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National Light Pollution Guidelines

Introduction

Natural darkness has a conservation value in the same way that clean water, air and soil have
intrinsic value. Artificial light at night is increasing globally by about 2% per year (Kyba et al.
2017), though this number is likely an underestimate (Sanchez de Miguel et al. 2021). Animals
perceive light differently from humans, and artificial light can disrupt critical behaviour and
cause physiological changes in wildlife (Russart & Nelson 2018a). For example, hatchling marine
turtles may not be able to find the ocean when beaches are lit (Witherington & Martin 2003),
and fledgling seabirds may not take their first flight if their nesting habitat never becomes dark
(Rodriguez et al. 2017a). Tammar Wallabies exposed to artificial light have been shown to delay
reproduction (Robert et al. 2015), and clownfish eggs incubated under constant light do not
hatch (Fobert, Burke da Silva & Swearer 2019).

Consequently, artificial light has the potential to stall the recovery of a threatened species. For
migratory species, the impact of artificial light may compromise an animal’s ability to undertake
long-distance migrations integral to its life cycle.

Artificial light at night provides for human safety, amenity and increased productivity.
Australian legislation and standards regulate artificial light for the purpose of human safety.
These guidelines do not infringe on human safety obligations. Where there are competing
objectives for lighting, there may be a need for creative solutions that meet both human safety
requirements for artificial light and threatened and migratory species conservation.

The guidelines outline the process to be followed where there is the potential for artificial
lighting to affect wildlife. They apply to new projects, to lighting upgrades (retrofitting) and
where there is evidence of wildlife being affected by existing artificial light.

The technology around lighting hardware, design and control is changing rapidly and biological
responses to artificial light vary by species, location and environmental conditions. It is not
possible to set prescriptive limits on lighting. Instead, these guidelines take an outcomes
approach to assessing and mitigating the effect of artificial light on wildlife.

Figure 1 Pink Anemone fish and marine turtle laying eggs

Photos: Nigel Marsh and Robert Thorn.
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How to use these guidelines

These guidelines provide users with the theoretical, technical and practical information required
to assess whether artificial lighting is likely to affect wildlife, and the management tools to
minimise and mitigate that effect. These techniques can be applied regardless of scale, from
small, domestic projects to large-scale industrial developments.

The aim of the guidelines is that artificial light will be managed so wildlife is:
1) not disrupted within, or displaced from, important habitat

2) able to undertake critical behaviours such as foraging, reproduction and dispersal.

The guidelines recommend:

1) always using Best practice lighting design to reduce light pollution and minimise the effect
on wildlife.

2) undertaking an environmental impact assessment of effects of artificial light on listed
species for which artificial light has been demonstrated to affect behaviour, survivorship or
reproduction.

Technical appendices

The guidelines are supported by a series of technical appendices that provide additional
information: Appendix A - Best practice lighting design, Appendix B - What is light and how
does wildlife perceive it?, Appendix C - Measuring biologically relevant light, and Appendix D -
Artificial light auditing. There is also an Appendix E - Artificial light management checklist and
protected matters information on the management of artificial light for taxa including Appendix
F - Marine turtles, Appendix G - Seabirds, Appendix H - Migratory shorebirds, Appendix I - Bats,
Appendix | - Terrestrial Mammals and Appendix K - Ecological Communities.

Regulatory considerations for the management of artificial
light around wildlife

These guidelines provide technical information to guide the management of artificial light for
Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act) listed threatened and
migratory species, species that are part of a listed ecological community, and species protected
under state or territory legislation for which artificial light has been demonstrated to affect
behaviour, survivorship or reproduction.

Environment Protection and Biodiversity Conservation Act 1999

The EPBC Act regulates any action that will have, or is likely to have, a significant impact on
Matters of National Environmental Significance (MNES), including listed threatened and
migratory species. Any action likely to have a significant impact on MNES must be referred to the
Australian Government for assessment. Further, it is an offence under the EPBC Act to kill,
injure, take or trade a listed threatened, migratory or marine species in a Commonwealth area.
Anyone unsure of whether the EPBC Act applies is strongly encouraged to seek further
information.

Department of Climate Change, Energy, the Environment and Water
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State and territory legislation and policy

State and territory environmental legislation and policy frameworks may also have provisions
for managing threats, such as light, to listed species. For example, artificial light is a form of
pollution regulated for impacts on humans and the environment under the Australian Capital
Territory Environment Protection Act 1997. Consideration should be given to the function of
relevant state and territory environment and planning legislation and policy concerning the
protection of wildlife from artificial light.

Local and regional government requirements

Advice should also be sought from local government as to whether specific requirements apply
in the area of interest concerning artificial light and wildlife. For example, the Queensland
Government’s Sea Turtle Sensitive Area Code provides for local governments to identify sea
turtle sensitive areas within local government planning schemes. Development in these areas
will need to avoid adverse effects to sea turtles from artificial lighting.

Australian standards

Australian standards provide agreed limits for various lighting scenarios, generally for the
purposes of human safety and for the provision of amenity. For example, Australian Standard DR
AS/NZS 1158.3.1:2018 Lighting for roads and public spaces pedestrian area (Category P) lighting
provides minimum light performance and design standards for pedestrian areas.

Australian standards also provide for consideration of environmental concerns. Australian
Standard AS/NZS 4282:2019 Control of the obtrusive effects of outdoor lighting recognises the
impact of artificial light on biota.

These Light Pollution Guidelines for Wildlife should be followed to ensure all lighting objectives
are adequately addressed. This may require solutions to be developed, applied and tested to
ensure lighting management meets the needs of human safety and wildlife conservation. The
Case studies illustrate examples of how a liquefied natural gas (LNG) processing plant, a
transport authority and a marine research vessel have addressed this challenge.

Associated guidance
These guidelines should be read in conjunction with:

e  EPBC Act Significant impact guidelines 1.1: Matters of National Environmental Significance:
Significant impact guidelines 1.1

e EPBC Act Significant impact guidelines 1.2: Actions on, or impacting upon, Commonwealth
land, and actions by Commonwealth agencies

e recovery plans and approved conservation advices for listed threatened species
e approved wildlife conservation plans for listed migratory species

e state and territory environmental legislation, regulations, and policy and guidance
documents

e up-to-date scientific literature

e local and Indigenous knowledge.

Department of Climate Change, Energy, the Environment and Water
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Wildlife and artificial light

Vision is a critical cue used by wildlife to orient themselves in their environment, find food,
avoid predation and communicate (Rich & Longcore 2006). An important consideration in the
management of artificial light for wildlife is an understanding of how light is perceived by
animals, both in terms of what the eye sees and the animal’s viewing perspective.

Animals perceive light differently from humans. Most animals are sensitive to ultraviolet
(UV)/violet/blue light (Campos 2017), while some birds are sensitive to longer wavelength
yellow/orange light (Reed 1986), and some snakes can detect infrared wavelengths (Newman &
Hartline 1981) (Figure 2). Understanding the sensitivity of wildlife to different light wavelengths
is critical to assessing the potential effects of artificial light on wildlife.

The way light is described and measured has traditionally focused on human vision. To manage
light appropriately for wildlife, it is critical to understand how light is defined, described and
measured and to consider light from the wildlife’s perspective.

For a detailed explanation of these issues see Appendix B - What is light and how does wildlife
perceive it?. The Glossary provides a summary of terms used to describe light and light
measurements and notes the appropriate terms for discussing the effects of light on wildlife.

Figure 2 Comparative light perception among different species groups
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Ability to perceive different wavelengths of light in humans and wildlife is shown by horizontal lines. Black dots represent
reported peak sensitivities. Figure adapted from Campos (2017).

How light affects wildlife

Artificial light is known to adversely affect many species (Russart & Nelson 2018a; Gaston,
Visser & Holker 2018) and ecological communities (Sanders & Gaston 2018; Bennie et al. 2016).
[t can change behaviour and/or physiology, reducing survivorship or reproductive output. It can

Department of Climate Change, Energy, the Environment and Water
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also have the indirect effect of changing the availability of habitat or food resources. It can
attract predators and invasive pests, both of which may pose a threat to listed species.

Behavioural changes in wildlife have been well described for some species. Adult marine turtles
may avoid nesting on beaches that are brightly lit (Price et al. 2018; Witherington 1992), and
adult and hatchling turtles can be disoriented and unable to find the ocean in the presence of
direct light or skyglow (Witherington & Martin 2003; Witherington 1992; Thums et al. 2016).
Similarly, lights can disorient flying birds, particularly during migration, and cause them to
divert from efficient migratory routes or collide with infrastructure (Cabrera-Cruz, Smolinsky &
Buler 2018). Birds may starve when artificial lighting disrupts foraging, and fledgling seabirds
may not be able to take their first flight if their nesting habitat never becomes dark (Rodriguez et
al. 2017a). Migratory shorebirds may use less preferable roosting sites to avoid lights and may
be exposed to increased predation where lighting makes them visible at night (Rodriguez et al.
2017a).

Physiological changes have been described in the Tammar Wallaby when it is exposed to
artificial light, resulting in delayed reproduction (Robert et al. 2015); and clownfish eggs
incubated under constant light do not hatch (Fobert, Burke da Silva & Swearer 2019). The stress
hormone corticosterone in free-living songbirds has been shown to increase when they are
exposed to white light compared with green or red light, and those with high stress hormone
levels have fewer offspring (Ouyang et al. 2015). Plant physiology can also be affected by
artificial light, with changes to growth, timing of flowering and resource allocation. This can then
have flow-on affects for pollinators and herbivores (Bennie et al. 2016).

The indirect effects of artificial light can also be detrimental to threatened species. The Mountain
Pygmy Possum, for example, feeds primarily on the Bogong Moth, a long-distance nocturnal
migrator that is attracted to light (Warrant et al. 2016) (see Box 1 in Appendix ] - Terrestrial
Mammals Appendix). Recent declines in moth populations, in part due to artificial light, have
reduced the food supply for the possum (Commonwealth of Australia 2016b). Changes in food
availability due to artificial light affect other animals, such as bats (Haddock et al. 2019a), and
cause changes in fish assemblages (Bolton et al. 2017). Lighting may also attract invasive pests
such as cane toads (Gonzalez-Bernal, Brown & Shine 2014), and predators, increasing pressure
on listed species (Wilson et al. 2019).

The way in which light affects a listed species must be considered when developing management
strategies, as this will vary on a case-by-case basis.

These guidelines provide additional information on the management of artificial light at
Appendix F - Marine turtles, Appendix G - Seabirds, Appendix H - Migratory shorebirds,
Appendix [ - Bats, Appendix | - Terrestrial Mammals and Appendix K - Ecological Communities.

Consideration should be given to the direct and indirect effect of artificial light on all listed
species for which artificial light has been demonstrated to negatively affect behaviour,
survivorship or reproduction.

Light-emitting diodes (LEDs)

During the life of these guidelines, light technology may change dramatically. At the time of
writing, LEDs were rapidly becoming the most common light type used globally. This is
primarily because they are more energy efficient than earlier light sources. LEDs and smart

Department of Climate Change, Energy, the Environment and Water
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control technologies (such as motion sensors and timers) provide the ability to control and
manage the physical parameters of lighting, making them integral tools in managing the effects
of artificial light on wildlife.

While LEDs are part of the solution, consideration should be given to some of the characteristics
of LEDs that may influence the effect of artificial light on wildlife. White LEDs generally contain
short-wavelength blue light. Short-wavelength light scatters more readily than long-wavelength
light, contributing more to skyglow. Also, most wildlife is sensitive to blue light (Figure 2). More
detailed consideration of LEDs, their benefits, and challenges for their use around wildlife are
provided in Appendix B - What is light and how does wildlife perceive it?.

Department of Climate Change, Energy, the Environment and Water

6



National Light Pollution Guidelines for Wildlife

When to consider the impact of artificial light on wildlife

Is artificial light visible outside?

Any action or activity that involves externally visible artificial lighting should consider the
potential effects on wildlife (see Figure 3). These guidelines should be applied at all stages of
management, from the development of planning schemes to the design, approval and execution
of individual developments or activities, through to retrofitting of light fixtures and management
of existing light pollution. Best practice lighting design is recommended as a minimum whenever
artificial lighting is externally visible.

Figure 3 Decision tree to determine whether to undertake an environmental impact
assessment of the effects of artificial light on wildlife

Is there indoor
lighting visible

Is there outdoor
lighting?

light design

No further action

Use best practice k

Is there important
habitat for listed

species located
within 20km?

Undertake an

EIA for impacts of
artificial light on
wildlife

Best practice lighting design

Natural darkness has conservation value and should be protected through good-quality lighting
design and management for the benefit of all living things. To that end, all infrastructure that has
outdoor artificial lighting or internal lighting that is externally visible should incorporate best

practice lighting design.

Department of Climate Change, Energy, the Environment and Water
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Incorporating best practice lighting design into all infrastructure will not only have benefits for
wildlife but also save energy and provide an economic benefit for light owners and managers.

Best practice lighting design incorporates the following design principles:
1) Start with natural darkness and only add light for specific purposes.
2) Use adaptive light controls to manage light timing, intensity and colour.

3) Light only the object or area intended - keep lights close to the ground, directed, and shielded to
avoid light spill.

4) Use the lowest intensity lighting appropriate for the task.
5) Use non-reflective, dark-coloured surfaces.

6) Use lights with reduced or filtered blue, violet and ultraviolet wavelengths.

Figure 4 illustrates best practice lighting design principles. For a detailed explanation see
Appendix A - Best practice lighting design.

Department of Climate Change, Energy, the Environment and Water
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Figure 4 Principles of best practice lighting design
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Is there important habitat for listed species located within 20 km?

Important habitats are areas that are necessary for an ecologically significant proportion of a
listed species to undertake important activities such as foraging, breeding, roosting or dispersal.
This might include areas that are of critical importance for a particular life stage, areas at the
limit of a species range or habitat, and areas where the species is declining. They may also be
habitats where the presence of light pollution may cause a significant decline in a listed
threatened or migratory species.

Important habitat will vary depending on the species. For some species, areas of importance
have been designated through recovery plans and conservation advice, and under planning
regulations (for example, the Queensland Sea Turtle Sensitive Area Code). Important habitat
includes areas that are consistent with ‘habitat critical to the survival’ of a threatened species
and ‘important habitat’ for listed migratory species as described in EPBC Act Significant impact
guidelines 1.1 (Commonwealth of Australia 2013). Important habitat may include areas
designated as biologically important areas (BIAs) or, in the case of migratory shorebirds,
internationally important or nationally important habitat. Consideration should be given to the
ecological characteristics of Ramsar sites and the biological and ecological values of national and
world heritage areas.

Taxa-specific descriptions of important habitat can be found in Appendix F - Marine turtles,
Appendix G - Seabirds, Appendix H - Migratory shorebirds, Appendix I - Bats, Appendix ] -
Terrestrial Mammals and Appendix K - Ecological Communities. For sources of relevant
information on other listed species, see Associated guidance and Desktop study of wildlife.

Where there is important habitat for listed species that are known to be affected by artificial
light within 20 km of a project, species-specific impacts should be considered through an
environmental impact assessment (EIA) process.

The 20 km threshold provides a precautionary limit based on observed effects of skyglow on
marine turtle hatchlings demonstrated to occur at 15 km to 18 km (Kamrowski et al. 2014;
Hodge, Limpus & Smissen 2007), and on fledgling seabirds grounded in response to artificial
light 15 km away (Rodriguez et al. 2014). The effect of light glow may occur at distances greater
than 20 km for some species and under certain environmental conditions. The 20 km threshold
provides a nominal distance at which artificial light impacts should be considered, not
necessarily the distance at which mitigation will be necessary. For example, if a mountain range
lies between the light source and an important turtle nesting beach, further light mitigation is
unlikely to be needed. However, where island infrastructure is directly visible on an important
turtle nesting beach across 25 km of ocean in a remote location, additional light mitigation may
be necessary.

Managing existing light pollution

The impact of artificial light on wildlife will often be the cumulative effect of all light sources in
the region. As the number and intensity of artificial lights in an area increases there will be a
visible, cumulative increase in skyglow. Skyglow is the brightness of the night sky caused by the
reflected light scattered from particles in the atmosphere. Skyglow comprises both natural and
artificial skyglow. As skyglow increases, so does the potential for adverse impacts on wildlife.

Department of Climate Change, Energy, the Environment and Water
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Generally, there is no one source of skyglow, and management should be undertaken on a
regional, collaborative basis. Artificial light mitigation and minimisation will need to be
addressed by the community, regulators, councils and industry to prevent the escalation of, and
where necessary reduce, the effects of artificial light on wildlife.

The effect of existing artificial light on wildlife is likely to be identified by protected species
managers or researchers that observe changes in behaviour or population demographic
parameters that can be attributed to increased artificial skyglow. Where this occurs, the
population/behavioural change should be monitored and documented and, where possible, the
source(s) of light identified. An Artificial light management plan should be developed in
collaboration with all light owners and managers to mitigate impacts.

Environmental impact assessment of effects of artificial light
on wildlife

There are 5 steps involved in assessing the potential effects of artificial light on wildlife, and the
adaptive management of artificial light requires a continuing improvement process (Figure 5).
The amount of detail included in each step depends on the scale of the proposed activity and the
susceptibility of wildlife to artificial light. The first 3 steps of the EIA process should be
undertaken as early as possible in the project’s life cycle, and the resulting information should be
used to inform the project design phase.

Appendix F - Marine turtles, Appendix G - Seabirds, Appendix H - Migratory shorebirds,
Appendix [ - Bats, Appendix ] - Terrestrial Mammals and Appendix K - Ecological Communities
give specific consideration to each of these taxa. However, the process should be adopted for
other protected species affected by artificial light.

Qualified personnel

Lighting design/management and the EIA process should be undertaken by appropriately
qualified personnel. Management plans should be developed and reviewed by appropriately
qualified lighting practitioners in consultation with appropriately qualified wildlife biologists or
ecologists.

Department of Climate Change, Energy, the Environment and Water
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Figure 5 Flow chart describing the environmental impact assessment process

Step 1: Describe the project Step 2: Describe wildlife
lighting
Describe the existing light environment. Undertake a desktop study of wildlife and where
Document the number, type, layout and necessary conduct field surveys to describe
purpose of proposed outdoor lighting. Define population and behaviour. Define lighting objectives
lighting objectives. in terms of wildlife.

Step 3: Risk assessment

Using project light information, wildlife biological and ecological information, and proposed mitigation
measures and light management, assess the risk of impact of artificial light on wildlife.

Step 4: Artificial light management plan

Document information collated through steps 1-3. Describe lighting management and mitigation.
Develop and describe compliance and auditing scope, and schedule and triggers for revisiting Step 3.

Step 5: Biological and artificial light monitoring and auditing

Monitor wildlife behaviour and audit onsite light to ensure compliance with the artificial
light management plan (Step 4).

Step 1: Describe the project lighting

Describe the existing light environment and characterise the light likely to be emitted from the
site. Information should be collated, including the location and size of the project footprint; the
number and type of lights; their height, orientation and hours of operation; site topography; and
proximity to wildlife and/or wildlife habitat. This information should include whether lighting
will be directly visible to wildlife or contribute to skyglow; the distance over which this artificial
light is likely to be perceptible; shielding or light controls used to minimise lighting; and spectral
characteristics (wavelength) and intensity of lights.

Project-specific lighting should be considered in the context of the existing light environment
and the potential for cumulative effects of multiple light sources. The information collected
should be sufficient to assess the likely effects of artificial light on wildlife given the biology and
ecology of species present (Step 2: Describe wildlife).

Where there will be a need to monitor the effectiveness of artificial light mitigation and
management strategies (Step 5: Biological and light monitoring and auditing), baseline
monitoring will be necessary. Measurements of the existing light environment should recognise
and account for the biologically relevant short (violet/blue) and long (orange/red) wavelengths
of artificial lighting (see Appendix C - Measuring biologically relevant light).

Lighting objectives

During the planning phase of a project, the purpose of artificial lighting should be clearly
articulated, and consideration should be given as to whether artificial light is required at all.
Lighting objectives should be specific in terms of location and times at which artificial light is
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necessary, whether colour differentiation is required and whether some areas should remain
dark. The objectives should include the wildlife requirements identified in Step 2: Describe
wildlife and be consistent with How to use these guidelines.

For more information about developing lighting objectives, see Appendix A - Best practice
lighting design.

Step 2: Describe wildlife

Describe the biology and ecology of wildlife in the area that may be affected by artificial light
(species identified during the screening process - see Figure 3). The abundance, conservation
status and regional significance of wildlife will be described, as will the location of important
habitat. Recognise biological and ecological parameters relevant to the assessment, particularly
how artificial light will be viewed by an animal. This includes an animal’s physiological
sensitivity to wavelength and intensity, and its visual field.

Depending on the availability of information, the scale of the activity and the susceptibility of
wildlife to artificial light, this step may only require a desktop analysis. Where there is a paucity
of information or the potential for effects is high, field surveys may be necessary. Where there
will be a need to monitor the effectiveness of lighting mitigation and management strategies
(Step 5: Biological and light monitoring and auditing), baseline monitoring will be necessary.

Desktop study of wildlife
A review of the available government databases, scientific literature and unpublished reports

should be conducted to determine whether listed or protected wildlife that are susceptible to the
effects of artificial light could be present. Tools to identify species or important habitat that may
occur within 20 km of the area of interest include:

the department’s Protected Matters Search Tool

e the department’s National Conservation Values Atlas
e state and territory protected species information

e  scientific literature

e local and Indigenous knowledge.

To assess the risks to a species, an understanding of the animal’s susceptibility to the effects of
light should be evaluated, as well as the potential for artificial light to affect the local population.

The species conservation status should be identified. Relevant population demographic and
behavioural characteristics that should be considered include population size, life stages
present, and normal behaviour in the absence of artificial light. This step should also identify
biological and ecological characteristics of the species that will be relevant to the assessment.
This may include understanding the seasonality of wildlife using the area; the behaviour (that is,
reproduction, foraging, resting) of wildlife; migratory pathways; and life stages most susceptible
to artificial light. Consideration should also be given to how artificial light may affect food
sources, availability of habitat, competitors or predators.

Field surveys for wildlife
Where there are insufficient data to understand the actual or potential importance of a
population or habitat, it may be necessary to conduct field surveys. The zone of influence for
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artificial lighting will be case and species-specific. Surveys should describe habitat, species
abundance and density on a local and a regional scale at a biologically relevant time of year.

Baseline monitoring

Where it is considered likely that artificial lighting will impact wildlife, it may be necessary to
undertake baseline monitoring to inform mitigation and light management (Step 5: Biological
and light monitoring and auditing).

Field survey techniques and baseline monitoring needs will be species-specific. Detailed
parameters and approaches are described Appendix F — Marine turtles, Appendix G - Seabirds,
Appendix H - Migratory shorebirds, Appendix I - Bats, Appendix ] - Terrestrial Mammals and
Appendix K - Ecological Communities. Guidance from species experts should be sought for other
species.

Step 3: Risk assessment

Using information collated in steps Step 1: Describe the project lighting and Step 2: Describe
wildlife, the level of risk to wildlife should be assessed. Risk assessments should be undertaken
on a case-by-case basis, as they will be specific to the wildlife involved, the lighting objectives
and design, and the prevailing environmental conditions. Assessments should be undertaken in
accordance with Australian Standard AS ISO 31000:2018 Risk Management - Guidelines (or
superseding equivalent), which provides principles for adaptive management and continuous
improvement. The scale of the assessment is expected to be commensurate with the scale of the
activity and the vulnerability of the wildlife present.

In general, the assessment should consider how important the habitat is to the species (for
example, whether it is the only place where the species is found), the biology and ecology of
wildlife, the amount and type of artificial light at each phase of development (for example,
construction or operation) and whether the lighting scenario is likely to cause an adverse
response. The assessment should consider the artificial light impact mitigation and management
that will be implemented. It should also consider factors likely to affect an animal’s perception of
light; the distance to the lighting source; and whether light will be directly visible or viewed as
skyglow. The process should assess whether wildlife will be disrupted or displaced from
important habitat, and whether wildlife will be able to undertake critical behaviours such as
foraging, reproduction and dispersal.

Where a likely risk is identified, either the project design should be modified, or further
mitigation should be put in place to reduce the risk.

If the residual risk is likely to be significant, consideration should be given to whether the
project should be referred for assessment under the EPBC Act and/or relevant state or territory
legislation.

Step 4: Artificial light management plan

The management plan will document the EIA process. The plan should include all relevant
information obtained in steps Step 1: Describe the project lighting to Step 3: Risk assessment. It
should describe the lighting objectives; the existing light environment; susceptible wildlife
present, including relevant biological characteristics and behaviour; and proposed mitigation.
The plan should clearly document the risk assessment process, including the consequences that
were considered, the likelihood of occurrence, and any assumptions that underpin the
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assessment. Where the risk assessment deems it unlikely that the proposed artificial light will
affect wildlife and an artificial light management plan is not required, the information and
assumptions underpinning these decisions should be documented.

Where an artificial light management plan is deemed necessary, it should document the scope of
monitoring and auditing to test the efficacy of proposed mitigation and triggers to revisit the risk
assessment. This should include a clear adaptive management framework to support continuous
improvement in light management, including a hierarchy of contingency management options if
biological and light monitoring or compliance audits indicate that mitigation is not meeting the
objectives of the plan.

The detail and extent of the plan should be proportional to the scale of the development and
potential impacts to wildlife.

Toolboxes of options are provided in Appendix F - Marine turtles, Appendix G - Seabirds,
Appendix H - Migratory shorebirds, Appendix I - Bats, Appendix | - Terrestrial Mammals and
Appendix K - Ecological Communities. Guidance from species experts should be sought for other
species.

Step 5: Biological and light monitoring and auditing

The success of the impact mitigation and artificial light management should be confirmed
through monitoring and compliance auditing. Light audits should be regularly undertaken, and
biological and behavioural monitoring should be undertaken on a timescale relevant to the
species present. Observations of wildlife interactions should be documented, accompanied by
relevant information such as weather conditions and moon phase. Consideration should be
given to monitoring control sites. Monitoring should be undertaken both before and after
changes to artificial lighting are made at both the affected site and the control sites. The results
of monitoring and auditing are critical to an adaptive management approach, with the results
used to identify where improvements in lighting management may be necessary. Audits should
be undertaken by appropriately qualified personnel.

Baseline, construction and post-construction artificial light monitoring, wildlife biological
monitoring and auditing are detailed in Appendix C - Measuring biologically relevant light,
Appendix D - Artificial light auditing and the technical appendices: Appendix F - Marine turtles,
Appendix G - Seabirds, Appendix H - Migratory shorebirds, Appendix I - Bats, Appendix | -
Terrestrial Mammals and Appendix K - Ecological Communities.

Step 6: Review

Once light audits and biological monitoring have been completed, a review of whether the
lighting objectives have been met should be conducted. The review should incorporate any
changing circumstances and make recommendations for continual improvement. The
recommendations should be incorporated through upgraded mitigations, changes to
procedures, and renewal of the light management plan.

Case studies

Unlike many forms of pollution, artificial light can be removed from the environment. The
following case studies show it is possible to balance the requirements of both human safety and
wildlife conservation.

Department of Climate Change, Energy, the Environment and Water
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Gorgon LNG plant on Barrow Island, Western Australia

The Chevron Australia Gorgon Project is one of the world’s largest natural gas projects. The LNG
processing facility is on Barrow Island, a Western Australian Class A nature reserve off the
Pilbara Coast known for its diversity of fauna, including important nesting habitat for Flatback
Turtles (Moro et al. 2018).

The LNG plant was built adjacent to important turtle nesting beaches. The effect of light on the
turtles and emerging hatchlings was considered from early in the design phase of the project,
and species-specific mitigation was incorporated into project planning (Moro et al. 2018). Light
management is implemented, monitored and audited through a light management plan, and
turtle population demographics and behaviour through the Gorgon Gas Development and Jansz
Feed Gas Pipeline Long-term Marine Turtle Management Plan (Chevron Australia 2018).

Lighting is required to reduce safety risks to personnel and to maintain a safe place of work
under workplace health and safety requirements. The lighting objectives considered these
requirements while also aiming to minimise light glow and eliminate direct light spill on nesting
beaches. This includes directional or shielded lighting, the mounting of light fittings as low as
practicable, louvered lighting on low-level bollards, automatic timers or photovoltaic switches,
and black-out blinds on windows. Accommodation buildings were oriented so that a minimal
number of windows faced the beaches, and parking areas were located to reduce vehicle
headlight spill onto the dunes.

Lighting management along the LNG jetty and causeway adopted many of the design features
used for the plant and accommodation areas. LNG loading activity is supported by a fleet of tugs
that were custom built to minimise external light spill. LNG vessels are requested to minimise
non-essential lighting while moored at the loading jetty.

