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Abstract

Riverine fish assemblages are strongly influenced by attributes of the flow regime.
Tropical savannah river systems have distinct and predictable hydrologic seasonality,
reflecting the wet-dry climate, but can vary substantially in terms of dry season flow
permanency and wet season flow-pulse characteristics. Understanding how flow per-
manence and variability influence fish assemblages, and whether these factors can be
used to predict responses to future hydrological change, are key knowledge gaps that
impede effective management. We examined the influence of hydrological variability
on the structure and diversity of freshwater fish assemblages across rivers of the
wet-dry tropics of northern Australia. We found distinct fish assemblages that varied
predictably across three hydrological river types: Intermittent, Perennial Stable and
Perennial Flashy flow regimes. This distinction emerged despite a common species
pool across the region. Species richness was greatest in rivers with Perennial Stable
flow regimes, whereas beta-diversity was greatest in Intermittent rivers. However,
life history strategies of constituent species were generally poor predictors of spe-
cies abundances within each hydrological river type. The distinct fish assemblages
evident among hydrological classes may provide some cautious ability to both predict
potential fish assemblage changes with future hydrological changes (e.g. if perennial
streams became more flashy or intermittent), and to predict fish assemblages ex-
pected in unsampled rivers with particular hydrological characteristics. Our findings
provide further support for the importance of maintaining regional flow-habitat het-
erogeneity and the connectivity between hydrological river types, and their essential

role for conserving tropical fish species diversity into an uncertain hydrological future.
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1 | INTRODUCTION

In freshwater systems, the hydrological regime is well recognised as
the main driver of biophysical attributes and ecosystem functioning
(Naiman et al., 2008; Poff et al., 1997). Critical flow regime charac-
teristics, such as magnitude, frequency, timing and duration of low
and high flow events, affect the persistence, abundance and distri-
bution of stream biota. These flow characteristics influence key fac-
tors important for biota such as the availability and quality of habitat
and food resources, frame biotic interactions, provide connectivity
to influence dispersal, and provide cues for critical life events such
as breeding and movement (Bunn & Arthington, 2002). Over eco-
logical and evolutionary time scales, the systems' flow regime there-
fore influences the selection of compatible traits and life histories
of aquatic organisms living in it (Lytle & Poff, 2004; Townsend &
Hildrew, 1994).

The intrinsic morphological, physiological and behavioural
traits of freshwater species are also strongly influenced by flow
regimes over evolutionary time scales (Lytle & Poff, 2004). Hence,
the species composition of riverine communities is influenced by
flow attributes such as magnitude, predictability, variability and in-
termittency (Craven et al., 2010; McManamay & Frimpong, 2015;
Tedesco et al., 2008). For example, flow-mediated habitat connec-
tions can influence the spatial variation of riverine assemblages,
commonly measured as beta-diversity (Larned et al., 2010; Leigh &
Sheldon, 2009; Thomaz et al., 2007); where beta-diversity is defined
as the variation in species composition among samples (e.g., habitats
or reaches) in a given area (e.g. a river basin) (Anderson et al., 2011;
Whittaker, 1972). Beta-diversity is predicted to peak during interme-
diate connectivity, but to decline both with increases or decreases
in connectivity (e.g. Larned et al., 2010; Leigh & Sheldon, 2009).
Anthropogenic changes in hydrology due to river regulation, water
extraction and climate change may shape patterns of beta-diversity
in rivers (Rogosch & Olden, 2019).

The life history continuum model for fish (Winemiller &
Rose, 1992), which represents the trade-offs between juvenile
survival, fecundity and generation time, has been used to predict
the relationship between flow characteristics (e.g. variability, pre-
dictability and seasonality) and fish assemblages at various spatial
scales (e.g. Mims & Olden, 2012; Olden & Kennard, 2010; Sternberg
& Kennard, 2013; Tedesco et al., 2008). For example, in a large-
scale analysis of the relationships between flow regime attributes
and fish assemblages, Mims and Olden (2012) found strong rela-
tionships between specific flow indices and the relative prevalence
of fish life history strategies across the entire USA. Opportunistic
strategists (early age at maturity, small egg size, high fecundity) were
more abundant in streams with high flow variability than in streams
with predictable seasonal flows; periodic strategists (late maturity,
high fecundity) were more abundant in streams with high flow sea-
sonality and more stable flows; and equilibrium strategists (high
parental investment in offspring) were negatively associated with
flow variability and positively associated with predictable flows.
Similarly, species richness and beta-diversity would be expected to

peak in intermittent river systems with intermediate connectivity,
but decline with flow perenniality or flow variability (Rogosch &
Olden, 2019; Rolls et al., 2012). Conversely, the hydrological regime
has been shown in some cases to be a poor predictor of fish assem-
blages at smaller regional scales, with metrics such as temperature,
phylogeography and landscape factors (stream size, gradient) acting
as more important drivers of taxonomic composition than local hy-
drological gradients (e.g. Gido et al., 2013; Pusey et al., 2020; Troia
& McManamay, 2020).

