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Abstract Given the prevalence of invasive species
and high rates of habitat homogenisation across the
globe, understanding how these drivers interact to
influence native species assemblages is crucial. In
river networks, confluences create discontinuities in
physical conditions, likely creating hotspots of hetero-
geneity that influence interactions between native and
invasive fish. We examined how spatial configuration
of confluences affected the outcome of interactions
between native galaxiids and non-native salmonids in
New Zealand alpine rivers. Electrofishing in mainstem
and tributary branches of twelve replicate confluences
revealed highly context-dependent distributions, con-
tingent upon interactions between: (a) the combination
of flood disturbance history in confluence branches;
(b) distance to the confluence; and (c) the direction of
flow, either upstream or downstream, of the conflu-
ence. Shifts in native—invasive species relative abun-
dance were determined by the preference of large
predatory salmonids for more hydrologically
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stable conditions, which subsequently limited the
abundance of young-of-year galaxiids, and meant
galaxiids were more abundant in flood-prone condi-
tions. Distance-from-confluence effects were stronger
upstream than downstream, suggesting that flow
direction had an important influence on dispersal.
Tributary flow regimes also predictably influenced
downstream physical conditions, thereby affecting
predatory salmonid distribution which likely con-
trolled galaxiid distributions. Overall, our results
reveal strong spatial context-dependency in fish
assemblages in river networks, and demonstrate how
flow regime influences are spatially transferred at
confluences, thereby creating areas of influential
riverscape heterogeneity. Understanding the influence
of such heterogeneity enables ecologically significant
locations to be identified, particularly for management
of native species vulnerable to invaders.

Keywords Invasion - Salmonidae - Trout -
Galaxiidae - Spatial heterogeneity - Flood

disturbance - Riverscape - Context-dependent
invasion - River network

Introduction

Invasive species and landscape-scale habitat homogeni-
sation are arguably the current greatest threats to
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freshwater biodiversity around the globe (Dudgeon
et al. 2006; Moorhouse and Macdonald 2014; Zeni and
Casatti 2014), it is therefore pertinent to understand
how environmental heterogeneity affects native-inva-
sive species interactions in freshwater systems. Habitat
heterogeneity can sometimes promote coexistence
between strongly interacting native and invasive
species, whereas strong native-invasive interspecific
interactions in homogenous environments can often
lead to extirpation of native species (Melbourne et al.
2007). Understanding how native-invasive species
interactions differ depending on the spatial configura-
tion heterogeneity will progress our understanding of
invasion in freshwater ecosystems.

Conceptualizing river systems as spatially contin-
uous habitat mosaics will be important for addressing
the influence of heterogeneity on river communities
(Fausch et al. 2002). Discontinuities, potentially
creating hotspots of heterogeneity in river networks,
are most common at tributary confluences (Kiffney
et al. 2006). By joining streams with potentially
different size, flow regimes, and water quality, con-
fluences can be important sources of environmental
heterogeneity in river networks (Benda et al. 2004;
Kiffney et al. 2006; Rice et al. 2001). Furthermore,
edge effects associated with confluence heterogeneity
could be critical interfaces where biotic and abiotic
processes interact to produce strong gradients in
species richness and community composition (Cze-
glédi et al. 2015; Fernandes et al. 2004). The
complexity of confluence geomorphology means
determining relationships between tributary properties
and aquatic communities is a major challenge (Rice
2017). A primary form of variability in river systems is
the frequency and severity of flow-driven physical
disturbance (Lake 2000), which structures the physical
environment, including habitat heterogeneity. We
focus on flood disturbances, defined as physical
influences associated with high flows that alter the
physical characteristics of a river channel. This is
reflected in things like sediment movement, bed
scouring, removal of periphyton, and can be measured
by the River Disturbance Index (RDI) developed by
Pfankuch (Jellyman et al. 2013; McHugh et al. 2010;
Pfankuch 1975). Importantly, fish communities may
respond most strongly to flow-related bed movement,
compared to flow variability per se (Jellyman et al.
2013), so assessing disturbance based on physical
characteristics of riverbeds is appropriate.
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Recent spatial modelling indicates that landscape
heterogeneity could increase coexistence between
native and invading species with differing spatial
niches (Maciel and Lutscher 2018). Thus, if native and
invasive species vary in flow-related adaptations,
spatial heterogeneity in flow disturbance could control
coexistence. This also fits with the ‘environmental
heterogeneity of invasions hypothesis’. This suggests
that while environmental heterogeneity might enhance
invader spread, it can also reduce impacts of invaders
on native species through various coexistence mech-
anisms not possible in homogeneous environments
(Melbourne et al. 2007). The juxtaposition of con-
trasting flow disturbance regimes between tributary,
and upstream and downstream mainstem river
branches at confluences could create situations where
these mechanisms become important. Mobile taxa like
fish can access habitats with contrasting physical
characteristics (Rice 2017; Schlosser 1991), enabling
individuals to move between habitat patches to
complement or supplement resources (Fausch et al.
2002). However, fish also have strong habitat prefer-
ences often associated with flow-related disturbance
regimes (Mims and Olden 2012; Olden and Kennard
2010). This likely means predation pressure from
invasive fish will be patchy across a heterogeneous
invaded riverscape. Native fish may find refuge from
predation in patch types not favoured by invaders, and
confluences could propagate invader influences to
upstream and downstream branches depending on
species mobility and the influence of directional flow.
It may also be that asynchrony in the dynamics of
communities in heterogeneous local branches is an
additional important stabilizing mechanism (Wilcox
et al. 2017). There is evidence that these types of
dynamics are happening in riverine fish communities.
For example, patterns of fish species composition are
well known to differ between tributary and mainstem
branches driven by habitat preferences, context-
dependent species interactions and patterns of branch
connectivity (Hitt and Angermeier 2008; Schlosser
1991; Thornbrugh and Gido 2010). This can some-
times cause source—sink dynamics across tributary and
mainstem branches (Woodford and Mclntosh
2010, 2011). Overall, if native—invasive species inter-
actions are moderated by flow disturbance, spatial
patterns in the relative abundance of native and non-
native species in invaded confluence habitats could be
determined by the configuration of disturbance, and



Heterogeneity in flow disturbance around river confluences influences spatial patterns in native... 3459

the direction and distance from a confluence. Thus,
configuration of flow disturbance around confluences
could explain much context-dependence in impacts of
influential invasive predators, and the heterogeneity of
confluences may be important for their coexistence.
Such influences of confluence-related heterogene-
ity are likely to be particularly important in interac-
tions involving non-native Salmonidae. Salmonids are
one of the most widespread invasive groups in the
world due to a long history of introductions to
establish recreational fisheries, and their consequent
effects on native fish have become a major concern
(Fausch 1988; Hasegawa et al. 2016; Lowe et al. 2000;
Morita 2018). For example, widely established pop-
ulations of invasive trout have had severe effects on
threatened native galaxiid species in the Southern
Hemisphere (Habit et al. 2010; Jones and Closs 2015;
McDowall 2006; Mclntosh et al. 2010; Sowersby et al.
2015). Importantly, the strong interactions of non-
native salmonids play out across highly spatially
heterogeneous river networks, and salmonids have
both strong habitat preferences and are strongly
influenced by physical habitat conditions like flooding
(Budy et al. 2008; Fausch et al. 2001; Jellyman et al.

