids only. Galaxiids

also had standardised d13C (i.e., d13Cs = d13Cfish–

d13Cbase) signatures on par with those of trout where

trout were absent, indicating similarity in resource-use

patterns under allopatric conditions. Consistent with

the observed high level of trophic similarity, galaxiid

resource-use patterns (inferred from carbon-13) chan-

ged in the presence of trout, particularly when trout

became relatively abundant and habitats were more

stable; galaxiids used a narrower and potentially

different range of resources in response to trout, as

indicated by isotopic variation across individuals (i.e.,

d13Cs mixed-effects model results) and sites (i.e.,

niche width [TA], C range regression results). Given

Table 3 Linear regression results for tests of abiotic (river disturbance index, RDI; stream size [cross-sectional area, CSA]) and

biotic (Trout Ratio) predictors of niche width (NW) variation

Response Predictor Trout Galaxiid w/trout Galaxiid alone

F1,8 P value R2 F1,8 P value R2 F1,6 P value R2

N range CSA 14.9 0.005 0.65 3.1 0.115 0.28 0.7 0.436 0.10

RDI 0.4 0.567 0.04 1.3 0.283 0.14 1.7 0.240 0.22

Ratio 3.6 0.096 0.31 0.7 0.429 0.08 – – –

C range CSA 5.0 0.055 0.39 0.5 0.488 0.06 0.8 0.417 0.11

RDI 0.1 0.776 0.01 0.3 0.612 0.03 0.4 0.529 0.07

Ratio 3.8 0.086 0.32 3.9 0.083 0.33 – – –

TA CSA 14.4 0.005 0.64 1.5 0.260 0.15 0.0 0.908 0.00

RDI 0.4 0.525 0.05 0.1 0.716 0.02 0.1 0.797 0.01

Ratio 4.2 0.074 0.35 3.6 0.094 0.31 – – –

Overlap CSA – – – 0.7 0.442 0.08 – – –

RDI – – – 1.5 0.249 0.16 – – –

Ratio – – – 1.8 0.213 0.19 – – –

Relationships with P \ 0.05 are highlighted in bold-faced font, whereas those regarded as significant on a trend-level only (i.e.,

0.05 \ P \ 0.10) are underlined
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that trout have been present in our study catchment for

more than a century (McDowall 1994) we believe that

such differences may have played a role in determin-

ing long-term invasion outcomes.

Niche flexibility and co-occurrence

The innate segregation of prey or habitat resources by

species occupying a similar niche contributes to long-

term co-existence in native fish assemblages, includ-

ing multi-species galaxiid complexes (e.g., Crow et al.

2010). Flexible niche partitioning, whereby fish alter

their use of particular resources in response to

competitors or variation in resource availability or

limitation, can also play an important structuring role

in stream fish communities (Nakano et al. 1999).

Based on our findings and those of other investigators,

it appears that these tenets of fish community ecology

are relevant in a non-native trout invasion context

(Baxter et al. 2004).

New Zealand’s galaxiid fishes are archetypal gen-

eralists in both habitat-use and dietary niche dimen-

sions, and exhibit considerable flexibility in their use

of these necessary resources. For example, Galaxias

vulgaris—one of the better-studied galaxiids, and one

of the two included in our study—is capable of both

benthic and drift foraging modes (Glova et al. 1992).

This fish is capable of eating a wide range of

invertebrate prey, with variation arising primarily

due to access or availability of prey (McIntosh 2000b).

G. vulgaris is also a habitat generalist and can inhabit a

wide range of environments, including springs, head-

water streams, forested or grassland rivers, and large

braided rivers (McDowall 1990). While this combi-

nation of flexible tendencies has undoubtedly contrib-

uted to the survival and diversification of Galaxiidae

throughout New Zealand’s active geologic history

(McDowall 2010), it may also benefit some galaxiid

species in the face of a contemporary challenge

imposed by trout.

