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Highlights: 23 

1. Groundwater plans that claim to apply Adaptive Management (AM) are common 24 

2. AM principles are interpreted in different ways within groundwater management 25 

3. Capacity to adapt is questionable in some groundwater projects 26 

4. Guidance required to standardize groundwater-specific AM applications 27 

 28 

29 
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Abstract 30 

 31 

Adaptive management (AM) is an approach that uses targeted monitoring and investigation to 32 

improve future management practices in a structured and iterative way through reassessment 33 

of the efficacy of management policies and system understanding. AM has received significant 34 

attention in groundwater management for its purported capability to counteract key 35 

uncertainties inherent in estimating future environmental responses to human activities. While 36 

the theoretical strengths of AM have long been recognized, practical applications have 37 

produced mixed results across the many facets of environmental management. In this study, 38 

we review AM principles and groundwater management case studies, including urban water 39 

supply, agriculture and mining applications, to critically evaluate AM strategies applied to 40 

groundwater contexts. We identified substantial variability in the interpretation of AM 41 

principles across eleven groundwater case studies. Comparison of published AM guidelines 42 

and groundwater examples of AM plans revealed significant shortcomings in many AM 43 

applications, while a small number of AM plans largely adhere to the key components of AM 44 

identified in the guidelines. The most notable issues in the application of AM to groundwater 45 

activities include a lack of substantive mitigation measures and/or assessment of the potential 46 

for remediation. Construction of clear definitions and guidelines for AM applied to 47 

groundwater management is required to set the expectations of regulatory bodies and 48 

government departments responsible for assessing groundwater-affecting projects, and to 49 

ensure that the protective attributes of AM are properly incorporated into project plans. This 50 

will lead to greater transparency in groundwater related planning and expected outcomes for 51 

stakeholders.52 
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1. Introduction 53 

 54 

The effective management of groundwater is critical for securing the water requirements of 55 

agricultural, urban and industrial activities (Aeschbach-Hertig and Gleeson, 2012). 56 

Groundwater management must balance human demands for freshwater with the need for 57 

future water security and the requirements of groundwater-dependent ecosystems (GDEs), 58 

amongst other economic, social and environmental issues. This necessitates monitoring and 59 

analysis of aquifers such that future groundwater behavior can be estimated (Custodio, 2002; 60 

Giordano, 2009). Groundwater management is expected to become increasingly challenging as 61 

the quantity of water required to satisfy demands rises due to population growth and under 62 

changing climate conditions (Konikow and Kendy, 2005; Green et al., 2011; Ferguson and 63 

Gleeson, 2012; Werner et al., 2013). 64 

 65 

Effective groundwater management is realized when competing interests for groundwater and 66 

groundwater-dependent surface water systems are understood and accounted for, and 67 

respective stakes in limited available water resources are managed to pre-determined, agreed 68 

levels. Achieving this requires consideration of the social, economic, environmental and 69 

cultural aspects of groundwater systems, leading to defined levels of abstraction that are 70 

considered acceptable (i.e., the ‘sustainable yield’; Alley and Leake, 2004, or ‘consensus 71 

yield’; Pierce et al., 2013). 72 

 73 

While the evolution in perspectives of sustainability and management of groundwater are well 74 

documented (Alley et al., 1999; Bredehoeft, 2002; Alley and Leake, 2004; Maimone, 2004; 75 

Pierce et al, 2013), guidance on management strategies that target the specific issues faced by 76 

groundwater custodians has arguably received less research attention. Previous work on this 77 
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topic includes the succinct review of common approaches to groundwater management in 78 

Australia by Evans et al. (2004), who describe groundwater level response management 79 

(GLRM) as an alternative or complementary technique to ‘conventional’ groundwater 80 

allocation methods (e.g., assessment of appropriate volumes of groundwater abstraction based 81 

on water budget analysis, including historical recharge estimates). In GLRM, allowable 82 

extraction is based on either modelling estimates or physical observations of the response of 83 

the groundwater level to the combination of environmental stressors and human activities, with 84 

reference to a predetermined target groundwater level. Additionally, alongside a target 85 

groundwater level and the response of groundwater levels to stresses, GLRM advocates the use 86 

of aquifer response indicators (‘trigger levels’ (TLs), such as groundwater levels or rates of 87 

water level decline) that should not be violated (Evans et al., 2004). GLRM allows water 88 

managers to set local-scale rules to address high concentrations of usage and other localized 89 

effects (e.g., proximity to surface water bodies). Evans et al. (2004) acknowledge the higher 90 

monitoring, community engagement and regulatory costs that accompany GLRM when 91 

compared to more conventional/traditional approaches (e.g. volumetric allocation caps), 92 

although GLRM leads to enhanced understanding of system behavior relative to management 93 

methods that rely solely on estimates of recharge and/or other hydrological inputs/outputs. 94 

 95 

Werner et al. (2011) built on the recommendations of Evans et al. (2004) by considering 96 

groundwater management strategies for coastal aquifers. They categorized published coastal 97 

aquifer management strategies as varying combinations of flux-based management (FBM) and 98 

trigger-level management (TLM); these being similar to conventional approaches and GLRM, 99 

respectively, as defined by Evans et al. (2004). FBM sets allowable levels of pumping based 100 

on estimates of aquifer recharge and discharge, whereas TLM is a “monitor-and-react” 101 

approach in which groundwater levels, salinity and/or ecosystem health are compared to 102 
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objective values. Werner et al. (2011) found that TLM facilitates protection of water quality 103 

and storage volumes through assessment of real-time resource conditions and trends and 104 

targeted management responses, whereas FBM is crucial for water resource planning and for 105 

evaluating and predicting aquifer responses to climatic variability, pumping and other stressors. 106 

Werner et al. (2011) recommend that where possible, a conjunctive approach consisting of 107 

elements of both TLM and FMB should be applied due to the synergy between the two styles 108 

of management. Morgan et al. (2012) added a proviso to this recommendation, in that water 109 

level trends may be misleading in coastal aquifers, because seawater intrusion (SWI) may 110 

occur, creating stable heads despite falling freshwater storage volumes. Similarly, Currell 111 

(2016) highlighted pitfalls in adopting a trigger-based approach to the management of springs 112 

and other GDEs, particularly if focused solely on water-level change without concurrent 113 

analysis of flux implications. Noorduijn et al. (2018) investigated the efficacy of FBM and 114 

TLM, and other regulatory controls placed on the location of extraction sites for protecting 115 

terrestrial GDEs and groundwater supply wells. The conclusions of Noorduijn et al. (2018) for 116 

GDE protection are similar to those of Werner et al. (2011) (see also Barlow and Leake, 2012) 117 

for the management of aquifer depletion and SWI in coastal areas. That is, FBM and TLM 118 

should be used conjunctively to draw on the advantages, and to counter the weaknesses, of 119 

each. 120 

 121 

In addition to the groundwater management classifications described by Evans et al. (2004), 122 

Werner et al. (2011), and Noorduijn et al. (2018), adaptive management (AM) is increasingly 123 

being cited in groundwater planning and management documentation (Seward et al., 2006; 124 

Gleeson et al., 2012; Lee, 2014; Rohde et al., 2017). Despite the widespread use of AM, its 125 

application to groundwater problems has not previously been critically reviewed or 126 
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summarized, including the way that AM concepts apply and may (or may not) be appropriate 127 

in groundwater management. 128 

 129 

Here, we review the application of AM in groundwater management plans in light of increasing 130 

