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There are ecological impacts that are overlooked by standard impact evaluations

•

These ‘enigmatic’ impacts can be cumulative, offsite, cryptic, or secondary

•

Enigmatic impacts can act synergistically and are hard to detect and mitigate

•

Potential solutions include strategic assessments and insurance schemes
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Identifying the deleterious ecological effects of developments, such as roads, mining and urban expansion, is
essential for informing development decisions and identifying appropriate mitigation actions. However, there
are many types of ecological impacts that slip ‘under the radar’ of conventional impact evaluations and
undermine the potential for successful impact mitigation (including offsets). These ‘enigmatic’ impacts include
those that are small but act cumulatively; those outside of the area directly considered in the evaluation;
those not detectable with the methods, paradigms, or spatiotemporal scales used to detect them; those
facilitated, but not directly caused, by development; and synergistic impact interactions. Here, we propose a
framework for conceptualising enigmatic impacts and discuss ways to address them.

Keywords
Cumulative impacts; offsite impacts; cryptic impacts; secondary impacts; ecological impact evaluations;
synergistic impacts.
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1. The problem of enigmatic ecological impacts
There is increasing recognition of the need to find ways to reduce the environmental impact of human
development (e.g., [1–5]). This has led to a proliferation of approaches to evaluate, manage, mitigate, and
offset the ecological impacts of developments. Evaluations of ecological impact, such as environmental impact
assessments, biodiversity offset calculations, and conservation or land-use plans, are generally intended to
account for the full range of foreseeable ecological impacts of proposed developments. However, despite the
popularity of impact evaluations (see Glossary) and some substantial improvements over time, their
effectiveness remains questionable [6].
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In particular, impact evaluations tend to reduce complex impacts of human activity to simple, user-friendly
metrics to streamline integration of economic and environmental concerns in decision making [7]. They are
usually limited in scope to impacts on a predetermined subset of environmental values [4,8]. Impact
evaluations are also limited by the knowledge and tools available for identifying impacts, the skills, interests,
and motivations of the people conducting, approving, and auditing evaluations, and political dynamics [9–11].
Furthermore, data are often lacking for uncommon and localised species. Although some ecological impacts
are simple and immediately apparent, others are subtle yet potentially far-reaching. Examples of the disparity
between the full extent of impacts resulting from a development, and the impacts that have been accounted,
are mounting [8,12–18]. Accounting for enigmatic impacts is not the only challenge inherent in mitigating
development impacts (e.g., [3,10,19]), but addressing it is crucial: oversights in accounting for impacts
undermine the ability of mitigation strategies to achieve their objectives (e.g., [12,18]).

Glossary
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Here, we provide a framework for conceptualising what we refer to as ‘enigmatic’ ecological impacts: impacts
that are easily and often overlooked in impact evaluations. This framework can inform decisions regarding
planning objectives, acceptable developments, offset requirements, and regional environmental mitigation
strategies. We also explore ways in which the challenges of mitigating these impacts may be met.
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Ecological impact: the effects or consequences of a current or proposed action on ecosystems, processes,
and ecological values and services; that is, the difference between what would happen with the action
and what would happen without it [68].

