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ABSTRACT

Risk-based methods promise improved decision-making for managing of contam-
inants, such as salinity, sediments, nutrients, and toxicants, that can adversely affect
the ecological condition of aquatic ecosystems. Two aspects of ecological risk assess-
ment (ERA) and management—stakeholder involvement and more quantitative
approaches to risk analysis—are particularly challenging. Stakeholder involvement
is crucial both in the risk assessment process and the development, acceptance, and
implementation of a risk management plan. Additionally, a number of quantitative
approaches (particularly Bayesian approaches and multi-criteria decision-making)
have been identified as having the potential to include expert-based inputs into
risk-based decision-making. These offer promise for better inclusion of stakeholder
knowledge and preferences into the decision-making process, and for improving
the links between stakeholder inputs and potential risks to the ecological condition
of the system. A major challenge for ecologists and natural resource managers is to
make the ERA process more quantitative. Most ERAs conducted to date have been
qualitative assessments that suffer from a number of deficiencies, the most serious
being the lack of transparency and a reliance on subjective judgments. This article
argues that the most productive way forward may be to use Bayesian methods to
couple existing process-based models, empirical relationships based on good data,
and expert opinion, to make the analysis of ecological risks more robust, consistent,
and repeatable.
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INTRODUCTION

Effective management of waterways, wetlands, and estuaries is not possible without
effective management of the catchment. It is now well accepted that many (but
not all) of the factors (stressors, pressures) influencing the ecological condition of
waterways come from the catchment.
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Management of contaminants within catchments is a difficult, multivariate prob-
lem involving multiple stressors, multiple ecological issues, and competing social
priorities. There is considerable general knowledge regarding the cause-effect re-
lationships between many of these stressors and the consequent ecological effects.
For example, it is now well known that land clearing can resulting in rising water
tables that in turn result in salinization of land and adverse impacts on downstream
rivers and wetlands (Cramer and Hobbs 2002). Additionally, there is a considerable
amount known about the environmental effects when such cleared land is used
for agriculture. This invariably leads to increased loads of suspended sediment and
nutrients being transported from the catchment into downstream rivers, wetlands,
and estuaries, often causing unwanted algal blooms. Also, much is known about the
potential adverse environmental effects of irrigation schemes, effects such as ad-
verse changes to river flow regimes and the release of contaminants such as salinity,
nutrients, sediment, and pesticides (Hart 2004).

However, despite this quite considerable general knowledge about the ecologi-
cal effects of contaminants or stressors generated in catchments, we still lack well
accepted, quantitative and predictive cause—effect models that can assist natural
resource managers to better manage catchments. Such models will become increas-
ingly important in resolving differences between stakeholders with competing inter-
ests.

Risk-based approaches are increasingly being used by catchment managers to im-
prove the decision-making in these multi-issue situations (Hart et al. 2001; Burgman
2004). For example, the new ANZECC water quality guidelines have adopted a risk-
based approach (ANZECC 2000), as has the Victorian Environmental Protection
Agency in the development of the new State Environmental Protection Policy (Waters
of Victoria) (Vic EPA 2003). Also the irrigation industry, through the National Pro-
gram for Sustainable Irrigation, has developed ecological risk assessment guide-
lines to assist their industry work toward more environmentally sustainable practices
(www.lwa.gov.au/irrigation/research; Hart 2004; Hart et al. 2005).

In this article, we first outline the basic principles underpinning ecological risk
assessment (ERA) and management, and then discuss the challenges facing two key
aspects of this process, namely the involvement of key stakeholders in the process,
and particularly in problem identification, and the drive to make the risk analysis
part of the ERA process more quantitative and to identify (and quantify) the uncer-
tainties. We suggest a system for risk analysis in which stakeholders are not alienated
by technical details, and in which the final result is vetted by mathematical reasoning
and is consistent with the available data and scientific understanding.

ECOLOGICAL RISK ASSESSMENT

Ecological risk is defined as the product of the likelihood (or probability) of some
adverse event (hazard) occurring and the ecological consequences that result if the
event does occur (i.e., ecological risk = likelihood x consequence).

Generally, there are three stages in undertaking an ecological risk assessment
(USEPA 1998; Hart et al. 2003, 2005): (a) problem formulation, (b) risk analysis,
and (c) risk characterisation. These are shown in Figure 1.
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Figure 1. Stages in undertaking an ecological risk assessment.