2013; Jellyman and McIntosh 2020). Large trout (e.g.

> 150 mm fork length), in particular, exert strong
predation pressure on non-diadromous galaxiids such
as Galaxias vulgaris and G. paucispondylus in New
Zealand (Mclntosh et al. 2010). These larger trout
occur in high densities in streams with stable flow, but
are often less numerous in streams disturbed by
flooding (Woodford and MclIntosh 2010). In compar-
ison, non-diadromous galaxiids are often restricted to
flood-prone streams when trout are present, but can
reach high densities in more stable habitats when trout
are absent (McIntosh 2000; Woodford and Mclntosh
2010). Thus, strong trout predation in stable streams
likely leads to trout-dominated assemblages, whereas
native galaxiids probably persist in disturbed streams
because of weaker interactions with trout in these
habitats (McIntosh et al. 2010). Importantly, these
interactions are size-dependent, with smaller galaxiid
size classes more vulnerable, and larger trout exerting
stronger predation pressure (Mclntosh et al. 1994;
Mclntosh 2000). Like trout, these non-migratory
galaxiids are capable of large riverine movements,
so could easily move between river branches at
confluences (Woodford and McIntosh 2011), although
they typically maintain relatively small day-to-day

home ranges (Cadwallader 1976). We therefore
expected confluences with different configurations of
flow disturbance to provide insights into the context-
dependency driving patterns in native—invasive spe-
cies co-occurrence in heterogeneous river networks.
To test the hypothesis that flood disturbance struc-
tures fish assemblages and allows for native and non-
native species coexistence by increasing habitat hetero-
geneity around river confluences, we tested a series of
predictions concerning how flow disturbance affected
native—invasive species interactions in river confluence
habitats. We first established patterns of fish assem-
blage structure associated with ‘stable’ and ‘disturbed’
streams, and predicted that non-native salmonids would
dominate stable streams and native galaxiids would
form greater proportions of assemblages in flood-
disturbed streams (H1). Secondly, we expected that the
relative abundance of galaxiids would vary with
confluence branch (upstream mainstem, tributary or
downstream mainstem), confluence configuration (spa-
tial arrangement of stable and/or disturbed flow condi-
tions around the confluence) and distance from the
confluence (H2). Here, we expected stronger distance to
confluence patterns around confluences between
stable and disturbed streams, than at confluences
between two similar streams. We also predicted that
distance to confluence effects would be stronger
upstream (compared to downstream) due to flow
directionality with greater co-occurrence near the
confluence in general, and co-occurrence persisting
further from the confluence downstream than upstream
(H3). Finally, we predicted that large predatory trout,
by reducing the abundance of small galaxiids, would
drive the relative abundance of trout and galaxiids (H4).

Methods
Field survey

We surveyed twelve river confluences in the headwaters
of the Waimakariri and Rakaia River catchments in the
Canterbury high country, South Island, New Zealand
(Fig. 1). This area, described in detail by Cowie et al.
(1986), contains a large diversity of river types due to the
presence of both large braided river floodplains creating
stable, spring-fed, systems juxtaposed with highly flood-
disturbed braided river channels, as well as springs
associated with limestone outcrops in otherwise steep
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(d) Disturbed tribataryu : (é)

Fig. 1 Location of the twelve confluences surveyed on the
eastern side of the Southern Alps, South Island, New Zealand.
Coloured lines in Detail (a) represent confluence configurations
which are based on the combination of stable and disturbed flow

eroded catchments. All study rivers flowed through
either mountain beech forests or tussock grasslands in
reserves or areas subject to low-intensity grazing, so had
high water quality and relatively unmodified flow
regimes. We selected replicate confluences to be
relatively similar within confluence configuration cate-
gories (explained below). Thus all confluences were on
independent branches (i.e., not downstream of each
other) on two main river catchments, had permanent
flow, and were selected so that branches matched the
disturbance characteristics we wanted.
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regimes. The four confluence configurations are coloured as
follows: ‘disturbed-disturbed’ (red), ‘disturbed-stable’ (blue),
‘stable-disturbed’ (green) and ‘stable-stable’ (purple). For more
detail of how these configurations are structured see Fig. 2

Four confluence configuration categories were
selected to include different combinations of flow-
driven physical disturbance. The four confluence
configurations included: (a) confluences between two
‘stable’ streams, (b) confluences between a ‘stable’
upstream mainstem and a ‘disturbed’ tributary,
(c) confluences with a ‘disturbed’” upstream mainstem
and a ‘stable’ tributary, and finally (d) confluences
between two streams with ‘disturbed’ flow regimes
(Fig. 2). Confluences were therefore labelled accord-
ing to their configuration of flow-driven physical
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Fig. 2 Field sampling design showing the four confluence
configurations (upper panel, a—d) based on the combination of
stable and disturbed flow regimes (solid and dashed lines,
respectively) within the three ‘branches,” and the arrangement
of sampling reaches within a branch (lower panel). ‘Stable’
streams had low flood disturbance, and ‘disturbed’ streams had
high flood disturbance. Confluence configurations were
a ‘stable-stable’ (both mainstem and tributary classed as stable),

disturbance (Fig. 2). Where possible, we sampled
confluences between third order mainstem streams and
second order tributary streams to control for the effects
of stream size.

To quantify flow-disturbance influences in conflu-
ence branches we used the RDI which combines visual
estimates of 15 aspects of channel morphology
including indicators from both the stream bed and
banks to evaluate physical stability of a river channel
(Pfankuch 1975; McHugh et al. 2010; Jellyman et al.
2013). While classic hydrological variables such as
flood magnitude, frequency and duration are effective

b ‘stable-disturbed’ (stable mainstem and disturbed tributary),
¢ ‘disturbed-stable’ (disturbed mainstem and stable tributary),
d ‘disturbed-disturbed’ (both mainstem and tributary classed as
disturbed), and each confluence involved three ‘branches:’ the
tributary, upstream mainstem, downstream mainstem. Within
each branch, five reaches were sampled, making a total of 15
sampling reaches per confluence replicate

measures of flow variability, the RDI reflects the
disturbance experienced by local stream organisms by
including factors such as reach geomorphology and
recent bed movement (Peckarsky et al. 2014). RDI
scores were used to classify upstream mainstem and
tributary branches into ‘stable’ (RDI score < 100, low
flow disturbance e.g. spring-fed streams) or ‘dis-
turbed’ (RDI score > 100, high flow disturbance e.g.
braided rivers). We used RDI scores above or below
100 to broadly categorise stream habitat types (Boddy
et al. 2019). We labelled confluences according to
their upstream mainstem and tributary RDI scores, for
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example a confluence with a stable mainstem and a
disturbed tributary was categorised as ‘stable-
disturbed.’