ly

Enigmatic impact: any one of a large range of ecological impacts that is not systematically accounted for
in impact evaluations. We define four categories of enigmatic impact: (i) cumulative impacts: the
combined effects of individually acceptable or negligible impacts that become significant at regional scales
or over longer temporal scales; (ii) offsite impacts: impacts that occur away from the immediate locality of
the disturbance or study area and may permeate far into apparently undisturbed areas; (iii) cryptic
impacts: impacts that escape detection using existing methods, resources or technology, under existing
scientific paradigms, within assessment time frames, or at the spatial and temporal scales used in the
evaluation; and (iv) secondary impacts: impacts that are not directly caused by the development in
question, but are facilitated by it.
Impact evaluation: any process, policy, or document that includes an evaluation of ecological impacts of
development for the purposes of informing decisions or plans, or otherwise mitigating those impacts. This
includes, but is not limited to, environmental impact statements and assessments, strategic assessments,
applications for clearing permits or similar, works or project approvals, biodiversity offset or biobanking
strategies and calculations, and conservation or land-use plans that include sustainable environmental
management or biodiversity conservation (or similar) in their objectives.
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2. Four categories of enigmatic impact
Our framework identifies four categories of impact that are often overlooked or inadequately addressed in
impact evaluations: (i) cumulative; (ii) offsite; (iii) cryptic; and (iv) secondary impacts. Interactions between
multiple impacts may also be overlooked. These categories, named after the reasons for which the impacts
are excluded from impact evaluations, act as a checklist for scoping the various ‘enigmatic’ impacts that could
result from a development or series of developments. As such, the categories are not mutually exclusive: an
impact may be overlooked for multiple reasons.
Exactly which category an impact belongs to, depends on the environmental, social, legislative, scientific, and
technological context in which they occur, as illustrated by examples throughout this paper. Some will ‘slip
under the radar’ in certain contexts but not in others. The first and fourth categories are adopted from
existing literature and policies (e.g., [6,20]), and the second and third categories are reformulated from
concepts elsewhere (e.g., [12,21,22]): the four categories have not previously been synthesised in a single
paper.
Cumulative impacts: death by a thousand cuts
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‘Cumulative impacts’ refer to the sum of individual impacts that alone are considered negligible but
accumulate over space and/or time and are so numerous that they are significant when considered in totality
[23,24]. A common example of cumulative impacts is many small instances of habitat loss. Individual areas
cleared for development, such as housing, drill pads, or roads, may be small but in sum could be unacceptable
(Box 1). This concept was originally coined in economics as the ‘tyranny of small decisions’ [25] or ‘death by a
thousand cuts’ [13].

ew

Cumulative impacts are often overlooked because impact evaluations are often limited by laws that focus
exclusively on project-by-project evaluations or impacts deemed to be ‘significant’, and/or ‘reasonably
foreseeable’ [3,4,23,24]. The emerging fields of strategic and cumulative impact assessments attempt to
address these issues, but in their present form are ineffectual or not applied widely [3,23].
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Two concerns regarding cumulative impacts is that they can push natural systems over ecological thresholds
and their consequences may not be merely additive [5]. Nonlinear relations (such as between remnant
habitat area and species richness), feedback mechanisms (such as degraded habitat being less resilient to
climate change), space–time lags, and critical tipping points mean that the accumulation of numerous small
impacts can be catastrophic [5,23,26]. For example, Florida Bay changed abruptly from a clear-water system
with seagrasses and manatees to a ‘dead’ system with murky water dominated by plankton blooms. The
change was unexpected but was probably a threshold response to long-term pollution from septic systems for
a long period prior [27].
Offsite impacts: out of ‘site’, out of mind
Offsite impacts are those impacts that are difficult to account for in impact evaluations because they are
outside the immediate location of the disturbance (the development footprint). Some offsite impacts are
considered in impact evaluations (often as so-called ‘indirect’ impacts) but there are countless impacts that
are not included because they are offsite or outside the designated project area or relevant jurisdiction.
Offsite impacts include effects that may occur at great distances from the development such as air, water,
light or noise pollution; or contamination of ecosystems with dust, salt, excess nutrients, or other toxins. They
also include alterations to habitat quality away from the disturbance footprint or survey area, such as changed
microclimates, altered foraging potential and susceptibility to predation near edges, barriers to wildlife
movement and water flow, and changes in animal behaviour with flow-on effects for ecosystems [26,28].
Such changes have been identified even when disturbances are as minor as quiet, nonconsumptive
recreation, which is a land use typically thought to be compatible with biodiversity protection [29].
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Box 1. Cumulative and offsite impacts of oil sands development in Canada
Oil–sand extraction from naturally occurring bitumen under the boreal forests of western Canada exemplifies the
issue of cumulative impacts across a landscape [13]. The boreal forests of North America represent a quarter of the
remaining intact forests worldwide but are becoming increasingly impacted by seismic lines and infrastructure
corridors associated with the expansion of in situ energy production. The amount of vegetation cleared appears
small (conventional seismic lines are 5–8 m wide), but the cumulative disturbance footprint of drill pads and other
infrastructure is large, estimated to reach 296,000 ha over the next 40 years [13] (a). Other impacts include:
depletion of freshwater resources; damage to aquatic ecosystems; acidification of land and water; contamination
events; production and desalination wastes and byproducts and accidental spills; and the loss of fens and wetlands
by conversion to upland landscapes [13].
However, these impacts do not end at the edge of the disturbance footprint (b). Studies have shown that the
threatened woodland caribou (Figure IC) tends to avoid areas less than 1 km from roads and wells. Roads further
fragment caribou habitat by acting as semipermeable barriers to movement [13,69]. This is concerning given that
woodland caribou populations are declining rapidly, with an approximate halving of populations every 8 years.
Projected density of artificial edges caused by oil extraction may increase from 1.8 km/km2 up to 8.0 km/km2 with a
decline in habitat availability from 43% to 6% of the land base over the next 20 years [13,70].

