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Introduction

The new ANZECC/ARMCANZ Water
Quality Guidelines (ANZECC &
ARMCANZ 2001&) and the companion
document, the Monitoring and
Reporting Guidelines (ANZECC &
ARMCANZ 2001b) pave the way for a
quantum leap forward in the way in
which the environmental condition of
water bodies in Australia and New
Zealand will be monitored and assessed.
The development of new ‘trigger’
values and associated monitoring has
been underpinned by two overriding
objectives: 1. Risk equity; and 2.
Simplicity. The risk-based framework
represents a significant and welcome
departure from the old ‘command and
control’ mode whereby ‘compliance
was assessed by a prosaic comparison
of sample data with a fixed criterion.
Both the industry and its regulators have
been aware of deficiencies in this
approach for some time, the most
significant perhaps being the inherent
lack of recognition of natural variation
in water quality parameters over time
and space — even for relatively
undisturbed systems.

Thus the challenge for the ANZECC /
ARMCANZ team was to devise
statistical methods that were:

- Fitfor purpose

Easy to
understand
Robust under a wide range of
operating conditions

Easy to interpret

implement  and

variance: % [ |

Population

Parameters

mean:

Ill_ variance, s ?

median:

n

m

With respect to the derivation of
‘trigger values' for toxicants, the second
dot point has been the most difficult to
satisfy. Thisis largely a consequence of
ANZECC / ARMCANZ adopting the
now well-established statistical method
of Aldenberg and Slob (1993).

The companion Monitoring and
Reporting Guidelines document
(ANZECC & ARMCANZ 2001b),
provides areview of statistical inference
and related concepts such as power,
level of significance, and sample size
calculations. While the tools of
statistical inference provide us with a
consistent and scientifically credible
way of making decisions under
uncertainty, they are not foolproof and
errors invariably occur. In the context of
statistical hypothesis testing, two types
of error are possible and statisticians
refer to these (somewhat
unimaginatively) as Type | and Type Il
errors. A Type | error arises when a true
hypothesis is incorrectly rejected while
a Type Il eror will have been
committed if the statistical test leads us
to incorrectly accepting a false
hypothesis. The ability to ‘get it right’
in this situation is an important feature
of any statistical test procedure and it is
called the test’s power. It is intuitively
obvious that statistical power increases
as the sample size n increases. Curves
that depict this relationship for a
specific  statistical  test are often
consulted at the planning stage of an
investigation to help baance effort
(cost) and Type Il error. The
calculations underpinning these curves
are complex and best consigned to

computer software. The Monitoring
and Reporting Guidelines
document (ANZECC &
ARMCANZ 2001b) gives more
information about power and
sample size calculations as well as
references to freeware. CSRO’S
own product, PowerPlant® and
accompanying documentation can
be freely downloaded from the
following site:

ftp://ftp.per.its.csiro.au/csiro-wa/biometrics

Establishing trigger values for
toxicants

Considerable effort has been
expended in refining the manner in
which Australian guidelines for
toxic chemicals are established.
The aim of the previous ANZECC /
ARMCANZ (1992) guidelines was
to protect al forms of aquatic life
and all aspects of the aguatic life
cycle and this was done using the
‘assessment factor’ method. The
seguence of stepsis asfollows:

1. Define an appropriate end-
point (eg. mortality) for the
(chronic) toxicity test;

2. Establish the ‘no observable
effects concentration’ or
NOEC for a number of test
species. The sample NOEC
is the highest concentration
tested which is not
significantly different to the
control;



3. Scade the NOEC by an arbitrary
factor (the ‘assessment factor’) in
an attempt to introduce an added
level of protection so as to
protect the most sensitive
species.

There are difficulties with each of the
steps outlined above. The identification
of an appropriate end-point has been

problematical, athough there is
agreement that these ought relate to
functions of life (mortality,
reproduction, growth) rather than
behavioural or biochemical
characteristics (Holdway 1996,

McCarty and Munkittrick 1996).
Determination of NOECs is usualy
statistically based (eg. regression or
analysis of variance methods) and is
aso fraught with difficulties (Fox 1999,
Chapman et a. 1996) while the
arbitrariness of the magnitude of the
assessment factor itself (Hart 1974,
Nicholson 1984, OECD 1992, 1995,
Rand et a. 1995) and lack of scientific

underpinning (Warne 1998) has
attracted criticism. A number of
dternative  methods have  been

developed over the last decade (Stephan
et a. 1985 Kooijman 1987, van
Straalen and Denneman 1989, Wagner
and Lokke 1991, Aldenberg and Slob
1993) in an attempt to aleviate these
concerns and provide a more rational
and scientifically defensible method of
developing water quality criteria. The
extent to which these objectives have
been met is difficult, if not impossible
to assess. What is certain is that these
new methods have relied on
increasingly more sophisticated
statistical methods, although as | have
argued elsewhere (Fox 1999), this does
not necessarily guarantee a superior
outcome. The method by which the new
ANZECC / ARMCANZ guidelines for
toxicants have been derived is an
adaptation of the Aldenberg and Slob
(1993) approach. The objective is to
determine the concentration in either
fresh or marine waters for a toxicant
such that some high percentage
(typicaly 95%) of all species in that
environment will be protected. An extra
statistical dimension is introduced by
attaching a level of confidence to the
stated concentration. This is intended to
acknowledge the inherent uncertainty in
the estimated concentration that arises