Additional abiotic habitat variables were measured
at every sampling reach, including: water temperature
(°C, Onset HOBO pendant loggers installed in every
branch of each confluence taking hourly measure-
ments for the duration of the 2014/15 austral summer,
supplemented with four spot temperature measure-
ments per reach), substrate size (mm), water depth
(cm) and velocity (three cross-sections per reach, six
measurements per cross-section), wetted stream width
(m), macrophyte cover (%), basic water chemistry
(pH, dissolved oxygen and conductivity), and reach
flow characteristics; percent of reach consisting of
cascades, riffles, runs, and pools (Leathwick et al.
2008; Boddy and McIntosh 2017). Macrophyte cover
and percent of reach with different flow characteristics
were visually estimated and mean substrate sizes were
obtained using a Wolman Walk to select 50 random
substrate particles for measurement of the beta axis
(Green 2003). A detailed analysis of the physical
characteristics of confluences, including elevation, %
riffle and run, substrate size, stream width, RDI and
temperatures, and using a principal components
analysis followed by permutational multivariate anal-
ysis of variance (PERMANOVA), indicated that
although there was variability between replicates of
a category, replicates of confluence -categories
grouped as expected (Boddy et al. 2019).

Each sampling reach was single-pass electrofished
in an upstream direction with push-nets, but without
stopnets that spanned the river width at each end of the
reach. Results of this approach correlate well with
more intensive quantitative techniques in these
streams, both for Galaxiidae (R2 =0.99) and Sal-
monidae (R® = 0.82) abundance (Boddy et al. 2019).
Fish caught were identified to species and size classes
recorded based on fork length. Galaxiidae were sorted
into three size classes: young of year (< 60 mm), 1+
(60-90 mm), and 27 (>90 mm; Woodford and
Mclntosh 2013). Salmonidae were also sorted into
three size classes: young of year (< 50 mm; Baltz and
Moyle 1984), medium (50-150 mm) and large
(> 150 mm). The 150 mm size threshold was chosen
to distinguish large brown and rainbow trout capable
of consuming all sizes of galaxiids from medium size
trout that are not (Mclntosh 2000).
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Each confluence survey involved sampling three
‘branches’ at the end of the austral summer in March
2015 (Fig. 2). This sampling time coincided with
major growth phases of both galaxiids and trout and
was well clear of both trout (winter) and galaxiid
(spring) spawning times (McDowall 1990). To ensure
we sampled at an appropriate scale to resolve the
spatial patterns of mobile species, we sampled five
‘reaches’ in each branch, making a total of 15
sampling reaches per confluence (Fig. 2). The length
of each sampled reach was five times the stream width,
and the distance between reaches was five times the
average reach length for that branch. The reach
sampled nearest the confluence began one reach
length from the confluence, so the distance sampled
for each branch was 130 times the stream width from
the confluence. Sampling reach length was a constant
multiple of the stream width, averaged over all five
reaches in a branch, to avoid incorporating variability
due to sampling different proportions of the available
habitat depending on stream size (Peterson and Ver
Hoef 2010). Moreover, five stream widths was chosen
to represent the habitat complexity in the smaller
streams, and not so large that it was unachievable to
sample reaches in larger rivers (> 10 m wide) in a day.

Statistical analysis

To evaluate fish-assemblage change in response to
different confluence configurations, we analysed the
proportion of the fish assemblage that was composed
of native species. Reaches with no fish present were
removed from analyses (15 reaches out of 180).
Importantly, more than 98% of fish sampled were
either galaxiids or salmonids, so in practice the
‘proportion native’ variable represented the relative
abundance of galaxiids in reaches, and a low propor-
tion of galaxiids meant a reach contained a high
relative abundance of trout.

Generalised linear mixed-effects models with bino-
mial error distributions were created using the Ime4
package in R (Bates et al. 2015). These were used to
test for a three-way interaction between the following
three fixed effects which had been identified by Boddy
et al. (2019) as the principal drivers of fish population
patterns: confluence configuration category (i.e.,
stable-stable, disturbed-disturbed, stable-disturbed or
disturbed-stable), branch (i.e., tributary, upstream or
downstream mainstem), and distance to confluence
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Table 1 Generalised linear mixed-effect models evaluated for each hypothesis including goodness of fit statistics (Rzm and ch), the
% value, degrees of freedom (df) and P-value of a likelihood ratio test comparing the two models for each hypothesis.

2

Hypothesis Response variable Predictor variables R, R%. g df  P-value
H1 Proportion native Branch disturbance + branch + distance to 038 0.73 372 1 <0.001
confluence
Proportion native Branch + distance to confluence 0.02 0.49
H2 Proportion native Confluence configuration x branch x distance to 03 0.68 50.7 11 <0.001
confluence
Proportion native Confluence configuration x branch + distance to 0.28 0.65
confluence
H3: Upstream  Proportion native Confluence configuration x distance to confluence  0.36 0.77 86 3 0.036
Proportion native Confluence configuration + distance to confluence 0.35 0.76
H3: Tributary  Proportion native Branch disturbance + distance to confluence 0.26 0.68 22 2 0.33
Proportion native Confluence configuration + distance to confluence 0.33 0.67
Proportion native Branch disturbance + distance to confluence 0.26 0.68 52 1 0.023
Proportion native Distance to confluence 0.01 0.68
H3: Proportion native Confluence configuration x distance to confluence  0.39 0.72 17.5 3 <0.001
Downstream  pyoportion native Confluence configuration + distance to confluence 0.38 0.7
H4 Proportion small Proportion large trout + branch + distance to 04 0.7 1003 1 <0.001
galaxiids confluence
Proportion small Branch + distance to confluence 0.01 0.52

galaxiids

affecting the proportion of the fish assemblage that
was native. All models included confluence identity as
a random effect (i.e., which of the twelve confluences
the reach in question was from). There were two
exceptions to this fixed effect structure: models testing
the fish size class response had fish size, branch
disturbance and distance to confluence as fixed effects,
and the model testing the influence of large trout on
small galaxias abundance had proportion of fish
abundance consisting of large trout, branch and
distance to confluence as fixed effects (Table 1). To
understand better the mechanisms behind this three-
way interaction, we also analysed branches (upstream,
tributary and downstream) separately to investigate
the configuration by distance interaction in more
detail.