Figure 6 LNG plant on Barrow Island

Photo: Chevron Australia.

To reduce skyglow, the flare for the LNG plant was designed as a ground box flare, rather than
the more conventional stack flare. A louvered shielding wall further reduced the effects of the
flare.

Lighting reviews are conducted prior to the nesting season to allow time to implement
corrective actions if needed. Workforce awareness is conducted at the start of each turtle
breeding season to further engage the workforce in the effort to reduce light wherever possible.
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The Long-term Marine Turtle Management Plan (Chevron Australia 2018) provides for ongoing
risk assessment of the impact of artificial light on the Flatback turtles nesting on beaches
adjacent to the LNG plant, including mitigation measures to minimise the risk from light to
turtles. The plan also provides for an ongoing turtle research and monitoring program.

Phillip Island

Victoria’s Phillip Island is home to one of the world’s largest colonies of listed migratory Short-
tailed Shearwaters (Ardenna tenuirostris). It supports more than 6% of the global population of
this species (Rodriguez et al. 2014). Shearwaters nest in burrows and are nocturnally active at
their breeding colonies. Fledglings leave their nests at night. When exposed to artificial light,
fledglings can be disoriented and grounded. Some fledglings may reach the ocean but then be
attracted back toward coastal lighting. Fledglings are also vulnerable to collision with
infrastructure when disoriented, and once grounded they become vulnerable to predation or
roadkill (Rodriguez et al. 2017a) (Figure 7).

Phillip Island also attracts over a million visitors a year during peak holiday seasons to visit the
Little Penguin (Eudyptula minor) ecotourism centre, the Penguin Parade®. Most visitors drive
from Melbourne across a bridge to access the island. The increase in road traffic at sunset during
the Easter break coincides with the maiden flight of fledgling shearwaters from their burrows
(Rodriguez et al. 2014).

In response to the deaths of fledglings, Phillip Island Nature Parks has an annual shearwater
rescue program to remove and safely release grounded birds (Rodriguez et al. 2014). In
collaboration with SP Ausnet and Regional Roads Victoria, road lights on the bridge to the island
are turned off during the fledgling period (Rodriguez et al. 2017b). To address human safety
concerns, speed limits are reduced and warning signals put in place during fledgling season
(Rodriguez et al. 2017b; Rodriguez, Dann & Chiaradia 2017). The reduced road lighting and
associated traffic controls and warning signals, combined with a strong rescue program, have
reduced the mortality rate of shearwaters (Rodriguez et al. 2014).

Figure 7 Short-tailed Shearwater (Ardenna tenuirostris) fledgling grounded by artificial
light, Phillip Island

Photo: Airam Rodriguez.

Raine Island research vessel light controls

The Queensland Marine Parks primary vessel Reef Ranger is a 24 m catamaran jointly funded by
the Great Barrier Reef Marine Park Authority and the Queensland Parks and Wildlife Service
under the Field Management Program (FMP). The Reef Ranger is often anchored at offshore
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islands that are known marine turtle nesting sites and is regularly at Raine Island, one of the
world’s largest Green Turtle nesting sites (Limpus et al. 2003) and a significant seabird rookery.

Vessels often emit a lot of artificial light when at anchor. The FMP took measures to minimise
direct lighting spillage from the Reef Ranger. It implemented a lights-off policy around turtle
nesting beaches, where the use of outdoor vessel lights was limited except for safety reasons.

The original fit-out of the vessel did not include internal block-out blinds (Figure 8). These were
installed before the 2018-19 Queensland turtle nesting season. The blinds stop light being
emitted from inside the vessel, thereby limiting light spill around the vessel (Figure 8). This can
make an important difference at remote (naturally dark) sites such as Raine Island.

Anecdotal evidence suggests that hatchlings previously attracted to, and captured in, light pools
around the vessel are no longer drawn to the Reef Ranger.

Figure 8 Vessel lighting management at Raine Island

A: Vessel with decking lights, venetian blinds down and anchor light on. B: Vessel with outside lights off and block-out blinds
installed (note that the white anchor light is a maritime safety requirement).
Photo: Queensland Parks and Wildlife Service.
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Appendix A — Best practice lighting
design

Natural darkness has conservation value in the same way as clean water, air and soil and should be
protected through good-quality lighting design.

The following simple management principles can be used to reduce light pollution:
1) Start with natural darkness and only add light for specific purposes.
2) Use adaptive light controls to manage light timing, intensity and colour.

3) Light only the object or area intended - keep lights close to the ground, directed, and shielded to avoid
light spill.

4) Use the lowest intensity lighting appropriate for the task.
5) Use non-reflective, dark-coloured surfaces.

6) Use lights with reduced or filtered blue, violet and ultraviolet wavelengths.

The application of best practice lighting design for all outdoor lighting is intended to reduce
skyglow and minimise the effects of artificial light on wildlife.

Lighting objectives
At the outset of a lighting design process, the purpose of artificial lighting should be clearly
stated, and consideration should be given as to whether it is required at all.

Exterior lighting for public, commercial or industrial applications is typically designed to
provide a safe working environment. [t may also be required to provide for human amenity or
commerce. Conversely, areas of darkness, seasonal management of artificial light, or minimised
skyglow may be necessary for wildlife protection, astronomy or dark-sky tourism.

Lighting objectives will need to consider the regulatory requirements and Australian standards
relevant to the activity, location and wildlife present.

Objectives should be described in terms of specific locations and times at which artificial light is
necessary. Consideration should be given to whether colour differentiation is required and
whether some areas should remain dark - either to contrast with lit areas or to avoid light spill.
Where relevant, wildlife requirements should form part of the lighting objectives.

A lighting installation will be deemed a success if it meets the lighting objectives (including
wildlife needs) and areas of interest can be seen by humans clearly, easily, safely and without
discomfort.

The following are general principles for lighting that will benefit the environment and local
wildlife and reduce energy costs.
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Principles of best practice lighting design
Good lighting design incorporates the following design principles. They are applicable
everywhere, especially in the vicinity of wildlife.

1. Start with natural darkness

The starting point for all lighting designs should be natural darkness (Figure 9). Artificial light
should only be added for specific and defined purposes, and only in the required location and for
the specified duration of human use. Designers should consider an upper limit on the amount of
artificial light and only install the amount needed to meet the lighting objectives.

Figure 9 Start with natural darkness

In a regional planning context, consideration should be given to designating ‘dark places’ where
activities that involve outdoor artificial light are prohibited under local planning schemes.

2. Use adaptive controls

Recent advances in smart control technology provide a range of options for better controlled
and targeted artificial light management (Figure 10). For example, traditional industrial lighting
should remain illuminated all night because high-pressure sodium, metal halide and fluorescent
lights have long warm-up and cool-down periods. This could jeopardise operator safety in the
event of an emergency. With smart-controlled LED lights, plant lighting can be switched on and
off instantly and activated only when needed - for example, when an operator is physically
present at the site.
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Figure 10 Use adaptive controls to manage light timing, intensity and colour
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Smart controls and LED technology allow for:

e remotely managing lights (computer controls)

e instantly switching lights on and off

e controlling light colour (emerging technology)

e dimming, timers, flashing rate, motion sensors and well-defined directivity of light.

Adaptive controls should maximise the use of the latest lighting technology to minimise
unnecessary light output and energy consumption.

3. Light only the intended object or area — keep lights close to the ground,
directed and shielded

Light spill is light that falls outside the area intended to be lit. Light that spills above the
horizontal plane contributes directly to artificial skyglow, while light that spills into adjacent
areas on the ground (also known as light trespass) can be disruptive to wildlife in adjacent
areas. All light fittings should be located, directed and shielded to avoid lighting anything but the
target object or area (Figure 11). Existing lights can be modified by installing a shield.

Figure 11 Lights should be shielded to avoid lighting beyond the target area or object

Unshielded Partially shielded Fully shielded

Figure adapted from Witherington and Martin (2003).
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Lower height lighting that is directional and shielded can be extremely effective. Light fixtures
should be located as close to the ground as possible and shielded to reduce skyglow (Figure 12).

Figure 12 Walkway lighting should be mounted as low as possible and shielded

Figure adapted from Witherington and Martin (2003).

Artificial light can be prevented from shining above the horizontal plane by ensuring the
luminaire is mounted horizontally relative to the ground and not at an angle, or mounted on a
building so that the structure prevents the light shining above the horizontal plane - for
example, recessing a light into an overhanging roof eave. When determining the angle of
mounting, consideration should be given to the reflective properties of the receiving
environment.

If an unshielded fitting is to be used, consideration should be given to the direction of the light
and the need for some form of permanent physical opaque barrier that will provide the shielding
requirement. This can be a cover or part of a building (Figure 13). Care should be taken to also
shield light-coloured adjacent surfaces, to prevent excessive reflected light from adding to
skyglow.
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Figure 13 Lighting should be directed to ensure only the intended area is lit

Figure adapted from Witherington and Martin (2003).

Consideration should also be given to blocking light spill from internal light sources. This should
include block-out blinds or shutters for transparent portions of a building, including skylights,
and use of glass in windows and balconies with reduced visible light transmittance values.

4. Use appropriate lighting

Lighting intensity should be appropriate for the activity. Starting from a base of no lights, use
only the minimum number and intensity of lights needed to provide safe and secure illumination
for the area at the time required to meet the lighting objectives. The minimum amount of light
needed to illuminate an object or area should be assessed during the early design stages and
only that amount of light installed. For example, Figure 14 provides options from best to worst
for lighting a parking area.

Department of Climate Change, Energy, the Environment and Water

23



National Light Pollution Guidelines for Wildlife

Figure 14 Lighting options for a parking area

Unacceptable

Acceptable Best
Figure adapted from Witherington and Martin (2003).

Off-the-shelf lighting design models

Computer design engineering packages that do not include wildlife needs and only recommend a
standard lighting design for general application should be avoided or, if used, modified to suit
the specific project objectives, location and risk factors.

Consider the intensity of light produced rather than the energy required to make it

Improvements in technology mean that new bulb types produce significantly greater amounts of
light per unit of energy. For example, LED lights produce between 2 and 5 times the amount of
light produced by incandescent bulbs. The amount of light produced (lumen), rather than the
amount of energy used (watt) is the most important consideration in ensuring that an area is not
over lit.

Consider re-evaluating security systems and using motion sensor lighting
Technological advances mean that techniques such as computer-managed infrared tracking of

intruders in security zones is likely to result in better detection rates than a human observer
monitoring an illuminated zone.

Use low-glare lighting
High-quality, low-glare lighting should always be a strong consideration regardless of how the

project is to be designed. Low-glare lighting enhances visibility for the user at night, reduces eye
fatigue, improves night vision and delivers light where it is needed.

5. Use non-reflective, dark-coloured surfaces

Light reflected from highly polished, shiny or light-coloured surfaces such as white painted
infrastructure, polished marble or white sand can contribute to skyglow. For example,
alternatives to painting storage tanks with white paint to reduce internal heating should be
explored during front-end engineering design. In considering surface reflectance, the need to
view the surface should be taken into consideration, as darker surfaces will require more light to
be visible. The colour of paint or material selected should be included in the artificial light
management plan.
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Figure 15 Use non-reflective dark-coloured surfaces
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6. Use lights with reduced or filtered-out blue, violet and ultraviolet
wavelengths

Short-wavelength light (blue) scatters more readily in the atmosphere and therefore contributes
more to skyglow than longer wavelength light. Further, most wildlife are sensitive to short-
wavelength (blue/violet) light (for detailed discussion see Appendix B - What is light and how
does wildlife perceive it?). Generally, only lights with little or no short wavelength (400 nm to
500 nm) violet or blue light should be used, to avoid unintended effects. Where wildlife are
sensitive to longer wavelength light (for example, some bird species), consideration should be
given to wavelength selection on a case-by-case basis.

When determining the appropriate wavelength of light to be used, all lighting objectives should
be considered. If good colour rendition is required for human use, then other mitigation
measures such as tight control of light spill, use of head torches, or timers or motion sensors to
control lights should be implemented.

[t is not possible to tell how much blue light is emitted from an artificial light source by the
colour of light it produces (see Light-emitting diodes in Appendix B). LEDs of all colours,
particularly white, can emit a large amount of blue light, and the correlated colour temperature
(CCT) only provides a proxy for the blue light content of a light source. Consideration should be
given to the spectral characteristics (spectral power distribution curve) of the lighting to ensure
short-wavelength (400 nm to 500 nm) light is minimised.
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Appendix B — What is light and how
does wildlife perceive it?

A basic understanding of how light is defined, described and measured is critical to designing the best
artificial light management for the protection of wildlife.

Humans and animals perceive light differently. However, defining and measuring light has traditionally
focused exclusively on human vision. Commerecial light monitoring equipment is calibrated to the
sensitivity of the human eye and has poor sensitivity to the short-wavelength light that is most visible to
wildlife. Impacts of artificial light on wildlife vary by species and should be considered on a case-by-case
basis. These issues should be considered when describing, monitoring and designing lighting near
important wildlife habitat.

What is light?

Light is a form of energy and is a subset of the electromagnetic spectrum that includes visible
light, microwaves, radio waves and gamma rays (Figure 16). For humans, visible light ranges
from 380 nm to 780 nm - between the violet and red regions of the electromagnetic spectrum.
For animals, visible light ranges from 300 nm to greater than 700 nm, depending on the species.
White light is a mixture of all wavelengths of light, ranging from short-wavelength blue to long-
wavelength red light.

The perception of different wavelengths as ‘colour’ is subjective and is described and
characterised by how the human eye perceives light: red (700 nm), orange (630 nm), yellow
(600 nm), green (550 nm), blue (470 nm), indigo (425 nm) and violet (400 nm) (Figure 16).
Generally, this is not how animals see light (Figure 2).

Figure 16 The electromagnetic spectrum
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The ‘visible light spectrum’ occurs between 380 nm and 780 nm and is the part of the spectrum that the human eye can

see. Credit: Mihail Pernichev (Iristech 2018).
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Artificial light

Artificial light at night has many positive attributes. It can enhance human safety and provide for
longer periods of work or recreation. However, it can also have a negative effect. For example, it
can cause:

e physiological damage to retinal cells in human and animal eyes (Algvere, Marshall &
Seregard 2006)

e disruption of the circadian cycles in vegetation, animals and humans (Russart & Nelson
2018a; Bennie et al. 2016; West et al. 2010)

e changes in animal orientation, feeding or migratory behaviour (Warrant et al. 2016;
Pendoley & Kamrowski 2015a; Bird, Branch & Miller 2004; Salmon 2006).

e The biological mechanisms that cause these effects vary. It is necessary to understand some
basic light theory and language to assess and manage the effect of light on wildlife. Some
basic principles are briefly described in this section.

Vision in animals

Vision is a critical cue for animals to orient themselves in their environment, find food, avoid
predation and communicate (Rich & Longcore 2006). Humans and wildlife perceive light
differently. Some animals do not see long-wavelength red light at all, while others see light
beyond the blue-violet end of the spectrum and into the ultraviolet (Figure 17).

Both humans and animals detect light using photoreceptor cells in the eye called cones and rods.
Colour differentiation occurs under bright light conditions (daylight). This is because bright light
activates the cones, and it is the cones that allow the eye to see colour. This is known as photopic
vision.

Under low-light conditions (dark-adapted vision), light is detected by cells in the eye called rods.
Rods only perceive light in shades of grey (no colour). This is known as scotopic vision. It is
more sensitive to shorter wavelengths of light (blue/violet) than photopic vision.

Variations in the number and types of cells in the retina means animals and humans do not
perceive the same range of colours. In animals, being ‘sensitive’ to light within a specific range of
wavelengths means they can perceive light at that wavelength, and it is likely they will respond
to that light source.
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Figure 17 Comparative light perception among different species groups

s,

) B S

NANOMETER

100 | 280 315 | 400 700

WC UB UVA R

Ability to perceive different wavelengths of light in humans and wildlife is shown by horizontal lines. Black dots represent
reported peak sensitivity. Note the common sensitivity to short-wavelength light across all wildlife. Figure adapted from
Campos (2017).

Sensitivity to blue light

Sensitivity to high-energy, short-wavelength UV /violet/blue light is common in wildlife (Figure
17). This light is strongly detected under scotopic (dark-adapted) vision, particularly in
nocturnal species. Short-wavelength light at the blue end of the spectrum has higher energy than
longer wavelength light at the red end of the spectrum. This is important to understanding the
damaging physical impact that the short-wavelength, high-energy UV /blue light has on
photoreceptor cells in the human eye (Tosini, Ferguson & Tsubota 2016). Although the effect on
wildlife has not been well described, it is not unreasonable to expect that at high intensities blue
light has the potential to damage photoreceptors in wildlife.

In addition to the potential for physical damage to the eye from exposure to blue light (400 nm
to 490 nm), there is mounting evidence that exposure to these wavelengths at night may affect
human and wildlife physiological functions. This is because of a third type of photoreceptor cell
that has recently been identified in the retina of the mammalian eye - the photosensitive retinal
ganglion cells (pRGCs). The pRGCs are not involved in image-forming vision (this occurs in the
rods and cones), but instead are involved in the regulation of melatonin and in synchronising
circadian rhythms to the 24-hour light/dark cycle in animals (Ecker et al. 2010). These cells are
particularly sensitive to blue light (Berson 2007). Melatonin is a hormone found in plants,
animals and microbes. Changes in melatonin production can affect daily behaviours such as
waking time (de Jong et al. 2015), foraging behaviour and food intake (Angers et al. 2003); and
seasonal cues such as the timing of reproduction in animals, causing offspring to be born during
non-optimal environmental conditions (Robert et al. 2015).
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Factors affecting perception of light

Factors affecting how wildlife perceive light include the type of cells being employed to detect
light (photopic versus scotopic vision), whether the light is viewed directly from the source or as
reflected light, how the light interacts with the environment, and the distance from the light
source. These influences are discussed below.

Perspective

Understanding an animal’s perception of light will include consideration of the animal’s visual
field. For instance, when flying, birds will generally be looking down on artificial light sources,
whereas turtles on a nesting beach will be looking up. Further, some birds’ field of view will
stretch around to almost behind their head.

Bright versus dim light

Understanding photopic and scotopic vision is important when selecting the colour
(wavelength) and intensity of a light. In animals scotopic (dark adapted) vision allows for the
detection of light at very low intensities (Figure 18). This dark adaptation may explain why
nocturnal wildlife are extremely sensitive to white and blue light even at low intensities.

Figure 18 Scotopic and photopic luminosity functions in humans
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Data source: Colour & Vision Research Laboratory (CVRL) database, Luminosity functions.

Direct versus reflected

Understanding the difference between light direct from the source (luminance) and how much
incident light illuminates a surface (illuminance) is important when selecting methods for
measuring and monitoring light. Equipment used to measure illuminance and luminance is not
interchangeable and will lead to erroneous conclusions if used incorrectly.

Luminance describes the light that is emitted, passing through or reflected from a surface that is
detected by the human eye. The total amount of light emitted from a light is called luminous flux
and represents the light emitted in all directions (Figure 19). Luminance is quantified using a
spectroradiometer or luminance meter.

[lluminance measures how much of the incident light (or luminous intensity) illuminates a

surface. [lluminance is quantified using an illuminance spectrophotometer or lux meter.
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The total amount of light emitted by a bulb is measured in lumens and is different to watts,
which are a measure of the amount of power consumed by the bulb. Lumens, not watts, provide
information about the brightness of a bulb.

Figure 19 Luminous flux, luminance and illuminance
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Visibility of light in the environment

The physical properties of light include reflection, refraction, dispersion, diffraction and
scattering. These properties are affected by the atmosphere through which light travels. Short-
wavelength violet and blue light scatters in the atmosphere more than longer wavelength light
such as green and red, due to an effect known as Rayleigh scattering (Benenson et al. 2006).

Scattering of light by dust, salt and other atmospheric aerosols increases the visibility of light as
skyglow, while the presence of clouds reflecting light back to earth can substantially illuminate

the landscape (Kyba et al. 2011). Hence the degree of overhead skyglow is a function of aerosol

concentration and cloud height and thickness.

Direct light versus skyglow
Light may appear as either a direct light source from an unshielded lamp with direct line of sight

to the observer, or as skyglow (Figure 20). Skyglow is the diffuse glow caused by source light
that is screened from view but creates a glow in the atmosphere through reflection and
refraction. Skyglow is affected by cloud cover and other particles in the air. Blue light scatters
more in the atmosphere compared with yellow-orange light. Clouds reflect light well, adding to
skyglow.

Department of Climate Change, Energy, the Environment and Water

30



National Light Pollution Guidelines for Wildlife

Figure 20 Skyglow created by lights shielded by a vegetation screen, and point sources of
light directly visible

Circled left: lights shielded by vegetation screen. Circled right: point sources of light directly visible

Distance from light source
The physical properties of light follow the inverse square law, which means that the visibility of

the light, as a function of its intensity and spatial extent, decreases with distance from the source
(Figure 21). This is an important factor to consider when modelling light or assessing the impact
of light across different spatial scales, for example across landscape scales compared to within
development footprints.

Figure 21 Modelled changes in the visibility of an unshielded 1,000 W white LED viewed
from 10 m, 100 m, 1 km and 3 km

.
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A.10 m; B. 100 m; C. 1 km; D. 3 km.
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Measurement of light

Light has traditionally been measured photometrically or using measurements that are
weighted to the sensitivity of the human eye (peak 555 nm). Photometric light is represented by
the area under the Commission Internationale de I'Eclairage (CIE) curve, but this does not
capture all light visible to wildlife (Figure 22).

Figure 22 Comparative light perception among different species groups
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Photometric light is represented by the area under the CIE curve (white area) compared with ability to perceive different
wavelengths (black lines) and reported peak sensitivity (black dots) in humans and wildlife. Note that the area under the CIE
curve does not include much of the violet and ultraviolet light visible to many animals. Figure adapted from Campos (2017).

Light can also be measured radiometrically. Radiometric measurements detect and quantify all
wavelengths from ultraviolet (UV) to infrared (IR). The total energy at every wavelength is
measured. This is a biologically relevant measure for understanding wildlife perception of light.
Terms such as radiant flux, radiant intensity, irradiance and radiance all refer to the
measurement of light across all wavelengths of the electromagnetic spectrum.

Understanding the difference between photometry (weighted to the sensitivity of the human
eye) and radiometry (measures all wavelengths) is important when measuring light, since many
animals are highly sensitive to light in the blue and the red regions of the spectrum and, unlike
photometry, the study of radiometry includes these wavelengths.

Photometric measures (such as illuminance and luminance) can be used to discuss the potential
impact of artificial light on wildlife, but their limitations should be acknowledged and
considered, as these measures may not correctly weight the blue and red wavelengths to which
animals can be sensitive.
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Spectral curve

White light is made up of wavelengths of light from across the visible spectrum. A spectral
power curve (Figure 23) provides a representation of the relative presence of each wavelength
emitted from a light source. A lighting design should include spectral power distribution curves
for all planned lighting types, as this will provide information about the relative amount of light
emitted at the wavelengths to which wildlife are most susceptible.

Figure 23 Spectral curves showing the blue content of white 2,700 K and 5,000 K LED lights
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Note the difference in relative power output in the blue (400 nm to 500 nm) wavelength range. Figure courtesy of lan
Ashdown.

Light-emitting diodes (LEDs)

Light-emitting diodes are rapidly becoming the most common light type globally, as they are
more energy efficient than previous lighting technology. They can be smart controlled, are highly
adaptable in terms of wavelength and intensity, and can be instantly turned on and off.

Characteristics of LED lights that are not found in older types of lamps but should be considered
when assessing the impacts of LEDs on wildlife include:

e  With few exceptions, all LED lights contain blue wavelengths (Figure 23 and Figure 24).

e The wattage of an LED is a measure of the electrical energy needed to produce light and is
not a measure of the amount or intensity of light that will be produced by the lamp.

e  The output of light produced by all lamps, including LEDs, is measured in lumens (Im).

e LED lamps require less energy to produce the equivalent amount of light output. For
example, 600 Im output of light requires 40 watts (W) of energy for an incandescent light
bulb and only 10 W of energy for an LED lamp. Another way to look at this is thata 100 W
incandescent bulb will produce the same amount of light as a 20 W LED. Consequently, it is
important to not replace an old-style lamp with the equivalent wattage LED.

e Different LED lights with the same correlated colour temperature (CCT) can have very
different blue content (Figure 24) yet can appear to the human eye to be a similar colour. As
the colour temperature of a white LED increases, so can the blue content (Figure 23). Little
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or none of this increase in blue-wavelength light is measured by photometric equipment
(that is, lux meter, luminance, illuminance meter, sky quality meter - see Appendix C -
Measuring biologically relevant light).

e LED technology allows for tuneable red-green-blue (RGB) colour management. This has the
potential to enable species-specific management of problematic wavelengths (for example,
blue for most wildlife, but also yellow/orange).

Figure 24 Comparison of the blue-wavelength spectral content of 2 LED lights with the
same CCT (3,500k)

A.White LED 3500 K B. Red-green-blue LED 3500 K
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

The blue band shows the blue region of the visible spectrum (400 nm to 500 nm). The light in A has much more blue light
content than the light in B, yet the 2 appear to the human eye as the same colour. For animals with different sensitivities to
light wavelength than those of humans, they may appear very different. Figure courtesy of lan Ashdown.

Correlated colour temperature

CCT describes the colour appearance of a white LED. It is expressed in degrees Kelvin, using the
symbol K, which is a unit of measure of absolute temperature. Practically, colour temperature is
used to describe light colour and perceived ‘warmth’; lamps that have a warm yellowish colour
have a low CCT, between 1,000 K and 3,000 K, while lamps with a cool bluish colour have a CCT
over 5,000 K (Figure 25).

CCT does not provide information about the blue content of a lamp. All LEDs contain blue light
(Figure 23), and the blue content generally increases with increased CCT. The only way to
determine whether the spectral content of a light source is appropriate for use near sensitive
wildlife is to consider the spectral curve. For wildlife that are sensitive to blue light, an LED with
low amounts of short-wavelength light should be chosen, whereas for animals sensitive to
yellow light (Reed 1986), LEDs with little or no light at peak sensitivity should be used
(Longcore et al. 2018).
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Figure 25 Correlated colour temperature (CCT) range from warm (1,000 K) to cool
(10,000 K)
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Appendix C — Measuring biologically
relevant light

Animals and humans perceive light differently. Commercial light monitoring instruments currently focus
on measuring the region of the spectrum most visible to humans. It is important to recognise and account
for this fact when monitoring light for wildlife impact assessment purposes.

Commercial light modelling programs also focus on light most visible to humans, and this should also be
recognised and accounted for in the impact assessment of artificial light on wildlife.

Information critical to monitoring the effects of artificial light on wildlife includes:
e spatial extent of skyglow

e Dbearings and intensity of light sources along the horizon

e visibility of light (direct and skyglow) from wildlife habitats

e spectral distribution of light sources.

Describing the light environment

When describing the light environment, consideration should be given to how wildlife is likely to
perceive artificial light. Light measurements should be obtained from within important habitat
and taken from a biologically relevant perspective (for example, close to the ground, from the
sky or under water). Consideration should also be given to elevation from the horizon, the
spatial extent of skyglow and the wavelength distribution (spectrum) of light present.

[t is important that light measurements are taken at appropriate times. This may include
biologically relevant times (for example, when wildlife is using the area). Baseline
measurements should be taken when the moon is not in the sky, when the sky is clear of clouds
and in the absence of temporary lighting (such as road works). Conditions should be replicated
as closely as possible for before and after measurements.

Measuring light for wildlife

Measuring light to assess its effect on wildlife is challenging and an emerging area of research
and development. Most instruments used to measure skyglow are still in the research phase,
with only a few commercial instruments available. Further, the wide range of measurement
systems and units in use globally makes it difficult to choose an appropriate measurement
metric, and often results cannot be compared between techniques due to variations in how the
light is measured. There is currently no globally recognised standard method for monitoring
light for wildlife.

Radiometric versus photometric measurement techniques

Radiometric instruments detect and quantify light equally across the spectrum (see
Measurement of light in Appendix B) and are the most appropriate instruments for monitoring
and measuring light for wildlife management. However, while the techniques to measure
radiometric light are well developed in physics, astronomy and medicine, they are less well
developed in measurement of light in the environment. The instruments currently being
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developed are largely the result of academic and/or commercial research and development, are
expensive, and require specialised technical skills for operation, data analysis, interpretation
and equipment maintenance.

