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Abstract Nutrient over-enrichment of estuarine
environments is increasing globally. However, it is
difficult to determine the eutrophication trend in
estuaries over long periods of time because long-term
monitoring records are scarce and do not permit the
identification of baseline environmental conditions. In
this study, preliminary diatom based transfer functions
for the inference of total phosphorus (TP) and total
nitrogen (TN) in east-Australian sub-tropical estuaries
were developed to address the deficiency in knowl-
edge relating to historical estuary water quality trends.
The transfer functions were created from a calibration
set consisting of water quality and associated surface
sediment diatom assemblage data from fifty-two sub-
tropical estuaries in New South Wales and Queens-
land, Australia. Following data screening processes,
Canonical Correspondence Analysis confirmed that
TP and TN both explained significant, independent
variation in the diatom assemblages. Variance parti-
tioning, however, indicated that the TP was con-
founded with and may receive some strength from TN.
WA and WA-PLS 2 component models for TP that
included all calibration set sites yielded statistically
weak results based on the jack-knifed P scores

( . « = 0.22 and 0.22 respectively). Removal from
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the calibration set of 12 sites that had all PO4, NH,,
NO,, and NO, concentrations below detection limit
resulted in a substantial improvement in WA-PLS 2
= O.69>, indi-
cating that this model is statistically robust, and thus
suitable for down core nutrient reconstructions. Cau-
tion, however, is required when developing diatom
based inference models in Australian estuaries as
nutrient cycling processes may have the potential to
influence diatom based transfer functions. The model
reported on here provides a foundation for recon-
structing nutrient histories in eastern Australian sub-
tropical estuaries in the absence of monitoring data.
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Introduction

Eutrophication of estuarine environments is increasing
globally as a result of increased urbanisation and
intensification of agriculture in the coastal zone
(Cloern 2001; Baird et al. 2003; Rabalais et al. 2007;
Smith 2007). These changes impact heavily upon the
chemical and biological characteristics of these eco-
systems (Vaalgamaa 2004). Disproportionately high
nutrient loads from anthropogenic sources within
catchment areas can have significant detrimental
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effects on estuarine ecosystems (Loneragan and Bunn
1999). Therefore, nutrient over-enrichment, and the
associated environmental stress it creates, is of great
concern to estuarine scientists and managers (Flemer
and Champ 2006). It is difficult however, to determine
the eutrophication trend in estuaries over long periods
of time because of the complex nature of such
environments (Colman et al. 2002) and the scarcity
of long-term monitoring records with only a small
number of water quality datasets extending longer
than the past few decades (Eyre 1997).

In cases where there is an absence of long-term data
related to estuarine water quality, a paleoecological
approach can be employed, by utilising the historical
information stored in the stratigraphic record (Cooper
et al. 2004). Diatom paleolimnological techniques
permit qualitative and quantitative reconstruction of
water quality by using information on the changing
relative abundances of species identified in sediment
cores. Trends in trophic status can then be inferred
over long time periods (Tibby and Reid 2004). This
involves identifying the relationships that exist statis-
tically between modern water quality variables and
surface sediment diatom assemblages, and applying
these data to fossil diatom assemblages using the
transfer function technique (Battarbee et al. 2001).

The use of paleoecological techniques and transfer
functions in the Northern Hemisphere, specifically
using diatoms in the coastal environment, is well
established. Diatom-based transfer functions have
been developed for sea-surface temperature (Jiang
et al. 2002), salinity (Juggins 1992; Campeau et al.
1995; Fritz et al. 1999; Ryves et al. 2003), total
phosphorus (Kauppila et al. 2002) and total nitrogen
(Clarke et al. 2003; Ellegaard et al. 2006), with a
number of other papers (Reavie et al. 1995; Andrén
1999; Reavie and Smol 2001; Ramstack et al. 2003;
Weckstrom 2006) using the same techniques to
investigate eutrophication. Whilst the use of transfer
functions has recently been cautioned (Ginn et al.
2007, Reavie and Juggins 2011), they remain of value
in areas where region specific diatom ecological
tolerances are unknown and monitoring data is
unavailable. In Australia the application of a paleo-
ecological approach to understanding coastal systems
is still very much a developing science (Taffs 2001;
Saunders et al. 2007; Saunders et al. 2008; Saunders
et al. 2009; Taffs et al. 2008; Saunders 2011, Tibby
and Taffs 2011).
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Information provided by paleoecological techniques
can provide ranges of natural variability and baselines
for management strategies (Saunders and Taffs 2009).
However, applying such techniques within estuarine
environments poses some challenges. Statistical cali-
bration methods based on point sampling of water
quality and surface sediment diatoms assume that such
a sample represents the environment in which the
diatom lives. This approach has received criticism
(Birks 1998). Thus, studies that account for environ-
mental variability in transfer function development
have not been widespread (Bunbury and Gajewski
2008). However, capturing ranges of environmental
variability when creating calibration datasets is often
hampered by unavoidable spatial and practical con-
straints. Where such constraints do exist on research
regimes, efforts can be allocated in different ways. One
research strategy is to study a small number of estuaries
intensively (a number of times) to capture variability
over time or space. Another strategy is to select a large
group of sites and sample these once over a short time
period, to capture the variability that exists between
sites in a known geographic area at one point in time.

