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Synopsis

In response to increasing community concern with declines in the ability of aquatic
ecosystems to deliver critical goods, services and long-term benefits to human society,
there is greater recognition of the need for quantitative procedures to assess aquatic
ecosystem health and monitor biotic responses to remedial management. This thesis
aims to evaluate the potential to incorporate attributes of freshwater fish assemblages
into an ecosystem health monitoring program for wadeable rivers and streams in coastal

catchments of south-eastern Queensland, Australia.

I identify five key requirements of a quantitative and defensible river health assessment
program that need to be evaluated before indicators based on fish can be validly applied
for river health assessment in the region. The five requirements are: 1) quantification of
error associated with sampling fish; 2) assessment of natural ranges of spatial and
temporal variation in fish assemblage attributes; 3) accurate definition of the reference
condition expected for these attributes in the absence of human disturbance; 4)
demonstrated relationships of the indicators with disturbance; and 5) evaluation of
potentially important confounding environmental and biological factors. These are
critical considerations for minimising the frequency of Type I errors (incorrectly
classifying a site as impaired) and Type II errors (incorrectly classifying a site as

unimpaired) and accurately assessing river health.

The ability to develop an efficient data sampling program without sacrificing accuracy
and precision, and hence ability to detect changes through space and time, is a critical
requirement of every river health assessment program. I demonstrated that accurate and
precise reach-scale estimates of fish assemblage attributes, such as species richness,
species composition and species relative abundances, could be obtained from multiple-
pass electrofishing plus seine netting of three mesohabitat units and concluded that this
was generally a more efficient sampling protocol than less intensive sampling over
larger spatial scales. I demonstrated that relatively small differences (e.g. < 20%) in
these assemblage attributes could be detected with a high statistical power (1-p > 0.95)
and that relatively few stream reaches (e.g. < 4) needed to be sampled to accurately
estimate assemblage attributes within close proximity (e.g. 20% of the half width of the

confidence interval) to the true population means.
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Fish assemblage attributes that respond to anthropogenic disturbances but exhibit low
natural temporal variability are potentially the most sensitive yet robust indicators of
human impacts for use in bioassessment programs. I showed that some characteristics
of fish assemblages (e.g. species richness, composition and to a lesser extent, species
relative abundances) were generally highly stable through time, both seasonally and
inter-annually. In contrast, fish assemblages occurring in streams with highly variable
flow regimes were more variable. This variability appeared due to natural impacts
associated with low flow disturbance. However, fish assemblages at these sites
appeared resilient to these natural disturbances, provided that flow and habitat

conditions resembled the pre-disturbance state.

A critical underpinning of bioassessment programs is the ability to accurately define
attributes of the assemblage at a location that are expected in the absence of
anthropogenic disturbance (i.e. defining the reference condition). 1 developed and
validated a multivariate predictive model to define the reference condition for native
fish species composition based on a large set of least-disturbed reference sites. I also
compared four separate approaches to defining the reference condition for native
species richness, a univariate biotic attribute underpinning many river health assessment

programs.

I demonstrated in that spatial variation in these attributes of fish assemblages could be
predicted using a small number of simple environmental variables, but that the accuracy
of predictions varied with the method used. The multivariate model developed for sites
sampled on one occasion and in one season only (winter), was able to accurately predict
fish assemblage composition at sites sampled during other seasons and years, provided
that they were not subject to unusually extreme environmental conditions. I showed
that the predictive ability of the ‘maximum species richness line’ (MSRL), an approach
commonly used for defining the reference condition for univariate attributes such as
native species richness, is inherently compromised by the scoring procedure used and
because it is limited to predicting variation in the dependent variable along a single
environmental gradient (e.g. stream size). This resulted in substantially higher
prediction error in comparison to three alternative regression methods, which
incorporate single or multiple environmental variables as predictors. The MSRL

approach led to an increased frequency of Type I errors for least-disturbed reference and
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validation sites (i.e. incorrectly classing these sites as disturbed) and compromised the
ability of the metric to accurately detect a disturbance ‘signal’ at the set of notionally

disturbed test sites.

Assessment of the relationships of the fish indicators with human disturbance gradients
indicated that streams affected by human activity due to catchment land use and
associated local riparian, in-stream habitat and water quality degradation are more likely
to be susceptible to invasion by alien fish species and display major differences in
native fish assemblage composition and native species richness from that expected by

comparison with similar reference areas minimally affected by human disturbances.

