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Executive Summary

This report focuses on two key design questions for the Port Curtis Integrated Monitoring
Program, which relies on regular sampling of the macrobenthos. The two aspects are

s The optimal number of macrobenthos grabs needed at each sampling time, and

» The most effective spatial configuration of sampling stations within the constraints
imposed by the available resources.

Macrobenthos samples can be highly variable and it is not immediately clear if such
sampling is necessarily the best way to conduct a port monitoring program. Investigating the
optimal number of grabs Is important both for providing information on this key question and
for making the sampling program efficient and effective should it proceed.

The primary method we have used for this exercise relies on the spatial interpolation of
water quality parameters and contaminant distributions, and the maps of these interpolations
form an important output of the research in their own right. The spatial interpolation maps
that accompany this report come in two forms. Firstly a map of the parameter itself provides
a graphic indication of where the values are, on average, high or low. Secondly the
coefficient of variation map that accompanies it gives some indication of the places where
the parameter is either highly variable or uncertain because of insufficient sampling. Both of
these possibilities would suggest that in such areas the sampling effort might be increased,
even if this is not the sole criterion. (The coefficient of variation is a measure of variability
relative to the mean.)

Optimal number of grabs

The choice of the number of grab samples depends on two aspects of the situation: the
inherent variability in such samples and the size of any change that the sampling scheme
needs to be able to detect, and with what confidence, for the objectives of the monitoring
program to be effective. Both of these — the size of the change that needs to be detectible
and the confidence with which it should be — clearly need to be very carefully established
within the monitoring program before sampling begins.

The variability in the historical macrobenthos data suggests that a sample of 10 replicate
grabs enables detection of a 60% difference in abundance at a conventional level of
confidence. |n general, of course, the larger the percentage difference needed to trigger
some action by the program, the smaller the number of grabs that may be needed, hence
the need to set the protocols carefully. Conversely if the program needs to detect very
subtle changes in the macrobenthos to be effective and this in tumn requires very intensive
sampling to achieve, it casts doubt on the strategy of sampling macrobenthos as the sole
monitoring program strategy.

Spatial interpolation of water quality and contaminants

Predictions of concentrations of contaminants in sediments within the port were generally
found to be more variable than predictions for the water quality parameters. Hence more
sampling points within the port would be required to reduce the sediment prediction
uncertainty to the range currently attained by the water quality parameters. Increasing the
intensity of sampling stations in the easterm section of the port may be initially warranted as
higher coefficient of variation values were generally found in this section of the port.

Spatial modelling techniques have been used to investigate a range of water quality
parameters and the information gained is primarily used for spatial power analysis, which



gives the optimal spatial configuration of sampling stations. In this context ‘optimal’ means
minimizing the level of variability associated with different sampling intensities.

A full discussion of spatial power analysis is beyond the scope of this report, however the
results given here should provide stakeholders with the level of confidence a monitoring
design could achieve for detecting change across a given set of monitoring parameters. The
best way of realising this would be for stakeholders to interact with modeliers and analysts
with a view o establishing the best use of available monitoring resources to achieve agreed
goals. We suggest this happen as scon as possible.

Temporal frequency of sampling

The historical data does not contain sufficient temporal information for this report sensibly to
address guestions of optimal temporal sampling frequency. With only biannual samples it is
impossible to assess whether any finer temporal sampling is needed. To address this for
sampling macrobenthos, water quality parameters or contaminants, the necessary strategy
is at least clear. Firstly an intensive sampling program at, say, the monthly level is required
as a pilot. These finer scale data can then be considered at various coarser scales of
temporal frequency and the appropriate one selected.

In addition, monitoring data collected for all relevant parameters over a series of years is
necessary for understanding the level of natural longer time-scale variability in the system.
Knowledge of the natural variability can then enable confident inferences to be made about
other the impact of other known or unknown sources of variation in the system, in particular
anthropogenic impacts.

Other considerations

The aspects of monitoring design considered here have been based on historical
macrobenthos data and spatial surveys of water chemistry and contaminants that were not
originally designed to answer spatial design questions. In particular, the spatial coverage of
the historic macrobenthos sampling stations was limited and thus only represented a subset
of habitats and intertidal locations within the Port environment. While total abundance of
macrobenthic organisms has been considered in this report, there is also scope to consider
other macrobenthos indicator variables, such as species richness, diversity measures and/or
functional groupings of species. These indicators may prove to be more or less sensitive to
environmental change than total abundance.

Nonetheless, the statistical analysis of these data has provided valuable insights to inform a
pilot whole-of-Port sampling strategy.



1. Introduction

This report provides design input for an ecosystem health monitoring program that
displays and highlights change in the ecological health of Port Curtis. Here,
ecological health is defined in terms of the spatial distribution of processes, habitats
and anthropogenic impact zones. Ecological health monitoring therefore requires a
combined analysis of spatial extent and temporal persistence, with the latter used to
detect trends and assess the condition of the port over time.

After investigation of four data sets made available for statistical analysis, two main
design aspects have been considered, 1) the optimal number of grabs for
macrobenthos sampling and 2) spatial configuration of sampling stations via
inference gained through interpolation of water quality parameters and contaminants
throughout the port.

