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Dynamic, integrated and complex processes dominate nearshore marine ecosystems.
Industrial, agricultural and population growth delivers pollution and excess nutrient and sediment loads to
nearshore marine zones. Climate change also poses serious threats to the delicate balance that exists
between and within marine ecosystem processes. Methods to monitor, characterise and model nearshore
marine systems have been developed to predict responses to changes in the physical, chemical and
biological parameters that constitute elements of a model. Such models are useful to management
authorities as they provide a tool to mitigate adverse impacts to marine ecosystems. Phytoplankton
community structure provides a sensitive early warning for change to marine ecosystems. It is also a vital
component of models derived to determine light attenuation and requirements for healthy seagrass and coral
habitats. The multifactorial physicochemical drivers of change to marine microalgae abundance and
community structure were investigated in Hervey Bay following two floods, a cyclone and destruction of
1000 km? of seagrass. A water quality gradient from point sources to offshore sites was identified.
Correlations between chlorophyll a (Chl a) and both soluble reactive phosphate (SRP) and total suspended
solids was revealed. Diatoms dominated the phytoplankton community structure with seasonal and site
differences detected amongst 150 phytoplankton species. Chl a, Secchi depth, SRP and pH maximised the
rank correlation with phytoplankton assemblage structure (p = 0.63) to best ‘explain’ the link between
water quality and phytoplankton (BIOENV). Indicator species include Cylindrotheca closterium for the
nearshore degraded sites and Rhizosolenia sp. and Guinardia sp. (G. flaccida and G. striatula) for the
offshore more pristine habitats. Following the flood in February 1995, Cylindrotheca closterium,
Pseudonitzschia sp. and Skeletonema costatum bloomed at Pulgul Creek (a treated sewage effluent site),
and Thalassionema frauenfeldii, Cerataulina bicornis and dinoflagellates bloomed at the mouth of the
Mary River (agricultural runoff). Discharge-driven flood impact and trigger values were analysed to assist
management authorities in their decision making around potential seafood biotoxin problems associated
with harmful algal blooms (HAB’s). Results highlight the importance of species determination rather than
Chl a assessment when evaluating the health of an ecosystem. Spring blooms of Trichodesium sp. indicate
an additional nutrient source during high traffic of commercial whale watching vessels. Flood impacts
highlight the need to schedule dredging, construction and other land management and development
activities outside of flood periods. Commercial fishing and swimming should be avoided following a flood
due to the health risks associated with toxic phytoplankton species (HAB’s) and for the health and safety of
swimmers, consumers and other aquatic species. Future research to replicate this study in Hervey Bay and
in other estuaries holds much value to further explore the phytoplankton species identified as bio-indicators
of ecosystem health in the present study. Research yet to be published, addresses the links between water
quality and seagrass epiphytes, light attenuation and the habitat requirements of seagrass in Hervey Bay.

Biodiversity, chlorophyll a (Chl a), eutrophication, Hervey Bay, phytoplankton, water
quality, seagrass
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1.1 GENERAL OVERVIEW

Baseline water quality data is fundamental to understanding
the influence of coastal processes on the health of near-
shore marine systems. The lack of knowledge on the biota
that support maritime, recreational and commercial activity
in Hervey Bay is a concern that prompted biodiversity
surveys but not exploration of the processes that underpin
biodiversity in the region. Phytoplankton mediates
atmospheric and aquatic processes in marine and freshwater
ecosystems by sequestering atmospheric carbon dioxide
(CO.) to become a food source itself. Anthropogenic
activity and excess nutrient input into estuaries and
nearshore zones, promotes coastal eutrophication. Offshore
activities such as overfishing, influence nutrient cycling
which in turn, results in decreased oceanic phytoplankton.
These changes signal phytoplankton redistribution in
response to anthropogenic activity [12,14]. Identification of
eutrophication precursors and phytoplankton species that
indicate habitat health is paramount. This study investigates
links between water quality parameters and phytoplankton
community structure to identify the drivers of ecological
change within these systems and models the phytoplankton
community response to multifactorial physicochemical
water quality parameters (see section 1.4 for specific and
more detailed study aims). Changes in phytoplankton
communities provide a sensitive early warning for climate-
driven change. Links to catchment activity and climate
change are investigated throughout the study.

1.2 ECOSYSTEM AND ECONOMY

The human and ecological value of near and offshore
coastal zones is related to our knowledge, perception and
understanding of the diversity and ecology of the marine
life that resides in these areas. The local economy of many
coastal areas is based on tourism, recreational activities and
fishing industries that rely either directly or indirectly on
the health and ecological balance of marine environments.
When change in water quality and/or biodiversity occur as a
result of catchment practises or natural phenomena, adverse
effects may occur that upset the balance of marine
ecosystems, which in turn affect the local economy.

An example of ecosystem imbalance occurred in Hervey
Bay in 1992 when the environmental health suffered
significantly as a consequence of flooding from the Mary
and Burrum Rivers, followed three weeks later by cyclone
Fran. The major impacts came as a consequence of high
energy waves, swells and currents with the potential to
uproot or bury seagrass, and storm water runoff reducing
salinity and increasing both turbidity and nutrient loads [1].
In addition, output from a damaged sewage treatment plant
on the Mary River resulted in 1.05 ML of untreated effluent
per day being discharged into the river for twelve days. In
the following months, Hervey Bay experienced the loss of
more than 1,000 km? of seagrass meadows and the
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displacement, and some mortality, of an estimated 1,650
dugongs [1]. The damage to the seagrass, that also
functions as a nursery ground for juvenile fish and prawns,
was subsequently reflected in the low commercial fish
catches.

1.3 NUTRIENTS, EUTROPHICATION AND HARMFUL
ALGAL BLOOMS (HAB’s)

Estuarine environments are ranked among Australia’s most
valuable natural resources for the importance of their
ecological processes and economic opportunity [2]. The
most conspicuous effects of increased runoff as a result of
human activity includes floods [3] and waste water
discharge, increased turbidity, nutrient inputs and
eutrophication [4,5], phytoplankton blooms [6] and
increased epiphytic algal populations which may alter
marine community structure and biodiversity [7] and reduce
light availability in the water column required by seagrass,
coral and other benthic organisms.

Eutrophication is a national and international problem
that can lead to (HAB’s), shellfish contamination, fish Kills
and prolonged closures of fisheries and aquaculture
operations. The impacts affect human health directly by
causing skin rashes [13] and indirectly by causing
Ciguatera poisoning via the food supply [36]. Blooms may
significantly decrease light penetration to benthic
communities through enhanced turbidity as well as
promoting growth of algal epiphytes on seagrass, coral and
other sub-aquatic vegetation and substrates [8].

During the past four decades human health effects,
economic consequences and biodiversity impacts of HAB’s
have increased in frequency, intensity and geographical
distribution [9]. Many events have been documented which
cause mortality in a wide range of marine biota, including
valuable commercial fishery and ecotourism species [10].
Coral reefs also are negatively impacted at a distance as a
consequence of nutrient enrichment in the coastal zone that
increases phytoplankton concentration and stress to coral
reef systems [11]. Globally however, with consideration
given to open ocean, phytoplankton concentration has
declined over the past century [12].

Nutrient enrichment and eutrophication stimulate the
growth of phytoplankton and epiphytic algae to reduce the
light available to benthic organisms [13]. Nutrients derived
from fertiliser or sewage promote the growth of different
phytoplankton species [14]. When light attenuation changes
significantly, the effects cascade throughout an ecosystem
[15] and affect the survival and growth of coral reefs,
seagrass, juvenile fish and prawns and other benthic
organisms [16]. Threatened and endangered species such as
dugongs, dolphins, humpback whales and turtles are coastal
inhabitants that rely on the healthy waterways of Hervey
Bay. Recreational and commercial fishing activities, linked
to a growing tourism industry, are also affected by
estuarine, coastal marine and offshore marine dynamics, as
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is the recreational diving industry which makes use of
similar areas.

Local community, industry and councils rely on many
marine habitats. The interrelationships between local
economy and ecology affect the balance and health of the
marine ecosystem and understanding them is vital to their
effective management and sustainable human use.
Monitoring water quality is required to first, establish
baseline levels for key parameters, second, to detect
changes in physical, chemical and biological data that may
be used as indicators in a particular ecosystem and third, to
develop models as a tool for management authorities to use
to balance complex marine ecosystem processes. Baseline
water quality data is also fundamental to understanding the
influence of coastal processes on the health of near-shore
marine systems and to detect potential effects of climate
change.

1.4 POLLUTION AND HARMFUL ALGAL BLOOMS IN
HERVEY BAY

Hervey Bay lies on a latitude that borders sub-tropical and
temperate zones. While Hervey Bay promotes great
diversity among plant/algae and animal groups, it is a zone
that has been the focus of little research, given the
predominant interest of the hard coral areas of the tropics
[17] and the macro algae dominated communities of
temperate areas [18]. Nevertheless, this intermediate zone
supports a growing tourism industry with several fishing
charters, a multimillion-dollar whale watching industry, an
artificial reef and a marine park.

The environmental study of Eli Creek in 1987 and 1988
[19] revealed E. coli levels greater than 800 organisms/mL
up to 2.0 km from the creek mouth (levels that ‘almost
guarantee the presence of dangerous pathogenic bacteria’);
sediments and bottom water tainted with a ‘wastewater’
odour; phosphorous levels that exceed the criteria
recommended by the Australian Environment Council in
1987 of 0.5 ug/L of total phosphorous, for the recreational
use of a waterway and the potential to stimulate algal
growth and cause phytoplankton blooms; and a Secchi
depth of 0.3m. The authors of that study as well as others
[20, 21, 22] suggest that nitrogen rather than phosphorous
may be the limiting factor for algal or plant growth. It was
recently identified in Chesapeake Bay that long-term
reductions in nitrogen load led to expanded areas with
nutrient limited phytoplankton [22]. The use of Equilibrium
Resource Competition theory may be useful for managing
the global increase of toxic algal blooms [23]. Water
quality index is also a well-supported method of
determining the health of a waterway [24].

At the time of the present study, many dugongs suffered
mortality due to the loss of habitat and food source. An
autopsy performed by a veterinarian from the Queensland
Government Department of Primary Industries and
Fisheries (Dr. Bruce Hill, pers. comm.) revealed invasion
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by a parasitic protozoan, Cryptosporidium. This parasite is
rarely found in the marine environment, is usually restricted
to terrestrial animals, birds and fresh to brackish water
organisms [25]. Cryptosporidium is spread orally and has
been associated with sewage outfalls. The increased
carrying capacity of some whale watching vessels from 45
to 300 and the consequent increased discharge of untreated
effluent in the bay was noted.

The aims of this study are to:

e establish a baseline water quality data set for the
Hervey Bay region. This was the first time an
extensive section of the coastline extending from
the mouth of the Mary River in the northern part of
The Great Sandy Strait to 20 km into the southern
section of Hervey Bay had been monitored
intensively (usually monthly and on occasion three
times per month).

e identify changes in water quality with distance
from a river and creeks with waste water treatment
discharge

e determine monthly and seasonal changes in
phytoplankton assemblage structure

e assess links between key water quality parameters
and phytoplankton load and community structure

The data was collected between 1993 and 1995, and
processed in 2009. Early reports to the Hervey Bay City
Council in 1995 inspired a substantial upgrade to the
sewerage treatment facilities to avoid future effluent
discharge into Eli and Pulgul Creeks. Instead, the treated
water could be used on market gardens and golf courses.

Trigger values and water quality targets remain identified
as a current research need that has still not been addressed
for Hervey Bay and similar regions. Therefore, water
quality and its link to phytoplankton abundance and
diversity continues to be a research priority in the critical
area of coastal management in environmentally sensitive
regions.

A description of the survey area and sampling strategy are
followed by the methods and statistical analyses used to
assess water quality and phytoplankton diversity.

2.1 SAMPLING AREA AND STRATEGY

Between January and December 1993, a pilot water quality
monitoring program surveyed 30 sites with sampling
frequencies that ranged from once to 15 times during the
year (figure 1). From examination of results plotted onto an
aerial map and with consideration of distances from river
and creek mouths and current and tidal knowledge, nine
sites were selected for more vigorous assessment during
1994 (figure 2). Fortnightly surveys were conducted
between January 1994 and February 1995 with some
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consideration of inclement weather, a total of 25 data sets
were collected.

The decision to reduce the number of survey sites in 1994
was based on four factors. First, the major sources of
nutrients entering Hervey Bay (i.e. the Mary River, Eli
Creek and Pulgul Creek); second, knowledge that the
Hervey Bay City Council was aware of the situation at Eli
Creek [19] and had made a commitment to act on available
data; third, knowledge of access to water quality data
collected by the Department of Primary Industries Water
Resources at local creeks and rivers and fourth, the need to
select sites with low fluctuations in salinity.

