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Abstract

Environmental report cards are popular mechanisms for summarising the overall status of an environmental
system of interest. This paper describes the development of such a report card in the context of a study for
Gladstone Harbour in Queensland Australia. The harbour is within the World Heritage protected Great Barrier
Reef and is the location of major industrial development, hence the interest in developing a way of reporting its
health in a statistically valid, transparent and sustainable manner. A Bayesian Network (BN) approach was used
because of its ability to aggregate and integrate different sources of information, provide probabilistic estimates
of interest and update these estimates in a natural manner as new information becomes available.

BN modelling is an iterative process, and in the context of environmental reporting this is appealing as model
development can-be initiated while quantitative knowledge is still under development, and subsequently refined
as more knowledge becomes available. Moreover the BN model helps build the maturity of the quantitative
information needed, and helps target investment in monitoring and/or process modelling activities to inform the
approach taken. The model is able to incorporate spatial and temporal information and may be structured in
such a way that new indicators of relevance to the underlying environmental gradient being monitored may
replace less informative indicators, or be added to the model with minimal effort.

The model described here focuses on the environmental component, but has the capacity to also incorporate
social, cultural and economic components of the Gladstone Harbour Report Card.

1. Introduction

Report cards are widely used for reporting on issues such as the state of emergency care (Hirshon et al. 2014),
food and nutrition of children (Olstad et al. 2014), and are rapidly gaining popularity for timely and consistent
dissemination of aquatic health information and for effective communication to the public and stakeholders.
Thus such a report card was requested by a consortium of industry and government bodies under the auspices
of the Gladstone Healthy Harbour Partnership (GHHP). GHHP commissioned a review to identify the key
characteristics of a successful report card with respect to its ability to capture and communicate the health of
the harbour to stakeholders and the public (Connolly et al. 2013). That review considered 14 aquatic health
report cards and concluded that a successful report card has clearly defined goals, engages its stakeholders, is
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flexible in its implementation, is able to communicate effectively, and is based on rigorous science (Connolly et
al. 2013, Mcintosh et al. 2014).

Environmental report card indicators are selected to adequately reflect the current environmental health of an
area, and should be guided by the SMART principle (Simple, Measurable, Achievable, Realistic, and Time
limited) (Dauvin et al. 2008). They are then recorded and visually represented in a report card to communicate
this information to a wide and diverse audience (Pascoe et al. 2016). Some popular statistical approaches for
calculating environmental report card indices are principal component analysis, cluster analysis, analysis of
variance and factor analysis (Whittaker et al. 2012, Fox 2014). A variety of software is used to create these
report cards including statistical packages, database packages, mapping and modelling software, custom built
software and specialist desktop publishing software (Connolly et al. 2013).

The use of Bayesian Networks (BN) for environmental and resource management purposes is widely
acknowledged, and is popular for combining the available quantitative and qualitative information on the
subject matter of interest (Barton et al. 2012). The ability to visually represent the various elements of the
model, to perform diagnostic and predictive modelling, include uncertainty, and assist in decision making has
added to its wide appeal (Johnson et al. 2010). More recently this modelling framework has been used to
develop a regional industrial harbour report card which integrates social, cultural and economic indicators
(Pascoe et al. 2016), and to develop a sustainability scorecard for the dairy industry in Australia, combining the
social, economic-and environmental sustainability perspectives (Buys et al. 2014a, Buys et al. 2014b).

A BN modelling approach was therefore recommended for Gladstone Harbour study for several reasons: First,
it provided a visual representation of the structure of the Report Card and the way in which the values reported
in the Report Card were generated. Second, it enabled data from different sources to be combined in a simple,
robust manner. Third, it incorporated the various sources of uncertainty in the estimates in a statistically valid
manner. Fourth, it allows estimates to be obtained at whole-of-harbour and zonal levels in a consistent manner.
Lastly, it provided a model that could be used interactively, allowing for evaluation of ‘what-if” scenarios by
changing input values and observing the consequent changes taking into account the other factors in the model,
and allowing for continual updating of information in a transparent manner.

