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A B S T R A C T   

Adaptive management (AM) uses targeted monitoring, and structured and iterative integration of new knowl-
edge of project operations to improve future management practices. AM is increasingly cited in groundwater 
management plans because it purportedly overcomes inherent uncertainties in estimating future environmental 
responses to human activities. Yet, there are currently only general recommendations available for applying AM 
for groundwater management. In response, we develop preliminary guidance on the application of “adaptive 
groundwater management” (AGM) by amending existing AM theory to better account for the management 
challenges of groundwater-affecting activities. Three key factors emerge that are critical in the design of AGM 
strategies, including: (1) the severity of groundwater impacts from project operations, (2) the permanence of 
groundwater impacts, and (3) the level of uncertainty in groundwater system responses to project operations. 
These three factors are especially important considerations in stakeholder engagement and in assessing the 
applicability of AGM. The above three key factors are integrated into definitions of “active” and “passive” forms 
of AGM. Passive AGM strategies meet minimum thresholds for structured and iterative management approaches 
that incorporate uncertainty reduction, while active AGM strategies include additional constraints that place a 
greater emphasis on uncertainty quantification and reduction. The preliminary guidance on AGM given in this 
paper should be extended through consultation with groundwater industry groups and regulators to urgently 
develop formal AGM guidelines, thereby improving awareness and accountability of the risks and manageability 
of future groundwater impacts.   

1. Introduction 

Adaptive management (AM) is an approach that uses new informa-
tion gained through targeted monitoring and investigation to improve 
management practices in a structured and iterative way (Holling, 1978; 
Walters, 1986; Lee, 1993). The National Research Council (2004) de-
fines AM as “[a decision process that] promotes flexible decision making 
that can be adjusted in the face of uncertainties as outcomes from 
management actions and other events become better understood”. There 
are many different interpretations of AM principles arising from its 
application to a range of disparate projects and disciplines, although 
each formulation of AM involves proactive and retrospective learning 
from the outcomes of management practices (Owens, 2009; McFadden 
et al., 2011). Despite differences in the content and structure of AM 
across various disciplines, McDonald and Styles (2014) identified the 

following five elements that are fundamental to AM that are found in 
some form in most AM frameworks: (1) pre-defined management ob-
jectives and indicators of success, (2) a range of acceptable actions for 
achieving management objectives, (3) implementation of actions with 
provisions for modification as required, (4) monitoring and evaluation 
of the efficacy of management practices, and (5) change of objectives 
and/or management strategies. 

The systematic approach of planning and analysis advocated in AM 
has advantages over conventional management approaches that respond 
to changes in the condition of critical assets and/or new understanding 
in a generally unstructured way (Allen et al., 2011; Doremus et al., 
2011). However, previous research into AM across various environ-
mental disciplines has shown that AM principles are commonly mis-
interpreted (Allen and Garmestani, 2015). For example, AM is often 
considered, erroneously, to refer to a willingness to modify a 
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management approach through ad hoc changes to management prac-
tices (Allen and Garmestani, 2015). This has led to management plans 
being labelled as AM to avoid detailed up-front assessment, despite plans 
omitting key attributes of AM (Lee and Gardner, 2014; Slattery, 2016). 

Guidance on AM is provided by the U.S. Department of the Interior, 
along with supporting works (Williams et al., 2009; Williams, 2011a; 
Williams and Brown, 2012; Williams and Brown, 2014 Williams and 
Brown, 2016), which are referred to collectively as the “DOI framework” 
hereafter. A depiction of AM summarising the DOI framework is pro-
vided in Fig. 1, which illustrates two phases (deliberative and iterative) 
that are subdivided into a total of eight elements. The elements of the 
deliberative phase include stakeholder involvement, objectives, manage-
ment alternatives, predictive modelling and monitoring protocols. During 
stakeholder involvement, parties with a stake in the outcome of a project 
are invited to participate in the design of the management strategy. 
Objectives define quantitative metrics to guide decision making. Man-
agement alternatives identify a set of actions to achieve objectives 
and/or mitigate adverse impacts from project operations. In predictive 
modelling, uncertainties in system structure and/or system processes are 
evaluated in conjunction with proposed alternative management ac-
tions. Monitoring protocols are strategies for collecting the data needed 
to assess the efficacy of management practices and to increase system 
understanding. 

The iterative phase is entered when agreement on the content and 
structure of the elements of the deliberative phase is reached (Williams 
et al., 2009). The iterative phase consists of the elements of decision 
making, follow-up monitoring and assessment, which are implemented 

cyclically (Fig. 1). In decision making, a management action is per-
formed based on management objectives, resource conditions and the 
level of system understanding. Follow-up monitoring involves the 
application of monitoring protocols to track system responses to man-
agement actions. Assessment creates improved knowledge of resource 
dynamics and the role of management actions on system behaviour 
through evaluation of predicted and observed changes in the resource. 
The operational sequence of AM involves iteration, which is described in 
terms of learning loops by Pahl-Wostl (2009) and Williams and Brown 
(2018). Fig. 1 depicts the various levels of periodic assessment and 
re-evaluation. Further details of the iterative nature of AM are provided 
in Sections 3.2.4 and 3.3. 

Since the inception of AM, active and passive forms have been pro-
posed to distinguish between alternative AM approaches (Walters, 1986; 
Walters and Holling, 1990; National Research Council, 2004). According 
to Williams (2011b), the recognition of uncertainty and approaches to 
reducing it differ between active and passive forms of AM, with active 
AM having a greater emphasis on uncertainty reduction. In active AM, 
reductions of uncertainty in system structure, system processes and/or 
the impact of management actions are the central focus of the design of 
operational procedures and practices (Williams, 2011b). In passive AM, 
uncertainty reduction is achieved as a secondary result of project op-
erations, which are designed exclusively to achieve economic, envi-
ronmental, social and cultural objectives (Williams, 2011b). Despite its 
perceived strengths, active AM remains largely unapplied in practice, 
with most real-world applications of AM categorised as passive 
(McDonald and Styles, 2014). 

Ruhl and Fischman (2010) described common characteristics of 
purported applications of AM and found that management plans citing 
AM philosophies did not implement the highly structured approaches 
recommended in published AM guidelines (e.g. Williams et al., 2009; 
Doremus et al., 2011). Rather, management plans tended to rely on ad 
hoc processes and procedures. Typical shortcomings in AM plans 
included a lack of specific objectives, unclear monitoring approaches, an 
absence of substantiative mitigation measures, and/or under-developed 
predictive models for assessing alternative management actions (Ruhl 
and Fischman, 2010). A subsequent review by Fischman and Ruhl 
(2015) found that indicator thresholds of system health and the corre-
sponding actions triggered by those thresholds were commonly lacking 
in purported AM applications. Management plans with poorly defined 
thresholds lack the explicit structure of rigorous planning and analysis 
required to meet published guidance on AM (Ruhl and Fischman, 2010; 
Fischman and Ruhl, 2015). As such, these approaches can be classified 
more accurately as trial-and-error management (e.g. Allen and Gar-
mestani, 2015). 