In brief, the ERA process seeks to:

* Set the context, formulate the problem, and identify what is at issue and who is
affected by decisions;

¢ Identify the key ecological issues and key stressors

¢ Identify the linkages between the key stressors (drivers) and each ecological
consequence (using first a conceptual model and then preferably a quantitative
ecological model). The model will provide information on how these drivers will
respond to management and other changesin the environment, whatimportant
knowledge gaps exist, and what are the best assessment “endpoints” to use in
the risk assessment.

¢ Assess the risks associated with each issue (i.e., the likelihood that the issue will
occur and the consequences if it does occur) as quantitatively as possible,

¢ Identify (and where possible quantify) all major uncertainties so the decision-
maker can decide on the confidence that should be placed on the information.

As shown in Figure 1, the information from the risk assessment feeds into the
decision-making process where this information is coupled with other relevant eco-
nomic and social information to develop a risk management plan. This adaptive
management plan includes a robust monitoring program and review process to as-
sist the manager and the stakeholders to assess the effectiveness of the plan and to
update and improve management as information becomes available on the effec-
tiveness of the actions implemented.

Two of the most challenging aspects of this ecological risk assessment and man-
agement process, discussed in this article, are:
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1. The problem formulation step, particularly in those situations where there are mul-
tiple stressor and multiple ecological effects, which needs improved methods for
involvement of stakeholders; and

2. The risk analysis step, which needs to have continuing involvement of the stake-
holders and be more quantitative.

STAKEHOLDER INVOLVEMENT

Management of natural resources should aim to benefit all resource users as eq-
uitably as possible, within the constraint that the use is sustainable and does not lead
to unwanted degradation of the resource (e.g., land) or the external environment
(e.g., downstream wetlands).

As noted earlier, this is a difficult task within catchments as there are often many
different activities (e.g., forestry, irrigation, dryland agriculture, tourism, urban)
each contributing different stresses on the environment. These stresses need to be
integrated to assess how each influences the ecological condition of the surface and
groundwater resources (and wetlands and estuaries) in the catchment.

A common failing with many catchment management strategies is that they are
developed without the participation of local individuals and institutions, and so
do not take into account the motivations of these important groups. The resulting
lack of stakeholder cooperation undermines any delivery mechanisms designed to
implement the management plan and the potential benefits fail to be realized (Cain
et al. 1999).

While key stakeholders should be kept involved throughout the entire risk as-
sessment process, it is particularly important that they are actively involved in the
problem formulation step. The problem formulation step is particularly difficult in
those situations where there are multiple stressor and multiple ecological effects.
Part of the difficulty arises because people bring different values and different con-
ceptual models to the discussion. Usually, data and understanding are not available
to discriminate between them or to resolve differences. Even if they were, differ-
ent values would preclude consensus. Such issues cloud the ability of individuals
or groups to develop satisfactory priorities in ranking and dealing with potential
hazards. We suggest that stakeholders be encouraged to state their beliefs verbally
and that these be captured in alternative conceptual models. These models can be
cross-examined by other stakeholders and if they survive scrutiny, they should be
retained until such time as there is substantial contrary evidence.

Although most ecological risk assessments now involve key stakeholders, we be-
lieve this is often poorly done. Some of the problems we have observed
include:

¢ Failure to involve important, but often “difficult,” individuals or groups of stake-
holders. This leads to these groups questioning the credibility of the process
(often through the press);

¢ Failure to take notice of legitimate issues brought forward by stake-
holders;

¢ Failure to account for long-standing disagreements between “competing” stake-
holder groups;
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¢ Failure to put the necessary effort into informing and running the stakeholder
workshops, resulting in key groups being disillusioned with the process and
feeling alienated; and

¢ Failure to allow the stakeholders to drive the identification of the issues or
hazards that need to be considered (e.g., where the issues have been largely
decided prior to the involvement of stakeholders, leading to a “lip service™-type
stakeholder involvement).

Almost all ecological risk assessments are run by technical teams dominated by
biophysical scientists (e.g., ecologists, hydrologists, chemists, engineers). Rarely are
social scientists involved in these teams, despite the fact that elicitation of information
from stakeholders is largely a social science activity.

We believe strongly that most ERAs would be improved by the involvement of a
social scientist. Stakeholder elicitation is their area of expertise and is not an area of
expertise of most biophysical scientists.