The model is structured in a modular fashion, with the resultant probabilities represented as scores for each
zone and for the harbour as a whole. For each zone, the available data are used to inform measures (e.g.,
turbidity) which are aggregated into indicators (e.g., physico-chemical), which are further aggregated into
indicator groups (e.g., water quality) and then aggregated into sub-components (e.g., water and sediment
quality), and finally aggregated into the environmental component report card grade.

The Gladstone Harbour Report Card was released as a pilot in 2014 and the first full release was in early 2016.
The pilot report card showed the potential of the BN approach to report on the health of Gladstone Harbour.
This paper describes a potential extension of the model used for the pilot study, using example data from the
2013-14 year.

2. Methods

The Gladstone Harbour Report Card was envisaged by the GHHP as a summary of four key components of
overall health: environmental, social, cultural and economic. Each of these components was to be composed of
a set of sub-components. For example the environmental component, which is the focus for this paper, was
defined as comprising four subcomponents: water and sediment quality, habitats, connectivity, and fish and
crabs. Each of these in turn comprised a set of indicators that could be measured by available data, as described
above. The report card was mandated to provide grades A (very good) to E (very poor) for each zone in the
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Harbour and for the Harbour as a whole. For water and sediment quality, these grades were to be based on data
that were provided by the Port Curtis Integrated Monitoring Program (PCIMP).

This modular design of the report card lent itself naturally to the choice of a BN as an underpinning model. A
BN hierarchically aggregates available data into measures, which are themselves aggregated into indicators,
then indicator groups, then sub-components and finally components. This model has a number of appealing
features. It is a structured, logical design that can be collapsed and expanded to various broad or detailed levels,
depending on the audience and motivation. Moreover, the design provides flexibility, so that entire sub-models
may be replaced with alternative sub-models, or measures may be replaced with alternative measures,
facilitating-adaptive management processes.

A wide range of water and sediment quality measures was available from the PCIMP. The GHHP Independent
Science Panel (ISP) recommended that measures be selected according to five criteria: conceptual relevance
(measure reflects ecosystem health), feasibility (measure is measurable), response variability (spatial and
temporal signal, extent and variability understood), ability to detect change (along a defined gradient) and
interpretation/utility (indicator values and bin ranges understood). The final decision also needed to take into
account factors such as the scientific merit of including or excluding measures, and the suitability of the
monitoring in capturing the state of the measure and the reliability and accuracy of the data. For example, some
measures may be more sensitive to adverse changes in the health of the indicator, and would therefore be
preferable in providing an ‘early warning system’ that there are potential problems at a monitoring site, or more
widely in a particular zone, or more generally in the harbour. The measure may also exhibit naturally
fluctuating behaviour, so that the variation observed in the monitoring data may not accurately reflect an
improvement or degradation of the measure, and consequently the indicator. Finally, each measure was
required to have a baseline or reference condition that could be used for comparative evaluation of obtained
data.

Following a review of methods for developing baseline or reference conditions for indicators, attention was
restricted to those measures for which ANZECC (Australian and New Zealand Environment and Conservation
Council) or DEHP (Queensland Department of Environment and Heritage Protection) guidelines were
available. The DEHP derived guidelines had the advantage of being specific for each zone within Gladstone
Harbour, but they are based on a relatively limited period of historical data. These local guidelines were used
for physicochemical parameters and nutrient levels, and were calculated as the mean levels of each measure
over the period for which data were available (DEHP 2014). In contrast, the ANZECC guidelines were used for
metal concentrations, and were based on the toxicity of those metals to aquatic organisms
(ANZECC/ARMCANZ 2000, ANZECC 2014, Golding et al. 2015).

Five data grading bins were used, from A (very good) to E (very poor). The quantitative thresholds for these
bins were determined using the PCIMP data and the corresponding guideline. The annual average value for
each measure within each zone was estimated from four quarterly samples from each site within that zone.