The distance to confluence variable was tested in
two forms. Firstly, linear distance in meters from the
confluence to the nearest end of the reach, a method
that represented travel distance between reaches.
Secondly, we used distance measured in reach lengths
from the confluence, a method incorporating differ-
ences in stream size which assumes fish assemblage

patterns shift more gradually in larger rivers than small
streams. A generalised linear mixed-effects model
(glmer) was created with each option and likelihood
ratio tests (LRT) used to compare between models.
There was little difference in variance explained,
however the distance in meters model had a higher
AICc score (815.3 vs. 802.2), and issues with model
convergence and overdispersion. We therefore pro-
gressed modelling using distance measured in reach
lengths from the confluence.

To evaluate potential spatial autocorrelation
between reaches due to the nested nature of the study
design, we created a spatial autocorrelation structure
using Manhattan distances along each branch to
include network distances between each pair of sites
for each confluence. We then compared models with
and without the spatial autocorrelation parameter
using model outputs and AICc scores for small sample
sizes to evaluate justification for inclusion in the
following analysis. The inclusion of spatial autocor-
relation using Manhattan distances was not supported
in any of our models, with identical model outputs, no
increase in predictive performance, and elevated AICc
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scores. This suggested our model format sufficiently
accounted for the spatial structure of our data, and/or
there were sufficient gaps between reaches for spatial
autocorrelation not to be an issue. It was therefore
excluded from our final models (more detail in Boddy
et al. 2019).

Paired sets of generalised linear mixed-effect
models with and without interaction terms, using the
main effects identified by Boddy et al. (2019), were
created to address each of our hypotheses. These
model pairs were compared using likelihood ratio tests
to determine the significance of interaction terms.
Marginal and conditional coefficients of determina-
tion (Nakagawa et al. 2013) were used to assess model
fit and were calculated using the MuMIn package
(Barton 2016). Marginal R? (R?,) was used to express
absolute model fit including only the fixed effects,
while conditional R? (RZC) was used to express model
fit including both fixed and random effects. Because
confluence identity was a random effect in our model,
comparing the R?, and R?. values allowed the
importance of confluence-specific effects in explain-
ing variability in the data to be evaluated. All analyses
were conducted in R 3.4.3 (R Development Core
Team 2016). For a description of use of RDI to
characterise ‘stable’ and ‘disturbed’ reaches and how
spatial autocorrelation was dealt with refer to Boddy
et al. (2019).

Results
Site and habitat characteristics

Using RDI scores to split upstream mainstem and
tributary branches into ‘stable’ (RDI < 100) or ‘dis-
turbed’ (RDI > 100), we were able to characterise the
combinations of physical streambed disturbance in
different confluence configurations. Mainstem RDI
scores in disturbed-disturbed and stable-stable config-
urations changed little between upstream and down-
stream reaches, but the configurations with both
stable and disturbed conditions upstream saw substan-
tial changes in RDI scores downstream because of
tributary influence (Boddy et al. 2019). As a result of
tributary influence, mainstem reaches of stable-dis-
turbed systems became much more disturbed (i.e.
higher RDI score) downstream of the tributary
confluence whereas disturbed-stable mainstems
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became more stable (i.e. lower RDI score) down-
stream (Boddy et al. 2019). A similar pattern of
tributary influence was seen in the average daily
temperature measures (Boddy et al. 2019). While
average discharge was similar between disturbed
mainstems  (1.38 m%/s) and stable mainstems
(1.47 m%/s), disturbed mainstems were generally
much wider and shallower, reflecting a major differ-
ence in channel characteristics. This geomorphology
difference is one of the important aspects of the flow-
driven  differences  between  disturbed and
stable branches that likely influences fish assemblage
composition. Importantly, the confluence configura-
tion categories were not confounded by location in a
catchment, indicated by no consistent patterns in
upstream catchment area (Boddy et al. 2019).

Fish assemblage characteristics

In total, 4,368 fish from seven different species were
caught. This included five native species: alpine
galaxias (Galaxias paucispondylus), Canterbury
galaxias (Galaxias vulgaris), kdaro (Galaxias brevip-
innis), longfin eels (Anguilla dieffenbachia) and
upland bullies (Gobiomorphus breviceps); and two
non-native salmonids: brown trout (Salmo trutta) and
rainbow trout (Oncorhynchus mykiss). Average fish
density per unit area was the lowest in disturbed-
disturbed confluence configurations (0.1-0.19 fish/m?)
and highest in stable-disturbed confluence configura-
tions (0.38-1.33 fish/m*; Boddy et al. 2019). Species
richness varied among sites and reaches from one to
four taxa. Across sites, the most abundant taxa were G.
paucispondylus (37.1% of total catch), S. trutta
(28.4%), O. mykiss (18.7%) and G. vulgaris (13.1%),
and the rarest taxa were G. breviceps (1.4%), G.bre-
vipinnis (1.3%) and A. dieffenbachia (< 0.1%). Trout
and galaxiids combined made up 98.6% of total fish
abundance on average in a reach, so any patterns in
proportion of fish that were native reflect variation in
abundance of these two groups. Average proportion of
the fish assemblage that was native across all sites was
44%, ranging from 89% in stable-disturbed tributary
branches to 4% in stable-stable downstream mainstem
branches. Below, we focus on the drivers of these
changes in relative abundance of native galaxiids in
these assemblages.
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Relative abundance of native and introduced fish

Stable branches had significantly lower proportions of
native fish in the community than disturbed branches,
irrespective of confluence configuration (32 = 37.15,
df =1, p < 0.001, Fig. 3; Table 1, “Appendix”) in
our models including all sites. Overall, non-native
trout dominated the fish assemblage in stable branches
throughout stream networks (low % native), and
galaxiids made up the majority of the fish assemblage
in disturbed branches (high % native), supporting our
first hypothesis. Thus, higher densities of brown and
rainbow trout were associated with more stable flow
conditions, whereas in disturbed branches trout were
relatively less abundant and galaxiids were relatively
more abundant. Our second hypothesis, that the
proportion of the fish assemblage that was native
would vary as a result of a three-way interaction
between branch (i.e. flow direction matters), config-
uration (i.e. spatial context matters) and distance (i.e.
proximity to confluence matters), was also supported
(x*=50.7,df = 11, p < 0.001, R, = 0.3, R>. = 0.68,
Table 1, “Appendix”).