Tropical savannah rivers in northern Australia have distinct and
predictable hydrologic seasonality, reflecting the wet-dry climate,
and can either be permanent or have varying degrees of intermit-
tency (Kennard et al., 2010; King et al., 2015; Warfe et al., 2011).
Intermittent flow regimes are the most common hydrological type,
with the degree of intermittency varying depending on climate,
latitude, and underlying geology, and rivers can cease flowing for
several months. Perennial streams and rivers are much less com-
mon in the region, and are restricted to areas with strong surface
water-groundwater connectivity, such as the Daly and Roper River
basins. Tropical savannah rivers of northern Australia are recognised
as some of the most hydrologically intact and largest aggregations
of free-flowing rivers in the world (Pusey, 2011; Reidy-Liermann
et al., 2012), supporting high ecological and cultural values and
high freshwater fish diversity (>110 species) (Pusey et al., 2017).
However, these rivers are not pristine, with low intensity cattle
grazing, forestry, cropping and mining, widespread throughout the
region. In recent years, there has been increasing interest in devel-
oping both surface and groundwater resources to support expanded
agricultural and mining interests (Chan et al., 2012; King et al., 2015;
Pusey, 2011).

Factors such as the strong seasonality and interannual variability
of the region's tropical flow regime are thought to influence fish dis-
tribution and abundance (Pusey et al., 2018, 2020; Stewart-Koster
et al., 2011). For example, broad habitat type (creek, wetland), po-
sition in catchment and stream flow intermittency were major driv-
ers of fish assemblage composition and species richness in the Daly
River catchment (Pusey et al., 2020). However, despite the urgent
need to better understand flow-ecology patterns in the region and
the likely impacts of flow alteration to the systems' ecology (King
et al., 2015; Pusey, 2011), there has been limited quantitative anal-
ysis of the influence of hydrology on fish distributions, assemblages
and critical ecological life history features (King et al., 2013, 2015;
Pusey et al., 2020). Understanding how flow permanence and vari-
ability influences fish species distributions and assemblages, and the
predictability of these factors with life history strategies, are im-
portant considerations for modelling flow-ecology relationships and
predicting future impacts of flow alteration (Chan et al., 2012; Chen
& Olden, 2018; King et al., 2015; McManamay & Frimpong, 2015;
Mims & Olden, 2013).

This study examines the influence of hydrological variability on
the structure and diversity of freshwater fish assemblages across
rivers of the wet-dry tropics of northern Australia. We sampled fish
assemblage composition in contrasting rivers spanning a hydrologic
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gradient from intermittent to perennial flow regimes, with analyses
revealing three hydrological categories: (1) Intermittent (long peri-
ods of zero flow), (2) Perennial Flashy (long low flow periods, flashy
floods), (3) Perennial Stable (lower variability within season, long
floods). We explored patterns in fish assemblages among rivers with
varied hydrological regimes and hydrological seasonality; and tested
whether differences in assemblage structure are predictable accord-
ing to species life history strategy. Next, we disentangled the roles
of hydrological variability and species life history strategy in shaping
patterns of freshwater fish beta-diversity.

We hypothesised that hydrologic variability in rivers of trop-
ical Australia influences assemblage composition and abundance
of species expressing different life history strategies (e.g. Olden
& Kennard, 2010; Sternberg & Kennard, 2013; Winemiller, 2005).
We predicted that opportunistic species should be more abundant
in frequently disturbed habitats (i.e., high hydrologic variability,
Intermittent rivers); periodic species abundance should be positively
related to productive habitats with flow seasonality and predictabil-
ity and negatively related to flow variability (Perennial Flashy: pe-
rennial rivers with high flow variability); and equilibrium strategists
should be more common in localities exhibiting lower flow variability
(Perennial Stable: more predictable stable flow rivers). We also pre-
dicted that intermittent streams would have higher beta-diversity
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compared to perennial streams by virtue of dynamic flow regimes
supporting a diversity of habitats and the persistence of unique
fish assemblages (Datry et al., 2016; Pusey et al., 2018; Rogosch &
Olden, 2019).

2 | METHODS

2.1 | Fish data collection

Fish assemblages were sampled on four occasions in distinct sea-
sonal periods defined according to rainfall and river hydrology: the
late-dry season 2016 (October-November 2016; code: LD2016),
early-dry season 2017 (May-June 2017; ED2017), mid-dry season
2017 (August 2017; MD2017) and the late-dry season 2017 (late
September-November 2017; LD2017). Wet season fish sampling
was not possible due to access limitations. Sampling was conducted
in 14 sites across four river basins in the north-western region of
the Northern Territory, Australia (Figure 1, Table S1). Fish assem-
blages were sampled using a boat-mounted (Engineering Technical
Services Model MBS-2DHP-SRC; www.etselectrofishing.com) or
backpack (Smith Root Model LR20B; www.smith-root.com) electro-
fishing unit. We selected which electrofishing gear type to use based