Provided that the key requirements of river health assessment identified in this thesis are
satisfied, I conclude that indicators based on native fish assemblage composition, native
species richness and alien fish species are potentially powerful indicators of human
disturbance and can form the basis for a river health monitoring program in south-
eastern Queensland and other similarly variable environments in Australia and

elsewhere.
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Figure 3.2. Mean (+ SE) cumulative percent of total sampling duration (elapsed time
and electrofisher power on time) spent on each consecutive electrofishing pass at
individual mesohabitat units in the Mary and Albert Rivers. Inset box plots show the
variation in total elapsed time and power on time spent sampling individual mesohabitat
types. The lines at the top, middle and bottom of each box represent the 75™ percentile,
median and 25" percentile, respectively. Upper and lower bars represent 90" and 10™
percentiles and mean values are represented by squares. .............c.coeiiiiiiiiiiiiinn... 34
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Figure 3.3. Changes in estimates of fish species richness, total abundance, species
presence/absence and species relative abundance with increasing sampling effort within
riffles (circles), runs (triangles) and pools (squares). For total species richness and total
abundance, the data represents the sequential increase in mean (+ SE) cumulative
percentage of the total catch collected by each electrofishing pass and supplementary
seine-netting. Inset box plots show the variation in total species richness and total
abundance collected within each mesohabitat type. For species presence/absence and
species relative abundance, the data represents the mean (+ SE) Bray-Curtis similarity
between each cumulative pass and the total assemblage (derived from all electrofishing
PasSes PIUS SEINE-NETHING). . ..uuentttttt et e eaeans 36

Figure 3.4. Intserspecific variation in (a) sampling efficiency and (b) mesohabitat use.
Sampling efficiency is defined as the probability of capture (as assessed by mean
frequency of occurrence in mesohabitat samples) and percentage of total catch (mean
relative abundance) for each species (grouped by behavioural type) sampled by single
pass electrofishing, multiple pass electrofishing and supplementary seine netting.
Mesohabitat use is indicated by the mean frequency of occurrence and mean relative
abundance of each species occurring in riffles, runs or pools. Sample sizes for each
species (number of individuals or number of mesohabitats) can be calculated using the
data presented in Table 3.2). ... 39

Figure 3.5. Fish species relative abundance (percentage of total abundance) versus
frequency of occurrence (percentage of mesohabitats occupied) averaged across the six
Mary River stream reaches sampled. Each point represents one species sampled using
single pass electrofishing or multiple pass electrofishing plus seine netting (species
discussed in the text are denoted by the first letter of the genus and species,
respectively). Data are plotted on log scale. Rare species are defined as forming less
than 10% of total abundance and discontinuous species are defined as occurring in less
than 10% of mesohabitats (averaged across stream reaches). ...............ceeevveennn.... 40

Figure 3.6. Mean cumulative species richness versus length of stream sampled using (a)
single-pass electrofishing and (b) multiple-pass electrofishing plus seine netting in each
of the six stream reaches. Reach numbers match those given in Figure 3.1. Estimates
of mean species richness for each sampling interval (cumulative number of
mesohabitats) were based on 1000 bootstrapped randomisations that incrementally
constructed hypothetical series of mesohabitat units. For clarity, standard deviations are
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Figure 3.7. Change in average sampling accuracy (+ SD) and average precision versus
length of stream sampled using (a) single-pass electrofishing and (b) multiple-pass
electrofishing plus seine netting to estimate total fish species richness (circles), species
composition (triangles) and species relative abundance (squares). Accuracy for each
cumulative number of mesohabitats sampled is represented by the mean (+ SD)
percentage of total fish species richness (closed circles) or mean (= SD) Bray Curtis
similarity with total species composition (closed squares) and species relative
abundance (closed triangles), respectively. Precision for each cumulative number of
mesohabitats sampled is represented by the coefficient of variation (mean/SD).
Estimates of accuracy and precision were based on 1000 bootstrapped randomisations
that incrementally constructed hypothetical series of mesohabitat units. Results are
averaged across six sampled stream reaches in the Mary River. ........................... 43
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Figure 3.8. (a) The power (1-f) of different fish sampling methods to detect a 20%
decrease (8) in estimates of total species richness (circles), species composition
(triangles) and species relative abundance (squares), with increasing number of
mesohabitats sampled (o = 0.05). (b) The number of stream reaches required (based on
sampling of three mesohabitats per reach) to achieve a half width of the confidence
interval within given percentages of the true population mean for total species richness,
species composition and species relative abundance (o = 0.05). Data from single pass
electrofishing is shown with open symbols and dashed lines, data from multiple-pass
electrofishing plus seine netting is shown with closed symbols and solid lines. ......... 44

Figure 3.9. Cumulative increases in the mean percentage (+ SD) of the total number of
habitat types encountered in stream reaches versus length of stream sampled (expressed
as number of mean stream widths). Separate curves are shown for depth, velocity and
substrate categories, and for bank microhabitat and in-stream microhabitat categories.
Means were generated using 1000 bootstrapped randomisations that incrementally
constructed hypothetical combinations of habitat categories from observed samples and
averaged over the six stream reaches. Frequency histograms of the number of habitat
sampling points within each habitat category used in the analyses are also shown. ..... 47