Investigation of the optimal number of grabs is an important aspect for a)
determining if the inherent variability in macrobenthos samples is conducive for
inclusion in a port monitoring program, and b) ascertaining via statistical power
analysis the number of grab samples required for detection of various levels of
impact change. Of course, the appropriate percentage difference required for
detection by the sampling scheme needs to be considered in relation to the overall
objectives of the monitoring program.

Spatial interpolation of water quality parameters and contaminants provide two main
sets of information as input for revising sampling schemes throughout the Port.
Firstly, prediction maps and the variability associated with these maps (a direct result
of the sampling scheme employed) are produced providing knowledge about the
distribution of these parameters throughout Port Curtis, potentially identifying areas
of impact or non-impact. Secondly, the variability maps provide and indication of
where sampling effort should be intensified and hence decrease the level of
variability in the spatial predictions modelled.

Section 2 of this report ouflines the historical data analysed and the statistical
methodology and results associated with investigating the optimal number of grabs



for macrobenthos sampling. A comment on the implications of these results for
monitoring macrobenthos in Port Curtis is also provided.

Section 3 outlines the statistical methods, grid data analysed and the resulting
spatial prediction and wvariability maps for the water quality parameters and
contaminants considered.

Section 4 provides recommendations for monitoring throughout Port Curtis based on
the overall results of the statistical analyses reported in Sections 2 and 3.

2. Optimal Number of Grabs for Macrobenthos Sampling

2.1 Data Available for Analysis

The historical macrobenthos data available came from 30 stations at which 10
replicate samples were made at each of 11 dates from November 1985 to November
2000 (Refer to Appendix A for details). Not all stations were sampled at each time
point. Counts of individual species were made but in the following we will consider
the total benthos count as the measure of benthic community status. It was beyond
the scope of this report to consider other measures of benthic community status
such as species richness, diversity measures and/or functional groups of species.

It must also be noted that the historic macrobenthos data represent
» a subset of habitat and intertidal ranges within the Port, with stations mostly
located in the industrialised inner harbour
s a specific 5-year period with evidence of macrobenthos decline and recovery
during this timeframe.
(David Currie, pers. comm., Central Qld University, Gladstone)

2.2 Determining Mean-Variance Relationship Amongst Replicates

To develop a sampling strategy that will maximise chances of detecting differences
in total benthos magnitude from one occasion to another, it is necessary to
determine if the variability of abundance over replicates changes with the mean



abundance. Table 1 highlights how the mean abundance for each station varies with
time. Refer to Appendix B for individual station plots representing these time series.

The variance and mean of total abundance are plotted for various transformations of
abundance in Figure 1. From Figure 1, we see that with the untransformed (Figure
1a), square root transformed (Figure 1b) and fourth root transformed abundances
(Figure 1c) there is a strong relation between the variance and mean over replicates.
Ignoring this relationship between the variance and mean would produce biased
results from subsequent statistical power analyses. With the log transformed
abundances the variance of replicates does not appear to have a systematic relation
to the mean abundance (Figure 1d). Hence the variance of the difference between
any two mean log abundances will be constant, no matter what the magnitudes of
the two means. Importantly, this ensures no biases in subsequent power analyses
will be likely.

For subsequent analyses we have therefore log-transformed all abundance data.

Table 1 Mean total abundance of 10 replicates for station by date
combinations. ‘NA’ refers to information that was ‘Not Available’. Refer to
Appendix A for latitude and longitude values for each station.

Date
Station | Nov | Apr | Nov | Apr | Nov | Apr | Nov | Apr | Nov | Apr Nov
95 96 96 97 97 98 98 98 89 00 00

1 2501 64 | 570 | 578 | 744 | 2568 | 678 | 417 | 620 | 590 | 4050
2 145 7.8 | 1120 | 440 | 790 | 280 | 850 | 322 | 210 | 23.00| 9.00

3 B0 |141 | 1430 | 610 | 600 | 275 | 1150} 870 | 167 | 840 | 1290
4 187 | 11.0 | 1530 7.89 | 1400 | 511 | 1370} 11.50 | 590 | 7.00 | 10.40
5 235 98 [ 13.10| 556 | 13.10 | 3.00 | 460 | 3.90 | 200 | 1040} 10.60
6 215 (33.0|2210|13.00| 1660 { 7.30 | 690 | 480 | 6.44 | 14.10 | 106.60
7 218|124 | 1320 6.40 | 1230 | 1167 | 433 | 400 | 438 | 1060 | 6.67

8 239|138 | 1970 (1410|1480 | 680 | 980 | 7.89 | 3.90 | 6.80 | 4290
9 420 | 245 | 3540 | 410 | 1410 | 6,70 | 530 | 7.60 | 400 | 13.90 | 50.20
10 23912011410 | 411 | 1320 | 630 | 11.70 | 3.89 | 11.40 | 11.70 | 20.50
11 15.0 | 53.0 | 20.70 { 23.40 | 3080 | 580 | 811 | 214 | 7.33 | 21.10| 10.60
12 432 | 54.7 | 34.20 | 19.50 | 35.20 | 21.50 | 22.40 | 24.10 | 20.40 | 23.11 | 55.20
13 30 77 | 1110 11.70| 2780 | 1490 | 820 | 6.20 | 11.00 | 488 | 10.30
14 262|187 | 11.30| 6.10 | 2290 | 9.20 | 411 | 530 | 740 | 7.30 | 1210
15 292 | 93 | 1280|1267 | 2530 | 11.00 | 3.11 | 860 | 830 [ 13.00 | 44.10
16 165|371 | 7.78 | 13.00 | 14.20 | 800 | 3.90 |[17.60 [ 7.30 | 19.25 | 30.00




