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Abstract

Southwestern Australia experiences a Mediterranean climate and its estuaries are at risk from
eutrophication because of a limited oceanic tidal range, constricted or barred ocean entrances,
shallow estuarine basins, extensive agricultural clearing and draining in catchments, fertilized
sandy coastal plain soils with limited phosphorus sorption capacity, large inland catchments with
little vegetative cover at the onset of winter rains and widespread erosion. Elevated nutrient and
sediment loads to southwest estuaries have caused disruption of ecosystem processes in some
estuaries including seagrass loss, macroalgal and phytoplankton nuisance, and anoxia. To
investigate estuarine heaith in the southwest, five sites in each of eight estuaries and five sites at
a marine reference location (45 sites), were investigated using a range of physical, chemical and
biological indicators. Water and sediment nutrient concentrations were determined at each site,
together with an assessment of the community structure of phytoplankton, and benthic macro-
invertebrates. Historical water quality information was evaluated to provide perspective. Despite
some past analytical uncertainty, there appears to have been a significant increase in median total
phosphorus concentrations in both the upper Swan (12 to 90 ug 1.-1), and Peel-Harvey estuaries
(15 to 70 ug L-1), from 1945 to 1995. Surface salinity transects in summer 1993 typified
classical, lagoonal and reverse estuaries, depending on basin morphology, marine contact and
runoff volumes. Summer N, P and chlorophyll a concentrations in estuarine waters were
correlated and were consistent with the extent of agricultural development particularly for sandy
coastal catchments. Phytoplankton species diversity (evenness) was inversely related to total cell
densities and estuarine nutrient status. Macro-invertebrate diversity (evenness) was inversely
related to abundance. The proportion of cyanophyte and dinoflagellate cells in phytoplankton
communities was high for some diverse pristine sites with low levels of chlorophyll a, low for
all sites with moderate levels of chlorophyll a, and high for some sites with high levels of
-chlorophyll a. The suite of environmental indicators evaluated here collectively provided a useful
indicator of estuarine health.

Introduction

Many estuaries in southwestern Australia have been experiencing symptoms of
eutrophication including increased frequency, intensity and duration of phytoplankton
blooms (Kinhill, 1988; Hosja and Deeley, 1993; Thompson and Hosja, 1996), nuisance
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accumulations of macroalgae (Lukatelich et al., 1987; Lavery et al., 1991; McComb and
Humphries, 1992; Hodgkin and Hamilton, 1993), a loss of seagrasses (D’ Adamo et al.,
1992; Walker and McComb, 1992), and benthic hypoxia and anoxia (Douglas et al.,
1996).

Few studies have estimated the mass flux of nutrients to southwest estuaries
(Rochford, 1951; Kinhill, 1988; Bott, 1993), and consequently it has been difficult to
draw conclusions about the onset and progression of eutrophication.

The Mediterranean climate experienced by southwestern Australia, results in highly
seasonal streamflow with considerable inter-annual variability. The coefficient of
variability (Cv) of annual runoff for the southwest (Cv > 0.5), is greater than that of
European (Cv = 0.28) and North American (Cv = 0.36) rivers (Finlayson and McMahon,
1988; Eyre, 1997), and the variability increases as annual rainfall decreases.

Time delays of years between increased nutrient inputs and the appearance of
symptoms of eutrophication (Hodgkin and Hamilton, 1993), together with seasonal
variability in runoff inputs and primary production in estuaries, makes it difficult to
establish causal links.

The difficulty of defining estuarine response to historical nutrient loadings and in
estimating permissible loadings, highlights the need for diagnostic indicators of estuarine
health. Environmental indicators of ecosystem disfunction need to be consistent with the
common symptoms of degradation (Roux et al., 1993), and to differentiate between the
presence, early onset or absence of stress-related impacts (Cairns Jr et al., 1993).

