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naturally depauperate riverine
fish communities
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Duncan P. Gray3 and David R. Schiel1

1School of Biological Sciences, University of Canterbury - Te Whare Wānanga o Waitaha, Christchurch,
New Zealand, 2National Institute of Water and Atmospheric Research, Christchurch, New Zealand,
3Environment Canterbury, Christchurch, New Zealand

Introduction:Global change is amulti-faceted issue puttingmany species at risk.

The broad range of potentially interacting environmental stressors is problematic

for e�ective and e�cient conservation and management. In freshwater

systems, habitat degradation and introduced species have been repeatedly

recognized for their extensive impacts on native ecosystems. However, the

simultaneous impacts of these environmental stressors on naturally depauperate

and inherently vulnerable communities are poorly understood.

Methods: In southern New Zealand, the fish communities in 14 tributaries

of three lowland lakes were surveyed to quantify the within- and between-

community changes along gradients of habitat complexity and abundance of

introduced species, specifically brown trout (Salmo trutta Linnaeus) and redfin

perch (Perca fluviatilis Linnaeus).

Results: Stable isotope analyses identified that trophic diversity increased with

habitat complexity and an abundance of native eels (Anguilla spp.) but was

una�ected by introduced species. Within each community, only perch exhibited

distinct dietary shifts along all environmental gradients, whereas trout and the

native fish had consistent, generalist diets. When supported with length–weight

regressions, these impacts became increasingly size-dependent. For example,

among the native fish, only the larger eels were una�ected by habitat and

achieved greater body conditions with increased numbers of eels and perch;

however, more trout were detrimental to eel body condition. In contrast, the

smaller bodied natives, including elvers, all had improved body conditions from

increased habitat complexity and reduced numbers of trout and perch. For

the introduced species, perch weights were consistent regardless of the local

environment due to their variable diet, but larger trout generally increased in

weight with reduced habitat complexity and greater numbers of introduced fish,

although high eel densities were detrimental.

Discussion: Overall, our results highlight how the responses to environmental

stressors, even in depauperate communities, are complicated and generally

species-specific. Nonetheless, habitat degradation had the most wide-ranging

negative impacts on native fish, with perch numbers only a�ecting the

smaller bodied natives and trout only a�ecting one native species. We

conclude that focusing on habitat restoration in conservation strategies

will provide the most e�cient and e�ective use of resources, although
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the realized benefits for native species will be limited if introduced species are

overly abundant.

KEYWORDS

New Zealand, conservation, multiple stressors, modified habitats, fresh water, lowland

environments, introduced species

Introduction

Environmental degradation and invasive species are common

issues for freshwater habitats that arise repeatedly under the

umbrella of global change (Carpenter et al., 1992; Geist

and Hawkins, 2016). Examples include widespread land-use

modifications that have led to suitable habitats for fish being

fragmented, reduced, or homogenized (Reid et al., 2019). The

arrival of introduced fish, however, has resulted in native fish being

suppressed or locally extirpated through increased competition

and/or predation or both (Gallardo et al., 2016). These effects

may interact, for example, introduced fish benefitting from

degraded habitats, themselves elevating the level of environmental

degradation, or some introduced fish benefitting from the presence

of other introduced species (Moyle and Light, 1996; Strayer, 2010).

Interactions between different stressors can make identifying how

best to remedy affected freshwater habitats difficult (Dudgeon et al.,

2006; Jackson et al., 2016). Consequently, attempts to rehabilitate

or restore degraded freshwater habitats have often failed, with

cited causes including, but not limited to, incorrect restorative

action (i.e., misidentifying the underlying stressor or its impact)

or working at the wrong scale (Geist and Hawkins, 2016; Reid

et al., 2019). Decisions about whether to focus on restoring habitats

before or after suppressing or removing invasive fish are difficult

(Strayer and Dudgeon, 2010) and require an understanding of

the independent and interactive effects of modified habitats and

introduced fish so that appropriate actions can be taken.

The diversity of a resident community can provide resistance

to unnatural changes, particularly to introduced species (Baltz

and Moyle, 1993). For example, a community with many species

will likely have less niche space available for novel species

to occupy and establish a persistent population, conferring

a greater resistance to introducing new species (Angermeier

and Winston, 1998; Gido and Brown, 1999). Depauperate fish

communities (i.e., low in species diversity) are inherently more

vulnerable to introduced species. Freshwater fish communities can

also become unnaturally depauperate because of environmental

changes, such as habitat modification, leading to reduced diversity

and increased susceptibility (Fausch et al., 1990; Aarts et al.,

2004). For example, smaller or isolated habitats typically have

low fish diversity due to the reduced space available to support a

more diverse community (Martin-Smith and Laird, 1998; Scheffer

et al., 2006). However, despite abundant habitats, isolated islands

can also have naturally depauperate communities due to island

biogeography and the connection between island size and local

species richness (Font and Tate, 1994; McDowall, 2003; Levêque

et al., 2008). These naturally depauperate communities may be

more vulnerable to environmental stressors, but they also provide

an opportunity to study multiple stressors in a relatively simple

model system.

Native fish communities, even depauperate ones, may have

some resistance to environmental changes (Comte and Olden,

2017). Typically, this resistance is focused on traits of the individual

species by using described traits to assign sensitivities to the

relevant stressors (Chessman, 2013; Kopf et al., 2017). For example,

larger, competitively dominant fish are generally less susceptible

to habitat degradation and introduced species than smaller bodied

co-occurring species (van der Lee and Koops, 2015; Stefani et al.,

2020). Larger, competitively dominant fish could also provide some

indirect benefit to smaller co-occurring species by suppressing

introduced species (Cucherousset and Olden, 2011). However, this

is more complicated in species with notable ontogenetic shifts in

habitat use, prey resources, or predation risks because smaller fish

have different vulnerabilities compared to their larger conspecifics

(King, 2004; Cantin and Post, 2018). When the described traits are

not species-specific and are based on general assumptions for the

largest size class, species with the greatest differences between larval

and adult stages may become the most susceptible to misassigned

tolerance to habitat degradation (Henderson and Johnston, 2010;

Oele et al., 2019). Therefore, knowledge of size-related differences

in species’ sensitivity to environmental change is an integral part of

species conservation and management, and failing to incorporate

these differences into conservation strategies will increase the

likelihood of long-term failure.

Changes to habitats or fish communities can lead to the normal

available prey resources being reduced through displacement of

or competition for resources (Dobson et al., 2006; Jackson et al.,

2017). Affected species may alter foraging and feeding behaviors,

rely on alternative prey, or increase their energy expenditure to

persist in altered habitats (Sowersby et al., 2016; Jackson et al., 2017;

da Silva Gonçalves et al., 2018). Changes to trophic interactions due

to prey switching can be tracked through stable isotope analyses.