AM usage and claims regarding its efficacy and suitability in groundwater contexts (e.g. Brodie 131 

et al., 2007; Northern Territory Government, 2018). We review groundwater management case 132 

studies in the context of published AM guidelines to highlight strengths and failings in the 133 

application of AM in groundwater management. We anticipate that this will lead to increased 134 

understanding of the current status of AM usage in the groundwater industry and provide the 135 

basis for improvements where they are needed to optimize the benefits of AM strategies in 136 

groundwater projects. 137 

 138 

2. Adaptive management principles 139 

 140 

The National Research Council (2004, pp. 1-2) defines AM as: “[a decision process that] 141 

promotes flexible decision making that can be adjusted in the face of uncertainties as outcomes 142 

from management actions and other events become better understood.” AM is applied to a 143 

wide range of contexts resulting in substantial variation in its definition and content (McFadden 144 

et al., 2011; McDonald and Styles, 2014). At the core of each AM definition is the requirement 145 

for retrospective learning from the outcomes of management practices, and the application of 146 

that knowledge to future operational policies and practices (Allen and Garmestani, 2015). In 147 

the following, we take guidance from the United States Department of Interior AM framework 148 

(Williams et al., 2009; Williams and Brown, 2012). This framework considers AM as a form 149 

of structured decision making with emphasis on iterative decision making in the face of 150 

uncertainty (Williams et al., 2009; McFadden et al., 2011). 151 
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 152 

AM involves deliberative and iterative phases (Williams, 2011a). The key elements of the 153 

deliberative phase include stakeholder involvement, setting objectives, designing management 154 

alternatives, developing predictive models, and defining monitoring protocols (Williams and 155 

Brown, 2012). The subsequent iterative phase links together these key elements through 156 

processes of decision making, follow-up monitoring and assessment of uncertainty and 157 

management effectiveness. The deliberative phase is then revisited, and the cycle continues 158 

throughout the life of the activity, incorporating learning and feedback (e.g., through new 159 

monitoring data and predictive modelling). The key elements of AM, following the definitions 160 

of Williams et al. (2009), are briefly summarized in Table 1, and are represented schematically 161 

in Figure 1. Further detailed guidance on AM is provided by Williams et al. (2009) and 162 

Williams and Brown (2012, 2014). 163 

 164 

Table 1. Summary of key elements and phases of adaptive management, verbatim from 165 

Williams et al. (2009). 166 

Phase Key element Definition (from Williams et al., 2009) 

Deliberative 

Stakeholder 

Involvement 

Ensure stakeholder commitment to adaptively manage the enterprise 

for its duration. 

Objectives 

Identify clear, measurable and agreed-upon management objectives to 

guide decision making and evaluate management effectiveness over 

time. 

Management 

alternatives 
Identify a set of potential management actions for decision making. 

Predictive 

modelling 

Identify models that characterize different ideas (hypotheses) about 

how the system works. 

Monitoring 

protocols 

Design and implement a monitoring plan to track resource status and 

other key resource attributes. 

Iterative 

Decision-

making 

Select management actions based on management objectives, resource 

conditions and understanding. 

Follow-up 

monitoring 
Use monitoring to track system responses to management actions. 

Assessment 
Improve understanding of resource dynamics by comparing predicted 

and observed changes in resource state. 

 167 
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 168 

Figure 1. Operational sequence of adaptive management, illustrating the feedback cycle of 169 

two-phase learning (modified from Williams and Brown, 2014): Deliberative (yellow) and 170 

iterative (green). Key elements are summarized in Table 1. 171 

 172 

AM is typically applied to situations where uncertainty obscures the best choice of management 173 

actions (Williams et al., 2009; Slattery, 2016). Thus, in-principle at least, AM allows human 174 

activities to proceed with the expectation that uncertainty will reduce with the progressive 175 

addition of new knowledge during the course of a development, providing managers with 176 

improved insight into system behavior with time and leading to more effective management 177 

decision making (Holling, 1978; Walters, 1986; Allen et al., 2011). AM relies on improvements 178 

to the understanding of system behavior, such that monitoring, interpretation and prediction of 179 

system responses reduce the uncertainty that would otherwise impede the reliable design of 180 

management strategies at an earlier time (i.e., when a decision, often to proceed or not with a 181 
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significant project, is required) (Allan and Stankey, 2009; Williams et al., 2009; Williams and 182 

Brown, 2014). 183 

 184 

The underlying goal of AM is to reduce key uncertainties that impede decision making to 185 

improve management practices (Holling, 1978). Williams and Brown (2016) identified four 186 

sources of uncertainty that obstruct management decision making, namely: environmental 187 

variability, partial controllability, partial observability and structural uncertainty. 188 

Environmental variability refers to uncertainty as a result of changing environmental 189 

conditions, which can be viewed as external factors that influence, but are not influenced by 190 

resource conditions or dynamics (e.g., seasonal variability in rainfall and temperature). Partial 191 

controllability refers to uncertainty in the difference between intended and implemented 192 

management actions, which often arises where decision makers are responsible only partly for 193 

executing management protocols (e.g., in catchments where cumulative impacts to 194 

environmental assets arise from multiple projects). Partial observability refers to uncertainty 195 

stemming from the inability of managers to completely observe the system under management. 196 

Structural uncertainty refers to the incomplete knowledge of system structure and processes, 197 

and how these respond to management interventions. Although AM can be used to account for 198 

environmental variability, partial control and partial observability, Williams et al. (2009) claim 199 

that the primary function of AM is to improve management through the reduction of structural 200 

uncertainty, arising from the improvement of predictive models through comparison to field 201 

observations. 202 

 203 

Effective AM involves periodic assessment and re-evaluation on three levels, commonly 204 

referred to as learning loops (i.e., single-, double- and triple-loop learning). Each loop describes 205 

change associated with a different component of a management strategy (Williams and Brown, 206 
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2018). Single-loop learning consists of incremental refinement without questioning underlying 207 

assumptions or established routines (Pahl-Wostl, 2009). Single-loop learning occurs during the 208 

iterative phase (Figure 1), within which the rules defined in the deliberative phase are applied 209 

(Williams and Brown, 2018). This is shown in Figure 1 as an arrow linking the assessment and 210 

decision-making key elements. Double-loop learning involves reflection on problem framing 211 

and assumptions on how goals can be reached, whereby improvement is achieved through 212 

application of new approaches and measures (Pahl-Wostl, 2009). Modifications arising from 213 

double-loop learning involve reformulation of decision components of the deliberative phase 214 

(Williams and Brown, 2018). Double-loop learning is displayed in Figure 1 as the yellow 215 

deliberative phase ring. Triple-loop learning refers to re-evaluation of the underlying values on 216 

which management practices are based, whereby adaptation is undertaken based on a 217 

fundamental shift in societal values or priorities (Pahl-Wostl, 2009). Triple-loop learning can 218 

be characterised as social learning and may consist of transformation of the entire management 219 

regime (Pahl-Wostl, 2009). Triple-loop learning may involve an additional layer, whereby 220 

stakeholders are re-engaged to gain insight into whether changes in the relative importance of 221 

certain economic, environmental, social and cultural values have occurred. In Figure 1, triple-222 

loop learning also occurs during the yellow deliberative phase ring, i.e., as a consequence of 223 

the completion and resumption of AM cycles. Communication of these learning loops within 224 

management plans is necessary to provide stakeholders, proponents and the community with 225 

an opportunity to engage in decisions about the degree to which the three different types of 226 

learning will be used in management activities. 227 

 228 

Some applications of AM have been criticized for failing to achieve the aims described above. 229 

For example, Lee (2014) and Slattery (2016) suggest that AM has been used in some cases as 230 

pretext to defer or avoid detailed up-front analysis of environmental impacts prior to 231 
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development approval decisions. This has led to decisions regarding project approval and/or 232 

allowable project operations being made prematurely for reasons of budgetary constraints or 233 

political will that would otherwise have been appropriately delayed due to scientific uncertainty 234 

and/or a lack of viable strategies to reverse potential impacts from the development in question 235 