Darwin

FIGURE 1 Location of study region
with coloured circles representing b
sampling sites and hydrological class e
(red =Intermittent, blue=Perennial
Flashy, green=Perennial Stable, see
Section 2: Methods for description). Inset
map shows location of study region in
northern Australia. Grey thinner lines
show catchment boundaries. Site codes |~
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on depth and safety considerations as the rivers contain estuarine
crocodiles; with deep, slow-flowing habitat sampled by boat electro-
fishing and shallow, fast-flowing areas sampled by backpack electro-
fishing. The electrofisher settings were adjusted according to water
conductivity levels to maximise capture efficiency, while using the
minimum power thresholds required to induce narcosis and capture
fishes. At each site, fish were sampled at multiple discrete locations
(electrofishing shots) where each electrofishing shot was fixed to 5-
min duration (elapsed time). Sites that were totally dry at the time of
sampling were recorded as containing zero individuals (see Table S1).
Ten electrofishing shots were undertaken at each site to ensure that
all available habitat types within the reach were sampled. Fish were
identified, counted and measured (standard length in mm) and re-
turned to the water near to where they were originally captured.
Catch data was converted to catch per unit effort (CPUE) with the
unit effort being defined as a 5-min electrofishing period. Fish sam-
pling was conducted in accordance with the requirements of animal
ethics permits (Charles Darwin University) and NT Fisheries S17

Fisheries Act permit.

2.2 | Hydrological classification of sites

Sampling sites were chosen to represent a range of hydrological con-
ditions, from intermittent to perennial, and various flood durations
and frequencies of high spells during the wet season (see below and
Luiz et al., 2022). All sites were located close to hydrological gauging
stations, and were an average of 545m in length sampled (range:
124-1099m at a site). To choose sites representing a hydrological
gradient, we examined multivariate resemblance in hydrologic re-
gimes across sites using a cluster analysis (Ward's hierarchical al-
gorithm) and principal component analysis (PCA) performed on the
standardised Euclidean distances of 22 hydrology metrics (Table S2).
Hydrologic metrics described the magnitude, frequency, duration,
timing and rate of change in flow events, as well as measures of tem-
poral variability, seasonality and predictability in flow characteristics
during an 18-year period (01-01-2000 to 12-31-2017), thus reflect-
ing all major dimensions of the flow regime (Kennard et al., 2010;
Olden & Poff, 2003). The number of clusters was determined by
the best solution according to an ensemble of 32 clustering indi-
ces presented by Milligan and Cooper (1985). Sites showed strong
clustering into three hydrological classes (Figure S1, Table S3): (1)
Intermittent sites (n=3 sites) were characterised by long periods of
zero flow (mean 170 + 14 (SE) days per year), including partial desic-
cation; (2) Perennial Flashy sites (n=6) rarely ceased to flow (mean
2.4 +1.6days per year) in the dry season and were characterised by
more frequent high flow spells (mean 5.3+0.1 spells per year) of
shorter durations (mean 5.8 +0.3days) during the wet season than
sites in other hydrologic classes, with a large variability in the water
level; and (3) Perennial Stable sites (n=5) were characterised by
larger rivers with lower flow variability between the wet-dry seasons
than the former two groups, and longer flood periods during the wet
season, with less frequent changes in the water level (Table S3).

2.3 | Life history strategy classification

To determine the affinity of the study species to the three-endpoint
life history strategies (opportunistic, periodic, or equilibrium) of the
Winemiller and Rose (1992) triangular life history strategy model,
we examined the life history of 221 Australian freshwater fish spe-
cies (including those that reproduce in fresh water and diadromous
species that spend the majority of their life cycle in fresh waters)
using an extensive dataset containing the most current information
on their relevant traits (Mark Kennard, unpublished data; Sternberg
& Kennard, 2014). We followed a similar methodology to Olden and
Kennard et al. (2010) and Mims and Olden (2012), where we estab-
lished both a ‘hard’ life history classification and a ‘soft’ classifica-
tion according to species' relative affinity towards each strategy.
We evaluated all Australian freshwater fish species in the life his-
tory continuum model of Winemiller and Rose (1992) and plotted
species' positions in relation to three life history axes: (1) In age at
maturation (2) In mean fecundity; and (3) investment per progeny,
calculated as In (egg diameter + 1) +In (parental care + 1). Each of our
study species was then assigned to one of the three life history strat-
egies by calculating the Euclidean distance in trivariate life history
space between the species' position and the strategy endpoints and
designating the species to the closest strategy (Figure S2). To enable
a distance-weighted measure of proportional affinity to each life
history strategy (soft classification) to also be considered, we nor-
malised the Euclidean distances in trivariate life history space be-
tween species and each strategy endpoint (i.e., standardised range
between 0 and 1 for each distance), and computed the inverse of
these values (so that larger values represent a greater ‘weight’ or af-
finity of a species towards a life history strategy). There was a large
degree of variability between species using this soft classification
approach, with some species demonstrating a high level of speci-
ficity to a single life history strategy (species close to the triangle
vertices, Figure S3), and a large group of species positioned in the
centre of the triangle, demonstrating less affinity to any one life his-
tory strategy (Figure S3).