The combined isotope ratios of nitrogen (15N:14N) and carbon

(13C:12C) can highlight shifts in trophic positions and the origin

of dietary resources, respectively, along an environmental gradient

(Correa et al., 2012; Meijer et al., 2021). In contrast, shifts in

foraging behaviors and potential costs through increased energy

expenditure are ideally determined through carefully designed

experiments (e.g., Nannini and Belk, 2006; Brand et al., 2021).

However, length–weight regressions provide a simplistic way

to infer whether environmental conditions are detrimental to

the focal species (Cade et al., 2008; Zambrano et al., 2023).

Specifically, by comparing individuals of similar length, a reduced

weight indicates detrimental environmental conditions. Tracking

changes in isotopic signatures and length–weight regressions

along gradients of environmental change provides information
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for inferring how species persistence is likely affected by different

environmental stressors.

Somewhat isolated in the South Pacific, New Zealand supports

many examples of vulnerable and naturally depauperate freshwater

fish communities. Dominated by diadromous fish, the local fish

fauna is most abundant and diverse in lowland and coastal

habitats, although the average species diversity remains low.

For example, Jowett and Richardson (1996) found up to eight

species per 50-m reach across 38 New Zealand rivers, which

is approximately half the fish diversity found in southeastern

Australia (up to 14 species per 50-m reach; Gehrke and

Harris, 2000). Introduced salmonids, primarily brown trout

(Salmo trutta Linnaeus) and rainbow trout (Oncorhynchus mykiss

Walbaum), and percids (redfin perch, Perca fluviatilis Linnaeus)

have established populations nationwide and are recognized

internationally for their impacts on native fish (e.g., Morgan

et al., 2003; McDowall, 2006; Sabetian et al., 2015). New Zealand

lowland habitats invaded by these introduced fish have also

undergone decades of environmental degradation, particularly

habitat homogenisation, due to ongoing land-use intensification

and management practices that maintain drainage (Young et al.,

2004; Galbraith and Burns, 2007; Julian et al., 2017). Despite the

prevalence of salmonids and percids, studies on their impacts

in New Zealand have generally assessed either one species or

family, occasionally including a specific environmental gradient

(e.g., Ludgate and Closs, 2003; McIntosh et al., 2010; Boddy and

McIntosh, 2017). Surprisingly, no studies have addressed how

invaded fish communities have responded to the combination

of salmonids and percids in tandem with ongoing habitat

homogenisation. New Zealand provides an ideal place to assess

how depauperate communities have responded to the simultaneous

impacts of multiple environmental stressors.

Objectives and hypotheses

For this study, we focused on fish communities of lowland

freshwater habitats across the South Island of New Zealand

to determine the resistance of naturally depauperate fish

communities to environmental change, specifically habitat

homogenisation and an increased abundance of introduced

fish. We investigated (a) the potential interactions between and

within resident fish, both native and introduced, as inferred

from isotopic analyses and (b) the shifts in dietary proportions,

individual conditions, and species abundance in response to

environmental change.

For the potential interactions between and within resident

fish, we hypothesize that although a potential overlap in

isotopic signatures between species may exist, it will be

lowest between pairs of native and introduced species. Once

again, the assumption that introduced species were able

to establish by occupying under-utilized or empty niches

underpins this hypothesis. Regarding the shifts in response to

environmental change, we hypothesize that native species will

generally experience net negative effects from environmental

change, compared to the net positive effects experienced by

introduced species.

Materials and methods

Site selection and description

We used the New Zealand Freshwater Fish Database (National

Institute of Water and Atmospheric Research, 2022) and extensive

surveys (Meijer, 2024) to identify all freshwater habitats that

potentially support populations of native eels (Anguilla spp.)

coexisting with redfin perch and brown trout. Five potential

locations were identified (see Supplementary Figure S1), but

Waihola and Waipouri were eventually excluded due to the

inability to access most of their tributaries for sampling. This left

Māhinapua (four tributaries), a tannin-stained eutrophic lake in a

mixed indigenous forest/agriculture catchment on the west coast;

Te Waihora (eight tributaries), a supertrophic shallow lake in a

mixed urban/agriculture catchment on the east coast; andWairewa

(two tributaries), a supertrophic shallow lake in a mixed indigenous

forest/agriculture catchment on the east coast. Importantly, each

lake is connected to tributaries that appeared to vary in habitat

(based on personal observations) and have an abundance of the

three focal predators.

Quantifying habitat di�erences

For each accessible tributary, a 30-m reach was established in a

wadable section of the stream, positioned as close as possible to the

respective lake. Dissolved oxygen (YSI Ecosense ODO200 probe),

pH, and specific conductivity (YSI Pro1030 probe) were measured

to assess differences in general water chemistry between tributaries.

Environmental gradients that may affect fish were measured at five

sites within the reach: canopy cover, macrophyte cover, large woody

debris (LWD), bank vegetation cover, and fine-sediment cover. The

canopy cover was measured with a spherical convex densiometer

held at hip height. Macrophyte cover, LWD, bank vegetation cover,

and sediment cover were each estimated across a 5-m section of

the stream centered on where the surveyor was standing. The same

individual made all estimates to minimize bias. The average of

these five measurements was used in all subsequent analyses. A

Wolman pebble count (Wolman, 1954) was used to characterize

substrate size distributions. The discharge was calculated from a

transect across an unobstructed portion of the stream, with two

additional transects (three total) used for stream width and depth

measurements. Distance from the lake (to the nearest 0.1 km) was

estimated from aerial imagery.

The environmental conditions within the selected 30-m

wadable reaches did not necessarily reflect the general conditions

of these habitats, especially the highly sedimented streams around

Te Waihora. To overcome this, we also used observations from

a 500-m streamside walk to broadly characterize the habitat

complexity of all surveyed tributaries using a categorical approach.

Five categories were used to assess overall complexity, with

each category rated from 1 to 4 (see Supplementary Table S1).

Categories were flow variability, habitat heterogeneity, stream

shading, bank conditions, and instream features, with higher values

representing increased complexity. An overall habitat complexity

for each tributary was calculated as the cumulative scores of
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all categories. Three levels were used to define overall habitat

complexity (see Supplementary Table S2); the four tributaries with

the lowest scores (6–10) were classed “low complexity,” the four

tributaries with the highest scores (14–17) were classed “high

complexity,” and the remaining six tributaries (scored 11–13)

were classed “moderate complexity.” Although unbalanced, these

groupings were used to ensure distinction between the high- and

low-complexity tributaries.