Australian estuaries are generally oligotrophic (Gli-
bert et al. 2006). This can potentially hamper studies
seeking to develop relationships between estuarine
biota and water chemistry, due to rapid nutrient cycling
which leaves bio-available components as unmeasur-
able. This is in contrast to many Northern Hemisphere
estuaries. Many systems have been overwhelmed by
anthropogenic nutrient inputs, leaving significant mea-
surable portions of bio-available nutrient forms in the
water column that can be related to biological popula-
tions. At present, no dataset exists for inference of
historical estuarine nutrient status in Australia. The aim
of this paper is to establish the relationships that exist
between diatoms and water quality parameters in east
Australian sub-tropical estuaries, and to assess the
validity and value of inference models that may be used
to provide retrospective assessment of nutrient levels in
estuarine systems.

Methods

Fifty-two sub-tropical estuaries were chosen for
inclusion in an east Australian estuary diatom cali-
bration set (Table 1). All sites were sampled in Spring
2006 when sub-tropical estuaries have maximum
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Table 1 Selected information and environmental data from 52 East-Australian estuaries included in the training set

Site Site # Status  Location Temp pH Cond DO TP TN PO, NH,4 NO, NO,
°O) (mS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Baffle Creek 1 NP 152.059°E, 24 514°S  23.7 8.82 305 8.9 0.016 0.367 BDL BDL BDL BDL
Beelbi Creek 2 LU 152.662°E, 25.259°S  20.7 87 558 8.12 0.019 0.368 0.011 BDL BDL BDL
Bells Creek 3 M 153.151°E, 27.076°S  22.5 8.47 43.8 6.32 0.013 0.458 BDL BDL BDL BDL
Belongil Creek 4 M 153.592°E, 28.626°S  19.4 7.79 469 7.36 0.142 0.799 BDL BDL BDL 0.025
Boambee Creek 5 M 153.138°E, 30.297°S  23.2 8.75 48.6 7.24 0.026 0.235 BDL BDL BDL BDL
Boyne River 6 M 151.303°E, 23.859°S  20.6 8.5 53.2 7.24 0.03 0.303 BDL BDL BDL BDL
Brisbane River 7 EM 153.166°E, 27.373°S  22.1 8.66 47.9 8.72 0.13 0.639 0.089 BDL 0.012 0.166
Brunswick River 8 EM 153.557°E, 28.538°S 19 8.07 51.6 9.41 0.125 0.515 BDL 0.081 BDL 0.029
Burnett River 9 EM 152.405°E, 24.755°S  19.3 8.73 542 8.24 0.016 0.323 BDL BDL BDL BDL
Burpengary 10 M 153.04°E, 27.162°S 21.8 8.18 44.1 6.12 0.04 0.561 0.017 0.026 BDL 0.047
Creek
Burrum River 11 LU 152.621°E, 25.178°S 22 8.75 53 9.45 0.017 0.247 0.016 BDL BDL 0.01
Cabbage Tree 12 EM 153.088°E, 27.33°S 23.7 8.77 51 7.45 0.18 0.43 0.127 BDL BDL BDL
Creek
Caboolture 13 M 153.044°E, 27.153°S 232 8.89 535 9.11 0.023 0.354 0.017 BDL BDL 0.011
River
Calliope River 14 M 151.218°E, 23.823°S  25.7 8.68 53.8 7.69 0.024 0.378 BDL BDL BDL BDL
Clarence River 15 EM 153.361°E, 29.428°S 25 8.77 385 4.56 0.062 0.512 BDL BDL BDL 0.054
Coffs Harbour 16 EM 153.12°E, 30.31°S 23.8 8.71 43.8 3.37 0.047 0.359 0.011 BDL BDL BDL
Creek
Coombabah 17 EM 153.4°E, 27.87°S 234 8.07 34.7 6.01 0.035 0.675 BDL BDL BDL BDL
Creek
Coomera Creek 18 EM 153.396°E, 27.831°S  22.7 8.52 489 7.17 0.056 0.287 0.071 BDL BDL 0.01
Coonar Creek 19 LU 152.49°E, 24.968°S 20.7 8.62 55.7 6.68 0.026 0.284 0.015 BDL BDL BDL
Corindi River 20 LU 152.232°E, 29.981°S  21.6 9.09 529 6.76 0.033 0.199 0.029 0.156 BDL 0.022
Cudgen Creek 21 EM 153.586°E, 28.257°S  18.7 8.19 528 8.42 0.081 0.423 BDL 0.295 BDL BDL
Cudgera Creek 22 LM 153.577°E, 28.36°S 19.7 8.18 52.8 9.81 0.076 0.475 BDL 0.144 BDL BDL
Currimundi 23 M 153.135°E, 26.766°S  22.3 8.46 39.6 8.06 0.014 0.392 BDL BDL BDL BDL
Creek
Currumbin 24 M 153.484°E, 28.128°S  17.9 8.15 532 7.48 0.07 0.444 BDL 0.312 BDL BDL
Creek
Elimbah Creek 25 M 153.151°E, 27.076°S 234 8.89 529 9.34 0.025 0.277 0.013 BDL BDL BDL
Elliot River 26 LU 152.489°E, 24.932°S  20.1 8.66 52.1 8.84 0.026 0.309 0.015 BDL BDL BDL
Emigrant Creek 27 - 153.592°E, 28.877°S 24.2 834 427 6.97 0.072 0.369 0.015 BDL BDL BDL
Eprapah Creek 28 M 153.294°E, 27.562°S 224 7.87 362 6.28 0.642 0.667 0.437 0.101 BDL 0.131
Evans River 29 M 153.438°E, 29.113°S 242 8.3 50 6.63 0.02 0.276 BDL BDL BDL BDL
Kolan River 30 M 152.188°E, 24.651°S  22.6 8.78 53 8.58 0.022 0.315 0.015 BDL BDL BDL
Logan River 31 M 153.349°E, 27.694°S  21.7 8.06 31.7 6.56 0.206 0.862 0.152 0.052 BDL 0.208
Maroochy River 32 M 153.102°E, 26.647°S  21.6 8.75 40.6 7.6 0.047 0.491 0.022 BDL BDL 0.033
Mary River 33 EM 152.926°E, 25.433°S  21.6 8.65 48.9 8.48 0.018 0.333 BDL BDL BDL BDL
Mooball Creek 34 M 153.57°E, 28.389°S 19.5 796 50.3 8.22 0.064 0.51 BDL 0.067 BDL 0.014
Mooloolah 35 M 153.133°E, 26.681°S 22 8.78 458 8.3 0.063 0.344 0.029 BDL BDL BDL
River
Nerang River 36 M 153.424°E, 27.975°S 233 8.18 36.2 6.1 0.022 0.37 0.01 BDL BDL BDL
Ningi Creek 37 M 153.151°E, 27.076°S  23.1 835 51.6 6.04 0.018 0.403 0.01 BDL BDL 0.017
Noosa River 38 LU 153.079°E, 26.38°S 23.7 8.53 27.1 8.53 0.024 0.427 0.01 BDL BDL BDL
North Creek 39 - 153.592°E, 28.877°S  23.2 799 469 5.48 0.025 0.491 BDL 0.063 BDL 0.018
Nundah Creek 40 EM 153.088°E, 27.33°S 17.3 726 492 6.72 0.218 0.698 0.076 0.125 BDL 0.019
Pimpama River 41 M 153.396°E, 27.82°S 23.5 7.53 479 3.37 0.16 0.533 BDL 0.132 BDL 0.016
Richmond River 42 EM 153.592°E, 28.877°S  24.5 8.45 425 7.27 0.76 0.362 0.018 BDL BDL BDL
Rodds Harbour 43 NP 151.588°E, 24.02°S 20.4 8.77 54.6 8.36 0.013 0.268 BDL BDL BDL BDL
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Table 1 continued