2.4 | Analysis

The statistical analysis for our study was conducted in two stages:
(1) the evaluation of relationships between species composition,
abundance and environmental factors, and (2) the measurement of
beta diversity across sites and species.

A multivariate generalised linear modelling approach (Warton
et al., 2015) was used to test the relationship between species com-
position and abundance, and two explanatory variables: hydrological
class and seasonal period. We used a latent variable model (LVM)
to create an unconstrained ordination to visualise the main trends
between sample sites and seasonal period, in terms of their spe-
cies abundance (Hui et al., 2015). We did not include a row effect
to account for differences in abundance between sites (Hui, 2016),
meaning that patterns in the ordination are driven by differences
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in both abundance and species occurrences between sites. We also
evaluated the environmental and residual correlation matrices to
explore correlations between species and hydrological classes, sea-
son, and residual correlations due to unmeasured variables through
correlated response models (CRM; Hui, 2016). Using the CRM model
we identified the relative importance of abiotic covariates for each
species using Bayesian Markov chain Monte Carlo (MCMC) estima-
tion, with a horizontal line plot showing 95% highest posterior den-
sity (HPD) intervals for the column-specific regression coefficients
by ‘ggboral’ package. We identified the ten most influential species
as those whose abundance patterns most strongly correlated with
the primary latent variables derived from our CRM analysis, thus
having the most significant impact on assemblage composition
patterns. We further plotted the correlations between species and
environmental factors. The role of the latent variables in LVMs and
CRMs is to account for unknown or unmeasured variables, and, by
inducing correlations between taxa, enable an unconstrained ordi-
nation for visualising site and species patterns (Hui, 2016; Warton
et al., 2015). We considered both the direction (positive or negative)
and the strength of correlations; where stronger correlations were
given more weight in our ecological interpretation, regardless of
whether their HPD intervals overlapped zero. This approach allows
for a more comprehensive understanding of species-environment
relationships, considering both effect size and precision, and is more
transparent and statistically explicit than classic distance-based
approaches (Warton et al., 2015), and improves interpretability
of results. LVMs and CRMs were done using the ‘boral’ package
(Hui, 2016) in R.

The strength of the relationships between hydrological classes,
seasonal period and species abundance were explored using the
‘manyglm’ function in the ‘mvabund’ package (Wang et al., 2012) in
R. This analysis fits a specified generalised linear model (GLM) to
each species, which are then used to make community-level infer-
ences about the importance of model predictors using resampling-
based hypothesis testing (Wang et al., 2012). Species abundance
were expressed as counts (summed catch from the 10 electrofishing
shots) at each site/season combination. A negative binomial distribu-
tion was used and model assumptions were evaluated by examining
plots of residuals (Wang et al., 2012). Species for which deviance
estimated by the ‘manyglm’ test was significant were inferred to
cause the observed differences in species composition between
hydrological classes. Univariate models for each species were used
as a post-hoc test to determine the significance of differences of a
given species across the hydrological gradients. We then determined
the relationships between the proportional affinity of species to a
specific life history and their mean abundance across different river
types. We expect that species with stronger affinities to a specific
life history strategy will also have greater abundances in specific
river types as predicted above (see Section 1: Introduction).

Beta diversity can be measured as the total variance in meta-
community data, which can subsequently be partitioned into unique
variation contributed by individual sites and species within the dis-
similarity matrix (Legendre & De Céaceres, 2013). This approach is
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advantageous because beta diversity is estimated independent of
local (alpha) and regional (gamma) diversity, and thus it is possible
to compare estimates across different communities. Prior to beta-
diversity calculations for site and species comparisons, we performed
the Hellinger transformation on the species abundance matrix. A
Hellinger transformation results in a Euclidean distance matrix, mak-
ing the total variance in community composition range between O
and 1. This allows estimation of individual site (Local Contributions
to Beta Diversity: LCBD) and species (Species Contributions to Beta
Diversity: SCBD) contributions to beta-diversity using a relative scale
(Legendre & De Caceres, 2013). We considered the effects of flow
variability and season on overall beta-diversity by comparing the
unique contribution of sites (LCBD) in different hydrological classes
and different seasonal periods, respectively. Next, we compared
the unique contributions of species (SCBD) of different life history
strategies to overall beta-diversity. Statistical comparisons made be-
tween the contributions of hydrological classes, seasonal periods,
and life-history strategies to overall beta-diversity were made using
Welch's unequal variances t-tests (Welch, 1947). Beta-diversity val-
ues and LCBD and SCBD contributions were calculated using the
‘adespatial’ package in software program R (Dray et al., 2017).