Tissue collection for isotopes

Fish were captured using one-pass electrofishing and stop nets,

with efforts focused on highly vegetated or overhung bankside

portions of a reach to ensure that fish, particularly eels, were not

missed. We recorded the species present as individuals per square

meter. Due to the inherent bias in fish capture from sampling a

wadable section of each tributary (i.e., under-representation of fish

associated with deeper water), we also set a series of six single-

winged unbaited fyke nets [5 (l) × 0.7 (d) m, with a 5-m wing

and 4-mm mesh] downstream of the sampling reach. The nets

were used to capture fish not typically associated with shallow,

faster flowing wadable sections of streams, namely, perch and smelt

(Retropinna retropinna Richardson). Additionally, we caught larger

perch using two angling methods, lure trolling and baited hooks.

Consequentially, for fish captured with fyke nets or by angling,

their abundance was recorded as catch per unit effort (CPUE; fish

per fyke net or fish per 3-h angling, respectively). All fish were

anesthetized in a stream water bath of Aqui-S (at 20mg Aqui-

S per liter of water), measured, and weighed. A subset of up to

five individuals of each species from each tributary was selected

for isotopic analysis, with these fish encapsulating the size range

present within that tributary. Anguillid species were fin-clipped,

using individuals >150mm long, and then the equations of Hicks

et al. (2022) were used to calculate the muscle tissue–equivalent

isotopic values. However, due to difficulties of fin-clipping the

smallest eels, one elver (<150mm) was euthanised at each tributary

using a concentrated stream water bath of Aqui-S (at 200mg Aqui-

S per liter of water). For all other species, we euthanised individuals

in this concentrated Aqui-S bath before individually sealing all fish

and fin clips into vials or bags for transport back to the laboratory.

For each tributary, the local invertebrates were sampled using a

kick net, with three subsamples taken randomly across the reach by

disturbing the substrate or plants immediately upstream of the net.

For baseline comparisons with the freshwater invertebrates, lagoon

invertebrates were collected from four locations spread across each

lake and combined into one composite community. All collected

samples were stored in the laboratory freezer (at −18◦C) until

isotope samples were prepared.

Isotope sample preparation and analysis

We inferred the trophic interactions within resident fish

communities using isotope ratios of nitrogen (15N:14N) and carbon

(13C:12C) from all fish and a subset of invertebrate species that were

present, following standard isotope approaches (Vander Zanden

et al., 1999; Layman et al., 2012) supplemented with stomach

contents analysis. Dorsal muscle tissue from each euthanised

fish was extracted by peeling the skin away to expose muscle

along the backbone. The stomach contents of these 208 fish

(inanga, bullies, perch, and trout) were removed and, as much

as possible, identified as a fish species or an invertebrate family

under a dissecting microscope. Fish were identified with online

keys provided by the National Institute of Water and Atmospheric

Research (https://niwa.co.nz/freshwater/nz-freshwater-fish-data

base/freshwater-fish-id-guideskeys/formal-identification-keys),

and invertebrates were identified using keys in Winterbourn et al.

(2006). Invertebrate samples were sorted by family into vials, with

the most abundant taxa across all sites (i.e., Chironomidae larvae,

Deleatidium nymphs, and assorted Crustacea) set aside for isotopic

analysis, with the exact composition of invertebrate samples

varying between tributaries. These invertebrates were kept separate

for sample processing with the isotopic values combined when

creating tributary-specific baselines. All tissue samples (i.e., dorsal

muscle tissue, fin clips, and abundant invertebrate taxa) were

dried for 3 days at 50◦C, weighed and ground into a fine powder

using a mortar and pestle, and 0.5mg of material was sealed in tin

capsules using a methodology adapted from Meijer et al. (2021).

Prepared tin capsules were analyzed by the Institute of Geological

and Nuclear Sciences Stable Isotope Laboratory using a Eurovector

elemental analyser coupled to an IsoPrime mass spectrometer.

Isotopic results were expressed in per mil delta notation [i.e.,

δ15N or δ13C = (Rsample/Rstandard – 1) × 1,000, where R = 13C:12C

or 15N:14N] relative to the laboratory standard (Leucine), which

is calibrated to international standards (VPDB and N-Air). The

analytical error associated with the sample analysis was 0.02‰ for

δ13C and 0.03‰ for δ15N. Following Post et al. (2007), all samples

were lipid-corrected using the formula 1δ13C = −3.32 + 0.99

× C:N.

Statistical analyses

All data analyses were run in R, version 4.2.1 (R Core

Team, 2022), using the R-studio interface (Posit Team, 2022).

For the multi-parameter models, partial regression model fits

were extracted using the ‘effects’ R package (Fox and Weisberg,

2018). For isotopic analyses, all fish signatures were standardized

to the tributary-specific freshwater invertebrates to remove the

potential effects of baseline shifts both within and between lake

catchments. We assessed potential differences in the abundance of

the common invertebrates using analyses of variance of dry-weight

biomass values.

First, the “SIBER” R package (Jackson et al., 2011) was used

to characterize the isotopic signatures of the fish community in

each tributary using the six metrics described by Layman et al.

(2007): the range of nitrogen values, the range of carbon values,

the total isotopic area enclosed within the biplot, the mean distance

to the center of the biplot, the mean distance to the nearest

neighbor, and the standard deviation of the distance to the nearest

neighbor. Using a series of linear mixed-effect models (“lme4”

R package; Bates et al., 2015), the effect of categorized habitat

complexity was assessed, as were densities of eels, trout, and perch
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on each of the metrics proposed by Layman et al. (2007), with

“lake” included as the random effect. Due to differences in the

scale of densities (or CPUE for perch) of the three predatory fish

(see Supplementary Table S3), their densities were log-transformed

for these models to ensure a consistent scale across species. For

simplicity, we used perch CPUE values from fyke nets to define the

perch gradient for all analyses. A significant effect would mean a

change in an overall fish community food-web property across that

respective gradient.

Second, the methods of Stewart et al. (2022) were adapted

and developed in a two end-member single isotope (δ13C)

mixing model to quantify the proportional contribution of

tributary- and lake-derived energy in fish diets (Equation 1).

Due to their ecological similarities and limited distributional

overlap, we combined longfin eel (Anguilla dieffenbachii Gray)

and shortfin eel (Anguilla australis Richardson) into “eels” and

common bully (Gobiomorphus cotidianus McDowall) and upland

bully (Gobiomorphus breviceps Stokell) into “bullies.” This left six

taxa sufficiently abundant for inclusion in these analyses: three

predatory fish (eels, trout, and perch) alongside three small-bodied

fish that may represent important prey (bullies, inanga [Galaxias

maculatus Jenyns], and smelt).