The galaxiids included in the present study dem-

onstrated change in two aspects of isotope-based

niches when they co-occurred with trout. Namely,

there was ca. 1.0 % shift in average d13Cs (relative to

trout) at co-occurrence locations, and a gradual

reduction in galaxiid niche variability (primarily in

carbon-13 dimensions) across sites of increasing trout

relative abundance. The former result suggests that

galaxiids make different prey choices or that prey

availability differs when trout are present, whereas the

latter suggests galaxiids use a narrower resource set,

but only when trout become relatively abundant. We

believe these shifts are indicative of behaviours that

are instrumental in facilitating long-term co-occur-

rence. This conclusion is supported by three related

observations: (1) others have found resource-use

differences in prior single-system co-occurrence stud-

ies (Glova and Sagar 1991, 1993; Glova et al. 1992);

(2) galaxiids grow at a similar, often better, rate in the

presence compared to the absence of trout (Howard

2007; McIntosh et al. 2010); and (3) trout and

galaxiids are known to have co-occurred for more

than a decade in many of the streams included in our

study (Howard 2007). Thus, as long as galaxiids can

acquire adequate energy and access all habitats

necessary to complete their life cycle, their generalist

nature may help facilitate their persistence in the face

of trout invasion. We caution, however, that this

conclusion is unlikely to apply in streams where trout

reach sizes large enough to pose a serious predatory

threat (McIntosh 2000a).

Despite these conclusions, drawing inference about

niche characteristics from stable isotope patterns

requires that methodological limitations be consid-

ered. Firstly, the d13Cs differences documented here

appear minor (ca. 1.0 %) given that forces beyond the

biological phenomena of interest can greatly affect

d13C values for individual fish. For instance, con-

sumer–resource fractionation rates for d13C, often

assumed to average 0.0 to 0.4 % (Post 2002), can span

several per mille for d13C due to inherent individual

variation in metabolism alone (Barnes et al. 2008).

Particular stream invertebrate prey may also differ

substantially in carbon-13 content depending on their

position within a watershed (Finlay 2001) or within a

reach (i.e., pool vs. riffle microhabitats; Finlay et al.

1999). While these issues can limit the utility of stable

isotopes for food web studies, their existence requires

that our conclusions be qualified, not nullified. Given

that d13C for stream insect larvae typically spans a

narrow range in our study area (1–5 %; Rounick et al.

1982, Rounick and Winterbourn 1986, P. McHugh and

A. McIntosh, unpublished data) and that there is little

basis for expecting fractionation to vary systemati-

cally across sites or groups, our d13Cs results are likely

indicative of an ecologically significant trophic shift.

Furthermore, the diet difference implied by our

isotope result is consistent with past observations of
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a dietary difference between trout and galaxiids at co-

occurrence sites (Glova and Sagar 1991, 1993; Glova

et al. 1992).

Similar to d13C, isotope-based niche width metrics

are also vulnerable to spurious effects that can

confound their interpretation. Namely, variation in

the Layman et al. (2007) niche width metrics—N

range, C range, or TA—may arise solely due to

changes in the isotopic width of basal resource pools

(Hoeinghaus and Zeug 2008). In contrast to our

standardised carbon-13 result, however, we have

complementary diet observations that confirm the

assumption that niche width variation inferred from

isotopes corresponds with actual variation in diet

diversity. Thus, we maintain that the observed reduc-

tion in galaxiid niche width with increasing trout

abundance corresponds with galaxiids using fewer

prey, rather than a spurious methodological effect.

Environmental and body-size controls on trophic

relationships

By incorporating a wide range of hydrologic condi-

tions in our survey, our study design also allowed us to

test whether or not trout–galaxiid trophic relations

were modified by stream size or stability, two key

drivers of stream community structure. Hydrologic

stability, for instance, can strongly influence the

abundance and richness of invertebrate prey resources

in our study region (Death and Winterbourn 1995).

Similarly, the influence of habitat size on the strength

of trophic interactions and the structure of stream food

webs is well established for trout and galaxiids

(Woodford and McIntosh 2010). We therefore

expected these hydrologic variables to express an

effect on niche characteristics for trout and galaxiids,

yet whether or not this effect would be equal for both

species was unclear.

Environmental stability had an over-riding influ-

ence on the relative positioning of both species in food

webs, which was evident for individual-level stable

isotope metrics (i.e., TP and d13Cs) but not niche

breadth indicators. Trout and galaxiids held higher

trophic positions in stable (TP ca. 4.0) compared to

disturbed habitats (TP ca. 3.0), and the rate of change

along the gradient was similar for both groups. This

pattern has been observed previously in other stream

food web studies (Parker and Huryn 2006; Marty et al.