We examined the relative roles of species turnover versus nest-
edness in shaping patterns in beta diversity. Total variance in the
Jaccard dissimilarity matrix on presence/absence data was decom-
posed into complementary components of turnover (i.e. species
replacement) and nestedness (i.e. species gain and loss) based on
the proportion of shared species across pairwise site comparisons
following Legendre (2014). The proportion of total beta diversity
accounted for by replacement and richness differences sums to 1.
Therefore, these relative indices can be used to determine which of
the two processes dominates among sampling sites in a metacom-
munity. We investigated the proportion of beta diversity variability
due to changes in species richness or replacement spatially across
all sites according to hydrological class. Turnover and nestedness
components of beta diversity were calculated using the ‘betapart’
package in software program R (Baselga et al., 2021).

3 | RESULTS

In total, 17,096 individuals from 45 species were collected, with 22
species occurring in 50% or more of study sites (Table 1). Seven spe-
cies were removed from further analysis because they were rarely
encountered marine or estuarine vagrants (represented<0.1% of
total individuals: Prionobutis microps, Redigobius chrysosoma, Neoarius
midgleyi, Ambassis interruptus, Scatophagus argus, Periophthalmus we-
beri, and Glossogobius spp.). A higher diversity of species were re-
corded in Perennial Stable sites (n=36), compared to Perennial Flashy
(n=30) and Intermittent sites (n=26) (Table 1). The most abundant
species were Melanotaenia australis, Nematolosa erebi, M.inornata,
Glossamia aprion and Amniataba percoides with over 1000 individuals
observed of each of these taxa. The most frequently encountered
species were A. percoides (in 43% of samples), G.aprion (39.4%), Lates
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calcarifer (37.8%), Oxyeleotris lineolata (31.4%), and N.erebi (31.2%;).

Amniataba percoides was the only species encountered across all

The unconstrained ordination from the LVM showed that sam-
ple clusters based on species abundances were determined more by
hydrology class than by seasonal period (Figure 2). The value of the
estimated residual covariate matrix decreased from 529.2 to 437.9,
when comparing the pure LVM with the correlated response model
for hydrology class, and to 528.9, when comparing with the cor-
related response model for seasonal period. This revealed that hy-
drology classes alone explained approximately 17.2% of covariations
in the composition of riverine fish assemblages. Seasonal period
alone explained a negligible 0.05%. We extracted the posterior dis-
tribution for hydrological classes and seasonal period levels detailing
how each species responded to each variable (Figure 3). There were
more positive correlations between each species and the Perennial
Stable hydrological class, and more negative correlations between
each species and the Intermittent class. The Perennial Flashy class
showed similar numbers of positive and negative correlations
(Figure 3a). Relationships between species and seasonal periods cat-

egories exhibited some strong correlations, but no pattern is visually

The multivariate GLM analysis showed that hydrological class
significantly influenced fish species abundance, while no significant
effect of seasonal period was detected (Table 2, note that model with
interaction term was p>.05 (Table S4)). Overall differences between
the three hydrological classes were driven by significant contribu-
tions of eight species: L.calcarifer, Mogurnda mogurnda, Neosilurus
hyrtlii, Leiopotherapon unicolor, Craterocephalus stercusmuscarum,
Liza ordensis, Syncomistes butleri, Megalops cyprinoides (Table 1). In
the univariate GLM models, seven species were more abundant in
Intermittent rivers (M.australis, Melanotaenia nigrans, M. mogurnda,
Glossogobius giuris, L. unicolor, Oxyeleotris selheimi, N. hyrtlii); two spe-
cies (Ambassis macleayi, Melanotaenia inornata) were more abundant
in Perennial Flashy rivers; and 13 species were more abundant and
defined the assemblage of Perennial Stable rivers (Craterocephalus
stramineus, G.aprion, Hypseleotris compressa, L.calcarifer, L.orden-
sis, Megalops cyprinoides, Toxotes chatareus, Hephaestus fuliginosus,
Syncomistes butleri, O.lineolata, Neosilurus ater, Neoarius leptaspis,
Strongylura krefftii) (Figure 4, Table 3).

Species abundances demonstrated mixed patterns among life
history strategies and hydrological classes (Figure 4, Table 3). The
majority of species in each life history strategy, using a hard classifi-
cation approach, did not show any significant abundance differences
between the three hydrological classes (i.e. they were ubiquitous).
The prediction that opportunistic species would be more abun-
dant in Intermittent rivers was only partially supported, with only
5 of 18 opportunistic strategists showing greater abundances in
Intermittent rivers. Similarly, equilibrium strategists again only par-
tially conformed to our prediction, with only 2 of 7 species showing
greater abundance in Perennial Stable rivers. The prediction that

periodic strategists would be generally more abundant in Perennial
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FIGURE 2 Model-based unconstrained
ordination biplot based on the posterior
median estimates for summed data for
each factor combination. The 10 most
influential species (i.e. those species

with the strongest response to the

latent variables identified in our analysis)

Seasonal Period . .
! are shown in black (species code key

A LD2016

+ ED2017 provided in Table 1). Sites are colour

® MD2017 coded corresponding to hydrological class.
m LD2017 Different symbols indicate the time period

of sampling. Species code as in Table 1.
Numbers inside or next to the polygons
indicate site identity: 1—SHFR, 2—SHCR,
3—BSBC, 4—DRAR, 5—GPHR, 6—GCFR,
7—COAR, 8—BDFR, 9—MHMR, 10—
GJKR, 11-AHMR, 12—0OO0DR, 13—SRAR,
14—DMAR (See Table S1 for details).