Site Site # Status  Location Temp pH Cond DO TP TN PO, NH, NO, NO,
©C) (mSfem) (mgll) (mgl) (mgl) (mgL) (mgL) (mgL) (mg/L)
Round Hill 44 NP 151.877°E, 24.164°S 23 8.68 532 8.7 0.043 0.361 0.019 BDL BDL BDL
Creek
Sandon River 45 NP 153.331°E, 29.674°S  21.8 9.14 51.7 7.02 0.022 0.241 BDL BDL BDL BDL
Tallebudgera 46 M 153.462°E, 28.095°S 17.4 77 494 7.82 0.129 0.514 0.051 0.084 BDL BDL
Creek
Terranora Creek 47 - 153.556°E, 28.17°S 16.9 8.07 53 6.73 0.107 0.474 0.011 0.234 BDL BDL
Theodolite 48 LU 152.551°E, 25.07°S 20.2 878 552 8.68 0.02 0.275 0.013 BDL BDL BDL
Creek
Tingalpa Creek 49 EM 152.2°E, 27.468°S 23.5 831 42.1 7.26 0.069 0.484 0.048 0.011 BDL 0.043
Tooway Creek 50 - 153.135°E, 26.766°S  25.1 8.64 43.8 7.22 0.035 0.451 0.016 BDL BDL BDL
Tweed River 51 M 153.556°E, 28.17°S 18.5 8.09 53 6.76 0.078 0.473 BDL 0.077 BDL 0.019
Weyba Creek 52 - 153.079°E, 26.38°S 24.7 8.61 36.8 7.61 0.017 0.558 BDL 0.011 BDL BDL
Mean - - 21.8 8.44 47.29 7.35 0.082 0.426 0.029 0.042 - 0.018
Minimum - - 16.9 726  27.10 3.37 0.013 0.199 0.01 0.011 0.012 0.01
Maximum - - 25.7 9.14 558 9.81 0.760 0.862 0.437 0.312 0.012 0.208
Standard - - 22 040 72 1.45 0.136 0.144 0.065 0.073 - 0.040
deviation

Site # refers to the number of each estuary on the location map in the methods section. Condition refers to the estuary condition listed online by OzCoasts (2009)

NP nearly pristine, LU largely unmodified, M modified, EM extensively modified. Location is given in latitude then longitude. Temp (°C) temperature, Cond
(mS/cm) conductivity, DO (mg/L) dissolved oxygen, TP (mg/L) total phosphorus, TN (mg/L) total nitrogen, PO, (mg/L) orthophosphate, NH, (mg/L)

ammonium, BDL below detection limit

nutrient loads after the dry winter period. Sites were
located between the most southern New South Wales
site, Coffs Harbour Creek (30.31°S), and the most
northern site in Queensland, the Calliope River
(23.8°S), covering around 700 kilometres of coastline
(Fig. 1). The fifty-two estuaries were selected based
on location, landuse and ecological information from
OzCoasts (2009), to maximise a gradient of trophic
status.

To ensure that samples were taken from areas
where significant continuous sediment build up was
present, all sites were explored by boat, or if the ebb
tidal influence was too great, on foot. Sites selected
were generally on the margins of the estuary, with
some located in a backswamp environment protected
from the main estuary flow by mangrove forest. When
collecting a calibration data set, it is important to
maximize the gradient of the variable of interest, and
minimize the gradients of all other variables measured
(Birks 1995). In estuaries the salinity is highly
dynamic dependent upon tidal range and freshwater
input. To minimise this gradient all sites were sampled
on the ebb tide, and within 10 km of the estuary
mouth. This was necessary as the major goal of this
research was to compile a dataset in which nutrients
were accountable for the significant variances that
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existed in the diatom assemblage data. At each site,
surface sediment sampling (top 0.5 cm) was collected
in one of two ways, all on the ebb tide, with either a
Glew mini-corer (Glew 1991) from a boat, or by
accessing the exposed depositional area at low tide
(Hassan et al. 2006). A 42-mm-width polycarbonate
tube was used for both methods, which was mounted
on a core extraction device to remove the upper 0.5 cm
of each core. Sediment samples were kept at 4 °C until
processed.