b)
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A suite of other species has also been found to avoid infrastructure in the boreal forests of Canada, including the
yellow bellied sapsucker, lynx, marten, fisher, wolverine, boreal chickadee, brown creeper, rose-breasted grosbeak,
red-breasted nuthatch, and various warblers [13]. According to Schneider and Dyer [13], ‘it is the regional
cumulative impact of multiple developments, not the impact at any specific site, that is of greatest concern’.
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c)

ly
Figure AI. Enigmatic impacts from oil–sand extraction in Alberta, Canada. Satellite view of roads and well pads
showing disturbance footprint (a), satellite view of roads and well pads showing wildlife avoidance zones in red (a),
woodland caribou, threatened by multiple impacts of development (c). Reproduced with permission from R.
Schneider (a,b) and J. Bennett, Sierra Club Canada Foundation (c).
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The ecological impacts of hydrocarbons from the extraction, processing, transport, and use of crude oil in the
Arabian Gulf exemplify offsite impacts. Hydrocarbons and other pollutants reach the waters of the Gulf by
adsorbing to dust carried by wind to the marine environment or via ballast discharge, dredging, infilling, and
spills [30,31]. Hydrocarbons can remain dissolved or suspended in water and ingested or absorbed by marine
organisms and are often concentrated via food chains, with toxic and carcinogenic effects. However, these
impacts are difficult to account for in impact evaluations relating to crude oil activities because of geographic
and political separation between the contaminant source and sink [30,31].
More broadly, increasing flood risk to island nations and coastal areas from sea-level rise is an offsite impact
of developments that produce greenhouse gases [32]. Many offsite impacts are also cryptic and are covered
further below.
Cryptic impacts: the arsenic in the tea
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Cryptic impacts elude detection and may be overlooked because of inherent limitations of impact evaluations,
but they can be substantial. Reliable detection may be compromised by limited assessment time frames,
spatial scales, statistical power, practitioner skill, technology and resources, and the practicalities of survey
design [33]. Often only impacts on specific taxonomic groups, ecological communities, or environmental
features are evaluated [4,8,12,18].
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Cryptic impacts include: noise and light pollution effects on animal communication, movement, foraging,
reproductive behaviour and success, visual capabilities, community structure, and predator–prey interactions
[34,35]; air pollution impacts on ovule and pollen viability [36]; fragmentation of populations and loss of
genetic connectivity [28]; and unwitting disease and invasive species introductions (further examples: Box 2).
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Furthermore, statistical noise frequently masks trends in ecological data to the extent that early-warning
indicators fail to give sufficient warning of potential regime shifts, particularly where data are sparse [16].
Impacts of development on restricted-range endemics are often cryptic, with many species undescribed,
poorly surveyed, and/or hard to find, owing to their cryptic nature [37–39]. In Western Australia, where
restricted-range endemism is widespread, the Environmental Protection Authority has legislative
responsibility to ensure that proposals do not threaten the viability of these species, but many impacts on
such species remain unnoticed [38,39].