Date

Station | Nov | Apr | Nov | Apr | Nov | Apr | Nov | Apr | Nov | Apr | Nov
95 96 96 97 97 28 98 99 g9 00 00
17 145 |1 10.8 | 1020 | 7.70 | 10.70 | 233 | 430 | 4.30 | 3.00 NA 8.56
18 199 1 110 | 940 | 720 | 7.30 | 313 | 544 | 167 | 3.75 NA 9.90
19 382 (303 |23901} 20801680 3.30 | 1090 | 11.40 | 3.43 NA 10.20
20 205|137 (1240 | 560 | 1050 | 267 | 7.40 | 267 | 7.50 NA 9.20
21 NA | NA NA |[1460| 1322 | 7.30 | 260 1.67 | 4.50 NA 5.80
22 NA § NA NA (1090} 450 | 286 | 960 | 2.00 | 3.89 NA 3.33
23 NA | NA NA 363 | 456 1.25 | 840 | 3.40 | 267 NA 9.70
24 NA | NA NA | 1640 | 620 | 2.00 | 1650 | 238 | 21.70 | NA 16.50
25 NA NA NA NA NA NA NA NA NA NA 12.20
26 NA NA NA NA NA NA NA NA NA NA 10.20
27 NA | NA NA NA NA NA NA NA NA NA 54.30
28 NA | NA NA NA NA NA NA NA NA NA 16.30
29 NA | NA NA NA NA NA NA NA NA NA 8.20
30 NA | NA NA NA NA NA NA NA NA NA 24,10




a) Untransformed Abundance b) Square Root of Abundance
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Figure 1 The variance and mean of macrobenthos total abundance plotted for
a) untransformed, b) square root, ¢) fourth root and d) log of abundance.



2.3 Determining Optimal Number of Grabs

To investigate the optimal number of grabs for detecting changes in macrobenthos at
any site over time, we are interested in testing for proportional reductions in mean
abundance. This involves detecting changes of mean u to mean pu, where p is
between 0 and 1. Consequently, the difference in logs of these two means becomes
simply [-log(p)]. For simplicity, the term “percentage difference” [100(1-p)] will be
used throughout the text, rather than the terms “percentage reduction” or
“proportional reduction”.

We have analysed the replicate data that made up Table 1 using a linear model with
normal errors for the log of abundance to determine the amount of variability in the
data not explained by the main factors of station and time. [We have already shown
that on this log scale the assumption of constant variance applies (Figure 1d).] The
results from this analysis provide an estimate of the residual variance (¢?), which is
one of the parameters required to compute sample sizes (n) in Equation (1). With the
linear model accounting for the main effects of station and time and their interaction,

we estimate the residual variance (c”) for the log of abundance to be 0.39.

To compute sampie sizes (n) for the difference in two means, we can use the sample
size formula of Snedecor and Cochran (1989)

n=2(za+zﬁ)20'2/52 (1)

where o is the significance level required for the test, p=2(1-P), where P is the power
of the test, and the residual variance of log abundance o° is estimated to be 0.39.
The mean difference & is [-log(p)], as caiculated above for the difference in mean

log abundance. The z,and z, terms are normal distribution percentage points
corresponding to the probabilities o and B, respectively. The term (z, +z‘,)2 is

calculated to be 10.5 for a=0.05 and P=0.9.

For testing that the percentage difference between mean abundance at any two
times is 60%, we would need at least 10 replicate grab samples. If we needed to



know that a percentage difference of 67% had occurred, we would only require 7
replicate grab samples on each occasion. For differences of 75% and 90% in mean
abundance as our measures of benthic community change, we would only need 5
and 2 replicate grab samples, respectively. Figure 2 shows the relationship between
percentage difference and number of grabs.

Percentage Difference [100(1-p)]

T T T T T T
1] 10 20 30 40 50

Number of Grabs

Figure 2 Percentage difference [100(1-p)] in mean abundance related to
number of grabs. Calculations based on a =0.05 and P=0.9.

2.4 Implications for Monitoring Macrobenthos

The results outlined above highlight that the choice of the number of grab samples to
take during the sampling of macrobenthos depends on how great a percentage
difference we want to use as a measure of benthic community change. As can be
seen from Table 1, 90% differences in mean abundance occur in Port Curtis and
these may be due to natural variation. More subtle differences may occur as a result
of specific human intervention, and the ability to detect these will depend on what the
key percentage difference in abundance is that you wish to be able to detect as
significant.