Investigation of potential links between nutrient
concentration and phytoplankton assemblage structure was
the priority, so there was a need to reduce other known
causes of variation as much as possible. In addition, it was
considered important to acknowledge and characterise the
identified critical habitats for Hervey Bay that support
regional conservation by selecting survey sites within these
habitats; intertidal, shallow and deep water seagrass sites
were selected as they provide the main dietary source for
dugongs and turtles; the Artificial Reef was selected as a
diving destination and coral habitat and the areas offshore
and at Coongal Point were selected as areas frequented by
humpback whales. Coongal Point would also act as a depth
control for Pulgul Creek and reflect seasonal changes of
freshwater input into Hervey Bay from Coongal Creek on
Fraser Island.

2.2 PHYSICO-CHEMICAL PARAMETERS

Depth profiles of temperature, pH, dissolved oxygen and
salinity at 1-meter intervals over the full depth of the water
column were obtained using a Scout® Hydrolab
Transmitter and logged to a laptop computer for later
analysis. Sensors were calibrated before and after each field
survey. Conductivity and pH were calibrated with standard
solutions, while the oxygen sensor was calibrated using the
atmospheric pressure method. Optical depth, or Secchi
depth, was measured by a standard Secchi disc and
recorded to the nearest 0.1 m. Surface current speed and
direction were measured with a survey boat at anchor by
timing a buoyant object transit over a 10m length. Wind
speed and direction, sea state, visibility and percentage
cloud cover were recorded at each site.

Water samples for Chl a analyses were collected from a
depth of 0.5m below the surface and filtered on board
through Whatman GF/C filters (median retention 0.7 pum).
Each sample consisted of three subsamples collected within
five minutes and combined to form one sample. Filters
were drawn dry, folded, excess water removed by blotting
with clean tissue, frozen immediately on dry ice and stored
in darkness for analysis following the methods of
Strickland and Parsons [34]. Filtration varied from 0.5L at
Pulgul Creek (site 10) to 5L at the Outer Banks (site 18).
Size fractionation of Chl a was determined by repeating the
filtration procedure on separate samples using Whatman
No. 4 filters (median retention 20 pm).
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Samples for nutrient analysis were collected at 0.5 m
depth in 120 mL polypropylene containers pre-washed with
phosphate free detergent, rinsed 5 times in reverse osmosis
(RO) water, 3 times in MilliQ water and triple rinsed in
seawater. Samples were either filtered through Sartorious
(0.45 pm) filters, pre-washed GF/C filtered or unfiltered, to
compare collection methods. Duplicate and depth samples
were taken at some sites to assess sampling and depth
variation. Blanks were included in each analysis to confirm
sampling and analytical techniques. Samples were frozen
immediately on dry ice for analysis of SRP, NOy and
ammonia (NH,*) at the Government Chemical
Laboratories.

Water clarity was assessed by measuring total suspended
solids (TSS), turbidity and standard Secchi depth. A 4L
sample consisting of 4 x 500 mL sub-samples from a depth
of 500mm was stored in darkness for subsequent laboratory
analysis. The sub-samples were combined into one sample
and mixed before filtration through a pre-dried and weighed
Whatman GF/C filter. Filters were dried to constant weight
at 106°C and reweighed after cooling in a desiccator and
TSS recorded as mg/L. Turbidity readings were measured
using a Hach turbidimeter (model 2100A) in nephelometric
turbidity units (NTU). The Secchi depth was recorded when
the disc disappears from view at the surface of the water to
indicate the point at which reflectance equals the intensity
of light backscattered from the water. Position fixing of
survey sites was achieved using a hand-held compass with
reference to buoys and land marks.

2.3 IDENTIFICATION AND
PHYTOPLANKTON
Unfiltered 250mL water samples collected from a depth of
0.5m were preserved with acidified Lugol’s solution and
stored at 4° C for later microscopic analysis. Each sample
consisted of three subsamples collected within five minutes
and combined to form one sample. Concentration of
samples was required and accomplished by centrifuging
samples at low speed of 3,500 rpm for 10 minutes
[27,32,33]. The low-speed process ensured that delicate
species remained intact with the advantages of reduced
processing time, reduced storage volume (250mL
concentrated to 2mL) and more efficient cell count.
Samples were enumerated using a light microscope to view
0.05mL of supernatant on an English Finder (ruling with
900 numbered squares) under a large glass cover slip.
Identifications to genus level, and in some cases to species
level, were possible at between 100x and 400x
magnification. ldentification was performed according to
the identification keys in  ‘Identifying  Marine
Phytoplankton” [35] as well as other publications on
specific genus [36,32,37]. At least 100 cells of each sample
were counted, which gave 95% confidence intervals within
+ 20% of the mean [38]. Counts were then extrapolated to
provide concentrations per mL (cells/mL). A photographic
identification catalogue of phytoplankton species in Hervey
Bay was compiled.

ENUMERATIUON  OF
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2.4 STATISTICAL ANALYSES

Monthly mean and standard deviations values, seasonal
summaries, and maximum and minimum values were
calculated for all physico-chemical data from the 1993,
1994 and 1995 surveys. Following appropriate data
transformations [30], draftsmen plots were constructed
using PRIMER (Plymouth Routines In Multivariate
Ecological Research) by Clarke and Gorley [31] to reveal
prominent correlations between key water quality
parameters. Version (v5.0) was used for the following
statistical analyses and although v7.0 is currently available,
v5.0 is powerful, valid and effective.
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Figure 1: Sites surveyed in 1993 in Hervey Bay and the Great Sandy
Straits (site details for depth, distance to nutrient source, annual mean,
standard deviation and N values for water quality parameters are
presented in Appendix A). 1994 surveys — red and white numbers

Principle component analyses (PCA) were performed to
construct a two-dimensional profile of survey sites that best
represent their geographical separation on the basis of
water/environmental/habitat quality and health status.
Bubble plots were constructed to visualise the location of
survey sites with relation to key univariate environmental
measures. The results of this ordination technique were
used to select four sites upon which the phytoplankton
species assemblage analyses were performed. Rainfall data
was summarised and plotted as monthly mean values for
each catchment area and for the catchment as a whole.

Monthly phytoplankton data for 1994 and 1995 were
logged and the cell density (cells/mL) calculated for each
month for each of the nine sites. Univariate diversity
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indices of species richness (S), Margalef’s Index (d),
Pielou’s evenness index (J’), Shannon diversity (H’) and
Simpson’s index (1-A) were calculated, summarised and
assessed in relation to rainfall, physico-chemical water
parameters, algal blooms and anomalies. S and H’ were
selected to best represent the changes identified in the data
to produce the most meaningful and comprehensive
interpretation of the results.

16
Fraser Island

Kingfisher Bay

35

Mary River
L

Figure 2: Survey sites for 1994 in Hervey Bay and the Great Sandy
Straits (site details for depth, distance to nutrient source, annual mean,
standard deviation and N values for water quality parameters, are
presented in appendix B). Two nearshore and two offshore sites (red
numbers).

The PRIMER software package was used to test
hypotheses about multivariate  differences among
assemblages of phytoplankton at four sites: two near shore
and two offshore. Hierarchical agglomerative clustering and
non-metric  multidimensional scaling (nMDS) were
performed on a monthly and seasonal basis to determine the
dominant  links  between the  physico-chemical
characteristics of water quality and biodiversity in the
phytoplankton assemblages.

The BIOENV program in PRIMER matches biotic to
environmental variables by rank correlation of
(dis)similarity matrices. The ANOSIM2 test for a two-way
crossed analysis with no replication was used to establish
patterns of phytoplankton species composition between
sites and between times (monthly and seasonal analyses). In
order to identify which species primarily account for the
observed assemblage differences between sites, the overall
percentage contribution each species makes to the average
dissimilarity between two groups was assessed using the
SIMPER routine in PRIMER. This analysis determines
species which are typical of a group, in that they are found
in consistent abundance in most samples. The same species
can often act as good discriminators between groups and
therefore become indicator species for a particular habitat
type or indicative for the status of environmental health at a
particular site.

Differences in water quality parameters between near and
offshore zones were tested by three-factor analysis of
variance (ANOVA) using GMAVS5 [28]. Treatment (four
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levels; season) was orthogonal and fixed, zones (two levels;
near shore and offshore) were orthogonal and fixed and
sites (two levels) were orthogonal and random with four
replicates for each site. Data were examined for
heterogeneity of variances using Cochran’s test and means
were compared by Student-Newman-Keuls (SNK) tests
with transformations log(x+1) required [39,40].
Phytoplankton species shown to be indicators and
discriminators of sites within near and offshore zones using
multivariate analyses SIMPER in PRIMER, were tested for
significance by using the three-factor ANOVA seasonally
for two sites, within two zones, each with three replicates.

The results of the water quality analyses and rainfall will be
presented first followed by the phytoplankton assessment.
A comparison between the water quality parameters of a
dry February in 1994 and post flood February in 1995 is
provided together with the species abundance and
biodiversity comparison. Current ‘trigger values’ are then
evaluated in light of the current research results.

3.1 PHYSICAL AND CHEMICAL FACTORS

The focus of this study was to identify water quality
parameters linked to changes in phytoplankton assemblage
structure. Nine sites were selected for monitoring in 1994
and were restricted to marine areas in order to reduce the
effect of gross changes of salinity that may influence
phytoplankton assemblage structure [41]. Annual mean and
standard deviation values for all parameters are presented in
Appendix A (1993) and Appendix B (1994). N values are
presented in Appendix C. Annual mean and standard
deviation values for some of the physico-chemical water
quality parameters assessed in 1993 are presented
graphically in Appendix D.

Average monthly values for local rainfall (A), Chl a (B),
SRP (C) and TSS (D) for the Artificial Reef (site 2), Pulgul
Creek (site 10), the S2 Buoy (site 16) and the Mary River
mouth (site 35) in 1994 are presented in figure 4. The
number of sites presented is reduced to four (two near shore
and two offshore) to coincide with sites assessed for
phytoplankton species assemblage structure. In addition,
standard deviation values are presented in Appendix E in
preference to graphical presentation to reduce cluttering on
graphs.

3.2 RAINFALL AND LINKS TO WATER QUALITY
Monthly rainfall for the catchment is plotted in figure 3(A)
and incorporates readings for Pialba, Urangan,
Maryborough, Burrum, Howard, Torbanlea and Gympie.
The rainfall for local areas is presented in figure 3(B) and
plots readings for Urangan and Maryborough in 1994. The
comparison shows clearly the difference between
catchment and local rainfall.

The trend in peaks for water quality parameters coincides
generally with local rainfall. The values measured for all
water quality parameters at near shore sites (site 10; Pulgul
Creek and site 35; Mary River mouth) are higher than for
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offshore sites (site 2; Artificial Reef and site 16) to indicate
a water quality gradient. An exception to this trend is in
October at Pulgul Creek (site 10) when an increase in Chl a
(from 0.86+0.06 to 2.0+0.15ug/L) coincides with a
decrease in SRP concentration (from 8.54+8.32ug/L to
3.0x0pg/L). Conversely, the Mary River mouth (site 35)
experienced a slight increase in SRP in October and a
decrease in Chl a. The offshore sites (site 2; Artificial Reef
and site 16; S2 Buoy) experienced an increase in both SRP
and Chl a between September and October.

3.3 WATER QUALITY GRADIENT AND SEASONAL
TRENDS

Results of the cluster analysis performed on seasonally
averaged water quality data for each site are presented in
figure 5. The dendrogram shows clearly a seasonal
separation of survey sites on the basis of water quality and
within this seasonal separation, similarity of near shore sites
(site 2; Artificial Reef and site 16; S2 Buoy) in summer,
autumn and spring. Sites 16 and 35 (Mary River) appear
more similar in winter however, site 35 is more similar to
site 10 (Pulgul Creek) on the basis of water quality in
autumn and spring. Site 10 is far removed from all sites for
the summer water quality assessment.
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Figure 3: Monthly rainfall (mm) for (A) the catchment area in 1993, 1994
and 1995 and (B) local region (Maryborough and Urangan) in 1994.

Low rainfall in June coincided with low TSS
measurements at all sites followed by increased rainfall in
July and associated increase in all TSS measurements.
Rainfall is also well reflected in the SRP and to a lesser
degree with Chl a concentration at near shore sites. Total
suspended solids (TSS, figure 4D) increased in March and
April at near shore sites following high rainfall in March
however, only a slight increase in rainfall for September
and October, produced increased measurements for all
parameters at near and offshore sites. Larger increases in
rainfall in July did not produce such an effect on the
offshore sites previously. This observation unlinks rainfall
from nutrient concentration and introduces another
potential source of nutrients to offshore sites. The
population of Hervey Bay increases dramatically between
August and October each year in response to commercial
whale watching, which in 1994, may have influenced
nutrient loading to the bay.