on

ly

In 2009 a mining operation in the Great Western Woodlands of south-western Australia was approved
because the restricted-range ameirid copepod (i.e., a small invertebrate that inhabits underground water)
found there was thought to occur elsewhere as well [38]. However, the rapid timelines imposed precluded
detailed morphological or molecular determination of conspecificity. Subsequent examination found that the
two populations belonged to different genera, with the initial population misidentified because of convergent
morphology [38]. Consequently, the ameirid is threatened with extinction by dehydration of its habitat.
Secondary impacts: Pandora’s box
Secondary impacts are not directly caused by developments but are facilitated by them, yet are generally not
considered the legal responsibility of development proponents in impact evaluations. For example, secondary
impacts of a hydroelectric dam include the (unintended) impacts of activities facilitated by the road network
required for its construction and maintenance [40].
Indeed, secondary impacts are frequently associated with increased access to relatively undisturbed areas
through such road networks. Such accessibility can attract poachers, loggers, miners, graziers, arsonists, land
speculators, recreationalists, and even researchers. These uses almost inevitably result in further impacts that
can extend far beyond the initial impacts of a development both in space and time, such as introductions of
invasive organisms with major ramifications for ecosystems (e.g., [41]). Thus, secondary impacts are also
called ‘human invasions’, or the ‘Pandora’s box effect’ [20,26].
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Box 2. Cryptic impact examples
Low-frequency effects on cephalopods Low-frequency underwater noise produces substantial alterations of the
structures responsible for regulating balance and position in cephalopods, such as cuttlefish (Figure IA). This work
has shown that the type of noise that is produced by shipping, offshore industrial construction, resource exploitation
activities, and naval manoeuvres in marine environments worldwide threatens the survival of these organisms. Little
is known about flow-on effects for marine ecosystems worldwide, although they may be substantial [71].
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Combining native forests and exotic tree plantations for forest survey Exotic tree plantations (Figure IB) were lumped
together with native forests through automatic analyses of satellite imagery by the Forest Survey of India. This
resulted in misleading reports that forests in India expanded by 5% in the decade preceding 2009, when native
forests are in fact estimated to have declined by 3.5% per year, driven primarily by forest cutting for fuel wood [12].
These rapid declines in an area that encompasses parts of three recognised biodiversity hotspots were obscured by
inappropriate use and interpretation of analytical methods.
Effects of linear infrastructure on water movement and dependent vegetation Roads can have cryptic impacts on
landscapes by interrupting overland flow, upon which vegetation depends (Figure 1C). The top half of Figure 1C
shows the upslope area with annual wind grass (Aristida contorta) cover. The lower half of the image shows the
effect of water starvation by the road: water from upslope is directed along the road and into creek lines and no
longer flows overland [72]
Introduction of microscopic pathogens Phytophthora cinnamomi is an invasive plant pathogen almost invisible to the
naked eye that is practically impossible to eradicate once introduced. This pathogen was inadvertently introduced to
Australia and became widespread before it was discovered, and its impacts understood. With devastating ecological
impacts globally, it is listed as one of the key threatening processes in Australia [73]. Other examples of cryptic
invasions include the destructive invasion by non-native earthworms in northern America [41], and devastation
caused by invasive rodents on islands, tramp ants and numerous weeds [20,74,75].
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Figure I. Examples of cryptic impacts described in the literature. A cephalopod, whose survival can be threatened by
industrial noise in marine environments (A), a landscape of mixed native forests and exotic plantations in India (B), a
landscape in which annual wind grass has been severely impact by a road diverting overland water flow (C), and
hyphal swellings of the invasive plant pathogen Phytophthora cinnamomi under a light microscope (D). Reproduced
with permission from P.J. Waddell (C).
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For example, numbers of forest elephants in Central Africa have been reduced by an estimated 40% by illegal
poaching for ivory. Intense poaching is a result of a combination of issues, including poverty, weak regulatory
powers, and corruption, but access to elephant habitat via new roads is a demonstrated key factor
determining poaching rates [42]. Despite providing much-needed economic benefits to human populations,
road expansion is associated with increasing threats and local extinctions worldwide [42,43].
Other examples of secondary impacts include the growing contributions of human-ignited fires, ‘spontaneous
colonisation’, uncontrolled logging, mining, and slash-and-burn farming to deforestation in the Amazon basin,
that are secondary consequences of an aggressive development strategy of the Brazilian Government
[26,44,45]. The strategy includes US$40 billion worth of new and upgraded highways, roads, hydro-electric
reservoirs, and power-lines, and has been predicted to cause deforestation and severe degradation of up to
500 000 and 2.37 million ha of forest per year respectively, with the majority of impacts above and beyond
the direct impacts of the developments [44].