Characteristics ascribed to ecosystems under stress may include; increased circulation
of contaminants (Cairns Jr et al., 1993), reduced species richness and/or diversity
(Rapport, 1995a), reductions in the biotic size spectrum to favour smaller life forms
(Rapport, 1995b), simplification of food webs (Havens, 1994), increased primary
productivity (Amir and Hyman, 1993), increased dominance by undesirable exotic species
(Havens et al., 1996), increased prevalence of disease (Cairns Jr et al., 1993), or
morphological aberrations (Clarke, 1994; Tracy and Hough, 1995), and reduced
population stability (Keough and Quinn, 1991; Fairweather, 1993; Rapport, 1995b).

This paper reports on the first year of range-finding investigations into the health of
estuaries in southwestern Australia. Environmental indicators investigated included;
(1) time series of TP concentrations to quantify changes in the circulation of contaminants,
(ii) relationships between nutrients and chlorophyll a to assess the level of primary
productivity, (iii) assessment of species richness and diversity of key trophic groups in
impacted and pristine locations, and (iv) screening for the presence of potentially harmful
phytoplankton.

Materials and methods

To investigate estuarine health in the southwest, eight estuaries, and a marine reference
location were investigated (Table 1) using a range of physical, chemical and biological
indicators.
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Estuaries were chosen (Figure 1) from a region extending over 280,000 km? with a range
of annual rainfall from Broke Inlet exceeding 1,300 mm and areas of the Avon catchment
below 400 mm. Average annual evaporation ranged from 1,000 mm at Augusta at the
mouth of Hardy Inlet, to over 2,500 mm in areas of the Avon catchment.

Catchment clearing percentage ranged from 4% at Broke Inlet to more than 85% for
the large Swan Avon catchment. Estuarine types ranged from barrier estuaries with
engineered permanent openings on the west coast, to poorly flushed inlets and coastal
barrier lagoons on the south coast which close to the ocean much of the time.

Sampling strategy

Five sites were selected in each estuary (40 sites), from near the mouth, moving upstream
toward the upper reaches of the tidal influence. Sites generally followed the mid-line of
the estuary and were selected to have broadly consistent depths. In several instances, sites
were placed off the mid-line to avoid busy navigation channels or deep holes.

Avon River

Peel-Harvey Leschenault
Estvary Inlet

s ==
\m

Hardy

Inlet - ()

- Walpole- Wilson Oyster
Broke Nornalup Inlet Harbour
Inlet Inlet

Figure 1. Map showing each of the estuaries where 5 sampling sites were established (n=45).
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Five additional sites were selected at the marine reference location, Sandy Bay, which
were within a shallow coastal lagoon of <5 m protected from the prevailing swell by an
outer barrier reef. All 45 sites for this investigation had fine textured sediments, except
for Sandy Bay where soft sediments lay in depressions in the exposed reef pavement.

Marine charts and line drawings showing depth contours (Hodgkin and Clark, 1988;
Hodgkin and Clark, 1989), were digitized and the GIS package MAPINFO used to
provide catchment areas and estimates of estuarine volume and mean depth. Raw flow
data were provided by the State Water and Rivers Commission (WRC). Gap filled data
were available from the WRC from Busselton to Walpole. Normal hydrographic
procedures (Wanielista et al., 1997), were used to fill gaps in the daily flow record from
1985 to 1995 for rivers draining catchments of the Swan, Peel-Harvey, Leschenault,
Wilson, Oyster Harbour and Stokes Inlets and to compute annual totals (Table 1).

Water quality, sediment quality and biota were sampled using standard techniques
(Baker and Wolfe, 1987; APHA, 1992; Kramer et al., 1994).

Table 1. Description of each location where 5 sampling sites were established (n=45).