At the same sites, a 1-L water sample was collected
from each site as close to the position of the sediment
surface sample as possible, and taken from a depth of
~20 cm from an area where water was >1 m deep.
This sample was frozen as soon as possible for
analysis of Total Phosphorus (TP), Total Nitrogen
(TN), ortho-phosphate (PO,), ammonium (NHy),
nitrite (NO,) and nitrogen oxide (NO,) in the Envi-
ronmental Analysis Laboratory at Southern Cross
University using the nutrient method standard APHA
4500 (AHPHA 1998). Field water quality measure-
ments (temperature, pH, dissolved oxygen, and con-
ductivity) were taken from the same position as the
water sample with a Horiba U-10 meter.

Diatom samples were prepared using the method of
Parr et al. (2004). Slides were inspected using phase
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Fig. 1 Locality map showing the study area on the east Australian coastline, and the location of the study area containing the 52 sub-
tropical estuaries used in the diatom calibration dataset. Estuary numbers correspond to those listed in Table 1

contrast and oil immersion at 1000x magnification
under an Olympus CX40 compound light microscope
fitted with an Olympus DP10 digital camera. Between
300 and 400 diatoms frustules were identified and
counted from each sample to determine the diatom
community assemblage. Diatoms were counted across
several transverses of each slide to ensure that
counting was representative. Taxonomy was based

on the works of Witkowski et al. (2000) and Taffs
(2005), with some input from Foged (1978) and Gell
et al. (1999). All taxa were photographed and are
archived with the first author.

All bio-available nutrients were removed from the
dataset prior to analysis, due to the large number of
values that were below detection for many estuaries.
Twelve sites had PO,, NH,;, NO,, and NO,
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concentrations all below detection limit. All other
water quality variable measurements that were below
detection limit, or were equal to zero, were given a
value of half the detection limit for statistical
programming purposes. A detrended correspondence
analysis (DCA) with detrending by segments and
down-weighting of rare species was performed on the
species data to establish whether species distribution
was unimodal or linear. As axis lengths were >3 SD
units, canonical correspondence analysis (CCA) was
deemed to be the most appropriate means of examin-
ing species responses to environmental gradients (ter
Braak 1988). Prior to the CCA, environmental vari-
ables were checked for correlation and screened for
distribution. Following this, TN was log;o trans-
formed, and TP 1/sqrt transformed, to eliminate
skewness. CCA of diatom data was then performed
to identify relationships between diatom assemblages
and water quality gradients. Forward selection was
applied to determine which variables were found to
make significant contributions to explanation of
variance in the species data. Partial CCAs on each
variable with the remaining environmental variables
as co-variables were employed to determine if TP and
TN were suitable for final modelling. Variance
partitioning was used to determine the proportion of
variation explained between TN and TP, and TP and
pH. All ordinations were performed using the software
program R (R Development Core Team 2006).
Weighted Averaging (WA), with inverse de-shrink-
ing, and Weighted Averaging Partial Least Squares
(WA-PLS) were selected as the transfer function
techniques to be employed. All models were created
using environmental transformed data, and perfor-
mance was assessed using leave-one-out cross vali-
dation (jack-knifing). Models were first run with all
sample sites included, and then re-run after removing
the 12 sites that had concentrations of PO, NH,4, NO,,
and NO, below detection limit. To evaluate the
reliability of the reconstructions, the performance of
the transfer function was determined from the corre-
lation (r) between the observed and inferred data, the
root mean-squared error (RMSE, observed-inferred),

and the jack-knifed P (r-2 ) and RMSE, or RMSE of

jack
prediction (RMSEP). The first two units measure the
‘apparent’ error, while the latter two are a more robust
indicator of the true predictive capacity of the transfer
function (Dixon 1993). The inferred value of the water
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quality variable for each sample is then based on the
optima and tolerance of the taxa in the remaining
samples of the training set data (Birks et al. 1990). All
transfer functions were developed using the software
program C2, version 1.4 (Juggins 2007).

Results

Table 1 outlines the environmental data measured for
each estuary. These estuaries range in trophic condi-
tion from the relatively undisturbed Burrum River
(TP = 0.017 mg/L, TN = 0.247 mg/L) and Rodd’s
Harbour (TP = 0.013 mg/L, TN = 0.268 mg/L) in
QLD, to more heavily modified estuaries such as
Belongil Creek (TP = 0.142 mg/L, TN = 0.799
mg/L) in northern NSW and Eprapah Creek
(TP = 0.642 mg/L, TN = 0.667 mg/L) in south-east
QLD. The TP gradient was not evenly spread from the
minima to the maxima as eastern Australian estuaries
tend to be either pristine to slightly influenced by
anthropogenic activities or heavily modified by urban
and agricultural landuses. The pH values were all
relatively constant due to significant marine influence
with an average of 8.44. Dissolved oxygen ranged
from 3.37 mg/L (Pimpama River, QLD) to 9.81 mg/L
(Cudgera Creek, NSW), averaging 7.35 mg/L among
all sites. Temperature showed some variation consid-
ering all sampling was conducted in the spring, with
Terranora Creek in NSW (16.9 °C) the lowest, and
Tooway Creek in QLD (25.1 °C) the maximum,
recorded in this dataset. Average temperature of all
sites was 21.8 °C. The electrical conductivity average
was 47.9 mS/cm, with the standard deviation of
7.19 mS/cm indicating that the sampling strategy for
minimising the salinity gradient showed some success.
PO, had a highest recorded measurement of 0.437
mg/L at Eprapah Creek in QLD, with twelve sites
recording levels below the detection limit. The maxi-
mum NH, concentration measured was 0.312 mg/L at
Currumbin Creek in QLD, with over half (n = 31) of
the sites having levels of ammonia that were below
detection.