3. Impact synergies
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For every pair of impacts, there are possible synergies that exacerbate environmental damage. The combined
effect of the two impacts could be greater than their sum, or one phenomenon might facilitate another. For
example, the synergistic effects of multiple species extinctions on ecosystem function are often greater than
the additive effect of each extinction, were it to occur in isolation; also, forest fragmentation can facilitate
fires [44,46]. It is difficult to predict interactions between different threats and stressors on multiple temporal
and spatial scales, and how often they create problematic synergies [47,48]. Nevertheless, history shows that
synergistic phenomena can have substantial ecological impacts [48], as outlined in some examples in Box 3.

Box 3. Impact synergisms in space and time

ew

Possibly the most overlooked impacts lie beyond the full extent of individual impacts: in their interactions.
Interactions may be antagonistic, additive, or synergistic; that is, the combined effect may be less than, equal
to, or greater than the sum of their isolated effects, respectively [48]. Synergistic impacts may also result
when one impact facilitates another. Interactions between impacts that are separated by long time periods or
operate over different spatial scales are perhaps the most likely to be overlooked.
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Coverdale et al. [47] investigated a latent, historical synergistic interaction between mosquito ditching that
occurred on Cape Cod, Massachusetts, during the 1930s, and recent predator depletion caused by
recreational fishing in developed areas. Historical construction of ditches to drain flooded mosquito breeding
habitat expanded existing low marsh cord grass (Spartina alterniflora) into areas formerly dominated by high
marsh, but this had little effect for decades. Recently, however, recreational fishing reduced predator
abundances, such that native herbivorous crab (Sesarma reticulatum) populations exploded, causing
herbivore-driven saltmarsh die-offs where low-marsh cord grass existed. The synergistic interaction between
these impacts resulted in amplified die-off events despite the historical impact having been dormant for
decades.
Local and global impact synergisms can also present significant challenges for impact evaluation. For example,
global warming can cause direct physiological stress to seagrasses, and excessive local nutrient inputs can
cause increased growth of phytoplankton and epiphytes, but the two in combination can have more
deleterious impacts on seagrass meadows than their individual impacts combined [48].
Other examples of impact synergisms include interactions between habitat degradation and dominance
hierarchies of reef fish that substantially alter the mechanisms that structure reef fish communities [76]. In
the Amazon basin, increased fire incidence, decreased carbon storage, and changes in forest dynamics caused
by logging and fragmentation of forests are amplified by changes in the climate, with potential for dangerous
feedback between impacts [26,77,78].
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4. Challenges and opportunities
Evaluating impacts is the first step to mitigating them. Some impacts are overlooked because they are difficult
to detect, quantify, and attribute. In other cases, ignoring them may simply be convenient or politically
expedient from a development perspective (e.g., [12,49]).
The difficulty of accounting for enigmatic impacts is not the only hurdle to achieving credible impact
evaluations. The effectiveness of many impact evaluations can be undermined by a suite of political and
economic constraints including corruption, poor governance, attitudes of governments and regulatory
agencies, and persistent weaknesses in rigorous scientific input and meaningful public participation
[6,33,43,49].
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Quantifying all the enigmatic impacts and their interactions for each development is unlikely given constraints
of money and knowledge. However, given the imperatives of conservation and development, governments
and proponents need to develop approaches to prevent enigmatic impacts where possible, manage the more
predictable impacts, and build mechanisms to account for and mitigate the remainder in a more generic
sense. Examples of such mechanisms are presented in Box 4. This process should follow the mitigation
hierarchy of i) avoid, ii) minimise, iii) restore, and iv) offset; with reconsideration of approval for
developments that are expected to have large enigmatic impacts [6,50].
Strategic and large scale evaluation and planning
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Developments in regional land use planning, cumulative and strategic assessments, strategic offsets, and
integrated resource management have the greatest potential for mitigating impacts that are inadequately
accounted for in project-level evaluations. Such approaches can respond proactively rather than react to
developments, and provide a much needed mechanism for addressing cumulative impacts [4]. They can also
help to ensure that evaluations are designed in ways that maximise their power to detect enigmatic impacts,
such as allowing sufficient survey time frames, considering regional implications beyond individual projects,
identifying ancillary impacts, and predicting secondary impacts [3,4,18,44].