Appendix E presents a seasonal summary of the physico-
chemical parameters monitored at four of the nine sites
surveyed in 1994, The seasonal pattern of water quality
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trends between near and offshore sites led to the analyses of
phytoplankton assemblage structure on a seasonal basis.

The bubble overlay of Chl a on the principal component
analyses (PCA) of seasonal water quality in figure 6 shows
that Chl a concentration is a strong influence on the
arrangement of sites. This finding indicates a clear
geographical basis to the water quality gradient that exists
from near shore to offshore sites in Hervey Bay. The
grouping of offshore sites (site 2; Artificial Reef and site
16; S2 Buoy) in all seasons is noted together with the
clustering of near shore sites (site 10; Pulgul Creek and site
35; Mary River mouth) in autumn and winter. Pulgul Creek
(site 10) becomes more distant from the Mary River mouth
(site 35) in spring and is quite isolated in summer. This is
probably due to the extremely elevated Chl a (2.0 to 4.7
pg/L) and suspended sediment (20.6 to 22.4 mg/L)
concentrations from October to December. These peaks
coincide with trends in spring and summer rainfall. The
results of the PCA (figure 6) reflect closely those of the
cluster analysis in figure 5.
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Figure 4. Monthly average A local rainfall (mm) B Chl a (ug/L) C SRP
(ng/L) and D TSS (mg/L) for near shore (site 35; Mary River mouth and
site 10; Pulgul Creek) and offshore (site 2; Artificial Reef and site 16; S2
buoy) sites in 1994. To avoid cluttering, monthly, seasonal and annual
mean and standard deviation values are presented in Appendices B, E
and F.

The results of the three factor analyses of variance are
presented in table 2. Seasonal and zone differences were
significant for many of the water quality parameters
monitored in Hervey Bay during 1994. Water clarity
measures consistently showed significant differences
between near and offshore zones (Secchi depth; P<0.01,
turbidity; P<0.05 and TSS; P<0.01). Seasonal differences
were apparent at the near shore zone with a highly
significant difference between near and offshore zones in
summer, autumn and spring (P<0.01). There was no
difference in water clarity measures between near and
offshore zones in winter months. Water temperature was
significantly lower (P<0.01) in winter than for autumn and
spring which all recorded significantly lower temperatures
than summer (P < 0.05).

i1

There was no difference between the oxygen
concentration at near and offshore zones during summer
and winter months with the lowest oxygen conditions in the
water column in summer (P<0.05) and highest during the
winter months. Near shore sites experienced significantly
lower (P<0.01) oxygen conditions than offshore sites in
spring while offshore sites had lower (P<0.05) oxygen
conditions in autumn compared to near shore sites. The
near shore zone, with survey sites located close to river (site
35, Mary River) and creek mouths (site 10, Pulgul Creek),
produced higher SRP concentrations than for sites in the
offshore zone (P<0.05). NOyx concentrations were found to
be greater during summer months than for other times of
the year (P<0.01) and higher in near shore zones than
offshore (P<0.01). Chl a concentration was significantly
greater (P<0.01) at the near shore zone than for the offshore
zone while pH was consistently lower and therefore more
acidic near shore than for the offshore zone. ANOVA
results provides valuable support to the multivariate
analyses.

e S=summer

A=autumn
W=winter
Y Sp = spring
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Figure 5: Cluster analysis for seasonal water quality parameters in
Hervey Bay in 1994 (site 35; Mary River mouth, site 10; Pulgul Creek,
site 2; Artificial Reef, site 16; S2 buoy).

3.4 SEASONAL TRENDS IN PHYTOPLANKTON
DIVERSITY AND ASSEMBLAGE STRUCTURE

Figure 7 shows monthly phytoplankton cell density at each
site. Cell densities at the Mary River mouth (site 35) are
greater than other sites for most of the year however the Chl
a concentration (figure 4B) at Pulgul Creek (site 10) in
April, October, November and December are greater than
for the Mary River (site 35). Maximum cell density of 258
cells/mL occurred in March at the Mary River mouth (site
35) and corresponds to peaks in rainfall, Chl a, SRP and
TSS (figure 4A, 4B, 4C and 4D, respectively) however,
rainfall is not coincident with the peak cell density of 196
cells/mL in May. There were also slight increases in Chl a
at the Mary River mouth (site 35) and SRP concentrations
at Pulgul Creek (site 10) at this time (figure 4B and 4C).

A sharp increase in cell density occurred at the S2 Buoy
(site 16) in September to peak at 100 cells/mL in October
however the Chl a concentration did not mimic this trend.
This may be due to diatoms containing more Chl a than
Trichodesmium cells. Pulgul Creek (site 10) and the Mary
River mouth (site 35) saw a similar increase in cell density
as the S2 Buoy (site 16) in September but these remained
the same in October at Pulgul Creek (site 10) and dropped
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in October at the Mary River mouth (site 35). Pulgul Creek
(site 10) reached a maximum of 135 cells/mL in November
when the minimum rainfall occurred but then as cell density
decreased in December for this site, the Chl a increased to a
maximum of 4.7ug/L with a slight increase in rainfall. This
may indicate the presence of a larger diatom species or
species with more pigment per unit volume at this time.
Chlorophyta sp. dominated the cell counts for this month.

Table 1: Seasonal water quality summary for near (site 10; Pulgul Creek,
site 35; Mary River mouth) and offshore sites (site 2; Artificial Reef, site
16; S2 buoy) in 1994. Average (top) and standard deviation (below)
values are presented.

Chla | Secchi | SRP | NOx | NH#+ | Temp Salinity TSS | Turbidty
Season | Site | pg/l m g/l gl | pall °C pH ppt Oxygen | Mg/l NTU
Summer 2| 067 5.88 4.00 4.38 | 2913 | 27.55 8147 | 3730 6.94 204 110

019 0.18 0.00 124 12.90 0.81 0.06 0.00 0.19 0.07 061
Autumn 0.60 4.80 3.46 254 | 17.54 | 24.35 8.08 | 36.05 7.02 1.64 1.07
025 144 047 17 505 423 0.06 082 014 073 039
Winter 0.54 5471 2,00 1.00 6.50 | 18.50 | 7.90| 36.70 8.1 2N 145
0417 031 173 0.00 050 0.00 0.00 0.00 0.00 m 0.10
Spring 0.72 3.83 267 1.00 5.75 | 2333 | 7.99| 3730 155 244 1.83
019 074 126 0.00 0.66 282 003 141 027 1.09 132
Summer | 10 | 262 1.40 5.50 300 | 1950 | 26.04 | 8.01| 3870 6.07 12.01 458
2389 0.00 212 283 6.36 0.00 0.00 000 0.00 1473 5.06
Autumn 1.38 0.80 183 733 | 2261 | 2348 | 7.99| 3485 139 11.01 5371
0.56 044 325 503 9.06 434 012 247 109 922 401
Winter 053 1.40 | 1017 2.83 9.42 | 17.53 | 7.92| 36.38 7.94 1.97 1.63
005 017 436 076 an 058 007 004 089 07 031
Spring 1.59 123 6.35 375 | 1135| 2353 | 7.95| 3797 6.91 14.12 1.07
063 021 284 246 553 2.68 0.05 116 055 913 5.16
Summer | 16 | 0.31 6.68 4.25 540 | 5213 | 2744 | 8.12| 37.00 6.75 1.20 0.98
005 166 0.00 0.00 2033 0.84 0.06 021 057 0.26 055
Autumn 0.39 5.81 3.25 175 | 13.83 | 2295 | 7.99 | 36.35 7.10 1.28 0.91
0.02 0.62 035 1.06 872 248 0.08 082 0.14 0.20 0.04
Winter 0.35 4.80 267 1.00 6.17 | 17.55 | 7.93| 36.80 8.1 1.38 119
0.08 145 153 0.00 052 0.02 0.07 0.00 0.23 0.44 0.13
Spring 0.61 4.58 275 1.00 8.17 | 23.05 | 7.96| 37.55 139 3.07 1.97
047 0.84 0.25 0.00 247 2.09 0.10 0.87 0.15 147 0.90
Summer | 35| 1.50 225 13.88 238 | 15.88 | 21.55 812 | 36.83 6.60 5.90 233
07 021 1397 194 265 112 0.06 0.04 0.18 0.50 0.74
Autumn 1.59 236 8.00 [ 1597 | 13.89 | 24.52 8.01| 3220 112 5.49 3.00
106 058 520 2514 410 29 005 627 067 351 120
Winter 017 3.10 5.83 133 6.67 | 17.81 7.93 | 35.60 8.19 413 2.09
020 090 14 058 076 005 004 000 041 203 056
Spring 1.04 1.70 511 217 8.17 | 2428 | 7.93| 3697 7.09 10.10 4.90
0.27 0.00 0.76 161 340 229 0.10 140 0.53 445 1.00

Initial assessment for phytoplankton counts and species
diversity was conducted for nine sites during 1994 however
detailed analyses of assemblage structure and links to water
quality was assessed at four sites — two near shore sites at
the Mary River (site 35) and Pulgul Creek (site 10) and two
sites following the water quality gradient offshore into the
bay: The Artificial Reef (site 2) and the S2 Buoy (site 16).
Considering all nine sites, figure 8A shows that the species
richness for the near and offshore sites, where greater
seasonal changes were observed than for the species
richness of intermediate sites presented in figure 8B.

Agglomerative hierarchical cluster analysis performed on
the seasonal phytoplankton assemblages is represented in
the dendrogram illustrated in figure 9. This shows a
seasonal component to the phytoplankton assemblage
structure for each site with seasonal groupings of near and
offshore sites. Some similarities are noted with the
geographical location of sites to the cluster dendrogram for
water quality parameters (figure 5) where the summer
assemblage for Pulgul Creek (site 10) is well removed from
the other sites. Also, the winter assemblages for the Mary
River mouth (site 35), the Artificial Reef (site 2) and the S2
Buoy (site 16) are grouped in the same pattern as they are
for water quality (figure 5).
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Figure 6: Principal component analysis (PCA) plot for 1994 seasonal
water quality parameters presented in table 3-2 with bubble overlay of
Chl a (ug/L) values (site 35; Mary River mouth, site 10; Pulgul Creek, site
2; Artificial Reef; site 16; S2 Buoy).

Margalef’s species richness and Pielou’s evenness values
calculated for each site with increasing distance from
nutrient sources (Appendix G) support species richness data
(figure 8). Phytoplankton assemblages displayed similar
seasonal trends at each site for evenness but the S2 Buoy
(site 16) showed more extreme seasonal changes in species
richness than the near shore sites. This offshore site showed
maximum diversity and evenness in summer and winter
with minimum diversity and evenness in autumn and
spring. The sites closer to shore experienced minimum
diversity in summer with a maximum and relatively
consistent diversity in autumn, winter and spring. A
summary of mean and standard deviation values for
seasonal phytoplankton species diversity is presented in
Appendix H.

Non-parametric multi-dimensional scaling (nMDS) of
seasonal phytoplankton assemblages at the two nearshore
and two offshore sites shows that site differences are
apparent (figure 10, stress 0.17) within the seasonal
assessment. The nMDS shows that summer and winter
assemblages for Pulgul Creek (site 10) are distant and
therefore quite distinct in structure from the Artificial Reef
(site 2), the S2 buoy (site 16) and the Mary River mouth
(site 35). Winter assemblages for the Artificial Reef (site 2),
the S2 buoy (site 16) and the Mary River mouth (site 35)
are clustered to indicate similarity but in summer, the
assemblages for these sites are more distinct. In autumn, the
sites are evenly spaced with the assemblages for the
Artificial Reef (site 2) and the S2 buoy (site 16) being
further from those at Pulgul Creek (site 10) and the Mary
River mouth (site 35). In spring, the assemblages at
offshore sites were more similar than the near shore site
assemblages. The nMDS pattern for phytoplankton
assemblage structure (figure 10) is similar to the PCA
pattern for water quality (figure 6). This similarity shows
that the geographical separation of sites with distance from
nutrient and sediment sources of rivers, creeks, sewerage
effluent discharge points and general land runoff including
storm water, is reflected in the changes to water quality and
hence, phytoplankton community structure. The results of
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the multivariate dispersion analysis MVDISP support the
nMDS findings.

Table 2: Summary of three factor analyses of variance for selected
water quality parameters in Hervey Bay in 1994 (n = 4). F-ratios in bold
calculated after post-hoc pooling at P > 0.25 (Winer et al., 1991). Data
were examined for heterogeneity of variance using Cochran’s C-test
and were transformed to log(x+1) before analysis (Underwood 1981,

1997); *significant at P < 0.05, ** P < 0.01.