Figure 4.1. Variation in daily river discharge (Ml.day™) for Glastonbury Creek in the
Mary River (see Figure 4.2 for location) during the period leading up to and including
the study period. Arrows highlight key aspects of the flow regime of potential
ecological importance for fish, and hypothesised to cause temporal variation in species
composition, abundance and biomass. Also shown are the timing of fish and habitat
surveys undertaken in winter, spring and summer between 1994 and 1997. ............. 57

Figure 4.2. Location of the study sites (depicted by circles) in the Mary and Logan-
Albert River basins in south-eastern Queensland, Australia. Site symbols are colour-
coded and sized according to a gradient of relative hydrologic and hydraulic variability
determined by a principal components analysis (see Table 4.1 and Figure 4.4). Negative
loadings on the first principal component (depicted by larger open circles) indicate
increasingly stable environmental conditions, positive loadings (larger closed circles)
indicate increasingly variable environmental conditions. Glastonbury Creek, the site
used to depict flow regime variation in Figure 4.1, is marked with *. ..................... 60

Figure 4.3. Box plots showing spatial variation in mean monthly discharge
characteristics at 16 sites in the Mary River and 11 sites in the Albert River over a 25
year period (1* January 1974 — 31* December 1998). The plots show (a) mean daily
runoff (ML.Km?), (b) mean coefficient of variation of daily discharge (%), (c) mean
number of flood events per year (flood events > 1.67 year annual return interval) and (d)
mean number of zero flow events per year. The lines at the top, middle and bottom of
each box represent the 75™ percentile, median and 25" percentile, respectively. Upper
and lower bars represent 90" and 10™ percentiles and means are represented by
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Figure 4.4. Spatial variation in Mary River and Albert River sites across an
environmental variability template described by a principal components analysis of
landscape, hydrologic and hydraulic variables (PC1 vs PC3). Principal component 1
(50% of the variance) describes a gradient of low flow and hydraulic variability and
principal component 3 (11% of the variance) describes a gradient of daily flow
variability and baseflow contribution. Variable loadings on each component are given
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Figure 4.5. Cumulative frequency distributions of total variability in fish assemblage
attributes during the study period for sites sampled in the Mary River (closed squares)
and Albert River (closed circles). Also shown are cumulative frequency distributions of
annual variability in fish assemblage attributes for comparisons of winter samples (open
squares), spring samples (open diamonds) and summer samples (open triangles) in the
Mary River. See text for explanation of each fish assemblage variability index. ........ 75

Figure 5.1. Location of reference sites (numbered by classification group membership),
validation sites and test sites in south-eastern Queensland (Note: some sites located
close together overlay each other and hence may not visible on map). Major
impoundments are also depicted. The inset shows the location of the study area in
Queensland, AUSIalia. ........ouiiitiii i e 90

Figure 5.2. Frequency distributions of observed over expected ratios for the 72
reference sites at probability of occurrence thresholds of PO>0% (open bars) and
PO>50% (closed bars). ......oouieiiiii 102

Figure 5.3. Relationship between expected and observed values for (a) PO, and (b)
POs, probability of occurrence thresholds at reference sites. The diagonal dashed lines
represent the line of perfect agreement between the two measures. Regression lines and
equations for each plot are also shown. For each PO threshold, p>0.05 for H,: slope = 1
and H,: Intercept = 0. Also shown are the relationships between the total number of
species observed at reference sites and (c) O/Ey and (d) O/Esy scores. For each PO
threshold, p<0.001 for Hy: slope = 0. ..o, 104

Figure 5.4. Relationship between expected and observed values for (a) internal
validation samples and (b) external validation samples at the POsy probability of
occurrence threshold. The five internal validation sites sampled during spring 2000 are
shown as black diamonds (note that two sites directly overlie each other on the plot).
The diagonal dashed lines represent the line of perfect agreement between the two
measures. Regression lines and equations for each plot are also shown. For each
dataset, p>0.05 for H,: slope =1 and H,: Intercept=0. ..........cooooiiiiiiiiiin.n. 105

Figure 5.5. Temporal variation in O/Esy scores for (a) internal validation samples and
(b) external validation samples in the Mary River (open circles) and Albert River
(closed circles). The 90" — 10" percentile reference band is depicted with horizontal
dashed lines. Internal validation sites sampled in Winter 1994 (Figure 5.5a) were
included in the reference data set used to construct the model and were used to derive
O/Es scores for theses samples, all other samples were foreign to the model. .........106

Figure 5.6. Frequency distributions of O/Es ratios for (a) reference, internal validation
and external validation sites and (b) reference and test sites). Vertical dashed lines
indicated the width of the reference band. ... 108