(Ruhl and Fischman, 2010). Furthermore, AM has also been used to defer difficult decisions 236 

in terms of responding to uncertain impacts, whereby development of mitigation measures is 237 

postponed until after an impact has occurred (Ruhl and Fischman, 2010; Craig and Ruhl, 2014; 238 

Craig et al., 2017). 239 

 240 

Gregory et al. (2006) suggest that the failure of AM to deliver anticipated results is often due 241 

to application of the approach to inappropriate contexts. The limits of the applicability of AM 242 

are described by Williams et al. (2009), who defined two overarching conditions for AM use. 243 

First, approval of projects that rely on AM to mitigate adverse outcomes should only be given 244 

where there is strong imperative for the project to start, to the degree that the benefits of the 245 

project are shown to outweigh the risks imparted by uncertainty in project impacts. That is, 246 

where feasible, it is preferable to postpone approval while more information is gathered if 247 

uncertainty in the scale of impacts is high. Second, there must be the institutional capacity and 248 

commitment to undertake and sustain AM for a sufficient period, and with sufficient resources, 249 

to ensure that its objectives are met. That is, institutions must have the stability to maintain the 250 

collection of long-term measurements, evaluation of the outcomes of management practices, 251 

and adaptation where appropriate. There are also significant challenges in regulating project 252 

custodians for compliance against AM-based objectives, including the detection and 253 

management of non-compliance, and the fallout from possible financial failure of operators, 254 

which can lead to the transfer of AM liability to the regulatory body (e.g., QAO, 2013). Several 255 

additional conditions for successful AM are defined by Williams et al. (2009). For example, it 256 
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must be possible to meaningfully apply the key elements of AM (Table 1), and to improve 257 

management practices though iterative re-visitation of management decisions. Furthermore, 258 

special considerations are needed in applying AM to situations where the response of the 259 

system is slow and requires observations over long periods of time to understand the future 260 

extent of impacts. It should be possible to assess the impact of management actions during the 261 

progression of the project, and before critical thresholds are crossed that may lead to 262 

irreversible and/or time-lagging impacts. The above limitations contribute to the adaptive 263 

capacity of a management problem, which is defined by Pahl-Wostl (2009) as “the ability of a 264 

resource governance system to first alter processes and if required convert structural elements 265 

as response to experienced or expected changes in the societal or natural environment”. 266 

 267 

2.1. Forms of adaptive management 268 

 269 

Walters (1986) and Walters and Holling (1990) referred to AM in terms of “active” and 270 

“passive” forms. They state that active AM involves experimental management, whereby 271 

management actions and practices are designed to generate a system response that induces 272 

learning about processes, behaviour and resource/environmental trends that are relevant to the 273 

human activities at the centre of the AM objectives. McDonald and Styles (2014) note that 274 

practical examples of active AM are rare and argue that active AM is often impossible, 275 

infeasible or impractical due to time and resource constraints. Williams (2011a, 2011b) 276 

acknowledges that there is both considerable variability in the use of these categories and 277 

ambiguity in the distinction between active and passive AM. Nevertheless, Williams (2011b) 278 

contends that active and passive AM can be differentiated by the way uncertainty and learning 279 

are integrated into project objectives, whereby active AM “actively pursues the reduction of 280 

uncertainty through management interventions”, while passive AM “focuses on management 281 
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objectives, with learning an unintended but useful by-product of decision making”. Therefore, 282 

passive and active AM can be differentiated by the degree to which uncertainty reduction is 283 

emphasized and pursued by project managers, and how any reductions in uncertainty inform 284 

the objectives that guide management decision making (Williams, 2011b). 285 

 286 

AM principles are frequently considered, erroneously, to simply refer to the practice of 287 

modifying unsuccessful management strategies (Allen and Garmestani, 2015). Rather, AM is 288 

distinct from trial-and-error management, in which unstructured modifications to management 289 

plans are made in an ad-hoc way (Allen and Gunderson, 2011; Allen et al., 2011; Williams, 290 

2011a). Ruhl and Fischman (2010) commented on the widespread devolution of AM from a 291 

highly structured, iterative approach to one that more closely resembles trial-and-error 292 

management, where essential steps of the AM process are overlooked. For example, a 293 

management strategy may lack specific objectives or clear methodologies for monitoring, for 294 

the development and revision of predictive models and their use in assessing alternative 295 

management actions, and/or in setting indicator thresholds of system health and the 296 

corresponding actions triggered by those thresholds (Ruhl and Fischman, 2010; Fischman and 297 

Ruhl, 2015). 298 

 299 

Discriminating between active and passive AM and identifying management strategies that fail 300 

to meet the key characteristics and criteria of AM more generally are critical for communicating 301 

with project stakeholders and in setting expectations about the threats of the project to social, 302 

cultural and environmental assets (Gregory et al., 2006). However, descriptions of AM rarely 303 

distinguish between active and passive categories, and typically do not demonstrate how they 304 

meet published criteria (McDonald and Styles, 2014). 305 

 306 
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3. Review of adaptive management applications in hydrogeology 307 

 308 

In the following, eleven purported applications of AM to a selection of hydrogeological settings 309 

in the Asia-Pacific region and North America are summarized. Alongside eight reported 310 

applications of AM, in which summary information is offered, we provide a detailed evaluation 311 

of three plans developed and/or implemented for: (1) the Pioneer Valley Groundwater 312 

Management Area (GMA) (Australia), (2) the Bonriki Island freshwater lens (Kiribati), and (3) 313 

the Carmichael Coal Mine (Australia). The locations of all eleven case studies are shown in 314 

Figure 2. These purported applications of AM represent examples where information regarding 315 

management strategies are readily available, and we sought diversity in the types of 316 

groundwater problems to which AM has been (reportedly) applied. The Pioneer Valley, 317 

Bonriki Island and Carmichael Coal Mine cases are selected as focus studies because they 318 

represent contrasting applications of AM, namely to agriculture, town water supply and mining, 319 

respectively. 320 

 321 
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 322 

Figure 2. Location of the adaptive management cases studies, including Pioneer Valley 323 

Groundwater Management Area, Australia (#9, see lower right inset), Bonriki Island, Kiribati 324 

(#10, see top left inset) the Carmichael Mine, Australia (#11, see lower right inset), and eight 325 

summarised case studies (#1-7 in Australia, and #8 in the USA; shown as red-filled dots). 326 

 327 

3.1. Pioneer Valley (Queensland, Australia) 328 

 329 

The Pioneer Valley (PV) has an area of approximately 2400 km2 and experiences a tropical 330 

climate with mean annual rainfall of 1551 mm/year (Werner et al., 2006). Water users in the 331 

PV rely on various combinations of groundwater and surface water resources to meet 332 

agricultural, urban and industrial demands. PV water managers face the challenges of equitable 333 

water allocation, and the threat and impacts of SWI (Werner and Gallagher, 2006). 334 
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 335 

Water resource objectives for the PV include limiting groundwater drawdown and the area 336 

intruded by seawater, and the maintenance of baseflow rates to streams (DNRM, 2002). The 337 

management of groundwater and the associated controls on pumping are described by DNRM 338 