Secchi Depth
C=022

Turbidity
C=0.76

TSS

Cc=0.13

Source of variation
Season

Zone

Site

SexZo

Sex 81

Zox Si
SexZoxSi
Residual

oL

.

B ww e e w

MS
241
21948
0.88
278
0.86
1693
0.34
15

13 L’”
022

MS
089
930
0.29
0.77
052
086
0.08
018

F
172
10.79
1.62
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2.91*
4.85*

Ms
122
3.80
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1.23
042
054

SRP

C=0.16

NOx

c=022

Source of variation
Season
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Sex Si

ZoxSi

SexZox Si
Residual
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E-J TRV Y

034
77
015
033
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015

1.82
648.89*
1.00
2
129
0.08

MS
181
243
094
033
o1
129
039
024

F
16.29%
9.14*

352

125

042

0.13
1.80
015
0.10
0.04
0.08
001
0.07

pH
C€=028

Temperature
C=014

Oxygen
C. =010

Source of variation
Season

Zone

Site

SexZo

SexSi

Zox 81

Sex Zox Si
Residual

4,

3
3
1
1
3
3
1
3

4

8

Ms
0.0008
0.0007
0.0003
0.0001
0.0000
0.0000
0.0000
0.0001

F
53
7.00%
3.00
1.00
1.00

MS
036
0.002
0.02
0.003
001
0.00
001
007

F
46.34*
170.96*
198
0.67
1.03
0.00
0.64

Ms
0.05
0.003
0.006
0.002
0.005
0.0003
001

25.58%
0.05
028

20.45%
0.45
114
007

to 1.0% respectively but made up to between 3.2% and
10% of the phytoplankton assemblage at The Artificial
Reef (site 2) and the S2 Buoy (site 16). Coccoliths peaked
at 5.6% in winter and phytoflagellates at 14.8% in summer
at site 10.

Annual mean values for each of the 150 phytoplankton
species identified in Hervey Bay were calculated for each
site to determine presence and absence information. The
species listed in table 4, in columns listed from left to right
represent; ‘presence only’: species found only at these sites;
‘absence only’: species not identified at this site but present
at all other sites in 1994; ‘gradient from site 35 and site 10’:
these species are found in higher abundances at sites 35 and
10 specifically, (i.e. river as a nutrient source or source
containing treated sewage effluent) than at sites further
offshore; ‘opposite gradient’: these phytoplankton species
were found in lower abundance near nutrient sources and in
higher abundance at offshore sites; ‘nutrient source’: this
species found at both river and creek nutrient sources: site
10 (Pulgul Creek) and site 35 (Mary River mouth).

Species Richness

Species Richness

The ANOSIM2 test for an unreplicated 2-way layout
(analysis of similarities without replication) operates on the
phytoplankton species similarity matrix (rank) to test for
differences between locations (sites) and times (seasons).
An average of all the pair-wise correlations of pav = 0.81
was calculated between the among-site similarity matrices
for each season. A significance level at P<0.001 was
determined by a Monte Carlo test with 999 simulations to
conclude significant site differences on the basis of
seasonal phytoplankton assemblages.
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Figure 7: Monthly phytoplankton cell density (cells/mL) for two near
shore 1994 (site 35; Mary River mouth, site 10; Pulgul Creek) and two
offshore zones (site 2; Artificial Reef; site 16; S2 Buoy) in Hervey Bay.
Single counts per month; measure of variation not available.

Diatoms dominated the phytoplankton composition for
all sites and seasons, making up to between 58% and 97%
of the species structure as shown in table 3. The minimum
of 58% of diatoms occurred at the S2 buoy during spring
(October) when a bloom of the cyanobacteria
Trichodesmium sp. accounted for 37% of the phytoplankton
cell count. Dinoflagellates were least abundant at Pulgul
Creek (site 10) and the Mary River mouth (site 35) at 0.2%

43
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Figure 8: Seasonal phytoplankton species richness (S) for nine survey
sites at (A) near shore and offshore sites and for (B) sites in the
intermediate zone between near and offshore sites in Hervey Bay in
1994 (see Appendix E for standard deviation values).

Table 5 lists the three dominant species and their
respective percentages, that contribute to the seasonal
similarity at each site. Cylindrotheca closterium dominated
the phytoplankton assemblage structure at nutrient source,
near shore sites at Pulgul Creek (site10) and the Mary River
Mouth (site 35) for most of the year. The exception to this
was at the Mary River Mouth (site 35) in summer when
Thalassionema nitzschioiodes dominated at 54% and for
Pulgul Creek (site 10) in autumn, when Chaetoceros sp.
dominated at 37%. Rhizosolenia sp. dominated the
assemblages at the Artificial Reef (site 2), except in
summer when Leptocylindrus danicus bloomed at 55%.
Rhizosolenia sp. was also in the top 3 ‘typical’ species for
each season except in summer at the S2 Buoy (site 16). The
dominance changed for each season at the S2 Buoy (site
16) with Chromophyta species and Cylindrotheca
closterium in summer, Rhizolsolenia sp. in autumn,
Thalassiosira sp. in winter and the potentially hazardous
cyanobacteria Trichodesmium sp. in spring.
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Figure 9: Dendrogram of cluster analysis for seasonal phytoplankton
assemblages at two near shore sites (site 35; Mary River mouth, site 10;
Pulgul Creek) and two offshore sites within the offshore zone (site 2;
Artificial Reef, site 16; the S2 Buoy) in Hervey Bay in 1994.

The phytoplankton species that primarily account for the
observed assemblage differences between sites and
similarities within sites were investigated using SIMPER
(similarity of percentages) in PRIMER. This program looks
at the overall percentage contribution that each species
makes to the average dissimilarity between two groups. The
results of the SIMPER analysis provide quantitative
information (%) and species lists to support the seasonal
separation of sites observed in the nMDS ordination plot
(figure 10). That is, site separation and hence water quality
differentiation on the basis of phytoplankton biodiversity.
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Figure 10: Non-parametric multidimensional scaling (nMDS) of seasonal
phytoplankton assemblages for The Artificial Reef (site 2), Pulgul Creek
(site 10), the S2 Buoy (site 16) and the Mary River mouth (site 35); stress
0.17, in 1994.

Table 6 summarises the results of the SIMPER analysis
and expresses the dissimiliarity between phytoplankton
assemblages for each site and season as a percentage. The
sites most dissimilar are 10 and 16 in spring and sites least
dissimilar (i.e. most similar) are the Artificial Reef (site 2)
and the Mary River mouth (site 35) in winter. The sites
most similar and dissimilar changed with season. Annually,
the average dissimilarity in phytoplankton assemblage
structure is greatest between sites 10 and 16 at 88%, and
least dissimilar (most similar) between sites 2 and 35 at
77.5%. The average similarity between the Artificial Reef
(site 2) and the S2 Buoy (site 16) was close at 78%.

Table 3: Percentages of phytoplankton groups for each site (site 2;

Artificial Reef, site 10; Pulgul Creek, Site 16; the S2 Buoy, Site 35; Mary

River mouth) and season (s = summer, a = autumn, w = winter and sp =

spring).
%

s2 a2 w2 sp2 [ s10 al0 wil spl0 [ s16  at6 w16 sp16 | s35 a35 W35 sp3b
Diatoms. 916 91 940 862 | 843 961 910 966 | 872 921 935 577 | 951 971 924 973
Dinoflagellates 32 34 55 102 09 28 34 0.2 47 49 59 52 11 12 6.0 14
Coceoliths 06 02 00 00 00 00 56 0.0 12 22 07 00 05 10 00 0o
Cyanobacteria 00 03 00 22 00 00 0.0 0.2 1200 00 366 05 00 12 00
Phytoflagellates 26 00 00 12 | 148 04 00 23 47 00 00 01 27 03 02 11
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The results of the three-factor ANOVA for assemblages
of phytoplankton sampled seasonally with three replicates
at each of four locations in Hervey Bay in 1994 are
presented in table 7.

Seasonal and zone differences are most apparent with
some site influence detected. Rhizolsolenia and Guinardia
sp. were found in significantly higher concentrations in
offshore sites compared to the near shore zone (P<0.01).
Highest concentrations of Guinardia sp. were found in
autumn (P<0.05) compared to summer and spring, with
lowest abundance in winter (P<0.05). Thalassionema
nitzschioides, Thalassiosira  sp. (P<0.01) and
Pseudonitzschia sp. (P<0.05) were found in highest
abundance at near shore rather than offshore sites.
Skeletonema  costatum  had  significantly  higher
concentrations in autumn than for other seasons (P<0.05).
The results of the ANOVA provide substantial support to
multivariate analyses in SIMPER (table 6).

3.5 ENVIRONMENTAL DETERMINANTS OF
PHYTOPLANKTON ASSEMBLAGE STRUCTURE

The BIOENV program in PRIMER uses Euclidean distance
to measure dissimilarity of environmental variables and the
Bray-Cutis coefficient to measure similarity among biotic
relationships. The (dis)similarity matrices constructed are
used to select the abiotic variable subset that maximises
their rank correlation. For Hervey Bay in 1994, of the 23
physicochemical water quality parameters recorded at each
survey for each location, the combination of the four water
quality parameters Chl a, Secchi depth, SRP and pH were
most strongly linked (p=0.63) to seasonal changes of
phytoplankton assemblages. Therefore, these four water
quality parameters (Chl a, Secchi depth, SRP and pH) are
strong determinants of the observed phytoplankton
assemblage structure and changes in these parameters are
likely to produce changes in phytoplankton density and
community structure.

Table 4: Phytoplankton species and group presence, absence and

gradients from sites adjacent to nutrient sources in Hervey Bay (site 35;

Mary River mouth and site 10; Pulgul Creek).
‘Gradient from site 35 10 its e low

Presence only Site | Absence only Site | (rverinfiou) {semags sfluentinfiow) density near souros) (sites 10.235)

E3 T | Goslaborn Guirardio Qamin Egiboanss
s | A £ dahica,

2 s 0 Steakanods turiss
Fragilria stistda 2 Dinoflegelistes
Emgilaranss besmuans. 2
Bompatantes 5. 2
Ermgilsriansis sepersoda ®
Guirardis.delisuata ®

3.6 POST FLOOD WATER QUALITY AND

PHYTOPLANKTON ASSEMBLAGE STRUCTURE
Physico-chemical water quality parameters, phytoplankton
cell density, number of phytoplankton species and the
Shannon diversity index recorded in February 1995 are
presented in table 8. The catchment received 2,783mm of
rainfall compared to 874mm in February 1994. The results
for the same sites in February 1994 are presented for
comparison.

The effect of the flood in February 1995 produced an
increase in Chl a concentration of 11, 17 and 4-fold at
Pulgul Creek, the Mary River mouth and the S2 Buoy (sites
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10, 35 and 16, respectively). SRP doubled at site 10, tripled
at the Mary River mouth (site 35) but decreased at the S2
Buoy (site 16) while NOy decreased at Pulgul Creek (site
10) and the S2 Buoy (site 16) but increased by 26 times at
the Mary River mouth (site 35). Secchi depth was halved
and salinity dropped by 8ppt and 3ppt at near and offshore
sites respectively. The pH increased by 0.21, 0.08 and 0.03
units at Pulgul Creek, the Mary River mouth and the S2
Buoy (sites 10, 16 and 35 respectively) and oxygen
saturations increased by a greater margin at sites close to
nutrient sources, than for more distant sites (54%, 24% and
9% respectively at sites 10, 35 and 16). Redox potential
decreased substantially and turbidity approximately tripled
at each site. The Mary River mouth (site 35) experienced
the greatest impact from the flood event with an increase in
diatom diversity from 10 to 38 species and a cell
concentration that increased from 38 to 679 cells/mL.

Phytoplankton cell density (cells/mL) increased by nine,
13 and 18 times at Pulgul Creek, the S2 Buoy the Mary
River mouth (sites 10, 16 and 35, respectively) after the
flood. It was expected from Chl a results that the offshore
location at the S2 Buoy (site 16) would also have the lowest
increase in cell number however, for a factor of four
increase in Chl a concentration, an increase in cell density
by a factor of 13 was produced. It appears that the cell size
and/or species of the phytoplankton found at the S2 Buoy
(site 16) following the flood was smaller than the
phytoplankton species that increased in number at the other
two sites (site 10; Pulgul Creek, site 35; Mary River
mouth). The smaller cell size produced a relatively small
increase in Chl a concentration but a large increase in cell
density. Pulgul Creek (site 10, effluent influenced) had a
greater increase in cells greater than 20um, the S2 Buoy
(site 16) had a factor of four increase for both cell sizes and
the Mary River mouth (site 35, river influenced) had a
proportionally greater increase in small cells in the
phytoplankton assemblage after the flood.