The histogram in Figure 3 shows the distribution of percentage differences, when
comparing the greater of two successive means to the lesser, taken over all the pairs
of successive occasions for the first 24 stations. The individual station histograms
can be seen in Appendix C. The full range of percentage difference values in the
macrobenthos data for Port Curtis (depicted in Figure 3 and Appendix C) suggest
that a monitoring program including macrobenthos may need to take a conservative
approach in setting the level of detection possible through such a sampling program.
In this case, the smaller percentage difference values (0 to 60% - implying subtle
differences between sampling events) may reguire at least 10, preferably more,
replicate grab samples of macrobenthos for each sampling station.

Count

T T I T T

0 20 40 60 80

Percentage Difference

Figure 3 Histogram of the percentage difference in mean abundance between
successive time points from all of the first 24 stations.



3. Spatial Interpolation of Water Quality and Contaminants

3.1 Methodology for Spatial Interpolation

The geostatistical methodology kriging (Cressie, 1993, Chapters 2 and 3) is
used to spatially predict the variables sampled in the bay. Spatial prediction
has two components. The first component is the large-scale spatial structure
in the data, which models the overall trend in the data. The second
component is the small-scale spatial structure in the data. This is the spatial
structure that is left when the overall trend, or large-scale spatial structure,
has been accounted for. Figure 4 helps to illustrate via an example the large-
scale and small-scale spatial components. For simplicity, it is assumed that
the system of interest is one-dimensional, so sampling can be done on a
linear transect. The green points represent the observations. The red line
represents the large-scale spatial structure, which in this example is quadratic.
When the small-scale spatial structure is included, the black line resuits.
Notice how the general shape is the same as that of the large-scale spatial
structure but at a local level it can deviate from the large-scale spatial
structure. The deviation is due to the small-scale spatial structure.



Predictions from spatial modelling

Linear Transect

Figure 4 Large and small scale components for a one-dimensional
system (an example). The solid red line represents the large-scale
spatial structure, the black line the large-scale and small-scale spatial
structure combined, and the dashed g2 ¢ots represent the observed
values.

Accounting for the small-scale spatial structure involves semi-variogram
modelling of the residuals that result when the large-scale spatial structure is
removed from the data. From the fit of the semi-variogram to the residuals it
is possible to predict the smaii-scale spatial structure. The residuals are
calculated as the observed value at a particular station subtracted from the
estimated large-scale spatial trend value at that station. As an example,
Figure 5 presents the empirical and fitted semi-variogram for the intensive
water quality salinity data. The semi-variogram shows how the variation
changes between points at different distances apart. Notice in Figure 5 that
points that are not more than a distance of 0.012 degrees apart (distance
calculated based on decimal longitude and latitude values) have a small semi-
variogram value (gamma < 0.03), suggesting that these points are similar,
while points that are further apart, such as greater than a distance of 0.035,
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have a semi-variogram value approximately 0.05, suggesting that these points
are not as similar.

0.06
i

gamma
0.03 0.04 0.05
1 1 1
1o
{+]
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geographical distance (in degrees)

Figure 5 The empirical (dots) and fitted semi-variogram (line) for the
intensive sampling water quality salinity data.

Modelling the semi-variogram requires the estimation of the range, the sill and
the nugget effect. The range represents the geographical distance at which
the data are no longer correlated, the sill represents the variance, and the
nugget effect represents micro-scale (very small-scale) spatial structure or
measurement error (error that would result if a measurement was repeatedly
taken at the same station). For the model fitted in Figure 5 the range is
estimated to be 0.02, the sill to be 0.05 and the nugget 0.006.

For information on the semi-variogram and geostatistical spatial modelling
when the data, or some transformation of the data, are assumed to be
approximately Gaussian distributed, see Cressie (1993). This assumption
was made for all the variables analysed except for the percentage of sediment

11



of size less than 60 um. The spatial analysis of these percentage data is
based on the application of geostatistical techniques to non-Gaussian data.
The modelling of non-Gaussian data is commonly performed using
generalised linear models. (See McCullagh and Nelder (1989) for information
on generalised linear models, and Gotway and Stroup (19897) for information
on spatial analyses for generalised linear models.)

3.2 Data Available for Analysis

Water quality readings were taken in the Port Curtis area in August 2001 and
February 2002 at 50 stations, with replicates at six stations for August 2001
and at five stations for February 2002 (Refer to Appendix A for details). A
number of variables were measured, with some having most readings below
detection limit. Spatial maps are generated only for those variables that have
no more than a few observations below detection limit, with observations
below detection assigned a value just less than the actual detection limit. For
the water quality surveys in August 2001 and February 2002 the variables that
fall into this category are: pH, salinity, fluoride, arsenic and selenium.

Sediment sampies were taken in the Port Curtis area in September/October
2001 and March 2002 at 50 stations, and analysed for concentrations of
contaminants with replicates at five stations for both surveys (Refer to
Appendix A for details). A large number of the readings for silver and
cadmium were below detection limit for both surveys, so these two variables
were nof analysed. Spatial maps were generated for the variables: antimony,
arsenic, chromium, copper, nickel, lead, zinc and mercury because few if any
of the readings for these variables were below detection limit. It is important
to note that for the September/October 2001 data approximately 70% of the
sediment samples were taken on 19 September and the remaining samples
were taken three weeks later. Hence the maps for the variables in this survey
should be examined with caution because the prevailing conditions when the
samples were taken in September may not have corresponded to those three

weeks later in October.