Hydrological Class

o Intermittent
o Perennial Flashy
e Perennial Stable

T

2 0
Latent variable 1

classified species were found in higher abundances in perennial riv-
ers (green and blue bars in Figure 4b,c).

These unexpected results can be partly explained by the relative
affinity of each species to each life history strategy (soft classifica-
tion). For example, periodic strategists with heavy partial weight on
the periodic strategy (species on the left side, Figure 4b, and see
Table 3) conform to the pattern of higher abundances in perennial
systems, whereas the exceptions (i.e. periodic species with higher
abundances in Intermittent rivers, namely A.percoides and N.hyr-
tlii), also have relatively high life history affinities to opportunistic
strategies, despite being classified as periodic strategists (Table 3).
However, species with stronger affinities to a single strategy end-
point (hard classification, weighting closer to 1) did not show con-
sistent conformity with the hydrological predictions above. For
example, Scleropages jardinii and Neoarius graeffei were both
weighted very strongly towards equilibrium affinity, but demon-
strated opposite patterns in abundance with S.jardinii highest abun-
dances occurring in Perennial Flashy systems, and N.graeffei more
abundant in Intermittent and Perennial Stable systems.

Hydrological classes of rivers contributed differentially to fish
beta-diversity (Figure 5a). Intermittent sites, on average, had greater
unique species composition, and thus contributed more to overall
beta-diversity, compared to both Perennial Flashy (Welch's t-test:
t=1.66, df=11.39, p=.125) and Perennial Stable sites (t=1.61,
df=12.20, p=.134). However, varying contributions of sites within
hydrologic classes meant differences among classes were not statis-
tically significant (p>.05). No difference was evident when compar-
ing the contribution of Perennial Flashy and Perennial Stable sites
(t=0.05, df=40.84, p=.964). For all hydrological classes, species re-
placement (turnover) contributed more to total beta-diversity than

differences in species richness (nestedness). These differences were
much more pronounced for Perennial flashy (T=0.93, N=0.07) and
Perennial Stable (T=0.95, N=0.05), compared to Intermittent sites
(T=0.82, N=0.18).

Contributions to overall beta-diversity showed some season-
ality that varied according to hydrological class (Figure 5b). For
Intermittent (especially) and Perennial Stable sites, contributions to
beta-diversity increased from early- to mid-dry seasons and then
decreased in the late-dry season. These seasonal trends, however,
were variable, and were not evident for Perennial Flashy sites.

Species with different life history strategies showed marked dif-
ferences in their contribution to overall beta-diversity (Figure 5c).
Contributions of opportunistic (t=2.67, df=20.35, p=.014) and
periodic strategists (t=3.17, df=14.25, p=.007) were significantly
higher than equilibrium strategists. No differences in contributions
of opportunistic and periodic strategies were evident (t=-0.12,
df=29.97, p=.983). Similarly, contributions of life history strategies
to overall beta-diversity did not vary according to hydrological class
(results not shown).

4 | DISCUSSION

A river's flow regime is widely recognised to shape its fish popu-
lations and species' assemblages via a range of processes (Bunn
& Arthington, 2002; Humphries et al., 2020; Poff et al., 1997,
Tonkin et al., 2018). Flow characteristics, such as perenniality, and
the duration, intensity and frequency of key flow events influ-
ence the physical habitat template, strength of biotic interactions,
and degree of connectivity and dispersal (Naiman et al., 2008);
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FIGURE 3 Estimated coefficients of covariates hydrological class (a) and seasonal period (b) for riverine fish species in Northern Australia.
Points represent the posterior median coefficients, with horizontal lines illustrating the 95% highest posterior density (HPD) intervals.

A vertical dotted line denotes the zero value, serving as a reference for effect sizes. HPD intervals are colour-coded based on statistical
significance and the effect size: Light green indicates least significant intervals with estimates close to zero and large confidence intervals; a
gradient towards dark blue symbolises increasing significance, characterised by larger effect sizes and tighter confidence intervals. Intervals
that include zero are coloured towards the lighter end of the spectrum, while those with large effect sizes and HPD diminishing overlap

with zero are towards the darker end. This colour coding provides a visual guide to the relative significance and impact of each covariate on
riverine fish species in the region. Species code key is provided in Table 1.
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TABLE 2 Summary statistics of the overall multivariate generalised linear model for hydrological class and time period effects on fish

composition.