An index was calculated for each of these averages and expressed relative to each guideline value. Fox (2013)
recommended that an index calculation needs to be targeted, relevant, fit-for-purpose, scientifically credible,
statistically defensible and address key management issues. A scaled modified amplitude method was selected
for the water and sediment quality indexes, and capped at 10 fold change, as follows:

X -1
L {(Zogz (m) if x; > benchmark means failing guideline value
i — X 1
klogz (W if x; < benchmark means failing guideline value
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log,(10) if e; > log,(10)
E; = {—log,(10) if e; < —log,(10)
e; else

For E; # log,(10):
1
1+
(log,(10)) * (E; — log,(10))

Using the scaled-modified amplitude method, the deviation of the raw data mean from the guideline value was
calculated and then scaled to lie in the range -1 to +1. Letting B denote the guideline and x denote the mean, the
scaled value was taken to be y = log,(B/x). The value of y was then assigned to a grading bin using the
thresholds A (0.6, 1.0) B (0.2, 0.6), C (-0.2, +0.2), D (-0.6, -0.2), E (-1.0, -0.6). Special consideration was given
to situations'where the guideline was ‘close to” a measure’s detection limit, as defined by an expert panel,
whereby probabilities within this range were apportioned amongst the graded data bins. The probability in each
bin was then estimated as the proportion of the monitoring sites that were assigned that bin. When considering
the grading bins using the whole of harbour view, the A to E grading was interpreted as the probability that the
indicator has been assigned to a particular bin. Furthermore, a modal view was created whereby the actual
grading bin assigned to the indicator was the bin with the highest probability. Zones which did not have any
data for a measure were excluded from the calculations.

Index; =

Letting a;, b;, ¢, d;, e; denote respectively the probabilities of a node state of A, B, C, D and E for the ith node in
the BN, a utility function was used to calculate a score by multiplying the midpoint of each of five equal data
bin intervals over [0, 1] with the corresponding probability of being in that data bin:

s; = [(0.9 *a;) + (0.7 * b;) + (0.5 % ¢;) + (0.3 *d;) + (0.1 x¢;)] 100

These scores are shown as ‘Expected utility’ in the BN model. Each score can then be mapped to a report card
grade that communicates the perceived health of the measure, indicator, indicator group, sub-component or
component. This grade may be for a particular zone, or by default, aggregated across all zones in the harbour.

In the construction of the BN, all child node Conditional Probability Tables (CPTs) contain a matrix that
aggregates the grading bins (A-E) of its parent nodes. In the absence of information to the contrary, the CPT
assigns an equal weight to each grade in the combination, so that the resulting distribution across the grades of
the child node equates to the unweighted average of the parent nodes. Note that the CPT matrix rapidly
increases in size. The number of entries in the CPT is 5™, where n is the numbr of parent nodes. The
summary CPT nodes were generated programmatically and added to the model so it is able to aggregate
measures into indicators, indicators into indicator groups, indicator groups into sub-components and sub-
components into the environmental component at run-time.

The steps of a BN approach to the development of a report card are summarised in Figure 1.
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1. Collect raw data at monitoring site &
compare to guidelines / benchmarks /
reference values

2. Create indexed data as expression of
degree of difference (binary, amplitude
or other method) ; aggregate and scale

3. Place numerical index into a data bin
(categorical data) (e.g. using Control Charts with
log 2 scale for boundaries)
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= ot a monitoring site index
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Sampling period (July-June)

6. Map to report card grade for each indicator
for each zone (e.g. Mid Harbour zone, indicator
Total Nitrogen is D grade with score of 0.41)

5. Combine measures into indicators for
each zone & generate indicator score

(e.g. TN & TP into Nutrients)
4. Calculate grade proportions per

measure per zone per year & add
to node probability tables in BN
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1. Collect raw data at monitoring site & 2. Create indexed data as expression of 3. Place numerical index into a data bin

compare to guidelines / benchmarks / degree of difference (binary, amplitude (categorical data) (e.g. using Control Charts with
reference values or other method) ; aggregate and scale log 2 scale for boundaries)
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6. Map to report card grade for each indicator 5. Combine measures into indicators for
for each zone (e.g. Mid Harbour zone, indicator each zone & generate indicator score
Total Nitrogen is D grade with score of 0.41) (e.g. TN & TP into Nutrients)