Table 5: Dominant three phytoplankton species and groups contributing
to % similarity for each site and season in Hervey Bay in 1994 (site 2;
Artificial Reef, site 10; Pulgul Creek, Site 16; the S2 Buoy, Site 35; Mary
River mouth). Species ‘typical’ at each site.

by a factor of 29 at the Mary River mouth (site 35) and
therefore should be documented.

There was no change in the number of phytoplankton
species identified at site 10 however the particular species
making up the assemblage structure at this time was
dominated by some additional species to what were usually
present. Sites 16 and 35 had increases by 8 and 28 diatom
species respectively in their phytoplankton assemblages.
Table 9 shows the phytoplankton species that were affected
by the freshwater, nutrient and sediment input as a result of
the flood. The phytoplankton species dominating the
assemblages at each site after the flood are presented.

Table 6: Average dissimilarity of phytoplankton assemblages between
sites for each season using SIMPER (SD = standard deviation); pink =
mimimum, orange = maximum.

2vs 10 2vs16 | 10vs 16 2vs 35 10vs 35 [ 16vs35 | Mean (%) SD (%)
Summer 87 89 88 85 83 87 865 22
Autumn 83 73 88 79 82 76 80.2 53
Winter 88 4 84 69 84 5 79.0 74
Spring 86 76 91 T 7 82 815 60
Tixge dissimilanty (%) W 780 58 775 ) ] 518 17
Standard deviation 19 64 25 57 27 4.8

C. closterium was a typical diatom species at site 10
(Pulgul Creek WWTP) before the flood (tables 4, 5 and 9)
and then bloomed after the flood to 19 times its 1994 cell
concentration.  Pseudonitzschia sp. and Skeletonema
costatum were not recorded at site 10 (Pulgul Creek
WWTP) in any great quantity until after the flood and these
species increased by 160 and 44 times, respectively. Prior
to the flood, site 16 (S2 Buoy) was dominated by
Rhizosolenia sp., C. closterium, and Leptocylindrus
minimus except for spring (particularly October) when
Trichodesmium sp. bloomed.

Table 7: Summary of three factor analyses of variance for selected
phytoplankton species in Hervey Bay in 1994 (n = 3). F-ratios in bold
calculated after post-hoc pooling at P > 0.25 (Winer et al., 1991). Data
were examined for heterogeneity of variance using Cochran’s C-test
and were transformed to log (x+1) before analysis (Underwood 1981,
1997); *significant at P < 0.05, ** P < 0.01).

Rhizasolenia sp. S costatum Th i
C€=023 Cc=027 C€=023
e T T2 T Source of variation 4.f. MS F NS F MS F
Season 3 5.48 868 351 20.30+ 109 2385
mmmmm Crlorophyta sp. i3 otzsctioies | 54 e | 55 | Cmomaati s 1 Zone 1 2008 10.04%* 0.01 0.07 7.53 1.05
" 21 | Gunsia izl 22| quittieca, costenumn 15 Site 1 1672 836 014 0.49 406 3.01
Ctastocers sp. M| Lepioaindus danis 2 17 | Grigardindoceita, 72 SexZo 3 027 0.14 022 0.77 080 0.49
Sex §i 3 0.63 032 017 0.63 038 0.28
autumn . 38 7 | suizosaenis so. 2 46 | guzosoleia sp. 2 a3 Zoxsi 1 673 010 037 770 sS4
o 20 | Boeudauoanta ects " " I Sex Zox Si 3 036 029 103 165
Mevicula Gausitns ver gerssa | 12| Ruizoseens . 2 12| aun 9 roern | 10 Residual 3 201 0.28 135
witer | GRARIDGEIOS 5D. 37| Cuingrotheca clastenum. 18 | Reizasatenia sp. 1 34 | Tnalassiosica 5p. 31
24 oitzschipide: 15 18 | gy 1 15
Thalassostiase. 10| Reizasolens sp. 1 1| G 7 | Cularaineca costeium 9 Pseudonitzschia austraiis Guinardia.sp- Thalassiosia sp.
woron E 22 | Reizasaeaia 30 2 22| Tichosssaia 2 - €=034 €=017 €=019
Ps 17 | 1 17 | Raizosolens s 1 17 | Ruizosolenia 5p 2 14 Source of variation d.f. MS F MS F MS F
Season 3 112 340+ 238 11.88* 015 012
Leploedingus mnis i vizsetioides | 12 miows. | 11 | Cuitaineca. costerum i Zone 1 474 264 1267 2475+ 783 1176+
Site 1 0.15 047 645 1259 0.19 0.28
SexZo 3 185 5.76* 056 110 2.10 1.01
. . ) Sex§i 3 0.40 020 039 130 1.06
The Chl a increase at the Mary River mouth (site 35) was Zoxsi 1 175 051 o1l
SexZox Si 3 0.52 550+ 042 2.08 313+
Residual 32 0.30 052 0.63

17 times greater considering all cell sizes than the February
1994 value, compared to only 10 times greater for the larger
phytoplankton species greater than 20 um. Cell density at
the mouth of the Mary River increased by a factor of 18
following the flood. Diatoms were the main group
identified in the samples however dinoflagellates increased
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*P < (.05, *¥* P <0.01, ~ further survey required

After the flood Bacteriastrum furcatum, Rhaphoneis
amphiceros, Leptocylindrus danicus and Guinardia
flaccida were dominant offshore at the S2 Buoy (site 16).
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The cells typical after the flood were much smaller than the
Rhizosolenia sp. which usually dominates site 16 and this
may explain the disproportionate increase in Chl a
concentration relative to the increase in cell density. This
finding indicates that Chl a concentration is species
dependent and as such is not an accurate indicator of the
trophic state of a water body.

The impact of the 1995 flood on the water quality and
species composition of phytoplankton in Hervey Bay
provides valuable information to management authorities
upon which to base decisions for the timing of terrestrial
activities. Dredging and other terrestrial activities such as
construction may impact water quality and should therefore
be scheduled outside of flood periods. In addition, fishing
and recreational activities should be avoided for a period
following a flood to ensure the health and safety of
swimmers and aquatic species exposed to toxic diatom
species [8,10,13,25,36].

3.7 HERVEY BAY COMPARISON TO
ANZECC/ARMCANZ TRIGGER VALUES

Table 10 presents the default trigger values for water
quality targets listed by ANZECC/ARMCANZ [15] for
concentrations of key indicators, above or below which
there is a risk of adverse biological effects. The table also
presents the maximum values measured for these indicators
at each of the nine sites during 1994 in preference to the
annual mean values presented in figure 4. The maximum
values are most important and more relevant as
phytoplankton blooms occur in a matter of days, as seen by
the flood data in the present study and those previously
documented [42,43,44]. The impact can be intense, with
blooms reacting to increased nutrient supply and
consequently decreasing light availability and/or producing
toxins within days, with the potential to result in
devastating effects to habitats, plants and animals (i.e.
coral, seagrass, fish, prawns, dugongs and whales) in
Hervey Bay.

Table 8: Comparison of water quality parameters at three sites in Hervey
Bay (Pulgul Creek, site 10; the S2 Buoy, site 16 and the Mary River
mouth, site 35) in February 1994, compared to February 1995, following
a flood and cyclone.

Site | Year | Chl'a' | Cells/mL | Secchi | SRP NOx | Temp | pH Salinity | %0; Turbidily | Density diatom | Shannon
{uglL) | =20um (m) (pglL) C) (ppm) (NTU) cells/mL #sp. Index

3 to 6 times the trigger values set for Chl a at sites 10 and
35 respectively. Findings show that a revision and reduction
of trigger and threshold values recommended by
government for water quality parameters, is required.

4.1 PHYTOPLANKTON AS BIOINDICATORS

Estuaries and coastal zones contain a diverse range of
critical habitats that support maritime, recreational and
commercial activities that are often directly or indirectly
related to tourism and the economy of coastal towns and
cities. Improved understanding of the differences and links
between the parameters operating within these systems is
paramount to their efficient management and ultimate
health.

Results of the present study showed that the water quality
gradient established from near shore nutrient sources at the
Mary River and Pulgul Creek to offshore zones in Hervey
Bay supported significantly different assemblages of
phytoplankton within each zone. However, differences
were not consistent across zones or seasons. In addition,
phytoplankton assemblage structure at four locations within
the near and offshore zones were linked to the water quality
parameters Chl a, Secchi depth, SRP and pH that
characterised each location.

Table 9: Phytoplankton species and groups most affected by February
1995 flood with increased nutrient, sediment and freshwater input.
Characteristics of the phytoplankton assemblage structure in February
1994 (cells/mL) at Pulgul Creek (site 10), the S2 Buoy (site 16) and the
Mary River mouth (site 35) were compared to February 1995 to assess
changes in the community structure and the presence of toxic species.

[0 [ 1994 | 125 054 13 | 45| 40 | 266 | 807 331 | 1007 270 £ =) 23
1995 1.2 85 06 8.0 3.0 302 | 838 248 | 1546 720 3% 23 16
[16 | 1994 0.28 019 79 43 | 130 269 | 216 32 | 118 0.59 19 19 22
1995 130 073 31 30 10 260 | 824 344 | 1211 136 253 n 29

35 | 1994 | 1.00 039 24 | 40| 20 | 268 | 816 368 | 1010 180 £ 10 21
1995 | 174 37 18 | 120 | 580 | 234 | 819 283 | 1257 626 679 38 31

The maximum annual values for Chl a and pH at all sites
are below the default trigger values suggested by
ANZECC/ARMCANZ [15] for estuaries. Site 10 is the only
site above the trigger value set for SRP and turbidity. The
NOxy values at sites 35 and 18 are elevated above the trigger
value and all sites except site 34, are above the trigger value
set for NH,*. Dissolved oxygen is above the trigger value
set at all sites surveyed in Hervey Bay. The values for these
parameters during the flood (signified by * in table 12) are
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Species Site | 1994 | 1995 | Species Site | 1994 | 1995
Culipdrotheca clasterum, 10 | 340 | 648 | Ceratauling bicomus. 3% | 03| 109
Pseudanizachia so. 10 | 20 | 320 | Sienhenonyys tues. 3B | 10 | 105
Skeletonera costatum 0| 12 53 | Defonula confenaceas B 10| 73
Roneria tesselata, 10 | 00 | 53 | Guadastiata B | 10| 70
Wilzschia siedia var Sieua 10| 02 34 | Skelelonema costalum 3B | 12 56
Chiorophyta 10 | 33| 29 | Bopevalesselala, B[ 13| 66
Nilzsclia biturcale 10| 00 | 28 | Guoadialecrida, B | 15| 56
Chagioceros sp. 10 | 190 18 | Chaeloceros socials. B | 05| 4
Bariliega paeliters. 0] 01 16 | Leptocyindrus danicus, B 80 4
Thalassiosia. sp- 10 | 80 16 | Jhalassiosia, sp. % | 60 40
Leptoculindrus mioims. 10| 44 13 | Chaeloceros atlenticus 3B | 05| 33
Nitzschia Dandiuaionmis 10 0.0 13 | Hemlauus Emaranaceus. T 03 30
Stephanonyis oalmenang 10 13 13 | Bacterastium Lyratum 35 05 27
Barlelasium lucalum 16 | 23 | 39 | Chaslocelosferes 3% | 03| 24
Rhaphonels amohicens 16 01 22 | Gseudopitzschia sp. T 30 17
Guinerdia striata 16| 15 15 | Cheeloceros radicans B | 30 7
L danicus, 16 | 20 15 | Ghaetoceros sp. 3 (wide) B 20 16
Guinagdia faccis, 16| 27 14 | Breurpniizachia sedata f segala, 3B 04 16

\ Thalassionema fravenfeldi \ 35 | 43 \ 156 | Delobingis sumilioiss. B[ 03 15

‘ Dir ‘ 35 | 40 ‘ 116 | hizschis brastud, B 04 14

The present study supports observations by others [29,26]
that diatoms generally dominate the structure of
phytoplankton assemblages in near and offshore marine
zones. Comparison of individual taxa in the present study
found significant zone differences for the diatoms
Rhizosolenia  sp., Guinardia sp., Thalassionema
nitzschioides and Thalassiosira sp. that indicates their
potential application as indicators and discriminators of
particular habitats, environmental health or status.
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Multivariate tests (SIMPER) also indicated the diatom
species Cylindrotheca closterium, Chaetoceros sp., Haslea
trompii, Cerataulina sp. and Leptocylindrus danicus as
indicators with the potential for further investigation as
indicators in other estuaries.