Residual DF DF Deviance
Intercept 54
Hydrological class 52 2 411
Seasonal period 49 3 153

p-value

0.001

Contribution of significant taxa

Lates calcarifer (13.9%, p<.001)

Mogurnda mogurnda (6.3%, p<.01)

Neosilurus hyrtlii (5.8%, p<.01)

Leiopotherapon unicolor (5.6%, p <.01)
Craterocephalus stercusmuscarum (5.0%, p <.01)
Liza ordensis (4.8%, p <.05)

Syncomistes butleri (4.1%, p <.05)

Megalops cyprinoides (4.1%, p <.05)

0.428 NA

Note: Percent contribution of univariate model deviance of significant taxa to the parameter deviance in the multivariate model and the associated
p-value shown. See Table S4 for full model results and model with interaction term included.

ultimately leading to the selection of species with life history
strategies that are adapted to the prevailing environmental condi-
tions (Bunn & Arthington, 2002; Mims & Olden, 2012; Townsend
& Hildrew, 1994). In rivers of Australia's wet-dry tropics, our study
found distinct and predictable, fish assemblages across hydrologi-
cal river types: Intermittent, Perennial Stable and Perennial Flashy
flow regimes. This distinction in fish assemblages among hydrologi-
cal types emerged despite a common species pool across the region,
with nearly half of all species (22 of 45 species) being present in over
half the sites. Contradicting our predictions based on previous stud-
ies, species abundances within each hydrological river type were
not well predicted by their affinity to a specific life history strat-
egy, especially when applying a endpoint classification. Hydrological
classes also contributed to differences in species diversity with
species richness greatest in Perennial Stable rivers, whereas beta-
diversity was greatest in Intermittent rivers, where a higher number
of unique species were present.

Tropical freshwater fish assemblages are structured by both spa-
tial features (e.g. floodplain-wetland-channel macrohabitats or rela-
tive position within the catchment) and strong temporally dynamic
features, such as water level variation (Beesley & Prince, 2010;
Duarte et al., 2022; Warfe et al., 2011). The majority of studies of
fish assemblage structure in the Australian wet-dry tropics describe
dry season spatial or structural-habitat affinity, whereas the role of
hydrological or seasonal variation has received little consideration
(King et al., 2013; Pusey et al., 2020). For example, Keller et al. (2019)
used an extensive dataset of fish-habitat associations from the Daly
River, and identified four distinct main channel habitat guilds, classi-
fying them largely based on depth, velocity and structural complex-
ity. In the same catchment, Pusey et al. (2020), sampled dry season
fish assemblages throughout a wide variety of habitat types, and
found fish assemblage composition was mostly related to longitu-
dinal (upstream/downstream) and lateral (river/floodplain) position;
however, flow intermittency was also a strong driver of assemblage
composition, species richness and body-size distributions. We found
striking variability in the role of spatial and temporal hydrologic con-
ditions in explaining fish assemblage composition across rivers in

northern Australia. Hydrological regime at each site was a significant
driver of fish assemblages, but was related to changes in the abun-
dance of only eight species. Each hydrological classification type had
a distinct assemblage, with 13 species recorded in higher relative
abundances in Perennial Stable rivers, seven species more abundant
in Intermittent rivers and two species more abundant in Perennial
Flashy rivers. While not indicating a preference for a hydrological
classification type, these results may help to broadly describe a
species' tendency towards certain hydrological conditions across
larger spatial scales (Mims & Olden, 2012; Olden & Kennard, 2010;
Sternberg & Kennard, 2013).

Previous studies have shown that seasonal variation in water
levels may cause strong temporal changes in tropical freshwater
fish assemblages (Duarte et al., 2022; Lowe-McConnell, 1987).
The annual monsoonal rainfall pattern characterises the wet-dry
hydrology cycle of northern Australian rivers (Warfe et al., 2011).
The wet season fosters ecosystem productivity, biotic dispersal,
connectivity and reproduction, whereas the dry season imposes
high resource constraints on many species (King et al., 2015; Tyler
et al., 2022; Warfe et al., 2011). Surprisingly, fish assemblages in
our study did not vary significantly among hydrological seasons.
This result may simply be constrained by our inability to conduct
sampling at the peak wet season (water level) conditions, due to site
access issues. However, alternatively, analysing various hydrological
types together may mask the high seasonal differences evident in
the extreme case (Intermittent sites). Assemblage composition and
beta-diversity were far more variable across season or sampling
time in Intermittent sites, compared to the perennially flowing sites.
Intermittent sites exhibited the greatest distance in fish assemblage
ordination space among different sample seasons (Figure 2), likely
reflecting the most pronounced variability among hydrological con-
ditions. Perennial Flashy and Perennial Stable sites showed relatively
smaller distances in ordination space among their seasonal samples,
mirroring the more stable hydrological conditions across seasons,
and suggesting that fish assemblages in perennial rivers are more
influenced by sampling location than by season. This observation
underlines the complex interplay between hydrological conditions
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and seasonal variation in shaping fish assemblage structure within
these distinct river classes.