Location Areaopen Mean depth Mean annual Runoff Catchment % cleared
water (km?)  (m) runoff Mm3) C.va2 area (km2)
Sandy Bay® - 2.5 - - - -
Swan Estuary® 37.2 43 624 0.71 122,960 85
Peel-Harvey Estuary® 134.6 1.0 557 0.45 11,434 75
Leschenault Inlet 277 0.7 495 0.57 4,824 48
Hardy Inlet 12.7 1.1 749 0.70 22,702 75
Broke Inletd 43.6 2.0 166 0.43 918 4
Walpole-Nomalup Inlet  14.8 2.2 373 0.45 4,208 50
Wilson Inletd 50.4 22 175 0.47 2,309 60
Opyster Harbour 15.9 1.7 65 0.63 2,991 72

a(C.v. = coefficient of variation is the standard deviation expressed as a fraction of the mean (Muirden,
1995).

bSandy Bay is a nearshore marine reference location.

Significant volumes of freshwater have been diverted for potable or irrigation supplies.

dSeasonally closed estuaries.

Physical and chemical sampling. Salinity (conductivity), temperature and dissolved
oxygen were monitored at 0.5 m intervals using a calibrated YEOCAL 601 probe.

Samples analysed for TP from 1974 to the present (Henderson et al., 1983), were
digested using excess HCLO, or persulphate digests followed by colourimetry (Murphy
and Riley, 1962). Surface samples from 1945 to 1954 were analyzed for TP using limited
MgNO; which may have extracted only 50% of the particulate bound P (Jack, 1977).
This analytical uncertainty precluded compensatory adjustment.
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Surface and bottom waters were sampled at 45 sites in 1995 for bio-available P, BAP
(Oliver and Douglas, 1994; Robinson et al., 1994), TKN and TP using whirlpaks
(NASCO Pty Ltd). Samples were frozen for transport to laboratories. Known volumes
of samples were filtered (0.45um) and filters stored in Alfoil and frozen prior to
determination of chlorophyll a and other pigments by acetone extraction and colourimetry
(APHA, 1992). Filtered samples were analyzed for oxidised N by Cu-Cd reduction
followed by colorimetry (Technicon method 158-71W), and for NH;-N by forming
indophenol blue followed by colorimetry. Dissolved inorganic N, (DIN) which was
expressed as the sum of dissolved forms (NH;-N + NO,-N + NO;-N). Total N was
expressed as the sum of TKN and oxidized N (NO3-N + NO,-N). Analytical precision
(2s), was better than +£10% for each of TP, BAP, NO53-N, NH3-N and TKN.

Nine replicate samples of sediment from each site were cored (50 mm dia) sectioned
(0-2 cm, 2-10 cm) thoroughly mixed and sub-sampled. Particle size distribution was
determined following wet sieving. Organic matter content was measured as the
percentage loss on ignition (LOI) at 550°C.

Biological sampling. Phytoplankton were collected using integrated trawls from the
bottom to the surface with a 20 um net. Samples were immediately preserved with
Lugol’s solution. Standard microscope techniques (APHA, 1992), were used to
enumerate phytoplankton. This included appropriate dilutions and counting standard
numbers of graticule grids. More than 250 species of phytoplankton were identified by
experienced taxonomists.

Benthic macro-invertertebrates were sampled by a diver using SCUBA, and bulking
sediment from 4 replicate (150 cm dia x 100 cm), cores. Animals were collected after wet
sieving, and sorting fresh material on the day of sample collection. Macro-invertebrates
were preserved in 2% formalin for storage, prior to identification using standard
taxonomic keys.

Data analysis

Chemical and biological data were tested using the Kolmogorov test for normality and
skewed data transformed using the ladder of powers prior to statistical treatment.

Measures of biological community structure were derived including, species richness,
Shannon-Weiner diversity, and Pielou’s evenness.

Shannon-Weiner diversity H'=-Xp,logp; .1
where p; is the number of individuals of the ith species (Shannon and Weaver, 1949)
Pielous evenness r= H_ w2
log s

where s is the number of species in the sample (Pielou, 1975).