12



The same cautionary note applies to the intensive water quality maps. The
intensive water quality samples were taken over a six week period from mid
July 2002 to the beginning of September 2002 at 177 stations (Refer to
Appendix A for details). Since the prevailing conditions over this six week
period may have changed, the maps for the intensive water quality variables
should be viewed with caution. The intensive water quality variables analysed
are: temperature, conductivity, salinity, dissolved oxygen (mg/L), pH and
oxidation/reduction potential (ORP). The maps for the intensive water quality
variables are based on the average vaiue over depth for each station.

In September/October 2001 and March 2002 samples of sediment were also
taken and the percent of sediment falling into four classes was calculated:
greater than 1 mm, greater than 125 um but less than 1 mm, greater than 60
um but less than 125 um, and less than 60 um. Toxicologists generally
assume that the bioc-available fraction of contaminants is found in sediment of
size less than 60 um (see ANZECC/ARMCANZ, 2002, Chapman ef al., 1998,
and USEPA, 2002). Consequently only maps for the percent of sediment of
size less than 60 um are generated.

Maps have been generated on a grid of 0.002 degrees apart, giving the effect
of continuous colour fill at this resolution. For mapping purposes, sample
stations in Port Curtis and between the mainland and Curtis Island were
included in the analyses. Stations more than a few hundred metres up rivers
and creeks are excluded from the spatial mapping. Different processes may
be affecting these stations hence they are best removed from the spatial
analyses.

3.3 Spatial Prediction and Coefficient of Variation Maps

The September 2001 and March 2002 prediction maps for the percent of
sediment that is of size less than 60 um can be found in Figure 6, and Figure
7 respectively. An examination of these two figures reveals a marked
difference. For example, a greater percentage of sediment is of size less than
60 um in March 2002 than in September 2001 for the area between the

13



mainiand and the bottom of Curtis Island. It is difficult to say why this is the
case. This difference could possibly be caused by a number of events such
as large rainfall and runoff events, dredging or rough weather. Another
possibility could be that the distribution of sediment size is very variable for
small distances, thus resulting in different maps for samples collected at
nearby sites. There is a suggestion of this latter possibility in the data. For
example, for site 39 in September 2001 the first sample at this site has 0.3
percent of the sediment greater than 1 mm, 4.9 percent greater than 125 um
but less than 1 mm, 5.7 percent greater than 60 um but less than 125 pym, and
89.1 percent less than 60 um. The duplicate sample for this site has 16.4
percent, 53.3 percent, 14.0 percent and 16.3 percent in the corresponding
sediment size classes. A similar disparity exists for the two samples taken at
site 31 in September 2001.

14
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Figure 6 September 2001 prediction map for percent of sediment < 60
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Figure 7 March 2002 prediction map for percent of sediment < 60 (um).
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An examination of the other prediction maps in Appendix D reveals that there
can be differences between the maps of the corresponding sediment variables
in September 2001 and March 2002, with some areas having high values in
one map but not in the other. The same can be said for the prediction maps
of the water quality variables in August 2001 and February 2002.

To accompany the prediction maps we have plotted the coefficient of variation
using the same grids as the predictions. The coefficient of variation at a
station is defined as:

standard error of the prediction (2)

prediction

x  100%.

Along with the predictions from the semi-variogram fit, we get standard errors
associated with these predictions. Small coefficient of variation values
suggest that the variability of the prediction is small relative to the prediction
value, while large values suggest that the variability of the prediction is large
relative to the prediction value.

The coefficient of variation maps reveal another interesting result. An
examination of the coefficient of variation maps reveals that the predictions for
the variables from the sediment samples have relatively greater variability
than the predictions for the variables from the water quality samples. This
point is illustrated by comparing the coefficient of variation maps for arsenic
from the sediment samples in September 2001 (Figure 8) and March 2002
(Figure 9) with those for arsenic from the water quality samples in August
2001 (Figure 10) and February 2002 (Figure 11). For the sediment plots
(Figure 8 and Figure 9) most of the coefficient of variation values fall in the
range 25 to 50 percent. For the water quality plot for February 2002 (Figure
11) all the coefficient of variation values are less than or equal to 10 percent
and for the August 2001 (Figure 10) all the coefficient of variation values are
less than 25 percent.
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Figure 8 September 2001 coefficient of variation map for sediment
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Figure 9 March 2002 coefficient of variation map for sediment arsenic.
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4. Recommendations for Monitoring Throughout Port Curtis

The statistical investigations conducted as part of this project can be used to
inform 1) the design of an ecosystem health monitoring program invoiving
water quality parameters, contaminants and macrobenthos, 2) the further
development of conceptual process-response models for Port Curtis, and 3)
the water resource planning process for this coastal system.

Optimal Number of Grabs for Macrobenthos Sampling

The choice of the number of replicate grab samples to take during sampling of
macrobenthos at a particular sampling station depends on how great a
percentage difference amongst the sampling periods is required from the
monitoring program. The appropriate percentage difference for detection
should be considered in conjunction with the objectives of the monitoring
program.