Hydrology is a significant factor in determining patterns of fresh-
water fish beta-diversity (Larned et al., 2010; Leigh & Sheldon, 2009;
Thomaz et al., 2007). Reflecting patterns seen previously by Pusey
et al. (2020), this study found that perennial sites had a higher num-
ber of species present than Intermittent sites. Furthermore, for all
hydrological classes, species replacement (turnover) contributed
more to total beta-diversity than differences in species richness
(nestedness), with this trend more pronounced in Perennial Flashy
and Perennial Stable sites. However, despite nearly half of all species
being present in over half of the sites, there were pronounced dif-
ferences in beta-diversity between intermittent and perennial sites.
Intermittent streams, in particular, exhibited a more unique species
composition, thus contributing to greater beta-diversity compared
to perennial sites. Similar findings have also been reported in dryland
rivers of the Lower Colorado River Basin, where flow intermittency
resulted in greater contributions to fish beta diversity (Rogosch &
Olden, 2019).

Intermittent sites exhibit periodic changes in hydrologic connec-
tivity, expanding habitat availability and facilitating dispersal within
riverine metacommunities when flowing (Datry et al., 2016, 2022).
Seasonal variations in beta-diversity were found to be complex in
our study region, particularly in Intermittent sites, where contribu-
tions were greatest in the early and mid-dry season periods before

declining by late dry season. This was not observed in Perennial
Flashy sites, possibly indicating different underlying mechanisms or
resilience to seasonal changes. Our results, together with those of
Rogosch and Olden (2019), suggest that the influence of within-year
hydrologic conditions are important determinants of spatio-temporal
variations in the composition of local fish diversity. Differences
were also noted in the contributions to overall beta-diversity among
different life history strategies, primarily from opportunistic and
periodic compared to equilibrium strategists, although these con-
tributions did not vary according to hydrological class. Overall, our
results point to the uniqueness of assemblages in Intermittent sites,
driven mostly by strong fluctuations of hydrology patterns. Potential
future changes to the hydrology of northern Australian rivers due
to water extraction, river regulation or a changing climate, is likely
to result in significant implications for fishes in these systems, and
further research is required to guide conservation and management
(King et al., 2015).

The life history continuum model (Winemiller, 2005; Winemiller
& Rose, 1992), which predicts relationships between flow regime
variations and life history strategies, has been well supported by
many studies (e.g. Mims & Olden, 2012; Olden & Kennard, 2010;
Sternberg & Kennard, 2013; Tedesco et al., 2008). Based on these
studies, we predicted which life history strategies would be more
likely to be dominant in sites across our hydrological gradient.
However, although our study identified distinct fish assemblages
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and diversity patterns across hydrological classes, species abun-
dance was not well predicted by an individual species' affinity to a
specific life history strategy. For example, our prediction that oppor-
tunistic strategists would be more abundant in Intermittent sites was
not well supported, with only five of 18 opportunistic strategists
showing greater abundances. Similarly, the prediction concerning
equilibrium strategists, was not well supported, with only two out of
seven equilibrium species displaying greater abundance in Perennial
Stable rivers; and the prediction that periodic strategists would be
more abundant in Perennial Flashy rivers was also not supported.
The more nuanced ‘soft’ classification approach, which considers a
species' relative affinity to all three life history endpoints, helped
to explain some of these discrepancies. However, life history clas-
sification was not a good predictor of assemblage structure across

the hydrological gradient, irrespective of the approach used. Our
findings emphasise the need for caution when considering trans-
ferability of predicting species life history affinities to hydrological
characteristics and flow-ecology relationships, especially across
unsampled rivers (see Chen & Olden, 2018; Kennard et al., 2007).
Rivers of the wet-dry tropics of northern Australia represent
some of the most biodiverse and hydrologically intact regions in the
world (Pusey, 2011; Woinarski et al., 2007). However, with both the
increased utilisation of surface and groundwater resources and the
effects of climate change, the region's rivers may be expected to
undergo substantial hydrological changes in future years, with po-
tentially negative consequences for the regions' fish fauna (Chan
et al., 2012; King et al., 2015; Morrongiello et al., 2011). The dis-
tinct fish assemblages evident in different hydrological classes in our
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study, may provide some opportunity for cautious prediction about
the potential fish assemblage changes likely to occur with future
hydrological changes and the potential transferability of these find-
ings to unsampled rivers in the region. However, further research
across a wider hydrological gradient, longer time period, and sea-
sonal extremes, would enable stronger predictive capability (see
Chen & Olden, 2018). Identifying the factors that affect variation
in fish assemblage composition through time will inform effective
management and conservation (Angeler, 2013). As climate change
and increasing water withdrawals cause perennial sites to become
increasingly intermittent, and intermittent rivers to become more
ephemeral, the loss of habitat and connectivity is likely to have signif-
icant, potentially non-linear, impacts on species diversity and meta-
community stability (Thompson et al., 2017; Tonkin et al., 2017). Our
findings provide further support for the importance of maintaining
regional flow-habitat heterogeneity and the connectivity between
hydrological river types, and their essential role for conserving
tropical fish species diversity into an uncertain hydrological future
(Lopez-Delgado et al., 2019; Pusey et al., 2020).
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