The diatom species identified from surface sedi-
ments included 419 species from 74 genera, 100
of which (from 28 genera) had a relative abundance
>1 % in two sites (Table 2) and hence included in the
statistical analyses. These species included mainly
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Table 2 Training set diatom taxa that occurred at least 1 %
abundance in two or more estuaries, and their optima and
tolerance values for TP, calculated by weighted averaging with

inverse de-shrinking calibration and regression using the
dataset that excluded all sites that had all bio-available
nutrients below detection limit (BDL)

Sp. # Species # Occ. Maximum abundance (%) TP optima (mg/L) TP tolerance range (mg/L)
1 Achnanthes angustata 10 6.21 0.100 0.098
2 Achnanthes brevipes 5 2.57 0.029 0.026
3 A. brevipes var intermedia 2 4.50 0.037 0.026
4 Achnanthes exigua 3 3.03 0.032 0.010
5 A. fogedii 1 4.71 0.007 0.032
6 Achnanthes lemmermannii 2 2.28 0.014 0.004
7 Achnanthes montana 6 7.90 0.012 0.008
8 Achnanthes oblongella 3 6.29 0.025 0.026
9 Achnanthes sp. 5 3 11.29 0.012 0.002
10 A. normanii 14 16.25 0.037 0.045
11 Amphora angustissima 3 3.18 0.021 0.006
12 Amphora coffeaeformis 34 18.26 0.049 0.062
13 Amphora exigua 2 3.70 0.010 0.001
14 Amphora gacialis 2 1.79 0.017 0.014
15 Amphora lunata 1 4.7 0.008 0.032
16 Amphora proteus 3 5.49 0.022 0.037
17 Amphora sp. 1 2 2.08 0.010 0.001
18 Amphora sp. 5 2 12.5 0.024 0.008
19 Amphora strigosa 1 3.11 0.215 0.032
20 Amphora ventricosa 4 4.73 0.028 0.023
21 Anaulus balticus 2 2.19 0.008 0.001
22 A. italica 11 20.52 0.035 0.030
23 Bacillaria paxifiller 2 2.83 0.015 0.001
24 Bacillaria socialis 13 18.29 0.053 0.028
25 Biremis lucens 35 19.93 0.031 0.042
26 Cocconeis costata 2 5.33 0.011 0.012
27 Cocconeis pinnata 7 21.88 0.009 0.006
28 Cocconeis placentula 20 33.88 0.027 0.019
29 Cocconeis scutellum 21 19.71 0.034 0.046
30 Cocconeis sp. 1 2 4.25 0.027 0.030
31 Cocconeis sp. 6 1 243 0.007 0.032
32 Cocconeis stauroneiformis 6 5.34 0.030 0.030
33 Cyclotella bodanica 4 2.6 0.048 0.028
34 C. meneghiniana 6 18.32 0.191 0.095
35 Cyclotella sp. 7 1 1.71 0.019 0.032
36 Cyclotella striata 7 36.01 0.052 0.046
37 Diploneis domblithensis 10 12.47 0.026 0.020
38 Diploneis eliptica 3 1.86 0.108 0.104
39 Diploneis gravelleana 2 2.09 0.050 0.040
40 Diploneis papula 2 15.9 0.025 0.004
41 Diploneis smithii 7 3.59 0.056 0.081
42 Eunotogramma laevis 4 7.9 0.013 0.022
43 Fallacia nyella 9 8.28 0.072 0.106
44 Fragilaria gedanensis 2 6.39 0.037 0.013
45 Fragilaria investiens 1 1.26 0.018 0.032
46 Fragilaria martyii 4 9.48 0.020 0.016
47 Fragilaria schultzii 2 1.71 0.047 0.046
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Table 2 continued