(2002, 2016). The PV is divided into 35 groundwater management zones (GMZs) in which 339 

groundwater users are required to hold a water license for a nominal volume to take or to 340 

interfere with groundwater. The volume of water extracted in a year may not exceed the 341 

nominal value of the water license multiplied by a percentage, which is termed the “announced 342 

allocation”. The announced allocation for each GMZ is calculated using allocation factors, 343 

which are based on hydraulic heads measured at selected observation wells. The allocation 344 

factor ranges between 100% where groundwater levels in the wells within GMZs are equal to 345 

or greater than an upper threshold, and 0% where groundwater levels are equal to or less than 346 

a lower threshold. Linear interpolation is used to calculate the allocation factor where 347 

measurements lie between the upper and lower thresholds. In GMZs with multiple monitoring 348 

wells, an averaging process is used in setting allocation factors. Announced allocations are set 349 

annually but may be recalculated following a significant rainfall event. 350 

 351 

A SWI adjustment is applied to the announced allocation in GMZs located in coastal areas 352 

(DNRM, 2016). These are divided into primary and secondary adjustment zones depending 353 

mainly on their proximity to the coast. The SWI adjustment is based on measurements of 354 

electrical conductivity (EC) at coastal monitoring wells with reference to threshold values 355 

specific to each well (DNRM, 2016). When EC thresholds are first exceeded, the announced 356 

allocation is lowered by 15% if the GMZ is within a primary SWI adjustment zone, and 10% 357 

for a secondary SWI adjustment zone. The reduction in announced allocation for primary and 358 

secondary adjustment zones increases to 30% and 20%, respectively, if a decrease in EC has 359 
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not been observed after one year. If the EC at a monitoring well is measured above 1500 μS/cm, 360 

extraction within the GMZ must cease. Extraction may resume if increases in EC are shown to 361 

be unrelated to SWI. A report must be made publicly available every 5 years describing the 362 

extent of seawater within the plan area, and the likely causes of any SWI (DNRM, 2016). This 363 

report is then used to update management protocols (DNRM, 2016). 364 

 365 

The groundwater management protocols for the PV, as described in DNRM (2002, 2016), are 366 

summarized and mapped to the key elements of AM (given in Table 1) in Table 2, which also 367 

draws on other relevant sources (e.g., Kuhanesan et al., 2005; Werner, 2005). 368 

 369 

 370 

Table 2. Key elements of AM observed in the Pioneer Valley, based on Business Queensland 371 

(2018), DNRM (2002, 2005, 2016), DNRME (2018), Kuhanesan et al. (2005) and Werner 372 

(2005). Yellow and green shading represent deliberative and iterative phases, respectively. 373 

Key AM element Description 

Stakeholder 

involvement 

Consultation with community and stakeholder groups undertaken (DNRM, 

2005). 

Objectives 

Objectives are set to protect certain water and environmental assets, and 

include thresholds for stream baseflow, drawdown and areas of SWI. 

Thresholds are quantitative values based on historical conditions and the 

requirements of key environmental assets (DNRM, 2002; DNRM, 2016). 

Management 

alternatives 

Extraction limited to annual announced allocations, which are based on 

threshold head and salinity values, and modified after significant rainfall 

events (DRNM, 2016). 

Predictive modelling 

Computer models used to predict future groundwater water levels, coastal 

aquifer salinity conditions, and stream baseflow rates under various 

plausible future scenarios (Kuhanesan et al., 2005; Werner, 2005). 

Monitoring protocols 

Groundwater level and salinity data assessed through a network of 

monitoring wells, and license holders are responsible for metering 

pumping rates (DRNME, 2018). 

Decision making 

Announced allocations and SWI adjustments have been actively applied to 

the PV since the release of the 2002 Water Resources Plan and the 

Resource Operation Plan, respectively (Business Queensland, 2018). 

Follow-up monitoring 

Groundwater level and groundwater quality data are publicly available 

from DNRME (2018), indicating that follow-up monitoring has been 

performed. 
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Assessment 

Groundwater level and EC data are assessed annually to inform calculation 

of announced allocations (DNRM, 2016) and to compare against the 

outcomes specified in the Water Resources (Pioneer Valley) Plan (DNRM, 

2016). 

 374 

3.2. Bonriki Island (Kiribati) 375 

 376 

Tarawa Atoll (Kiribati) is located near the equator in the Pacific Ocean (Figure 2) and spans 377 

an area of approximately 500 km2, although the land area is only 31 km2. Tarawa Atoll has a 378 

hot tropical climate with average annual rainfall (1947-2013) of 2109 mm/year (Bosserelle et 379 

al., 2015). The population in 2010 was 56,204 (NSO and SPC, 2010). The primary freshwater 380 

sources are the fresh groundwater lenses of Bonriki and Buota Islands, with water also taken 381 

from household wells in other parts of the atoll and widespread use of domestic rainwater 382 

capture (Post et al., 2018). The main threat to the Bonriki lens is salinization driven by 383 

extraction and periods of drought (Post et al., 2018). The sustainable extraction rate from the 384 

freshwater lens has been estimated to be 1660 m3/d by White et al. (2002). However, recent 385 

modelling investigations by Post et al. (2018, 2019) conclude that this rate of pumping has led 386 

to contraction of the lens, which is expected to continue for at least the next few decades. 387 

 388 

Three management alternatives were proposed by Post et al. (2019) and Galvis-Rodriguez et 389 

al. (2017) for controlling future pumping to maximize the longevity of the lens. In a responsive 390 

strategy, salinity measurements of water in the main pipeline through which water is delivered 391 

from the infiltration galleries to the water treatment plant (i.e., the trunk main) and a 392 

meteorological indicator (R12) are used as a basis for imposing controls on extraction at sites 393 

where the propensity for salinization is highest. The value of R12 is the percentile rank of the 394 

previous 12 months of rainfall (relative to other years: 1948-2014) (Post et al., 2018). 395 

Additionally, a sensitivity analysis was undertaken through application of a three-dimensional 396 
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computer model of the lens (Post et al., 2018), and was used to rank pumping galleries 397 

according to their sensitivity, in terms of salinity increases, to higher extraction. This led to the 398 

development of triggers and associated pumping changes for operation of the wellfield. Several 399 

different pumping management strategies and future climate scenarios were tested to evaluate 400 

pumping restrictions, volumetric changes to the freshwater lens and salinity of the water 401 

supply. The results showed that responsive management strategies outperformed other 402 

management approaches (Post et al., 2019). The groundwater management strategy, as 403 

described by Post et al. (2019) and Galvis-Rodriguez et al. (2017), are mapped to the key 404 

elements of AM (see Table 1) in Table 3. 405 

 406 

Table 3. Key elements of AM recommended and/or adopted for Bonriki Island freshwater lens 407 

management, based on Bosserelle et al. (2015), Galvis-Rodriguez et al. (2017), Post et al. 408 

(2019) and Sinclair et al. (2015). Yellow and green shading represent deliberative and iterative 409 

phases, respectively. 410 

Key AM element Description 

Stakeholder 

involvement 

Community consultation resulted in an EC upper limit of 1500 μS/cm within 

the trunk main (Galvis-Rodriguez et al., 2017). 

Objectives 
Maintenance of supply and EC at the trunk main below 1500 μS/cm (Galvis-

Rodriguez et al., 2017; Post et al., 2019). 

Management 

alternatives 

Alternatives to constant extraction of 1660 m3/d include: (1) Extraction is 

redistributed from the most to the least sensitive galleries to reduce 

salinization while maintaining total extraction volume; (2) cutbacks are 

dependent on trunk main EC and the EC sensitivity of galleries to pumping 

rates (Post et al., 2019). 

Predictive 

modelling 

Three management alternatives (i.e., no management, redistribution, 

responsive) have been evaluated for three climate scenarios (i.e., no drought, 

six-year drought, two intermittent three-year droughts) to explore future 

system performance (Post et al., 2019). 