The findings of the present study are supported by a

recent study that identified Skeletonema costatum,
Cylindrotheca closterium and Cyclotella
choctawhatcheeana responding regularly to enhanced

nutrient concentrations in coastal areas on a seasonal basis
[26]. The flood event at the conclusion of field data
collection in Hervey Bay provided a unique opportunity to
assess the effect of increased nutrient and sediment input on
phytoplankton density, distribution and assemblage
structure within the Hervey Bay system. The phytoplankton
species and groups with the largest response to this nutrient
input, mainly SRP, included Cylindrotheca closterium,
Pseudonitzschia sp. and Skeletonema costatum at Pulgul
Creek (site 10; treated sewage effluent disposal site) and
Thalassionema frauenfeldii, dinoflagellates and
Cerataulina bicornis at the mouth of the Mary River, where
both SRP and NOx experienced a substantial increase.
Toming and Jaanus [26] also found different responses of
particular phytoplankton species to preferred nutrients.

Table 10: Government “trigger values” for water quality in marine and
estuarine (bracket) systems were exceeded by the maximum annual
values of key water quality parameters and bioindicators recorded in
Hervey Bay in 1994. * flood values in February 1995

Chla(wgll) | SRP (ugl) NH(bgil) | DO (%) PH Turbidity (NTU)

Trigger
Value 1(1.514(5) 5(15)-10 515 15 80-110% 7085 0510

Site 10 112 AT [ 9.0 155 3.0 12 %0 A *1546 114 *8.38 8.07 72 107

Site 35 74 28 2.0 14 58 45 95 18 25.7 122 819 8.16 626 85

Site 5 18 6 1 il 11938 8.04 36

Site 30 17 6 8 37 115 8.16 31

Site 2 0.9 4 5 38 113 821 28

Site 16 "3 08 30 4 10 54 *65 20 211 122 824 816 136 28

Site 17 03 5 16 128 821 04

3
4
Site 18 05 4 18 62 127 823 16

3

Site 34 12 14 12 116 822 28

Thus, these phytoplankton species are further supported
as reliable bio-indicators in terms of eutrophication by an
unrelated study in the Baltic Sea. As noted by John [7], the
relatively high universality of diatom species makes them
ideal bio-monitors at the regional, national and international
level. In addition, the potential of diatoms to preserve in the
fossil record makes them ideal bio-indicators of change
over geological time and therefore have valid application to
studies in climate change, nutrient status and habitat health
in the recent past and historical trophic environments.

4.2 WATER QUALITY TRENDS AND TRIGGER VALUES

The results from the principal component analyses (PCA)
(Figure 6) show a clear geographical basis to the water
quality from sites close to point sources to off shore sites
with 73% of the variability in the original 14 parameters,
captured in a 2-dimensional plot. Correlations between Chl
a and SRP (Pearson correlation coefficient, r = 0.64, P =
0.066, n = 9), and Chl aand TSS, (r=0.79, P = 0.014, n =
9) were prominent for annual mean values measured along
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the water quality gradient. Chl a, SRP, NO,, TSS and
turbidity decreased and Secchi depth increased, an
indication of improved water quality, with distance
offshore. Rainfall often preceded peaks in nutrient
concentrations and reduced water clarity however, not all
changes were linked with local or regional rainfall.
Alternate sources of nutrients in the area included treated
sewage effluent and untreated discharge from commercial
whale watching and fishing vessels that may contain
holding tanks but neglect to pump out at the correct facility.
Trigger values suggested by ANZECC/ARMCANZ [15]
for some key water quality parameters as indicators of
environmental health, were in excess for SRP at Pulgul
Creek (site 10) and the Mary River mouth (site 35), for
turbidity at Pulgul Creek (site 10) and for NOy at the Outer
Banks (site 18) and the Mary River mouth (site 35). Eight
sites were above the trigger values set for NH4* and all sites
were in excess for dissolved oxygen. Chl a concentration
was below trigger values even during bloom events. For the
purposes of the present study a bloom indicates a sharp rise
in phytoplankton cell concentration that is clearly visible on
the water surface but that is not necessarily associated with
any adverse effects. A bloom of Trichodesmium occurred in
the offshore zone in Hervey Bay in October 1994 and
although a cell density of 242 cells/mL was recorded, the
Chl a level was 0.8 pg/L and below the suggested value for
a marine or estuary (range of between 1.0 and 5.0 pg/L).
Once again, results show the need for reduced trigger
values suggested by government. Neither a decrease in
Secchi depth or elevated nutrient levels was observed. This
indicates elevated ‘trigger’ level for Chl a and the need for
cell counts in preference to Chl a measurement when
assessing the status of phytoplankton in the water column.

i .
Figure 11: Light and scanning electron micrographs used to identify
some phytoplankton species (A:Coscinodiscus sp., B and C:
Odontonella sp., D: Cylindrotheca closterium and E: Pseudonitzschia

sp.
Following the flood in February 1995 phytoplankton cell
density increased from 38 to 679 cells/mL at the Mary
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River mouth (site 35) with an associated increase in SRP
from 4.0 to 12.0 pg/L and a decrease in Secchi depth from
2.4 t0 1.8m. It is surprising that the post flood water quality
values for SRP, NOy and NH,* at all sites in February 1995,
except NOy at site 35, 3.5 km from the mouth of the Mary
River, were below the annual maximums recorded during
1994 and below the trigger values set by
ANZECC/ARMCANZ [15]. Disruption to sediment
processes may explain the reduction in NH4* after the flood.
Turbidity values recorded during the flood were below the
trigger values set for this region while Chl a values were up
to 6 times the 1994 maxima and three times greater than the
default trigger value set for an estuary. The observed
increase in Chl a to exceed the ‘trigger value’ without an
accompanying excess by other water quality parameters
such as nutrient concentrations and turbidity, indicates that
a revision and reduction to the thresholds for these
parameters is necessary.

In addition, the bloom of Trichodesmium at the S2 Buoy
(site 16) in October 1994 and some diatom species in
February 1995 did not increase the Chl a concentration to a
value above the trigger values set for this region. This also
indicates that an adjustment to the trigger values is
necessary. Indeed, if the trigger value for Chl a were set to
1.0 ug/L [45] as has been done for Moreton Bay, then most
stations would have exceeded this suggested value.

These findings indicate that, in order to account for a
range of environmental conditions that may be precursors
to phytoplankton blooms, trigger values set for some water
quality parameters (e.g. Chl a and nutrient concentrations,
and turbidity) are elevated, ineffective and in need of
reduction. Further assessment for other estuaries is also
required during dry and wet periods in order to set values
that provide a real warning to signify those times that
should be more carefully monitored.

4.3 TRENDS IN PHYTOPLANKTON ASSEMBLAGE
STRUCTURE
Univariate  diversity indices calculated for 150

phytoplankton species identified at four sites showed the
phytoplankton assemblages followed a similar pattern of
seasonal change for evenness and diversity (Appendix G).
Species richness (S) calculated for nine sites showed that
the two near shore, nutrient source sites and the two most
offshore sites followed a similar seasonal trend with greater
change observed in phytoplankton assemblages between
seasons than the other sites. The five sites located
geographically between these four locations, were more
consistent in species diversity and showed less fluctuation
in assemblage structure between seasons. This may be due
to less extreme fluctuations in the water quality parameters
that may influence phytoplankton assemblage structure at
intermediate  zones. The parameters include nutrient
concentration (SRP) and light attenuation (Secchi depth,
TSS and turbidity) and pH determined in the present study
by BIO-ENV in PRIMER and salinity [46,26], water
temperature [47,26], trace elements [48] and carbonate [49]
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determined by others to influence phytoplankton succession
and growth.

4.3.1 NUTRIENT LIMITATION

The multivariate statistical analyses (figures 9 and 10)
revealed both seasonal and site differences between the
phytoplankton assemblages. Agglomerative hierarchical
clustering showed a seasonal component to the seasonal
phytoplankton  differences and non-metric  multi-
dimensional scaling performed on seasonal phytoplankton
species lists for four sites, revealed that site differences
were apparent. This conclusion is supported by the
ANOSIM2 analyses. Chl a, Secchi depth, SRP and pH were
found to be the best water quality parameter subset to
maximise the rank correlation with the phytoplankton
assemblages (p = 0.63) and hence best link the water
quality at these sites to changes in assemblage structure.

It is noted though that these correlations should not be
misinterpreted as cause and result relationships. For
example, with respect to nutrient limitations, one should not
interpret the SRP relationship as an indicator of SRP
limitation (i.e. one should not suggest that the higher the
phytoplankton biomasses are caused by the higher SRP
concentrations). In this respect it is possible that, as was
found for Moreton Bay, the higher SRP concentrations
merely represented an indicator for Waste Water Treatment
Plant (WWTP) discharges (i.e. the higher the SRP
concentration the higher the proportion of the collected
water was WWTP discharge). With respect to such results,
one can conclude that some component of the WWTP
discharge caused the higher phytoplankton and hence
higher Chl a concentration. For Moreton Bay, it was
demonstrated by experiment [50] and modelling [45]
studies that this limiting component was dissolved
inorganic nitrogen (DIN).

Similarly, in Hervey Bay following the flood (tables 8, 9,
10 and 11), the greatest increase in phytoplankton cell
density was recorded at the Mary River mouth (site 35; 38
to 679 cells/mL) where although an increase in SRP was
recorded (4.0 to 12.0 pg/L) the proportional increase in
NOy was far greater (2.0 to 58 ug/L). At Pulgul Creek (site
10) however, the increase in cell density was half that of the
Mary River (38 to 336 cells/mL) with an increase in SRP
(4.5 to 9.0 pg/L) but a decrease in NOx (4.0 to 3.0 ug/L).
This finding provides support to those of Dennison et al.
[20] and Bell et al. [45] for Moreton Bay in that with excess
NOy availability in the Hervey Bay system at the Mary
River, phytoplankton growth exceeded that of the Pulgul
Creek site to suggest that NOx may also be the limiting
component for phytoplankton growth in Hervey Bay.
Toming and Jaanus [26] found that different phytoplankton
species respond best to various combinations of DIP, DIN,
TP and TP. Further studies directed at isolating the effects
of these nutrient components on phytoplankton within the
Hervey Bay system are required.
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4.3.2. INDICATOR AND DISCRIMINATOR SPECIES

The phytoplankton composition (table 3) show that diatoms
dominated for all sites and seasons, making up to between
58% and 97% of the species structure. Chaetoceros sp. and
Cylindrotheca closterium concentrations formed a gradient
coincident with water quality from Pulgul Creek into
Hervey Bay and Haslea trompii, Pseudonitzschia sp. and
Thalassionema nitzschioides concentrations formed a
gradient with distance from the Mary River mouth into
Hervey Bay. Phytoplankton species typical of survey sites
were identified as ‘indicators’ and those species that
discriminated the sites based on dissimilarity of
phytoplankton  assemblages, were identified as
‘discriminators’ using a SIMPER analysis (PRIMER v5,
31].

C. closterium dominated the seasonal phytoplankton
assemblages at nutrient source sites and as a result,
identifies the diatom C. closterium as a pollution indicator.
This hypothesis is given support by a recent study that
found the diatoms Cylindrotheca closterium, Skeletonema
costatum, and Cyclotella choctawhatcheeana showed a
strong positive relationship with coastal nutrient
concentrations and suggested these species as potential
reliable indicators of eutrophication [26]. Rhizosolenia sp.
and the Guinardia species G. flaccida and G. striatula,
were indicators for the offshore relatively pristine sites,
which conversely may determine these species as indicators
of environmental health in this waterway.

It is important to note that some phytoplankton species
are nitrogen fixers and do not need DIN or other non-
gaseous forms of nitrogen such as organic N to grow. This
has been demonstrated for the cyanobacterium
Trichodesmium sp. [50,51] and for Lyngbya majuscula,
where growth is stimulated by phosphate and iron chelating
agents [52]. The authors hypothesise that if N load
reduction occurs without P load reduction from WWTP’s,
that increased growth of these phytoplankton species and
other diazotrophs (N fixing bacteria) may occur.

Algal blooms of the cyanobacteria Trichodesmium sp.
and of the diatoms Cerataulina sp., Leptocylindrus danicus
and Cylindrotheca closterium were identified during 1994,
a relatively ‘dry’ year. The Trichodesmium bloom was
obvious from the surface however was not evident from Chl
a concentration. This disparity emphasises the need for cell
counts and species identification in preference to measuring
Chl a and/or sizing phytoplankton alone. Following the
flood in February 1995, the toxic diatom species
Pseudonitzschia sp. bloomed together with Cylindrotheca
closterium, Thalassionema frauenfeldii and a dinoflagellate
species.