4, Calculate grade proportions per
measure per zone per year & add
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7. Combine indicators into indicator group for 8. Map to report card grade for each indicator group for each zone (e.g.

each zone & generate score (e.g. Water quality Mid Harbour zone, Water Quality indicator group is C grade with score of
indicator group has 3 indicators 0.63)
A
B
D

10. Map to report card grade for each sub-component for 9. Combine indicator groups into sub-
each zone (e.g. Mid Harbour zone, Water & Sediment components & generate score (e.g. combine
Quality sub-component is B grade with score of 0.77) Water quality & Sediment quality)

+A
O

T Unequal intervals: A{100-85), B(85-65),C(65-50),D{50-25),E{25-0)
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11. Combine sub-components into Environmental 12. Map to report card grade for Environmental component
component for each zone & generate score (e.g. for each zone (e.g. Environmental component for Mid
Mid Harbour zone has score 0.77 for component) Harbour zone has grade B)

=
Harbour Zones for Environmental Grading

5 [ sd Harbour
[ Western Basin -
[ nner Harbour
== [eeatcreek 5 ey -

South Treesinlet
A=

G I syre oy K
® = lb;:.'® [ cotosseuminiet EM“;

ENVIRONMENTAL SOCIAL e

©

13. Summarise Report Card components for Gladstone
Harbour

.

ECONOMIC

T Unequal intervals: A{100-85),B(85-65),C(65-50),D(50-25),E(25-0)

Figure 1. Overview of the steps employed in construction of the BN for the GHHP Report Card. Note that the
grades shown in this figure are for illustration purposes only.

In addition to the aggregated view across all zones, the report card was also required to provide a zonal
perspective of the health of the harbour. A BN sub-model was created to facilitate this display. The zone nodes
depicted the composition of the whole of harbour perspective for each of the indicator groups: water quality,
sediment quality and seagrass. Zones for which there were no monitoring data were set to zero, and in the
absence of other guidance the remaining zones all contributed equally to the overall scores and grades. The BN
was structured so that the whole of harbour view provided a baseline for zone selection. Therefore selecting a
specific zone replaced the whole of harbour view of the report card model with the information for that zone,
and switching the zone off, reverted back to the whole of harbour view.

The initial BN model was developed using GeNle Modeler and the SMILE Engine software (BayesFusion
2015). The model was then run in R (R Core Team 2014) to calculate the indices, quantify the BN model and to
generate the report card grades.

2.1 Worked example
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The BN approach is illustrated through a worked example that focuses on total nitrogen (TN) in the Gladstone
Mid Harbour zone. This measure feeds into the nutrients indicator for water quality. Note that the model and
results described here are intended only for illustration and bear no relationship to the Gladstone Harbour report
cards produced by GHHP. Reportable values may be found in the information published by GHHP
(http://rc.ghhp.org.au/report-cards).

Step 1 Collect monitoring data at the sites in the selected zone. Table 1 shows an illustration of raw monitoring
data from seven monitoring sites in one zone for three sampling dates.

Table 1: Example raw monitoring data

Site Raw data Raw data Raw data Average Modified Graded bin
Date 1 Date 2 Date 3 (3 data amplitude
points) (scaled)
S1 140 130 200 157 -0.21 IV
S2 150 130 120 133 0.02 I11
S3 220 150 185 185 -0.45 IV
S4 200 150 110 153 -0.18 111
S5 160 180 100 147 -0.12 111
S6 120 150 130 133 0.02 111
S7 150 160 160 157 -0.21 IV

Step 2 Calculate averages for each monitoring site in the zone. This is indicated in the ‘Average’ column in
Table 1. Here, deviations from the guideline value for TN were quantified using the modified amplitude
indexation technique. If required, an index can optionally be scaled to a range defined by a certain fold (e.g. 2
fold) difference from guidelines. For the water and sediment quality indexes, an example default fold could be
2, meaning that indexes would be rescaled to a maximum of log,(2) and a minimum of -log,(2). For this
example, the average would be compared to 135 which is the guideline value for TN for this zone. Therefore
the modified amplitude index value for site S1 would be log2 (135/156.7) = -0.22

Step 3 Assign to data bins. Using equal boundaries (I: +1.0 to +0.6, 11:+0.6 to +0.2, 1I: +0.2 to +0.2, IV: +0.2
to +0.6, V: +0.6 to +1.0), TN for site S1 would be assigned to data bin ‘IV".