Figure 5.7. Difference in mean values (= SE) of disturbance variables significantly
different at sites where each species was predicted (at the POsg level) and observed to
occur (open bars), sites where each species was predicted to occur but was not observed
(closed bars), and sites where each species was not predicted to occur but was observed
(hatched bars). Chi-square values for Kruskal Wallace tests are given for each
comparison; all were significant at p<0.05 after correction for multiple comparisons
using the Dunn-Sidak procedure (Quinn and Keough, 2002). Sample sizes for each site
category are shown below the x-axis of each plot. .................cooiiiiiiiiiiiiiiinnn, 111
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Figure 6.1. Species richness versus logjy catchment area for reference sites. The
maximum species richness line (MSRL), trisections used for metric scoring and the
simple linear regression line (SLR) are also shown. Validation and test sites are also
shown on plot. Note that sites overlaying each other may be obscured on the plot. ...130

Figure 6.2. Box plots of variation in the magnitude of the residuals (difference between
values predicted and those observed) from each prediction method using each
environmental predictor variable for reference and validation sites. The lines at the top,
middle and bottom of each box represent the 75™ percentile, median and 25™ percentile,
respectively. Upper and lower bars represent 90™ and 10™ percentiles and means are
represented by SYmbOIS. ..o, 131

Figure 6.3. Species richness predicted by the GLM model versus observed values for
(a) the reference sites and validations sites and (b) the reference sites and test sites.
Standard errors around predicted values for validation and test sites are also shown.

Figure 6.4. Regression tree for predicting species richness at reference sites,
environmental variables used in forming the tree and their critical values for
determining the splits. The distribution of values for species richness in each reference
site group is given in the box plot. The number of sites within each reference site group
is given in parentheses. The predicted group membership (using the regression tree) and
observed values for species richness at validation (open squares) and test sites (closed
triangles) are also ShOwn. ... .. ..o i 133

Figure 6.5. Comparison of residual mean squared error (RMSE) scores for each
prediction method and each environmental predictor variable for reference and
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Figure 6.6. Frequency (%) of reference, validation and test sites failing pre-defined
biocriteria for each prediction method. Biocriteria were defined on the basis of the
MSRL trisection method (those sites scoring less than 5 fail) or species richness
Observed/Predicted scores (O/P scores <75% fail) (note that elevation was used as the
environmental predictor variable for the MSRL and SLR methods). .................... 135

Figure 7.1. Biological characteristics of the fish fauna at the study sites showing (a)
relative abundance (closed bars, scale on left axis) (n=4943 individuals) and frequency
of occurrence (open bars, scale on right axis) (n=47 sites), and (b) relative biomass
(total of 69.1 kg). Alien species are denoted by A and translocated native species by T,
in parentheses. Inset histograms show the relative abundance (n=1041 individuals) and
relative biomass (total of 1.8 kg) of alien species only (species names are abbreviated to
the first letter of the genus and species, respectively). .......coovviiiiiiiiiiiiiiiiniannn, 153

Figure 7.2. Relationships of (a) alien species relative abundance and (b) alien species
relative biomass with native species richness observed at the study sites. Also shown are
relationships of alien species relative abundance (c¢) and relative biomass (d) with total
densities and biomass densities of native species. Spearman’s rank correlation
coefficients and their significance levels for each plot are also shown. Note that some
axes are plotted on a logjo (x+1) scale for clarity. ..., 156
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Figure 7.3. Relationships of (a) alien species relative abundance and (b) alien species
relative biomass with the ratio of observed to predicted native species richness at the
study sites. Sites considered to be of high biological integrity (O/P scores >0.75, n = 27
sites) are denoted by open circles, and those of low biological integrity (O/P scores
<0.75, n = 20 sites) by closed triangles. Also shown are relationships of alien species
relative abundance (c) and relative biomass (d) with predicted native species richness.
The same symbols are used for each site type. Spearman’s rank correlation coefficients
and their significance levels for each plot are also shown. Note that the relative biomass
data are plotted on a log;o (x+1) scale for clarity. ..............oooiiiiiiiiiiiiiiiin.. 157

Figure 7.4. Mean (+ SE) values of disturbance variables significantly different at sites
where alien species were present (closed bars, n=28 sites) and absent (open bars, n=19
sites). Mann-Whitney test statistics (T) are given for each comparison; all were
significant at p<0.05 after correction for multiple comparisons using the Dunn-Sidak
procedure (Quinn and Keough, 2002). .........ciiiiiiiiiiiii 158

Figure 7.5. Relationships between alien species relative abundance (a) and relative
biomass (b) predicted by multiple regression models and the values observed at each
site. The disturbance variables used as predictors for each model are given in Table 3.
Dashed lines indicate hypothetical 1:1 relationships between predicted and observed
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