Thomann et al. (2020) reviewed the theory of AM applied in envi-
ronmental decision making and the practical use of AM in groundwater 
management. They evaluated groundwater management plans that 
claimed to apply AM against published AM guidance (e.g. Williams 
et al., 2009), including criteria for active and passive AM (i.e. Williams, 
2011b; Allen and Garmestani, 2015). Thomann et al. (2020) found 
significant variability in the way that AM principles have been applied to 
groundwater management across various sectors (i.e. urban water sup-
ply, agriculture and mining), and concluded that none of the reviewed 
groundwater management plans that purportedly adopted AM could be 
classified as active AM. A proportion of the reviewed groundwater 
management plans that supposedly adopted AM principles had attri-
butes that were consistent with passive AM, while others were more 
consistent with trial-and-error management. Thomann et al. (2020) 
suggested that the absence of active AM in groundwater management is 
due to the infeasibility of adopting groundwater management actions 
principally for uncertainty reduction under typical operational con-
straints of groundwater-affecting activities. This is consistent with the 
conclusions of McDonald and Styles (2014), who observed that active 
AM is often impractical in real-world situations due to time and resource 
constraints. Thomann et al. (2020) proposed that the disparity between 

Fig. 1. The operational sequence of adaptive management, illustrating ele-
ments and feedback cycles (so-called “loop learning”). White boxes denote the 
elements of the deliberative phase, and grey boxes denote elements of the 
iterative phase. Figure modified from Williams and Brown (2014). 
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AM theory and practice in hydrogeological contexts is likely a result of 
the lack of available guidance on the application of AM to the specific 
problems and challenges that groundwater managers face. They rec-
ommended that groundwater-specific guidelines for AM be developed 
through translation, extension and (where required) modification of the 
general AM principles described in the DOI framework. 

The current paper aims to address the lack of groundwater-specific 
definitions in the face of increasing claims of AM usage in ground-
water management plans. To develop these definitions, this paper in-
vestigates common hydrogeological settings and their appropriateness 
for an an adaptive approach, thereby taking the first steps toward 
addressing the research questions of AM applicability and context- 
dependent AM standards. Drawing on published AM definitions, ex-
amples of AM applied to groundwater-affecting activities (termed 
Adaptive Groundwater Management, AGM), discussed by Thomann 
et al. (2020), are utilised to develop a description of AM that uses 
hydrogeological principles and nomenclature. The intent here is to 
extend current generic definitions of AM to account for 
groundwater-specific contexts and to discuss challenges in applying AM 
to hydrogeological cases. By doing so, we address the call for additional 
research into the application of AM to water-related problems (Pro-
ductivity Commission, 2021). Given the need for industry and stake-
holder engagement in developing guidelines that cover the diversity of 
contexts and challenges that groundwater managers face in developing 
AM plans, our goal is to provide guidance rather than to develop formal 
guidelines on adaptive management approaches for the broad range of 
groundwater-affecting activities. Specifically, this research aims to 
produce guidance that leads to: (1) clearer expectations of the purpose 
and expected outcomes of AGM for groundwater stakeholders, (2) more 
effective AGM design and application, including greater transparency in 
groundwater-related environmental planning, and (3) improved un-
derstanding of the applicability and limits of AGM that arise in man-
aging impacts to hydrogeological systems. 

2. Applicability of adaptive management to groundwater- 
affecting activities 

AM is appropriate for only a subset of environmental management 
problems (Gregory et al., 2006; Allen et al., 2011). Williams et al. (2009) 
describe eight conditions that warrant the application of AM and five 
conditions that restrict its application. These conditions are briefly 
summarised in Table 1, while more detailed explanations of each of 
these factors are given in Williams et al. (2009). 

In addition to the issues relating to AM applicability in Table 1, Allen 
and Gunderson (2011) highlight that AM is best applied to situations 
where the impacts are: (1) low risk, (2) highly controllable, and (3) 
highly uncertain. Analyses of groundwater management practices by 
Currell (2016), Currell et al. (2017), and Thomann et al. (2020) identify 
similar factors that are pertinent to the development of management 
strategies for projects that impact groundwater systems. Consequently, 
adapted forms of the recommendations from Allen and Gunderson 
(2011) are offered here, thereby defining three key factors critical to the 
development of AM strategies for groundwater-affecting activities, 
given as: (1) the severity of groundwater impacts from project opera-
tions, (2) the permanence of groundwater impacts from project opera-
tions, and (3) the level of uncertainty in groundwater system responses 
to project operations. These three factors are discussed in Sections 2.1 to 
2.3. 

2.1. Severity of groundwater impacts 

Impacts on economic, ecological, social and cultural assets due to 
groundwater-affecting activities may occur to varying degrees of 
severity. Here, impact severity may refer to the spatial scale of impacts 
or the intensity of degradation (potentially at the local scale) of key 
assets. Currell et al. (2020) describe potentially severe groundwater 

impacts arising from the Carmichael Coal Mine in the form of possible 
degradation of springs and associated threatened and endemic flora and 
fauna, of importance to the Indigenous Wangan and Jagalingou people 
(Wangan and Jagalingou Family Council, 2015; Fensham and Fairfax, 
2003; Fensham et al., 2016; Ecological Australia, 2019). Where poten-
tial groundwater impacts are severe, there is a heightened need to 
develop sound hydrogeological knowledge of the system response to 
project activities. Also, the need to understand both the reversibility (or 
conversely the permanence) and uncertainty in more severe impacts is 
greater. Furthermore, where potential impacts are more severe, the need 
for clear and effective mitigation and monitoring strategies is height-
ened, particularly for the purposes of stakeholder involvement, which is 
likely to be more consequential to AM strategies where threats to critical 
assets are higher. In general, a more comprehensive characterisation of 
potential impacts on groundwater systems, along with a clearer 
demonstration of impact detection and mitigation techniques, is war-
ranted prior to project approval where the plausible range of ground-
water impacts includes those that are unacceptably severe. 

2.2. Permanence of groundwater impacts 

Impacts to aquifers may be temporary, such as localised drawdown 
from intermittent pumping or seasonal changes in vegetation water use, 
whereas many impacts to groundwater systems lead to, effectively, a 
new state of equilibrium. In those cases, the hydrogeological system 
does not return to its original state or requires decades before conditions 
stabilise and/or return to the original conditions. The latter may 
potentially lead to irreversible ecosystem losses. We refer to a shift in the 
groundwater equilibrium condition, or a prolonged change in the 
groundwater condition that leads to excessive environmental loss, as a 
“permanent” impact. The permanence of impacts is often described in 
terms of “reversibility”, which we consider as the availability of prac-
tical measures to remediate a groundwater impact once it has occurred. 
Using these definitions, it follows that permanent impacts may or may 
not be remediable (i.e. reversed), depending on several complicating 
factors, including institutional capability, the resilience of environ-
mental assets, the availability of practical, maintainable methods for 
(often long-term) remediation, etc. (Groffman et al., 2006). 

Whether or not an impact can be reversed influences the feasibility 

Table 1 
Conditions that warrant AM and that limit the application of AM, verbatim from 
Williams et al. (2009).  

Type Condition 

Conditions that warrant 
AM application 

1. There must be a mandate to take action in the face of 
uncertainty. 
2. There must be the institutional commitment and 
capacity to undertake and sustain an adaptive 
program. 
3. A real management choice is to be made. 
4. There is an opportunity to apply learning. 
5. Clear and measurable management objectives can 
be defined. 
6. The value of information for decision making is 
high. 
7. Uncertainty can be expressed as a set of testable 
models. 
8. A monitoring system can be established to reduce 
uncertainty. 

Conditions that limit AM 
application 

1. Decision making only occurs once. 
2. Monitoring cannot provide useful information for 
decision making. 
3. There are irresolvable conflicts in defining explicit 
and measurable management objectives and 
alternatives. 
4. Decisions that affect resource systems and outcomes 
cannot be made. 
5. Risks associated with learning-based decision 
making are too high.  
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and efficacy of iterative reassessment, and subsequent improvement, of 
management practices aimed at protecting critical assets (Williams 
et al., 2009), thereby limiting the applicability of AM in managing some 
groundwater-affecting projects. Thus, in accordance with general AM 
definitions (e.g. Williams et al., 2009), AM is likely unsuitable to protect 
against permanent or irreversible impacts on groundwater systems. An 
exception to this arises for situations where a threshold groundwater 
condition at which permanent impacts arise is known, and where im-
pacts to a groundwater system can be managed within that threshold 
condition in a reversible and responsive manner. 
Groundwater-dependent ecosystems (GDEs), particularly those related 
to springs, are examples of this, whereby the spring ecosystem may 
decline and recover if aquifer conditions change within a certain 
threshold range, whereas complete cessation of spring flow may lead to 
the irreversible loss of aquatic organisms in many cases (e.g. Currell 
et al., 2017; Devitt et al., 2019). Another form of irreversibility in 
groundwater systems is the changes to groundwater flow paths that arise 
when the geological structure of an aquifer is significantly altered (e.g. 
resulting from hydraulic fracking associated with some coal seam or 
shale gas operations). Reinstating flow paths in altered aquifers is 
probably extremely challenging (if not impossible). AM is unlikely to be 
an effective strategy for managing these sorts of impacts, i.e. where 
practical, cost-effective and well-defined mitigation measures are not 
available. 