Monitoring 

protocols 

Salinity observations taken every three months, increasing to every 14 days 

after pumping cutbacks are enforced (Galvis-Rodriguez et al., 2017). Daily 

rainfall measurements used to calculate the R12 drought indicator (Post et al., 

2019). 

Decision making 

The Government of Kiribati is currently in the process of selecting an 

appropriate management alternative based on recommendations provided by 

Post et al. (2019) and Galvis-Rodriguez et al. (2017). The exact method of 
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decision making during the deliberative phase relies on which management 

alternative is selected.  

Follow-up 

monitoring 

Groundwater monitoring data in Bosserelle et al. (2015) and Sinclair et al. 

(2015) indicate that follow-up monitoring has been undertaken. 

Assessment 

Evaluation of monitoring data undertaken every three months, increasing to 

every 14 days after a restriction is put in place (Galvis-Rodriguez et al., 

2017). 

 411 

3.3. Carmichael Mine (Queensland, Australia) 412 

 413 

The Carmichael Mine was first proposed by Adani Mining in 2010 and, if constructed, is set 414 

to be one of the largest coal mines in Australia (Currell et al., 2017). One of the most significant 415 

environmental receptors that may be impacted by the mine is the Doongmabulla Springs 416 

Complex (DSC), located approximately 8 km from the mine site (Fensham et al., 2016). 417 

Uncertainty as to the water source/s of the DSC is a point of substantial contention among 418 

project stakeholders. Two alternate conceptualizations have been presented (Currell et al., 419 

2017): (1) the springs are fed by recharge to surficial Triassic sandstone aquifers (Clematis 420 

Sandstone and Dunda Beds; Bradley, 2015), and (2) the springs are fed at least partly by 421 

upwards flow from deeper Permian aquifers, perhaps involving flow through faults in the 422 

intervening confining unit (Rewan Formation; Webb, 2015). The wetlands and mound springs 423 

of the DSC are recognized as a nationally significant ecological site containing six endemic 424 

fauna species (Fensham et al., 2016) and six other threatened flora species (Ecological 425 

Australia, 2019). Furthermore, the DSC holds significant cultural value for the indigenous 426 

Wangan and Jagalingou people (Wangan and Jagalingou Family Council, 2015). Thus, 427 

ensuring the DSC remain unaffected by mining activities is critical. 428 

 429 

During approval of the mine, the Federal Minister for the Environment stated that conditions 430 

imposed on the project constitute a valid AM approach, and that these conditions would afford 431 

protection to the DSC and other possible environmental receptors (DOE, 2015). An interim 432 
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drawdown threshold at the DSC of 20 cm was specified in the approval conditions (DOE, 433 

2015); however, this threshold can be modified if new information comes to light during 434 

ongoing monitoring (e.g., if new information regarding the relationship between ecological 435 

health and drawdown at the DSC emerges). Additionally, groundwater modelling is required 436 

(following commencement of mining) to be periodically reviewed and re-run, with the 437 

outcomes used to identify and correct inadequacies in the Groundwater Monitoring and 438 

Management Plan (GMMP; AECOM, 2019). DOE approval conditions also obligate 439 

development of a Groundwater Dependent Ecosystem Management Plan (GDEMP) 440 

(Ecological Australia, 2019), along with two research plans: A Great Artesian Basin Springs 441 

Research Plan and a Rewan Formation Connectivity Research Plan (DOE, 2015). These 442 

requirements are in recognition of the uncertainty regarding the source aquifer of the DSC, and 443 

their ecological significance (DOE, 2015). 444 

 445 

The AM approach proposed by Adani Mining to mitigate potential impacts on the DSC is 446 

intended to address the high levels of uncertainty in relationships between the hydrological and 447 

ecological conditions of the DCS and mine dewatering activities (AECOM, 2019; Ecological 448 

Australia, 2019). Early warning triggers and impact thresholds required by DOE approval 449 

conditions are presented in the GMMP (AECOM, 2019) and the recently approved GDEMP 450 

(Ecological Australia, 2019). Early warning triggers and impact thresholds are defined for key 451 

observation bores in the Clematis Sandstone and Dunda Beds. Early warning triggers are 452 

defined as the natural fluctuation of groundwater levels (i.e. maximum groundwater observed 453 

during baseline monitoring minus the minimum groundwater level observation) plus 50% or 454 

75% of the predicted drawdown for the Clematis Sandstone and Dunda Beds, respectively. 455 

Groundwater level impact thresholds are defined as 90% of the predicted drawdown level 456 

(AECOM, 2019). Additionally, groundwater drawdown rate TLs have been defined for the 457 
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Dunda Beds and the Rewan formation (AECOM, 2019). Adani state that these groundwater 458 

level early warning triggers and impact thresholds are designed to ensure that the interim 459 

drawdown threshold is not exceeded (AECOM, 2019). Adani Mining have also defined early 460 

warning triggers and impact thresholds for groundwater quality and other biological indicators 461 

(e.g., spring wetland extent) albeit with limited baseline monitoring of these conditions. 462 

Corrective actions in response to observed changes in water levels, water quality and wetland 463 

area of the DSC are outlined in the GDEMP (Ecological Australia, 2019). However, these 464 

corrective measures lack practical engineering solutions to remedy mine impacts to the DSC 465 

(e.g., the most substantive measure involves ‘revision of mine planning’), and their 466 

practicability and likely effectiveness for preventing DSC degradation has not been 467 

investigated. 468 

 469 

Slattery (2016) suggests that the federally approved AM plan proposed by Adani Mining is 470 

inadequate to protect the DSC due to a lack of substantive limits and proposed remedial actions 471 

to inform post-approval decision making. Concerns have also been raised that changes to the 472 

groundwater balance and drawdown caused by mine pit dewatering may lead to reductions in 473 

flow and/or complete loss of the springs if the Permian and Triassic sediments are hydraulically 474 

connected (Currell et al., 2017). Currell et al. (2017) argue that an adaptive approach of the 475 

kind outlined in the project approval conditions is also inherently unsuited to the protection of 476 

the DSC, because the springs are entirely reliant on groundwater discharge and would rapidly 477 

(and likely, irreversibly) deteriorate if discharge declines below a certain as-yet unknown 478 

threshold. Due to the distance of approximately 8 km between the mine site and the DSC, and 479 

the significant time-lags typical of regional aquifer systems, the response of the springs to any 480 

remedial actions may not be effective in protecting their biodiversity value (Currell et al., 2017; 481 

Noorduijn et al., 2018). The Carmichael Coal project involves considerable changes to the 482 
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landform and hydrogeological properties of the strata through open-cut and long-wall mining, 483 

including the creation of significant fracture zones that will modify the degree of inter-aquifer 484 

connectivity. This adds to the likelihood of permanent impacts. The GMMP and GDEMP for 485 

the Carmichael Mine are mapped to the key elements of AM in Table 4. 486 

 487 

Table 4. Key elements of AM proposed for the Carmichael Mine, based on AECOM (2019), 488 

DOE (2015), Ecological Australia (2019), DEHP (2017), GHD and Adani (2012a, 2012b, 489 

2014), and URS and Adani (2014). Yellow and green shading represent deliberative and 490 

iterative phases, respectively. 491 

Key AM 

element 
Description 

Stakeholder 

involvement 

Consultation with community and stakeholder groups undertaken (GHD and 

Adani, 2012b). 

Objectives 

Adani Mining have defined broad objectives relating to preservation of the 

DSC to minimize the impact of aquifer drawdown caused by mining activities 

(Ecological Australia, 2019). Additionally, an interim acceptable 

groundwater level drawdown of 20 cm at observation points located near the 

springs (DOE, 2015), early warning TLs and groundwater level impact 

thresholds based on predicted drawdown and seasonal variability of 

groundwater levels have been defined, as well as groundwater quality and 

biological TLs (AECOM, 2019; Ecological Australia, 2019). 