Sp. # Species # Occ. Maximum abundance (%) TP optima (mg/L) TP tolerance range (mg/L)
48 Gyrosigma angulatum 1 2.6 0.081 0.032
49 Gyrosigma balticum 9 7.01 0.064 0.077
50 Gyrosigma scalproides 1 1.22 0.011 0.032
51 Gyrosigma scalproides var exigua 1 2.28 0.052 0.032
52 Mayamae atomus 11 49.54 0.038 0.012
53 Melosira nummuloides 7 9.12 0.084 0.164
54 Navicula arenaria 13 10.69 0.033 0.043
55 Navicula cancellata 2 3.65 0.023 0.015
56 Navicula cincta 24 15.85 0.052 0.059
57 Navicula cryptocephala 1 2.19 0.008 0.032
58 Navicula flagillifera 1 1.26 0.018 0.032
59 Navicula flanatica 5 4.18 0.034 0.023
60 Navicula fluens 1 1.92 0.033 0.032
61 Navicula inflexa 3 6.69 0.062 0.103
62 Navicula salinarum 4 6.92 0.011 0.003
63 Navicula salinarum var salinarum 6 13.1 0.036 0.019
64 Navicula sp. 9 2 3.38 0.038 0.010
65 Navicula sp. E 6 5.71 0.036 0.024
66 Navicula subrhynchocephala 3 2 0.013 0.006
67 Navicula veneta 2 8.47 0.019 0.004
68 Nitzschia amphibia 14 7.94 0.031 0.021
69 Nitzschia coarctata 11 4.42 0.059 0.085
70 Nitzschia compressa 2 2.1 0.013 0.004
71 Nitzschia distans 6 3.66 0.079 0.070
72 Nitzschia frequens 1 243 0.028 0.032
73 Nitzschia granulata 4 14.29 0.021 0.060
74 Nitzschia insignis 1 1.92 0.026 0.032
75 Nitzschia laevis 2 1.83 0.055 0.043
76 Nitzschia lanceola 9 5.03 0.056 0.068
77 Nitzschia liebetruthii 2 491 0.035 0.023
78 Nitzschia lorenziana 3 1.57 0.018 0.020
79 Nitzschia nana 3 7.38 0.042 0.014
80 Nitzschia palaeoformis 4 6.75 0.047 0.022
81 Nitzschia palea 8 5.64 0.048 0.064
82 Nitzschia perindistincta 3 222 0.100 0.112
83 Nitzschia perminuta 2 3.43 0.033 0.026
84 Nitzschia sigma 3 2.09 0.048 0.022
85 Nitzschia sp. 4 2 8.49 0.018 0.008
86 Nitzschia sp. 6 2 2.61 0.028 0.002
87 Nitzschia thermaloides 1 2.57 0.064 0.032
88 Opephora olsenii 15 14.42 0.025 0.017
89 Plagiogramma staurophorum 13 3.58 0.036 0.056
90 Planothidium delicatulum 37 35.71 0.030 0.047
91 Planothidium depertidum 25 27.25 0.023 0.032
92 Planothidium engelbrechtii 5 11.85 0.025 0.012
93 Planothidium lilljeborgei 3 1.61 0.025 0.025
94 Planothidium septentrionalis 1 11.55 0.008 0.032
95 Pleurosigma salinarum 5 9.32 0.051 0.022
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Table 2 continued

Sp. # Species # Occ. Maximum abundance (%) TP optima (mg/L) TP tolerance range (mg/L)
96 Rhaponeis amphiceros 3 2.13 0.009 0.001
97 Rhopalodia musculens 5 4.45 0.019 0.019
98 Rhopalodia gibberula var. globusa 2 2.25 0.041 0.035
99 Surirella gemma 4 2.25 0.058 0.026
100 Tabellaria fasciculata 5 2.89 0.053 0.033

Species # refers to numbers on the CCA biplot in the results section. The number of times each taxa occurs in the training set data is listed under # Occ;
Maximum Abundance (%) refers to maximum abundance for each taxa across all sites

Table 3 Individual CCA results for all the environmental
variables

Variable Eigenvalue % variance p value
explained (significance)

Total nitrogen 0.143 3.60 <0.005

Total phosphorus  0.119 3.04 0.0233

pH 0.166 4.38 <0.005
Conductivity 0.096 2.49 0.11
Dissolved oxygen 0.128 3.25 0.016
Temperature 0.112 2.83 0.03

% variance refers to the amount of variance in the species data
that can be contribute to each variable. A p value <0.05 is
considered significant

Table 4 Results of the CCA on species and environmental
data (TN, TP, pH, DO and Temp)

CCA axes 1 2 3 4

Eigenvalues 0232 0.184 0.124 0.118

Cumulative % variance on 5.76  10.33 13.41 16.39
species data

Sum all eigenvalues 4.025

Cumulative % variance refers to amount of variance in the
species data explained by the first 4 unconstrained axes

benthic taxa. The coastal diatom Planothidium deli-
catulum (Kiitzing) Round and Bukhtiyarova, was the
most dominant species, occurring in all but five
surface sediments, contributing upwards of 29 % of
the relative abundance in the Beelbi Creek, Caboolture
River, Cudgen Creek and Kolan River sites. Maya-
maea atomus (Kiitzing) Lange-Bertalot, a small
(<10 pm) species associated with freshwater eutro-
phic conditions (Juttner et al. 2003; Noga and Olech
2004) occurred in less than one-third of the sites
sampled, but was extremely dominant in two geo-
graphically related northern NSW sites, the Belongil

Estuary and the Brunswick River, with respective
abundances of 31.33 and 49.54 %. Other dominant
species were the marine-brackish diatoms Amphora
coffeaeformis (Ahardh) Kiitzing, and Biremis lucens
(Hustedt) Sabbe, Witkowski and Vyverman.

Canonical correspondence analysis indicated that
no variable had a variance inflation factor >10, so all
were tested in a partial CCA with each remaining
variable as a co-variable (Table 3). This identified the
significant water quality variables (p value <0.05)
were TN, TP, pH, dissolved oxygen and temperature.
The eigenvalues indicated that these five parameters
accounted for >16 % of the variance in diatom species
data (Table 4). CCA biplots (Fig. 2) show that TN and
TP are correlated with axis 1, and temperature is
correlated with axis 2. A correlation matrix on this
reduced dataset also indicated interaction (0.56)
between TN and TP. Conductivity was identified prior
to sampling as a variable within the estuarine
environment that may exert too much influence over
the species data, hence the protocol of always
sampling on the ebb tide, and within 10 km of the
estuary mouth. The relatively high p value of
conductivity (0.11) given by the CCA and permutation
test with conductivity as the single constraining
variable indicates that this was possibly successful in
minimising the influence of salinity within this dataset.
Variance partitioning was used after removing con-
ductivity from the environmental data (Table 5) and
indicated that the variation in the diatom data
explained by TP was somewhat confounded with TN
(p value 0.16), however, pH is not strongly con-
founded with TP with a p value of 0.35.