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However, many such approaches are severely limited, not widely implemented and are ‘under-developed’
[3,5,6,23]. For example, in the Appalachian region of the USA the impacts of mountaintop mining are only
considered for aquatic ecosystems, and severe terrestrial impacts are systematically overlooked [18].
Similarly, fewer impacts would evade consideration if evaluations were broadened from assessing impacts
defined as “significant”.
Trade-offs associated with expanding the scope of impact evaluations could include increased difficulty in
decision-making regarding approval and prioritising mitigation actions. However, a more realistic picture of
probable impacts can only serve to better inform such decisions, and numerous impacts could be grouped or
weighted to ensure straightforward yet robust outcomes.
While strategic assessments can facilitate more comprehensive evaluation of enigmatic impacts, other
strategic approaches can help to mitigate those impacts. For example, the benefits of offsetting numerous,
small, developments may be questionable when compensatory activities are implemented separately for
individual impacts, but strategic offset funds can provide consolidated sources of funding for offset activities
while reducing overall costs. Such approaches would require simple rules for calculating offset requirements
and could target regional environmental priorities. Importantly, they can also address cumulative impacts that
are commonly too small to offset because the transaction costs of implementing the offset are higher than
the cost of implementing the compensatory activity.
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Box 4. Addressing enigmatic impacts in practice
The Nature Conservancy’s Development by Design: cooperative mitigation of offsite impacts
The Nature Conservancy was recently commissioned by global gold miner Barrick Gold to develop a
cooperative mitigation plan for their Kanowna Belle operations in Western Australia [2,79]. The objective of
the plan was to implement Barrick’s corporate goal of no net loss of biodiversity. The Nature Conservancy
used the science-based Development by Design mitigation planning process to develop a plan for mitigation
and offsetting that included a number of elements designed to account for commonly-overlooked impacts.
These comprised the inclusion of a 1-km buffer zone around mine footprints and roads in the calculation of
impacts for offsetting purposes (to account for ‘indirect impacts’; Figure I), a consideration of risks inherent in
achieving successful offset outcomes, and a disturbance index based on the cumulative density of mapped
disturbance features to inform offset options and priorities.
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Environmental risk management and liability insurance for cryptic impacts If combined with laws that place
responsibility for environmental impacts on development proponents, environmental liability insurance can
act as a decentralised means of ensuring high regulatory compliance that could reduce oversights in
addressing cryptic impacts. Insurance is an effective risk management mechanism because of its capacity to
segregate and spread risk effectively, allow for the monitoring and control of behaviour, and encourage loss
reduction measures [67]. Importantly, insurance schemes have a lower regulatory burden than most forms of
enforcement. Although insurance has been used extensively for managing environmental risks to humans
from natural disasters, it has only rarely been used to manage the risks of environmental calamities caused by
human activities. Section 112(r) of the 1990 US Clean Air Act Amendments provides one example: it offers an
opportunity to utilise insurance coupled with third-party inspections to encourage firms to reduce their risks
of pollution events from accidents and disasters [67]. At present, impacts that are covered by insurance firms
are restricted to human loss of life and injury, and environmental and social impacts remain negative
externalities. There clearly is potential to include these other impacts into the insurance equation.
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Figure I. An example of an offset calculation in which offset impacts have been taken into account with
buffers around disturbed areas in a cooperative mitigation plan developed by the Nature Conservancy for
Barrick Gold’s Kanowna operations. Reproduced with permission from J. Kiesecker, The Nature Conservancy.
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Manage, concentrate and protect
Many enigmatic impacts could be reduced substantially by concentrating developments in areas that are
already disturbed, incorporating buffer zones into land-use planning processes and impact evaluations and
establishing no-development zones (or protected areas) in relatively undisturbed areas [51,52]. Roads and
developments that penetrate into previously inaccessible areas are disproportionately associated with
secondary [and other enigmatic] impacts, and could be avoided as a priority [20,26]. Limits on linear
infrastructure density could be imposed in other areas. Infrastructure can be shared and consolidated where
possible, and investment made into overcoming the barriers to sharing; a strategy also likely to generate cost
savings [51,52]. The probable benefits of linear disturbances such as roads and firebreaks that are to be used
for ‘public good’ purposes, such as fire management or ecological monitoring, should be assessed against
possible deleterious impacts.
Conserve wilderness or intactness