0.75

0.50

0.25

Proportion of fish assemblage native

0.00

Disturbed Stable
Branch disturbance

Fig. 3 Partial effects plot showing the proportion of the fish
assemblage that was native compared to non-native, depending
on whether the branch a site was located in was stable or
disturbed (xz = 37.15, df = 1, p < 0.001). Points are model
estimates with 95% confidence intervals

For tributary branches, there was no significant
interaction between confluence configuration and
distance from confluence affecting the proportion of
the fish assemblage that was native. Therefore, the
distance to confluence effects were independent of
changes in fish assemblages associated with conflu-
ence configurations. Preliminary graphing indicated
branch disturbance may have more influence on
proportion native than confluence configuration in
tributary branches, so we compared a model with
‘configuration + distance’ to a model with ‘branch
disturbance + distance’. ‘Stable’ branches had RDI
scores less than 100, whereas ‘disturbed’ branches had
RDI scores greater than 100. There was no significant
difference in the variance explained by the two models
(X2 = 2.2, df =2, p =0.33).; however, the branch
disturbance model had a slightly higher R’. score
(Table 1), so branch disturbance was a marginally
better predictor. The model with branch disturbance as
a factor showed that a significantly higher proportion
of the fish assemblage was native in disturbed
tributaries than stable tributaries (x> = 5.7, df = 1,
p =0.017,R?,=0.28, R°.=0.71, Fig. 4). Distance to
confluence was also a significant main effect in the
tributary branch disturbance model, with higher
proportions of native fish close to the confluence than
further upstream (> = 4.93, df = 1, p = 0.026).

There was also a significant interaction between
confluence configuration and distance to confluence,
both in upstream (3” = 8.56, df = 3, p = 0.036, R?,, =
0.36, R?. = 0.77) and downstream (x> = 17.53, df = 3,
p < 0.001, R2m =0.39, RQC =(0.72) mainstem branches
(Fig. 5; Table 1, “Appendix”). Confluence configu-
ration influences were important to consider in these
systems because effects were unique to different
tributary-upstream mainstem combinations of distur-
bance. For example, downstream reaches had very
different proportions native compared to upstream
reaches in stable-disturbed configurations, but little
difference was observed in disturbed-stable configura-
tions despite both configurations having the same pairs
of branch disturbance upstream. Finally, disturbed-
disturbed configurations had extremely low fish
abundances, both upstream and downstream, and so
the proportions of native fish were highly variable.
Thus our prediction that there would be stronger
distance to confluence patterns in configurations with
a stable and a disturbed stream than in configurations
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with two similarly disturbed streams was only par-
tially supported (Fig. 5).

In upstream mainstem branches, there was some
evidence of declining proportions of native fish with
increasing distance from the confluence in disturbed-
disturbed, disturbed-stable and stable-stable configu-
rations, indicated by negative slope coefficients and no
statistical differences between slopes for these con-
figurations (letters in Fig. 5a). However in stable-
stable upstream mainstem branches, the proportion
native increased further from the confluence (Fig. 5a).
Overall, regardless of distance to confluence, main-
stem reaches upstream of confluences tended to have
lower proportions of native fish in stable branches than
disturbed branches, as we expected, but distance from
confluence effects differed depending on the conflu-
ence configuration as described above.

In mainstem branches downstream of confluences,
disturbed-stable and disturbed-disturbed confluence
configurations both had higher proportions of native
fish near the confluence than further from it indicated
by positive coefficients and slopes significantly dif-
ferent from the other two configurations (Fig. 5b).
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Distance to confluence (reach lengths)

Fig. 5 Partial effects plot showing interactions between
confluence configuration and distance to confluence on the
proportion of the fish assemblage that was native in both
upstream (a) [x> = 8.56, df = 3, p < 0.036, R?,, = 0.36, R, =
0.77], and downstream (b) reaches [Xz = 17.53, df =11,
p < 0.001, R?, = 039, R?. = 0.72]. Lines represent model
estimates (solid, stable; and dashed, disturbed), and shapes and
colours represent confluence configuration categories (red,
disturbed-disturbed; blue, disturbed-stable; green, stable-dis-
turbed; and purple, stable-stable). Lines with significantly
different slopes are coded with different letters (A-C)

Both configurations also had significantly different
relationships between proportions of native fish and
distance to confluence compared to all other config-
urations, with proportion native decreasing much
more strongly with distance to confluence in dis-
turbed-disturbed than disturbed-stable configurations
(Fig. 5b). Stable-disturbed and stable-stable configu-
rations had similar slope relationships, with propor-
tions native increasing slightly with distance from the
confluence in both configurations (Fig. 5b). Thus there
was not clear evidence for our third hypothesis that
distance to confluence effects would be stronger
upstream compared to downstream due to directional
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flow because distance effects very much depended on
the confluence configuration (Fig. 5).

Size class analysis

To examine mechanistic drivers of changes in the
proportions of fish that were native, we first tested
disturbance effects in tributary branches, the simplest
of the branch-related patterns, and examined the
relative abundance of vulnerable galaxiid size classes.
Proportional abundance of each galaxiid size class
differed significantly with disturbance in tributaries
(x* = 563, df=2, p<0.001, Fig. 6a; Table I,
“Appendix”). Young-of-year galaxiids made up a
significantly larger proportion of total fish abundance
in disturbed tributaries, increasing the relative abun-
dance of native fish in disturbed compared to
stable tributaries (Fig. 6a). Disturbed tributaries also
contained significantly higher proportions of 1%
galaxiids compared to stable tributaries, but they still
made up a relatively small proportion of total fish
abundance (Fig. 6a). No significant difference was
detected in the relative abundance of 2" galaxiids in
stable and disturbed tributary branches. Trout sizes
also differed significantly with tributary disturbance
(x*=16.7,df = 2, p < 0.001, Fig. 6b), with disturbed
tributaries having significantly lower proportions of
large trout (i.e. > 150 mm), likely limiting the strong
predatory influence of trout in those areas (Fig. 6b).

The relationship between the configuration of flow
disturbance and changes in the proportion of fish that
were native were more complex in mainstems
upstream and downstream of confluence branches
due to the influence of distance from confluence. For
example, higher relative abundances of native fish in
upstream mainstem branches near the confluence in
disturbed-disturbed, disturbed-stable and stable-dis-
turbed configurations were driven by high abundances
of YOY galaxiids, which were associated with
extremely low abundances of trout > 150 mm at
these locations. In disturbed-disturbed and stable-
disturbed reaches the abundance of YOY galaxiids
was dramatically reduced moving upstream from the
confluence, coinciding with higher relative abun-
dances of trout (Fig. 5).