The majority of both commercial and research instruments quantify photometric light, which is
weighted to the sensitivity of the human eye, as per the CIE luminosity function curve described
in Measurement of light in Appendix B. Due to many photometers being modified with filters to
mimic human vision, they do not accurately represent what an animal with high sensitivity to
the blue (400 nm to 500 nm) or the red (650 nm to 700 nm) regions of the spectrum will see
(Figure 22). In these cases, the sensitivity to this additional light must be accounted for when
reporting results.

When using photometric instruments for monitoring light, this insensitivity to the short and
long wavelength regions of the spectrum should be recognised and accounted for in the
assessment of impact. Information on the spectral power distribution of commercial lights is
readily available from manufacturers and suppliers and should be used to inform any artificial
light impact assessment or monitoring program. An example of the spectral power distribution
curves for various light sources is shown in Figure 26, along with an overlay of the CIE curve,
which represents the light that is measured by all commercial photometric instruments.

Figure 26 Spectral power distribution curves for different types of light sources
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Photometric instruments only quantify light that is within the CIE curve (area under the grey dashed line). This is shown in
comparison with the spectral curves of a range of different light sources.

Recognising that light-monitoring instruments suitable for wildlife are in the developmental
stage and that there is a lack of agreed methods and measurement units, monitoring programs
should aim to measure relevant short and long wavelengths if possible. The measurement
methods should be clearly described, including the region of the spectrum measured, and where
measurement is not possible, how the short and long wavelength regions are being accounted
for. Methods to do this might include a visual assessment of the colour of light in the sky from
direct observation or imagery. Orange glow is typically associated with long-wavelength-rich
lights (high-pressure sodium (HPS), low-pressure sodium (LPS), phosphor converted (PC)
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amber LED or amber LED), and white glow is associated with white light sources rich in short-
wavelength blue light (white LED, halogens, fluorescents, metal halide et cetera).

Alternatively photometric instruments can be used under conditions where most light sources
are the same - for example, street lighting or industrial facilities. Monitoring results can be
compared for measurements of the same light types (for example, comparing 2 HPS sources,
spatially or temporally) but, in the context of wildlife monitoring, this approach cannot be used
to compare light from an HPS and an LED, since they have different wavelength distributions.
This limitation must be considered when using photometric instruments to measure cumulative
skyglow, which may include light from multiple sources and light types. Detailed qualitative
spectral information on light types can also be collected to ground truth and confirm light types
contributing to skyglow.

A light monitoring program might therefore include the collection of a range of different
characteristics of light (such as colour, light type, areal extent, spectral power distribution, and
intensity) using various instruments and techniques. These methods and techniques, including
all their limitations and assumptions, should be clearly stated and considered when interpreting
results. See Measurement techniques below for a review of various instrumental techniques for
monitoring light.

When selecting the most appropriate measuring equipment to monitor the biological impacts of
light on wildlife, it is important to decide what part of the sky is being measured: horizon, zenith
(overhead) or whole sky. For example, marine turtles view light on the horizon between 0° and
30° vertically and integrate across 180° horizontally (Lohmann et al. 1997), so it is important to
include measurement of light in this part of the sky when monitoring for the effects on hatchling
orientation during sea-finding. In contrast, juvenile shearwaters on their first flight view light in
3 dimensions (vertically, from below and from above) as they ascend into the sky. Overhead
skyglow (zenith) measurements are important when the observer is trying to avoid glare
contamination by point sources of light low on the horizon. Quantifying the whole of skyglow is
important when measuring the effects of cloud cover, which can reflect light back to illuminate
an entire beach or wetland.

The effect of light on wildlife is a function of the animal’s sensitivity and response to light, and
the cues it uses during orientation, dispersal, foraging, migrating et cetera. Most wildlife appear
to respond to high-intensity short-wavelength light, point sources of light, skyglow and
directional light. Consequently, the information likely to be needed to monitor light for wildlife
includes:

e the brightness of the entire sky from horizon to horizon

e the bearing to, intensity of and spectrum of light (point sources and skyglow) on the
horizon. This will dictate the direction in which wildlife can be disoriented

e the spatial extent of glow near the horizon. A large area of glow on the horizon is likely to be
more visible and disruptive to wildlife than a small area of glow

e the presence or absence of clouds. Clouds reflect light from distant sources very well,
making an inland source highly visible on the coast, for example. Skyglow is a function of
cloud height, albedo and thickness
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e qualitative information on the light visible to wildlife. An image of light pollution visible
from wildlife habitat can show the direction and spatial extent of light in the sky (see Figure
20) and in some cases provide information on the light source type (for example, orange
skyglow will be caused by HPS lights or amber LEDs)

e the emission spectra (colour) of the light. It is particularly important to identify light in the
UV-blue region of the visible spectrum (<500 nm) since this is the light commonly visible
and disruptive to wildlife.

Measurement techniques

Currently there are no generally agreed methods for measuring biologically relevant light for
wildlife or for quantifying skyglow (Barentine 2019). This is because most conventional
methods of measuring light are photometric, quantifying only the light under the CIE curve that
is most relevant to the human perception of light. Further, they do not consider the entire night
sky.

There is a need to develop reasonably priced, repeatable, easily accessible and deployable
methods for monitoring biologically relevant light that captures the whole visual field to which
wildlife may be exposed (generally horizon to horizon) (Barentine 2019). These methods should
be capable of quantifying all wavelengths of light equally (radiometric), including at least 380
nm to 780 nm, or capable of being calibrated over the range of wavelengths of relevance for the
species of interest. Optimal methods will have the sensitivity to detect and measure change at
the low light levels represented by artificial light skyglow and must have the ability to
differentiate between individual point sources of light (on a local scale) and skyglow on a
landscape scale (that is, over tens of kilometres).

[t should be noted that measurements needed to assess the impact of skyglow on wildlife may
need to be different from the measurements required to assess light for human safety.

Recognising that techniques to monitor biologically meaningful light are expected to
continuously develop and improve, this section summarises the state of the science as of 2023 as
an example of current techniques. It is anticipated that novel methods will be developed with
time that will meet the objectives of monitoring biologically meaningful light. Where that occurs,
the methods and techniques, including all the limitations and assumptions, should be clearly
stated for all monitoring programs.

Recent reviews have considered various commercial and experimental instrumental techniques
used around the world for quantifying skyglow (Barentine 2019; Hanel et al. 2018). The reviews
assessed the benefits and limitations of the various techniques and made recommendations for
measuring light pollution. Some of these instruments, and their benefits and limitations, are
discussed in this section and summarised in Table 1.

Light can be measured in different ways, depending on the objective, scale and point of view,
including by:

e remote sensing
e one-dimensional (single channel) instruments

e calibrated all-sky imagery (numerical and imaging)
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e  spectroscopy/spectroradiometry.

Remote sensing

The upward radiance of artificial light at night can be mapped via remote sensing using satellite
or aerial imagery and optical sensors. This information has been used as a socioeconomic
indicator to observe human activity, and increasingly as a tool to consider the impacts of
artificial light on ecosystems (Levin et al. 2020). Examples are:

e the New World Atlas of Artificial Night Sky Brightness

e the interactive world Light Pollution Map application.

Benefits: The images are useful as broad-scale indicators of light pollution and for targeting
biological and light monitoring programs. This technique may be a good starting point to
identify potentially problematic areas for wildlife on a regional scale. Images collected via
drones or aircraft may be useful for consideration of artificial light impacts on bird and bat
migrations.

Limitations: Maps derived from satellite-collected information have limited value in quantifying
light for wildlife. The images are a measure of light after it has passed though the atmosphere
and been subject to scattering and absorption. They do not give an accurate representation of
the light visible to wildlife at ground level. The annual composite images are made from images
collected under different atmospheric conditions and therefore they cannot be used to
confidently quantify light within or between years. The most commonly used instrument (VIIRS
DNB) is not sensitive to blue light, so light in this part of the spectrum is undersampled. As
satellites with more sophisticated sensors are launched, the value of this technique to biological
monitoring is expected to improve.

Application to wildlife monitoring programs: While remote sensing tools may provide a good
starting point for identifying artificial light that is problematic for wildlife on a regional scale,
they are currently not an appropriate approach for measuring light as part of a wildlife
monitoring program, as they do not accurately quantify light as observed from the ground, they
underestimate the blue content of light, and results are not repeatable due to environmental
conditions. Images collected via aircraft or drone may have application for monitoring impacts
on airborne wildlife.

One-dimensional (single channel) instruments

These instruments measure skyglow using a single-channel detector, producing a numerical
value to represent skyglow, typically at the zenith. They are generally portable and easy to use.
They measure skyglow but cannot derive point source information unless they are close enough
so that most of the light detected is emitted from those sources. Examples of single-channel
instruments are as follows.

Sky quality meter (SQM)

This is a small handheld unit that quantifies the light in an area of sky (normally directly
overhead at the zenith). Early models had a field of view of around 135°. The more recent SQM-L
model has a narrower 40° diameter field of view. It measures photometric light in units of
magnitude/arcsec? at relatively low detection limits (that is, it can measure skyglow).
Instrument accuracy is reported at £10%, though a calibration study on a group of SQM
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instruments in 2011 found errors ranging from -16% to +20% (den Outer etal. 2011). Long-
term stability of SQMs has not been established.

Reviewers suggest that the first 3 to 4 measurements from a handheld SQM should be discarded,
then the average of 4 observations should be collected by rotating the SQM 20° after each
observation to obtain a value from 4 different compass directions so that the effects of stray light
can be minimised or identified (Hanel et al. 2018). If the measurements vary by more than

0.2 magnitude/arcsec? the data should be discarded and a new location for measurements
selected. Data should not be collected on moonlit nights, to avoid stray light contaminating the
results.

Benefits: The SQM is cheap, easy to use and portable. Some versions have data-logging
capabilities that enable autonomous operation in the field. The sensitivity of the SQM is
sufficient to detect changes in overhead night-time artificial lighting under a clear sky.

Limitations: SQMs cannot be used to resolve individual light sources at a distance or identify
light direction, and they cannot measure light visible to many wildlife species. The precision and
accuracy of individual instruments can vary substantially and an intercalibration study is
recommended to quantify the error of each instrument. Although the SQM is designed to have a
photopic response, it is generally more sensitive to shorter wavelengths (that is, blue) than a
truly photopic response, but this will depend on the individual instrument. It is not very
sensitive to longer (orange/red) wavelengths (Hanel et al. 2018). The SQM should not be used to
measure light within 20° of the horizon, as the detector is designed to measure a homogeneous
sky (such as occurs at the zenith) and does not produce valid data when pointed at a
heterogeneous field of view as observed at the horizon.

Application to wildlife monitoring programs: A sky quality meter can be used to measure
skyglow directly overhead (zenith) at the wildlife habitat, however, it is important to recognise
its limitations (such as the absence of whole of sky information and inability to measure point
sources of light on the horizon) and follow methods recommended by Hanel et al. (2018) to
ensure repeatability.

Dark Sky Meter
This is an iPhone app that uses the phone camera to collect light and generate a sky brightness
value.

Benefits: [t is cheap and easy to use.

Limitations: Dark Sky Meter is a photometric instrument. It is restricted to Apple iPhones. It
will not work on iPhone models older than the 4S and cannot be used to resolve individual lights
or identify light direction. It is relatively imprecise and inaccurate50 and cannot reliably
measure light on the horizon.

Application to wildlife monitoring programs: Dark Sky Meter is not an appropriate tool for
monitoring light impacts on wildlife as it does not measure biologically relevant light. It does not
provide whole-of-sky information, cannot resolve individual light sources and is relatively
imprecise and inaccurate. Dark Sky Meter should be considered more of an educational tool than
a scientific instrument.
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Lux meters and luminance meters

Lux meters are commercially available instruments commonly used to measure individual light
sources at close range (that is, over metres rather than landscape scale). However, the inverse
square law can be used to calculate the illuminance if the distance is known. Lux and luminance
meters measure photometric light. Lux meters measure the light falling on a surface, and
luminance meters measure the light incident from a specific solid angle.

Benefits: Both can be cheap (with more expensive models available) and easy to use.

Limitations: Both types of devices are photometric, but their measurements are weighted to
human perception rather than wildlife. Depending on the sensitivity of the instrument, its
detection limits may not be low enough to measure typical night sky brightness or illuminance,
making it unable to measure skyglow for wildlife monitoring purposes. Lux meters have no
angular resolution and luminance meters are coarse, so they cannot be used to measure distant
light sources at the horizon precisely.

Application to wildlife monitoring programs: Commercial lux and luminance meters are not
appropriate for the measurement of light in wildlife monitoring programs, because they have
low sensitivity and low accuracy at low light levels. Expensive tailored devices with enhanced
sensitivity may exist but are still not applicable to wildlife monitoring as they do not measure
biologically relevant light and are not appropriate for use on a landscape scale.

Calibrated all-sky imagery

These instruments map and measure sky brightness by analysing photographic images of the
whole sky. The images are processed to derive a luminance value for all or parts of the sky. One
advantage of 2-dimensional (wide angle) imaging is that models of natural sources of light in the
night sky can be subtracted from all-sky imagery to detect anthropogenic sources (Duriscoe
2013). Examples of devices and techniques to map and measure night sky brightness using
wide-angle images are as follows.

All-Sky Transmission Monitor (ASTMON)
This charge-coupled device (CCD) astronomical camera with a fish-eye lens has been modified

by the addition of a filter wheel to allow collection of data through 4 photometric bands in the
visible spectrum. The spectral range of the instrument is dependent on the sensitivity of the
detector and the filters used but has the advantage of being accurately calibrated on stars.

Benefits: The ASTMON was designed for outdoor installation and the Lite version is portable,
with a weatherproof enclosure allowing it to remain outdoors operating robotically for weeks. It
reports data in magnitude/arcsec? for each band and has good precision and accuracy (Hénel et
al. 2018). Once the system is calibrated with standard stars, it can provide radiometric data for
the whole night sky as well as resolving individual light sources.

Limitations: The ASTMON is expensive and requires specialised knowledge to operate and
interpret data from. The software provided is not open source and so cannot be modified to suit
individual requirements. The ASTMON may no longer be commercially available. The CCD
cameras used have a limited dynamic range.
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Application to wildlife monitoring programs: The ASTMON is appropriate for monitoring
artificial light for wildlife as it provides whole night sky measurements that can be calibrated to
give biologically relevant information that is accurate and repeatable.

Digital camera equipped with wide-angle and fish-eye lenses

This system is similar to the ASTMON, except using a commercial digital camera with an RGB
matrix rather than a CCD camera with filter wheel, making it cheaper and more transportable.
This system provides quantitative data on the luminance of the sky in a single image (Jechow,
Kyba & Holker 2019; Kollath 2010).

Benefits: The cameras are easily accessible and portable. When precision is not critical, the
directional distribution of night sky brightness can be obtained. At the very least, the use of a
digital camera with a fish-eye lens allows for qualitative imagery data to be collected and stored
for future reference and data analysis. If standard camera settings are used consistently in all
surveys, it is possible to compare images to monitor spatial and temporal changes in sky
brightness. This system also provides multicolour options with red, green and blue spectral
bands (RGB).

Limitations: Cameras must be calibrated before use and this, together with the specific camera
model, will dictate the precision of the measurements. Calibration for data processing requires
lens vignetting (also known as flat fielding) and checking geometric distortion, the colour
sensitivity of the camera, and the sensitivity function of the camera. Specialised knowledge is
required to process and interpret these images. Also, like CCD cameras, the detectors in digital
cameras have a limited dynamic range which can easily saturate in bright environments. In
addition, fish-eye systems often produce the poorest quality data at the horizon, where the
distortion due to the lens is the greatest.

Calibrating the camera is difficult, and standard methods have not been developed. Laboratory
or astronomical photometric techniques are generally used, which require specialist knowledge
and expertise. A precision of ~10% can be achieved using this technique. Standard commercial
cameras are calibrated to the human eye (for example, photometric). However, the ability to
obtain and process an image allows for qualitative assessment of light types (based on the
colour of skyglow), which provides additional data for interpreting the biological relevance of
the light.

Application to wildlife monitoring programs: A digital camera equipped with wide-angle or
fish-eye lenses is appropriate for measuring light in wildlife monitoring programs, as it provides
horizon-to-horizon information with enough sensitivity and accuracy to detect significant
changes in low light environments. The images allow for detection of skyglow, light source type,
and point source information. When the data is manually processed, biologically relevant
measurements can be obtained. Because the system is fast, dynamics of skyglow and direct light
can be monitored (Jechow et al. 2018).

All-sky mosaics
This technique, developed by the US National Parks Service, provides an image of the whole of

the sky by mosaicking 45 individual images. The system comprises a CCD camera, a standard 50
mm lens, an astronomical photometric Bessel V filter with IR blocker, and a computer-controlled
robotic telescope mount. Data collection is managed using a portable computer, commercial
software and custom scripts.

Department of Climate Change, Energy, the Environment and Water

43



National Light Pollution Guidelines for Wildlife

Benefits: The angular resolution, precision and accuracy of the system is good, and it is
calibrated and standardised on stars. The images produced have high resolution. The system is
best suited for long-term monitoring from dark-sky sites. However, with the addition of a
neutral density filter, the luminance or illuminance of a nearby bright light source can be
measured. Also, other photometric bands can be measured with the use of additional filters.

Limitations: The system is expensive, and specialised knowledge is required to operate it and to
analyse and interpret the data. The cameras are calibrated to the human eye, with the inclusion
of a visible filter. However, the ability to obtain and process an image allows for qualitative
assessment of light types (based on the colour of skyglow), which provides additional data for
interpreting the biological relevance of the light. The measurement procedures are time
consuming, and perfect clear-sky conditions and single spectral band or repeated measurements
are required.

Application to wildlife monitoring programs: All-sky mosaics would be an appropriate tool
for monitoring of artificial light for wildlife. They provide whole of sky images with high
resolution and, with appropriate filters, can be used to measure biologically relevant wavelength
regions.

Spectroscopy/spectroradiometry

Different light types produce a specific spectral signature or spectral power distribution (see
Figure 26). Using a spectrometer, it is possible to separate total sky radiance into its
contributing sources based on their spectral characteristics. Being able to assess the impacts of
different light sources is relevant during this time of transition in lighting technology.

Where wildlife sensitivity to particular wavelength regions of light is known, being able to
capture the spectral power distributions of artificial light and then predict how the light will be
perceived by wildlife will be of particular benefit in assessing the likely impacts of artificial light.

This type of approach has been utilised in astronomy for a long time but only recently applied to
measurement and characterisation of light pollution on earth. An example of a field-deployable
spectrometer is the Spectrometer for Aerosol Night Detection (SAND).

Spectrometer for Aerosol Night Detection
SAND uses a CCD imaging camera as a light sensor, coupled with a long-slit spectrometer. The

system has a spectral range from 400 nm to 720 nm and is fully automated. It can separate
sampled sky radiance into its major contributing sources.

Benefits: SAND can quantify light at specific wavelengths across the spectrum (radiometric), so
it can measure light visible to wildlife. It can also be used to ‘fingerprint’ different light types.

Limitations: Calibration, collection and interpretation of these data requires specialist
knowledge and equipment and is expensive. SAND does not provide whole-sky information.

Application to wildlife monitoring programs: The use of a portable spectrometer that can
identify light types based on their spectral power distribution or measure light at specific
wavelengths of interest would be a useful contribution to a wildlife monitoring program.
Unfortunately, the prototype SAND instrument is no longer in operation. However, this
instrument exemplifies a type of approach that will be of benefit in measuring light for wildlife in
the future.
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Most appropriate instrument for measuring biologically relevant light

The most appropriate method for measuring light for wildlife will depend on the species present
and the type of information required. In general, an appropriate approach will quantify light
across the whole sky, across all spectral regions, differentiating point light sources from
skyglow, and it will be repeatable and easy to use.

At the time of writing, the digital camera and fish-eye lens technique was recommended by
Hanel et al. (2018) and Barentine (2019) as the best compromise between cost, ease of use and
amount of information obtained when measuring and monitoring skyglow. Hanel et al. (2018)
did, however, recognise the urgent need for the development of standard software for
calibrating and displaying the results from light-monitoring instruments (Hénel et al. 2018). In
the future, hyperspectral cameras with wide field of view might become available, combining the
advantages of spectroradiometry and all-sky imagery. However, such devices do not currently
exist.

It should be noted that this field is in a stage of rapid development. This appendix will be
updated as more information becomes available.
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Table 1 Examples of instrumental light measurement techniques

Type of Instrument Measurement Detect Data type Spectrum Scale Measures Commercially Data quality Price a
instrument units skyglow measured biologically available
relevant
light
Images + Moderate- Some
Remote sensing Satellite imagery  Various Yesb numeric Single band Landscape No Yes .
high datasets free
value
. . Sky quality meter Numeric .
One dimensional magsqm/arcsec? Yes Single band Overhead Noc Yes Moderate <$300
(SQM) value
One dimensional D_ark Sky Meter ~magsqm/arcsec?  Yes Numeric Single band Overhead No Yes Low $0
(iPhone) value
One dimensional Luxmeter lux No ‘I:I;Lneerlc Single band Metres No Yes Low <$300
Image + . .
. . : Multi-band Requires .
2
Two dimensional ASTMON magv/arcsec Yes numeric filter wheel Whole sky calibration No High >$15,000
value
Image + . .
~ 2 B, -
Two dimensional DSLR + fish-eye cd/m?, Yes numeric Multi-band Whole sky Rec_lulre.s Yes Moderate >$2,500
~magy/arcsec? value RGB calibration high
cd/m?2 Image + Requires
Two dimensional All-sky mosaic ’ Yes numeric Single band Whole sky X . No High ~$20,000
magy/arcsec? calibration
value
Spectroradiometry SAND d W/(m?2nm sr) Yes Spectral Multi-band Landscape  Yes No Moderate— $7,000
power curve hyperspectral high

a Price as at 2018.
b Via modelling.

¢ Some sensitivity to short (blue) wavelengths but not to long (orange-red) wavelengths.
d Spectrometer for Aerosol Night Detection (SAND).
Modified from Hénel et al. 2018 (Hénel et al. 2018).
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Modelling predicted light

Available commercial light models

Most modelling software that is currently available is problematic, as the models are weighted
towards a human perception of light as represented by the CIE/photometric curve and do not
account for the light to which wildlife are most sensitive. For example, most wildlife are
sensitive to short-wavelength violet and blue light (Figure 17), but little or none of this light is
measured by commercial instruments and consequently it is not accounted for in current light
models.

A second limitation of many light models for biology is the inability to accurately account for
environmental factors such as atmospheric conditions (moisture, cloud, rain, dust); site
topography (hills, sand dunes, beach orientation, vegetation, buildings); other natural sources of
light (moon and stars); other artificial sources of light; the spectral output of luminaires; and the
distance, elevation and viewing angle of the observing species. Such a model would involve a
level of complexity that science and technology has yet to deliver.

A final major limitation is the lack of biological data with which to confidently interpret a model
outcome. Therefore, it is not possible to objectively estimate how much artificial light is going to
cause an impact on a particular species, or age class, over a given distance and under variable
environmental conditions.

Recognising these limitations, it can still be valuable to model light during the design phase of
new lighting installations, to test assumptions about the light environment. For example, models
could test for the potential for light spill and line-of-sight visibility of a source. These
assumptions should be confirmed after construction.

Development of modelling tools that can consider broad spectral data and environmental
conditions are in the early stages of development but rapidly improving (Barentine 2019).
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Appendix D — Artificial light auditing

Industry best practice requires onsite inspection of a build to ensure it meets design
specifications. An artificial light audit should be undertaken after construction to confirm
compliance with the artificial light management plan.

An artificial light audit cannot be done by modelling the as-built design alone; it should include a site visit
to:

e confirm compliance with the artificial light management plan

e check as-built compliance with engineering design

e gather details on each luminaire in place

e conduct a visual inspection of the facility lighting from the wildlife habitat
e review the artificial light monitoring at the project site

e review artificial light monitoring at the wildlife habitat.

Following the completion of a new project or the modification or upgrading of the lighting
system of an existing project, the project should be audited to confirm compliance with the
artificial light management plan.

Step-by-step guide

The steps to carry out an artificial light audit are:

e  Review the artificial light management plan.

e Review best practice light management or approval conditions.

e  Review as-built drawings for the lighting design.

e  Check for compliance with the approved pre-construction (front end) lighting design.

e Conduct a site inspection both during the day and at night to visually check and measure
the placement, number, intensity, spectral power output, orientation and management of
each lamp and lamp type. Where possible this should be done with the lighting in operation
and with all lighting extinguished.

e Take measurements in a biologically meaningful way. Where there are limitations on
measurements for wildlife, these should be acknowledged.

e  Record, collate and report on the findings and include any nonconformances. Consider any
differences between baseline and post-construction observations. Where lighting outputs
were modelled as part of the design phase, compare actual output with modelled scenarios.

e  Make recommendations for any improvements or modifications to the lighting design that
will decrease the impact on wildlife.

The audit should be conducted by an appropriately qualified environmental
practitioner/technical specialist during a site visit. The audit should also include:

e avisual inspection of the facility lighting from the location of the wildlife habitat and, where
feasible, the perspective of the wildlife (that is, sand level for a marine turtle)
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e artificial light monitoring at the project site
e artificial light monitoring at the wildlife habitat.

A post-construction site visit is critical to ensure no previously unidentified lighting issues are
overlooked.
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Appendix E — Artificial light management checklist

Table 2 provides a checklist of issues to be considered during the environmental assessment of new infrastructure involving artificial light, or upgrades to
existing artificial lighting, for both proponents and assessors. Table 3 provides a checklist of issues to be considered in assessing existing infrastructure with
external lighting where listed species are observed to be affected by artificial light. Relevant sections of the main guidelines are provided for each issue.

Table 2 Checklist for new developments or lighting upgrades

Stage

Issues to be considered

Light owner or manager

Regulator

Further information

Pre-development

Pre-development

Pre-development

Pre-development

Pre-development

Pre-development

Pre-development

Post-development

What are the regulatory
requirements for artificial light for
this project?

Does the lighting design follow
principles of best practice?

What wildlife is likely to be affected
by artificial light?

What light management and impact
mitigation will be implemented?

How will light be modelled?

Have all lighting-relevant
considerations been included in the
light management plan?

How will continuous improvement
be achieved?

How will lighting be measured?

Is an environmental impact assessment
required? What other requirements need
to be addressed?

What is the purpose of the artificial light
for this project?

Review species information within 20
km of the proposed development.

What light mitigation and management
will be most effective for the affected
species?

Is light modelling appropriate? How will
the model be used to inform light
management for wildlife?

Have all steps in the EIA process been
undertaken and documented in the light
management plan?

How will light management be evaluated
and adapted?

What is/are the most appropriate
technique(s) for measuring biologically
relevant light and what are the
limitations?

What information should be sought from
the proponent as part of the assessment
process?

Does the project use the principles of
best practice light design?

Assess species information.

[s the proposed management and
mitigation likely to reduce the effect on
listed species?

Are the limitations of light modelling for
wildlife appropriately acknowledged?

Does the light management plan
comprehensively describe all steps in the
EIA process?

[s a continuous review and improvement
process described?

Ensure appropriate light measurement
techniques are used and limitations of
the methods recognised.

Regulatory considerations for
the management of artificial
light around wildlife

Appendix A - Best practice
lighting design

Wildlife and artificial light

Protected matters technical
appendices and species expert
guidance

Modelling predicted light

Environmental impact
assessment of effects of artificial
light on wildlife

Artificial light management plan

Artificial light management plan

Appendix C - Measuring
biologically relevant light
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Stage

Issues to be considered

Light owner or manager

Regulator

Further information

Post-development

Post-development

Post-development

How will lighting be audited?

Is artificial light affecting wildlife?

What adaptive management can be
introduced?

What is the frequency and framework for
in-house light auditing?

Does the biological monitoring indicate
an effect of artificial light on fauna, and
what changes will be made to mitigate
this impact?

How will the results of light audits and
biological monitoring be used in an
adaptive management framework, and
how will technological developments be

How will the results of light audits feed
into a continuous improvement process?

Is there a process for addressing
monitoring results that indicate there is a
detectable light impact on wildlife, and is
it appropriate?

What conditions can be put in place to
ensure a continuous improvement
approach to light management?

Appendix D - Artificial light
auditing

Wildlife and artificial light

Artificial light management plan
Managing existing light pollution

Artificial light management plan

incorporated into artificial light

management?

Table 3 Checklist for existing infrastructure

Consideration

Light owner or manager

Regulator

Further information

Are wildlife exhibiting a change in
survivorship, behaviour or reproduction
that can be attributed to artificial light?

Is lighting in the area best practice?

Is the light affecting wildlife from a single
source or multiple sources?

Can appropriate monitoring be
undertaken to confirm the role of
artificial light in wildlife survivorship or
in behavioural or reproductive output
changes?