Despite being significant variables, models for pH,
DO and Temperature were not developed, due to the
nutrient focus of the paper. Transfer functions were
developed for TP and TN in the statistical package C2
(Juggins 2007) using both simple weighted averaging
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Fig. 2 Canonical Correspondence Analysis of the diatom
species and environmental data. SITES is the site distribution
across the environmental gradients. Site numbers correspond to

Table 5 Results of variance partitioning for TN and TP, TP
and pH after removal of conductivity from the environmental
dataset

Variable  Co-variable  Eigen  Variance p-value
value  explained (%)
TP None 0.113  2.80 0.02
TP TN 0.091 226 0.14
N None 0.143  3.55 <0.005
N TP 0.120 298 0.02
pH None 0.165 4.11 <0.005
TP pH 0.082 2.14 0.35

with inverse de-shrinking (WA) and weighted aver-
aging partial least squares (WA-PLS) methods. This
was performed to create models that (1) used all study
sites, and (2) models that eliminated the 12 study sites
which had concentrations for PO4, NH,, NO, and NO,
below detection limit (BDL).

Good correlation existed between observed and
inferred values for TN using both WA and WA-PLS.
However, the jack-knifed r* values indicated that the

WA (rz L= 0.19) and WAPLS (ﬁ L= 0.23)

jac jac
transfer functions performances were not statistically
strong, and would be unlikely to produce reliable TN
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those in Table 1. SPECIES is the distribution of the diatom
species across the environmental gradients. Species numbers
correspond to those in Table 2

reconstructions. The removal of the 12 study sites that
had PO,4, NH4, NO, and NO, BDL resulted in only a

slight increase in the rjzack values for TN
(WA P = 0.27, WA-PLS rlyy = 0.29).

Inference models developed for TP also displayed
good correlation between observed and inferred values
for both WA and WA-PLS methods. Jack-knifed
* values for the WA model were almost identical

to WA-PLS component 2 ( « = 0.25and

0.24 respectively), with the WA model performing
slightly better based on RMSEP scores. The removal
of the 12 study sites which had PO,4, NH,4, NO, and

NO, BDL resulted in a vast improvement in the rj2

ack
values for TP, for both WA ( = 0.65) and WA-

a

2
rjac

2
rjac

2

PLS (rjack = 0.69) models, indicating that TP

reconstructions from this dataset may be used to form
reliable TP reconstructions as shown in Logan et al.
(2011) and Logan and Taffs (2011). Performance
scores for each model, and model specifications, can
be viewed in Table 6. The diatom species optima and
tolerance ranges for TP developed using WA can be
viewed in Table 2.
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Table 6 Weighted averaging with inverse de-shrinking (WA) and weighted averaging partial least squares component 2 (WA-PLS
2) calibration and regression performance results for TP and TN

Variable Model P rjzack RMSE RMSEP
TN WA 0.68 0.19 0.079 0.130
TN WA-PLS 2 0.84 0.23 0.056 0.129
TP WA 0.70 0.25 0.072 0.118
TP WA-PLS 2 0.80 0.24 0.059 0.123
Variable Model (minus BDL sites) P~ rj%,mk RMSE RMSEP
TN WA 0.77 0.27 0.019 0.035
TN WA-PLS 2 0.90 0.29 0.013 0.035
TP WA 0.87 0.65 0.017 0.029
TP WA-PLS 2 0.94 0.69 0.011 0.027

All models were assessed using leave-one-out cross-validation. Re run (minus BDL sites) WA and WA-PLS 2 regression and

calibration results had sites with PO4, NH4, NO, and NO, below detection limits removed

Diatoms that are shown to be good indicators of
nutrient status along a TP gradient by this study are
shown in Fig. 3. The highest abundances of the genus
Cyclotella, which may provide evidence for increased
productivity due to nutrient enrichment (Whitmore
et al. 1996; Koster et al. 2005; Weckstrom 2006), were
found at Eprapah Creek and the Evans River (Cyclo-
tella meneghiniana XKiitzing), as well as Tooway
Creek, the Nerang River and Pimpama River (Cyclo-
tella striata (Kiitzing) Grunow). Two other planktonic
species, Aulacoseira italica (Ehrenberg) Simonsen
and Actinocyclus normanii (Gregory) Hustedt,
occurred at relative abundances >15 % at two and
three sites respectively.

Discussion

The majority of diatom species in the calibration
dataset were benthic species. The abundance of
planktonic species increased at sites with nutrient
enrichment. An increase in abundance of planktonic
diatoms has been noted in response to nutrient
enrichment in previous work (Cooper and Brush
1993; Andrén et al. 1999; Cooper et al. 2004;
Weckstrom 2006; Weckstrom and Juggins 2006;
Saunders et al. 2008). Two sites, Eprapah Creek and
the Richmond River, had TP concentrations that were
more than twenty times above the ANZECC (2000)
water quality trigger values. This coincided with the
highest relative abundances (18.32 and 18.1 %

respectively) of the planktonic taxa C. meneghiniana,
which provides strong evidence for this species to be
indicative of nutrient enrichment, and in particular
elevated TP. The planktonic species, A. italica,
recorded its two highest relative abundances in the
Logan River and Burpengary Creek, sites which had
TN concentrations (0.862 and 0.561 mg/L respec-
tively) well in excess of the ANZECC (2000) trigger
value, which could infer that this species also has
value as an indicator of nutrient enrichment, perhaps
more specifically for elevated TN. Another planktonic
species found in this dataset, A. normanii, has been
related to nutrient enrichment in brackish ecosystems
(Andrén et al. 1999). A. normanii had its highest
abundances at two sites, the Clarence and Mary
River’s, both of which had below average TP
concentrations, and relatively low TN concentrations,
which may be indicative of allochthonous input from a
possible eutrophic section of each river upstream of
the estuarine site sampled.