The long timescales of most hydrogeological processes create major 
obstacles to learning within the context of groundwater management 
practices (Currell et al., 2017), in a similar way to the difficulties in 
addressing permanent impacts within an AM approach. For example, 
delays in the propagation of pumping-induced drawdown or the trans-
port of contaminants may lead to groundwater impacts occurring long 
after the causal activities have ceased. Thus, the reversibility, perma-
nence and time scales of impacts need to be considered in the context of 
remedial measures and the critical thresholds associated with ground-
water (and GDE) impacts, in the design of AM strategies (e.g. Currell 
et al., 2017). For example, an assessment should be performed to 
determine whether substantial, irreversible impacts may occur before 
managers can reliably assess whether thresholds (i.e. after which im-
pacts are effectively irreversible) have been passed. These thresholds are 
often attributable to the expected time lags between project operations 
and potential impacts on ecosystems or other groundwater assets (e.g. 
drawdown; Currell, 2016). Additionally, even where impacts may be 
reversible if the timescales required for project-induced impacts to be 
realised are longer than project operations (and potentially the period 
during which project proponents can be held responsible for those im-
pacts), adverse outcomes may be treated as irreversible from a practical 
perspective. For example, the case of the Carmichael Coal Mine 
(AECOM, 2019; Ecological Australia, 2019) is one where impacts from 
the mine may persist long after mining operations and the accompa-
nying economic benefits have ceased (Currell et al., 2017; CSIRO and 
Geosciences Australia, 2019; Currell et al., 2020). 

The use of AM is also not appropriate where critical thresholds or 
remedial approaches to possible impacts are poorly understood, because 
remediation may be precluded by technical barriers, particularly for 
situations involving long groundwater system timescales and time- 
lagged impacts (Williams et al., 2009; Nichols et al., 2014; Thomann 
et al., 2020). That is, impacts may be effectively permanent even where 
adverse effects from groundwater activities are physically and ecologi-
cally feasible to reverse, because project operators may be unable to 
perform required remediation (e.g. due to economic or technological 
constraints) or as a result of other unforeseen events (e.g. organisational 
insolvency, policy changes, etc.). Thus, the application of AM to 
groundwater-affecting projects may require up-front commitments from 
operators to carry long-term responsibility for remedial actions and a 
more thorough evaluation of the uncertainty in the extent relative to the 
application of AM to other (non-groundwater-based) activities. 

2.3. Level of groundwater system uncertainty 

Uncertainty is perhaps the greatest challenge in developing and 
operationalising effective groundwater management plans (Guillaume 
et al., 2012). The uncertainty that impedes groundwater management 
decision making comes from many sources, including uncertainty in 
field measurements and their interpolation to establish a hydro-
geological conceptual model (Barnett et al., 2012; Enemark et al., 2019), 
challenges in quantifying key processes such as groundwater recharge 
(Scanlon et al., 2002), and the predictive uncertainty that accompanies 
groundwater models, amongst others. Perhaps the greatest source of 
uncertainty in the estimation of groundwater impacts is the sparsity of 
long-term field measurements needed to understand historical ground-
water behaviour and the dependencies of ecosystems on groundwater 
system characteristics, in particular seasonal fluctuations. 

Approval of groundwater-affecting projects is often granted based on 
the expectation that uncertainty will be reduced over the lifespan of the 
project, allowing for subsequent mitigation of impacts through adapta-
tion that is informed by new knowledge (and reduced uncertainty) with 
time (Lee, 2014). This is particularly pertinent in AM applications. 
However, management plans for groundwater-affecting projects are 
typically preceded by hydrogeological investigations that involve the 
quantification of expected impacts on groundwater systems, and the 
uncertainty thereof (e.g. Barnett et al., 2012). It follows that the degree 
of uncertainty reduction that is anticipated during the implementation 
of AM to groundwater projects is related to the level of knowledge (and 
uncertainty and its causes) at the outset of the project. Thus, it is critical 
for project proponents, stakeholders and regulatory authorities to have a 
clear understanding of both the uncertainty of impacts on 
groundwater-dependent assets and the methods to lower uncertainty, 
prior to project approval, where AM is adopted. This is particularly 
critical when AM is intended to offset the lack of reliable estimates of 
groundwater impacts at the project outset. This requires careful analysis 
and clear messaging of proposed levels and approaches to uncertainty 
reduction, framed in the context of the pre-approval levels of 
uncertainty. 

Where uncertainties in groundwater system behaviour are impor-
tant, clear quantification of the uncertainties of potential impacts and 
practical and realistic approaches to uncertainty reduction are required 
before the effectiveness of proposed AM strategies can be known. These 
are needed to develop groundwater management plans that are consis-
tent with the core tenets of AM (e.g. Table 1). Whether or not a man-
agement strategy meets the minimum standard of AM set out by 
published guidance (e.g. Williams et al., 2009; Ruhl and Fischman, 
2010; Fischman and Ruhl, 2015) is commonly not considered in the 
approval of groundwater-affecting projects (Thomann et al., 2020). This 
is despite independent peer review being commonplace in groundwater 
investigations, especially for the development of groundwater models 
(e.g. Barnett et al., 2012). This has led, in some cases, to major flaws in 
proposed AM strategies for groundwater projects and a disconnect be-
tween approval conditions and fundamental requirements for valid AM 
implementation (e.g. Lee and Gardner, 2014). Independent peer review 
of AM strategies is recommended to ensure that approved projects have 
clear mechanisms and the capacity to mitigate adverse impacts. 

Uncertainty in the prediction of groundwater impacts plays a 
complicated role in project approval. Even where AM can be shown to 
offset impact risks, it may be necessary to delay approval while critical 
knowledge gaps are addressed, or at least, uncertainties are quantified 
and communicated to stakeholders and decision-makers. Approval 
conditions may additionally include thresholds for uncertainty reduc-
tion, notwithstanding the issues of impact permanence, reversibility and 
time lags, as discussed above. The decision to delay projects in the in-
terests of reducing impact uncertainty will depend on several factors, 
such as stakeholder values, environmental sensitivities, and the eco-
nomics of proposed projects. Strategies for reducing uncertainty within 
high-uncertainty groundwater-affecting activities are critical in AM 
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plans, because in some cases, data-gathering and other investigative 
tools may not adequately inform impact predictions, rendering AM 
largely ineffective (e.g. Williams et al., 2009). More generally, there is a 
critical need to clearly demonstrate that the AM methodology will lead 
to significant uncertainty reduction during project operations and that 
the various components of AM are practical and achievable (Williams 
et al., 2009; Williams and Brown, 2016). 

3. Translation of AM into AGM 

3.1. Overview of concepts 

Although AM approaches have been available for over 40 years (e.g. 
Holling, 1978), uncertainty and inconsistencies in its valid application 
still exist (Gregory et al., 2006; Thomann et al., 2020). Limits to the 
applicability of AM described in the previous section highlight the need 
for guidance on the specific challenges faced in groundwater manage-
ment applications. Here, we extend generalised AM principles and 
guidance to account for critical groundwater-related factors, thereby 
building on the DOI framework. 