What listed species are found within

20 km of the light source? Are there dead
animals or are animals displaying
behaviour consistent with the effects of
artificial light?

Are there modifications or technological
upgrades that could be made to improve
artificial light management?

Are there multiple stakeholders that
need to come together to address the
cumulative light pollution?

How much light is emitted from my
property and is it affecting wildlife?

[s there evidence to implicate artificial
light as the cause of the change in wildlife
survivorship, behaviour or reproductive
output?

Review existing environmental
approvals.

Are there individual light owners or
managers who can be approached to
modify current lighting?

Is there a role for government to
facilitate collaboration between light
owners and managers to address light
pollution?

Facilitate wildlife monitoring.

Describe wildlife
Wildlife and artificial light

Regulatory considerations for the
management of artificial light around
wildlife

Species expert advice

Appendix A - Best practice lighting
design

Managing existing light pollution

Artificial light management plan

Field surveys for wildlife

Appendix C - Measuring biologically
relevant light

Species expert advice
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Consideration Light owner or manager Regulator Further information
How will artificial light be audited? What is the frequency and framework for ~ Can a light audit be undertaken on a Appendix D - Artificial light auditing
in-house light auditing? regional scale?
What adaptive light management can be Are there improvements in lighting What changes can be implemented in Specialist lighting engineer advice
introduced? technology that can be incorporated into  response to biological monitoring and
existing lighting? light audits?
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Appendix F — Marine turtles

Key points

Marine turtles nest on sandy beaches in northern Australia. There is a robust body of evidence
demonstrating the effect of light on turtle behaviour and survivorship. Light is likely to affect the turtles if
it can be seen from the nesting beach, nearshore or adjacent waters.

Adult females may be deterred from nesting where artificial light is visible on a nesting beach. Hatchlings
may become misoriented or disoriented and be unable to find the sea or successfully disperse to the open
ocean. The effect of light on turtle behaviour has been observed from lights up to 18 km away.

Key management measures

The physical aspects of light that have the greatest effect on turtles are intensity, colour (wavelength), and
elevation above beach. Management of these aspects will help reduce the threat from artificial light.

Six species of marine turtles are found in Australia: Green (Chelonia mydas), Loggerhead
(Caretta caretta), Hawksbill (Eretmochelys imbricata), Olive Ridley (Lepidochelys olivacea),
Flatback (Natator depressus) and Leatherback (Dermochelys coriacea) turtles.

Light pollution was identified as a high-risk threat in the Recovery Plan for Marine Turtles in
Australia 2017-2027 because artificial light can disrupt critical behaviours such as adult nesting
and hatchling orientation, sea-finding and dispersal, and can reduce the reproductive viability of
turtle stocks (Commonwealth of Australia 2017). A key action identified in the recovery plan
was the development of guidelines for the management of light pollution in areas adjacent to
biologically sensitive turtle habitat.

Figure 27 Loggerhead Turtle

Photo: David Harasti.

Conservation status

Marine turtles in Australia are protected under international treaties and agreements including
the Convention on the Conservation of Migratory Species of Wild Animals (CMS, Bonn 1979),
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the Convention on International Trade in Endangered Species of Flora and Fauna (CITES,
Washington 1973), and the CMS Memorandum of Understanding on the Conservation and
Management of Marine Turtles and their Habitats of the Indian Ocean and South-East Asia
(IOSEA, 2005). In Australia, the Environment Protection and Biodiversity Conservation Act 1999
(EPBC Act) gives effect to these international obligations.

All 6 species are listed under the EPBC Act as threatened, migratory and marine species. They
are also protected under state and territory legislation.

The Recovery Plan for Marine Turtles in Australia identifies threats to marine turtles and
actions required to recover these species (Commonwealth of Australia 2017). To ensure the
maintenance of biodiversity, the plan considers marine turtles on a genetic stock basis rather
than at the species level. It found light pollution to be a high-risk threat to 5 of 22 genetic stocks
of marine turtles. The development and implementation of best practice light management
guidelines was identified as a key action for promoting the recovery of marine turtles
(Commonwealth of Australia 2017).

Distribution

Turtle nesting habitats include subtropical and tropical mainland and offshore island beaches
extending from northern New South Wales on the east coast around northern Australia to Shark
Bay in Western Australia. The extent of the known nesting range for each genetic stock can be
found in the Species Profile and Threats Database and in the Recovery Plan for Marine Turtles in
Australia (Commonwealth of Australia 2017).

Timing of nesting and hatching

Marine turtles nesting in the far north, between the Kimberley and Cape York, typically nest
year round but have a peak during the cooler winter months, while summer nesting is favoured
by turtles nesting from the Central Kimberley south in Western Australia and along the Pacific
coast of Queensland and Northern New South Wales. Specific timing of nesting and hatching
seasons for each stock can be found in the Recovery Plan for Marine Turtles in Australia
(Commonwealth of Australia 2017).

Important habitat for marine turtles

The effect of artificial lights on turtles is most pronounced at nesting beaches and in the
nearshore waters, which might include internesting areas, through which hatchlings travel to
reach the ocean. For the purposes of these guidelines, important habitat for turtles includes all
areas designated as habitat critical to survival of marine turtles and/or as biologically
important areas (BIAs), and areas in Queensland identified under local planning schemes as
sea turtle sensitive areas.

o Habitat critical to the survival of marine turtles was identified for each stock as part of
the development of the Recovery Plan for Marine Turtles in Australia. Nesting and
internesting areas designated as habitat critical to the survival of marine turtles can be
found in the recovery plan or through the department’s National Conservation Values Atlas.

e BlAsare areas where listed threatened and migratory species display biologically
important behaviour such as breeding, foraging, resting and migration. BIAs most relevant
to the consideration of light impacts are nesting and internesting BIAs for each species.
Marine turtle BIAs can be explored through the National Conservation Values Atlas.
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— Designation as a BIA recognises that biologically important behaviours are known to
occur, but the absence of such a designation does not preclude the area from being a
BIA. Where field surveys identify biologically important behaviour occurring, the
habitat should be managed accordingly.

e Seaturtle sensitive areas have been defined in local government planning schemes in
accordance with Queensland’s Sea Turtle Sensitive Area Code. These may be shown in local
government biodiversity of coastal protection overlay maps in the planning scheme.

Effects of artificial light on marine turtles

The effect of artificial light on turtle behaviour has been recognised since 1911 (Hooker 2011).
Since then, a substantial body of research has focused on how light affects turtles and turtle
populations - for reviews see Witherington and Martin (2003), Lohmann et al. (1997) and
Salmon (2003). The global increase in light pollution from urbanisation and coastal
development (Falchi et al. 2016) is of particular concern regarding turtles in Australia, since
their important nesting habitat frequently overlaps with areas of large-scale urban and
industrial development (Kamrowski et al. 2012), which have the potential to emit a large
amount of light, including direct light, reflected light, skyglow and gas flares (Pendoley 2000;
Pendoley 2005). Nesting areas on the North West Shelf of Western Australia and along the
south-eastern coast of Queensland were found to be at the greatest risk from artificial light
(Kamrowski et al. 2012).

Effect of artificial light on nesting turtles

Although they spend most of their lives in the ocean, female turtles nest on sandy tropical and
subtropical beaches, predominantly at night. They rely on visual cues to select nesting beaches
and orient on land. Artificial night lighting on or near beaches has been shown to disrupt
nesting behaviour (Witherington & Martin 2003). Beaches with artificial light, from sources
such as urban developments, roadways and piers, typically have lower densities of nesting
females than dark beaches (Salmon 2003; Hu, H & Huang 2018).

Some light types do not appear to affect nesting densities: low-pressure sodium (LPS)
(Witherington 1992) and filtered high-pressure sodium (HPS), which excludes wavelengths
below 540 nm (Pennell 2000). On beaches exposed to light, females will nest in higher numbers
in areas that are shadowed (Price et al. 2018; Salmon et al. 1995). Moving sources of artificial

light (such as flash photography) may also deter nesting or cause disturbance to nesting females
(Campbell 1994).

Effect of artificial light on hatchlings emerging from the nest

Most hatchling turtles emerge at night (Mrosovsky 1968) and must rapidly reach the ocean to
avoid predation (Erb & Wyneken 2019). Hatchlings locate the ocean using a combination of
topographic and brightness cues, orienting towards the lower, brighter oceanic horizon and
away from elevated darkened silhouettes of dunes and/or vegetation behind the beach
(Pendoley & Kamrowski 2015a; Lohmann et al. 1997; Limpus & Kamrowski 2013). They can
also find the sea using secondary cues such as beach slope (Lohmann et al. 1997).

Sea-finding behaviour may be disrupted by artificial lights, including flares, which interfere with
natural lighting and silhouettes (Witherington & Martin 2003; Kamrowski et al. 2014; Pendoley
& Kamrowski 2015a). Artificial lighting may adversely affect hatchling sea-finding behaviour in
2 ways: disorientation, where hatchlings crawl on circuitous paths; and misorientation, where
they move in the wrong direction, possibly attracted to artificial lights (Witherington & Martin
2003; Salmon 2006). On land, movement of hatchlings in a direction other than the sea often
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leads to death from predation, exhaustion, dehydration, or being crushed by vehicles on roads
(Erb & Wyneken 2019).

Wavelength, intensity and direction

Brightness is recognised as an important cue for hatchlings as they attempt to orient toward the
ocean. Brightness refers to the intensity and wavelength of light relative to the spectral
sensitivity of the receiving eye (Witherington & Martin 2003). Both field and laboratory-based
studies indicate that hatchlings have a strong tendency to orient towards the brightest
direction. The brightest direction on a naturally dark beach is typically towards the ocean where
the horizon is open and unhindered by dune or vegetation shadows (Limpus & Kamrowski
2013).

The attractiveness of light to hatchlings differs by species (Pendoley 2005; Horch 2008;
Witherington & Bjorndal 1991), but in general, artificial lights most disruptive to hatchlings are
those rich in short-wavelength blue and green light (for example, metal halide, mercury vapour,
fluorescent and LED), and lights least disruptive are those emitting long-wavelength pure
yellow-orange light (for example, high or low pressure sodium vapour) (Pendoley 2005;
Fritches 2012). Loggerhead turtles are particularly attracted to light at 580 nm (Levenson
2004); Green and Flatback turtles are attracted to light <600 nm, with a preference for shorter
wavelength light over longer wavelength light (Pendoley 2005; Fritches 2012); and many
species are also attracted to light in the ultraviolet range (<380 nm) (Witherington & Bjorndal
1991; Fritches 2012).

Although longer wavelengths of light are less attractive than shorter wavelengths, they can still
disrupt sea-finding (Pendoley & Kamrowski 2015a; Pendoley 2005; Robertson, Booth & Limpus
2016) and, if bright enough, can elicit a similar response to shorter wavelength light (Mrosovsky
1972; Mrosovsky & Shettleworth 1968; Pendoley & Kamrowski 2015b). Hence, the disruptive
effect of light on hatchlings is also strongly correlated with intensity. Red light must be almost
600 times more intense than blue light before Green Turtle hatchlings show an equal preference
for the 2 colours (Mrosovsky 1972). It is therefore important to consider both the wavelength
and the intensity of the light.

Since the sun or moon may rise behind the dunes on some nesting beaches, hatchlings attracted
to these point sources of light would fail to reach the ocean. Hatchlings orientate themselves by
integrating light across a horizontally broad (180° for Green, Olive Ridley and Loggerhead
Turtles) and vertically narrow (‘few degrees’ for Green and Olive Ridley turtles, and 10° to 30°
for Loggerheads) ‘cone of acceptance’ or ‘range of vision’. This integration ensures that light
closest to the horizon plays the greatest role in determining orientation direction, so it is
important to consider the type and direction of light that reaches the hatchling (Lohmann et al.
1997).

As aresult of these sensitivities, hatchlings have been observed to respond to artificial light up
to 18 km away during sea-finding (Kamrowski et al. 2014).

Shape and form

Horizon brightness and elevation are also important cues for hatchling orientation. In
laboratory and field studies, hatchlings move away from elevated dark horizons and towards
the lowest bright horizon (Limpus & Kamrowski 2013; Salmon et al. 1992). However, in
situations where both cues are present, hatchlings are more responsive to the effects of
silhouettes and darkened horizon elevation than to differences in brightness. On a natural beach
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this behaviour would direct the hatchlings away from dunes and vegetation and towards the
more open horizon over the ocean.

This hypothesis has been supported by field experiments where hatchling sea-finding was
significantly less ocean oriented when exposed to light at 2° elevation compared with 16°
elevation, emphasising the importance of horizon elevation cues in hatchling sea-finding
(Pendoley & Kamrowski 2015a).

Effect of artificial light on hatchlings in nearshore waters

Artificial lights can also interfere with the in-water dispersal of hatchlings (Witherington &
Bjorndal 1991). Hatchlings leaving lit beaches spend longer crossing nearshore waters and can
be attracted back to shore (Harewood & Horrocks 2008; Truscott, Booth & Limpus 2017). At
sea, hatchlings have been reported swimming around lights on boats (Limpus et al. 2003; White
& Gill 2007), and in laboratory studies lights have attracted swimming hatchlings (Salmon &
Wyneken 1990). Recent advances in acoustic telemetry technology has allowed hatchlings to be
passively tracked at sea, demonstrating that hatchlings are attracted to lights at sea and spend
longer in the nearshore environment when lights are present (Thums et al. 2016; Wilson et al.
2018). This attraction can divert hatchlings from their usual dispersal pathway, causing them to
linger around a light source or become trapped in the light spill (Wilson et al. 2018). Hatchlings
actively swim against currents to reach light, which is likely to reduce survival from exhaustion
and/or predation. An additional problem is that light sources are associated with structures that
also attract fish (such as jetties), as there will be increased predation (Wilson et al. 2019).

Environmental impact assessment of artificial light on
marine turtles

Infrastructure with artificial lighting that is externally visible should implement Best practice
lighting design as a minimum. Where there is important habitat for turtles within 20 km of a
project, an EIA should be undertaken.

The following sections step through the EIA process, with specific considerations for turtles.

The 20 km buffer for considering important habitat is based on skyglow approximately 15 km
from the nesting beach affecting Flatback hatchling behaviour (Kamrowski et al. 2014), and
light from an aluminium refinery disrupting turtle orientation 18 km away (Hodge, Limpus &
Smissen 2007).

Where artificial light is likely to influence marine turtle behaviour, consideration should be
given to employing mitigation measures as early as possible in a project’s life cycle, including to
inform the design phase.

Associated guidance

e  Recovery Plan for Marine Turtles in Australia

e  Single Species Action Plan for the Loggerhead Turtle (Caretta caretta) in the South Pacific
Ocean

e  Sea Turtle Sensitive Area Code (Queensland)

Qualified personnel
Lighting design/management and the EIA process should be undertaken by appropriately
qualified personnel. Light management plans should be developed and reviewed by
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appropriately qualified lighting practitioners, who should consult with an appropriately
qualified marine biologist or ecologist.

People advising on the development of a lighting management plan, or the preparation of
reports assessing the impact of artificial light on marine turtles, should have relevant
qualifications equivalent to tertiary education in marine biology or ecology or equivalent
experience as evidenced by peer-reviewed publications in the last 5 years on a relevant topic, or
other relevant experience.

Step 1: Describe the project lighting

Information collated during this step should consider the Effects of artificial light on marine
turtles. Turtles are susceptible to the effects of light on beaches and in the water, so the location
and light source (both direct and skyglow) should be considered. Turtles are most sensitive to
short-wavelength (blue/green) light and high-intensity light of all wavelengths. Hatchlings are
most susceptible to light low on the horizon. They orient away from tall, dark horizons, so the
presence of dunes and/or a vegetation buffer behind the beach should be considered at the
design phase.

Step 2: Describe marine turtle population and behaviour

The species and the genetic stock nesting in the area of interest should be described. This
should include the conservation status of the species; stock trends (where known); how
widespread/localised nesting for that stock is; the abundance of turtles nesting at the location;
the regional importance of the nesting beach; and the seasonality of nesting/hatching.

Relevant species and stock-specific information can be found in the Recovery Plan for Marine
Turtles in Australia, the Protected Matters Search Tool, the National Conservation Values Atlas,
state and territory listed species information, scientific literature, and local and Indigenous
knowledge.

Where there are insufficient data to understand the population’s importance or demographics,
or where it is necessary to document existing turtle behaviour, field surveys and biological
monitoring may be necessary.

Biological monitoring of marine turtles
Any monitoring associated with a project should be developed and overseen and have results

interpreted by appropriately Qualified personnel to ensure reliability of the data.
The objectives of turtle monitoring in an area likely to be affected by artificial light are to:

e understand the size and importance of the population
e describe turtle behaviour before the introduction or upgrading of artificial lighting

e assess nesting and hatchling orientation behaviour to determine the cause of any existing
or future misorientation or disorientation.

The data will be used to inform the EIA and assess whether mitigation measures are successful.
Suggested minimum monitoring parameters (what is measured) and techniques (how to
measure them) are summarised in Table 4.

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the biological data. Handheld-camera images can help
describe the light. Quantitative data on existing skyglow should be collected, if possible, in a
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biologically meaningful way, recognising the technical difficulties in obtaining these data. See
Appendix C - Measuring biologically relevant light for a review.

Table 4 Recommended minimum biological information necessary to assess the
importance of a marine turtle population and existing behaviour

Targeted age Survey effort Duration Reference

class

Adult nesting Daily track census over 1-1.5 Minimum 2 Eckertetal. (1999)
internesting cycles at peak breeding seasons Pendoley et al. (2016)

(Commonwealth of Australia
2017) of the nesting season
(14-21 days).

If the peak nesting period for
this population/at this location
has not been defined, then a

Queensland Marine Turtle Field
Guide

North West Shelf Flatback
Turtle Conservation Program
Turtle Monitoring Field Guide

study should be designed in Ningaloo Turtle Program Turtle
consultation with a qualified Monitoring Field Guide
turtle biologist to determine the The State of the World’s Sea
temporal extent of activity (i.e., Turtles Minimum Data
systematic monthly surveys Standards for Sea Turtle Nesting
over a 12-month period). Beach Monitoring

Hatchling Minimum of 14 days overanew  Minimum 2 Pendoley (2005)

orientation moon phase about 50 days after  breeding seasons Kamrowski et al. (2014)

the peak of adult nesting. a Witherington (1997)

Beach: Hatchling f:
each: narciiing fan Thums et al. (2016)

monitoring.

In water: Hatchling tracking

a Incubation time will be stock specific. Consult the Recovery Plan for Marine Turtles in Australia for stock-specific
information.

Note that the risk assessment will guide the extent of monitoring (for example, a large source of light visible over a broad
spatial scale will require monitoring of multiple sites, whereas a smaller localised source of light may require fewer sites to
be monitored).

To understand existing hatchling behaviour, it will be necessary to undertake monitoring (or a
similar approach) to determine the ability of hatchlings to locate the ocean and orient offshore
prior to construction or lighting upgrades.

A well-designed monitoring program will capture:

e hatchling behaviour (Kamrowski 2014; Pendoley 2005; Witherington 1997) at the light-
exposed beach and a control/reference beach

e hatchling behaviour before project construction begins, to establish a benchmark to
measure against possible changes during construction and operations

e  hatchling behaviour on new moon nights, to reduce the influence of moonlight and capture
any worst case scenario effects of artificial light on hatching orientation

e hatchling behaviour on full moon nights, to assess the relative contribution of the artificial
light to the existing illuminated night sky.

Ideally, survey design will have been set up by a quantitative ecologist/biostatistician to ensure
that the data collected provide for meaningful analysis and interpretation of findings.

Step 3: Risk assessment
The Recovery Plan for Marine Turtles in Australia states that management of light should
ensure turtles are not displaced from habitat critical to their survival and that anthropogenic
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activities in important habitat are managed so that the biologically important behaviour can
continue. These consequences should be considered in the risk assessment process. The aim of
these guidelines is that light is managed to ensure that at important nesting beaches, female
turtles continue to nest on the beach, post-nesting females return to the ocean successfully,
emerging hatchlings orient in a seaward direction, and dispersing hatchlings can orient
successfully offshore.

Consideration should be given to the relative importance of the site for nesting. For example, if
this is the only site at which a stock nests, a higher consequence rating should result from the
effects of artificial light.

In considering the likely effect of light on turtles, the risk assessment should consider the
existing light environment, the proposed lighting design and mitigation/management, and the
behaviour of turtles at the location. Consideration should be given to how the turtles will
perceive light. This should include wavelength and intensity information and perspective. To
assess how/whether turtles are likely to see light, a site visit should be made at night and the
area viewed from the beach (approximately 10 cm above the sand), as this will be the
perspective of the nesting turtles and emerging hatchlings. Similarly, consideration should be
given to how turtles (both adults and hatchlings) will see light when in nearshore water.

Using this perspective, the type and number of lights should be considered to assess whether
turtles are likely to be able to perceive light and what the effects of the light on their behaviour
are likely to be. The risk assessment should consider proposed mitigation and management.

Step 4: Light management plan

A light management plan for marine turtles should include all relevant project information
(Step 1) and biological information (Step 2). It should outline proposed mitigation. For a range
of specific mitigation measures, see Marine turtle light mitigation toolbox. The plan should also
outline the types of and schedule for biological and light monitoring to ensure mitigation is
meeting the objectives of the plan, and triggers for revisiting the risk assessment phase of the
EIA.

The plan should outline contingency options to implement if biological and light monitoring or
compliance audits indicate that mitigation is not meeting objectives (for example, light is visible
on the nesting beach or changes in nesting/hatchling behaviour are observed).

Step 5: Biological and light monitoring and auditing

The success of risk management and impact mitigation and light management should be
confirmed through monitoring and compliance auditing. The monitoring and audit results
should be used to inform continuous improvement.

Relevant biological monitoring is described in Step 2. Concurrent light monitoring should be
undertaken and interpreted in the context of how turtles perceive light and within the
limitations of monitoring techniques described in Appendix C — Measuring biologically relevant
light. Artificial light auditing, as described in the light management plan, should be undertaken.

Step 6: Review
The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures, and renewal of the light management plan.
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Marine turtle light mitigation toolbox

Appropriate lighting design, controls and impact mitigation will be site, project and species-
specific. Table 5 provides a toolbox of management options to use around important turtle
habitat. These options should be implemented in addition to the 6 Best practice lighting design
principles. Not all mitigation options will be relevant for every situation. Table 6 provides a
suggested list of light types appropriate for use near turtle nesting beaches and those to avoid.

Two of the most effective approaches for management of light near important nesting beaches

are to ensure there is a tall, dark horizon behind the beach, such as dunes and/or a natural

vegetation screen; and to ensure there is no light on or around the water through which

hatchlings disperse.

Table 5 Light management options specific to marine turtle nesting beaches

Management action

Detail

Implement light management actions
during the nesting and hatching season.

Avoid direct light shining onto a nesting
beach or out into the ocean adjacent to a
nesting beach.

Maintain a dune and/or vegetation
screen between the nesting habitat and
inland sources of light.

Maintain a dark zone between the turtle
nesting beach and industrial
infrastructure

Install light fixtures as close to the
ground as practicable.

Use curfews to manage lighting.

Aim lights downwards and direct them
away from nesting beaches.

Use flashing/intermittent lights instead
of fixed beam.

Use motion sensors to turn on lights only
when needed.

Prevent indoor lighting reaching the
beach.

Limit the number of beach access areas
or construct beach access such that
artificial light is not visible through the
access point.

Work collectively with surrounding
industry/private landholders to address
the cumulative effect of artificial lights.

Manage artificial light at sea, including on
vessels, jetties, marinas and offshore
infrastructure.

Reduce unnecessary lighting at sea.

Peak nesting season for each stock can be found in the
Recovery Plan for Marine Turtles in Australia (Commonwealth
of Australia 2017).

Adult turtles nest in lower numbers at lit beaches (Price et al.
2018).

Hatchlings orient towards the ocean by crawling away from the
tall, dark horizon provided by a dune line and/or vegetation
screen.

Avoid installing artificial light within 1.5 km of an industrial
development (Pendoley & Kamrowski 2015b).

Install any new lighting close to the ground. Reduce the height
of existing lights to the extent practicable to minimise light spill
and light glow.

Mange artificial lights using motion sensors and timers around
nesting beaches after 8 pm.

Aim light onto the exact surface area requiring illumination.
Use shielding on lights to prevent light spill into the
atmosphere and outside the footprint of the target area.

For example, small red flashing lights can be used to identify an
entrance or delineate a pathway.

For example, motion sensors could be used for pedestrian
areas near a nesting beach.

Use fixed window screens or window tinting on fixed windows,
skylights and balconies to contain light inside buildings.

Beach access points often provide a break in dunes or
vegetation that protects the beach from artificial light. Screen
light spill can be mitigated by limiting the number of access
points or making the access path wind through the vegetation.

Problematic skyglow may not be caused by any one light
owner/manager. Working with other industries/stakeholders
to address light pollution may be more effective in reducing the
impact of artificial light.

Hatchlings are attracted to, and trapped by, light spill in the
water.

Reduce vessel deck lights to the minimum required for human
safety and extinguish them when not necessary. Restrict
lighting at night to navigation lights only. Use block-out blinds
on windows.
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Management action

Detail

Avoid shining light directly onto
longlines and/or illuminating baits in the
water.

Avoid lights containing short-wavelength
violet/blue light.

Avoid white LEDs.

Avoid high-intensity light of any colour.

Shield gas flares and locate them inland
and away from the nesting beach.

Industrial/port or other facilities
requiring intermittent night-time light
for inspections should keep the site dark
and only light specific areas when
required.

Industrial site/plant operators should
use head torches.

Supplement facility perimeter security
lighting with computer-monitored
infrared detection systems.

No light source should be directly visible
from the beach.

Manage light from remote regional
sources (up to 20km away).

Light on the water can trap hatchlings or delay their transit
through nearshore waters, consuming their energy reserves
and increasing their exposure to predators.

Lumaires rich in blue light include metal halide, fluorescent,
halogen, mercury vapour and most LEDs.

Ask suppliers for an LED light with little or no blue in it or only
use LEDs filtered to block the blue light. This can be checked by
examining the spectral power curve for the luminaire.

Keep light intensity as low as possible in the vicinity of nesting
beaches. Hatchlings can see all wavelengths of light and will be
attracted to long-wavelength amber and red light as well as the
highly visible white and blue light, especially if there is a large
difference between the light intensity and the ambient dark
beach environment.

Manage gas flare light emissions by reducing gas flow rates to
minimise light emissions; shielding the flame behind a
containment structure; elevating glow from the shielded flare
more than 300 above hatchling field of view; containing the
pilot flame for flares within shielding; and scheduling
maintenance activity requiring flaring outside of turtle-
hatching season.

Use amber/orange explosion-proof LEDs with smart lighting
controls and/or motion sensors. LEDs have no warm-up or
cool-down limitations, so they can remain off until needed and
provide instant light when required for routine nightly
inspections or in an emergency.

Consider providing plant operators with white head torches
(explosion-proof torches are available) for situations where
white light is needed to detect colour correctly or when there is
an emergency evacuation.

Perimeter lighting can be operated if night-time illumination is
necessary but remain off at other times.

Any light that is directly visible to a person on a nesting beach
will be visible to a nesting turtle or hatchling and should be
modified to prevent it being seen.

Consider light sources up to 20 km away from the nesting
beach. Assess the relative visibility and scale of the night sky
illuminated by the light. For example, if a regional city is
illuminating a large area of the horizon, what management
actions can be taken locally to reduce the effect (for example,
protect or improve dune systems or plant vegetation screening
in the direction of the light)?

If all other mitigation options have been exhausted and there is a human safety need for
artificial light, see Table 6 for guidance on types of commercial luminaires that are more
suitable for use near important marine turtle nesting habitat.

Department of Climate Change, Energy, the Environment and Water

62



National Light Pollution Guidelines for Wildlife

Table 6 Commercial luminaire types that are considered generally less disruptive for use
near important marine turtle nesting habitat, and those to avoid

Light type Suitability for use near marine turtle habitat
Low-pressure sodium vapour Suitable
High-pressure sodium vapour Suitable
Filtered LED a Suitable
Filtered metal halide a Suitable
Filtered white LED a Suitable
Amber LED Suitable

PC amber Suitable
White LED Not suitable
Metal halide Not suitable
White fluorescent Not suitable
Halogen Not suitable
Mercury vapour Not suitable

a ‘Filtered’” means LEDs can be used only if a filter approved by the manufacturer is applied to remove the short-
wavelength (400 nm to 500 nm) light.
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Appendix G — Seabirds

Key points

Seabirds spend most of their lives at sea, only coming ashore to nest. All species are vulnerable to the
effects of lighting. Seabirds active at night while migrating, foraging or returning to colonies are most at
risk.