To further investigate the potential effects of large
trout on YOY galaxiid abundance we analysed their
abundance across all configurations and branches:
relative abundance of YOY galaxiids significantly
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Fig. 6 Partial effects plot showing proportions of total fish
abundance made up by each size class of galaxiid (a) [%* = 56.3,
df =2, p < 0.001], and trout (b) [x* = 16.7, df = 2, p < 0.001]
in tributaries depending on whether the tributary was stable or
flood-disturbed. Points are model estimates with 95% confi-
dence intervals. Shapes represent different fish size classes

decreased with increasing proportions of large trout
(x> =100.3, df = 1, p < 0.001, R?,, = 0.4, R*. = 0.7,
Fig. 7; Table 1, “Appendix”). This model pre-
dicted < 0.01% of the fish present at a site would be
composed of YOY galaxiids if large trout (> 150 mm)
made up greater than 16% of the assemblage. These
results support our fourth hypothesis, that galaxiid
abundance would be driven by large predatory trout.
Importantly, our results reveal that this pattern was
primarily driven by the vulnerability of YOY galaxiids
to large trout.
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Discussion

Human activities continue to fragment and homo-
genise habitats, so it is important to understand the role
of spatial heterogeneity in invasion processes (Mel-
bourne et al. 2007). Despite the importance of
confluences as sources of heterogeneity in river
systems, we need to know more about how conflu-
ences influence co-occurrence between native and
non-native species (Cathcart et al. 2018). We exam-
ined how flow disturbance around confluences influ-
enced co-occurrence of native galaxiids and
introduced trout in New Zealand rivers. Our results
revealed highly context-dependent distributions,
which depended on confluence configuration, distance
to confluence and to some extent, direction of flow.
These factors created distinct patterns in relative
abundance of fish driven by the configuration of
disturbance around confluences.

Many of the patterns we found in species relative
abundance were probably ultimately driven by the
sensitivity of trout to flood disturbance. We found
flood-disturbance negatively affected both brown and
rainbow trout, consistent with previous New Zealand
studies (Jowett 1990; Jowett and Richardson 1989;
MclIntosh 2000). The distribution of native fish also
differed depending on flood disturbance, probably due
to the well-known strong negative interactions

1.00

0.75

= oy proeme e um

0.50

025] o

0.00] te e e
0.00 0.25 0.50 0.75 1.00
Proportion of fish assemblage trout > 150 mm

Proportion of fish assemblage YOY Galaxiids

Fig. 7 Partial effects plot showing the proportion of the fish
assemblage comprised of young of year (YOY) galaxiids in
relation to the proportion of the fish assemblage that was made
up of trout larger than 150 mm long (xz = 100.3, df =1,
p <0.001, R%, = 0.4, R, = 0.7). Points represent raw data
values, the line is the model estimate and the shaded area is the
95% confidence interval
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between trout and non-migratory galaxiids (McIntosh
et al. 2010). We found low proportions of galaxiids in
stable branches, whereas there were high proportions
of galaxiids in disturbed branches, supporting our first
prediction. Importantly, these differences in galaxiid
distributions were unlikely to be caused by varying
galaxiid habitat preferences because the galaxiids do
occupy stable habitats when barriers exclude trout
(MclIntosh 2000; Woodford and Mclntosh 2010).

High abundances of young-of-year (YOY) galaxi-
ids in disturbed branches, and very little co-occurrence
between YOY galaxiids and large trout in
stable stream branches (where trout were more
numerous), drove galaxiid distributions, supporting
our fourth prediction. Strong predation pressure on
non-migratory galaxiids by large trout is a common
feature of trout-galaxiid interactions, and is especially
evident in the rarity of galaxiid fry in trout-invaded
reaches (Jellyman and McIntosh 2010; Woodford and
Mclntosh 2010). Therefore, predation by large trout on
YOY galaxiids was likely an important driver of
native fish distributions across different confluence
configurations. Invasive species abundance often
drives their impact on native species (Kumschick
et al. 2015; Latzka et al. 2016), and by limiting
densities of large piscivorous trout in our study
system, flood disturbance likely mediated the strength
of native—invasive interactions in our riverscapes.

In a parallel study, we also found changes in fish
abundance and composition evenness occurred at
these confluences, and were driven by the spatial
configuration of flow disturbance at the confluences
(Boddy et al. 2019). Collectively, these two studies
indicate that habitat preferences, movements and
interspecific interactions, acting out over a complex
spatial habitat mosaic, likely drive patterns in fish
assemblages. Here, we found a significant interaction
between flow disturbance configuration, spatial posi-
tion at the confluence (tributary, upstream mainstem or
downstream branch) and distance to confluence
affected the relative abundance of native species,
supporting our second prediction. The interaction
between confluence configuration and distance to
confluence suggests spatial processes such as dispersal
and recolonisation are likely occurring in these
systems, and influencing the relative abundance of
native and invasive fish in our case. These processes
have been widely anticipated (e.g., Schlosser 1991;
Fausch et al. 2002), and are now being documented in
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riverine studies (e.g., Hitt and Angermeier 2008;
Thornbrugh and Gido 2010; Woodford and McIntosh
2010). Thus, our findings are in line with a widening
body of work suggesting large-scale spatial processes
linked to dendritic network structures are important in
structuring riverine communities.

One of the challenges in expanding knowledge of
these large-scale spatial processes is identifying the
underlying mechanisms involved, particularly those
that might influence processes like the coexistence of
native species with invaders. Stochastic processes
such as recolonisation dynamics and presence of
refuges may be more important in systems with high
environmental variability, compared to those with low
variability, where convergent processes like biological
interactions might be stronger (Chase et al. 2009;
Schlosser and Kallemeyn 2000). However, to develop
our understanding further, we need to appreciate how
these processes combine at larger scales, and specif-
ically at network nodes such as confluences. We found
that connection of stable-flowing and highly flood-
disturbed streams by a confluence interacted to create
important spatial patterns in species assemblages. For
example, in stable-disturbed confluence configura-
tions, stable upstream mainstems contained very low
proportions of native fish (< 20% of the fish assem-
blage native), the disturbed tributaries had very high
proportions of native fish (> 80%), and downstream
there was higher co-occurrence (~ 60% native).
Trout-dominated assemblages likely drove this spatial
pattern in the stable upstream mainstem, whereas
flood-adapted galaxiids occupied the disturbed tribu-
tary, with both of these upstream branches providing
source populations to downstream reaches. Invasive
trout and non-migratory galaxiids co-occur much
more often than they coexist (Woodford and McIntosh
2010), and it is unknown whether these downstream
reaches are sink habitats for native fish. Thus, while
we can establish that heterogeneity in flood distur-
bance between upstream mainstem and tributary
branches can increase co-occurrence between native
and invasive fish species downstream of the conflu-
ence, we do not know if this heterogeneity actually
facilitates coexistence such that galaxiids can suc-
cessfully reproduce in these locations. Thus, these
findings are consistent with our main hypothesis that
flood disturbance structures fish assemblages and
allows for native and non-native species coexistence
by increasing habitat heterogeneity around river

confluences, but cannot prove that coexistence is
occurring.