The variability in the historical macrobenthos data suggests that 10 replicate
grab samples enable detection of a 60% difference in abundance (significance
level, =0.05 and Power=0.9). If detection of a larger percentage difference is
required {eg 75% or 90%), then a smaller number of replicate grab samples
could be taken. This may be relevant for instance if the objective of the
monitoring program is to detect major changes in the abundance of
macrobenthos. However, for more subtle changes in macrobenthos
abundance (eg less than 60% difference), more than 10 replicate grab
samples per sampling event would be required. This more intensive sampling
requirement may make a monitoring program to detect subtle changes in
macrobenthos abundance prohibitively expensive. This finding should be
considered seriously if the objective of the monitoring program is to detect
subtle changes in the abundance of macrobenthos.

Spatial Interpolation of Water Quality and Contaminants

As evidenced from the coefficient of variation maps, sediment predictions
within the port were generally found to be more variable than predictions for
the water quality parameters. To address these higher levels of variability
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more sampling points within the port would be required to reduce the
sediment prediction variability to the range currently exhibited by the water
quality parameters. An initial focus on increasing the intensity of sampling
stations in the eastern section of the port may be warranted as higher
coefficient of variation values were generally found in this section of the port.

The spatial modelling results for each parameter considered also provide the
necessary information for considering optimal spatial configuration of stations
within Port Curtis, known as spatial power analysis. Here optimal would be
assessed as minimizing the level of variability associated with different spatial
intensities of sampling effort. The consideration of spatial power analysis is
beyond the scope of this report, however with all the spatial modelling now
completed an interaction between spatial modelers and stakeholders to
ascertain different spatial configurations of relevance would enable a thorough
investigation of optimal spatial configurations to be conducted. These spatial
power analyses would provide stakeholders with the level of confidence a
monitoring design could achieve for detecting change across a given set of
monitoring parameters.

Temporal Frequency of Sampling

When taking into account the historical data available for statistical analysis,
recommendations about a relevant temporal frequency of sampling are
beyond the scope of this report. To address the level of sampling frequency
required for sampling cither macrobenthos, water quality parameters or
contaminants an intensive sampling program with finer scale temporal
sampiing greater than twice yearly is required (eg monthly). These finer scale
data can then be considered at various coarser scales of temporal frequency
and the associated level of variability at these various scales (monthly,
bimonthly, quarterly) investigated.

In addition, monitoring data collected for all relevant parameters over a series

of years is necessary for understanding the level of natural variability in the
system. Knowledge of the natural variability can then enable confident
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inferences to be made about the impact of known or unknown sources of
variation in the system (eg seasonality, pollution sources, etc).

21



5. References

ANZECC/ARMCANZ (2000). Australian and New Zealand quidelines for fresh
and maine water quality. Australia and New Zealand Environment and
Conservation Council/Agricultural and Resource Management Council
of Australia and New Zealand.

Chapman, P. M., Wang, F., Janssen, C., Persoone, G. and Allen, H. E.
(1998). Ecotoxicology of metals in aquatic sediments: binding and
release, bioavailability, risk assessment, and remediation. Canadian
Journal of Fisheries and Aquatic Sciences, 55, 2221-2243.

Cressie, N.A.C. (1993). Statistics for Spatial Data, revised edition. John Wiley
and Sons: New York.

Gotway, C.A. and Stroup, W.W. (1997). A generalized linear model approach
to spatial data analysis and prediction. Journal of Agricultural,
Biological, and Environmental Statistics 2, 157-178.

McCullagh P., and Nelder, J.A. (1989). Generalized Linear Models, 2nd
edition, Chapman and Hall: London.

Snedecor, G.W. and Cochran, W.G. (1989). Statistical Methods. lowa State
University Press, Ames, pp 102-105.

USEPA (2002). Methods for collection, storage and manipulation of
sediments for chemical and toxicological analysis. EPA-823-B-01-002.
In: Office of Water, Washington, DC, USA.

22



€¢

sTx A31Tenb
133em gpdes nl

Aisiaaun puejsusenp
lenusa?) ‘Juawabeuep
[elUBWIUCHALT 10} 8AUSD

(d¥0) Ieguelod uononpeluonepIxo
‘Hd ‘(1/B8w) ueBAxo peajossip ‘Miules ‘AyaRONpUOD ‘eimjeledwie)
Aupiqin} ‘(pajeimes o) usbAxo panjossip ‘yidep e

:(suonejodisyul jeneds Jusnbesqgns o) pasn o1em plog Ul 9S0Y)) PeINSESW SIEWEIE

2002
Jaquisldag Jo Buuuibaq o} ooz Aine piw woy pousd )oom-g B JoAO Uaye} sejdwes

reyeq Aenp Jojem pejdwes pus jolid

STX " SUOTIBOOT

UCTIeAS Bunioljuopy ojyiuagosoepy
SOYIUSIOIDBR Aoyiny pajesbaju| siunD uod, pafus podel NDD 84} Ul peulIno asouy) Buisn yooyspesids
HOd 8U0ISpE[D) B wnajollad e 130X3 843 Ul papiroid sl sUONE)S OF 8Y) JO YIS 10 SBNjeA Spnjiie| pue apnybuoT