from using only a smal sample of
NOECs for the analysis. The end result
is the somewhat awkward concept of,
for example a 95:95 trigger value. The
interpretation of this number is that it is
a concentration for which it is claimed
that 95% of all species will be protected
- with 95% confidence. Clearly there
are an infinite number of possibilities —
95:50, 50:50 etc. athough the ANZECC
/ ARMCANZ guidelines have used
95:50 as the basis for setting triggers for
‘dightly’ to ‘moderately’ disturbed
ecosystems. The justification for these
choices rests on the following
arguments: (i) a 95% level of protection
is thought to be sufficient to protect the
ecosystem; and (ii) high levels of
confidence applied to high protection
levels are difficult to defend and tend to
produce nonsensical results  (eg.
extremely low metal concentrations
which were often below background
concentrations).

In the remainder of this section | shall
attempt to provide a simple explanation
of the A&S technique. First, consider
the derivation of NOECs for the test
species. There are a number of ways in
which this can be done, although
perhaps the most common is a statistical
analysis of the data obtained from a
series of dilution experiments. For
example, organisms might be exposed
to five concentrations of a chemical
toxicant as well as a ‘control’ in which
the toxicant is absent. The NOEC is
then the highest concentration for which
the result at that concentration is
statistically indistinguishable from the
result for the control. A more rigorous,
athough more time consuming
approach is to characterise the dose-
response relationship for each species.
This is simply a plot of %mortality
(say) against concentration. The NOEC
can then be estimated by extrapolating
these curves back to the horizontal axis
— that is, the concentration a which
zero mortality is observed (Eg Mayer et
al., 1994; Leeet a., 1995). By repeating
either approach for a (usualy small)
number of species, a sample of
estimated NOECs is obtained. A critical
assumption of the A&S methodology is
that this sample of NOECs is from a
larger population (see the diagram at the
beginning of this article) whose
distribution is characterised by a

theoretical model called the log-
logistic distribution.

The next step in the A&S
methodology is to use the imputed
log-logistic distribution to estimate
the concentration that is exceeded
by 95% of all NOECs. This
concentration is the basis of the
ANZECC / ARMCANZ trigger
value.

The imposition of a confidence
level on the estimated trigger value
is more complex and will not be
described here except to say that it
has the effect of reducing the initial
95% value.

In an attempt to overcome some
of the limitations of the A&S
methodology identified in Fox
(1999), Shao (2000) used a more
flexible family of probability
distributions of which the log-
logistic is a member. This
modification has been adopted by
ANZECC / ARMCANZ (Warne,
2001) and embodied in the
companion  software  package
BurrliOZ which is available for
download from CSIRO at:

http://www.cmis.csiro.au/products.html

Monitoring physical-chemical
stressors

A significant shortcoming of any
omnibus guideline or
environmental criterion is the lack
of recognition of site-specific
conditions and/or anomalies. The
revised ANZECC / ARMCANZ
guidelines have a number of
features built into them that attempt
to acknowledge regional
differences, disturbance category,
and ecosystem type. Ecosystems
are classified as: upland and
lowland rivers, lakes, reservoirs,
and wetlands; estuaries and marine.
Regional groupings are: south-east
Australia (VIC, NSW, ACT, south-
east QLD, and TAS); south-west
Australia (southern WA); tropical
Australia  (northern WA, NT,
northern  QLD); south central
Australia — low rainfall area (SA)
and New Zealand. Disturbance
categories are: high
conservation/ecological value



(condition1 ecosystems); dlightly or
moderately  disturbed  (condition 2
ecosystems), and highly disturbed

(condition 3 ecosystems), each having an
associated level of protection. Natural
resource  managers  ae  further
encouraged to adopt site-specific
monitoring with acceptable water quality
criteria judged relative to local reference
site conditions. The use of reference sites
is a key feature of the new guiddines.
Before outlining the approach it will be
instructive to make explicit the
competing objectives of any monitoring
program.  Monitoring is a key
requirement of environmental protection,
dthough the objectives are somewhat
different for regulators and operators.
This subtle, athough nonetheless
important difference is exemplified by
the different emphasis placed on the
components of the ‘triple bottom line'.
For the regulatory agencies, the primary
concern is the environment. The
economics of environmental protectionis
to some extent a secondary issue. Their
interest is in minimising the Type Il
error, that is that a detrimental impact
goes  undetected. For  industry,
environmental performance cannot be
de-coupled from economic
congiderations. An operator seeks to
have low Type | error, that is that a
low/no impact situation is declared
detrimental. Statistical  inference is
inextricably linked with environmental
monitoring since this is an application of
decision-making under uncertainty. The
new ANZECC / ARMCANZ guidelines
have avoided being prescriptive on this
issue and instead have provided an
opportunity for the water qudlity
manager to decide on alevel of sampling
that balances risk with cost.