Correlations between physico-chemical variables and biological community structure
were derived using the BIOENV module of the PRIMER software package. The method
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was based on the construction of a dissimilarity matrix using the principal components
analysis (PCA) of physical chemical variables, and by obtaining a similarity matrix from
non-metric multi-dimensional scaling (MDS) of the biological variables, followed by
simple linear correlation between the two (dis) similarity matrices (Clarke and Ainsworth,
1993).

Transformed (log(n+1)) phytoplankton data were correlated to surface salinity, log
transformed DIN and log BAP. Transformed (4th root), benthic macro-invertebrate
community data were correlated to bottom salinity and dissolved oxygen saturation,
percent of sediments < 250 um, and % LOI 550°C.

Results

Total phosphorus (TP), concentrations in the upper reaches of the Swan estuary at
Sandringham are summarized in Figure 2. Median concentrations around 12 pg L1 from
1945 to 1955 increased to above 100 pg L1 from 1975 to 1985 and decreased in recent
years to around 30 pg L-1. A LOWESS smooth (Cleveland, 1985), fitted to the log
transformed series (Figure 2), shows the non-linear trend over time.

:

:

1t

45 50 55 60 65 70 75 80 85 90 95
Year

3 [l 1 A A I i 3 L L I

Total phosphorus (ugi-1)

Figure 2. Surface total phosphorus concentrations (ug 1) sampled from the Swan
River at Sandringham from 1945 to 1995 with Lowess smooth. (Note: log scale,
gaps in series where no monitoring occurred).

A similar pattern of TP concentrations has been observed from the centre of Peel Inlet
(Figure 3). Median TP concentrations of 15 pug L-! from 1945 to 1955, increased to over
80 pg L-1 from 1982 to 1992. There appears to have been a slight reduction in median
TP concentrations in the last five years.

There appears to have been a real increase in the concentration of TP in both the Swan
and Peel-Harvey estuaries since 1945. Gaps in the data record and inconsistent analytical
techniques add uncertainty. Adjusting data upwards for the period 194555, when
particulate P fractions may have been underestimated by up 50% would not greatly
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influence the magnitude of the observed trend. Peak concentrations exceeded 500 ug L1
for both estuaries in the 1980’s.

Typical summer salinities for estuarine categories are presented in Figure 4. The Swan
Estuary, Hardy Inlet and Oyster Harbour showed the normal pattern for estuaries where
salinity decreased upstream through residual runoff inputs from large inland rivers (Avon,
Blackwood and Kalgan Rivers).

The three lagoonal estuaries were well mixed vertically and horizontally, because of
wind-driven circulation patterns. Walpole-Nornalup Inlet has a narrow natural opening
and sand bars at the mouth of Wilson and Broke Inlets were closed at the time of
observation. The surface salinity in Peel-Harvey and Leschenault inlets showed a reverse
pattern with increasing salinity upstream. These two estuaries had limited exchange in
their upper reaches, and evapo-concentration produced salinities above marine levels.
One site at Leschenault Inlet was in the mouth of a river entering the basin from the side,
and had a lower salinity.

There was a non-linear relationship between TN and log chlorophyll a (Figure 5), and
TP and log chlorophyll a (Figure 6). Pristine sites at Sandy Bay and Broke Inlet had very
low levels of nutrients and chlorophyll a. Highly impacted sites in the Swan and Peel-
Harvey estuaries had very high nutrient and chlorophyll a concentrations.