The influences that tributaries have on the physical
characteristics downstream of confluences, as well as
the presence of source populations upstream (both
native and non-native), likely play a role in determin-
ing the potential for native and non-native species
coexistence. For example, stream width and associ-
ated physical conditions mediate how far downstream
of ‘source’ subpopulations galaxiids located in tribu-
taries above barriers co-occur with trout in mainstem
‘sink’ subpopulations (Woodford and Mclntosh
2011). However, the stable-disturbed (i.e. disturbed
tributary) confluence configuration mentioned above
contrasts with the patterns found in disturbed-
stable (i.e. stable tributary) confluences, which had
almost entirely native fish assemblages in the main-
stem, both upstream and downstream of the conflu-
ence, despite the presence of a stable tributary with
very high proportions of trout. In those confluences,
the tributary-resident trout appear to have relatively
little effect on the mainstem galaxiid populations,
either upstream or downstream. Thus, much remains
to be understood about the mechanisms driving these
patterns.

In our case, abiotic conditions mediating the
strength of biotic interactions by limiting trout distri-
butions is likely an important mechanism. For exam-
ple, the disturbed tributary in the stable-disturbed
configurations may have changed the downstream
conditions to more intermediate levels of disturbance
thereby moderating interspecific interactions between
galaxiids and trout, and thus promote co-occurrence
by limiting predation by large trout abundance down-
stream. There is of course evidence of important
changes in physical conditions at river confluences
(Benda et al. 2004; Kiffney et al. 2006; Rice et al.
2001), and that does happen at these confluences
(Boddy et al. 2019), but whether it caused the more
extensive galaxiid populations downstream remains to
be seen. Our results, particularly from the disturbed-
stable (i.e. stable tributary) configuration, do suggest
however that heterogeneous disturbance conditions
around confluences may extend the extent of co-
occurrence between native and invasive fish species
through colonist supply and/or by moderating inter-
action strengths.

Another important aspect of these confluence-
influences is that species interactions occurring there
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could limit the direction and distance individuals
could disperse and affect their vulnerability to
invaders (Ganio et al. 2005; Jones and Schmidt
2017). We found a significant interaction between
confluence configuration and distance to confluence in
both mainstem upstream and downstream branches
that affected the relative abundance of native fish
(consistent with prediction 2). Thus, it was not simply
the presence of heterogeneity, but also the spatial
configuration and proximity of various habitats, that
were important in determining assemblage composi-
tion. Significant distance-to-confluence effects affect-
ing fish assemblages in branches, both upstream and
downstream of confluences, show that the mobility of
both groups of species involved species can propagate
confluence influences in both directions. We expected
that directional flow may have meant that some effects
were more easily propagated downstream than
upstream (prediction 3), consistent with upstream
shifts in assemblages away from confluences often
being abrupt (Thornbrugh and Gido 2010). This could
occur for example if galaxiid fry, which are poor
swimmers (Jones and Closs 2015), are more likely to
colonize downstream of a source tributary than
upstream. However, this pattern was not as common
as expected. We were able to detect upstream shifts in
the relative abundance of native fish, both in upstream
mainstems and tributaries, however downstream
effects were weak, so we were unable to resolve the
downstream extent of confluence effects, or if inter-
actions were affected indefinitely downstream. Nev-
ertheless, river tributaries are capable of impacting
mainstem biotic communities up to several kilometres
downstream, depending on the mainstem disturbance
regime (Benda et al. 2004; Rice et al. 2001; Woodford
and MclIntosh 2011). In our case, the behaviour of the
early life history stages of galaxiids is likely to
influence the extent of downstream co-occurrence
depending on galaxiid swimming abilities and life
stage as observed elsewhere (Jones and Schmidt
2017).

Overall, certain confluence configurations likely
create opportunities for source—sink and recolonisa-
tion dynamics by enhancing riverscape spatial hetero-
geneity, which could explain some configuration-
specific differences in distance-related patterns we
observed. Nevertheless, elevated relative abundances
of native fish near confluences in stable upstream
branches of stable-disturbed configurations where
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large trout would normally eliminate galaxiids are
likely indicative of sink populations of galaxiids.
Galaxiids can persist in sink habitats near sources
where propagule pressure is high, but because propag-
ule pressure decreases with increasing distance to the
source (Woodford and Mclntosh 2011), proximity to
source populations likely affects spatial patterns in co-
occurrence within sink habitats in invaded riverscapes.
Dramatic shifts in community composition in close
proximity to confluences have also been associated
with fish moving between more physiologically suit-
able, but food-limited habitat, and less-suitable but
more resource-rich stream branches (Brewitt et al.
2017), creating so called ‘landscape complementation
effects’ (Thornbrugh and Gido 2010). In the case of
vulnerable native species in invaded riverscapes,
‘attractive sink’ habitats (i.e., stable branches) could
represent resource-rich habitats offering higher
growth rates but with a trade-off of increased mortal-
ity, and potentially reduced chances of successful
reproduction (McIntosh et al. 2010; Timus et al. 2016).
This could be problematic if species vulnerable to
attractive sinks do not perceive any increased preda-
tion risk.

Stable-stable confluence configurations were char-
acterised by universally low relative abundance of
native galaxiids regardless of distance to confluence
and were likely sink habitat resulting from strong
interspecific interactions with trout (Woodford and
Mclntosh 2010). Thus, these homogeneous situations
were universally bad for the native species we studied,
consistent with the environmental heterogeneity
hypothesis of invasions (Melbourne et al. 2007). In
contrast, disturbed-disturbed configurations had extre-
mely low total fish abundance, and highly variable
proportions of native fish. These disturbed-disturbed
situations are likely the result of disturbance-driven
‘pseudosinks’ rather than interactions between native
and non-native species. For example, Woodford and
Mclntosh (2010) identified flood-disturbed and large
streams as likely pseudosinks for non-migratory galaxi-
ids in New Zealand, whereby very low abundances of
galaxiids were isolated from source streams, and as
such, susceptible to localised extinction. Therefore
confluences with homogenous configurations of flow
disturbance, whether stable or disturbed, tended to have
lower abundance, and lower proportions of native fish,
but only in the case of stable-stable confluences was this
because of environmental homogeneity.
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In the face of increasing homogenisation of
ecosystems globally, developing and using methods
to identify heterogeneity influences for management
and conservation is going to be crucial. Our results,
revealing the role of spatial configuration of flow
disturbance around confluences in influencing the
relative abundance of native and invasive fish species,
in conjunction with previous studies (Brewitt et al.
2017; Pelaez et al. 2017; Thornbrugh and Gido 2010),
highlight the importance of spatial context in deter-
mining local assemblage characteristics. Importantly,
understanding how invasive species impacts vary with
physical heterogeneity, provides an opportunity to
strategically prioritize management efforts at large
spatial scales to minimise invader impacts (Hansen
et al. 2013; Vander Zanden et al. 2017). Moreover,
revealing the causes of context-dependence in inva-
sive predator impacts, helps fill the knowledge gap
around how species traits and spatial heterogeneity
influence invader impacts (Kumschick et al. 2015;
Latzka et al. 2016), potentially enabling targeted
management of high risk locations. In addition,
confluence-focussed management could promote co-
occurrence, and hopefully coexistence, as an effective
solution in globally common situations where invasive
fish species such as trout are recreationally and
economically important, but are impacting endan-
gered native species. Management actions such as