Fledglings are more affected by artificial lighting than adults due to the synchronised mass exodus of
fledglings from their nesting sites. They can be affected by lights up to 15 km away.

Key management measures

The physical aspects of light that have the greatest impact on seabirds are intensity and colour
(wavelength). Consequently, management of these aspects of artificial light will have the most effective
result.

Seabirds are birds that are adapted to life in the marine environment (Figure 28). They can be
highly pelagic or coastal, or in some cases spend a part of the year away from the sea entirely.
They feed from the ocean either at or near the sea surface. In general, seabirds live longer, breed
later and have fewer young than other birds and invest a great deal of energy in their young.
Most species nest in colonies, which can vary in size from a few dozen birds to millions. Many
species undertake long annual migrations, crossing the equator or circumnavigating the earth in
some cases (Ross et al. 1996).

Artificial light can disorient seabirds and potentially cause injury and/or death through collision
with infrastructure. Birds may starve as a result of disruption to foraging, hampering their
ability to prepare for breeding or migration. High mortality of seabirds occurs through
grounding of fledglings as a result of attraction to lights (Rodriguez et al. 2017a) and through
interaction with vessels at sea.

Figure 28 Flesh-footed Shearwater at sunset

Photo: Richard Freeman.
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Conservation status

Migratory seabird species in Australia are protected under international treaties and
agreements including the Convention on the Conservation of Migratory Species of Wild Animals
(CMS, Bonn Convention), the Ramsar Convention on Wetlands and the Agreement on the
Conservation of Albatrosses and Petrels (ACAP), and through the East Asian-Australasian
Flyway Partnership. The Australian Government has bilateral migratory bird agreements with
Japan (Japan-Australia Migratory Bird Agreement, JAMBA), China (China-Australia Migratory
Bird Agreement, CAMBA) and the Republic of Korea (Republic of Korea-Australia Migratory
Bird Agreement, ROKAMBA). In Australia the Environment Protection and Biodiversity
Conservation Act 1999 (EPBC Act) gives effect to these international obligations. Many seabirds
are also protected under state and territory environmental legislation.

An estimated 15.5 million pairs of seabirds, from 43 species, breed at mainland and island
rookeries (Rodriguez et al. 2017a). Of the 43 species, 35 are listed as threatened and/or
migratory under the EPBC Act. Of the 35 EPBC Act listed species, 90% are Procellariiformes
(petrels, shearwaters, storm petrels, gadfly petrels and diving petrels), which breed in burrows,
only attend breeding colonies at night (Warham 1990) and are consequently most at risk from
the effects of artificial light. Short-tailed Shearwaters comprise 77% (11.9 million pairs) of the
total breeding seabird pairs.

Distribution

Seabirds in Australia belong to both migratory and residential breeding species. Most breeding
species, include both temperate and tropical shearwaters and terns that undergo extensive
migrations to wintering areas outside Australia’s Exclusive Economic Zone (EEZ). However,
there are significant numbers of residential species that remain within the EEZ throughout the
year and undergo shorter migrations to non-breeding foraging grounds within the EEZ.

Timing of habitat use

Most seabird breeding occurs during the austral spring/summer (September-January), but this
may extend in some species to April/May. The exceptions are the austral winter breeders, a
handful of species, largely comprising petrels, that may commence nesting in June. Breeding
occurs almost exclusively on many of the offshore continental islands that surround Australia.
Seabirds spend most of their time flying at sea, and so are usually found on breeding islands
only during the breeding season, or along mainland coastal sandbars and spits or island
shorelines when roosting during their non-breeding period.

Important habitat for seabirds

Seabirds may be affected by artificial light at breeding areas, while foraging and while
migrating. For the purposes of these guidelines, important habitat for seabirds includes all areas
that have been designated as habitat critical to the survival of seabirds and/or as biologically
important areas (BIAs), and areas designated as important habitat in wildlife conservation plans
and in species-specific conservation advice.
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e The National Recovery Plan for threatened albatrosses and petrels (2022)! lists designated
habitat critical to the survival of these species. Where a recovery plan is not in force for a
listed threatened species, see relevant approved conservation advice.

e  Actions in Antarctica should consider important bird areas in Antarctica (Harris et al.
2015).

e BlAsare areas where listed threatened and migratory species display biologically
important behaviour such as breeding, foraging, resting and migration. Seabird BIAs can be
explored through the National Conservation Values Atlas.

— Designation as a BIA recognises that biologically important behaviours are known to
occur, but the absence of such a designation does not preclude the area from being a
BIA. Where field surveys identify biologically important behaviour occurring, the
habitat should be managed accordingly.

Effects of artificial light on seabirds

Seabirds have been affected by artificial light sources for centuries. Humans used fire to attract
seabirds to hunt them for food (Murphy 1936) and reports of collisions with lighthouses date
back to 1880 (Allen 1880). More recently artificial light associated with the rapid urbanisation
of coastal areas has been linked to increased seabird mortality (Gineste et al. 2016), and today
56 petrel species worldwide are known to be affected by artificial lighting (Rodriguez et al.
2017a; Rodriguez et al. 2017b). Artificial light can disorient seabirds, causing collision,
entrapment, stranding, grounding, and interference with navigation (being drawn off course
from the usual migration route). These behavioural responses may cause injury or death.

All species active at night are vulnerable, as artificial light can disrupt their ability to orient
towards the sea. Problematic sources of artificial light include coastal residential and hotel
developments, street lighting, vehicle lights, sporting facility floodlights, vessel deck and search
lights, cruise ships, fishing vessels, gas flares, commercial squid vessels, security lighting,
navigation aids and lighthouses (Rodriguez et al. 2017b; Gineste et al. 2016; Ainley et al. 2001;
Black 2005; Deppe et al. 2017; Merkel & Johansen 2011; Raine 2007; Rodriguez, Rodriguez &
Lucas 2012). Seabirds, particularly petrel species in the Southern Ocean, can be disoriented by
vessel lighting and may land on the deck, from which they are unable to take off. The effect of
artificial light may be exacerbated by moon phase (Deppe et al. 2017), wind direction and
strength (Rodriguez et al. 2014; Syposz et al. 2018), precipitation, cloud cover, and the
proximity of nesting sites or migrating sites to artificial light sources (Rodriguez et al. 2015;
Rodriguez, Rodriguez & Negro 2015; Troy et al. 2013). The degree of disruption is determined
by a combination of physical, biological and environmental factors including the location,
visibility, colour and intensity of the light, proximity to other infrastructure, landscape
topography, moon phase, atmospheric and weather conditions, and species present.

Seabirds that are active at night while migrating, foraging or returning to colonies and are
directly affected include petrels, shearwaters, albatross, noddies, terns and some penguin
species. Less studied are the effects of light on the colony attendance of nocturnal

1 The recovery plan will sunset in 2032.
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Procellariiformes, which could lead to higher predation risks by gulls, skuas or other diurnal
predators; and the effects on species that are active during the day, including extending their
activities into the night as artificial light increases perceived daylight hours.

High rates of fallout, or the collision of birds with structures, have been reported in seabirds
nesting adjacent to urban or developed areas (Rodriguez et al. 2017a; Montevecchi 2006;
Podolsky et al. 1998) and at sea where seabirds interact with offshore oil and gas platforms
(Bourne 1979; Burke et al. 2005). A report on interactions with oil and gas platforms in the
North Sea identified light as the likely cause of hundreds of thousands of bird deaths annually. It
noted that this could be a site-specific impact (Ronconi, Allard & Taylor 2015).

Gas flares also affect seabirds. One anecdote describes 24 burnt carcasses of seabirds (Wedge-
tailed Shearwaters) in and around an open-pit gas flare. It is likely that the birds were attracted
to the light and noise of the flare and, as they circled the source, became engulfed, combusting in
the super-heated air above the flame (K Pendoley pers. obs. 1992).

Mechanisms by which light affects seabirds

Most seabirds are diurnal. They rest during dark hours and have less exposure to artificial light.
Among species with a nocturnal component to their life cycle, artificial light affects the adult and
fledgling differently.

Adults are less affected by artificial light. Many Procellariiformes species (shearwaters, storm
petrels, gadfly petrels) are vulnerable during nocturnal activities, which make up part of the
annual breeding cycle. Adult Procellariiformes species are vulnerable when returning to and
leaving the nesting colony. They may leave or enter to re-establish their pair bonds with
breeding partners, repair nesting burrows, defend nesting sites, or forage. Adults feed their
chicks by regurgitating partially digested food (Imber 1975). A recent study shows that artificial
light disrupts adult nest attendance and thus affects weight gain in chicks (Cianchetti-Benedetti
etal. 2018).

Fledglings are more vulnerable due to the naivety of their first flight, the immature development
of ganglions in the eye at fledging, and the potential connection between light and food
(Montevecchi 2006; Mitkus et al. 2016). Burrow-nesting seabirds are typically exposed to light
streaming in from the burrow entrance during the day. Parents feeding their young enter the
burrow from the entrance, creating an association between light and food in newly fledged
birds (Rodriguez et al. 2017b). Much of the literature concerning the effect of lighting upon
seabirds relates to the synchronised mass exodus of fledglings from their nesting sites (Deppe et
al. 2017; Raine et al. 2007; Rodriguez et al. 2015; Rodriguez, Rodriguez & Negro 2015; Le Corre
et al. 2002; Reed, Sincock & Hailman 1985). Fledging Procellariiformes leave the nesting colony
for the sea at night (Warham 1990), returning to breed several years later. In Australia, the
main fledgling period for shearwaters occurs in April/May (Serventy, Serventy & Warham
1971).

Emergence during darkness is believed to be a predator-avoidance strategy (Watanuki 1986),
and artificial lighting may make fledglings more vulnerable to predation (Reed, Sincock &
Hailman 1985). Artificial lights are thought to override the sea-finding cues provided by
moonlight and starlight at the horizon (Telfer et al. 1987), and fledglings can be attracted back
to onshore lights after reaching the sea (Rodriguez et al. 2014; Podolsky et al. 1998). It is
possible that fledglings that survive their offshore migration cannot imprint their natal colony,
preventing them from returning to nest when they mature (Raine et al. 2007). The
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consequences of exposure to artificial light on the viability of a breeding population of seabirds
is unknown (Griesemer & Holmes 2011).

Eye structure and sensitivities
Seabirds, like most vertebrates, have an eye that is well adapted to see colour. Typically, diurnal

birds have 6 photoreceptor cells which are sensitive to different regions of the visible spectrum
(Vorobyev 2003). All seabirds are sensitive to the violet-blue region of the visible spectrum
(380 nm to 440 nm) (Capuska et al. 2011). The eyes of the Black Noddy (Anous minutus) and
Wedge-tailed Shearwater (Puffinus pacificus) are characterised by a high proportion of cones
sensitive to shorter wavelengths (Hart 2001). This adaptation is likely due to the need to see
underwater, and the optimum wavelength for vision in clear blue oceanic water is between
425 nm and 500 nm. There is no ecological advantage to having many long-wavelength-
sensitive photoreceptors in species foraging in this habitat (Hart 2001).

Many diurnal birds can see in the UV range (less than 380 nm (Bowmaker et al. 1997));
however, of the over 300 seabird species, only a few have UV-sensitive vision (Capuska et al.
2011). In all seabirds, their photopic vision (daylight adapted) is most sensitive in the long-
wavelength range of the visible spectrum (590 nm to 740 nm, orange to red) while their
scotopic (dark adapted) vision is more sensitive to short wavelengths of light (380 nm to 485
nm, violet to blue).

Petrel vision is most sensitive to light in the short-wavelength blue (400 nm to 500 nm), region
of the visible spectrum. Relative to diurnal seabirds, such as gulls and terns, petrels have a
higher number of short-wavelength-sensitive cones. This is thought to be an adaptation that
increases prey visibility against a blue-water foraging field favoured by petrels (Hart 2001).

Little has been published on vision in penguins. Penguins are visual foragers whose success in
fish capture is linked directly to the amount of light present (Cannell & Cullen 1998). The eyes of
the Humbolt Penguin (Spheniscus humboldti) are adapted to the aquatic environment, seeing
well in the violet to blue to green region of the spectrum, but poorly in the long wavelengths
(red) (Bowmaker & Martin 1985).

Wavelength, intensity and direction

The intensity of light may be a more important cue than colour for seabirds. Very bright light
will attract them, regardless of colour (Raine et al. 2007). There are numerous, although
sometimes conflicting, reports of the attractiveness of different wavelengths of artificial light to
seabirds. White light has the greatest effect on seabirds as it contains all wavelengths of light
(Rich & Longcore 2006); Deppe et al. 2017; Wiltschko & Wiltschko 1999). Seabirds have
reportedly been attracted to the yellow/orange colour of fire (Murphy 1936), while white
mercury vapour and broad-spectrum LED is more attractive to Barau'’s Petrel (Pterodroma
baraui) and Hutton’s Shearwater (Puffinus huttoni) than either low-pressure or high-pressure
sodium vapour lights (Deppe et al. 2017). Bright white deck lights and spot lights on fishing
vessels attract seabirds at night, particularly on nights with little moonlight or low visibility
(Black 2005; Merkel & Johansen 2011; Montevecchi 2006).

A controlled field experiment on Short-tailed Shearwaters at Phillip Island tested the effect of
metal halide, LED and HPS lights on fledging groundings (Rodriguez, Dann & Chiaradia 2017).
The results suggested that the shearwaters were more sensitive to the wider emission spectrum
and higher blue content of metal halide and LED lights than to HPS light. The authors strongly
recommended using HPS or filtered LED and metal halide lights with purpose-designed LED
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filters to remove short-wavelength light for use in the vicinity of shearwater colonies
(Rodriguez, Dann & Chiaradia 2017).

The first studies of penguins exposed to artificial light at a naturally dark site found they
preferred lit paths over dark paths to reach their nests (Rodriguez et al. 2018). While artificial
light might enhance penguin vision at night, reducing predation risk and making it easier for
them to find their way, their proven attraction to light could attract them to undesirable lit
areas. This study concluded that the penguins were habituated to artificial lights and were
unaffected by a 15 lux increase in artificial illumination (Rodriguez et al. 2018). However, the
authors were unable to rule out an effect of artificial light on penguin behaviour due to natural
differences between the sites, potential complexity of penguin response to the interaction
between artificial light and moonlight, and probable habituation of penguins to artificial lights.

Environmental impact assessment of artificial light on
seabirds

As a minimum, infrastructure with artificial lighting that is externally visible should have Best
practice lighting design implemented. Where there is important habitat for seabirds within 20
km of a project, an EIA should be undertaken. The following sections step through the EIA
process, with specific considerations for seabirds.

The 20 km buffer for considering important seabird habitat is based on the observed grounding
of seabirds in response to a light source at least 15 km away (Rodriguez et al. 2014).

The spatial and temporal characteristics of migratory corridors are important for some seabird
species. Species typically use established migratory pathways at predictable times, and artificial
light intersecting with an overhead migratory pathway should be assessed in the same way as
for ground-based populations.

Where artificial light is likely to affect seabirds, consideration should be given to mitigation
measures at the earliest point in project development, including to inform the design phase.

Associated guidance
e National Recovery Plan for threatened albatrosses and petrels (2022)2

e EPBC Act Policy Statement 3.21: Industry guidelines for avoiding, assessing and mitigating
impacts on EPBC Act listed migratory shorebird species

Qualified personnel

Lighting design/management and the EIA process should be undertaken by appropriately
qualified personnel. Light management plans should be developed and reviewed by
appropriately qualified lighting practitioners, who should consult with an appropriately trained
marine ornithologist and/or ecologist.

People advising on the development of a lighting management plan, or the preparation of
reports assessing the effect of artificial light on seabirds, should have relevant qualifications

2 The recovery plan will sunset in 2032.
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equivalent to a tertiary education in ornithology or equivalent experience as evidenced by peer-
reviewed publications in the last 5 years on a relevant topic, or other relevant experience.

Step 1: Describe the project lighting

The type of information collated during this step should consider the biological Effects of
artificial light on seabirds. Seabirds are susceptible when active at night while migrating,
foraging or returning to colonies. The location and type of light source (both direct and
skyglow) should be considered in relation to breeding and feeding areas. Seabirds are sensitive
to both short-wavelength (blue/violet) and long-wavelength (orange/red) (Reed 1986) light,
and some species are able to detect UV light. However, the intensity of lights may be more
important than colour.

Step 2: Describe seabird population and behaviour

The species, life stage and behaviour of seabirds in the area of interest should be described. This
should include the conservation status of the species; the abundance of birds; how
widespread/localised the population is; the regional importance of the population; and the
seasonality of seabirds utilising the area.

Relevant information can be found in the National Recovery Plan for Threatened Albatrosses
and Giant Petrels 2011-2016, the Protected Matters Search Tool, the National Conservation
Values Atlas, conservation advices, wildlife conservation plans, state and territory listed species
information, scientific literature, and local and Indigenous knowledge.

Where there are insufficient data to understand the population’s importance or demographics,
or where it is necessary to document existing seabird behaviour, field surveys and biological
monitoring may be necessary.

Biological monitoring of seabirds

Any biological monitoring associated with a project should be developed, overseen and have the
results interpreted by an appropriately qualified biologist or ornithologist to ensure reliability
of the data.

The objectives of monitoring in an area likely to be affected by light are to:

e understand the habitat use and behaviour of the population (for example, migrating,
foraging, breeding)

e understand the size and importance of the population
e describe seabird behaviour prior to the introduction or upgrading of artificial lighting.

The data will be used to inform the EIA process and assess whether mitigation measures are
successful. Suggested minimum monitoring parameters (what is measured) and techniques
(how to measure them) are summarised in Table 7.

Department of Climate Change, Energy, the Environment and Water

70



National Light Pollution Guidelines for Wildlife

Table 7 Recommended minimum biological information necessary to assess the
importance of a seabird population

Targeted age Survey effort Duration Reference

class

Adult nesting In colonial nesting burrows or Minimum 2 Henderson & Southwood (2016)
for surface nesting species with  breeding seasons Surman & Nicholson (2014b)

fixed or transient nesting sites, a
single survey timed to coincide
with predicted peak laying
period.

Survey Guidelines for Australia’s
Threatened Birds
(Commonwealth of Australia

2010)
e A minimum of 3 sampling

areas (transects/quadrants)
appropriate for nest density
to capture ~100 nests per
transect. Status of nests
recorded (used/unused -
chick stage).

For transient surface nesting
species, use aerial or drone
footage to estimate numbers of
chicks in creches.

e A minimum of 3 sampling
areas (transects/quadrants)
appropriate for nest density
to capture ~100 nests per
transect. Status of nests
recorded (used/unused -
egg or chick).

Fledgling In colonial nesting burrows or Minimum 2 Henderson & Southwood (2016)

for surface nesting species with  breeding seasons Surman & Nicholson (2014a)
fixed nesting sites, a single

survey timed to coincide with

predicted maximum fledging

period.

Note: the information in this table is not prescriptive and should be assessed on a case-by-case basis.

Additional seabird monitoring

Monitor fledging behaviour before a project begins, to establish a benchmark for assessing
changes in fledging behaviour during construction and operations.

Monitor fallout by assessing breeding colonies prior to fledging to assess annual breeding
output/effort and measure against fallout (expecting greater fallout in years with higher
reproductive output).

Install camera traps at key locations to monitor fallout.
Conduct nightly assessments of target lighting/areas to identify and collect grounded birds.

Conduct observations post-dusk and pre-dawn with night vision goggles to assess
activity/interactions.

Track movement using land-based radar to determine existing flight paths (Raine et al.
2007).

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the biological data. Handheld camera images can help to
describe the light. Quantitative data on existing skyglow should be collected, if possible, in a
biologically meaningful way, recognising the technical difficulties in obtaining these data. See
Appendix C - Measuring biologically relevant light for a review.
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Step 3: Risk assessment

The objective is that light should be managed in such a way that seabirds are not disrupted
within or displaced from important habitat and are able to undertake critical behaviours such as
foraging, reproduction and dispersal. These consequences should be considered in the risk
assessment process. The aim of the process is to ensure that at important seabird rookeries,
burrow usage remains constant, adults and fledglings are not grounded, and fledglings launch
successfully from the rookery.

In considering the likely effect of light on seabirds, the assessment should consider the existing
light environment, the proposed lighting design and mitigation/management, and the behaviour
of seabirds at the location. Consideration should be given to how the birds perceive light. This
should include both wavelength and intensity information and perspective. To discern how or
whether seabirds are likely to see light, a site visit should be made at night and the area viewed
from the seabird rookery. Similarly, consideration should be given to how seabirds will see light
when in flight.

Using this perspective, the type and number of lights should be considered /modelled to
determine whether seabirds are likely to perceive the artificial light and what the effects of the
artificial light on their behaviour are likely to be.

Step 4: Light management plan

This should include all relevant project information (Step 1) and biological information (Step 2).
It should outline proposed mitigation. For a range of seabird-specific mitigation measures see
Seabird light mitigation toolbox. The plan should also outline the types of and schedule for
biological and light monitoring to ensure mitigation is meeting the objectives of the plan, and
triggers for revisiting the risk assessment phase of the EIA.

The plan should outline contingency options to implement if biological and light monitoring or
compliance audits indicate that mitigation is not meeting objectives (for example, light is visible
in seabird rookeries or fallout rates increase).

Step 5: Biological and light monitoring and auditing

The success of the impact mitigation and light management should be confirmed through
monitoring and compliance auditing. The monitoring and audit results should be used to
facilitate an adaptive management approach for continuous improvement.

Relevant biological monitoring is described in Step 2. Concurrent light monitoring should be
undertaken and interpreted in the context of how seabirds perceive light and within the
limitations of monitoring techniques described in Appendix C - Measuring biologically relevant
light. Artificial light auditing, as described in the light management plan, should be undertaken.

Step 6: Review
The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures and renewal of the light management plan.

Seabird light mitigation toolbox

Appropriate artificial lighting design, controls and impact mitigation will be site, project and
species-specific. Table 8 provides a toolbox of management options relevant to seabirds. These
options should be implemented in addition to the 6 Best practice lighting design principles. Not
all mitigation options will be practicable for every project. Table 9 provides a suggested list of
light types appropriate for use near seabird rookeries and those to avoid.
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A comprehensive review of the effects of land-based artificial lights on seabirds found that the
most effective mitigation techniques were:

e turning lights off during fledging periods

e  modifying light wavelengths

e removing external lights and closing window blinds to shield internal lights

e shielding the light source and preventing upward light spill

e reducing traffic speed limits and displaying warning signs

e implementing a rescue program for grounded birds (Rodriguez et al. 2017a).

Additional mitigation measures listed but not assessed for effectiveness were:

e using rotating or flashing lights, because research suggests that seabirds are less attracted
to flashing lights than to constant light

e keeping light intensity as low as possible. Most bird groundings are observed in very
brightly lit areas (Rodriguez et al. 2017a).

Table 8 Light management options for seabirds

Management action

Detail

Implement management actions during
the breeding season.

Maintain a dark zone between the
rookery and the light sources.

Turn off lights during fledgling season.

Use curfews to manage lighting.

Aim lights downwards and direct them
away from nesting areas.

Use flashing/intermittent lights instead
of fixed beam.

Use motion sensors to turn lights on only
when needed.

Prevent indoor lighting reaching outdoor
environment.

Manage artificial light on jetties,
wharves, marinas etc.

Reduce unnecessary outdoor deck
lighting on all vessels and permanent and
floating oil and gas installations in
known seabird foraging areas at sea.

Most seabird species nest during the austral spring and
summer. Light management should be implemented during the
nesting and fledgling periods.

Avoid installing lights or manage all outdoor lighting within 3
km of a seabird rookery (Rodriguez, Rodriguez & Negro 2015).
This is the median distance between nest locations and
grounding locations. Avoiding the installation of lights in this
zone would reduce the number of grounding birds by 50%.

If it is impossible to extinguish lights, consider curfews,
dimming options, or changes in light spectra (preferably
towards lights with low blue emissions). Fledglings can be
attracted back towards lights on land as they fly out to sea.

Extinguish lights around the rookery during the fledgling
period by 7 pm, as fledglings leave their nest early in the
evening.

Aim light onto only the surface area requiring illumination. Use
shielding to prevent light spill into the atmosphere and outside
the footprint of the target area. This action can reduce fallout
by 40% (Rodriguez et al. 2017a).

For example, small red flashing lights can be used to identify an
entrance or delineate a pathway.

Use motion sensors for pedestrian or street lighting within
3 km of a seabird rookery.

Use fixed window screens or window tinting on fixed windows
and skylights to contain light inside buildings.

Fledglings and adults may be attracted to lights on marine
facilities and become grounded or collide with infrastructure.

Extinguish outdoor/deck lights when not necessary for human
safety and restrict lighting at night to navigation lights.

Use block-out blinds on all portholes and windows.
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Management action

Detail

Night fishing should only occur with
minimum deck lighting.

Avoid shining light directly onto fishing
gear in the water.

Ensure lighting enables recording of any
incidental catch, including by electronic
monitoring systems.

Avoid shining light directly onto
longlines and/or illuminating baits in the
water.

Vessels working in seabird foraging
areas during breeding season should
implement a seabird management plan
to prevent seabird landings on the ship,
manage birds appropriately and report
the interaction.

Use luminaires with spectral content
appropriate for the species present.

Avoid high-intensity light of any colour.

Shield gas flares and locate them inland
and away from seabird rookeries.

Minimise flaring on offshore oil and gas
production facilities.

In facilities requiring intermittent night-
time inspections, turn on lights only
while operators are moving around the
facility.

Ensure industrial site/plant operators
use head torches.

Supplement facility perimeter security
lighting with computer-monitored
infrared detection systems.

Tourism operations around seabird
colonies should manage torch usage so
birds are not disturbed.

Design and implement a rescue program
for grounded birds.

Night is between nautical dusk and nautical dawn (as defined in
the Nautical Almanac tables for relevant latitude, local time and
date).

Light on the water at night can attract seabirds to deployed
fishing gear, increasing the risk of seabird bycatch (i.e, killing
or injuring birds).

Minimum deck lighting should not breach minimum standards
for safety and navigation.

Record bird strike or incidental catch and report these data to
regulatory authorities.

Light on the water can attract birds and makes it easier for
them to detect and consume baits, increasing bycatch in
fisheries (killing or injuring birds).

Record bird strike or incidental catch and report these data to
regulatory authorities.

For example, see the International Association of Antarctica
Tour Operators (IAATO) Seabirds landing on ships information

page.

Consider avoiding specific wavelengths that are problematic
for the species of interest. In general, this would include
avoiding lights rich in blue light; however, some birds are
sensitive to yellow light and other mitigation may be required.

Keep light intensity as low as possible in the vicinity of seabird
rookeries and known foraging areas.

Manage gas flare light emissions by reducing gas flow rates to
minimise light emissions; shielding the flame behind a
containment structure; containing the pilot flame for flares
within shielding; and scheduling maintenance activity
requiring flaring outside of shearwater breeding season or
during the day.

Consider reinjecting excess gas instead of flaring, particularly
on installations on migratory pathways.

Use appropriate wavelength, explosion-proof LEDs with smart
lighting controls. LEDs have no warm-up or cool-down
limitations, so they can remain off until needed and provide
instant light when required for routine nightly inspections or in
the event of an emergency.

Consider providing plant operators with white head torches
(explosion-proof torches are available) for situations where
white light is needed to detect colour correctly or in an
emergency.

Perimeter lighting can be operated when night-time
illumination is necessary but otherwise remain off.

Consider installing educational signage around seabird colonies
where tourism visitation is generally unsupervised.

This will not prevent birds grounding, but it is an important
management action in the absence of appropriate light design.
Rescue programs have proven useful in reducing mortality of
seabirds. The program should include documentation and
reporting of data about the number and location of rescued
birds to regulatory authorities.
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If all other mitigation options have been exhausted and there is a human safety need for
artificial light, see Table 9 for guidance on types of commercial luminaires that are more
suitable for use near seabird habitat.

Table 9 Commercial luminaire types that are considered generally less disruptive for use
near important seabird mammal habitat, and those to avoid

Light type Suitability for use near marine turtle habitat
Low-pressure sodium vapour Suitable
High-pressure sodium vapour Suitable
Filtered LED a Suitable
Filtered metal halide a Suitable
Filtered white LED a Suitable

LED with appropriate spectral properties  Suitable
for species present

White LED Not suitable
Metal halide Not suitable
White fluorescent Not suitable
Halogen Not suitable
Mercury vapour Not suitable

a ‘Filtered’ means this type of luminaire can be used only if a filter approved by the manufacturer is applied to remove the
problematic wavelength light.
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Appendix H — Migratory shorebirds

Key points

There is evidence that night-time lighting of migratory shorebird foraging areas may benefit the birds by
allowing greater visual foraging opportunities. However, where nocturnal roosts are artificially
illuminated, shorebirds may be displaced, potentially reducing their local abundance if the energetic cost
to travel between suitable nocturnal roosts and foraging sites is too great.