Mindful of the  difficulties
encountered with the application of
‘classical’ statistical tests to
environmental data (Fox 2001), the
ANZECC / ARMCANZ team developed
amore robust monitoring tool known as
the ‘Pgy:Psy’ comparison procedure.
Though its genesisis alittle sketchy, the
team concluded that the approach

- Isintuitively appealing

Is simple to implement
Requires no assumptions to be
made about the underlying
statistical distributions

Is robust under a wide range of

conditions and environments

Has acceptable statistical

performance characteristics

- Isflexible

Assuming a suitable reference location
has been identified (the guidelines
provide advice on this issue) it is
suggested that at least 24 readings from
regular sampling (eg. monthly sampling
for two years) be obtained from the
reference location. The 80" percentile
of the sample of 24 readings (Pg) from
the reference location becomes the
trigger value for the current comparison
at the test location. The sample median
(i.e. the 50" percentile, Ps) from a
series of readings from the test location
is used for this comparison. The sample
size (i.e. number of readings) at the test
location used to compute this median is
determined by the analyst and could be
assmal asn=1, asinglereading. Thisis
where the risk trade-offs occur. When
n=1, the Type | error (probability of a
false positive) is 20% although this can
be halved (for example) if three samples
are used rather than one. Thus the issue
for the water quality manager is to
balance the consequences of incorrectly
triggering further action with the extra
cost of sampling. This is a matter of
individual (or corporate) utility and
cannot be mandated by any regulatory
agency. Although the use of the 80"
percentile is somewhat arbitrary, the
ANZECC / ARCMANZ team felt that a
median at the test location that was
numerically equal to the 80th percentile
at the reference location represented a
shift worthy of further investigation.
This links in with the notion of
ecological significance but avoids
quantification of this problematic
concept. The advantage of the
percentile comparison is that it is based
on a relative change and not an
absolute. We have referred to the
magnitude of the Pg-Psy shift as a
‘measurable perturbation’. Whether this
shift is ecologicaly significant is
another matter entirely, which requires
an informed judgement of the
consequences of such a shift to the
ecosystem. Judging ecological
importance is a vexed issue, which is
explored further in background material
provided in the ANZECC / ARCMANZ
guidelines.

The control chart — a
management tool for water
guality managers

It is evident that these
guantitative approaches to water
quality monitoring and assessment
demand a higher level of technical
sophistication. However, uptake of
these methods can only be assured
if managers are provided with easy
to use tools that facilitate the
decision-making process. To this
end, the new guidelines advocate
the use of control charts wherever
appropriate. Control charts are not
new, they were developed under
the umbrella of Statistical Process
Control (SPC) for the
manufacturing industries back in
the 1930's. Unfortunately their
migration from the industria
setting to the environmental setting
has been slow to occur and it is
only more recently that the utility
of these tools for natural resource
management has been recognised.
Chapter Six of the new Monitoring
and Reporting Guidelines
(ANZECC & ARMCANZ 2001b)
provides more detail and examples
of the use of control charts. One
important development has been
the linking of the reference site —
test site comparisons with the
control chart. Assuming sampling
is conducted on a monthly basis,
the initial reference vaue is
obtained as the 80" percentile from
the first two vyears data (as
described in the previous section).
A rolling 80" percentile is used for
all subsequent comparisons by
dropping the oldest reading and
adding the reading for the current
month and recomputing the 80"
percentile from this set of twenty-
four observations. Clearly, this
revised estimate will incorporate a
significant amount of ‘history’
which will make it resilient to rapid
fluctuations caused by intermittent
‘spikes’. It will nevertheless
respond to a constant upwards or
downwards trend over time. These
were seen to be desirable features
of a local reference value. The
control chart which reflects the
monthly comparisons is nothin%
more than a plot of the rolling 80'
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percentile as the reference value and the
monthly median at the test site. An
example of such a plot appears in the
figure.

Concluding Remarks

The new ANZECC / ARMCANZ
guidelines represent a significant shift in
thinking about how water quality in
Australiaand New Zealand is monitored
and assessed. While the National Water
Quality Guidelines have undergone
substantial development and review it is
recognised that the real test of the
strategy’ s efficacy will only occur through
implementation and experience. Thisis
about to happen. Practitioners are
encouraged to adopt the new methods and
report their experiences (both positive and
negative) back to ANZECC/ARMCANZ.
Thiswill help ensure that the guidelines
remain relevant, robust, and achieve their
aims of balancing the competing risks
identified in this article.
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