Lagoon proportion in diet =
δ
13Cfish

(δ13CLagoon − δ13CTributary)
, (1)

where δ
13Cfish is the standardized carbon isotope for an individual

fish, δ
13CTributary is the mean carbon isotope value for freshwater

invertebrates collected in that tributary, and δ
13CLagoon is the

mean carbon isotope value for pooled invertebrates collected from

the nearby lagoon environment. This model produced estimated

dietary contributions between 0 (i.e., no lagoon resources in

diets) and 1 (i.e., diets were exclusively lagoon resources) for

each fish. However, due to using only a subset of invertebrates

and, subsequently, composite isotopic signatures, 30 fish presented

with lagoon-sourced dietary proportions <0 and >1 (i.e., outside

the bounds of the δ13C end-member values set by the selected

invertebrate taxa). Nonetheless, we argue that any calculated

proportion values outside the bounds of our proportion model

represent either the absence of or exclusive dependence on lagoon-

derived resources in diets. As such, these values were corrected to 0

and 1, respectively.

The limited overlap in body size ranges between some species

meant any attempted model interactions involving body size

could be misleading without prior transforming of data, but

log-transforming these data was unsuccessful at removing these

differences (see Supplementary Table S4). We settled on converting

all body lengths into proportions of the largest taxon-specific size

from our surveys (i.e., relative body sizes) to minimize differences

between species. Using a linear mixed-effect model, we assessed

the interaction between species identity and relative body size for

estimating dietary proportions across the prey fish. Both relative

body size and dietary proportions were logit-transformed to meet

the assumptions of normality. “Tributary” was included as the

random effect to account for any site-specific variation. This model

was repeated for the three predatory fish.

We expanded on the two end-member mixing model by

comparing potential niche overlap in isotopic space. To achieve

this, linear mixed-effect models were used to estimate size-

corrected δ15N and δ13C values for the three prey fish using an

interaction between species identity and relative body size, with

“tributary” included as the random effect. Differences between

species, for these size-corrected isotopes, were tested using a

permutational multivariate analysis of variance (PERMANOVA;

“vegan” R package; Dixon, 2003), with a Euclidean distance

coefficient. We used post hoc pairwise comparisons with a

Bonferroni correction to identify prey species, if any, that were

isotopically different from the others. These steps were repeated for

the three predatory fish.

Next, we assessed how the isotopic signatures of different

species responded to overall habitat complexity and predatory

fish densities. At this point, the smelt were removed from

further analyses due to their low sample size and variability of

isotopic signatures, particularly the modeled estimates of dietary

proportions. Taxon-specific PERMANOVAs were used to test

the effects of habitat complexity and abundance of eels, trout,

and perch, on size-corrected δ15N and δ13C values of the five

remaining taxa (i.e., eels, inanga, bullies, perch, and trout). The

densities of predatory fish were log-transformed. Partial regression

plots were made by using a linear mixed-effect model each for

δ15N and δ13C values. Permutational dispersion tests (PERMDISP,

“vegan” R package) were done to assess if any species exhibited

a change in isotopic variability in response to the predictors. For

these PERMDISP analyses, the fish densities were converted to

categorical ratings. Eel densities were classified as “low” (<0.5

fish/m2), “medium” (0.5–1.0 fish/m2), or “high” (>1.0 fish/m2);

trout densities were classified as “none” (0 fish/m2), “low” (0.01–

0.05 fish/m2), or “high” (>0.05 fish/m2); and perch CPUE values

were classified as “none” (0 fish per fyke net and 3-h angling), “low”

(0.1–5 fish per fyke net or 3-h angling), or “high” (>5 fish per fyke

net and 3-h angling).

Building on the isotopic analyses, the impact on individual

conditions was inferred by assessing how length–weight regressions

changed with habitat complexity and the abundance of eels, trout,

and perch. For this, taxon-specific linear mixed-effect models

were used to test for differences in length–weight regressions

between levels of habitat complexity or the categorical ratings of

predator abundances, with “lake” included as a random effect.

For all species, we started with the full model (i.e., including

interactions between length and all other predictors) and used

backward elimination to remove all non-significant interactions

until only significant interactions or no interactions remained.

Importantly, all main effects remained in the final model. To

capture the potential variation in differences in environmental

effects on eels, due in part to their large size range and known

cannibalistic and competitive interactions (see Jellyman, 1989), we

separated individuals up to 150mm long (hereafter referred to as

“elvers”) from the larger congeners for this analysis. This specific

size demarcation was chosen from observations that individuals

<150mm long were never caught in fyke nets (that were set for

perch) despite being caught nearby with electric fishing, whereas

larger eels were successfully caught using either method.

Finally, the low sample size and limited number of species

meant that we did not have the statistical power to reliably

identify changes to the overall fish community along environmental
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gradients (i.e., using PERMANOVAs). Instead, changes in the

abundances of five taxa (i.e., eels, inanga, bullies, perch, and

trout) were assessed using linear mixed-effect models. These taxon-

specific models identified how the abundance of each taxon

was affected by the abiotic habitat and the abundance of the

co-occurring fish. “Lake” was included as a random effect in

these models. Proportional measurements (e.g., canopy cover)

were logit-transformed, and non-proportional measurements (e.g.

fish densities and substrate size) were log-transformed to rescale

all predictors to a similar range of values. Due to the limited

sample size (i.e., 14 tributaries) and the high number of possible

predictors (see Supplementary Tables S3, S5), the appropriate

predictors were selected for each species in a stepwise process.

Starting with a maximal model using only abiotic predictors,

all non-significant predictors were removed using backward

elimination before the biotic predictors were added to the

reduced model and then all non-significant biotic predictors

from the model were removed using backward elimination again.

Partial regression plots were constructed for these final taxon-

specific models.

Results

Environmental conditions of surveyed
lowland streams

Water chemistry readings were somewhat variable

between tributaries, but generally consistent within lakes (see

Supplementary Table S5). Overall, dissolved oxygen ranged from

7.6 to 11.5mg L−1, pH ranged from 5.1 to 8.1, and specific

conductivity ranged from 26 to 285 µS cm−1. In comparison, the

habitat measures (i.e., canopy, macrophyte, and bank vegetation

cover) exhibited some lake-scale trends but were more variable

than water chemistry (see Supplementary Table S5). Overall,

canopy and macrophyte coverage ranged from no cover up

to ∼70%, and bank vegetation and fine sediment (silt) cover

ranged from no cover to ∼100%. The average substrate size

was largest in the tributaries of Māhinapua but ranged from

<10 to >150mm. The dry-weight biomass of the common

invertebrates (i.e., Chironomidae larvae, Deleatidium nymphs,

and assorted Crustacea) ranged from 61.4 to 142.7mg m−2 and

did not change significantly with habitat complexity, F2,9.22 =

0.65, p = 0.547; eel density, F1,12 = 1.96, p = 0.187; trout density,

F1,12 = 2.48, p = 0.141; or perch density, F1,11.32 = 0.03, p

= 0.871.