Step 4 Complete the node probability table in the BN model. This shows the proportion of sites falling into
each of the data bins (I to V), for each zone of a measure. Continuing with the example in Table 1, the
proportions for grades were: 0 for data bins I, 1 and Vv; 3/7 = 0.43 for bin v, and 4/7 = 0.57 for bin 1. The
‘expected utility’ node then calculates a score from the probabilities of the node, using the mid-point of each
data bin. For this example the score is [(0.9 * 0) + (0.7 x 0) + (0.5 x 0.57) + (0.3 * 0.43) + (0.1 * 0)] *

100 = 41. Based on the grade intervals that were used in the 2014 pilot report card, A (100-85), B (85-65), C

(65-50), D (50-25), E (25-0), this value means that a report card grade of D would be assigned to TN in this
zone.

Step 5 Combine measures into indicators. Only two measures, total Nitrogen (TN) and total Phosphorous (TP),
are included in this example to quantify the Nutrients - water quality indicator (Figure 5). The resulting
proportions for the data grading bins are an unweighted average of the two measures. A similar procedure can
be followed to translate the proportion of grading bins for the indicator into a score.
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< Nitrogen (TN) © Phasphaoraous (TP)
A 0% A 0%

B 0% B 0%

c57% R C 20|l

D 43% [ D 57%| N

E 0% E 14%

& hitrogen scorz 4 Phosphorous score
Expected utilty 4142860 L ity 2285710 |

Figure 5. Example of combining measures into indicators (step 5)

Step 6 Map the score to a report card grade. The score for the water quality nutrients indicator in this zone is
37 (Figure 5), so Nutrients would have a grade of D in the report card.

Step 7 Combine indicators into indicator groups for each zone and generate score. In this example, the
Nutrients indicator is aggregated with two other indicator nodes: Metals and Physico-chemical to calculate a
score for the Water quality indicator group (Figure 6). The expected utility node generates a score for the
indicator group, which is 63 for this zone.

Figure 6. Example of combining indicators into an indicator group (step 7)
Step 8 Map to report card. The score of 63 would be assigned a grade of C.

Step 9 Combine indicator groups into sub-components and generate score. The process described above could
be repeated for each indicator group to create sub-components.
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Step 10 Map to report card grade for each sub-component for each zone. The above process could be repeated
for all the other Gladstone Harbour zones.

Step 11 Combine sub-components into environmental component for each zone and generate score. The
overall grades and scores for all the zones could be combined into an overall harbour grade and score. In this
example, all zones were determined to contribute equally to the overall grade and score, but differential weights
could be used.

Step 12 Map to report card grade for environmental component in each zone. The derived scores can be
mapped as described in Figure 1.

Step 13 Summarise Report Card components for Gladstone Harbour. The case study information can be
integrated into the overall report card.

3. Results
3.1 Construction of the BN
The 13 spatially defined zones in the study area are depicted in Figure 1, step 13.

Two levels of the report card model are shown in Figure 2 below: the high level consists of four key
components of harbour health (Environmental, Social, Cultural and Economic), and the next level down shows
four sub-components of the Environmental health component (Water & sediment quality, Habitats,
Connectivity and Fish & crabs.). The pilot report card included only the Water quality indicator group, but the
BN framework enables a straightforward way to integrate additional components and sub-components as
illustrated in Figure 2.

Habitats Connectivity

Water & sediment
quality

Environmental Social i
Environmental

Compenent

Fish & crabs

Cultural [ Economic \‘ Environmental component score

Expected utility

Figure 2. High level view (left) and environmental view (right) of the GHHP Report Card

The model structure of the Water & Sediment Quality sub-component of the environmental component consists
of two indicator groups, Water quality and Sediment quality, which have three and one indicators, respectively
(Figure 3). The hierarchical nature of the model structure is further illustrated with each of the indicators having
an associated BN sub-model containing the measures used to quantify it. For example, Figure 4 shows one
node the Nutrients - water quality indicator as a BN sub-model with six measures: Chlorophyll a, Phosphorus
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(TP), Orthophosphate (FRP), Nitrogen (TN), Ammonia and NOx. (Note that only TN and TP were included in
the pilot report card.)