Fig. 2 illustrates a proposed operational sequence of AGM, that fol-
lows a similar structure as the DOI framework (Fig. 1), with six key 
differences. First, the deliberative phase of AGM is shown as a sequence 
of elements in Fig. 2. The involvement of stakeholders occurs 
throughout the deliberative phase in conjunction with other elements to 
engender genuine opportunities for the communication of values and 
information from relevant stakeholders that inform both the design of 
the AGM plan and pre-approval investigations aimed at reducing and 
quantifying uncertainties. This will also allow stakeholders’ 

understanding of project benefits and impacts to evolve as elements are 
completed. Second, “investigation” (e.g. data gathering and analysis) is 
included explicitly as an element of the deliberative phase. This reflects 
the essential role of data and hydrogeological understanding in estab-
lishing AGM strategies and protocols, and in defining the level of un-
certainty in the anticipated effects of the project. Third, the “monitoring 
protocols” element is modified to include the design of analysis required 
for the reduction of key uncertainties during the iterative phase. Fourth, 
the deliberative phase of AGM is iterative. Additional cycles of the 
deliberative phase are meant to provide project managers and stake-
holders with opportunities to revise earlier deliberative phase elements 
following the attainment of time series of hydrogeological measure-
ments, the completion of investigations and predictive modelling, and 
the evolution in stakeholder understanding of the project attributes. This 
is expected to enhance the scientific underpinnings of AGM plans and 
inform stakeholders of the most likely future implications of the project, 
and uncertainties thereof. Fifth, “decision making” and “follow-up 
monitoring and analysis” elements of the iterative phase refer to in-
vestigations required during the deliberative phase. Finally, the pro-
posed AGM approach includes an opportunity for modified regulatory 
conditions (i.e. established within “project approval and regulatory 
conditions”) during project operations, i.e. leading to revisions to the 
deliberative phase following iterative phase cycles. This recognises the 
need for oversight of AGM implementation and extends the DOI 
framework (for AM). The revisitation of regulatory conditions, estab-
lished initially within project approval, provides opportunities for con-
ditions to be placed on project operations if uncertainty reduction 
targets have not been reached. This structure also facilitates staged ap-
provals, allowing projects to proceed to more advanced levels when 

Fig. 2. The proposed operational sequence of adaptive groundwater management. White, light grey and dark grey indicate deliberate phase elements, project 
approval and regulatory conditions and iterative phase elements, respectively. 
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sufficient uncertainty reduction has been demonstrated (e.g. an increase 
in groundwater extraction limits after a sufficient reduction in uncer-
tainty relating to the health of a nearby GDE). The staged approach to 
regulatory oversight may also offset issues relating to the time lags be-
tween project operations and impacts that inhibit a proper under-
standing of long-term consequences for project activities. There are 
likely to be implications for the project, including project feasibility and 
economic viability, arising from deliberative phase revisitation, and 
therefore, the scope of deliberative phase elements will undoubtedly 
differ when these are revisited following iterative phase cycles. 

An extension to Fig. 2 is provided in Supporting Information 
(Figure S1) to show how the three factors: (a) the severity of impacts to 
stakeholders, (b) the permanence of impacts and (c) the level of 
groundwater system uncertainty are embedded within the operational 
sequence of AGM. Figure S1 identifies (1) the need to consider severity, 
permanence and uncertainty when developing the elements of AGM, 
and (2) the role of the elements in informing severity, permanence and 
uncertainty. 

Sections 3.2 and 3.3 provide further discussion on the proposed 
structure of AGM. Passive AGM (Section 3.2) and active AGM (Section 
3.3) are differentiated, to allow for projects that have different expec-
tations associated with project uncertainty, the risk of permanent im-
pacts, and stakeholder involvement. Management plans that do not meet 
the minimum standard of passive AGM fall into the category of trial-and- 
error management, following the suggestion of Williams (2011a) for 
AM. Rather than repeating concepts in the DOI framework, the intent of 
the subsections below is to offer explanations that are extensional to the 
baseline advice (contained within the existing DOI framework) to ac-
count for the specific challenges relevant to groundwater-affecting ac-
tivities. An overview of the DOI framework for AM is provided in the 
Supporting Information (Table S1). The characteristics of AGM are 
summarised in Table S2 and Figure S2. 

3.2. Passive AGM 

3.2.1. Passive AGM deliberative phase 
The elements of the deliberative phase of AGM are required prior to 

project approval and the commencement of core project operations, as 
shown in Fig. 2. Baseline hydrogeological data are essential for delib-
erate phase activities, given the complexities of hydrogeological sys-
tems. This is especially the case for greenfield sites, which present 
substantial challenges for the development of AGM strategies because of 
weaknesses in groundwater system understanding, at least in the context 
of the anticipated project stresses. Thus, the first element of the delib-
erate phase is investigation (in consultation with stakeholders), which 
assists in the identification of knowledge gaps that subsequently guide 
data collection and analyses. Initiating hydrogeological investigations 
early in the deliberative phase provides opportunities to attain time- 
series datasets, that are essential for developing baseline knowledge of 
groundwater processes and for building predictive models and devising 
future monitoring protocols. However, data collection is an ongoing 
process, informed by outputs from each of the deliberative phase ele-
ments. This is reflected in the iterative depiction of the deliberate phase 
in Fig. 2 that facilitates important interdependencies between in-
vestigations and key knowledge gaps that arise during the development 
of management and monitoring objectives and protocols, and predictive 
models. 

The six elements of the AGM deliberative phase are interdependent, 
with each requiring stakeholder involvement, as suggested by Williams 
et al. (2009) for AM. For example, stakeholders often have vital input (e. 
g. the identification of key assets) to conceptual and predictive models of 
groundwater and ecosystem impacts, objective-setting, and the design of 
management alternatives and monitoring protocols. For 
groundwater-affecting projects, stakeholder involvement is a particu-
larly critical and challenging phase, for the following reasons: (1) 
Hydrogeological processes are complex and often misunderstood by 

non-experts. Additionally, hydrogeology is multi-disciplinary, often 
involving concepts from the fields of geochemistry, geology, soil science 
and numerical modelling, requiring stakeholders to consider compli-
cated interdependencies. These are barriers to the critical need for clear 
communication between stakeholders, hydrogeologists, project opera-
tors and regulators. This may require stakeholders to be upskilled in 
hydrogeological concepts to enhance discussions of 
groundwater-related factors, including the characteristics of impacts; 
(2) Uncertainties in estimates of future groundwater impacts are often 
high, especially for greenfield projects. Key uncertainties are reduced 
through the outcomes of hydrogeological investigations and monitoring 
strategies, which are often not readily available at early stages of a 
project or easily communicated to stakeholders. Given the important 
role of uncertainty in AGM, clear and informed engagement with 
stakeholders on impact uncertainty is crucial for stakeholders to make 
informed contributions to AGM design; (3) Stakeholders are often 
sources of knowledge on the functioning and value of critical environ-
mental, economic and social assets potentially impacted through 
project-induced changes to the groundwater regime. Therefore, stake-
holder involvement often leads to knowledge exchanges that inform 
hydrogeological investigations and that assist in prioritising the goals of 
AGM monitoring and mitigation strategies. Owing to the above-
mentioned challenges, it is important that stakeholders have the op-
portunity to re-engage with project proponents at key stages (rather than 
once-off stakeholder involvement prior to project approval) as impact 
uncertainties reduce with new groundwater measurements and analysis. 
This approach allows stakeholders to reassess acceptable levels of risk to 
environmental, cultural and economic assets that are potentially 
impacted by proposed project activities as the reliability of future 
impact/benefit predictions changes with new information and analysis. 