Overall, tributaries with low habitat complexity were

characterized by steeper banks, more homogenous flows, low

canopy cover, and the lack of instream structures. In contrast,

tributaries with high habitat complexity were characterized by

low-angle banks covered with trees or overhanging vegetation

and variability in flow and instream microhabitats. Differences

in habitat complexity were not tied to any specific category

(e.g., stream shading), although stream shading and instream

features played smaller roles in the overall grading (cf.

bank stability, habitat heterogeneity, and flow variability; see

Supplementary Figure S2).

Comparisons of whole-community metrics

Assessments of the whole-community distribution of isotopic

signatures using the metrics proposed by Layman et al. (2007)

indicated that only two metrics, the total hull area and the mean

distance from centroid, differed significantly along one or more

environmental gradients (Table 1). Specifically, the total hull area

was significantly lower at low habitat complexity [mean 21.6, 95%

CI (16.5, 28.2)], compared to medium [mean 39.0, 95% CI (29.3,

51.9)] and high complexity [mean 44.8, 95% CI (29.9, 67.1)], and

increased with eel density [mean slope 1.59, 95% CI (1.34, 1.90)].

Similarly, the mean distance to the centroid was significantly lower

with low habitat complexity [mean 2.56, 95% CI (2.10, 3.10)],

compared to medium [mean 3.98, 95% CI (3.24, 4.89)] and high

complexity [mean 4.45, 95% CI (3.32, 5.95)], and increased with eel

density [mean slope 1.33, 95% CI (1.17, 1.51)]. Trout density and

perch CPUE did not affect any of the six metrics.

The potential interactions supported by
isotopic analyses

Plots of the isotopic signatures of the surveyed communities

across the three lakes highlighted clear differences in baseline

signatures, with isotopic signatures seemingly changing with body

size and species identity (Figure 1). For the three prey species,

changes in dietary proportions with increasing body size differed

between species, F2,105.4 = 3.12, p = 0.048. Smelt and bullies

did not change their estimated diet proportions with body size,

but inanga reduced their lagoon-derived dietary proportions with

increasing body size (Figure 2A). For the three predatory species,

size-related dietary shifts between freshwater and lagoon resources

depended on the species, F2,156.2 = 5.52, p = 0.005. Between the

three predators, the proportion of lagoon diet was variable and

unrelated to body size in trout but significantly increased with

body size for eels and perch (Figure 2B). For perch and trout, these

modeled shifts in dietary proportions were consistent with changes

in stomach contents (see Supplementary Table S6).

After accounting for the size-dependent changes in isotopes,

differences remained between prey fish for δ15N and δ13C values,

pseudo-F2,127 = 4.97, p = 0.006 (Figure 3A), driven by the

separation between bullies and smelt, pseudo-F1,71 = 6.78, p =

0.021, as inanga overlapped with bullies, pseudo-F1,114 = 5.14, p

= 0.084, and smelt, pseudo-F1,69 = 2.02, p= 0.408. There were also

differences in δ15N and δ13C values between the three predatory

species, pseudo-F2,170 = 14.67, p = 001 (Figure 3B), driven by the

separation of eels from perch, pseudo-F1,121 = 27.21, p= 0.003, and

trout, pseudo-F1,132 = 14.86, p = 0.003, with an isotopic overlap

between trout and perch, pseudo-F1,88 = 2.62, p= 0.291.

Dietary shifts in response to environmental
change inferred from δ

15N and δ
13C

signatures

Regarding the taxon-specific isotope changes due to the

local environment, eel signatures did not change with habitat
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TABLE 1 Significance results for the change in the whole-community metrics proposed by Layman et al. (2007) along each environmental gradient.

Metric Definition Environmental gradients

Habitat
complexity

Eel density Trout density Perch density

δ15N range Measure of diversity in

trophic position

F2.8 = 3.05, p= 0.103 F1.8 = 3.12, p= 0.115 F1.8 = 0.02, p= 0.905 F1.8 = 0.06, p= 0.816

δ13C range Measure of niche diversity in

basal resources

F2.8 = 0.39, p= 0.689 F1.8 = 0.11, p= 0.747 F1.8 = 0.41, p= 0.539 F1.8 = 0.86, p= 0.382

Total hull area Measure of total niche space F2.8 = 4.51, p = 0.049 F1.8 = 6.97, p = 0.030 F1.8 = 1.18, p= 0.309 F1.8 = 0.86, p= 0.671

Mean distance from

centroid

Measure of the degree of

trophic diversity

F2.8 = 4.72, p = 0.044 F1.8 = 5.08, p = 0.038 F1.8 = 0.07, p= 0.799 F1.8 = 0.02, p= 0.899

Mean nearest

neighbor distance

Measure of species packing F2.8 = 0.93, p= 0.437 F1.8 = 1.06, p= 0.344 F1.8 = 0.01, p= 0.971 F1.8 = 1.70, p= 0.231

Standard deviation

of nearest neighbor

distance

Measure of evenness of

species packing

F2.8 = 1.02, p= 0.402 F1.8 = 0.44, p= 0.527 F1.8 = 1.37, p= 0.276 F1.8 = 0.63, p= 0.448

These outputs are from metric-specific linear mixed effect models including all four gradients as fixed effects, and “Lake” as a random effect. Significant predictors for each metric are denoted

in bold, and all significant effects were positive. Additional information on fish densities and habitat complexity can be found in Supplementary Tables S2, S3, respectively.

FIGURE 1

Isotopic biplots of overall fish communities found in the tributaries of (A) Te Waihora, (B) Māhinapua, and (C) Wairewa. All fish were separated into
common predatory species (blue hues), common prey species (green hues) and species found in only one lake catchment (red hues), with
species/taxa distinguished by shape. Point size reflects the total length of individual fish. Invertebrates collected from freshwater (open triangle) and
lagoon (open square) environments are depicted as mean ± standard deviation.

complexity, pseudo-F2,78 = 0.34, p = 0.793 (Figure 4A); eel

density, pseudo-F1,78 = 2.15, p = 0.143 (Figure 4B); perch density,

pseudo-F1,78 = 0.03, p = 0.976 (Figure 4C); or trout density,

pseudo-F1,78 = 0.52, p = 0.527 (Figure 4D). However, eel isotopic

signatures were more variable at low eel densities (cf. medium

and high densities), pseudo-F2,81 = 3.91, p = 0.024, but did
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FIGURE 2

Changes in diet proportions with increasing body size for (A) prey
fish and (B) predatory fish. Each point represents an individual fish.
Model fits (solid line) and 95% confidence intervals (shaded area) for
each species were extracted from the respective linear mixed-e�ect
model with “tributary” included as the random e�ect.