® Water & sediment quality

1t quality score

Figure 3. Example BN for a Water & sediment quality sub-component, combining two indicator groups, Water
quality and Sediment quality, and their respective indicators

Orthophosphat
= Phosphorus (TP) | | "“(‘;RP, €| lo  Nitrogen (TN)
A 0% A 0% A 0%
1B 13%] | B 0% B 4%
C22% |0 C 0% C31% [l
D 26% (Il D 13% |l D35% Il
E39% Ea7% I | E31% 0

< Chlorophyll a @  Phosphorus score @ Orthophosphate score @  Nirogen score
[Expected utiity 31.7943 ] . [Expected utiity 12.5641] [Expected utiity 31.5385 ]

[Expected utiity 17.0513]]__|

Figure 4. Example BN for Nutrients — water quality indicator aggregating six nutrient measures

The BN sub-models each generate a probability distribution across the data grading bins which is representative
of the proportion of the monitoring sites having been assigned to each of them. For example, an indicator may
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have 70% assigned to the bin indicating ‘very good’, 10% to a bin indicating ‘good and 20% to a third bin
across the monitoring sites in a particular zone. This can be interpreted that for this indicator, 70% of the
monitoring sites in that zone were considered to be very good, 10% were considered good and 20% of the sites
were less healthy.

3.2 Results for worked example

Using the data analyses based on supplied guidelines and objectives, potential measure scores, data bins and
report card grades can be calculated for the whole of Gladstone Harbour and for zones within the harbour. The
report card structure illustrated above can generate scores and probabilities across data grading bins for each of
the zones so that any areas of interest or concern may be explored in more detail. A BN sub-network model
facilitates a zonal view as well as the aggregation across all zones for the whole of harbour perspective (Figure
7).

=] Zone selection
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Zone10a_LowerBoyneEs ... 8% Zone10a_LowerBoyneEs . 8% {Zone10a_LowerBoyneEstuary 0%
Zone10b_LowerBoyneEs .. 0% Zone10b_LowerBoyneEs 0%/ iZone10b_LowerBoyneEsluary 0%
Zone11_OulerHarbour 8% Zone11_OuterHarbour 8% Zone11_OuterHarbour 0%
Zone12_Colosseuminiel 8% Zone12 Colosseuminket % {Zone12_Colosseuminiet 0%,
Zone13_RoddsBay 8% Zone13 y 8% {Zone13_RoddsBay 17% 0

Figure 7. lllustration of a zone selection sub-model for Gladstone Harbour

Figure 8 shows how the data grading bins and scores for the environmental component can be aggregated
across all‘the zones of Gladstone Harbour. In this example, the score for the environmental component is 58,
which would yield a report card grade of C for the harbour as a whole.
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( Gladstone Harbour Zones ]

Water & sediment Habitats

Environmental
Component

Environmental component score

Expected utiity 58 4119 ]

Figure 8. Example aggregation of results for the whole of Gladstone Harbour

In this example, the distribution of the proportions in the various data bins of the Water & sediment quality sub-
component was skewed towards the healthy range, and with a score of 64 was assigned a report card grade of C
(Figure 4). Moreover, the next layer of detail showed that the Sediment quality indicator group, consisting of
only one indicator, Total extractable metals, was even more heavily skewed towards the very good range, and
the score of 83 maps to a report card grade of B. On the other hand, the Water quality indicator group had
probability mass in roughly equal proportions in the data bins that are meeting and failing guideline values, and
had a score of 46 which would map to a report card grade of D using the method described above.