Stakeholder involvement and investigation are essential precursors 
to the development of AGM objectives. Objectives are desired outcomes 
or performance measures that guide decision making and methodologies 
for achieving conditions identified during stakeholder involvement. 
Objectives (defined in conjunction with stakeholders) may initially be 
broad and qualitative. However, decision making ultimately requires 
quantitative objectives that are unambiguous in terms of measurable 
indicators, threshold conditions and/or target metrics (e.g. flow rates, 
ecosystem conditions or specific water levels as per the groundwater 
management plan for the Burnett Basin, Australia; DNRM, 2020) that 
can be clearly communicated to stakeholders. This is consistent with AM 
definitions (Williams et al., 2009). Rigorous analysis is usually required 
to develop objectives due to the long timescales of groundwater pro-
cesses and the often complex relationships between assets of interest (e. 
g. GDEs) and groundwater behaviour at monitoring points (e.g. obser-
vation wells). For example, predictive modelling may offer critical in-
sights into methods for achieving AGM objectives, including the design 
of sampling campaigns. 

Management alternatives, consisting of proposed variations to proj-
ect operations that may be needed to mitigate project-induced impacts, 
are developed following the identification of objectives. Management 
alternatives are also intended to account for new knowledge about the 
performance of biophysical systems that are stressed by project activ-
ities, expected to come to light during iterative phases. Management 
alternatives may include changes to project operational protocols (e.g. 
changes to the timing and location of extraction as performed in the 
Pioneer Valley, Australia; DNRM, 2016) or engineering intervention 
measures (e.g. injection of water to maintain artesian conditions as 
proposed by coal seam gas operators within the Bown and Surat Basins, 
Australia; Santos, 2013). Ideally, these are informed by hydrogeological 
investigations undertaken by project proponents to target critical 
knowledge gaps. Establishing management alternatives that are 
acceptable to both project proponents and stakeholders and that main-
tain project operability may be challenging for many 
groundwater-affecting projects, requiring careful and informed consul-
tation with stakeholders. For example, extractive industries may have 
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limited alternatives to the creation of mine voids and onsite processing, 
and agricultural areas may rely solely on groundwater to support irri-
gation demands, especially during periods of drought. 

In AGM, proposed project operations, including management alter-
natives, are evaluated using predictive hydrogeological models. Pre-
dictive modelling should consider multiple plausible representations of 
the groundwater system, consistent with recommendations by Barnett 
et al. (2012). This includes alternate hypotheses about the structure 
and/or processes of the groundwater system and ecological de-
pendencies on hydrological conditions, leading to alternative concep-
tual models (e.g. Barnett et al., 2012; Enemark et al., 2019; 
Keegan-Treloar et al., 2021). Accounting for knowledge gaps in this 
way, combined with an evaluation of the expected variability in 
hydrogeological properties within the study area, allows for uncertainty 
in hydrogeological processes and the estimation of impacts to be 
assessed (Neuman and Wierenga, 2003). Subsequently, management 
alternatives can then be projected under each conceptual model to 
assess the likelihood that objectives can be achieved. Predictive models 
used in AGM aim to predict biophysical changes through time (e.g. 
groundwater levels and/or quality indicators), although the same 
models can be adapted to investigate the efficacy of remedial measures 
and to inform efforts to reduce uncertainty (e.g. Brunner et al., 2012). It 
is also important that predictive models make it possible to explore the 
costs and benefits of management alternatives. An example of this is the 
modelling investigation of the response of groundwater levels and 
salinity to pumping restrictions in the Adelaide Plains (DEW, 2021). 

Monitoring and analysis protocols consist of a plan to track resource 
status, target the reduction of key uncertainties as a project progresses, 
and systematically address priority knowledge gaps. The goal of moni-
toring key hydrogeological variables in AGM is to ensure that data are 
collected over appropriate spatial and temporal scales to improve un-
derstanding of groundwater processes, evaluate objectives, assess 
management alternatives, and inform revisions to predictive ground-
water models. Monitoring protocols can include the design of water 
level and groundwater quality measurement campaigns, in addition to 
surveys of groundwater-dependency ecosystems and the deployment of 
hydrographic systems to quantify surface water dynamics (e.g. Pilbara 
Groundwater Allocation Plan, Australia; DOW, 2013). While monitoring 
provides insights into the status of hydrogeological systems and creates 
time-series records of groundwater behaviour, hydrogeological analysis 
targets knowledge gaps and key uncertainties in conceptual and nu-
merical models. These may involve drilling, geophysical surveys, 
ecological surveys, hydrochemical and environmental tracer surveys, 
pumping tests, remote sensing data analysis, biophysical model devel-
opment (e.g. to study recharge or hydro-ecological relationships) and 
other activities that deliver new information on the hydrogeology of the 
study area (e.g. Keegan-Treloar et al., 2022). In combination, moni-
toring and analysis aim to address critical data gaps and the main 
sources of uncertainty in estimates of project effects and predictions of 
the efficacy of AGM strategies. 

3.2.2. Passive AGM project approval phase and regulatory conditions 
In the proposed AGM sequence depicted in Fig. 2, the project 

approval and regulatory conditions phase is included between the 
deliberative and iterative phases, as an addition to Fig. 1. The project 
approval and regulatory conditions phase facilitates the important step 
of setting project approval conditions (on the first iteration) or revising 
the regulatory oversight conditions through subsequent revisitation 
following iterative and deliberate phases. Where uncertainty in the 
functioning of the hydrogeological system is high, the use of a condi-
tional approval provides the opportunity to revisit regulatory conditions 
established at the time of approval, although the potential scope and 
range of modifications to regulations (i.e. on revisitation of this phase) 
would need to be clearly defined at the outset. Here, conditional 
approval refers to a staged approach to regulatory oversight, whereby 
the project may progress only if certain criteria, set in the project 

approvals phase, are met. For example, a staged water license may be 
issued, with an increase in extraction limits where conditions are met (e. 
g. as proposed for groundwater taken under the Singleton Station water 
license, Australia; DEPWS, 2021). Conditional approval may allow 
additional constraints to be placed on project operations (following 
revisitation of approval conditions), where uncertainty in critical im-
pacts that were high at the time of approval have not been adequately 
lowered. This is especially important if project impacts are potentially 
permanent and severe, and/or the likelihood of acceptable remediation 
is unproven. 

3.2.3. Passive AGM iterative phase 
The iterative phase of passive AGM begins with the implementation 

of the most appropriate management actions (which includes both 
project operations and hydrogeological investigations) identified during 
the decision-making stage. Management actions are selected from 
alternative strategies to achieve project objectives devised during the 
deliberative phase. This selection is made based on the condition of 
metrics of system health (e.g. hydrogeological, ecological, cultural and/ 
or economic indicators), and the knowledge of the groundwater system 
accrued throughout the AGM process. Follow-up monitoring involves 
prescribed protocols to track the response of the groundwater system to 
management actions and changing environmental conditions, while a 
structured program of systematic analysis is necessary to build improved 
knowledge of the likely future effects of the project. Monitoring and 
analysis results are used during the subsequent assessment element to 
infer the effectiveness of management actions and to reduce uncertainty 
by comparing observations to predictions made using groundwater 
models created during the predictive modelling stage. Although stake-
holder involvement is not implemented in the iterative phase (Fig. 2), it 
is valuable for stakeholders to have access to well-structured and 
quality-assured monitoring data and the results of field investigations 
that become available during the course of project operations. 