not change with habitat complexity, pseudo-F2,81 = 0.77, p =

0.465, and numbers of trout, pseudo-F2,81 = 0.55, p = 0.581, or

perch, pseudo-F2,81 = 1.11, p = 0.335. Inanga isotopic signatures

were associated with densities of eels, pseudo-F1,51 = 5.94, p =

0.006 (Figure 4F), and perch, pseudo-F1,51 = 4.83, p = 0.011

(Figure 4G). Specifically, greater eel numbers was associated with

elevated carbon and reduced nitrogen values, whereas more perch

was only associated with elevated nitrogen values (no change for

carbon). Inanga isotopic signatures were not associated with habitat

complexity, pseudo-F2,51 = 0.91, p = 0.446 (Figure 4E) or trout

density, pseudo-F1,51 = 2.04, p = 0.153 (Figure 4H). Variability in

inanga isotope values was not associated with habitat complexity,

pseudo-F2,54 = 0.33, p = 0.723; eel density, pseudo-F1,54 = 0.20,

p = 0.820; perch density, pseudo-F1,54 = 0.13, p = 0.876; or

trout density, pseudo-F1,78 = 1.11, p = 0.338. Next, the isotopic

signatures of bullies were not associated with habitat complexity,

pseudo-F2,53 = 0.40, p = 0.777 (Figure 4I); eel density, pseudo-

F1,53 = 3.51, p = 0.054 (Figure 4J); perch density, pseudo-F1,53 =

1.83, p= 0.140 (Figure 4K); or trout density, pseudo-F1,53 = 1.22, p

= 0.277 (Figure 4L). However, the variability of bully isotopes was

lower with low ormedium habitat complexity (cf. high complexity),

pseudo-F2,56 = 6.51, p = 0.003; low eel numbers (cf. medium and

FIGURE 3

Isotopic biplots for the size-corrected isotopic signatures for (A)
three prey fish and (B) three predatory fish standardized to the local
freshwater prey signature. Each point represents the model
prediction taken from a linear mixed-e�ect model that included
species identity and relative size, with “tributary” added as a random
e�ect. Ellipses denote 90% confidence intervals for each species.
Species identity is shown by point shape and color. Lowercase
letters denote PERMANOVA significance results.

high densities), pseudo-F2,56 = 4.53, p = 0.015; and when any

perch were present (cf. no perch), pseudo-F2,56 = 3.23, p = 0.047.

Trout density was not associated with the isotopic variability of

bullies, pseudo-F2,56 = 0.19, p = 0.831. The isotopic signatures of

perch were associated with different levels of habitat complexity,

pseudo-F2,33 = 7.04, p = 0.001 (Figure 4M); densities of eels,

pseudo-F2,33 = 11.60, p= 0.001 (Figure 4N); perch CPUE, pseudo-

F2,33 = 8.65, p = 0.002 (Figure 4O); and trout density, pseudo-

F2,33 = 6.20, p = 0.004 (Figure 4P). Specifically, lower habitat

complexity was associated with lower carbon and nitrogen values,

and greater eel abundance was associated with elevated carbon and

reduced nitrogen values. Greater trout and perch abundance were

not associated with carbon values but were associated with elevated

or reduced nitrogen values, respectively. Finally, isotopic signatures
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of trout were not associated with habitat complexity, pseudo-F2,49
= 0.35, p = 0.764 (Figure 4Q); eel density, pseudo-F1,49 = 1.67,

p = 0.197 (Figure 4R); perch CPUE, pseudo-F1,49 = 0.01, p =

0.985 (Figure 4S); or trout density, pseudo-F1,49 = 2.16, p = 0.147

(Figure 4T). However, the variability of trout signatures was lowest

with low or medium habitat complexity (cf. high complexity),

pseudo-F2,47 = 4.05, p = 0.024, and high eel densities (cf. low and

medium densities), pseudo-F2,47 = 6.44, p = 0.003. The isotopic

variability of trout did not change with trout densities, pseudo-

F2,47 = 0.15, p = 0.698, or perch densities, pseudo-F2,47 = 1.83,

p= 0.171.

Length–weight regressions along
environmental gradients

When inferring body condition, the weight of large eels

(>150mm long) was not associated with habitat complexity,

F2,158.22 = 0.41, p = 0.661 (Figure 5A), but was affected by the

interactions of length and eel density, F2,186.38 = 3.46, p = 0.033

(Figure 5B); length and perch density, F2,187.69 = 3.36, p = 0.037

(Figure 5C); and length and trout density, F2,187.04 = 4.92, p= 0.008

(Figure 5D). Specifically, weight gains with increasing body length

were greatest under high densities of eels and perch and either

high densities or an absence of trout. Elvers, however, responded

differently to these same environmental gradients. Although there

was no interaction with the main effect of length, F1,79.70 = 471.22,

p < 0.001, elvers had greater weights, at any given length, with a

medium or high habitat complexity (cf. low habitat complexity),

F2,68.41 = 12.10, p < 0.001 (Figure 5E); low numbers of eels

(cf. medium and high densities), F2,62.04 = 10.26, p < 0.001

(Figure 5F); and no perch (cf. high densities), F2,65.12 = 3.21,

p = 0.046 (Figure 5G). Elver weights were not associated with

trout densities, F2,61.97 = 0.50, p = 0.608 (Figure 5H). Inanga

weights were affected by the interactions between length and

habitat complexity, F2,144.05 = 40.05, p < 0.001 (Figure 5I), and

length and trout density, F2,135.21 = 8.19, p < 0.001 (Figure 5L),

as well as the main effect of perch density, F2,52.73 = 4.45, p= 0.004

(Figure 5K). Eel density did not impact inanga weights, F2,42.73
= 0.14, p = 0.872 (Figure 5J). Bullies were affected in a similar

pattern to inanga, with body weights affected by the interactions

of length and habitat complexity, F2,772.29 = 43.41, p < 0.001

(Figure 5M); length and perch density, F2,772.14 = 18.06, p < 0.001

(Figure 5O); and length and trout density, F2,772.26 = 14.40, p <

0.001 (Figure 5P), although eel density were not associated, F2,725.36
= 1.41, p= 0.246 (Figure 5N). Specifically, for bullies, weight gains

with increasing body length were the greatest under high or low

habitat complexity (cf. medium habitat complexity), high densities

of trout (cf. low densities or absence of trout), and the presence of

perch at any densities (cf. absence of perch). Unlike all other fish,

perch weights were not associated with habitat complexity, F2,123.50
= 1.28, p = 0.438 (Figure 5Q), and the densities of eels, F2,123.45
= 1.13, p = 0.469 (Figure 5R); perch, F1,123.18 = 0.17, p = 0.710

(Figure 5S); and trout, F2,123.49 = 0.77, p = 0.566 (Figure 5T), with

their weights solely determined by body length, F2,123.50 = 5122.83,

p < 0.001). In contrast to perch, trout weights were affected by

interactions between length and habitat complexity, F2,62.06 = 3.91,

p = 0.025 (Figure 5U); length and eel densities, F2,62.49 = 16.45, p

< 0.001 (Figure 5V); length and perch densities, F2,62.52 = 22.73,

p < 0.001 (Figure 5W); and length and trout densities, F1,62.10 =

24.02, p < 0.001 (Figure 5X). Specifically, for trout, weight gains

with increasing body length were greatest under medium densities

of eels (cf. high and low densities of eels), high densities or an

absence of perch (cf. low densities of perch), and low densities

of trout (cf. high densities of trout). However, across all levels of

habitat complexity, smaller trout had similar weights, but larger

trout were heavier with decreasing levels of complexity.