Management 

alternatives 

The main substantive corrective measure proposed in the event of exceedance 

of drawdown TLs is ‘limiting mining to current activities until trigger not 

exceeded and revision of mine planning or associated activities’ (Ecological 

Australia, 2019). 

Predictive 

modelling 

Numerical modelling of mine impacts has been performed under the 

assumption that the springs are fed by Triassic aquifers (GHD and Adani, 

2012a). However, there has been limited quantitative consideration of alternate 

system conceptualizations (e.g., the presence of faults or other heterogeneities 

leading to enhanced Triassic-Permian aquifer connectivity) (Currell et al., 

2020). 

Monitoring 

protocols 

Groundwater levels, pH, DO, turbidity, temperature, total organic carbon, 

major ions, nutrients, dissolved metals, hydrocarbons, fluoride and sulfide 

measured across monitoring sites (AECOM, 2019). Water levels at a limited 

number of spring pools will be monitored before and during mining (Ecological 

Australia, 2019). 

Decision 

making 

Decision trees describing the process of selecting a management response to 

early warning trigger and/or impact threshold exceedance are provided in the 

GMMP and GDEMP (AECOM, 2019; Ecological Australia, 2019). 

Follow-up 

monitoring 

Ongoing monitoring to be conducted of groundwater levels and quality, and 

ecological health, as outlined in Ecological Australia (2019) and AECOM 

(2019).  
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Assessment 
Re-calibration of the groundwater model and its predictions will be undertaken 

within 2 years, increasing to every 5 years (AECOM, 2019). 

 492 

3.4. Overview of ancillary groundwater management plans 493 

 494 

Here, we provide a brief synopsis of eight groundwater management plans, in addition to those 495 

of Section 3.3, where AM has been reportedly applied in developing groundwater management 496 

strategies (see Figure 2). Our aim is to present an overview of the AM strategies adopted in 497 

these groundwater management plans. For brevity, we avoid detailed commentary on the 498 

effectiveness of each plan. The eight case studies include four where groundwater is used for 499 

agricultural activities and/or urban water supply, and four where mining impacts on 500 

groundwater are expected. 501 

 502 

In the following, we review purported applications of AM found within planning 503 

documentation for each case study to gain insight into how groundwater managers perceive 504 

AM. This review was performed by conducting a search of the AM plans for references to the 505 

term “adaptive management” and any definitions and/or interpretations provided as to what 506 

this term was interpreted to mean. In the vast majority, only short descriptions of AM are given, 507 

as shown by the AM descriptions given in Table 5. 508 

  509 
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Table 5. Descriptions of AM found within summarized case studies. 510 

Management area/project namea Location Description of AM 

Urban water supply and agriculture   

Coastal Burnett GMA(1) Queensland, 

Australia 

Incorporation of up-to-date scientific 

research into management. 

South Westside Basin GMA(2) California, 

USA 

Flexible objectives that allow for changes 

due to new physical, hydrologic, or 

operational conditions or new 

understanding of the physical system. 

Southern Basins and Musgrave 

PWAs(3) 

South 

Australia, 

Australia 

Use of groundwater condition TLs to 

determine variable water allocation. 

West Goulburn GMA(4) Victoria, 

Australia 

Adaptation of the groundwater management 

plan in response to policy change, increased 

understanding of the groundwater system 

and/or identification of management 

improvements. 

Mining  
 

Bowen and Surat Basins(5, 6) Queensland, 

Australia 

Evaluation of monitoring data against TLs 

and thresholds. 

Thunderbird Mineral Sands(7) Western 

Australia, 

Australia 

Learning from mitigation measures, 

monitoring and evaluation against trigger 

and threshold criteria. 

Bass Point Quarry Expansion(8) New South 

Wales, 

Australia 

Review and update groundwater 

management plan: (1) at completion of 

baseline monitoring, and (2) annually 

during operation and expansion works. 

Integra Underground Coal 

Mine(9) 

New South 

Wales, 

Australia 

Development and implementation of 

mitigation measures on exceedance of 

performance measures. 

aReferences: (1) DNRM (2014); (2) SFW (2012); (3) EPNRM (2016); (4) GMW (2017); (5) Santos (2013); (6) 511 
Santos et al. (2013); (7) Rockwater (2016) (8) Martens and Associates (2014); (9) Glencore (2018a). 512 

 513 

The review of these case studies indicates a wide variability in interpretations and applications 514 

of AM (Table 5). Whether or not AM has been properly defined and applied (e.g. in accordance 515 

with the definitions provided in Section 2) is often challenging due to the frequently vague and 516 

imprecise descriptions of AM given in planning documentation. For example, an objective of 517 

the West Goulburn GMA groundwater management plan (see Table 5) is to “recognize the 518 

value of existing entitlements through cost effective AM” (GMW, 2017). However, the manner 519 

in which AM principles are integrated into the plan is ambiguous. The AM section of the South 520 
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Westside Basin Groundwater Management Plan (GWMP) (SFW, 2012) states that AM can be 521 

achieved through the use of flexible objectives that can be modified due to new physical, 522 

hydrological or operational conditions or new understanding of the physical system at 523 

scheduled review points. Similarly, the AM section of the for the Bass Point Quarry Expansion 524 

GWMP is limited to a statement that the GWMP will be “reviewed and updated at completion 525 

of baseline monitoring” and “annually during operation and expansion works” (Martens and 526 

Associates, 2014). Management documentation for the Southern Basins and Musgrave 527 

Prescribed Wells Areas (PWAs), the Bowen and Surat Basins coal seam gas (CSG) operations, 528 

the Thunderbird Mineral Sands project and the Integra Coal Mine refer to TLs as their primary 529 

mechanism for implementing AM. For example, the Southern Basins and Musgrave PWAs 530 

Water Allocation Plan states that AM can be achieved by annually varying the volume of water 531 

available for consumptive purposes based on the volume of available groundwater in relation 532 

to aquifer storage level TLs. Furthermore, TLs are an integral component of the management 533 

plans for the West Goulburn GMA, Coastal Burnett GMA, South Westside Basin GMA and 534 

the Bass Point Quarry expansion, despite being omitted from their descriptions of AM. Thus, 535 

some facets of AM are clearly being integrated into AM planning documentation. However, 536 

other important elements of AM, such as stakeholder engagement, predictive modelling and 537 

monitoring protocols are not linked to AM in the planning reports that we could access. This 538 

may reflect a lack of guidelines for AM principles and methods applicable to groundwater 539 

contexts. 540 

 541 

In the following, we review TL indicators and their corresponding management responses due 542 

the prominent association between TLs and AM observed in the definitions of AM presented 543 

in Table 5. These were reviewed and summarized as outlined in Table 6. Table 6 includes (1) 544 

summarized information relating to the threats to hydrogeological systems, (2) the indicators 545 
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used to measure system status, (3) the elements of project activities that are subjected to 546 

modification to mitigate impacts, and (4) an interpretation of the clarity of mitigation measures. 547 

 548 
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Table 6. Overview of reviewed groundwater management plans: threats, indicators, responses and mitigation measures. 549 

Management area/project namea 
Threats to groundwater 

system 
Indicatorsb Management responseb 

Mitigation 

measures 

Urban water supply and agriculture 
    

Bonriki Island freshwater lens* Depletion, SWI EC Extraction Prescribed 

Coastal Burnett GMA(1) Depletion, SWI GW level, EC Extraction Prescribed 

South Westside Basin GMA(2) Depletion, SWI, nitrate 

contamination 

GW level, [Cl-], 

[NO3-] 