Assessment begins once sufficient data have been collected during 
the deliberative phase and by follow-up monitoring and analysis to 
evaluate management efficacy and the scientific framework used to 
underpin decision making. Assessment leads to learning about the 
structure and/or processes of the groundwater system (e.g. aquifer 
connectivity, recharge rates, etc.), with potentially important implica-
tions for the management of project impacts. This includes a comparison 
of predictions from alternate conceptual and numerical models against 
monitoring data and analysis results, thereby scrutinizing the reliability 
of prior analyses, including those used to gain project approval. The 
evaluation of models as new data and analysis results are obtained is a 
crucial activity within the AGM methodology, because it scrutinises the 
hydrogeological framework that: (1) underpins predictions of the 
severity and permanence of project impacts, (2) was adopted to gain 
initial project approval, and (3) usually involves significant un-
certainties. Also, the expectation that the level of groundwater system 
uncertainty will reduce during the progress of project activities (a cen-
tral tenet of AGM) can only occur through critical analysis of hydro-
geological models. The assessment of hydrogeological models within 
this critical element informs the development of models during subse-
quent deliberative phases. In some cases, conceptual models may be 
excluded while new factors may be revealed as important considerations 
that need to be added to previously developed models. 

3.2.4. Learning and feedback in passive AGM 
The DOI framework describes learning and feedback within AM in 

terms of three loops (i.e. single-, double- and triple-loop learning), 
indicating varying levels of management adaptation and procedural 
evolution (Williams and Brown, 2018). Single-loop learning refers to 
incremental improvement of management practices without questioning 
underlying assumptions or established routines, whereby project oper-
ations are refined using existing protocols and processes (Pahl-Wostl, 
2009). Double-loop learning involves the application of new approaches 
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and measures following a reflection on problem framing and assump-
tions on how project goals can be achieved (Pahl-Wostl, 2009). 
Triple-loop learning occurs where project goals are revisited, resulting in 
an adaptation of the management regime due to a fundamental shift in 
societal values and/or stakeholder priorities (Pahl-Wostl, 2009; Wil-
liams and Brown, 2018). These mechanisms for incorporating new 
knowledge to inform management practices and to lower uncertainty in 
the prediction of future impacts are vital for the successful imple-
mentation of AGM approaches. In the following, we describe the pro-
cesses for learning and feedback in passive AGM, which contains single- 
and double-loop learning (e.g. Williams and Brown, 2018). 

Learning and feedback within the iterative phase of AGM represent 
single-loop learning and involve the application of management rules 
defined within the deliberative phase. A typical example is the use of 
pre-defined rules to determine annual water allocations based on 
recharge rates and/or groundwater levels (e.g. as in the groundwater 
management plans for the Pioneer Valley and the Eyre Peninsula; 
DNRM, 2016; EPNRM, 2016). The use of trigger levels, whereby ex-
ceedance of an objective level of an indicator (e.g. groundwater draw-
down, salinity threshold or an ecological health indicator) initiates a 
pre-defined corrective action, is another example (Evans et al., 2004; 
Werner et al., 2011). Trigger-level responses within an AGM approach 
need to be transparent, structured and evidence-based, whereas ad-hoc 
trigger-level responses are indicative of trial-and-error management 
(Schultz and Nie, 2012; Fischman and Ruhl, 2015). Nevertheless, the 
triggers adopted within AGM strategies to protect environmental assets 
may change as new knowledge of ecosystem responses to hydrological 
stresses is revealed. The systematic application of trigger levels increases 
accountability and transparency (Nie and Schultz, 2012), which are 
important attributes of AGM applications. Moreover, quantitative 
assessment of the biophysical response to trigger-based actions informs 
the efficacy of AGM approaches and management performance and 
helps elucidate long-term project effects (e.g. Noorduijn et al., 2018; 
Post et al., 2019; White et al., 2019). 

It is necessary to revisit the deliberative phase after new information 
is gained during the iterative phase to refine or reformulate management 
processes and practices. This is shown in Fig. 2 by the left-most arrow 
cycling back to the deliberate phase from the iterative phase. Using the 
definition of Williams and Brown (2018), this is a form of double-loop 
learning. The process of deliberative and iterative phase cycling is 
accordant with the recommendations of Barnett et al. (2012), who 
advocate for periodic reassessment of groundwater models. Double-loop 
learning aims to better protect critical assets while accounting for the 
improved technical expertise of managers, scientists, engineers and 
stakeholders arising from AGM activities. For example, Stewart and 
Green (2022) evaluated trigger-level effectiveness on the Eyre Penin-
sula. When the deliberative phase is revisited, the activities required 
within each element differ from those undertaken prior to the initial 
approval. That is, the post-approval deliberative phase will have a 
reduced scope because the AGM project will already have objectives, 
management alternatives, predictive models and monitoring and 
investigation protocols from pre-approval efforts. This applies in 
particular to conditional project approvals, which involve decisions on 
the protection of specific assets that are delayed until more reliable es-
timates of impacts are available. Conditional approval necessitates 
double-loop learning because of the revisitation of approval conditions 
following uncertainty reductions arising from data-gathering and 
investigation during initial project activities. Where stakeholder values 
are revisited within the framework of conditional approvals, triple-loop 
learning may occur. 

In addition to the learning and feedback loops defined by the DOI 
framework, AGM includes a suggested sequence for the revisitation of 
elements within the deliberative phase. This sequence, indicated by the 
cyclic representation of the deliberative phase in Fig. 2, is meant to 
reflect the cyclic, iterative and interdependent nature of objective 
setting, the design of management alternatives, predictive modelling 

and investigation. This process of developing elements within the 
deliberative phase of AGM is consistent with descriptions of double-loop 
learning given by Williams and Brown (2018). 

While learning and feedback lead to modified AGM strategies, the 
economic viability of most major projects requires relatively stable (in 
time) and predictable regulatory oversight. Therefore, some constraints 
on project operations and the scope of AGM practices, prescribed 
through the initial approvals process, may need to be fixed for the entire 
project duration, rather than revised through revisitation of the delib-
erative phase and/or through conditional approval processes. Careful 
selection of unalterable regulatory conditions is needed, taking into 
account the incomplete scientific understanding (and stakeholder 
knowledge) of project benefits and impacts that arise from the initial 
(pre-approval) deliberative phase, and considering uncertainties in 
model predictions and the hydrogeological knowledge base more 
generally. 

3.3. Active AGM 

Active AGM is a more stringent management approach relative to 
passive AGM. Here, we recommend a selection of attributes for differ-
entiating active AGM from passive AGM, in the absence of detailed 
guidance on distinguishing factors in the existing AM literature. The 
following four features of active AGM are suggested that add to the 
minimum requirements for passive AGM: (1) a stronger emphasis on the 
quantification of uncertainty and its reduction, (2) a broader scope for 
stakeholder involvement, (3) a staged approval process where project 
progression is contingent on uncertainty reduction, and (4) independent 
peer review of the AM strategy and the progress of its operationalisation. 
Thus, we consider active AGM to contain the basic elements and struc-
ture of passive AGM (e.g. see Fig. 2), but with additional constraints and 
actions that place a greater emphasis on transparency and account-
ability, stakeholder involvement and uncertainty quantification and 
reduction. In the following, only the additional considerations associ-
ated with active AGM (above that described for passive AGM; Section 
3.2) are described. 

The increased focus on uncertainty quantification and reduction 
within active AGM necessitates a greater degree of scientific rigour. For 
example, stochastic representations of key variables (e.g. hydraulic 
conductivity) in predictive models, rather than deterministic pre-
dictions, allows for a more comprehensive quantification of uncertainty. 
Then, when new information becomes available through AGM opera-
tions, it should be possible to quantify uncertainty reduction using the 
same modelling approach (i.e. by imposing lower uncertainty bounds on 
key model input parameters). Alternatively, multiple conceptual models 
may be numerically simulated in groundwater flow models, with con-
ceptual models excluded from the set as new data and hydrogeological 
interpretations are obtained that are sufficient to do so. The develop-
ment of uncertainty reduction targets is an important stage of active 
AGM, requiring rigorous uncertainty quantification as part of the pre-
dictive modelling element (e.g. Doherty and Moore, 2020). Uncertainty 
reduction is a key focus of the investigation element (Fig. 2), including 
during revisitation of this stage after periods of project operations, 
whereby the collection of data and targeted analysis is explicitly used to 
reduce hydrogeological and ecological uncertainty, especially in regard 
to the potential impacts of project operations. This is likely to require 
drilling and other, non-invasive hydrogeological techniques at locations 
outside of the region of the project’s primary activities. 