Density shifts due to the specific
environmental conditions within the 30-m
reach

For shifts in the abundance of individual fish groups, inanga

abundance was negatively associated with increasing bank cover,

F1,9 = 8.50, p = 0.017 (Figure 6A); canopy cover, F1,9 = 21.78,

p = 0.001 (Figure 6A); and trout abundance, F1,9 = 71.82, p <

0.001 (Figure 6B), but positively associated with eel density, F1,9 =

40.78, p < 0.001 (Figure 6B). Interestingly, the abundance of the

other common prey species, bullies, was not associated with any

predictor, although the random effect ‘lake’ explained 91.6% of the

variation in abundance. Among the predator taxa, eels were more

abundant with increased canopy cover, F1,9 = 19.68, p < 0.001

(Figure 6C), and greater numbers of inanga, F1,9 = 13.17, p= 0.005

(Figure 6D); bullies, F1,9 = 22.67, p < 0.001 (Figure 6D); and trout,

F1,9 = 48.37, p< 0.001 (Figure 6D). Trout densities were negatively

associated with increasing bank cover, F1,9 = 9.67, p = 0.013

(Figure 6E); canopy cover, F1,9 = 35.85, p < 0.001 (Figure 6E);

and inanga abundance, F1,9 = 71.82, p < 0.001 (Figure 6F), but

positively associated with eel abundance, F1,9 = 88.26, p < 0.001

(Figure 6F). Like bullies, perch CPUE was not associated with any

predictors, although the random effect of “lake” explained very little

(10.4%) of the variation in abundance.

Discussion

When managing vulnerable naturally depauperate

communities, implementing effective conservation strategies

is necessary to mitigate the multi-faceted impacts of global change.

However, attributing causality between different potential stressors

is required before interventions that maximize the return on

investment are designed. Here, we show how the freshwater

fish communities of New Zealand found in coastal lakes have

responded to the simultaneous effects of habitat degradation

and two introduced predatory species, redfin perch and brown

trout. Overall, the introduced species did not add to the trophic

diversity of the community; instead, they occupied isotopic space

that native fish would otherwise have likely used. Only the largest

eels benefitted from these introduced fish, although trout and

perch were using the productive lagoon environment at earlier

life stages than the native eels. Trout were synonymous with

the largest impact on any one species, a decline in inanga in

association with increasing trout density, although perch and
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FIGURE 4

Independent e�ects of habitat complexity (green) and abundance of three di�erent predatory fish (blue) on the isotopic signatures (δ15N and δ13C) of
(A–D) eels, (E–H) ī inanga, (I–L) bullies, (M–P) perch, and (Q–T) trout. Individual predictors are organized by columns, and taxon-specific responses
are organized by row. Each point reflects the size-adjusted partial model fits taken from a linear mixed e�ect model that included all four
environmental gradients as predictors, with “tributary” included as a random e�ect. Panels with significant changes in isotopic signatures (i.e.,
permutational multivariate analysis of variance) are marked with an asterisk (*), and panels with significant changes in isotopic variability (i.e.,
permutational dispersion tests) are marked with a diamond (♦). For habitat complexity, a lighter color reflects a lower level of complexity (more
information available in Supplementary Tables S1, S2). For the three predatory fish, point size reflects local densities for eels and trout (fish per m2),
and relative abundance for perch (fish per fyke net).

habitat degradation were associated with similar effects on the

body conditions across the smaller bodied fish. Suppressing or

controlling these introduced fish would have considerable benefits

for native fish, but because their use of riverine and lagoon

habitats and resources is extensive, efforts to limit their numbers

would be problematic. We conclude that an overarching focus

on improving habitat complexity in these lowland environments

is likely to produce the biggest response in the native fish

community for the investments made (i.e., time and money).

However, working in catchments with already low numbers of

introduced fish would further increase the potential benefits for

native fish.

Within a naturally depauperate community, low diversity

is assumed to leave niche spaces open for introduced species
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FIGURE 5

Length-weight regressions reflecting the independent e�ects of habitat complexity (green) and abundance of three di�erent predatory fish (blue) on
(A–D) large eels, (E–H) elvers, (I–L) inanga, (M–P) bullies, (Q–T) perch, and (U–X) trout. Each point reflects the partial fits taken from a linear
mixed-e�ect model that included all four environmental gradients alongside relative body size as predictors, with “tributary” included as a random
e�ect. Partial model fits (lines) and 95% confidence intervals (CI; shaded areas) were also extracted from this global model. Note that in models
where the environmental gradient was not significant, we present the underlying change with body length (gray area for 95% CI). For habitat
complexity, color reflects the ascribed level of complexity (more information available in Supplementary Tables S1, S2). For the predatory fish, color
reflects categories for densities of eels, trout, and perch (more information available in Supplementary Table S3). Note that the axes are presented on
a logarithmic scale.
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FIGURE 6

Partial regression plots for density changes in (A, B) inanga, (C, D) eels, and (E, F) brown trout in response to habitat shifts and altered abundances of
co-occurring species. Each point reflects the partial model fits taken from a linear mixed-e�ect model that included only significant environmental
gradients and fish densities as predictors, with “lake” included as a random e�ect. Partial model fits (lines) and 95% confidence intervals (CI; shaded
areas) were also extracted from this global model. Note that bullies and perch did not respond to any predictors, so are not shown here, and that the
axes are presented on a logarithmic scale.

to occupy and establish new populations (Angermeier and

Winston, 1998; Gido and Brown, 1999). Consequently, these

new species would alter the trophic diversity of the recipient

community. We found the opposite, however, with the overall

trophic diversity of the community unchanged with increasing

abundance of perch or trout because both species had isotopic

signatures within the already occupied range. This consistency

in trophic diversity implies that these introduced species were

replacing native species within these depauperate communities.

However, the isotopic overlap was not with the larger growing

eels (i.e., the top native predator) because perch and trout

are feeding at a lower trophic level than eels when dietary

proportions overlapped (i.e., at similar δ13C signatures). Moreover,

introduced fish seemed to avoid direct competition with eels

by consuming lagoon-derived resources at earlier life stages.