Species richness of phytoplankton and benthic macro-invertebrate communities were
averaged for the five sites in each estuary (Figure 7). Patterns of species richness for the
two trophic groups were broadly consistent in most estuaries except the coloured south
coast estuaries (Broke, Walpole-Nomalup and Wilson Inlet). For phytoplankton, the
lowest species richness was in the Swan, Peel-Harvey and Walpole-Nornalup Inlets and
in Oyster Harbour. For benthic macro-invertebrates, higher values of species richness
were observed for pristine sites at Sandy Bay, and in Leschenault Inlet. Low species

T 1000+

o)

3

" 100 +

e~

2 101

a

n

o

£ 14

Q e p————t——————t——+
-o-g 45 50 55 60 65 70 75 80 85 90 95
- Year

Figure 3. Surface total phosphorus concentrations (ug L') sampled from the
centre of Peel Inlet from 1945 to 1995 with Lowess smooth. (Note: log scale, gaps
in series where no monitoring occurred)
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richness for benthic macro-invertebrates was observed for the Peel-Harvey system. It may
be expected that when averaging data for a transect of sites along an environmental
gradient, such as observed in classical and reverse estuaries (Figure 4), variability between
sites may be greater than when combining data from spatially more homogeneous
lagoonal estuaries. Standard deviation values (error bars in Figure 7) showed no
relationship between site variability and estuarine morphology (Figure 4).

Figure 4. Surface salinity and distance
40+ Normal estuaries from the ocean for a snap-shot taken in
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Figure 5. Relationship between log
surface chlorophyll a (ugl.-1) and 34 x
total nitrogen (TN) for a sample
collected from each site from January
and April 1995.
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Figure 6. Relationship between log
3 + x surface chlorophyll a (ugl.-1) and
total phosphorus (TP), for a sample
collected from each site from January
and April 1995.

.
{

Log chior-a (ugi-1)

0 100 200 300 400 500
TP (ugi1)

Figure 7. Average species richness

for phytoplankton and benthic macro- 6 H Phytoplankton
invertebrates observed for each estuary W Benthic macro-invertebrates
over summer 1995. Error bars are

standard errors.

Species richness

P15 3811%;
B B = 2 ©o o =t
w w 3 x:g
EERREEER
A 3 ©
$ 5
=

Diversity (evenness) of phytoplankton and benthic macro-invertebrates plotted against
normalized abundance (Figure 8), showed decreasing evenness with increasing total
individuals. The highest evenness was for pristine sites at Sandy Bay and in Broke Inlet,
and lower evenness was observed in estuaries with extensive agricultural development
and cleared coastal sands within their catchments.

Correlations between a similarity matrix for MDS of phytoplankton community data
and a dissimilarity matrix from PCA of chemical data for 45 estuarine sites are
summarized in Table 2. Chemical variables thought to influence phytoplankton
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distribution included surface salinity, log DIN and log BAP. Salinity was the most highly
correlated (r = 0.48), of the chemical variables, and DIN (r =—0.03), and BAP (r =-0.05),

were poorly correlated.

Table 2. Correlation between phytoplankton community structure and chemical data (Clarke and
Ainsworth, 1993).

Variable 2

Surface salinity 0.48
Log inorganic N -0.03
Log BAP -0.05
Surface salinity & log inorganic N 0.41
Surface salinity & log BAP 0.41
Log BAP & log inorganic N -0.04
Surface salinity, log BAP & log inorganic N 0.39

a Correlation coefficient harmonic weighted Spearman.

Correlations between benthic macro-invertebrate data and chemical and sediment
characteristics thought to influence the benthos were poor (r = <0.15), and are not
presented. Physico-chemical data tested included bottom salinity, bottom O, saturation,
percentage of sediment < 250 um, LOI 550°C. The best correlation was with bottom O,
saturation (r = (.14).

The percentage of cells of potentially harmful cyanophytes, and dinoflagellates,
showed a bimodal distribution when plotted against log chlorophyll a (Figure 9). The
proportion of cyanophyte and dinoflagellate cells in phytoplankton communities was high
for some diverse pristine sites with low levels of chlorophyll a, and low for all sites with
moderate levels of chlorophyll a. Sites with the highest levels of nutrients and chlorophyll
a also had significant agricultural development in the catchment, with a high proportion
of cleared sandy soils on coastal plain catchments. -

e

Discussion

The symptoms of eutrophication may appear some time after the onset of unacceptable
levels of nutrient input (Harris, 1994). There were large gaps in the TP series (Figures
2 and 3), when both estuaries appear to have undergone a transition in TP status. Without
accompanying chlorophyll a or other biological data, it is difficult to relate TP
concentrations to the onset of symptoms of eutrophication.