2009; Sabo et al. 2010), and is thought to occur

because predatory invertebrates are more abundant in

less disturbed habitats and therefore form a greater

portion of the energy base supporting fishes (Anderson

and Cabana 2009; McHugh et al. 2010). Standardised

carbon-13 values (i.e., d13Cs) in the present study also

support this conclusion: fish d13C differed minimally

(ca. 1 %) from mayfly (Deleatidium sp.) d13C in

unstable streams where this taxon dominates (e.g.,

Townsend et al. 1997), but did more substantially (ca.

5–6 %) as stability increased, even though Deleatidi-

um still comprised a significant portion (25 % or more

of available biomass, McHugh et al. 2010) of the

benthic fauna. Thus, disturbance had strong overall

effect on the trophic characteristics of trout and

galaxiids in our study system, but the response was

similar for both groups.

In contrast to disturbance, our niche width results

indicate that stream size affected trout and galaxiids

differently, and hence had a modifying effect on their

trophic relationships. The breadth of trout niches, in

particular, scaled negatively with stream size, whereas

that for galaxiids did not. This is likely due to the fact

that trout rely more heavily than galaxiids on drifting

prey (e.g., Glova et al. 1992), and that the relative

contribution of terrestrial prey to stream food webs

(i.e., available in the drift) scales negatively with

stream size (Doi 2009). As a consequence, trout

appear to become increasingly specialised in larger

compared to smaller habitats. Regardless of the

precise mechanism, the documented contraction of

trout niches along a stream size continuum corre-

sponds well with recent work illustrating a role for

stream size in determining whether trout cause local

galaxiid extinction (Woodford and McIntosh 2011).

We further speculate that the frequency of interactions

between trout and galaxiids varies with niche width,

and therefore that broader TA corresponds with

stronger interactions between these species. Lastly,

the fact that the width of trout niches was most

strongly influenced by an abiotic variable whereas that

for galaxiids was influenced only by the relative

abundance of trout reinforces the view of trout as a

dominant ecological force in Southern Hemisphere

waters (Garcia de Leaniz et al. 2010).

Beyond environmental influences on the trophic

relationships of trout and galaxiids, we noted a striking

disparity in how body size influenced the trophic

position and d13Cs of galaxiids compared to trout. In

particular, TP and d13Cs increased with body size for
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galaxiids regardless of the occurrence of trout,

whereas these metrics were invariant across the trout

body-size spectrum. While variation in diet and

trophic position with galaxiid body size may not be

surprising given the ontogenetic shifts observed for a

wide range of other fish species (Post 2003, Arim et al.

2010), the correspondence between individual niche

characters and body size suggests that site-level niche

diversity (i.e., C and N range, TA) may be driven in

part by the size structure of the local galaxiid

population. This is particularly true given the demon-

strated gape limitation for small individuals in other

galaxiid species (G. maculatus; Cervellini et al. 1993).

Thus, it is possible that the apparent effect of trout

abundance on niche width is simply a manifestation

of a direct effect of trout on galaxiid size structure

(e.g., through predation), which is consistent with the

observed dominance of one or two galaxiid age classes

at co-occurrence sites (Woodford and McIntosh

2010). Although this argument is theoretically appeal-

ing, there was no evidence of co-variation between

trout occurrence and galaxiid size in our study

(Table 1). Despite this, the potential for a modifying

influence of body size on trout-invasion impacts can

not be disregarded (McIntosh et al. 2010).

Conclusions and implications

Our study and others illustrate that galaxiids may

persist in the presence of non-native trout under

certain conditions. Environmental mediation of inva-

sion outcomes has become a well established theme in

the stream fish invasion literature, and riverine con-

ditions (drought and flood, natural acidity, etc.;

reviewed in McIntosh et al. 2010) have well-docu-

mented influences on co-occurrence patterns within

invaded catchments. Our work, in contrast, suggests

that the niche response by galaxiids may also be an

important piece of the co-occurrence puzzle, and we

suggest that future studies further explore this mech-

anism, its population-level significance, and applied

relevance to the conservation of galaxiids threatened

by trout invasion.

In closing, new insight on salmonid invasions is

likely to be gained from studies that focus closely on

habitats where native fishes have persisted in the

presence of this alien, rather than only those where

local extinction has occurred (or is underway).

Further, rather than looking towards the invader or

the environment in asking why native species dis-

placement has or has not occurred, our work highlights

the importance of considering the traits of affected

taxa, as they may have an equally important story to

tell. We suspect that these observations apply not only

to Southern Hemisphere trout–galaxiid interactions,

but to freshwater ecosystems elsewhere in the world.
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