Itis essential that adequate thought, effort, and expertise is put into stakeholder
involvement in the ERA process, and particularly how stakeholders will be involved
in the important first step of problem formulation. There are many well-tried and
tested methods available for eliciting information from stakeholder and community
groups, including stakeholder analysis (Grimble and Wellard 1997; Glicken 2000),
adaptive management (Maguire 2003), multicriteria decision making (Fernandes
et al. 1999; Roy 1999), and Bayesian approaches (Borsuk et al. 2001; Bacon et al.
2002).

We believe that methods that explicitly include stakeholder inputs into risk-based
decision-making, such as those based on Bayesian and multicriteria decision-making
approaches, would significantly strengthen the process.

TOWARD MORE QUANTIFICATION OF ECOLOGICAL RISKS

The risk analysis step involves bringing together the consequences and likelihood
of each adverse effect occurring. The inherent frailties in subjective estimation of
probabilities and consequences are now well established (Burgman 2001, 2005; Suter
1993). Rationalization of ideas depends on ensuring arguments and conceptual
models are internally consistent and consistent with whatever data and ecological
principles are available. The only realistic way to achieve this in most settings is to
develop explicit quantitative models.

The cost is that these models typically alienate stakeholders, critical in problem
formulation and adoption. We suggest that stakeholders should create the (concep-
tual) models and that technical experts should subordinate their role to the needs
and views of those affected by decisions. Experts should evaluate the internal con-
sistency of these models and project their outputs, so that stakeholders can see the
consequences of what they believe to be true.

Although the deficiencies of qualitative risk analysis have been well documented,
many of the tools to make this process more quantitative are poorly developed, inap-
propriate or full of hidden assumptions (Burgman 2001, 2005). This is particularly
so when attempting to assess the ecological risks associated with contaminants gen-
erated from multiple sources within a catchment. The processes we wish to better

70 Hum. Ecol. Risk Assess. Vol. 12, No. 1, 2006



Risk-Based Approaches to Managing Contaminants in Catchments

understand in catchments are both complex and inherently variable (most are driven
by climate).

An increasing number of process-based (bio)physical models are now available
that do areasonable job in predicting the generation and transport of contaminants
such as salt, sediment, and nutrients. Examples include the CRC for Catchment
Hydrology models EMSS and SEDNet (www.catchment.crc.org.au), salt transport
models, and eutrophication models (Walter ef al. 2001).

These models still have three major deficiencies:

1. They are still not able to address multiple stressors in any systematic way,

2. They rarely treat uncertainty explicitly, and

3. Theyrarely couple the contaminantwith its ecological effect, particularly in down-
stream waterways, wetlands, and estuaries (e.g., poor quantitative cause-effect
models).

We are confident that those researchers committed to these process-based models
will address deficiencies associated with multiple stressors and uncertainty over the
next few years.

However, given the inherent complexity and lack of knowledge about many of
the basic processes and relationships between contaminants and biota, we believe
that other types of models may offer more promise for progress. Perhaps the most
promising of the alternative modeling approaches are those using Bayesian tech-
niques (Reckhow 2003).

Bayesian models can assist with multiple stressor problems, in that they are able
to incorporate information with high uncertainty, including poor or incomplete
understanding of the system, and can include both empirical data and expert opin-
ion. And most importantly, prior probabilities can be updated as more information
becomes available.

Bayesian models have been successfully used for a wide range of risk predictions,
including relating catchment nutrient management actions to algal bloom forma-
tion in the Neuse River estuary, North Carolina (Borsuk et al. 2004), assessing native
fish abundance in the Goulburn River (Pollino et al. 2006), survival of an estuarine
clam in anoxic bottom waters (Borsuk et al. 2002), assessing New Zealand abalone
stocks (Breen et al. 2003), and assessing fish and wildlife viability under land man-
agement alternatives (Marcot et al. 2001).

Interestingly, the work by Borsuk et al. (2004) illustrated well the need to consider
models at a range of scales in order to account for the predictable patterns that
can emerge at a variety of scales. Thus, they used a Bayesian network to integrate a
number of models of the various processes involved in eutrophication of an estuary.
They integrated process-based models statistically fitted to long-term monitoring
data, Bayesian hierarchical modeling of cross-system data gathered from the liter-
ature, multivariate regression modeling of mesocosm experiments and judgments
elicited from scientific experts.

The Bayesian network approach allowed the outputs from these disparate models
to be integrated into a cohesive overall model that related nitrogen inputs to the
river to endpoints that were identified as important by stakeholders.
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