Extraction, MAR, well 

location 

Partly prescribed 

Pioneer Valley GMA* Depletion, SWI GW level, EC Extraction Prescribed 

Southern Basins and Musgrave PWAs(3) Depletion, SWI GW volume Extraction Prescribed 

West Goulburn GMA(4) Depletion, GDE degradation Drawdown Extraction Partly prescribed 

Mining 
    

Carmichael Mine* Depletion, GDE degradation GW level Develop remedial actions Unprescribed 

Bowen and Surat Basins(5, 6) Depletion, GDE degradation Drawdown Extraction, MAR Partly prescribed 

Thunderbird Mineral Sands(7) Depletion, GDE degradation, 

mounding 

GW level, drawdown Injection, pumping increase Partly prescribed 

Bass Point Quarry Expansion(8) Depletion, SWI GW level, EC Develop remedial actions Unprescribed 

Integra Underground Coal Mine(9) Depletion, contamination GW level, EC, pH Develop remedial actions Unprescribed 
aReferences: (1) DNRM (2014); (2) SFW (2012); (3) EPNRM (2016); (4) GMW (2017); (5) Santos (2013); (6) Santos et al. (2013); (7) Rockwater (2016); (8) Martens and 550 

Associates (2014); (9) Glencore (2018b). 551 
bAcronyms: MAR = managed aquifer recharge, EC = electrical conductivity, [X] = concentration of X, GW = groundwater 552 
*Reviewed in detail in preceding sections 553 
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Descriptions of mitigation measures in Table 6 were evaluated against the requirements of AM 554 

described by Holling (1978), Williams et al. (2009), and Ruhl and Fischman (2010). We 555 

defined mitigation measures as “prescribed” where management actions are explicitly 556 

described in unambiguous terms within management documentation. That is, measures 557 

contained specific and actionable directions for making changes to project activities and 558 

management protocols in response to violations of TLs. “Unprescribed” mitigation measures 559 

involved management actions expected to be designed after an impact has occurred. Otherwise, 560 

we define mitigation measures as “partially prescribed”, which includes measures that 561 

comprise a list of broadly defined solutions to mitigate adverse events during a project without 562 

prescription of the conditions leading to a management action or without explicit directions for 563 

execution of the defined solutions. Below, we discuss the mitigation measures of the above-564 

mentioned groundwater management plans from highest to lowest rigor. 565 

 566 

A prescriptive management approach is used in the Southern Basins and Musgrave PWAs and 567 

the Coastal Burnett GMA. For these management plans, the available documentation explicitly 568 

describes protocols for determining TL-based volumetric allocation in a similar way to the 569 

plans outlined for the PV. Further details of the method of groundwater allocation for the 570 

Southern Basins and Musgrave PWAs and the Coastal Burnett GMA are provided in Appendix 571 

A. 572 

 573 

In the South Westside Basin GMA (California, USA), two-stage groundwater level, chloride 574 

concentration and nitrate concentration TLs are used to mitigate overdraft, SWI and nitrate 575 

contamination. However, actions to be taken when TLs are exceeded are only partly prescribed. 576 

For example, exceedance of a stage 1 groundwater level TL results in reanalysis of groundwater 577 

trends and potential impacts to groundwater users followed by the selection of the most 578 
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appropriate remedial action, with little detail on how this is determined (SFW, 2012). The same 579 

shortcomings are evident in the West Goulburn GMA, for which a cap on water entitlements 580 

may be introduced when the average groundwater drawdown is greater than 3 m over three 581 

years in selected monitoring bores, although minimal details on management actions are 582 

provided (GMW, 2017). 583 

 584 

Coal seam gas operators within the Bowen and Surat Basins (Queensland, Australia) developed 585 

a Joint Industry Management Plan (JIP) for monitoring and management of springs (Santos, 586 

2013; Santos et al., 2013). Management strategies designed under the JIP use a partly 587 

prescriptive three-stage TL approach, comprised of an investigation TL, a 588 

management/mitigation TL and a drawdown limit TL. The drawdown limit is defined for 589 

monitoring bores, expected to cause no impact to threatened springs (Santos et al., 2013). The 590 

investigation TL and management/mitigation TL are defined as 50% and 80% of the drawdown 591 

limit, respectively. Exceedance of the investigation TL may lead to data review, model review, 592 

increased monitoring frequency and/or introduction of new monitoring parameters. 593 

Management/mitigation TL exceedance may lead to groundwater injection into the source 594 

aquifer of the spring or supply of supplementary water to the spring at the surface. The 595 

drawdown limit is an Environmental Protection and Biodiversity Conservation Act condition 596 

of approval, whereby exceedance must be met with cessation of project operations (Santos, 597 

2013; Santos et al., 2013). The JIP is used for the protection of springs that may be affected by 598 

the Gladstone Liquefied Natural Gas Project (LNG; GLNG), Queensland Curtis LNG Project, 599 

and/or the Australia Pacific LNG project (Santos et al., 2013). 600 

 601 

Similar to the JIP, the preliminary groundwater management plan for the Thunderbird Mineral 602 

Sands Project uses a partly prescriptive two-stage TL approach, whereby drawdown and 603 
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groundwater level TLs are set above a threshold to protect against GDE degradation, 604 

groundwater mounding or loss of access for existing groundwater users. For example, to 605 

mitigate impacts to a local potential GDE called ‘the Soak’, a drawdown TL and a drawdown 606 

threshold have been defined as 0.5 m and 1 m beyond seasonal trends, respectively. Exceedance 607 

of either the TL or threshold may lead to changes in the timing and location of groundwater 608 

injection. 609 

 610 

Mitigation measures are effectively unprescribed in the Bass Point Quarry Expansion, whereby 611 

TL exceedance results in investigation into the cause of TL violation and development of 612 

mitigation measures (Martens and Associates, 2014). Mitigation measures are similarly 613 

unspecified for the Integra Underground Coal Mine (New South Wales, Australia), where 614 

actions to be taken when a TL is violated are limited to an investigation into the cause of TL 615 

exceedance and subsequent development of mitigation measures (Glencore, 2018a, 2018b). 616 

 617 

4. Discussion 618 

 619 

Our review of AM literature and eleven groundwater management case studies found major 620 

differences between theory-based definitions of AM and the interpretation of AM in 621 

groundwater management plans. AM in theoretical descriptions (e.g., Holling, 1978; Allan and 622 

Stankey, 2009; Williams et al., 2009; Allen et al., 2011) is a highly structured approach, centred 623 

on iterative reduction of conceptual uncertainty and integration of new knowledge into future 624 

management practices. In contrast, the interpretation of AM that is evident in the reviewed 625 

groundwater management plans largely include a relatively simple adaptation of management 626 

protocols using TLs or unstructured/ad-hoc revision of management protocols. This difference 627 



33 

 

in the interpretation of AM principles indicates a disconnect between the literature definitions 628 

of AM and practical groundwater applications. 629 

 630 

It is possible to summarise the AM case studies in terms of their description of intended actions 631 

to respond to environmental events. In three management plans (Bonriki Island freshwater lens, 632 

Pioneer Valley GMA, Coastal Burnett GMA), adaptation of management practices is achieved 633 

through prescribed responses to TL exceedances. Five other management plans (South 634 

Westside Basin GMA, West Goulburn GMA, Bowen and Surat Basins, Thunderbird Mineral 635 

Sands) describe mitigation measures that are defined in only broad terms, including significant 636 

ambiguity in descriptions of the remedial actions when TLs are violated. In the three remaining 637 

management plans (Carmichael Mine, Integra Underground Coal Mine, Bass Point Quarry 638 

Expansion), only vague statements of proposed future revisions to management practices 639 

and/or unprescribed responses are provided in environmental planning documents. For 640 

example, mitigation measures for the Carmichael Mine GMMP (AECOM, 2019) and GDEMP 641 