An example of data grading bins and scores for a physico-chemical water quality indicator (node Phys/chem)
for the whole of harbour is shown in Figure 9. The three inputs into this indicator are pH, Turbidity and
Dissolved Oxygen (DO). Here, the modal grading bin generally meets guideline values (data bin 1 has 57%),
but it is important to note that 26% of the indicator fails acceptable levels (data bins Iv 7% and V 19%).
Furthermore, the probability distributions across the data bins of the three measures differ quite markedly;
notably turbidity tells a different story to dissolved oxygen. The shape of the distribution for pH and dissolved
oxygen is broadly similar. However, dissolved oxygen has a substantial proportion failing the guidelines, 36%,
compared to just 6% for pH. In this case, the score attached to the physico-chemical water quality indicator is
46.6, which would map to a report card grade of D. The measure indexes aggregated in this indicator were
computed using the scaled modified amplitude indexation method.
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Dissolved

(@] pH (] Turbidity (] Oxygen

A 0% A 0%

B 0% B 0%

€ 95% I C 64% I

D 5% D 6%l

E 1%] E 30%|Il

& pH score L 3 Turbidity score - DO score
Expected utiity 487521 [ Expecteduti53.9927l] | |Expecteauti 36.9139]] |

Figure 9. Example results for the physico-chemical water quality indicator

In a similar manner to that described above, the water quality Metals indicator can be obtained by aggregating
measures such as aluminium, copper, nickel, lead, zinc and manganese (Figure 10). The water quality Nutrients
indicator can-also combine measures such as chlorophyll a, phosphorus, nitrogen, orthophosphate, NOx &
ammonia (Figure 4). For the sediment quality indicator Total extractable metals, seven candidate measures
could be included: arsenic, cadmium, mercury, nickel, lead, zinc and copper (Figure 11). With the exception of
mercury, this indicator has a fairly consistent modal assessment across the measures, with six of the seven
measures having a high probability of being in the ‘very good’ bin (66% to 100%). Mercury, the exception, is
an interesting case because its guideline value is below the detection limit. Rules for dealing with special cases
such as this were developed by GHHP; this resulted in 25% being assigned to the top four data bins. Thus the

report card grade for the extractable metals indicator would be B (score 83).

< Copper (Cu) < Nickel (Ni) < Lead (Pb) < Zinc (Zn)
A17% ] A 19%[]

B 12%] | B 0% B 0% B 6%|

¢ 50% I C 0% C 0% C 0%

D 3%| D 0% D 0% D 6%l

E 18%|l E 0% E 0% E 70% I

- Copper score - Nickel score A Lead score L 3 Zinc score
[Expecioa utl. 51 eeT]l] | \Eeccteduil. 0| [Expecteduti. SOl [Expected ui. zso52ll |

- Aluminium (Al) = Manganese (Mn)
B
C
D
E
4  Aluminium score 4 Manganese score
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Figure 10. Example grading bins and scores for the metals water quality indicator

< Mercury (Hg) & Nickel (Ni) & Lead (Pb)
A25%[IE] A66%([I |
B 25%)| | B 24%| |
© Cadmium (Cd) C25% Il C 9%l C 0% ©  Zinc(Zn)
A 100% ] D25% (Il D 1%)] D 0%
B 0 E 0% E 0% E 0%
. & Mercury score & Nickel score & Lead score
D 0 Expected ut. G0JR] Expected util. 80,8059 [l | Expected uti. 90D | D 0%
E E 0%
& & Zinc score
Eecea . _so] Epecedu._soT]

< Copper(Cu)

L 4 Copper score
Expected util... 39.1026 [T

Figure 11. Example results for the sediment quality total extractable metals indicator

The final grades and scores based on the above example can be represented as a report card, as illustrated in
Table 2.

Table 2: Report-card structure based on output of BN. Additional rows can be added for the overall Harbour or
other zones, and additional columns for other components, sub-components and indicator groups.