Therefore, we suggest that the introduced species, particularly

the larger size classes of perch, are effectively monopolizing the

resources provided by the more productive lagoon environment,

but their interactions with eels may lessen their impacts on other

riverine fish.

Across all resident fish, only the native top predator and largest

growing species, the larger competitively dominant eels, generally

benefitted from greater numbers of all other fish. Underpinning

these positive responses is their generalist, opportunistic diet (see

Jellyman, 1989), whereby larger eels consume a range of prey,

including smaller perch and trout (see Jellyman, 1996; Stewart

et al., 2023). As we predicted, the negative interactions from

increasing eel numbers were mostly with the introduced species,

such as the reduced body conditions of trout and the increasingly

lagoon-supported diets of perch. In fact, the only negative impact
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that eels had on the native fish was intra-specific competition

with smaller conspecifics, which is likely a density-dependent

population regulation (see Noth et al., 2008). The presence of larger

eels does trigger innate predator avoidance behavior in potential

prey species, including elvers, bullies, and inanga (see Glova, 2001;

McLean et al., 2007; Jellyman et al., 2012). However, for these

smaller fish, similar anti-predator responses are typically only

observed in introduced fish once they have been learned through

experience (see Kristensen and Closs, 2004; McLean et al., 2007;

Milano et al., 2010). Therefore, these innate behaviors, or a lack of

them, in response to predator detection likely underpin the negative

impacts, such as reduced abundance or body condition, associated

with increasing predator abundance.

Small fish were negatively associated with greater perch

densities, although the exact mechanisms differed slightly between

species. Consistent with previous work, riverine fish featured most

heavily in the diets of mid-size perch (10–20 cm long), with larger

perch (>20 cm long) feeding exclusively within lakes or lagoons

(see Ludgate and Closs, 2003; Morgan et al., 2003; Wedderburn

and Barnes, 2016). In terms of specific-specific responses to

greater perch abundance, inanga exhibited reduced body condition

and elevated nitrogen signatures, which we suggest could reflect

reduced foraging activity and, potentially, periods of starvation

when faced with predation risk from perch (see Casini et al., 2016;

Doi et al., 2017). Under these same conditions (i.e., high perch

numbers), bullies exhibited a reduction in diet variability, with

fewer individuals feeding on lagoon-derived resources, although

the impact on overall body condition was minimal. Therefore,

perch were also excluding smaller fish from the productive lagoon

environments, and the removal of perch would benefit most, if

not all, native species because of their ubiquitous predation of all

smaller fish.

In contrast to size-mediated impacts from perch, which had

similar effects across multiple species, impacts of trout were more

variable. First, trout exhibited the single largest effect that we

detected, with near-complete removal of inanga in the presence

of trout, a pattern consistent across many species of galaxiid (see

McDowall, 2006; McIntosh et al., 2010). However, bullies were

unaffected by trout, and only the largest eels exhibited a loss of body

condition with increased trout abundance, a potential indication

of increased competitive interactions (see Irons et al., 2007; Smith

et al., 2017). In fact, the competitive interactions between trout and

eels, in which trout are also suppressed, likely underly the positive

relationship between densities of eels and inanga.

Perch and trout are recognized internationally for their

invasiveness and impacts on recipient communities (see Morgan

et al., 2003; McDowall, 2006), but these predatory fish responded

very differently to environmental change. Perch exhibited clear

dietary shifts, with increasing body size and along measured

gradients of environmental change. These dietary shifts likely

underpin their consistent body condition (i.e., consistent

length–weight regressions) regardless of the local environmental

conditions. In contrast, trout exhibited highly variable diets that

did not change with body size and most environmental changes,

aside from a reduction in diet variability in response to high eel

numbers and reduced habitat complexity. Although trout did not

have consistent body conditions like perch, their body conditions

notably increased with greater numbers of perch and trout and

reduced habitat complexity. In addition to benefitting from

environmental degradation and introduced species, perch and

trout were effective at using the riverine and lagoon environments

for feeding and development, which makes efforts to control or

reduce their numbers problematic.

Previous attempts to remove or suppress introduced trout or

perch highlight the need for repeated treatments across large spatial

scales (Peterson et al., 2008). For example, Shepard et al. (2014)

used as many as 14 rounds of electrofishing removal treatments to

successfully eradicate introduced brook trout from four mountain

streams in Montana, USA, at a cost of between US$3,500 to

US$9,000 per kilometer depending on the of the need for additional

vegetation clearing. Despite these investments, the chances of

failure remain high, and reinvasion is always possible (see Ludgate

and Closs, 2003; Caudron and Champigneulle, 2011). Therefore,

unless working in catchments (e.g., tributaries or isolated streams)

where introduced species are already low in abundance, reducing

their numbers to sufficient levels to benefit native species would be

a large undertaking in time and money.

An alternative pathway for conservation lies in the loss of

habitat complexity due to widespread environmental degradation.

Like perch, the loss of habitat complexity caused consistent impacts

on all smaller fish. Lower habitat complexity led to poorer body

conditions for small-bodied fish, an increased proportion of river-

derived resources in perch diets, and better body conditions in

trout. We conclude that these results derive from the predative

interactions between the introduced fish and the native prey,

particularly because the biomass of common invertebrates did not

change. In homogeneous, less complex environments, prey species

would be expected to expend more energy in predator avoidance,

and predators would expend less energy in the search for prey (see

Claireaux and Lefrançois, 2007; Tamburello et al., 2015). Therefore,

restoring habitat complexity could be the most cost-efficient way to

benefit most, if not all, native fish by mitigating the impacts from

introduced species while minimizing the realized benefits to those

introduced species.

In summary, our results show how a combination of dietary

shifts, and competitive and predatory interactions underpin

the changes in depauperate riverine fish communities when

simultaneously exposed to multiple environmental stressors.

Although the introduced fish minimized direct competition with

the native top predators, neither trout nor perch increased

overall trophic diversity due to their suppression of the smaller

fish. The eradication or ongoing suppression of introduced fish

such as trout can quickly become a costly endeavor. However,

we have shown how increased habitat complexity provides a

more efficient way to benefit native species. Although the total

benefits will be smaller than direct control of the introduced

fish, improvements to habitat complexity (e.g., increased flow

heterogeneity or canopy cover, instream additions, or bank

reforming) could lead to increasing benefits when applied at

larger scales (see Jansson et al., 2007; Miller et al., 2010; Stoffers

et al., 2022). Furthermore, the need for ongoing maintenance with

habitat modifications would be diminished, if not removed, in

a relatively short time (see Iversen et al., 1993; Saunders et al.,

2002). Focusing on habitat restoration instead of directly working

on controlling introduced species, therefore, provides a scope to

work at larger scales, with multiple benefits across all native species
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while reducing ongoing costs and increasing the likelihood of

successful outcomes.
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