Jyloed wisyinog Buipniou
sJapjoyayels siuny Jod "UOljE]S B Je (SSBULDL 10) SOUBPUNGE |[BIBAO LI 0) PIJE([0D Blom
Bjeq "ejdwes qe.b Jod pepicoal sjenpiAIpUL JO SISQUINU YIM [9Ad] SaIoads 0} paynuap|

AysiaAlun puejsussnp
STX ' e3ep fenue) ‘uswabeuepy "000Z JOUWaAON 0} G661 JOqUISAON
SOYJUSQOIDRR [BIUBWIUOMAUT 1O} DiJUB) Wwoy s8)ep | | JO yoes Je spew a1am ssjdwes sjeoldal g Yyoym e suoness gg
'BjeQ SOY3uUeqoIdeiy [eoLI0)SIH
sweue|ly Aq pepinoid 108 eje( jo uondusseq

"Ne'BI0 010 [EISE0D M. dTTy

1€ SiqE|IEAR BpELU Liaaq eABY PUB MOjeq Paulpno usaq aAey 1aefoud siuj Buunp sisAjeue 1oy payuapl sjes ejep au jo Bugsi| v

Vv Xipuaddy




Water Quality Data:

50 stations sampled in August 2001 and February 2002, with replicates at 6 stations in
August and 5 stations in February.

| Parameters measured (those in bold were used for subsequent spatial interpolations):

¢ aluminium, cadmium, copper, chremium, iron, manganese, nickel, lead, zinc,
total cyanide, depth, TBT (only measured Feb 2002)

» pH, salinity, fluoride, arsenic, selenium

CSIRO Energy Technology in
collaboration with Co-
operative Research Centre
for Coastal Zone Estuary and
Waterway Management

aug0l water
quality.xls

febl2 water
gquality.xls

Sediment Data:

50 stations sampled in September/October 2001 and March 2002, with replicates 5
stations for both surveys.

70% of September/October 2001 samples were taken on 19™ September and
remaining samples taken 3 weeks later.

Parameters measured (those in bold were used for subsequent spatial interpolations):
s« cadmium, silver
« antimony, arsenic, chromium, copper, nickel, lead, zinc, mercury,
percentage of sediment less than 60 um

CSIRO Energy Technology in
collaboration with Co-
operative Research Centre
for Coastal Zone and Estuary
Management

march0?2 sediment
contaminants.xls

sepll sediment
contaminants.xls
march02 sediment

size.xls

sep0l sediment
size.xls
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Appendix B
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Figure B.1 Time Series plot for Stations 1-6. Ten replicate values are
presented for each month. Note that the x-axis is a running month of the
year index, starting at 11 for November 1995 and ending at 71 for
November 2000. Note November 2000 data for Station 6 has not included on
this plot due to the impact of the large abundance values on plot
interpretation.
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Figure B.2 Time Series plot for Stations 7-12. Ten replicate values are
presented for each month. Note that the x-axis is a running month of the
year index, starting at 11 for November 1995 and ending at 71 for
November 2000.
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Figure B.3 Time Series plot for Stations 13-18. Ten replicate values are
presented for each month. Note that the x-axis is a running month of the
year index, starting at 11 for November 1995 and ending at 71 for
November 2000.
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Figure B.4 Time Series plot for Stations 19-24. Ten replicate values are
presented for each month. Note that the x-axis is a running month of the
year index, starting at 11 for November 1995 and ending at 71 for
November 2000.
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Appendix C
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Figure C.1 Histograms of Percentage Difference [100(1-p)] for Mean
Abundance at Stations 1-6.
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Figure C.2 Histograms of Percentage Difference [100(1-p)] for
Abundance at Stations 7-12.
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Figure C.3 Histograms of Percentage Difference [100(1-p)] for Mean
Abundance at Stations 13-18.
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Figure D.1 September 2001 prediction map for percent of sediment < 60 (um).
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Figure D.2 March 2002 prediction map for percent of sediment < 60 (um).
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Figure D.3 September 2001 prediction map for sediment antimony (ppm).
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Figure D.4 September 2001 coefficient of variation map for sediment antimony.
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Figure D.5 March 2002 prediction map for sediment antimony (ppm).

-23.65 M 0-10%
M 10-25%
25-50%
2370 -
50 - 100%
o > 100%
-23.75
-23.80
-23.85 -
-23.90 -
23.95 -

T T T T T T T 1
151.05 151.1% 151.25 151.35

Figure D.6 March 2002 coefficient of variation map for sediment antimeny.
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Figure D.7 September 2001 prediction map for sediment arsenic (ppm).
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Figure D.8 September 2001 coefficient of variation map for sediment arsenic.
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Figure D.9 March 2002 prediction map for sediment arsenic (ppm),
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Figure D.10 March 2002 coefficient of variation map for sediment arsenic.
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Figure D.11 September 2001 prediction map for sediment chromium (ppm).
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Figure D.12 September 2001 coefficient of variation map for sediment chromium.
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Figure D.13 March 2002 prediction map for sediment chromium (ppm).
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Figure D.14 March 2002 coefficient of variation map for sediment chromium,
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Figure D.15 September 2001 prediction map for sediment copper (ppm).
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Figure D.16 September 2001 coefficient of variation map for sediment copper.
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Figure D,17 March 2002 prediction map for sediment copper (ppm).
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Figure D.18 March 2002 coefficient of variation map for sediment copper.
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Figure D.19 September 2001 prediction map for sediment nickel (ppm).