Artificial lighting could also act as an ecological trap by drawing migratory shorebirds to foraging areas
with increased predation risk. Overall, the effect of artificial light on migratory shorebirds remains
understudied and consequently any assessment should adopt the precautionary principle and manage
potential effects from light unless demonstrated otherwise.

Shorebirds, also known as waders, inhabit the shorelines of coasts and inland water bodies for
most of their lives. Most are from 2 taxonomic families, the sandpipers (Scolopacidae) and the
plovers (Charadriidae). They are generally distinguished by their relatively long legs, often long
bills, and most importantly their associations with wetlands at some stages of their annual
cycles (van de Kam et al. 2014).

Atleast 215 shorebird species have been described (Colwell 2010). Their characteristics include
long life span but low reproductive output, and they are highly migratory (Piersma & Baker
2000). Many species have special bills for feeding on different prey in wetlands. Their bills
contain sensory organs to detect the vibrations of prey inside the substrate. Shorebirds are
often gregarious during the non-breeding season, which is perhaps a mechanism to reduce
individual predation risk (Cresswell 1994) and increase the chance of locating profitable
feeding patches (Piersma & Baker 2000). About 62% of shorebird species migrate. Some are
transoceanic and transcontinental long-distance migrants capable of flying up to 8 days non-
stop. There are examples of individuals covering distances up to 11,500 km (Battley et al. 2012).

Figure 29 Curlew Sandpipers
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Department of Climate Change, Energy, the Environment and Water

76




National Light Pollution Guidelines for Wildlife

Conservation status

Migratory shorebird species in Australia are protected under international treaties and
agreements including the Convention on the Conservation of Migratory Species of Wild Animals
(CMS, Bonn Convention) and the Ramsar Convention on Wetlands, and through the East Asian-
Australasian Flyway Partnership. The Australian Government has bilateral migratory bird
agreements with Japan (Japan-Australia Migratory Bird Agreement, JAMBA), China (China-
Australia Migratory Bird Agreement, CAMBA), and the Republic of Korea (Republic of Korea-
Australia Migratory Bird Agreement, ROKAMBA). In Australia, the Environment Protection and
Biodiversity Conservation Act 1999 (EPBC Act) gives effect to these international obligations.
Many species are also protected under state and territory environmental legislation.

Thirty-seven species are listed as threatened and/or migratory species under the EPBC Act and
are hence Matters of National Environmental Significance (MNES) in Australia. At least 56
transequatorial species belonging to 3 families - pratincoles (Glareolidae), plovers
(Charadriidae) and sandpipers (Scolopacidae) have been recorded in Australia (Menkhorst et al.
2017). Thirty-six of these species and one non-transequatorial species are listed under the EPBC
Act. Three species (and one subspecies) of migratory shorebird are listed as critically
endangered, 2 species as endangered and one species (and one subspecies) as vulnerable under
the EPBC Act.

These guidelines should be read in conjunction with EPBC Act Policy Statement 3.21: Industry
guidelines for avoiding, assessing and mitigating impacts on EPBC Act listed migratory
shorebird species (Commonwealth of Australia 2015a).

Distribution

Migratory shorebirds are found in Australia throughout the year and in all states and territories.
Peak abundance occurs between August and April; however, sexually immature birds defer
their northward migration for several years and can be found in Australia during the austral
winter months.

They are predominantly associated with wetland habitats including estuaries and intertidal
wetlands, coastal beaches, saltmarshes, mangrove fringes, wet grasslands, and ephemeral
freshwater and salt lakes in inland Australia. Shorebirds are also opportunists and exploit
artificial habitats such as pastures, tilled land, sewage treatment plants, irrigation canals, sports
fields and golf courses. Of 397 internationally recognised sites considered important for
migratory shorebirds along the East Asian-Australasian Flyway, 118 are found in Australia
(Bamford et al. 2008).

Important habitat for migratory shorebirds

For the purposes of these guidelines, important habitat for migratory shorebirds includes all
areas that are recognised or eligible for recognition as nationally or internationally important
habitat. These habitats are defined in EPBC Act Policy Statement 3.21: Industry guidelines for
avoiding, assessing and mitigating impacts on EPBC Act listed migratory shorebird species
(Commonwealth of Australia 2015a) and the Wildlife Conservation Plan for Migratory
Shorebirds (Commonwealth of Australia 2015b).

e Internationally important habitats are wetlands that support at least 1% of the individuals
in a population of one species or subspecies, or a total abundance of at least 20,000
waterbirds.
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e Nationally important habitats are wetlands that support at least 0.1% of the flyway
population of a single species, 2,000 migratory shorebirds, or 15 migratory shorebird
species.

Effects of artificial light on migratory shorebirds

Artificial light can disorient flying birds, affect their stopover selection, and cause their death
through collision with infrastructure (McLaren et al. 2018). Birds may starve as a result of
disruption to foraging, hampering their ability to prepare for breeding or migration. However,
artificial light may help some species, particularly nocturnally foraging shorebirds, as they may
have greater access to food (Rogers et al. 2006; Dwyer et al. 2013).

Annual cycle and habitat use in migratory shorebirds

Migratory shorebird species listed under the EPBC Act breed in the northern hemisphere,
except the Double-banded Plover (Charadrius bicinctus), which breeds in New Zealand. Many of
the northern hemisphere breeders nest in the arctic or subarctic tundra during the boreal
summer (May to July) and spend the non-breeding season (August to April) in Australia or New
Zealand. They usually spend 5 to 6 months on the non-breeding grounds, where they complete
their basic (non-breeding plumage) moult, and later commence a prealternate (breeding
plumage) moult prior to their northward migration. While undergoing their pre-alternate
moult, shorebirds also consume a larger amount of prey to increase their fat storages,
permitting them to travel greater distances between refuelling sites. Shorebirds refuel in East
Asia during their northward migration. During southward migration, some individuals travel
across the Pacific, briefly stopping on islands to refuel. Shorebirds migrating across the Pacific
typically have non-breeding grounds in eastern Australia and New Zealand. Shorebirds
returning to non-breeding grounds in western and northern Australia again pass through East
Asia on their southward journey.

A common feature for many birds is their reliance on inland or coastal wetland habitats at some
stages in their annual life histories. Many migratory shorebirds, despite the vast distances they
cover every year, spend most of their time on coastal wetlands except for the 2 months of
nesting when they use tundra or taiga habitats. However, productive coastal wetland is
localised, which means that large proportions, or even entire populations, gather at a single site
during a stopover or non-breeding season. The Great Knot Plover and Greater Sand Plover are
examples, with 40% and 57% respectively of their entire flyway population spending their non-
breeding season at Eighty-Mile Beach in Western Australia (Bamford et al. 2008). Wetlands
commonly used include coastal mudflats and sandflats, sandy beaches, saltmarsh and mangrove
fringes, ephemeral freshwater wetlands and damp grasslands.

The coastal intertidal wetlands favoured by many migratory shorebirds are a dynamic
ecosystem strongly influenced by the tidal cycle. This is part of the critical transition zone
between land, freshwater habitats and the sea. Throughout the East Asian-Australasian Flyway,
intertidal wetlands have been susceptible to heavy modification for the development of
farmlands, aquaculture, salt mining, ports and industry.

Daily activity pattern and habitat use of migratory shorebirds

The daily activity pattern of shorebirds at coastal wetlands is determined not only by daylight
but also by tidal cycle (Colwell 2010). They feed on the exposed tidal wetland during low tide
and roost during high tide as their feeding areas are inundated. The birds feed during both the
day and night, especially in the lead-up to migration (Santiago-Quesada et al. 2014; Lourenco et
al. 2008).
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Roost site selection can vary between day and night. Shorebirds often use diurnal roosts nearest
to the intertidal feeding area and may travel further to use safer nocturnal roosts - but at
greater energetic cost (Dias et al. 2006; Rogers, Piersma & Hassell 2006). Roosting habitat can
also vary between day and night. For example, Dunlin (Calidris alpina) in California make
greater use of pasture (which tends to be less affected by artificial light and disturbances) at
night and rely less on their diurnal roosts on islands and artificial structures such as riprap and
water pipes (Conklin & Colwell 2007).

Foraging behaviours differ between day and night, and between seasons (Lourenco et al. 2008;
McNeil, Drapeau & Pierotti 1993). Shorebirds typically show a preference for daytime foraging,
which occurs over a greater area, and at a faster rate, than nocturnal foraging (Lourenco et al.
2008). Increased prey availability and avoidance of daytime predation and disturbance are
some reasons for nocturnal foraging (McNeil, Drapeau & Pierotti 1993). Two basic types of
foraging strategies have been described: visual and tactile (touch-based) foraging. Some species
switch between these strategies. Tactile feeders such as sandpipers can use sensory organs in
their bills to detect prey inside the substrate in the dark and can switch to a visual foraging
strategy during moonlit nights to take advantage of the extra light (McNeil, Drapeau & Pierotti
1993). Visual feeders such as plovers have high densities of photoreceptors, especially the dark-
adapted rods, which allow foraging under low-light conditions (McNeil, Drapeau & Pierotti
1993; Rojas et al. 1999). Plovers have been shown to employ a visual foraging strategy during
both the day and the night, whereas sandpipers can shift from visual foraging during the day to
tactile foraging at night, likely due to less efficient night vision (Lourenco et al. 2008).

Vision in migratory shorebirds

There is a dearth of literature on light perception in migratory shorebirds. Most studies are
confined to the role of vision in foraging, with nothing on the physiology of shorebirds’ eyes or
their response to different wavelengths of light.

Birds in general are known to be attracted to, and disoriented by, artificial lights. This could be a
result of being blinded by the intensity of light that bleaches visual pigments and therefore
failing to see visual details (Verheijen 1985), or of interference with the magnetic compass used
by the birds during migration (Poot et al. 2008). An attraction to conventional artificial night
lighting may lead to other adverse consequences such as reducing fuel stores, delaying
migration and increasing the chance of collision and thereby injury and death (Gauthreaux &
Belser 2006).

Gulls and terns (Anous minutus, Anous tenuirostris and Gygis alba) share visual pigments that
give them vision in the short-wavelength ultraviolet region of the spectrum in addition to the
violet (blue) region of the spectrum. However, this sensitivity to very short wavelength light is
rare in seabirds, which are characterised by photopic (daylight adapted) vision sensitivity in the
mid to long wavelength range of the visible spectrum (590 nm to 740 nm, orange to red), while
their scotopic (low light, dark adapted) vision is more sensitive to short wavelengths of light
(380 nm to 485 nm, violet-blue) (Capuska et al. 2011).

Biological impacts on migratory shorebirds

The exponential increase in the use of artificial light over the past decade means ecological light
pollution has become a global issue (Falchi et al. 2016). Although the extent to which intertidal
ecosystems are being affected is unclear (Depledge, Godard-Codding & Bowen 2010), several
studies have assessed both the positive and negative aspects of light pollution on migratory
shorebirds.
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Artificial lighting has been shown to influence the nocturnal foraging behaviour in shorebirds
(Dwyer et al. 2013; Santos et al. 2010). Santos et al. (2010) demonstrated that 3 species of
plovers (Common Ringed Plover, Charadrius hiaticula; Kentish Plover, Charadrius alexandrina;
and Grey Plover, Pluvialis squatarola) and 2 species of sandpipers (Dunlin, Calidris alpina and
Common Redshank, Tringa totantus) improved foraging success by exploiting sites where
streetlights provided extra illumination (Santos et al. 2010).

Similarly, Dwyer et al. (2013) showed that artificial light generated from a large industrial site
significantly altered the foraging strategy of Common Redshanks within an estuary. The greater
nocturnal illumination of the estuary from the industrial site allowed the birds to forage for
extended periods using a visual foraging strategy, which was deemed a more effective foraging
behaviour than tactile foraging (Dwyer et al. 2013).

Although shorebirds may be attracted to foraging areas with greater nocturnal illumination,
artificial light near nocturnal roosting sites may displace the birds. Having studied the nocturnal
roosting habits of shorebirds in north-western Australia, Rogers et al. (2006) suggested that
nocturnal roost sites with low exposure to artificial lighting (such as streetlights and traffic) and
low perceived risk of predation were selected (Rogers et al. 2006). The study also found that
nocturnal roosts spatially differed from diurnal roosts and required higher energetic cost to
access, as the distance between nocturnal roosts and foraging areas was greater than the
distance between diurnal roost sites and the same foraging areas (Rogers, Piersma & Hassell
2006). The overall density of shorebirds in suitable foraging areas is expected to decline with
increased distance to the nearest roost, due to the greater energetic cost travelling between
areas (Dias et al. 2006; Rogers, Piersma & Hassell 2006). The artificial illumination (or lack
thereof) of nocturnal roost sites is therefore likely to significantly influence the abundance of
shorebirds in nearby foraging areas.

Intermittent or flashing lights could flush out shorebirds and force them to leave the area,
especially if the light is persistent (] Choi pers. obs. 2018; Straw pers. comm. 2018).

Artificial light can affect birds in flight. Not only can bright light attract airborne migrants
(Longcore et al. 2013) but also artificial light can affect stopover selection in long-distance
migrators, which can affect successful migration and decrease fitness (McLaren et al. 2018).
Similarly, Roncini et al. (2015) found that interactions between offshore oil and gas platforms
and birds in the North Sea were likely to include migratory shorebirds. They estimated that
hundreds of thousands of birds were killed each year in these interactions and considered that
light was the likely cause. The review recognised the gaps in monitoring and concluded that
impacts are likely to be region, species and platform specific (Ronconi, Allard & Taylor 2015).

Environmental impact assessment of artificial light on
migratory shorebirds

As a minimum, Best practice lighting design should be implemented for infrastructure with
externally visible artificial lighting. Where there is important habitat for migratory shorebirds
within 20 km of a project, consideration should be given to whether that light is likely to have an
effect on those birds.

The following sections step through the framework for managing artificial light, with specific
considerations for migratory shorebirds. The 20 km buffer is a precautionary limit based on
evidence that skyglow can cause a change in behaviour in other species up to 15 km away
(Rodriguez et al. 2014). Where artificial light is likely to affect migratory shorebirds,
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consideration should be given to mitigation measures at the earliest point in a project, including
to inform the design phase.

It is important to recognise the spatial and temporal characteristics of migratory corridors for
some migratory shorebird species. Species typically use established migratory pathways at
predictable times, and artificial light intersecting with an overhead migratory pathway should
be assessed in the same way as for ground-based populations.

Associated guidance
e Wildlife Conservation Plan for Migratory Shorebirds

e Approved conservation advice

Qualified personnel

Lighting design and management and the EIA process should be undertaken by appropriately
qualified personnel. Plans should be developed and reviewed by appropriately qualified lighting
practitioners, who should consult with an appropriately trained marine ornithologist or
ecologist.

People advising on the development of a lighting management plan, or the preparation of
reports assessing the effect of artificial light on migratory shorebirds, should have relevant
qualifications equivalent to a tertiary education in ornithology or equivalent experience as
evidenced by peer-reviewed publications in the last 5 years on a relevant topic, or other
relevant experience.

Step 1: Describe the project lighting

Information collated during this step should consider the biological Effects of artificial light on
migratory shorebirds. They can be affected by light when foraging or migrating at night.
Artificial light at night may also affect their selection of roost site. The location and type of light
source (both direct and skyglow) should be considered in relation to feeding and resting areas,
depending on whether the birds are active or resting at night. Shorebirds are sensitive to short-
wavelength (blue/violet) light, and some species are able to detect UV light. However, the
intensity of lights may be more important than colour.

Step 2: Describe the migratory shorebird population and behaviour

The species and behaviour of shorebirds in the area of interest should be described. This should
include the conservation status of the species; the abundance of birds; how
widespread/localised the population is; the location, timing and usage of the migratory
corridor; the regional importance of the population; the number of birds in the area in different
seasons; and their night-time behaviour (resting or foraging).

Relevant information on shorebirds can be found in EPBC Act Policy Statement 3.21: Industry
guidelines for avoiding, assessing and mitigating impacts on EPBC Act listed migratory
shorebird species (Commonwealth of Australia 2015a), the Wildlife Conservation Plan for
Migratory Shorebirds (Commonwealth of Australia 2015b), the Protected Matters Search Tool,
the National Conservation Values Atlas, state and territory listed species information, scientific
literature, and local and Indigenous knowledge.

Where there are insufficient data to understand the population’s importance or demographics,
or where it is necessary to document existing shorebird behaviour, field surveys and biological
monitoring may be necessary.
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Biological monitoring of migratory shorebirds
Monitoring associated with a project should be developed, overseen and have the results

interpreted by an appropriately qualified biologist to ensure reliability of the data (see Qualified
personnel).

The objective is to collect data on the abundance of birds and their normal behaviour. See
Survey guidelines for Australia’s threatened birds (Commonwealth of Australia 2010).

The data will be used to inform the EIA and assess whether mitigation measures are successful.
Suggested minimum monitoring parameters (what is measured) and techniques (how to
measure them) are summarised in Table 10.

Table 10 Recommended minimum biological information necessary to assess the
importance of a migratory shorebird population

Targeted age Survey effort Duration Reference

class

Adult Four surveys of roosting birds Two hours before Industry guidelines for avoiding,
(one in December, two in and after predicted assessing and mitigating
January and one in February), high tide impacts on EPBC Act listed
with an additional 3 to 4 migratory shorebird species
surveys within the same neap- (Commonwealth of Australia
spring tide cycle, are 2015a)
recommended.

Immature One to two surveys on roosting Two hours before
birds between mid-May and and after predicted
mid-July. high tide

Note: the information in this table is not prescriptive and should be assessed on a case-by-case basis.

Monitoring migratory shorebird populations

e  Monitor the population (during different seasons) to establish a benchmark for assessing
abundance before, during and after construction and during operations, to detect project-
related change.

e  Quantify the diurnal and nocturnal habitat use and movement in relation to tidal cycle
(both high and low tides during the neap and spring tide cycles) in the area under baseline
conditions to compare with light-affected conditions during construction and operations.

e  Measure nocturnal light levels at foraging sites and nocturnal roost sites before and after
the construction period of a project.

e  Monitor nocturnal roost sites, using acoustic recording devices and/or infrared cameras, to
determine nocturnal roost site use following the introduction of artificial light.

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the biological data. Handheld camera images can help to
describe the light. Quantitative data on existing skyglow should be collected, if possible, in a
biologically meaningful way, recognising the technical difficulties in obtaining these data. See
Appendix C - Measuring biologically relevant light for a review.

Step 3: Risk assessment

The objective of these guidelines is that light should be managed so that shorebirds are not
disrupted within or displaced from important habitat and are able to undertake critical
behaviours such as foraging, roosting and dispersal. These consequences should be considered
in the risk assessment process. At important shorebird habitats, roosting and foraging numbers
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should remain constant and foraging birds should not be startled or at increased risk from
predators as a result of increased illumination.

The assessment should consider the existing light environment, the proposed lighting design
and mitigation/management, the behaviour of shorebirds at the location, and how the birds
perceive light. This should include wavelength and intensity information and perspective. To
understand how or whether shorebirds are likely to see light, a site visit should be made at
night and the area viewed from the intertidal flats and roosting areas. Similarly, consideration
should be given to how shorebirds will see light when in flight and along flyways during
migration periods.

The type and number of artificial lights should then be considered to assess whether the birds
are likely to perceive the light, and the possible consequences of artificial light on their
behaviour.

Step 4: Light management plan

This plan should include all relevant project information (Step 1) and biological information
(Step 2). It should outline proposed mitigation. For a range of shorebird-specific mitigation
measures, see Migratory shorebird light mitigation toolbox. The plan should also outline the
types of and schedule for biological and light monitoring to ensure mitigation is meeting the
objectives of the plan, and triggers for revisiting the risk assessment phase of the EIA.

The plan should outline contingency options to implement if biological and artificial light
monitoring or compliance audits indicate that mitigation is not meeting the objectives of the
plan (for example, light is visible on intertidal flats, shorebirds cease using resting areas, birds
are grounding or colliding with fixed or floating infrastructure, or migrating birds cease using a
migratory corridor).

Step 5: Biological and light monitoring and auditing

The success of the risk mitigation and light management should be confirmed through
monitoring and compliance auditing. The monitoring and audit results should be used to
facilitate an adaptive management approach for continuous improvement.

Biological monitoring is described in Step 2. Concurrent light monitoring should be undertaken
and interpreted in the context of how the birds perceive light and within the limitations of
monitoring techniques described in Appendix C - Measuring biologically relevant light. Artificial
light auditing, as described in the light management plan, should be undertaken.

Step 6: Review
The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures, and renewal of the light management plan.

Migratory shorebird light mitigation toolbox

All projects should incorporate the Best practice lighting design principles. Appropriate lighting
controls and light impact mitigation will be site, project and species-specific. Table 11 provides
a toolbox of options that would be implemented in addition to the 6 Best practice lighting design
principles. Not all mitigation options will be relevant in all situations. Table 12 provides a
suggested list of light types appropriate for use near rookeries or roosting sites and those to
avoid.
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Table 11 Light management actions specific to migratory shorebirds

Management action

Detail

Implement actions when birds are likely
to be present. This includes peak
migration periods (flyway locations).

No light source should be directly visible
from foraging or nocturnal roost
habitats, or from migratory pathways.

Do not install fixed light sources in
nocturnal foraging or roost areas.

Prevent mobile light sources shining into
nocturnal foraging and roost habitat.

Maintain a natural barrier (for example,
dunes and vegetation) between
nocturnal foraging and roost areas and
sources of artificial light.

Maintain a dark zone between nocturnal
foraging and roost habitats and sources
of artificial light.

Use curfews to manage lighting near
nocturnal foraging and roosting areas in
coastal habitats. For example, manage
artificial lights by using motion sensors
and timers from 7 pm until dawn.

Use flashing/intermittent lights instead
of fixed beam.

Use motion sensors to turn lights on only
when needed.

Manage artificial light on jetties and
marinas.

Reduce deck lighting to the minimum
required for human safety on vessels
moored near nocturnal foraging and

roost areas, and those operating offshore.

Minimise night-time flaring on offshore
oil and gas production facilities.

Use luminaires with spectral content
appropriate for the species present.

Avoid high intensity light of any colour.

Migratory shorebirds are found in Australia year round. Major
movements along coastlines take place between March and
April, and August and November. Between August and April,
shorebird abundance peaks. Smaller numbers are found from
April to August.

Any light that is directly visible to a person standing in foraging
or nocturnal roost habitats will potentially be visible to a
shorebird and should be modified to prevent it being seen.
Similarly, lights should be shielded such that they are not
visible from the sky.

Installing light sources (for example, light poles) within
shorebird habitat may permanently reduce the available area
for foraging or roosting and provide vantage points for
predators (for example, raptors) during the day.

The light from mobile sources such as mobile lighting towers,
head torches or vehicle headlights should be prevented from
aiming into nocturnal foraging or roost areas, as this can cause
immediate disturbance.

Reducing the exposure of shorebirds to artificial light will
reduce the risk of predation and disturbance.

Creating a dark zone between artificial lights and shorebird
habitat will reduce disturbances to shorebirds.

Curfews should also consider the tidal cycle if the artificial
lighting is located coastally - for example, extinguish lighting
from 2 hours before high tide until 2 hours after high tide while
shorebirds are potentially roosting.

For example, small red flashing lights can be used to identify an
entrance or delineate a pathway. The timing of when lights
flash must follow a predictable, well-spaced pattern.

For example, installing motion-activated pedestrian lighting
within 500 m of nocturnal foraging or roost areas may reduce
the amount of time the habitat is exposed to artificial light.

Shorebirds will often roost on breakwaters and jetties, so
allowing dark areas in such places may provide a safe area for
roosting.

Extinguish deck lights when not necessary and restrict lighting
at night to navigation lights only. Offshore vessels should direct
light inwards, particularly during the migration periods when
shorebirds are potentially overhead.

Record bird strike or incidental capture and report these
interactions to regulatory authorities

Consider reinjecting excess gas instead of flaring. Schedule
maintenance flaring during daylight hours.

Record bird strike or incidental capture and report these
interactions to regulatory authorities.

Consider avoiding specific wavelengths that are problematic
for the species of interest. In general, this would include
avoiding lights rich in blue light; however, some birds are
sensitive to yellow light and other mitigation may be required.

Keeping light intensity as low as possible in the vicinity of
nocturnal foraging and roost areas will minimise impact.
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Management action

Detail

Prevent indoor lighting reaching
migratory shorebird habitat.

In facilities requiring intermittent night
inspections, turn lights on only while

operators are moving around the facility.

Industrial site/plant operators are to use

personal head torches.

Supplement facility perimeter security
lighting with computer-monitored
infrared detection systems.

Use fixed window screens or window tinting on fixed windows
and skylights to contain light inside buildings.

Use appropriate wavelength, explosion-proof LEDs with smart
lighting controls and/or motion sensors. LEDs have no warm-
up or cool-down limitations, so they can remain off until
needed and provide instant light when required for routine
nightly inspections or in the event of an emergency.

Consider providing plant operators with white head torches
(explosion-proof torches are available) for situations where
white light is needed to detect colour correctly, or in the event
of an emergency. Operators should avoid shining light across
nocturnal foraging or roost areas, as this can cause disturbance.

Perimeter lighting can be operated when night-time
illumination is necessary but remain off at other times.

If all other mitigation options have been exhausted and there is a human safety need for
artificial light, see Table 12 for guidance on types of commercial luminaires that are more

suitable for use near migratory shorebirds. The effectiveness of these luminaires will depend on
which species are being considered. Careful post-installation monitoring should be undertaken
to assess the success of mitigation.

Table 12 Commercial luminaire types that are considered generally less disruptive for use
near migratory shorebird habitat, and those to avoid

Light type Suitability for use near marine turtle habitat
Low-pressure sodium vapour Suitable
High-pressure sodium vapour Suitable
Filtered LED a Suitable
Filtered metal halide a Suitable
Filtered white LED a Suitable
%ii;f;&g%ﬁ;ggiate spectral properties Suitable
White LED Not suitable
Metal halide Not suitable
White fluorescent Not suitable
Halogen Not suitable
Mercury vapour Not suitable

a ‘Filtered’” means this type of luminaire can be used only if a filter approved by the manufacturer is applied to remove the
problematic wavelength light.

Department of Climate Change, Energy, the Environment and Water

85



National Light Pollution Guidelines for Wildlife

Appendix | — Bats

Key points

Most Australian bats are nocturnal and begin foraging at or after dusk. Artificial light at night can affect
bats at roost sites, along commuting corridors or when foraging. Impacts are species-specific, but can
include attraction to artificial lights, changes in prey availability, habitat degradation and avoidance of
artificial light. A precautionary approach should be taken when any artificial light at night changes are
implemented as the physiological impacts of artificial light on many species are not fully understood.

Most Australian bats are insectivores. For these species, consideration should be given to changes in prey
availability resulting from the introduction of artificial light in or near bat foraging habitat.

Key management measures

Maintaining natural darkness in and near all bat species’ habitats is the most effective impact mitigation
method. Where lighting exists or is introduced, effective management approaches include maintaining
dark roost sites, creating dark corridors from roosts to foraging/watering sites, keeping light intensities
low and redirecting light away from habitats. Longer wavelength (red) artificial light appears to have the
least impact on several bat species. However, least impact does not mean no impact, and mitigation
should be considered on a case-by-case basis and be specific to bat species in affected areas.

Bats around the world provide valuable ecosystem services such as pollination (estimated to be
worth US$200 billion globally) and insect pest suppression (valued at US$3.7 billion to US$53
billion in the US alone) (Kasso and Balakrishnan 2013). Most of the nearly 80 bat species found
in Australia are nocturnal (Churchill 2008; Van Dyck and Strahan 2008). Because bats are
adapted to the night-time environment, they are particularly vulnerable to impacts from
artificial light. Bats can confuse artificial lighting with natural lighting cues (for example, sunset,
natural darkness, moonrise and sunrise) which influence behaviours such as roosting,
emergence, feeding, torpor and commuting. Indirectly, artificial light can disrupt the life cycles
or habits of food sources such as nocturnal insects - the food source of most Australian bats
(Churchill 2008; Owens and Lewis 2018). Bat populations are slow to recover from disruptions
due to low reproduction rates (often one pup per breeding season and only one breeding season
per year for most species) and high food requirements (Voigt and Kingston 2016). They rest
during daytime at roost sites to conserve energy for their energy-intensive nightly commute to
areas where they forage for food and water.