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Other planning policies can complement efforts to concentrate developments and establish no-development
zones. Wilderness conservation policies such as the US Wilderness Act of 1964 [53] effectively prevent
countless enigmatic impacts by restricting development in relatively undisturbed areas, and represent costeffective means for long-term biodiversity conservation [54]. However, wilderness is a much debated concept
and is embedded in policy only in certain parts of the world [54]. Intactness indices offer a proxy for
identifying areas that are less likely to be impacted by enigmatic impacts, and may provide an alternative tool
for avoiding them [55,56].
Address historical impacts and mitigate co-occurring impacts
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Access management
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Deleterious interactions between multiple impacts, including historical disturbances and global changes, need
to be addressed by the societies that have benefited from these developments and by industries that further
impact those ecosystems. Where little is known about managing such synergisms, developers can at least
minimize their occurrence by measures such as actively rehabilitating disturbed areas, managing species
invasions, and facilitating faunal movement across linear infrastructure.
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Secondary impacts can be reduced by restricting public and commercial access along designated-purpose
roads, addressing off-road access, and rehabilitating linear infrastructure corridors immediately after project
completion. This approach may be difficult to implement in areas where the rule of law is limited and
appropriate substitutes may need to be developed, such as creating alternatives to poaching or logging for
income generation. Access management may also need to be balanced with community demands for
infrastructure development and recreation.
Enhance evaluation
Improve ethical and professional scientific practice
A number of emerging approaches and methods have the potential to enhance evaluation and hence better
inform decisions. These include generalized ecological rules of thumb and pre-cautionary approaches that can
be applied without detailed assessment, and early warning indicators. Calls for addressing ongoing
weaknesses in the quality of science underpinning impact evaluations are not new [33,57]. Regulatory
agencies, environmental practitioners, and development proponents could improve industry standards and
quality control to ensure appropriate application of effort, technology, and expertise in scoping and assessing
probable impacts [38]. Rigorously elicited expert knowledge could also complement insufficient data in
evaluating likely impacts [58].
Integrated use of available knowledge, precautions, decision support tools, and projections
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Some enigmatic impacts could be accounted for with estimated uncertainty buffers, and additional offset
multipliers (e.g., [19]). Impact modelling and spatially explicit estimations that incorporate projected impact
trends can aid in reducing uncertainty related to data deficiency and in accounting for probable future
impacts, as has been done for Amazonian avifauna extinction risks [59,60,61].
Decision-support tools, such as structured decision-making and value-of-information analyses, can also aid in
determining the best use of precaution and preferable courses of action in the face of uncertainty, for
instance, where quarantine measures should be used, or when further research or monitoring is beneficial
[62]. Such tools can also determine when resource expenditure on monitoring a cryptic threatened species,
versus managing the species without monitoring, or surrendering resources to other conservation needs, is
optimal [63]. This approach can be adapted to unknown threats, such as in determining when it is wiser or
more cost effective to act on a conservative assumption of impact than expend resources on assessment.
Research to establish baselines and early warning indicators
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Long-term ecological studies are crucial for establishing baselines and providing key insights into ecological
responses to developments [64], and can be particularly helpful in accounting for cryptic impacts. Such
monitoring needs to be targeted, hypothesis-driven and identify trigger points for management interventions
in order to ensure its effectiveness [65]. Improvements in methods for determining early warning indicators
can assist in mitigating potential regime shifts [16].
Address the triple bottom line
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Public participation
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Improving transparency and public engagement in planning and impact evaluations can also help to include
consideration of enigmatic impacts in full-cost accounting. Lack of transparency prevents decision makers
from being held publically accountable if they did not sufficiently consider likely impacts of a development,
such as cryptic impacts that are overlooked by developers seeking to reduce costs or governments pursuing
development agendas [4]. Collaborative governance approaches to dealing with cumulative impacts show
promise in delivering improvements, although challenges remain, such as corrupt processes, and the time
taken to negotiate partnership agreements and difficulty in implementing unpopular responses [66].