The distribution of diatom taxa along the TP
gradient in this study identified some species that
possess indicator value (Fig. 3). C. meneghiniana, a
planktonic species associated with increasing nutrient
levels in other research (Andrén et al. 1999; Saunders
et al. 2008), was at the upper end of this gradient.
These occurrences were not only associated with high
TP concentrations, but also large abundances of this
species. This supports the findings of Andrén et al.
(1999) and Korhola and Blom (1996), and suggests
that C. meneghiniana is likely to be a universal
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Fig. 3 Diatom species distribution along the Total Phosphorus gradient from 52 sub-tropical east Australian estuaries

indicator of elevated nutrient status in estuaries.
Conversely, the presence of the epipelic Achnanthes
fogedii Hakansson and Navicula cryptocephala Kiit-
zing in either fossil or surface sediments is likely to be
indicative of lower nutrient concentrations in estuar-
ies, based on their positioning on the TP gradient in
this study.

The CCA analyses indicated that TN and TP were
exhibiting significant influence on the diatom assem-
blages, however robust transfer function scores were
only achievable with TP. While pH was also a
significant variable, variance partitioning showed pH
was exhibiting little influence on the strength of the
relationship between diatoms and TP. Further analysis
through variance partitioning indicated that although
relatively strong, the signal from TP is not completely
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unique and may be shared with TN. The relationship
between TN and TP is also identified by the correlation
(0.56) between these two variables in the training set.
Such a correlation reduces the ability to disentangle
the effects of each variable completely.

This research, in particular the results of the TP
transfer function, also suggests that measurements of
ambient nutrient concentrations may only provide
information about eutrophication status when nutrient
inputs overwhelm the ability of biological responses
(i.e. increase in algal populations and biomass). That
is, when there is an “un-used” portion of nutrients not
being consumed during primary production, thus
becoming a significant and measureable part of
ambient water quality conditions. This is based on
the performance of the TP model after the removal of
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sites where the bio-available nutrients were all BDL.
Prior to the removal of these sites, jack-knifed P
values for TP (Table 6) indicated a weak relationship
between diatom assemblages and nutrient concentra-
tions relative to the relationship formed between TP
and diatom assemblages once these sites had been
removed. It is possible that this may be indicative of
circumstances where diatoms, as part of primary
production, have contributed to the consumption of all
bio-available nutrients in the sites that had PO,4, NHy,
NO, or NO, concentrations BDL. This infers that
although diatoms are likely to have a relationship with
these nutrients, it is unable to be tested as primary
production has removed the bio-available component
of nutrients from the water column to the point where
it is unmeasurable, possibly reducing the strength of
diatoms as nutrient status indicators at these sites. The
removal of sites that had bio-available nutrients BDL
left a dataset consisting of sites with at least one of
POy, NHy, NO, or NO, as a measurable part of the
ambient water quality. This component could then be
related to the diatom assemblage that was formed
during primary production by the use of bio-available
nutrients.

This model has been used to provide reconstruc-
tions of nutrient conditions in a heavily modified
estuary (Logan et al. 2011) and a pristine estuary
(Logan and Taffs 2011). These estuaries are currently
at either extreme of the sampled TP gradient. The
reconstructions in these papers are well supported by
geochemical results. However further sampling is
required in the mesotrophic range to further add to the
validity of this model (Telford and Birks 2011).
Reconstructions of mesotrophic sites using this model
should be approached with caution. However, a
transfer function for nutrient inferences is of value
for this region as local ecological tolerances of diatom
species have not previously been identified and
monitoring data for these estuaries in unavailable. A
cautioned reconstruction of nutrient changes within a
heavily modified estuary has proven to be of value for
land managers within the estuary catchment area
(Hickey pers. comm. 2009).

Conclusion

This is the first study to use surface sediment diatoms
to develop models for the inference of historical

estuarine total nutrient concentrations in Australia,
and to our knowledge, in the Southern Hemisphere.
Given the lack of long term data on estuarine water
quality (Eyre 1997), and indeed on eutrophication
processes in Australia (Tibby 2004), development of
techniques that are efficient in inferring past TN and
TP concentrations are required. Statistical analysis
indicated that only TP has shown it can be used for
modelling purposes, although TP may be confounded
with TN. Given the complex nature of estuaries, there
may be underlying processes and other variables
affecting the diatom distribution in relation to both TN
and TP. The distribution of diatom species along the
TP gradient did identify two planktonic species, C.
meneghiniana and A. italica, as indicators of enhanced
nutrient status in estuaries in sub-tropical eastern
Australia. Previous work (Admiraal et al. 1984) has
pointed out that the relationship between estuarine
nutrient characteristics and diatom production is
neither simple nor linear. Thus, there is need to
develop a deeper understanding of the cycling of
nutrients in Australian estuarine environments, and in
particular, the manner in which diatoms interact with
and influence nutrient cycling processes. For the
moment, the TP inference model reported in this
paper is of sufficient robustness to be used a starting
point to infer previous trophic status of sub-tropical
east Australian estuaries. It is hoped that this will
contribute to improvements in the understanding of
these dynamic ecosystems over longer periods of time
and, in turn, enhance management efforts directed
towards them.
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