(Ecological Australia, 2019) include “limiting mining to current activities” and “revised mine 642 

planning” (Ecological Australia, 2019), which read as though strategies for remediation will 643 

be defined in an ad-hoc manner, in contrast to the AM requirements (e.g., Holling, 1978). 644 

Clearly, the groundwater management plans with prescribed mitigation measures are more 645 

closely aligned with published AM principles (e.g., Williams et al., 2011a). 646 

 647 

It is important to note that not all management problems are appropriate for AM (Gregory et 648 

al., 2006; Allen et al., 2011). Whether AM is appropriate (or not) for a management plan is in 649 

part governed by the reversibility and/or the timescale of potential impacts (Williams et al., 650 

2009). These limitations are especially significant for groundwater management due to 651 

challenges presented by the time-lags and inertia of hydrogeological systems (Currell et al., 652 
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2016). For example, many mining projects permanently alter aquifer properties, groundwater 653 

flow and landscape characteristics. For example, seepage into mine voids may result in 654 

permanent changes to the local hydrological regime, as expected for the considerable void that 655 

will result from the Carmichael Mine (Currell et al., 2017; CSIRO and Geoscience Australia, 656 

2019). This contrasts with other groundwater-affecting activities, such as pumping from 657 

aquifers that are replenishable (e.g., containing relatively young groundwater), where the 658 

physical/geological structure is not necessarily modified, and where there is generally greater 659 

capacity for reversal of impacts with time. An example of this is the mitigation of SWI that has 660 

been achieved in the Pioneer Valley GMA (DSITI, 2017). 661 

 662 

The groundwater management cases considered in this research can be assessed for evidence 663 

of single-, double- and triple-loop learning, even though the ‘loop learning’ terminology (e.g., 664 

Pahl-Wostl, 2009), as defined in see Section 2.0, is not used. For example, single-loop learning 665 

is seen in cases involving TLs that are used to constrain actions during periods between project 666 

review and/or as part of the annual allocation of allowable extraction rates, which are usually 667 

calculated using some predefined method (e.g., in the case of the Bonriki Island freshwater 668 

lens; Post et al., 2009). Double-loop learning is seen in groundwater management plans where 669 

components of a management strategy are reformulated during an assessment period. For 670 

example, changes to TL threshold values, measurement location and/or the TL indicators 671 

themselves during a period of management review (e.g., Pioneer Valley GMA; DNRM, 2016). 672 

Whether or not the reassessment of values that is required of triple-loop learning has occurred 673 

in the reviewed case studies is difficult to discern from the information in available 674 

management documentation. 675 

 676 
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According to Walters and Holling (1990), a management strategy is considered to comprise an 677 

active AM approach when project operations are designed to induce learning about system 678 

processes, behavior and resource/environment trends. These attributes were not apparent in the 679 

cases reviewed here, in that induced learning is sought from hydrogeological investigations 680 

rather than manipulation of project management levers. Thus, none of the reviewed 681 

management plans can be classified as active AM under the conventional definitions. Rather, 682 

the case studies evaluated here contained project operations that are designed to produce a 683 

system response that satisfies economic, environmental and/or cultural objectives. Of the 684 

reviewed groundwater management plans, those with prescribed and partly prescribed 685 

mitigation measures, at best, match the thresholds for passive AM, as defined by Williams 686 

(2011b). Management plans where mitigation measures are unprescribed are inconsistent with 687 

AM principles described by Fischman and Ruhl (2015). The absence of active AM in the 688 

groundwater management plans examined here is likely due to limitations to the application of 689 

the conventional definitions of active AM to groundwater management. Activities affecting 690 

groundwater often cause impacts that are highly complex and variable between projects. For 691 

example, the impacts of a new mine are very different to the ongoing and long-established 692 

management of an irrigation supply system. Therefore, substantially different management 693 

approaches are often required. Thus, there is a need to expand and/or revise conventional 694 

definitions of active and passive AM to reflect the specific conditions of groundwater 695 

situations. 696 

 697 

5. Conclusions 698 

 699 

The review of AM theory and evaluation of groundwater management plans presented here 700 

shows that there is a clear disparity between AM theory and how AM is purportedly applied in 701 
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groundwater management. Rather than applying a structured approach, as recommended by 702 

Williams et al. (2009), the applications of AM reviewed here tended to prescribe ad-hoc and/or 703 

poorly-defined measures for the mitigation of potential negative impacts, with only a few 704 

exceptions. For example, the Pioneer Valley GMA plan includes clear methodologies for 705 

mitigation of adverse impacts and represented perhaps the best example of AM within a 706 

hydrogeology context. Many of the reviewed groundwater management plans showed a lack 707 

of consideration of the limitations of AM (e.g., irreversible impacts and/or slow system 708 

response to anthropogenic perturbations).  709 

 710 

We suggest that the disconnect between AM theory and practice stems from the absence of 711 

AM guidance for the specific problems faced by groundwater managers. Thus, there is a clear 712 

need for a guiding framework that presents a pragmatic interpretation (and possible extension 713 

and/or modification) of AM principles for use in groundwater management. This guiding 714 

framework should advise groundwater management practitioners on how to implement the key 715 

elements of AM in a structured and iterative way. It is also critical that adaptive capacity 716 

concepts as they relate to groundwater problems are further developed and assessed prior to 717 

the application of AM to avoid the misapplication of the approach to inappropriate contexts. 718 

We also recommend that active and passive AM be translated to groundwater-specific forms 719 

that are designed for problems that require a higher or lesser degree of management rigor. 720 

Creation of clear guidelines and standards for adaptive groundwater management will lead to 721 

greater transparency in groundwater-related planning and expected outcomes for stakeholders. 722 
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Appendix A: Additional information on ancillary groundwater management case studies 1004 

 1005 

Allowable groundwater extraction is calculated annually in the Southern Basins and Musgrave 1006 

Prescribed Wells Areas using: (1) a historical reference groundwater volume, (2) lower, middle 1007 

and upper TLs, which are defined as percentages of (1), (3) the current total volume of 1008 

groundwater available for that year; and (4) the ratio of (3) to (1) expressed as a percentage and 1009 

used as a surrogate for ‘storage level’ in communicating the storage status of the system with 1010 

stakeholders (EPNRM, 2016). An example of these variables is given for the Uley North 1011 

management area, located within the Southern Basins PWA, whereby lower, middle and upper 1012 

TLs are defined as 82%, 86% and 90% of the volume of groundwater within Uley North in 1013 

1993. Thus, if the storage level is >90% of the 1993 groundwater volume, 100% of the total 1014 

available groundwater volume is available for allocation. Alternatively, if the storage level is 1015 

lower than 82% of the 1993 groundwater volume, 0% of the total available groundwater 1016 

volume is available. A proportional relationship between the allowable extraction and storage 1017 

level is used if the storage level is between the upper and lower TLs (EPNRM, 2016). 1018 

 1019 

Water users in the Coastal Burnett GMA (Queensland, Australia) are divided into preferential 1020 

access (i.e., urban or town water supply) and standard access (i.e., all other users, including 1021 

irrigators) groups. Groundwater allocation is calculated by using threshold groundwater levels 1022 

to determine the percentage of a user’s nominal volume stated on their water license. A 1023 

reduction to water allocations is then applied to the user’s water allocation using a SWI index 1024 

in the Coastal Burnett, whereby two EC thresholds are defined corresponding to different levels 1025 

of water allocation reduction. Additionally, the SWI index uses an EC recovery target which 1026 

must be reached before restrictions may be lifted (DNRM, 2014). 1027 