Blooms of Trichodesmium sp. were identified at site 16
in spring 1994 and are not only responsible for increased
light attenuation but are implicated in the irritation of skin
and mucous membranes suffered by people swimming
along tropical coastlines and in other cases for poisoning of
cattle, dogs and occasionally humans [34]. Trichodesmium
is an aquatic, N fixing cyanobacteria and although it is
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sometimes referred to as “blue-green algae” they are
relatives of bacteria, not eukaryotes.

Several dead and unhealthy dugongs were identified in
Hervey Bay in 1994 with skin lesions and necrosis of
unidentified origin. The autopsy revealed an invasion by the
parasitic protozoan, Cryptosporidium but whether this was
the primary or secondary infection was not established [54].
This parasite is very rarely found in the marine environment
and is usually restricted to terrestrial animals, birds and
fresh to brackish water organisms. Cryptospiridosis is
usually spread by eating contaminated food and has been
associated with sewerage outfalls [55].

The algal bloom of the cyanobacteria Trichodesmium
highlights the need to assess phytoplankton assemblages to
species level, if possible, rather than reducing the
information to merely a Chl a concentration, size class or
measuring the biomass of diatoms only. The phytoplankton
species which are toxic and therefore a real and imminent
threat to the aquatic ecosystems may be diatoms,
dinoflagellates  and/or  coccoliths.  Therefore, all
phytoplankton species must be identified and quantified to
enable the best assessment of the water body in question.

The cell concentrations at which harmful algae can
become toxic is very species specific and for some species,
this level may be only 500 cells/L, or 0.5 cells/mL [56].
The size of toxic cells is also important in that bigger cells
contain more toxin than smaller cells. Trichodesmium sp. is
a relatively large phytoplankton species and bloomed at
73.3 cells/mL or 73,300 cells/L at site 16 in October 1994
in Hervey Bay. This bloom did not coincide with a rainfall
event but occurred in an area where whale watching vessels
frequent at this time of year. The number of passengers in
1994 was not as great as it is now. Results of this study
indicate that the large tidal amplitude and apparent mixing
of the water column in Hervey Bay, may not be sufficient
to disperse this effluent.

Some dinoflagellates and cyanobacteria can move up and
down in the water column, using their opposing pair of
flagella in the case of dinoflagellates, and by the expansion
and contraction of gas vacuoles and stored weight
carbohydrates (i.e. ballast) in the case of cyanobacteria
[56]. This allows them to be in the best position to obtain
nutrients (often at night) and light (usually during the day
on the surface) and to avoid surface water currents that
might move them to less favourable places in the water
body. Reduced freshwater inflows to coastal waterways due
to human intervention is likely to increase the incidence of
bloom-forming species by reduced flushing rates and hence
increased residence times [32,38].

Bloom formation requires at the most basic level that net
algal growth exceeds hydraulic residence time [39]. Hervey
Bay is defined as a largely unmodified, tide dominated
estuary with a tidal amplitude of 2.4m and is therefore
considered macrotidal [40]. The mixing that occurs in the
water column must be, at times, inadequate and the
residence times long enough, so that blooms can in fact
occur in Hervey Bay.
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The blooms identified are the result of complex
interactions between nutrient loads entering Hervey Bay
and their numerous hydrological, physical, chemical and
biological fates. To explain and predict these is beyond the
means of even the most powerful statistical analyses and
most advanced computer technology. The bottom line is
that if blooms do occur, then the nutrient loads are above
the level (threshold, trigger or otherwise) that a particular
system can handle, cope with or accommodate. This finding
indicates that action is required in order to effectively
reduce the nutrient loads that can be easily controlled (i.e.
point sources).

The upgraded sewage treatment plants at Pulgul Creek
and Eli Creek in Hervey Bay no longer release treated
effluent into the creeks but use it for watering gardens and
golf courses. This improvement is one that should be
followed by councils in other areas as a means to
controlling the nutrient inputs into the marine environment.
The control or reduction of diffuse sources of nutrient input
to the Hervey Bay system however, is far more difficult to
achieve.

The site separation illustrated for water quality in the
PCA in figure 6 and for the phytoplankton assemblage
structure in the MDS in figure 10, clearly links the water
quality of a particular habitat in Hervey Bay to the
community structure of the phytoplankton at that location.
Further, the water quality parameters responsible for the
links are identified as Chl a, Secchi depth, SRP and pH. In
addition, some phytoplankton “indicator” species that
identify nutrient point sources (Fragilariopsis rhombica)
and differentiate river (site 35; Haslea trompii,
Pseudonitszchia sp.) from WWTP discharges (site 10;
Chaetoceros sp., Cylindrotheca closterium) are listed in
tables 4. Species diversity and seasonal dominance of
particular phytoplankton species is apparent and listed in
tables 5 which summarises the results of the multivariate
statistical analyses that identify and quantify seasonal
changes.

Multivariate methods of analysis are very sensitive for
detecting differences between communities and are not in
themselves measures of community stress. Diversity does
not behave consistently or predictably in response to
environmental stress. Theory [60,61] and empirical
observation [62] suggest that increasing levels of
disturbance may either increase or decrease diversity, or it
may remain the same [30].

Results identify and reflect for the first time, the fluid
nature and seasonal trends of water quality and
phytoplankton dynamics in Hervey Bay and the Great
Sandy Straits. They illustrate the importance of measuring
any parameter used to define a system often enough to
identify seasonal changes and the impact of flooding. The
results also demonstrate clearly the futility of measuring
physico-chemical water quality parameters twice a year
without the response of a biological indicator to place those
results in context. A power analysis would be useful to
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define how frequently to sample and how many replicates
are required.

Ecosystem health is defined by its biodiversity, stability
and resilience to change [63]. The microscopic size and
position in the food chain of phytoplankton offers an ideal
medium to observe changes in biodiversity in response to
changes in environmental health. The results of this study
show that phytoplankton community structure is a good
bio-indicator of environmental health which reflects change
at the stage where the change is apparent and meaningful
but perhaps not yet detrimental or irreversible at the
macroscopic or ecosystem level.

A water quality gradient identified from near to offshore
sites in Hervey Bay was defined by nutrient concentrations,
Chl a, light attenuation and phytoplankton community
structure. Results show that phytoplankton diversity is a
sensitive indicator of ecosystem health. The assemblage
response time, as indicated by the February 1995 flood
data, provides valuable information on the chemical and
physical stressors that influence the Hervey Bay system,
that would not be apparent from ‘spot” analyses of a variety
of physico-chemical water quality parameters.

Correlations between Chl a and both SRP and total
suspended solids were revealed. Diatoms dominated the
phytoplankton community structure with seasonal and site
differences among 150 species. Chl a, Secchi depth, SRP
and pH linked water quality and phytoplankton density and
diversity. Indicator species include Cylindrotheca
closterium for the nearshore degraded sites and
Rhizosolenia sp. and Guinardia sp. (G. flaccida and G.
striatula) for the offshore more pristine habitats. Following
the flood in February 1995, Cylindrotheca closterium,
Pseudonitzschia sp. and Skeletonema costatum bloomed at
Pulgul Creek (WWTP), and Thalassionema frauenfeldii,
Cerataulina bicornis and dinoflagellates bloomed at the the
Mary River, where both SRP and oxides of nitrogen (NOx)
experienced a substantial increase.

This study demonstrates that some trigger values and
water quality targets were exceeded in the dry and flood
periods for the macro tidal dominated system and therefore
require reduction to prevent adverse impacts to the plant
and animal species that inhabit Hervey Bay.

Blooms of Trichodesmium sp. in spring reflect an
additional source of nutrients into Hervey Bay, other than
those derived from mainland point sources. A likely
alternative source being the untreated effluent discharged
from whale watching and other commercial vessels. Results
provide an intensive and extensive data set for Hervey Bay
that satisfies a research need identified by Radke et al. [64]
in the report on “Chlorophyll ‘@’ concentration”.

Flood impacts highlight the need to schedule dredging,
construction and other land management activities outside
of flood periods. Commercial fishing and swimming should
be avoided following a flood due to health risks associated
with toxic phytoplankton species (HAB’s) and for the
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health and safety of swimmers, consumers and other
aquatic species.

The ecological state of Hervey Bay was compromised
between 1992 and 1995 and comparative research to re-
evaluate its current status, would provide valuable insight
into the long-term positive impact of changes that have
occurred in Hervey Bay over the past 30 years. These
include (1) improved sewage treatment to avoid discharge
of effluent into Hervey Bay, (2) enforced pumping out of
commercial whale watch vessels’ holding tanks into
approved facilities (3) increased population and (4)
modified land practices and management techniques
implemented to reduce nutrient and sediment loads from
point sources into Hervey Bay. Further investigation and
application of the bioindicators of ecosystem health
identified in Hervey Bay in the current study, should also
be explored in other estuaries.
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Appendix C: Table A Annual N values at each site for 1993 and table B
seasonal N values at each site in 1994. M & T; number of
meteorological and tidal surveys; nutrient concentrations (SRP, NOx,
NH4*); Scout (submersible probe for temperature, pH, conductivity,
oxygen concentration); TSS (mg/L) and turbidity (NTU).

A B
Ph||||pa Uwins and Julie Ph||||psl John Na||0n’ Ron Rasch sm: M&; Nmner\;; m; Scousl Tsz Tuminitg Sit; zeason gm: M&I Nument; Snuu; TSi Tumidi14
and Bronwyn Cribb are acknowledged for their P T N N N A 2 I T R N R
. . . . . 3 0 1 1 0 0 0 w 3 3 4 1 2 2
phytoplankton identification skills and electron microscopy EB NN M N A o e sl s CHIEN N E—
expernse_ 6 1 1 1 ] 1 1 A 4 5 6 2 4 4
7 1 2 1 0 1 1 w 2 2 3 1 2 2
8 0 2 1 0 0 0 1) 1 1 3 1 1 1
. . - . . . 9 4 5 6 2 4 4 10 | S 2 2 2 1 2 2
Col Maslen contributed to field work with boating, diving wl o] Bl e & o] o A s o CH Y Y
. " 5 7 5 1 5 5 W 5 5 8 3 5 5
and local knowledge. Rachael Hancock, Anya Yago, Gavin 2] o 1 1 o] o 0 Sp B3] 13 Bl 1] 9 9
. « . . 13 8 11 7 4 8 8 16 | S 4 4 7 4 4 4
Miller and Ruth Grinan assisted with surveys and analyses. wl [ I Y 1 A s s s 5[ s s
15 2 6 3 1 2 2 W 5 5 9 3 4 4
16 2 6 3 0 2 2 Sp. 6 6 11 6 5 5
17 3 6 3 2 3 3 17 | S 4 4 6 4 4 4
18 2 3 3 1 2 2 A 5 5 8 3 5 5
19 9 11 10 4 9 9 w 4 4 7 1 3 3
. . 20 10 17 1 4 10 10 11) 4 4 4 4 4 4
Appendix A: Annual means (1993) for water quality parameters. 2] 1 1 2 o] 1 1 18 | s 2] 2 4 2 o 2
(top value = mean; bottom value = standard deviation). Sources; E:Eli 21l 2 212 2 A b ¢ 04, 5 £
" A A 2] 10 14 10 4] 1 10 W 3 3 4 1 2 2
Creek, P:Pulgul Creek, M:Mary River, B:Burrum River, Be:Beelbi Creek, 7 4 5 n T 4 1 o T 4 I 31 4 4
T:Tuan Creek, K:Kingfisher Bay Resort. 28| 7 11 5 3] 7 7 0 |s 3] 3 4 2{ 3 3
29 6 9 6 3 6 6 A 5 5 8 4 5 5
kil 3 7 3 0 3 3 W 5 5 8 3 5 5
Sie Sie [kmio | Pomi | %m | Gita | Seeeh | Wuments (ngL) Hdlab Recoraings TSS | Tumdiy 2 3 7 3 0 3 3 Sp, 4 N 4 n N n
No source | Mary o 33 1 4 1 0 1 1 34 |s 1 2 2 2 1 1
source. pel | m FRP | Qe | WH3 | Temp | pH | sal | %0 | Redox | (mgny | (eTU) A 5 B B 2 B B
STEwy T s | EEM | WE | e | 75 [ 47| 45| mT | me | &5 [ s [WaT | o | 35| 0%
W 3 3 5 1 2 2
BBe 0.10 33 05 23 166 0.6 005 0.5 20 0.139 158 0.43
52 Buoy 16 123 [ ERM 260 059 33 63 40 218 206 215 137 P, 4 4 4 3 4 4
B.Be 028 04 12 28 173 126 132 35 § 3 3 4 3 3 3
T Vemon (] 30 [ELE | 773 | 107 W5 | 26 | B4 75 [ 575 | 068 57 | 1248 (5] A 6 6 9 4 6 6
Be 077 65| 175 | 25 01| og| 78| 1| 23 0.00 W 4 5 8 3 5 5
Outer Banks 3 6 | &P | 285 | 033 1| 43 17 | 40 | 266 | 802 | 374 | 1012 | 0269 | 254 051 113 4 4 6 3 4 4
MBBs 003 25 12 06 26 00 001 00 04 0.014 107 033
i T WE | @] 67| ed [ &4 | 36 [ T | B2 | wer [ 30 |6z | om0 | 3m | 3E
Reet w30 | 37| 21| se| 21| 13| os| 07| 30| sesr | 1s3| 270
Usangan 9 40 TRM 185 082 43 68 80 207 229 801 | 369 107.5 0212 240 1.83 H . 3 .
_- . i I IO I ot sl Il Rl ISl il I B Appendix D: Annual mean and standard deviation values for some
Found T 35 [BMT | 6| 040 Z0 [ &7 | 53| 22| B | 802 | 372 | 1044 [ 018 | 35| EW® water quality parameters for near shore and offshore areas at pilot
Island E 015 09 23 32 146 21 004 06 57 0.100 342 3.10 Study SIteS In 1993 (See Appendlx A for SIteS).
Woody 30 143 | Mp 143 082 23 12 48 259 228 804 | 373 1104 0.168 32 132
Island 030 10 20 37 160 18 004 06 33 0.094 291 0.85
Kingfisher 5 N EXS 15 083 60 68 50 316 239 804 | 369 1071 0133 302 2.00 —
Bay 055 29 27 39 | 285 20 | 005 | o7 17 | 0.086 3.00 327 Ll ] T Ly
Tuan Creek " 02 | TEP 23 042 15 63 146 314 252 790 | 377 932 0.315 199 0.65
(200m) 022 0s 186 102 214 02 003 00 19 0.008 160 025 -
Pulgu] Creek 0 05 [P 143 047 10 78 69 298 230 743 [ 374 992 0215 636 4T W1q T T
035 04 22 39 231 27 009 09 1086 01421 510 591
i Creek 5] 05 [EBeR | 8 | 111 05 | 244 | @41 | 1335 | 22 | 782 | 371 | 1065 | a1 | Zi18 512 =
034 0.3 3.1 598 | 257 23 011 0.8 97 0.090 31.08 2.00 ;;
Bumny 20 ole 475 103 09 85 73 372 29 795 | 376 1082 0.160 790 4m .
Heads 052 04 51 65 259 18 004 08 638 0.034 741 540 e
T | = (T T | e | o [ W5 | w5 | 486 | s | 78 [ %3 | 5| wwT | %% | NE
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FesCes | 37|05 | B W T[98 | Be [ 55| 3 | m3 | e | Fa | w4 | ems | ws | 5®
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Appendix B: Annual means (1994) for water quality parameters (top
value = mean; bottom value = standard deviation).