-23.65 W 0-10%
W 10-25%
Jv— 25 -50%
W 50 - 100%
o >100%
-23.75 1
-23.80
-23.85
-23.90
-23.95
— T T T T T T
151.05 151.15

151.25 151.35

Figure D,20 September 2601 coefficient of variation map for sediment nickel.
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Figure D.21 March 2002 prediction map for sediment nickel (ppm).
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Figure D.22 March 2002 coefficient of variation map for sediment nickel.
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Figure D.23 September 2001 prediction map for sediment lead (ppm).
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Figure D.24 September 2001 coefficient of variation map for sediment lead.
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Figure D.25 March 2002 prediction map for sediment lead (ppm).
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Figure D.26 March 2002 coefficient of variation map for sediment lead.
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Figure D.27 September 2001 prediction map for sediment zinc (ppm).

-23.65 W oo-10%
W 10-25%
. 25-50%
' ¥ 50 - 100%
B > 100%
-23.75
-23.80
-23.85
-23.90
-23.95

I T T T T T T 1
151.05 151.15 151.25 151.35

Figure D.28 September 2001 coefficient of variation map for sediment zinec.
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Figure D.29 March 2002 prediction map for sediment zinc (ppm).
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Figure D.30 March 2002 coefficient of variation map for sediment zine.
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Figure D.31 September 2001 prediction map for sediment mercury (pg/kg).
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Figure D.32 September 2001 coefficient of variation map for sediment mercury.
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Figure D.33 March 2002 prediction map for sediment mercury (pg/kg).
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Figure D.34 March 2002 coefficient of variation map for sediment mercury.
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Figure D.35 August 2001 prediction map for water quality arsenic (ug/L).
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Figure D.36 August 2001 coefficient of variation map for water quality arsenic.
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Figure D.37 February 2002 prediction map for water quality arsenie (ng/L).

-23.85 0-10%
10 - 25%
25 - 50%
-23.70
W 50 - 100%
W >100%
-23.75
-23.80
-23.85
-23.90 -
-23.85

I ! T 1 ! T T 1
151.05 151,16 151.25 151.35

Figure I).38 February 2002 coefficient of variation map for water quality arsenic,
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Figure D.39 August 2001 prediction map for water quality pH.
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Figure D.40 August 2001 coefficient of variation map for water quality pH,
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Figure D.41 February 2002 prediction map for water quality pH.
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Figure D.42 February 2002 coefficient of variation map for water quality pH.
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Figure D.43 July/September 2003 intensive water quality prediction map for pH.
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Figure D.44 Coefficient of variation map for July/September 2003 intensive water quality pH.
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Figure D.45 August 2001 prediction map for water quality salinity.
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Figure D.46 August 2001 coefficient of variation map for water quality salinity.
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Figure D.47 February 2002 prediction map for water quality salinity.
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Figure D.48 February 2002 coefficient of variation map for water quality salinity.
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Figure D.49 July/September 2003 intensive water quality prediction map for salinity.
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Figure D.S0 Coefficient of variation map for July/September 2003 intensive water quality salinity.
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Figure D.51 August 2001 prediction map for water quality fluoride (mg/L).
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Figure D.52 August 2001 coefficient of variation map for water quality flaoride,
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Figure D.53 February 2002 prediction map for water quality fluoride (mg/L).
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Figure D.54 February 2002 coefficient of variation map for water quality fluoride.
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Figure D.55 August 2001 prediction map for water quality seleninm {ug/L).
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Figure D.56 August 2001 coefficient of variation map for water quality selenium.
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Figure D.57 February 2002 prediction map for water quality selenium (ug/L).

-23.65 B o-10%
I 10-25%
25 - 50%
-23.70
o 50 -100%
B > 100%
-23.75
-23.80
-23.85
-23.90 -
-23.95

I T T T T T T 1
151.056 151.15 151.25 151.35

Figure .58 February 2002 coefficient of variation map for water quality selenium.
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Figure D.59 July/September 2003 intensive water quality prediction map for temperature (Celsius).
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Figure D.60 Coefficient of variation map for July/September2003 intensive water quality
temperature.
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Figure D.61 July/September 2003 intensive water quality prediction map for conductivity (ms/cm).
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Figure D.62 Coefficient of variation map for July/September2003 intensive water quality
conductivity.
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Figure D.63 July/September 2003 intensive water quality prediction map for dissolved oxygen
(mg/L).
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Figure D,64 Coefficient of variation map July/Sept 2003 intensive water quality dissolved oxygen.
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Figure D.65 July/September 2003 intensive water quality prediction map for Ozxidation/Reduction
Potential [ORP] (mv).
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Figure D.66 Coefficient of variation map for July/September2003 intensive water quality ORP.
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