Where project impacts on groundwater are potentially severe, per-
manent and/or highly uncertain, regulators and other stakeholders may 
face major challenges in evaluating the net benefits of proposed 
groundwater-affecting development. The potential for permanent and/ 
or severe impacts from project operations elevates the importance of 
effective stakeholder involvement, particular during the initial delib-
erate phase when uncertainty in project impacts is greatest. The 
increased involvement of stakeholders in active AGM necessitates clear, 
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open and transparent communication of outcomes from the manage-
ment plan, such as the performance of key indicators (e.g. groundwater 
levels) against proposed trigger levels, etc. Authentic re-engagement 
with stakeholders during and subsequent to the initial iterative phase 
within active AGM allows for the accommodation of shifting stakeholder 
values through time (i.e. triple-loop learning; e.g. Pahl-Wostl, 2009). 
However, given the significant resources and expenditure involved in 
large-scale projects, it is reasonable to expect that the ability of stake-
holders to inform the management plan reduces in subsequent iterations 
through the active AGM process. Trade-offs between risks to project 
viability and opportunities for changes in stakeholder values (and 
resulting modifications to regulatory oversight) during the progression 
of project activities is a topic warranting further dialogue between 
regulators, industry bodies, water users, and other relevant 
stakeholders. 

The conditional approvals process described in Section 3.2.2 pro-
vides a mechanism to achieve many of the objectives of active AGM 
because the evolutionary components (e.g. triple-loop learning) of 
active AGM require an evolution in the adaptive process and stronger 
accountability compared to other management strategies. In active 
AGM, the progression of the project through a staged approval process is 
explicitly tied to quantifiable reductions in uncertainty as part of regu-
latory oversight, whereby critical knowledge gaps are addressed to an 
agreed level of uncertainty as a condition of the continuation of the 
proposed project operations. In this way, the use of uncertainty reduc-
tion targets in the conditional approvals process adds an extra protective 
measure to important assets that may be adversely impacted by project 
operations. 

While independent peer review plays a key role in groundwater 
modelling and is accepted as standard practice in developed countries 
(e.g. Barnett et al., 2012), there are no published accounts of its appli-
cation in assessing AM approaches applied to groundwater problems. 
Independent peer review would assist in ensuring that active AGM 
strategies reach minimum standards, thereby raising the accountability 
of project proponents and regulators. Key stages that benefit from in-
dependent peer-review include the proposed AGM strategy, numerical 
modelling, and milestone reporting of uncertainty reductions, particu-
larly those used to meet regulatory requirements. 

4. Future direction and development of AGM 

The AGM guidance presented here is an initial step towards stand-
ardising the application of AM to groundwater-affecting projects. The 
preliminary guidance provided above requires further development to 
create industry-standard guidelines for the application of AGM. To 
ensure these guidelines are broadly applicable to groundwater man-
agement, formal definitions of AGM should be developed in conjunction 
with key stakeholders from the industry sectors (e.g. mining, urban 
water supply, agriculture), environmental groups, regulators, Indige-
nous groups, etc. 

Three important factors to be evaluated in the application of AGM, 
include: (1) the severity of impacts, (2) the permanence of impacts and 
(3) the level of groundwater system uncertainty. These three factors 
were considered when developing the above guidance for active and 
passive AGM. However, the complex relationships between these three 
factors likely require further consideration. Future development of AGM 
should explore the degree to which severity, permanence and uncer-
tainty restrict the application of AGM and dictate the design of a man-
agement strategy. Further research is required to assess whether it is 
reasonable to expect AGM to be used to mitigate severe and/or per-
manent impacts in light of the timescale of groundwater system pro-
cesses and the capacity of the operating institutions to maintain 
monitoring and adaptation in cases with large time lags. Further guid-
ance on the selection of a management strategy accounting for severity, 
permanence and uncertainty is presented in the Supporting Information 
(Figure S3 and its supporting text). This additional guidance includes 

examples of combinations of the three factors commonly observed in 
groundwater settings and their impact of the required level of man-
agement planning and development. Finally, requirements to adopt 
active AGM, passive AGM or an alternate management approach (e.g. 
trial-and-error management) could be determined, in a similar way that 
Barnett et al. (2012) make recommendations for situations that warrant 
class 1, 2 or 3 groundwater models, where higher classes of models are 
expected to offer more reliable estimates of groundwater behaviour. 

5. Conclusions 

This paper outlines a framework for adaptive groundwater man-
agement (AGM), developed through translation and extension of adap-
tive management (AM) principles, which are more generalised and 
apply to a wide range of environmental management situations (e.g. 
Williams et al., 2011a). The concepts of active and passive AM are also 
translated to AGM, with expanded definitions such that passive and 
active AGM might be differentiable. Guidance is also offered on specific 
management actions and other requirements that are pre-requisites for a 
groundwater management plan to be classed as AGM. Plans that do not 
meet the minimum threshold for passive AGM are defined as 
trial-and-error management. Active AGM contains the same basic 
structure as passive AGM, but with a stronger emphasis on targeted 
uncertainty reduction and stakeholder involvement, the conditional 
approval process and peer review. The AGM guidance in this paper is not 
prescriptive with respect to the choice of active or passive forms, 
although further development of these concepts would be beneficial. 
More generally, there is a need to develop formal guidelines for AGM, 
within which passive and active forms and their prerequisite conditions 
are defined. Guidelines should also carefully consider the implications of 
complex challenges and substantial uncertainty inherent in any attempt 
to estimate groundwater impacts from human-induced disturbances, 
because these may inhibit the effectiveness of any AGM strategy. In 
particular, guidelines should account for the severity and permanence of 
project-induced impacts on groundwater, and the level of uncertainty in 
groundwater system responses to project operations. 

Credit author statement 

Jason Thomann: Conceptualization, Investigation, Writing – Orig-
inal Draft, Visualization. Adrian Werner: Conceptualization, Writing – 
Review & Editing, Supervision. Dylan Irvine: Conceptualization, 
Writing – Review & Editing, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

Jason Thomann is supported by the Australian Government Research 
Training Program. Adrian Werner and Dylan Irvine are supported by an 
Australian Research Council Linkage Project (LP190100713). We are 
thankful for the many productive discussions with Matthew Currell on 
the topic of adaptive management. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvman.2022.116052. 

J.A. Thomann et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.jenvman.2022.116052
https://doi.org/10.1016/j.jenvman.2022.116052


Journal of Environmental Management 322 (2022) 116052

10

References 

AECOM, 2019. Groundwater Management and Monitoring Program: Carmichael Coal 
Project. Retrieved from. https://www.adaniaustralia.com/-/media/Project/ 
Australia/Our-Projects–Businesses/mine-environment-reporting/GMMP_CCP_V7 
_Master_final.pdf?la=en&hash=53BA6DAD7986FE21C5B40A6C0608F4EA on 15 
March 2019. 

Allen, C.R., Fontaine, J.J., Pope, K.L., Garmestani, A.S., 2011. Adaptive management for 
a turbulent future. J. Environ. Manag. 92, 1339–1345. https://doi.org/10.1016/j. 
jenvman.2010.11.019. 

Allen, C.R., Gunderson, L.H., 2011. Pathology and failure in the design and 
implementation of adaptive management. J. Environ. Manag. 92, 1379–1384. 
https://doi.org/10.1016/J.JENVMAN.s2010.10.063. 

Allen, C.R., Garmestani, A.S., 2015. Adaptive management. In: Allen, C.R., 
Garmestani, A.S. (Eds.), Adaptive Management of Social-Ecological Systems. 
Springer Netherlands, Dordrecht, pp. 1–10. https://doi.org/10.1007/978-94-017- 
9682-8_1. 