The data indicate that time series of TP concentrations can be used to assess changes
in contaminant cycling in estuaries which has been identified as a key indicator of
ecosystem health (Cairns Jr et al., 1993). A less fragmented series would be required to
statistically describe long term non-linear trends (Gilbert, 1987).
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Figure 8. Piclous’ evenness for
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The salinity data (Figure 4), show that estuaries may be grouped on the basis of their
basin morphology. Salinity differences in the three types of estuaries described may exert
a controlling influence (Table 2), over the distribution of biota (Baker and Wolfe, 1987).

As expected, concentrations of TN, TP and chlorophyll a were highly correlated.
During summer, a significant proportion of the total nutrients may occur as phyto-
plankton biomass (Thompson and Hosja, 1996), which may also control chlorophyll a
concentrations. Unimpacted sites had the lowest TN, TP and chlorophyll a concen-
trations, with the converse for highly impacted sites. ' N

These data suggest that a water quality snap-shot in summer may differentiate between
pristine and highly enriched sites (Figures 5 and 6), but clearly an improved understanding
of spatial and temporal heterogeneity of phytoplankton biomass would be required
(Harris, 1994), before these indicators had appropriate diagnostic precision (Cairns Jr et
al., 1993), for tasks other than broadscale regional impressions.

Impacted sites in the Swan and Peel-Harvey estuaries had reduced species richness,
and pristine marine sites at Sandy Bay had higher species richness (Figure 7). Patterns of
species richness for the two trophic groups were consistent at the two extremes of
disturbance, but less clear for the other estuaries. Clearly there is a range of factors
including salinity which may influence the distribution of organisms (McComb and
Humphries, 1992; Havens et al., 1996).
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The relationship between evenness and abundance (Figure 8), was consistent with
ecological theory that defined the evenness measure (Pielou, 1975). Highest evenness
was observed for pristine sites and the lowest for highly impacted sites which had greater
abundances of phytoplankton and benthic macro-invertebrates.

A data point for a particular site may not be fixed within the data clouds shown in
Figure 8, but may cycle around (Bunn, 1995), under the influence of seasonal cycles and
sampling bias resulting from limited monitoring of heterogeneous populations. A
degrading estuary may require years of observation using this sort of relationship before
longer term trends could be separated from short term noise.

Management of estuarine eutrophication may require trade-offs between diversity and
abundance of organisms (Rapport, 1995a). Measures of evenness and abundance have
arole in an estuarine indicator suite, but additional quantitative sampling would need to
confirm early impressions resulting from these range finding investigations.

The proportion of cyanophyte and dinoflagellate cells in phytoplankton communities
(Figure 9), may offer some diagnostic ability, but because of potential health implications,
and the degraded state of estuaries experiencing blooms, this measure may have limited
utility as an early warning indicator (Havens et al., 1996).
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Conclusions

There has been no consistent water quality monitoring program for rivers and estuaries
in the southwest of Australia needed to identify trends in the health of estuaries over
decades.

Historical TP data for Swan and Peel-Harvey estuaries suggest a long term increase
in contaminant cycling. Relating contaminant concentration to biological response in
estuaries would improve the diagnostic precision of this indicator (Rapport, 1995a).

There were differences in nutrient concentrations and chlorophyll « in estuaries, and
differences in the evenness and abundance of biotic communities when comparing pristine
and impacted sites. More than simply reaffirming ecological norms, these relationships
may provide insights to possible longer term trajectories under greater or reduced nutrient
loadings.

All indicators investigated were instructive, but additional quantitative sampling is
required to better define their utility.
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