environmental flow setting or maintenance of existing
heterogeneity could prioritize the protection or
restoration of mutually beneficial configurations of
flood disturbance in these scenarios (Chen and Olden
2017).
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Appendix
Estimated regression parameters, standard errors,

z-values and P-values for the top binomial generalised
linear mixed-effect models presented in Table 1.
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Estimate  Std. z value P-value
error
H1) Proportion native ~ branch disturbance + branch + reach lengths from confluence + (1|confluenceID)
Intercept 2.375 1.03 2.305 0.021
Branch disturbance Stable —4.576 1.138 —4.02 <0.001
Branch tributary 0.986 0.802 1.229 0.219
Branch upstream — 0.605 0.595 — 1.018 0.309
Reach lengths from confluence —0.072  0.032 — 2275 0.023
H2) Proportion native ~ confluence configuration x branch x reach lengths from confluence + (1|confluencelD)
Intercept — 0434 1.294 — 0.336 0.737
Confluence configuration Disturbed-Stable 2.754 1.717 1.604 0.109
Confluence configurationStable-Disturbed 0.752 2.015 0.374 0.708
Confluence configuration Stable-Stable —2.647 1.893 — 1.399 0.161
Branch tributary 2.794 0.471 5.925 <0.001
Branch upstream 0.667 0.289 2.306 0.021
Reach lengths from confluence — 0.046 0.02 — 2.302 0.021
Confluence configuration Disturbed-Stable:BranchTributary — 3.853 0.738 - 522 < 0.001
Confluence configuration Stable-Disturbed:BranchTributary — 0.449 0.616 —0.729 0.466
Confluence configuration Stable-Stable:BranchTributary — 3978 1.189 — 3.343 <0.001
Confluence configuration Disturbed-Stable:BranchUpstream — 0.578 0477 —1.21 0.226
Confluence configuration Stable-Disturbed:BranchUpstream —-055 044 — 1.251 0.21
Confluence configuration Stable-Stable:BranchUpstream 0.705 0.851 0.828 0.407
Confluence configuration Disturbed-Stable:Reach lengths from confluence 0.034 0.027 1.245 0.213
Confluence configuration Stable-Disturbed:Reach lengths from confluence 0.058 0.023 2.527 0.011
Confluence configuration Stable-Stable:Reach lengths from confluence 0.102 0.037 2.716 0.006
BranchTributary:Reach lengths from confluence 0.034 0.034 0.99 0.322
BranchUpstream:Reach lengths from confluence —0.124  0.055 — 2235 0.025
Confluence configuration Disturbed-Stable:BranchTributary:Reach lengths from - 0.177 0.06 — 2945 0.003
confluence
Confluence configuration Stable-Disturbed:BranchTributary:Reach lengths from —0.082 0.042 — 1.942 0.052
confluence
Confluence configuration Stable-Stable:BranchTributary:Reach lengths from 0.009 0.077 0.122 0.903
confluence
Confluence configuration Disturbed-Stable:BranchUpstream:Reach lengths from 0.086 0.06 1.423 0.154
confluence
Confluence configuration Stable-Disturbed:BranchUpstream:Reach lengths from 0.009 0.062 0.151 0.879
confluence
Confluence configuration Stable-Stable:BranchUpstream:Reach lengths from 0.074 0.074 0.993 0.32
confluence
H3) Upstream: proportion native ~ confluence configuration x distance to confluence + (1|confluencelD)
Intercept 0.371 1.626 0.228 0.819
Confluence configuration Disturbed-Stable 3.603 2212 1.629 0.103
Confluence configuration Stable-Disturbed — 1.867 2.764 — 0.675 0.499
Confluence configuration Stable-Stable — 2.839 2401 — 1.182 0.237
Reach lengths from confluence —0.147 0.052 — 2.796 0.005
Confluence configuration Disturbed-Stable:Reach lengths from confluence 0.062 0.056 1.092 0.274
Confluence configuration Stable-Disturbed:Reach lengths from confluence 0.04 0.059 0.678 0.497
Confluence configuration Stable-Stable:Reach lengths from confluence 0.199 0.075 2.654 0.007
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Estimate  Std. z value P-value
error

H3) Tributary: proportion native ~ branch disturbance + distance to confluence + (1|confluenceID)
Intercept 2.013 1.109 1.816 0.069
Branch disturbance stable — 3.582 1.441 — 2.486 0.013
Reach lengths from confluence —0.039 0.015 — 2.56 0.011
H3) Downstream: proportion native ~ confluence configuration x distance to confluence + (1|confluencelD)
Intercept 0.573 0.002 208.985 <0.001
Confluence configuration Disturbed-Stable 2.145 0.002 782.334 <0.001
Confluence configuration Stable-Disturbed — 0.255 1.545 — 0.166 0.868
Confluence configuration Stable-Stable — 4968 0.002 — 1811.26 <0.001
Reach lengths from confluence — 0.069 0.002 — 25724 <0.001
Confluence configuration Disturbed-Stable:Reach lengths from confluence 0.046 0.002 17.127 <0.001
Confluence configuration Stable-Disturbed:Reach lengths from confluence 0.082 0.011 6.907 <0.001
Confluence configuration Stable-Stable:Reach lengths from confluence 0.126 0.002 46.047 <0.001
H4) proportion small galaxiids ~ proportion large trout + branch + distance to confluence + (1|confluencelD)
Intercept — 1.624  0.653 — 2.486 0.012
Proportion large trout — 18.5  2.467 — 7.498 <0.001
Branch Tributary 0.505 0.11 4.571 <0.001
Branch Upstream — 0.258 0.094 —2.73 0.006
Reach lengths from confluence 0.004 0.005 0.878 0.379
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