Barnett, B., Townley, L.R., Post, V., Evans, R.E., Hunt, R.J., Peeters, L., Richardson, S., 
Werner, A.D., Knapton, A., Boronkay, A., 2012. Australian Groundwater Modelling 
Guidelines, Waterlines Report. National Water Commission, Canberra.  

Brunner, P., Doherty, J., Simmons, C.T., 2012. Uncertainty assessment and implications 
for data acquisition in support of integrated hydrologic models. Water Resour. Res. 
48 https://doi.org/10.1029/2011WR011342. 

CSIRO and Geoscience Australia, 2019. Advice on Groundwater Management and 
Monitoring and Groundwater Dependent Ecosystem Management Plans to the 
Department of the Environment and Energy. Retrieved from. http://www.environm 
ent.gov.au/system/files/pages/cb8a9e41-eba5-47a4-8b72-154d0a5a6956/files/csir 
o-geoscience-australia-final-advice.pdf. on 22 May 2019.  

Currell, M.J., 2016. Drawdown “triggers”: a misguided strategy for protecting 
groundwater-fed streams and springs. Groundwater 54, 619–622. https://doi.org/ 
10.1111/gwat.12425. 

Currell, M.J., Werner, A.D., McGrath, C., Webb, J.A., Berkman, M., 2017. Problems with 
the application of hydrogeological science to regulation of Australian mining 
projects: Carmichael Mine and Doongmabulla Springs. J. Hydrol. 548, 674–682. 
https://doi.org/10.1016/j.jhydrol.2017.03.031. 

Currell, M.J., Irvine, D.J., Werner, A.D., McGrath, C., 2020. Science sidelined in approval 
of Australia’s largest coal mine. Nat. Sustain. https://doi.org/10.1038/s41893-020- 
0527-4. 

DOW, 2013. Pilbara Groundwater Allocation Plan, Water Resource Allocation and 
Planning Report Series. Report no. 55. Department of Water, Western Australia. htt 
ps://www.water.wa.gov.au/__data/assets/pdf_file/0016/3463/106060.pdf. 
(Accessed 15 June 2022). Retrieved from.  

DEPWS, 2021. Singleton station water extraction licence decision. In: Department for the 
Environment, Parks and Water Security, Northern Territory. Retrieved from. 
https://depws.nt.gov. 
au/news/2021/singleton-station-water-extraction-licence-decision on 20 July 2021. 

DEW, 2021. Investigating the Use of Resource Condition Trigger Levels for Groundwater 
Management in the Adelaide Plains Water Allocation Plan. DEW technical report 
2021/13. Department for Environment and Water, Government of South Australia. 
Retrieved from. https://www.waterconnect.sa.gov. 
au/Content/Publications/DEW/AP_trigger_level_management_tech_report_12.pdf on 
15 June 2022.  

Devitt, T.J., Wright, A.M., Cannatella, D.C., Hillis, D.M., 2019. Species delimitation in 
endangered groundwater salamanders: implications for aquifer management and 
biodiversity conservation. Proc. Natl. Acad. Sci. USA 116, 2624–2633. https://doi. 
org/10.1073/pnas.1815014116. 

DNRM, 2016. Pioneer Valley Resource Operations Plan. Department of Natural 
Resources and Mines, Queensland Government. Retrieved from. https://www.dnrm. 
qld.gov.au/__data/assets/pdf_file/0015/333231/pioneer-rop-amendment-2016.pd 
fon22February2018.  

DNRM, 2020. Burnett Basin Water Management Protocol. Department of Natural 
Resources and Mines, Queensland Government. Retrieved from. https://www.rdmw. 
qld.gov. 
au/__data/assets/pdf_file/0009/1474767/burnett-water-management-protocol.pdf 
on 15 June 2022.  

Doherty, J., Moore, C., 2020. Decision support modeling: data assimilation, uncertainty 
quantification, and strategic abstraction. Groundwater 58, 327–337. https://doi. 
org/10.1111/gwat.12969. 

Doremus, H., Andreen, W.L., Camacho, A.E., Farber, D.A., Glicksman, R.L., Goble, D.D., 
Karkkainen, B.C., Rohlf, D., Tarlock, A.D., Zellmer, S.B., Jones, S.C., Huang, Y., 
2011. Making good use of adaptive management. Soc. Sci. Res. Network Electron. J. 
https://doi.org/10.2139/ssrn.1808106. 

Ecological Australia, 2019. Groundwater Dependent Ecosystem Management Plan: 
Carmichael Coal Mine Project. Prepared for Adani Mining Pty Ltd. Retrieved from19 
March 2019. https://www.adaniaustralia. 
com/projects-businesses/mine-environment-reporting#plans-reports-strategies on 
22 May 2019. 

EPNRM, 2016. Water allocation plan for the southern Basins and musgrave prescribed 
wells areas. In: Adelaide: Eyre Peninsula Natural Resources Management Board, 
Government of South Australia. Retrieved from. https://www.naturalresources.sa. 
gov.au/files/sharedassets/eyre_peninsula/water/water_allocation_plan_south 
ern_basins_musgrave_pwas_web.pdf on 21 July 2017. 

Evans, R., Merrick, N., Gates, G., 2004. Groundwater level response. Management 
strengths, weaknesses and opportunities. In: The 9th Murray-Darling Basin 
Groundwater Workshop 2004 (Bendigo, Australia).  

Enemark, T., Peeters, L.J.M., Mallants, D., Batelaan, O., 2019. Hydrogeological 
conceptual model building and testing: a review. J. Hydrol. 569, 310–329. https:// 
doi.org/10.1016/j.jhydrol.2018.12.007. 

Fensham, R.J., Fairfax, R.J., 2003. Spring wetlands of the great artesian basin, 
queensland, Australia. Wetl. Ecol. Manag. 11, 343–362. https://doi.org/10.1023/B: 
WETL.0000005532.95598.e4. 

Fensham, R.J., Silcock, J.L., Laffineur, B., MacDermott, H.J., 2016. Lake Eyre Basin 
Springs Assessment Project: Hydrogeology, cultural history and biological values of 
springs in the Barcaldine. Springvale and Flinders River supergroups, Galilee Basin 
springs and Tertiary springs of western Queensland. Report to Office of Water 
Science, Department of Science, Information Technology and Innovation, Brisbane.  

Fischman, R.L., Ruhl, J.B., 2015. Judging adaptive management practices of U.S. 
agencies. Conserv. Biol. 30, 268–275. https://doi.org/10.1111/cobi.12616. 

Gregory, R., Ohlson, D., Arvai, J., 2006. Deconstructing adaptive management: criteria 
for applications to environmental management. Ecol. Appl. 16, 2411–2425. https:// 
doi.org/10.1890/1051-0761(2006)016[2411:DAMCFA]2.0.CO;2. 

Groffman, P.M., Baron, J.S., Blett, T., Gold, A.J., Goodman, I., Gunderson, L.H., 
Levinson, B.M., Palmer, M.A., Paerl, H.W., Peterson, G.D., Poff, N.L., Rejeski, D.W., 
Reynolds, J.F., Turner, M.G., Weathers, K.C., Wiens, J., 2006. Ecological thresholds: 
the key to successful environmental management or an important concept with No 
practical application? Ecosystems 9, 1–13. https://doi.org/10.1007/s10021-003- 
0142-z. 

Guillaume, J.H.A., Qureshi, M.E., Jakeman, A.J., 2012. A structured analysis of 
uncertainty surrounding modeled impacts of groundwater-extraction rules. 
Hydrogeol. J. 20, 915–932. https://doi.org/10.1007/s10040-012-0864-0. 

Holling, C.S., 1978. Adaptive Environmental Assessment and Management. John Wiley & 
Sons. 
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