Grades and scores

“Grace AN B c o e

Score 100-85 85-65 65 - 50 50-25 25-0

Mponent Sub-Component Indicator Group
ironmental Water & Sediment Water Quality Sediment Quality
Quality
Zone Grade Score Grade Score Grade Score Grade Score
Zone Xxx C 58.4 C 59.4 45.7 B 83.0
Zone yyy 48.0 B 66.9 38.8 B 80.0
Etc
4. Discussion
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As illustrated in this paper, in addition to providing an aggregated summary, a report card can be valuable in
reflecting inconsistencies with the health of the harbour. The divergent scores may be further investigated by
considering, for each measure, the characteristics of the raw monitoring data and the suitability of the guideline
values. For example, unusual weather events may affect certain measures more than others, or a monitoring
device may have been malfunctioning. Moreover, the transparency of the approach used is further illustrated by
the worked example. In this instance, an average of the raw data would have been a suitable alternative.
However, in other cases such a simple average would not be suitable, and an indexation method such as the
modified amplitude method is preferable. The use of distance-to-guidelines (amplitude) over binary compliance
for individual measures is recommended by Fox (2013).

Developing environmental indicators is a complex process, and the set of indicators deemed most suitable for
an environmental report card may change over time as new research comes to light, more sophisticated
monitoring methods are employed, more sensitive monitoring equipment become available and economically
viable to use, oras other scientific considerations that directly affect the purpose or scope of the report card
evolve. Furthermore, it would be prudent to investigate the value that each measure contributes to the
associated indicator. In other words, what is the optimal number of measures, and which measures are best, to
communicate the health of that indicator? If two measures are very highly correlated, it would likely be of
minimal or no.value to include both. However, these correlations must be assessed in the context of the
scientific knowledge about the ability of each measure to reflect the health of the indicator under all pertinent
external conditions. For example, in most instances the two measures may appear to be perfectly correlated, but
under some extreme or abnormal weather conditions, this strong correlation may no longer hold and
information from both measures is needed to understand the health of the indicator.

A feature of the BN modelling approach is that it can incorporate expert information and update prior
probabilities as more data become available. For example, in the context of the Gladstone Harbour Report
Card, the importance attributed to certain zones in influencing the actual or perceived health of Gladstone
Harbour may be modified in accordance with expert judgement to afford more or less credibility or importance
to certain zones within the harbour. The weighting of the DEHP Zones for each of the indicator groups (Figure
7) could then be updated to reflect this altered composite view of the health of Gladstone Harbour and the
model rerunto-generate the new distributions for all the measures, indicators, indicator groups, sub-components
and components-and the associated scores and report card grades. Moreover, the utility of equating the
proportion of monitoring sites in each zone to the probability that the zone is in the said class, assumes that
each monitoring site contributes equally to the perceived health of that zone. This assumption needs to be
further discussed in light of scientific and geographical knowledge of the harbour and the environmental
indicators, to recommend alternative weighting strategies, or conversely to endorse the current approach if no
scientifically rigorous and defensible alternatives are found.

The BN model presents a visual image of the measures and indicators of a report card, and the expected utility
which denotes the final classification of each report card indicator. As can be seen in Figure 6 such a
classification.may fall into a class that has a very low probability itself. In this instance, the transparency of a
BN modelling approach enables the end-user to assess whether this is desirable behaviour or not, and this
apparent anomaly could be reported and discussed.

In addition to the environmental focus of this paper, it is also important to consider an economic perspective,
since Gladstone is a busy and important harbour in Australia, supporting several industries and importing and
exporting many.commaodities. The port is one of the world’s top five coal export ports (Greer and Kabir 2013,
Pascoe et al. 2014). The recommended modelling approach for the Social, Cultural and Economic components
in the Gladstone Harbour report card was also a Bayesian network framework (Pascoe et al. 2014, 2016).
Similar to the hierarchical structure of the environmental component of the Gladstone Harbour report card, the
economic component consisted of three sub-components: direct economic footprint, economic stimulus and
recreational value. To quantify these sub-components of the economic health of the harbour, three indicators
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were aggregated for direct economic footprint (tourism, commercial fishing and shipping activity); two
indicators were aggregated for economic stimulus (unemployment and socio-economic status) and three for
recreational value (recreational fishing, beach recreation and land based recreation). This feature of seamless
integration of quite disparate information in a BN via modular sub-networks enables entire sub-models to be
added or replaced with alternative sub-models, or measures to be replaced with alternative measures. This
facilitates adaptive management processes and provides the flexibility when combining various types of
complex information for reporting purposes (Connolly et al, 2013).
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