Secch | Soluble Nuients
Site | Mame kmto Chla | Depth | i (ugl) Hydro lab TSS | Turb.
# MayR | wel | m) (m | FRP ‘ NOx | WH, [ Temp [ pH [ sal | %0x | Redox | mgL | NTU
7 | GifraReet TAE | 063 | 145 T8 | 28| 20| 144 | 247 | 606 | 368 | 1085 | 0211 | 203 | 13
019 | 23 11| 11| 23 [ 13s 37| on | 091 | 39| 0031 | 074 | 08
5[ Kingisher 5 | 103 | 163 38 | 33| 10| 94 | 218|804 | 371 | 117 | 0457 | 312 | 19
Bay 037 | 28 11| 12| oo sz 27 |04t | 057 | 82 | 0089 | 101 | 09
0| Bulan) Ok 143 | 182 | 14 11 | 80 | 49 | 146 | 218 | 795 | 366 | 1042 | 0140 | 995 | 57
126 | 08 04 | 85| 52| 135 38 | 007 | 185 | 85| 0070 | 894 | 51
65 | 52Buoy 20 | 04z | 98 51| 30| 17| 125 | 231 | 800 | 371 | 080 | 0204 | 188 | 14
015 | 15 14| 13| 22 [ 140 37 |00 | 077 | 61| 0088 | 087 | 09
7| 51 Buoy 25 | 032 | &7 B2 | 28| 13| 123 | 234 | 803 | 370 | W84 | 0188 | 198 | 09
026 | 12 15 | 09| 10| 110 36| 011 | 066 | &6 | 0030 | 241 [ 05
18 | Ouler Banks 25 | 039 | 183 €9 | 31| 41| 235 | 237 | 606 | 368 | 1069 | 0166 | 249 | 08
009 | 43 17 | 22| s0 | 200 32| 042 | 071 | 144 | 0015 | 263 | 03
30 | Woody Is 3 | 067 | 18 17 | 34 | 18 | 107 | 235 | 605 | 369 | 1040 | 0460 | 370 | 23
03 | o7 o7 | 41| 17| 82 35| 033 | 130 | @5 | 0030 | 32 | 13
3% | CopngalPt 30 | 068 | 21 20 | 30| 14 | 17 | 237 | 604 | 368 | 1071 | 0770 | 361 | 14
025 | 05 0s | 10| 18| 7a 37 | om | 070 | 62| 0016 | 262 | 07
35 | Wary River 35 | 12 | 62 I3 | 60| 45 | 92| 240|799 | 355 | W63 | 0157 | 69 | 33
064 | 22 08 | 29| 15| 47 37 | 009 | 364 | 81| 0065 | 392 | 19
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Appendix E: Seasonal means and standard deviations for Chl a, Secchi
depth, nutrient concentrations (SRP, NOx, NHs*), temperature, pH,
salinity, oxygen, TSS and turbidity in 1994 in Hervey Bay for the
Artificial Reef (site 2), Pulgul Creek (site 10), the S2 Buoy (site 16) and
the Mary River mouth (site 35).

Appendix G: Seasonal A Species Richness (S) and B Pielou’s Evenness
Index (J’) for phytoplankton assemblages at near shore (site 35; Mary
River mouth, site 10; Pulgul Creek) and offshore zones (site 2; Artificial
Reef, site 16; the S2 Buoy) in Hervey Bay in 1994.

2 A Margaker's Richness ' Felou's Evenness ey
B M
Season Site | Chla [ Secchi | SRP NOx NH4+ | Temp 18§ Turbidity B
Summer | 2| 067 | 588 | 1188 438 2043 | 2755 | 847 | 37.30 6.94 | 204 1.10 v 28
019 018 1149 124 12.90 081 0.06 0.00 019 007 061 0
Autumn 0.60 4.80 3.46 2.54 17.54 | 24.35 8.08 36.05 7.02 1.64 1.07 _
025 144 047 17 505 423 0.06 082 014 073 038 = % 08 /
Winter 0.54 5.47 2.00 1.00 6.50 | 18.50 7.90 36.70 8.11 221 1.45 ; 8 b
I 2
07| om | 173| o000| 050 111 0.10 = £ /
Spring 0.72 3.83 | 267 1.00 575 | 2333 | T7.99 37.30 755 244 1.83 2 o 07
019 074 126 0.00 0.66 292 0.03 141 027 1.08 132 = il -~
6 2
>
Summer [ 10| 262 | 140| 550 3.00| 19.50 | 26.04 | 801 | 3870 6.07 | 1201 4.58 a0
2.89 zi2 | 283| 6.3 1473 5.06
Autumn 1.38 0.80 7.83 7.33 2261 | 23.48 7.99 34.85 7.39 11.01 5.37 4 0z
056 | 044 | 325| 503 906 | 434| 012| 247 100 | 922 4.01 summer autum witer speing sumer e winker spring
Winter 0.53 1.40 10.17 2.83 9.42 | 17.53 7.92 36.38 7.94 1.97 1.63
0.05 017 4386 076 an 058 0.07 004 089 o7 031
Sprin 159 | 123 | 635| 375 1135 | 2353 | 7.95| 37.97 691 | 1412 7.07 . - . . .
pring 062 | o021 | 20a| e | 53| 62| 0o0s| 116| o0s5| o913 516 Appendix H: Mean and standard deviation values for species diversity
Summer 031 | 6:66| 1088 | 1471 | 5243 | 2744 | 842| 37.00| 675 | 120 0.98 indices at four locations in Hervey Bay in 1994.
0.05 1.66 937 13.14 2033 0284 0.06 021 057 026 055 N N
Autumn 0.39 581 | 325 175 | 13.83 | 2295 | 7.99 36.35 710 1.28 0.91 Shannon Diversity Species Richness
002 062 035 1.06 872 248 0.08 092 014 020 0.04 Site 2 10 16 35 Site 2 10 16 35
Winter 0.35 4.80 267 1.00 6.17 | 17.55 7.93 36.80 8.11 1.38 119 I3 er Mean 2.2 2.8 2.8 2.1 Mean 18 23 24 17
008 145 153 0.00 052 0.02 0.07 0.00 023 044 013 D 0.4 05 01 D 0 6 6
Spring 061 | 458 | 275| 1.00| 847 | 23.05| 7.96| 3755 730 | 307 1.97 : : ’
017 084 | 025| 000| 247| 208| 010 0.87 0.15 117 0.90 N 2 1 3 3 N 2 1 3 3
Summer [ 35| 150 | 225| 1388 238 | 1588 | 27.55 | 842 | 36.83 660 | 590 233 Auvtumn | Mean 22 26 22 24 Mean | 227 260 260 207
071 o 1397 194 265 112 0.068 004 018 0.50 074
Autumn 1.59 2.36 8.00 15.97 13.89 | 24.52 8.01 32.20 712 5.49 3.00 D 0.5 0.3 0.9 0.6 SD 3.2 30 28 49
1.06 058 | 520 | 2514| 410| 291| 005 6.27 0.67 351 120 N 3 3 2 3 N 3 3 2 3
Winter 077 | 30| 583 | 1.33| 667 | 17.81| 7.93| 3560 8149 | 443 2.00 Winter | Mean 27 25 28 29 Mean | 250 17.3 250 263
020 o090| 144| o058| 0765 | 005| 004 000 041 | 203 0.56
Spring 1.04 170 547 217 817 | 2428 7.93 36.97 7.09 10.10 4.90 D 0.1 0.2 0.3 0.0 SD 4.0 49 10 4.2
027| ooo| o76| 181| 340 298| o010| 140 053 | 445 1.00 N 3 3 3 3 N 3 3 3 3
Spring Mean 2.6 2.3 1.7 25 Mean | 27.3 240 227 29.0
sSD 07 01 07 05 SD 4.5 2.6 38 2.6
Appendix F: Monthly means and standard deviations for Chl a, SRP and N 3 3 3 3 N 3 3 3 3
TSS at the Atrtificial Reef (site 2), Pulgul Creek (site 10), the S2 Buoy
(site 16) and the Mary River mouth (site 35) in 1994.
Annual Shannon | Annual _Species Richness |
2 10 16 35 Site 2 10 16 35 Site 2 10 16 35
Date Chla SRP TSS| Ghla SRP TSS | Ghla SRP TSS la SRP TSS M 242 250 240 247 M 57 125 244 254
January 054 2000 199| * . . 034 1750 138| 200 2375 554 aean ) e = = - Aean - =2 - -
004 283 02 008 212 023 145 813 432 3D 046 024 0489 044 sD 45 438 34 67
February 080 375 210| ~ 400 - 028 425 102| 100 400 625 N 11 10 11 12 N 11 10 11 12
oS e e A ot e 0. R R A 95%CI | 0.01 000 001 001 95%CI | 0.09 0.09 006 012
March 052 400 120| 125 450 58| * * - 280 1400 948 MAX | 301 288 311 201 MAX 2 29 20 3
Apri 041 325 124| 200 800 2165| 038 350 114| 087 500 289 MIN 182 222 131 17 MIN 18 14 19 10
008 035 04T 133 141 2340 003 o7 0.08 028 0.00 139
May 088 313 249 091 1100 581 | 041 300 142| 111 500 412
013 083 088 0s7 872 613 018 0.00 031 013 1.00 224
June 072 400 142| 059 900 139| 045 400 119| 053 500 179
July 049 100 299| 050 1550 176| 029 300 188| 087 750 529
- - - 005 13.40 124 0.16 283 156 047 o7 487
August 040 100 - 051 600 276| 033 100 106| 090 500 530
- - 003 0.00 1.00 0.04 0.00 - 14 051
September | 056 150 167| 086 854 767| 048 250 224| 098 500 675
0.03 o7 0.07 0.08 8.32 11 015 0 0.96 013 283 3.49
October 067 400 * 200 300 080 300 * 080 600 1515
November | 093 250 321| 190 7.50 2058 | 056 275 3.90| 134 450 839
0.10 o7 1.1 013 493 17.60 0zr 1.08 326
Decemper |~ - - 466 *  2243| 036 300 169| 114 T7.50 1280

no survey
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