on

Shift risks from society to the marketplace

ly

Governments could better address the risks of cryptic or low probability impacts by explicitly placing
responsibility for addressing development impacts not accounted for (or inadequately accounted for) in
impact evaluations, in the hands of developers during project approval. For example, if a species was
unwittingly introduced into an area because of a development and became invasive, the developer would be
responsible for controlling the invasion and repairing any resulting damage, even if they had abided by all
regulations. Responsibility for addressing certain historical impacts or collaborating with other developers to
mitigate co-occurring impacts could similarly be worked in to approval or licence conditions.
Mandatory environmental insurance schemes offer one way to enact this shift and could ensure that
dedicated funds are available when further impacts emerge. Such schemes can help ensure that development
decisions intrinsically take account of the risks of unaccounted impacts occurring, with the onus on the
developer to better account for and prevent ecological impacts to merit lower premiums [67].

5. Concluding remarks
Accounting for and mitigating the full breadth of enigmatic impacts resulting from developments is ambitious
but important for preventing the continued degradation of ecosystems and the biodiversity, ecological
processes, and services that they support. While this may be difficult to achieve comprehensively, significant
advances can be made by improving existing mechanisms and developing new ones, to account for the
cumulative, offsite, cryptic, and secondary impacts of developments and their interactions. Potential
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mechanisms include improved strategic and cumulative assessments, no-development and restricted access
zones, addressing historical impacts, improving professional and ethical practice and decision-making
processes, and adopting environmental insurance schemes. Ultimately, it is reasonable to expect a fair
accounting process whereby the beneficiaries of development are responsible for the full environmental costs
of those developments; including costs that are currently borne by the broader society and future
generations.
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