Bats can present a range of responses to artificial light. They possess varying degrees of visual
acuity depending on the species. Insectivorous bats use sound (through echolocation) in
conjunction with sight to navigate, forage and orient themselves. Nocturnal bats have evolved
traits to thrive in very low light conditions. Larger eyes in some species, particularly flying-
foxes, can correlate with greater sensitivity to available light, and echolocation in other species
enables orientation and location of prey in the dark.

Artificial light has been observed to cause disruption and behavioural changes in bats (Haddock
et al. 2019a; Haddock et al. 2019b; Stone et al. 2015). Potential negative impacts of artificial
light include delayed roost emergence, longer increased foraging commutes due to artificial
light avoidance, reduced reproductive success, increased predation risk, roost abandonment,
changed foraging opportunities, increased interspecific competition, and commuting route
fragmentation (Stone et al. 2015). Artificial light can even lead to death, as some species that
avoid artificial light can become trapped in roosts where lighting spills onto roost exits (Stone et
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al. 2015). Echolocating bats in particular are susceptible to disruption both through direct visual
mechanisms and through the impacts of light pollution on their prey.

Some bat species may be light tolerant or even exploit artificial light where insect prey is more
abundant or easier to capture. However, artificial light can affect insect community composition,
resulting in food shortages for competing bat species, or may interfere with the long-term
abundance of insect populations (Azam et al. 2015; Stone et al. 2015). A precautionary approach
to artificial light management strategies should be taken for all Australian bat species,
regardless of behavioural impact or protection status. Artificial light is known to disrupt a
variety of biological functions, and a full understanding of the impacts on wildlife is still
developing.

Most of what is known about bat behaviour and the effect of artificial light is derived from
research on non-Australian bat species. While Australian research has corroborated some of the
general principles known about bats from overseas research, it has also highlighted that
impacts of artificial light at night (ALAN) are species-specific. Further research is required to
understand the full scope of impacts on all species.

Figure 30 Ghost Bat pup

Photo: © Vanessa Stebbings / Taronga Zoo.

Conservation status

Noting that this appendix applies to all Australian bat species, 15 species are listed as
threatened under the Environment Protection and Biodiversity Conservation Act 1999 (EPBC
Act). Three of the EPBC Act listed species are now extinct. Many more species are protected by
state and territory legislation.

For information from states and territories on protected bats see:

e  Australian Capital Territory - Threatened species of the ACT
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e New South Wales - Threatened biodiversity profile search
e  Northern Territory — Threatened animals

e Queensland - Threatened species

e  South Australia - Threatened species in South Australia

e Tasmania - List of threatened species

e  Victoria - Framework for conserving threatened species

e  Western Australia - Threatened species and communities.

Further information about bat species can be found in the department’s Species Profile and
Threats Database (SPRAT).

Distribution

Bats are distributed throughout all states and territories in Australia, except sub-Antarctic
islands. They occupy almost all natural habitats in Australia, including forests, woodlands,
intertidal mangroves, mountains, deserts, rural landscapes, and urban environments. Bats roost
during the day and at night in solitude or in colonies in caves, trees, tree hollows, bird nests,
natural cracks and crevices, disused mine adits, aqueducts, jetties, bridges, buildings and other
manufactured structures. Colonies range from a handful of individuals to hundreds of
thousands. Some bats regularly commute as far as 40 km from their roost sites in one night to
forage (Wilson and Mittermeier 2009). However, the Southern Bent-wing Bat (Miniopterus
orianae bassanii) has been anecdotally observed to travel over 70 km in a single night to forage
(Australasian Bat Society 2018). Distribution for EPBC Act listed threatened bat species can be
found in the SPRAT database.

Habitats in which species may be susceptible to light pollution

All bats require access to roost sites, foraging areas, commuting corridors, and water sources
(though not all species need to drink). It is important to avoid any artificial light directed at
roosts (breeding, permanent, or transitory) and entrances/exits of roost sites and the
surrounding area. An ideal strategy for avoiding impacts on bat populations, particularly light-
avoidant species, is to provide unlit, dark areas where they can roost, commute, forage and
drink without being disrupted by artificial light. The level of importance for each habitat will
depend on the species and the way the species utilises each site. There may also be a temporal
dimension to important bat habitats, which may only be occupied at certain times throughout a
24-hour day or certain times of the year (see Habitat seasonality).

Some EPBC Act listed species have important populations or habitats critical to survival defined
in recovery plans or conservation advices. One example is the Pilbara Leaf-nosed Bat
(Rhinonicteris aurantia), which occupies an area in the north-west of Western Australia that is
both an important population and a population of national significance (Commonwealth of
Australia 2016c). Underground refuges (such as caves or mines) that are permanent diurnal
roosts, non-permanent breeding roosts and transitory diurnal roosts are considered habitat
critical to the survival of this species (Commonwealth of Australia 2016c).

Nationally important camps - patches of trees where protected flying-foxes roost - for the
Spectacled Flying-fox (Pteropus conspicillatus) and Grey-headed Flying-fox (Pteropus
poliocephalus) are identified on the department’s website, including the results of quarterly
population monitoring undertaken at these sites. States and territories may designate different
camps as important, and the relevant jurisdictional agency should be consulted accordingly.
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Habitat seasonality
Many Australian bats exhibit seasonal breeding, hibernation, migration or activity patterns.

Seasonal behaviours vary between species and may even differ within the same species. The
predictability and regularity of seasonal behaviours is also species dependent. The Grey-headed
Flying-fox, for instance, exhibits irregular and complex migration patterns which appear to
correspond with fruit and flowering availability. In comparison, migratory bat species in the
northern hemisphere tend to exhibit simpler, more predictable movements from northern to
southern latitudes (Roberts et al. 2012). For more predictable bat species, understanding
seasonality can be helpful in managing artificial light impacts. The Ghost Bat (Macrodema gigas),
for example, congregates at fewer roost sites during breeding season and disperses more widely
at other times of the year (Commonwealth of Australia 2016b). Identifying the temporal
component of bat life cycles — migration, breeding, torpor, roost emergence - can assist in
determining when artificial light should be managed or avoided to minimise disturbance for
those species.

Effects of artificial light on bats

Artificial light may disturb some bat species at roosting sites, affect bat foraging ecology and/or
fragment commuting corridors. These impacts can reduce the capacity of a threatened species
to persist or recover. As artificial light can affect different species in different ways, impacts
should be considered on a case-by-case basis.

Bats are described as light tolerant if foraging behaviour is not negatively affected by artificial
light. For example, many nationally important flying-fox camps and other known roost sites are
located in artificially lit urban environments. Other species are considered light-intolerant or
light-avoidant. Light-intolerant bats may exhibit important behaviour changes when exposed to
artificial light and may actively avoid point sources of artificial light. Potential explanations of
light avoidance behaviour include predator evasion, sensitivity to ultraviolet light and inability
to exploit prey at light sources (Haddock 2018; Stone et al. 2015). While light-tolerant species
may not change their behaviours in the presence of artificial light or may actively exploit point
sources of artificial light, this does not mean there are no negative consequences. These bat
species may be affected by changes in prey abundance, increased predation or physiological
disturbances as have been described in other mammals (Patriarca and Debernardi, 2010;
Grubisic et al,, 2019). Furthermore, there may be differences in behaviours between and within
species. Precautions should be taken to minimise or eliminate artificial light exposure for all bat
species.

The type of light pollution known to impact bats is artificial point source light directly
illuminating their habitat. The impacts of skyglow on bats are less known and represent a
knowledge gap that requires further research. Direct impacts of artificial light on bats, as
discussed in this appendix, are primarily referring to artificial point source light.

Roosts

Artificial light should not spill into roost sites. Artificial light can interfere with natural lighting
cues and emergence routes, affect juvenile growth rates and reduce bat numbers and can even
lead to roost abandonment or deaths (Stone et al. 2015; Zeale et al. 2016). Dusk is frequently a
cue for bats to leave the roost and begin foraging. Artificial light may delay emergence from
roosts, reducing foraging time, and may cause bats to miss peak insect abundance (Boldogh et
al. 2007). These impacts may reduce bat fitness and may have consequences for populations
(Stone et al. 2015). Where artificial light shines directly onto a roost site, bats may be forced to
use suboptimal exits that may result in greater predation rates by predators such as cats
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(Ancillotto et al. 2013; Stone et al. 2015). For example, the use of bright lights at the exits of
caves when cave-roosting bats are emerging, as occurs sometimes during tourist operations,
usually results in stopping or reducing the number of bats flying out (Lindy Lumsden 2020,
pers. comm. to C San Miguel, 23 December). In some cases, artificial light may effectively trap
bats in the roost and prevent emergence altogether (Stone et al. 2015). Long-term artificial light
exposure at roost sites may cause bats to abandon a roost in favour of a suboptimal site.
Negative impacts on maternity and breeding roosts could have consequences for bat
populations since most bat species are slow to reproduce (Rowse et al. 2016).

Bats vary in their resilience to impacts at roost sites and some may tolerate artificial light more
than others. For example, the Ghost Bat is highly susceptible to roost disturbance
(Commonwealth of Australia 2016b). Flying-foxes are known to be disturbed and repelled by
the consistent use of flood lights as deterrents but can habituate to other visual disturbances
such as strobe lights and high-intensity sweeping floodlights (State of Queensland 2020).
Regardless of the tolerance level, precaution should be taken to avoid potential impacts.
Artificial light installations should be avoided at or near known roost sites. Where artificial
lighting exists near roosts, light should be directed away and kept at the lowest practicable
intensities.

Habitat fragmentation

Some bat species need to travel or commute between roost sites and foraging areas. Artificial
light in commuting areas, particularly for light-avoidant bats, can fragment habitat, which may
cause longer flight times and increase energy expenditure (Stone et al. 2015). Where bats are
forced to use suboptimal flight paths they may be exposed to greater predation risk. Where
there are no alternative flight paths, bats may be isolated from key food or water sources. For
light-avoidant species, the habitat is considered degraded or lost where artificial light spills onto
habitat (Azam et al. 2018; Haddock et al. 2019b; Spoelstra et al. 2017). Where light intrusion
occurs in foraging habitats, bats may avoid the best foraging areas, instead utilising suboptimal
habitat (Polak et al. 2011). Alternatively, artificial light may affect the abundance of food
resources (Davies et al. 2012). In both situations, bats’ ability to obtain necessary resources may
be compromised.

Foraging ecology

Some behavioural generalisations can be made about bat responses to artificial light based on
diet. Bats are primarily either herbivores, which are primarily frugivorous and nectarivorous,
with some species also consuming leaves, and carnivores, which are primarily insectivorous,
with some species also consuming small vertebrates or fish. For the purpose of these guidelines,
carnivorous bats will be referred to as insectivores, as most Australian bat species feed on
insects.

Insectivores

Insectivorous bats utilise vision, echolocation and passive listening to aerially orient themselves
and search for food. Insectivores are likely to be affected by artificial light in multiple ways, as
their primary food source, insects, may also be susceptible to impacts from artificial light, which
can lead to changes in prey availability (Owens & Lewis 2018; Rowse et al. 2016). For
insectivores, some generalisations about the feeding behaviour effects of artificial light can be
made based on foraging ecology. Slow-flying insectivores are thought to be more light averse
(presumable causes are predation risk, diminished ability to catch insects in flight or the
potential impact on orientation abilities), while fast-flying might be more likely to exhibit light
tolerance by opportunistically feeding around artificial lights (Azam et al. 2015; Haddock 2018;
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Rowse et al. 2016; Rydell 2005; Voigt et al. 2018). However, the relationship between foraging
ecology and the relative effects of artificial light needs further research for all species, which
might exhibit diverse species-specific behaviours. Light exploiting or avoiding only describes
feeding behaviour in response to artificial light, not whether there is a positive or negative
impact. For example, a species that exploits light does not necessarily benefit from this
behaviour long-term. A precautionary approach is recommended, and each species’ behaviour
under artificial light should be assessed on a case-by-case basis.

Artificial light may impact interspecies dynamics if more than one bat species occupies the same
area, and one species is able to exploit lit areas more efficiently than the other (see Artificial
light impacts on food sources for additional information) (Rydell 1992). While the
recommended mitigation methods are consistent across all insectivorous bats (see Bat light
mitigation toolbox), responses to artificial light are more complex than generalisations based on
foraging ecology (Haddock 2018) and can vary between species. Experts should be consulted
when assessing the impacts of artificial light on bats.

Frugivores and nectarivores

Frugivorous and nectarivorous bats heavily rely on vision and smell to orient themselves and
forage (Churchill 2008). Evidence from a Central American study suggests they exhibit light
avoidance (Lewanzik and Voigt 2014), though this was based on species that rely on
echolocation, which the Australian frugivorous and nectarivorous species do not. Research has
yet to distinguish the effects of artificial light from other human impacts such as habitat loss
from urban development (Rowse et al. 2016). Some species of flying-foxes spend large portions
of daytime at roost sites surveilling for predators by using visual and acoustic detection,
indicating a potential light tolerance in bright conditions (Miiller et al. 2007). Flying-foxes do
not appear to avoid moonlit areas and are known to roost in artificial light drenched areas,
suggesting little or no behavioural impact from artificial light (Lindy Lumsden 2020, pers.
comm. to C San Miguel, 23 December).

When considering the introduction of, or changes to, artificial lights near important habitat,
particularly roost sites, a precautionary approach that assumes a likely impact should be
applied and relevant experts should be consulted.
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Vision in bats
Figure 31 Comparative light perception among different species groups
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Note: Horizontal lines show a broad generalisation of the ability of humans and wildlife to perceive different wavelengths.

Dots represent reported peak sensitivities. Black dots for bats represent peak sensitivities in an omnivorous bat, based on
Winter et al. (2003); grey dots represent potential peak sensitivities in bats, derived from Feller et al. (2009) and SimGes et
al. (2018). Figure adapted from Campos (2017).

Understanding how bats perceive light is important for implementing mitigations that minimise
impacts where natural darkness cannot be achieved. Visual capacities and sensitivities are likely
to be species or family specific. Many bat species perceive light and colours differently to
humans. Some species have been reported to be sensitive to light wavelengths at around 500
nm (green), 565 nm (yellow) and 390 nm (violet) wavelengths (Ekl6f 2003; Gorresen et al.
2015; Simoes et al. 2018; Winter et al. 2003) (Figure 31). Unlike in humans, spectral perception
in many bat species extends into the ultraviolet range (Gorresen et al. 2015; Simdes et al. 2018).
Pallas’s Long-tongued Bat (Glossophaga soricine) (omnivorous bat) from South and Central
America is thought to be able to detect light wavelengths between 310 nm (UV light) and 688
nm (orange/red light) and exhibit peak spectral sensitivity at 510 nm (green) and above 365
nm (UV) (Winter et al. 2003).

Narrow spectrum and longer wavelength artificial light (Table 14) at lower intensities is
generally considered to have the least impact on bats (Azam et al. 2018; Haddock 2018;
Spoelstra et al. 2017; Voigt et al. 2018). This is likely to apply to some slow-flying, light-averse
bats but may also apply to light tolerant species. Some bat species considered more
manoeuvrable and light tolerant are thought to be least affected by red wavelength illumination
compared with white and green wavelengths (Haddock 2018; Spoelstra et al. 2017). Predator
evasion, sensitivity to ultraviolet light and inability to exploit prey at artificial light sources may
be responsible for light avoidance behaviour (Haddock 2018; Spoelstra et al. 2017). Further
research is required to better understand light perception and sensitivities, and the mechanisms
underlying observed artificial light impacts in Australian bat taxa.

Artificial light intensity should be considered in addition to spectral content. Nocturnal bats
have evolved under conditions where the brightest source of light in the night sky was a full
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moon. Anthropogenic light sources, however, can produce intensities hundreds or thousands of
times brighter than the moon. High artificial light intensity is known to cause light avoidance
and can trespass into nearby bat habitats, contributing to habitat loss or fragmentation (Azam
etal. 2018).

Where artificial lighting is necessary, the mitigation regime for bats should minimise the
amount of artificial light used, using the lowest light intensity practicable and directing artificial
light away from bat habitats. Mitigation approaches should be assessed on a case-by-case basis
as bat species are use different strategies to orient themselves to different artificial light
sources. Some species, like the Bare-rumped Sheathtail (Saccolaimus nudicluniatus), are known
to fly high at or above tree canopy heights (Commonwealth of Australia 2016d). For these
species, luminaires that are below canopy heights should have light beams directed downward
and use light shields to prevent light spilling upward into habitat. Such measures may be less
useful for bat species that fly low to the ground or below the height of an artificial light source
but may still be useful methods for managing light spill and skyglow. Reflective surfaces can also
scatter or reflect light into bat habitats, even where artificial light is directed downwards or
shielded, and should also be managed. Where artificial light spills on top of, or into, bat habitats,
additional mitigation considerations should include decreasing the beam area of directed
artificial light, decreasing intensity, using non-reflective surfaces, using narrow wavelength
(probably red) artificial light and creating dark corridors.

All mitigation measures should be accompanied by monitoring to assess the effectiveness of
mitigation methods and adapt them as necessary (see Environmental impact assessment of
artificial light on bats).

Artificial light impacts on food sources

When considering the impact of artificial light on bats it is important to understand the impacts
of artificial light on their food sources. Artificial light impacts a wide range of flora and fauna
(Gaston et al. 2013) and any impact on bat food sources - fish, plants, terrestrial vertebrates,
and invertebrates - can indirectly impact bats, leading to reduced growth rates, decreased
reproductive output and even death (Grubisic et al. 2019; Longcore & Rich 2006)., as Since most
Australian bat species consume insect taxa (Churchill 2008), which are affected by light,
insectivorous bats may be particularly vulnerable to artificial light. The following subsection
provides an overview of the impact of artificial light on insects.

Insects

Artificial light may be an important driver of the global insect decline, alongside habitat loss,
pesticide use, invasive species and climate change (Owens et al. 2020). Artificial light is known
to elicit many responses in insects, most commonly flight-to-light. Impacts of flight-to-light on
individual insects include becoming trapped by their attraction to light, disorientation, dazzle,
increased predation susceptibility, and death from exhaustion and predation (Eisenbeis & Hanel
2009; Owens & Lewis 2018). Attraction to artificial light may also impact insect populations by
disrupting astronomical navigation (due to artificial point source lighting and skyglow),
restricting spatial distributions, altering spatial densities, increasing interspecific competition
and causing long-term population declines (Adden 2020; Azam et al. 2015; Boyes et al. 2021;
Sanchez-Bayo & Wyckhuys, 2019).

Many insect species (particularly moths, flies and beetles) are attracted to higher intensity and
shorter wavelength light emitted by commonly used luminaires, such as high-pressure mercury
vapour and LEDs (Frank 2016; Linley 2017; Owens & Lewis 2018; Voigt et al. 2018). Notably,
moths - a main food source for at least 3 of the 9 insectivorous EPBC Act listed bats — have been
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shown to remain in artificial light pools despite the presence of bat predators (Frank 2016;
Wilson & Mittermeier 2009). Some moths adapted to detecting and evading bats have reduced
evasive ability when exposed to high-UV luminaires, making them easy prey (Frank 2016).
Flight-to-light behaviours may result in death for 30% to 40% of insects approaching artificial
light sources, due to collisions, overheating, dehydration or being eaten (Owens & Lewis 2018).
This high insect mortality, while partially attributed to predation, could have significant
implications for the insects’ long-term availability as a food source (Azam et al. 2015) (thatis, a
short-term increase in availability of insects as food may cause insect populations to decline in
the long-term and thereby reduce food availability for bats).

Artificial light impacts on insects can also have cascade effects on insectivorous bats. When
large numbers of insects are attracted to artificial light sources, the insect distribution and
concentration change is known as the ‘vacuum cleaner effect’ (Eisenbeis & Hanel 2009; Haddock
2018). Bats that tolerate or exploit artificial light (such as many fast-flying aerial foragers) are
less likely to be negatively impacted and may even increase energy intake due to a reliable high
volume of food sources at artificial lights (Haddock et al. 2019b; Rydell 1992). However, it is
possible that such advantages are short lived if the increased insect predation results in fewer
insect populations long-term. This is particularly relevant for macromoth species attracted to
artificial lighting in Australia (Azam et al. 2015; Haddock et al. 2019a). Light-avoidant bats
(including many slow-flying species) can be negatively impacted by artificial lights where
insects are attracted into artificially lit areas (Haddock et al. 2019a; Haddock et al. 2019b).
When artificial light attracts insect species from dark areas, light-avoidant bats may not follow
them. Inability to exploit these higher densities of insects in areas drenched by artificial light
may potentially disrupt coexistence between light-exploiting and light-avoidant bat taxa
(Eisenbeis & Hanel 2009; Haddock et al. 2019b; Stone et al. 2015). Mitigation measures should
consider the impact of artificial light on food sources as well as inter-specific dynamics of
insectivorous bat species.

Environmental impact assessment of artificial light on bats
As a minimum, any planned changes to or installation of externally visible lighting should
implement Best practice lighting design to reduce light pollution and minimise impacts on bats.
Where protected bat species are known to occur or are likely to occur in the area, an
environmental impact assessment (EIA) should be undertaken.

Bats use different parts of their habitat for roosting, foraging and commuting. Artificial light
fragments and degrades bat habitat and can disrupt these critical behaviours.

Artificial light will likely be one of multiple stressors for bats that should be identified and
managed in an EIA.

The following sections step through the EIA process, with specific considerations for bats.
Where artificial light is likely to affect bats, consideration should be given to employing
mitigation measures as early as possible in a project’s life cycle, including to inform the design
phase.

It is important to consider the commuting habits of bat species that utilise an area where
lighting will be changed or installed. Some bat species commute distances upwards of 20 km
from roosts to foraging sites. Consideration should be given to artificial light impacts within and
outside roosting areas at distances relevant to the bat species.
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Associated guidance

Protected Matters Search Tool

e  Species Profile and Threats Database

e  Approved recovery plans for listed threatened bat species

e Approved conservation advices for listed threatened bat species

e EPBC Act Significant impact guidelines 1.1: Matters of National Environmental Significance
e  Referral guideline for management actions in Grey-headed and Spectacled flying-fox camps

e  Survey guidelines for Australia’s threatened bats: Guidelines for detecting bats listed as
threatened under the Environment Protection and Biodiversity Conservation Act 1999

e  EUROBATS Guidelines for consideration of bats in lighting projects (2018)

e National Flying-fox Monitoring Viewer

Qualified personnel

Artificial lighting design/management and the EIA process should be undertaken by
appropriately qualified personnel. Light management plans should be developed and reviewed
by appropriately qualified lighting practitioners, who should consult with an appropriately
qualified biologist or ecologist.

Experts advising on the development of an artificial lighting management plan or on the
preparation of reports assessing the impact of artificial light on bats, should have knowledge of
Australian bat biology and/or ecology, demonstrated through relevant qualifications or
equivalent experience as evidenced by peer-reviewed publications in the last 5 years on a
relevant topic, or other relevant experience.

Step 1: Describe the project lighting

Information collated during this step should consider the effects of artificial light on bats. The
location of artificial light sources in relation to refuge sites, foraging areas and commuting
routes should be considered at the design phase.

The existing light environment and the artificial light likely to be emitted from the site should be
described during the planning phase of a project. Details should include the location and size of
the project footprint; the number and type of artificial lights - their height, orientation and
hours of operation; site topography; and the proximity and direction of lights compared with
bats and/or their habitat. This information should include whether artificial lighting is likely to
be visible from bat habitat or contribute to skyglow; the distance over which this artificial light
is likely to be perceptible; shielding or light controls used to minimise artificial light spill; and
spectral characteristics (wavelength) and intensity of artificial lights.

Step 2: Describe the bat population and behaviour

The species, behaviour and diet of bats roosting and foraging in the area of interest should be
described. This should include the conservation status of the species; population trends (where
known); how widespread/localised roosting for that population is; the abundance of bats using
the location; the regional importance of the population; the seasonality of roosting and
breeding; and foraging requirements and foraging range from roosting.
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Species-specific information can be found in the SPRAT database, state and territory listed
species information, scientific literature, recovery plans, conservation advices, and local and
Indigenous knowledge.

Where there are insufficient data to understand a population’s importance or demographics, or
where it is necessary to document existing bat behaviour, field surveys and biological
monitoring may be necessary. While bat colony roost sites may be known, commuting paths are
less likely to be known (Voigt et al. 2018).

Biological monitoring of bats
Any monitoring associated with a project should be developed, overseen and have the results

interpreted by appropriately qualified personnel to ensure data reliability.

The objectives of bat monitoring in an area likely to be affected by artificial light are to:

e understand the size and importance of the bat population

e understand any interspecies interactions (where multiple bat species are found at the same
site)

e identify roosts, commuting routes and foraging and watering areas where artificial lighting
changes may occur

e describe bat behaviour at roost sites, foraging areas and commuting routes before (to
establish a baseline) and after the introduction or upgrading of artificial lighting.

The data will be used to inform the EIA and assess whether mitigation measures have the
potential to be successful.

Artificial light can fragment and degrade bat habitat. Biological monitoring should include an
adequate population survey to determine if there are important bat populations.

Rigorous surveys should be conducted to determine whether EPBC Act listed bats are present at
the site; whether there is Habitats in which species may be susceptible to light pollution;
whether bats are using habitat for roosting, foraging or commuting; and whether artificial light
is likely to affect important behaviours, including beyond the site area.

To understand existing bat behaviour, it will be necessary to undertake monitoring (or a similar
approach) to determine bat ability to use roost sites, forage and commute prior to the
construction of or upgrades to lighting. Consideration should be given to monitoring a
comparative control/reference site to ensure observed changes in bat behaviour are related to
changes in the light environment and not to broader climatic or other landscape-level changes.

A well-designed behavioural monitoring program will capture the following before and after an
artificial lighting design is implemented:

e behaviour of bats at roost sites - including location of roost used, type of roost used, time of
first emergence, time of return to roost, and duration of rest and torpor

o foraging activity of bats - including location and type of foraging sites, time spent foraging,
and prey availability

e commuting routes used by bats - including location of commuting routes, time, and
duration of commuting behaviour.
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Surveys should be designed in consultation with a quantitative ecologist/biostatistician to
ensure that the data collected provides for meaningful analysis and interpretation of findings.

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the biological data. Handheld camera images can also help
describe the light. Quantitative data on existing skyglow should be collected, if possible, in a
biologically meaningful way, recognising the technical difficulties in obtaining these data. See
Appendix C - Measuring biologically relevant light for a review.

Step 3: Risk assessment

The objective of the Light Pollution Guidelines for Wildlife is that artificial light should be
managed in such a way that bats are not disrupted within or displaced from important habitat,
and that they are able to undertake critical behaviours such as roosting, foraging and
commuting. The risk assessment process should assess the likelihood of artificial light affecting
any of these behaviours. The aim is to ensure that important bat colonies remain constant,
roosts (particularly maternity roosts) are not abandoned or disturbed, and foraging and
commuting opportunities are not compromised.

When considering the likely effect of light on bats, the assessment should examine the existing
artificial light environment, the proposed artificial lighting design and mitigation/management
actions, and the behaviour of bats at the location. Consideration should be given to risks and
impacts such as whether the bats have a direct line of sight to a given luminaire and whether
they are likely to be able to see the artificial light. The assessment should include details on
topography, wavelength, intensity, visibility, duration of operation, and location of the artificial
light source in relation to bat presence.

To discern how or whether bats or their prey are likely to see artificial light, a site visit should
be made at night and the area viewed from known bat roosts, commuting routes and foraging
and watering areas. Similarly, consideration should be given to whether and how bats will
perceive artificial light when in flight.

The type and number of luminaires should be considered/modelled to determine whether bats
or their prey are likely to see the artificial light and whether the artificial light exposure will
affect their behaviour.

Step 4: Light management plan

A light management plan should include all relevant project information (Step 1: Describe the
project lighting) and biological information (Step 2: Describe the bat population and behaviour).
[t should outline proposed mitigation measures. For a range of bat-specific mitigation measures,
see Bat light mitigation toolbox. The plan should also outline the types of and schedule for
biological and light monitoring to ensure mitigation is meeting the objectives of the plan, and
triggers for revisiting the risk assessment phase of the EIA. The plan should address
conservation objectives, performance criteria and recovery actions, where existing government
guidance exists (that is, conservation advices and recovery plans).

The plan should outline contingency options for additional mitigation or compensation if
biological and light monitoring or compliance audits indicate that mitigation is not meeting
objectives (for example, artificial light is visible from bat roosts or roost populations decline).
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Step 5: Biological and light monitoring and auditing

The success of the impact mitigation and artificial light management should be confirmed
through monitoring and compliance auditing. The monitoring and audit results should be used
to facilitate an adaptive management approach for continuous improvement and contribute to
scientific knowledge information baselines.

Relevant biological monitoring is described in Step 2: Describe the bat population and
behaviour. Concurrent light monitoring should be undertaken and interpreted in the context of
how bats and their prey perceive light and within the limitations of monitoring techniques
described in Appendix C - Measuring biologically relevant light. Auditing, as described in the
light management plan, should be undertaken to ensure artificial lighting at the site is consistent
with the light management plan and relevant conservation objectives.

Step 6: Review

The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures, and renewal of the light management plan based on the
outcomes of the biological monitoring program for artificial light impacts on bats.

Bat light mitigation toolbox

Appropriate artificial lighting design, controls and impact mitigation will be site, project and
species-specific. provides a toolbox of management options relevant to bats. These
management options should be implemented in addition to the 6 Principles of best practice
lighting design. Not all mitigation options will be relevant for every project. Table 14 provides a
suggested list of light types appropriate for use near bat habitat and those to avoid.

The most effective measures for mitigating the impact of artificial light on bats, in general,
include:

e maintaining dark refuge sites

e avoiding, removing, redirecting or shielding artificial lights in foraging areas and along
commuting routes

e keeping artificial light intensity as low as practicable, noting that low-intensity artificial
light (comparable to full moon light levels) can disrupt behaviour of bats.

Other mitigation measures, which may be less effective, include:

e using narrow-spectrum, long-wavelength lighting (such as red light)
e implementing part-night lighting schemes to reduce the duration of artificial light
e using motion sensor lighting, noting that this may cause a startle response.

These measures should be assessed to determine their effectiveness as mitigation tools in each
proposed project.

Table 13 Light management options specific to bats

Management action Detail
Avoid adding artificial light to previously Artificial light added to dark areas is more likely to have an impact
unlit areas. than artificial lighting alterations or additions in areas where

artificial light already exists.
Implement appropriate mitigation where Roosts, commuting routes, foraging areas and water sources are
and when bats are likely to be present. areas likely affected by artificial light. Any direct or indirect
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Avoid artificial light directed onto roost
sites and indirect spills into roosts.

Direct artificial light downwards and/or
shield luminaires near foraging areas and
commuting corridors.

Maintain darkness along commuting
corridors and between roosts, water
sources and foraging areas.

Mitigate artificial light impacts for seasonal
roosts.

Prevent indoor artificial lighting reaching
the outdoor environment.

Avoid using high-intensity artificial light or
unnecessary artificial light.

Add or utilise appropriate vegetation to
provide dark corridors and shield habitat
from light.

artificial light in foraging areas, commuting corridors or roost
habitats that is visible to a person may also be perceived by bats.
Modifications are encouraged to prevent the bats from perceiving
this light.

Avoid installing and directing luminaires near roost sites, as this
can cause roost abandonment or death. Artificial light should not be
directed at, or spill onto, roost entrances or exits.

Vertical artificial lights should be shielded such that they are not
visible from the sky or tree canopy above luminaire installations.
Where lighting must be installed, it should be as low to the ground
as possible to minimise light spill. Where pole lighting is used, it
should be at a height sufficiently lower than tree canopies without
compromising human safety.

These measures allow light-avoidant species to continue using
vegetated areas where artificial light offers no human utility (for
example, tree canopies). Vertical artificial light spill onto vegetation
should be as low intensity as possible.

Artificial light sources should be at least 50 m from the edge of
commuting corridors, roosts, water sources and foraging areas
(Azam et al. 2018). If artificial light is too close to bat habitat, it may
permanently reduce the available area for foraging or roosting
(Haddock et al. 2019b), provide an advantage to predators (for
example, raptors, cats, rats, foxes), or increase resource
competition between bat species. Any breaks in dark corridors by
artificial light may prevent the movement of bats between roosts
and feeding/drinking areas or increase commuting distance for
bats to cross lit areas at their darkest points (Hale et al. 2015) (See
Figure 31).

The absence of bats does not rule out the possibility of a roost site.
Some bat species may roost at certain sites at limited periods
throughout the year.

Use fixed window screens, blinds or tinting on fixed windows and
skylights to contain artificial light inside buildings.

Keep incidental artificial light low by keeping light intensity as low
as possible (without compromising human safety) in the vicinity of
bat roosts and known foraging areas. Artificial light that spills into
bat habitats (even from 50 m) should be kept as low as practicable.
Light-sensitive species can be negatively affected by artificial light
levels above natural levels of darkness. Isolated artificial light
sources will typically have less effect than large arrays of high-
intensity artificial lighting, except in areas where single artificial
light sources are newly introduced.

Vegetation (for example, hedges and trees) can mitigate some of
the negative effects of artificial light on bats by shielding against
light entering their habitat or providing dark corridors. Bats can
also be encouraged to utilise paths by keeping rows of trees and
other vegetation unlit. Contiguous, unlit landscape features may
guide them down safer or preferred commuting corridors.

Use luminaires with spectral content
appropriate for the species present.

Implement part-night lighting schemes to
reduce the amount of artificial light used
throughout the night.

Consider avoiding specific wavelengths that are harmful for the
species of interest. In general, this would include avoiding the use
of artificial lights rich in UV, blue and green wavelengths. Blue and
UV wavelengths are particularly attractive to insects that many bats
consume. Low-pressure sodium lamps and amber LEDs are low in
the blue and UV wavelength emissions that attract insects. LEDs
may negatively impact some bat species (Linley 2017; Voigt et al.
2018), whereas red artificial light may have the least impact on
most bat species (Haddock et al. 2019b; Spoelstra et al. 2017).
Should this option be progressed, careful post-installation
monitoring should be undertaken to assess the success of
mitigation measures.

Consider lighting curfews to reduce lighting use throughout the
night. Part-night lighting schemes will vary in effectiveness.
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Lighting curfews should be relevant to the species to maximise
effectiveness (Azam et al. 2015).

If all mitigation options have been exhausted and there is a human safety need for artificial light,
see Table 14 for guidance on types of commercial luminaires that are more suitable for use near
bat habitat. The effectiveness of these luminaires is species-specific. Careful post-installation
monitoring should be regularly undertaken to assess the effectiveness of mitigation.

Table 14 Commercial luminaire types that are considered generally less impactful for use
near bat habitat, and those unsuitable

Light type Suitability for use near marine turtle habitat
Low-pressure sodium vapour Suitable
High-pressure sodium vapour Not suitable
Filtered LED a Suitable
Filtered metal halide a Suitable
Filtered white LED a Suitable
Amber LED Suitable

PC amber Suitable
White LED Not suitable
Metal halide Not suitable
White fluorescent Not suitable
Halogen Not suitable

a ‘Filtered’ means that these luminaires can only be used if a manufacturer-approved filter is applied to remove the short-
wavelength light (400 nm to 500 nm).

Department of Climate Change, Energy, the Environment and Water

100



National Light Pollution Guidelines for Wildlife

Appendix J — Terrestrial Mammals

Key points

Most Australian terrestrial mammals are nocturnal and emerge from their refuge to begin foraging at or
after dusk. Artificial light can affect terrestrial mammals at refuge sites, in foraging areas and along
commuting routes. Impacts of artificial light on terrestrial mammals are species specific and include
reduced activity, reduced time spent foraging, and increased predation.

Key management measures

In general, the most effective light management approaches for nocturnal and crepuscular terrestrial
mammals include maintaining dark refuge sites, foraging areas and commuting routes. Artificial light
intensity should be kept as low as possible near terrestrial mammal habitat. Longer wavelength (red)
artificial light may be less disruptive to terrestrial mammals, however mitigation should be considered on
a case-by-case basis and be specific to the terrestrial mammals in the area.

Most of Australia’s terrestrial mammals display nocturnal or crepuscular activity patterns.
Nocturnal species rest during the day, begin their activity after dark and remain active
throughout the night. Crepuscular species rest during the day and exhibit peak activity around
dawn and dusk. Both nocturnal and crepuscular terrestrial mammals have vision that is adapted
to low-light conditions (Schroer and Holker 2016).

Almost all terrestrial mammal species listed in the Environment Protection and Biodiversity
Conservation Act 1999 (EPBC Act) exhibit nocturnal or crepuscular patterns of activity. This
appendix will focus on the impacts of artificial light on nocturnal and crepuscular terrestrial
mammals, which will both be referred to as nocturnal. This appendix does not address the
impacts of artificial light on bats, marine mammals or diurnal terrestrial mammals.

Figure 32 Southern Brown Bandicoot

Photo: © Susan Flashman.

Artificial light may disrupt the behaviour and physiology of terrestrial mammals. Potential
negative impacts of artificial light include reduced time spent foraging (Shier, Bird & Wang
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2020; Bird et al. 2004), increased predation (Clarke 1983; Kotler et al. 1988; Kotler, Brown &
Hasson 1991) and altered timing of reproduction (Le Tallec, Théry & Perret 2015; Le Tallec,
Théry & Perret 2016; Robert et al. 2015).

Since nocturnal mammals have evolved to be active in naturally dark environments, they are
likely vulnerable to the impacts of artificial light at night. The daily cycles of light and dark
influence the behaviour of terrestrial mammals including emergence from and return to refuge
sites, foraging and commuting behaviours. The onset of darkness cues activity for nocturnal
terrestrial mammals. As a result, artificial light can delay the onset of activity in nocturnal
species and can reduce the time they have available for critical behaviours such as finding food
and commuting. Artificial light can also make nocturnal species more vulnerable to predators
(Clarke 1983; Kotler, Brown & Hasson 1991) and may even allow diurnal predators to continue
hunting into the night, resulting in increased predation pressure for nocturnal terrestrial
mammals (Rasmussen & Macdonald 2012).

Nocturnal terrestrial mammals also respond to changes in day length across seasons (Nelson et
al. 1995) and changes to moonlight levels over monthly lunar cycles. Artificial light can mask
these natural light changes. It can present misleading seasonal cues preventing nocturnal
mammals from adapting their behaviour and synchronising their physiology to match seasonal
environmental conditions, with which can negatively impact survival (Schroer & Holker 2016).

Artificial light may also have indirect effects on terrestrial mammals, including changes to food
sources such as nocturnal insects, increased competition for space and increased road mortality.

Most of what is known about the impacts of artificial light on the behaviour of terrestrial
mammals is derived from research on non-Australian species. The impact of artificial light on
physiology is largely derived from laboratory studies, with limited research conducted on wild
mammals. The impacts of artificial light are likely to be species-specific (Sanders et al. 2021)
and further research is required to understand the extent and type of impact experienced by
Australian terrestrial mammals.

Conservation status

Over 100 terrestrial mammal species were listed as threatened under the EPBC Act in May
2023. Of these EPBC Act listed terrestrial mammal species, all except the Numbat are nocturnal
or crepuscular.

Details of EPBC Act listed terrestrial mammal species, their conservation status, and links to
relevant conservation advices, recovery plans and other information can be found in the
department’s Species Profile and Threats Database (SPRAT).

For state and territory information on protected terrestrial mammals, see:

e  Australian Capital Territory - Threatened species of the ACT
e New South Wales - Threatened biodiversity profile search

e  Northern Territory - Threatened animals

e Queensland - Threatened species

e  South Australia - Threatened species in South Australia

e Tasmania - List of threatened species

e Victoria - Framework for conserving threatened species
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e  Western Australia - Threatened species and communities.

Habitat use

Terrestrial mammals are found across all Australian states and territories. They occupy a range
of habitats including woodlands, temperate forests, rainforests, heathlands, grasslands, coastal
fringes, cliffs and rocky outcrops, coastal dunes, and mangroves. Terrestrial mammals use a
wide range of permanent and temporary refuge and den sites including tree hollows, fallen logs,
burrows, rock crevices, caves, dense vegetation, cracks in soil, boulder fields, and nests. Some
species exhibit solitary behaviour while foraging and seeking refuge, while others live in social
groups.

Terrestrial mammals use different parts of the environment and can be categorised as either
ground dwelling or arboreal. Ground-dwelling terrestrial mammals seek shelter from predators,
forage and commute on the ground; arboreal mammals seek shelter from predators, forage and
commute in trees.

Distribution mapping of EPBC Act listed species can be found in the SPRAT database.

Habitats in which species may be susceptible to light pollution

Habitat use varies between species. Therefore, habitats in which species may be affected by
light will also vary. Habitat requirements for EPBC Act listed species are defined in recovery
plans or conservation advices. These habitats should be assessed to determine whether artificial
light might adversely affect the species in these areas. Artificial light that reduces habitat use
represents a form of habitat loss for the affected species (Bliss-Ketchum et al. 2016).

For the purposes of natural light and darkness it is important to consider areas that are
necessary for a listed species to undertake important activities such as foraging, breeding,
seeking refuge, commuting and dispersing.

The introduction of artificial light into areas used for critical behaviours can degrade terrestrial
mammals’ habitat and reduce their area of occupancy or disrupt critical behaviours, which may
affect recovery of the species. In habitats where species may be susceptible to light pollution,
artificial light should be managed to preserve critical behaviours.

Refuge sites
Terrestrial mammals use a range of temporary (that is, shelter used during foraging) and

permanent refuge sites. Nocturnal terrestrial mammals use refuges during the day for
protection from predators and emerge after dark to avoid predators. Artificial light can disrupt
the times at which terrestrial mammals enter and exit refuge sites (Barber-Meyer 2007). At
worst, artificial light can degrade the habitat to the extent that these refuge sites are no longer
usable. The most effective approach to artificial light management is to avoid installing and
directing artificial light at refuge sites and particularly at entrances and exits of refuge sites.
This is especially important for permanent refuge sites or where the refuge is a limited resource
in the species’ habitat (for example, tree hollows and caves).

Foraging areas
Terrestrial mammals require foraging areas to meet their energy demands for survival.

Foraging areas are species and population specific and may be seasonally driven and/or
dependent on resource availability. Artificial light spilling onto foraging sites can increase the
visibility of terrestrial mammals to predators (Clarke 1983). As a result of the perceived
predation risk, nocturnal mammals may reduce or discontinue the use of foraging sites (Bird et
al. 2004), resulting in habitat loss (Rotics, Dayan & Kronfeld-Schor 2011).
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To reduce the impact of artificial light on foraging areas, the most important management
approach is to avoid installing and directing artificial light near foraging areas.

Commuting routes
Terrestrial mammals use naturally dark corridors to commute between refuge sites and

foraging areas. The introduction of bright artificial light into these areas can temporarily blind
the low-light-adapted vision of terrestrial mammals. Artificial light that exposes terrestrial
mammal commuting corridors can increase detection by predators and make them unsafe for
use.

Some terrestrial mammal species always use the same commuting path, while other species use
multiple routes. If commuting routes are disrupted by artificial light and alternative commuting
paths are not available, the species is likely to become locally extinct.

Landscapes fragmented by artificial light can lead to isolated habitat patches and consequently
limit access to and between foraging and refuge sites (Bliss-Ketchum et al. 2016; Gaston &
Bennie 2014). Fragmentation by artificial light can isolate individuals or populations, limiting
breeding opportunities and gene flow (Hopkins et al. 2018). Artificial light spilling onto
commuting routes may also provide an advantage for predators to detect and capture terrestrial
mammal prey (Kotler et al. 1988; Bliss-Ketchum et al. 2016).

To prevent habitat fragmentation and disturbing commuting behaviours, artificial light should
not illuminate terrestrial mammal commuting paths.

Effects of artificial light on terrestrial mammals

Artificial light can disrupt normal activity patterns, increase predation risk, and disrupt
breeding and physiology of terrestrial mammals (Beier 2006). These impacts may reduce the
capacity of a threatened species to persist or recover. Artificial light may affect different
terrestrial mammal species in different ways and should be considered on a case-by-case basis.
A species expert should be consulted where artificial light is likely to significantly impact a
listed species.

Figure 33 Effects of lunar illumination and artificial light at night on activity and predation
risk for nocturnal animals

During darker moon phases—new moon and [|Under full moon mammals reduce their activity || Artificial light at night has a similar impact to
half-moon phases—terrestrial mammals are and foraging and hide in refuge to avoid full moon nights on activity and predation risk.

more active and are out foraging. redation.

Note: Natural light/dark cycles and moon phases are important cues for terrestrial mammals to determine time of day and
time of month. Where there is significant artificial light at night, darker moon phases are masked, which may negatively
impact important activities.

Point source artificial lighting directly illuminating habitat, and skyglow that increases ambient
light levels have the potential to impact terrestrial mammals. While research has predominantly
focused on direct lighting of habitat (point source lighting), the impact of skyglow on terrestrial
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mammals is less well known. However, changes in behaviour under moonlight conditions
(Linley et al. 2020) (see Figure 33) suggests skyglow is likely to disrupt some terrestrial
mammal species where it masks natural lunar cycles. Further research on the effects of skyglow
on terrestrial mammals is required.

Behaviour and activity

Terrestrial mammals rely on daily and seasonal light cues (Figure 34) to anticipate favourable
and unfavourable conditions for survival and reproduction and adjust their behaviour
accordingly (Russart & Nelson 2018a; Le Tallec, Perret & Théry 2013). The introduction of
artificial light into the night-time environment can mask these cues, leading to a shift in the
timing of critical behaviours (Figure 35) and reducing the fitness of an animal (Russart & Nelson
2018b).

Exposure to artificial light at night can alter movement patterns (Rotics, Dayan & Kronfeld-
Schor 2011), reduce home range (Hoffmann, Schirmer & Eccard 2019) and change individual
(Hoffmann, Schirmer & Eccard 2019) or species interactions (Rotics, Dayan & Kronfeld-Schor
2011). Nocturnal mammals may reduce the duration of their activity have been shown to reduce
the total duration of activity under artificial light (Barber-Meyer 2007; Bedrosian et al. 2013b;
Rotics, Dayan & Kronfeld-Schor 2011; Sanders et al. 2021). For example, nocturnal rodents
decrease the amount of foraging time, reducing the amount of food collected (Bird et al. 2004;
Farnworth, Innes & Waas 2016; Rotics, Dayan & Kronfeld-Schor 2011; Shier, Bird & Wang
2020). These shifts in behaviour and activity might be related to the increased predation risk
under artificial light (Kotler, Brown & Hasson 1991; Russart & Nelson 2018a). If artificial light is
continuous throughout the night, terrestrial mammals either risk predation and forage under
artificial light (Alkon & Mitrani 1988) or minimise predation risk by reducing foraging at the
cost of body condition (Vasquez 1994).
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Figure 34 Day length and environmental conditions, by season

Summer

Characterised by long days
and short nights with warm
weather, high food
availability and active
animals.

Autumn

Approximately equal day and
night length (shorter
daylength than summer).
Animals put on weight before
winter.

Winter

Short days and long nights
accompanied by cold weather
causing animals to hide in
refuge.

Spring

Approximately equal day and
night length (longer
daylength than winter).
Green vegetation following
winter rain, with increases in
animal activity.

Figure 34 shows natural changes in day length across the year that provide important cues for
mammals to anticipate environmental conditions. Changes in day length across the year allow
animals to predict favourable (for example, high food availability in spring after winter rain, and
high insect abundance in summer) and unfavourable (cold, challenging winter) conditions for
survival.
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Figure 35 Disruption of seasonal lighting cues by artificial light at night

Winter with artificial
light at night

Cold weather and short
days occur, but long
nights are masked by
artificial light. Under
natural light conditions
animals hide in refuge.
Here daylength shifts are
masked, disrupting
patterns such as changes
in migration, reproduction,
hibernation and feeding.

Figure 35 shows artificial light at night masking seasonal day length and interfering with
seasonal lighting cues, disrupting important behaviours such as breeding, migration, feeding
and hibernation.

Light avoidance behaviour occurs even under relatively low light intensity (Kramer & Birney
2001; Vasquez 1994). Terrestrial mammals reduce their activity (Falkenberg & Clarke 1998;
Shier, Bird & Wang 2020; Wolfe & Summerlin 1989) and stay closer to refuge sites under the
full moon (Daly et al. 1992) (Figure 33). Terrestrial mammal species like the Rufous Bettong
(Aepyprymnus rufescens) and EPBC Act listed Southern Brown Bandicoot (Isoodon obesulus
obesulus) and Eastern Quoll (Dasyurus viverrinus) show higher activity at half-moon than full
moon (Linley et al. 2020). In some species, such as wallabies and rodents, this reduction in
activity at full moon also leads to increased vigilance (Vasquez 1994) and decreased foraging
(Carter & Goldizen 2003), resulting in less food consumed per foraging trip and an increased
number of trips between refuges and foraging areas (Vasquez 1994). Consequently, the
introduction of artificial light that either masks the natural changes in lunar illumination or
results in a light intensity equivalent to a permanent full moon is likely to disrupt the behaviour
and activity of terrestrial mammals.

Insectivorous and omnivorous EPBC Act listed mammals that rely on insects as a critical part of
their diet might also experience shifts in prey availability (see Indirect impacts). A reduction in
time spent foraging for herbivorous species, or shifts in prey availability for carnivorous
species, could significantly disrupt the ability of these mammals to obtain sufficient resources,
resulting in reduced fitness and survival.

Terrestrial mammals require access to dark refuge sites. Low light levels at or following sunset
provide a cue for terrestrial mammals to exit their refuge. Artificial light directed at refuges can
delay the emergence of terrestrial mammals (DeCoursey 1986), resulting in less time spent
foraging and more time in shelter (Barber-Meyer 2007). Artificial light disrupts the activity of
terrestrial mammals at refuge sites and foraging areas. However, consideration should also be
given to proposed lighting changes along commuting routes, including those between refuge
and foraging areas. The introduction of artificial light can fragment landscapes, including habitat
corridors, leading to isolated habitat patches and consequently limiting access to foraging sites
and dispersal of individuals (Gaston & Bennie 2014).

To minimise predation while foraging and commuting under natural illumination, terrestrial
mammals use parts of their habitat (for example, under grass or between rocks) that lower the
risk of detection by predators. Maintaining suitable vegetation cover, including canopy cover for
arboreal species and ensuring artificial light does not spill into the habitat, can reduce the
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impacts of artificial light on activity and behaviour of terrestrial mammals. However, the
suitability of the environment to mitigate light levels will likely depend on habitat type. For
example, species living in dense bushland may experience more protection from artificial light
and predation than those living in open desert or grasslands.

Mitigation of behavioural impacts of artificial light
Direct artificial light on refuges or the entrances and exits of refuge sites and foraging areas and

along commuting routes should be avoided to mitigate impacts on the activity and behaviour of
terrestrial mammals. Consideration should be given to whether the species of interest are
ground dwelling or arboreal. Light shielding should be used to prevent artificial light spilling
upward, which would contribute to skyglow and may directly enter the habitat of arboreal
species. Downward light should be directed or shielded away from habitat of ground-dwelling
species. See the Terrestrial mammal light mitigation toolbox in this document and Appendix A -
Best practice lighting design for further details.

Physiology

Terrestrial mammals have evolved under natural light cycles of day and night. These light cues
synchronise natural hormone cycles (circadian rhythms). When these light cues are altered,
hormone cycles are also altered (similar to the human experience of jet lag) (Pandi-Perumal et
al. 2006).

Natural changes in light and dark cycles across the year allow mammals to anticipate
environmental conditions and adjust their behaviour accordingly to improve their chance of
survival (Ouyang, Davies & Dominoni 2018) (see Figure 34). Natural seasonal day length
changes are also responsible for synchronising the physiology of animals with seasonal
environmental conditions. The introduction of artificial light at night into the habitat of
terrestrial mammals can mask these natural light/dark cycles, provide misleading cues and
ultimately disrupt the predictability of environmental conditions. To date most research into
these effects has been conducted on only select species; however, impacts are likely to be
similar across nocturnal terrestrial mammals.

Melatonin
Changes in day length are communicated through the body by the hormone melatonin.

Melatonin production is suppressed by light, with peak production occurring during darkness in
both diurnal and nocturnal mammals (Ouyang, Davies & Dominoni 2018; Pandi-Perumal et al.
2006). Melatonin is responsible for regulating activity patterns as well as physiological rhythms
in mammals, including enhancing immune function through challenging winter conditions
(Nelson et al. 1995) and synchronising the timing of reproduction with predictable changes in
environmental conditions (Bartness & Goldman 1989).

The duration of melatonin production reflects the length of the night (Ouyang, Davies &
Dominoni 2018) (Figure 34), conveying information about time of day and time of year. For
mammals that breed at a certain time of year (seasonal breeders), melatonin production can
drive changes in reproductive hormones to ensure that births occur at the most favourable time
of the year to ensure survival (for example, suitable temperature, high food availability, reduced
predation) (Weil et al. 2015).

Exposure to direct artificial light at night suppresses melatonin production in a range of
mammals, such as Tammar Wallabies (Dimovski & Robert 2018; Robert et al. 2015). Melatonin
production is particularly sensitive to short, blue wavelength light (Nelson and Takahashi 1991;
Thapan, Arendt & Skene 2001) and can be suppressed by exposure to low-intensity light
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throughout the night (Xiang et al. 2015) or a short duration (one minute) of high-intensity light
(Hoffmann, Illnerova & Vanécek 1981).

Glucocorticoids

Glucocorticoids are hormones that play an important role in coordinating an animal’s response
to stressors (Schoenle, Zimmer & Vitousek 2018). Increased glucocorticoid production in
response to a threat or stressor results in changes in behaviour and physiology to enhance
animal survival (Androulakis 2021; Schoenle, Zimmer & Vitousek 2018).

Artificial light may act as a novel stressor for terrestrial mammals, resulting in increased
glucocorticoid production. If the increased glucocorticoid production is sustained, reproduction
and immune function might be negatively impacted in favour of survival. Therefore, prolonged
high levels of glucocorticoids can disrupt reproduction and increase the vulnerability of the
animal to disease (Schoenle, Zimmer & Vitousek 2018).

For example, exposure to artificial light at night has been shown to disrupt glucocorticoid
production in rodents (Bedrosian et al. 2013a; Fonken, Haim & Nelson 2012; Rahman et al.
2008; Wilson & Downs 2015). This disruption was greater following exposure to short-
wavelength blue light (Rahman et al. 2008). Any disruption to the normal glucocorticoid cycle
may have negative consequences for individual fitness and survival.

Immune function

Melatonin and glucocorticoids play a key role in modulating immune function in mammals (Weil
etal. 2015). Maintaining adequate immune function is critical for survival through challenging
winter conditions (Nelson et al. 1995) and can be considered a proxy for survival. Exposure to
artificial light at night impairs the functioning of white blood cells (Aubrecht et al. 2014) and
might lead to intergenerational declines in innate immunity (that is, immunity that is present at
birth) (Cissé, Russart & Nelson 2020). Exposure to direct artificial light at night can also inhibit
winter adaptation (Ikeno, Weil & Nelson 2014) and compromise immune function, leading to
reduced individual fitness (Bedrosian et al. 2011).

The impact of artificial light on mammalian immune systems has only been described in
laboratory studies. Where direct artificial lighting reaches a sufficient intensity and duration, it
could cause similar disruptions to immune function in wild animals, resulting in reduced
survival.

Mitigation of physiological impacts of artificial light

Artificial light consisting of short, blue wavelengths (for example, white LEDs) is known to cause
the greatest disruption to the physiology of terrestrial mammals (Nelson & Takahashi 1991;
Thapan, Arendt & Skene 2001). Therefore, the colour and the intensity of artificial light should
be considered near terrestrial mammal habitat. To reduce the impacts on the physiology of
terrestrial mammals, artificial light should be used only where required, the use of blue
wavelengths (400 nm to 500 nm) should be limited, and lighting should be at the lowest
intensity suitable. See the Terrestrial mammal light mitigation toolbox and Best practice lighting
design for further details.

Reproduction

Some mammals are able to breed at all times of the year in response to food availability or
rainfall (for example, Eastern Pygmy-possum, Cercartetus nanus). Other mammals restrict
reproduction to certain times of year (for example, Western Ringtail Possum, Pseudocheirus
occidentalis - noting that some populations can breed year-round) to synchronise births with
predictable environmental conditions including suitable temperature, increased food
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availability and decreased predation rates (Schroer and Holker 2016). Species with restricted
reproduction are termed seasonal breeders. The timing of seasonal reproduction can be cued by
changing light levels (see Figure 34 and Physiology) that indicate time of year, to ensure that
sufficient food is available to compensate for the increased energetic demands associated with
the provisioning of young (Bronson 1985). The introduction of artificial light that masks day
length changes has the potential to provide misleading light cues and disrupt the timing of
reproduction in seasonally reproductive terrestrial mammals. For example, artificial light can
mask natural day length changes and delay reproduction in wild Tammar Wallabies (Robert et
al. 2015). This shift in birth dates may result in a mismatch between the timing of births and
food availability, reducing offspring survival and threatening terrestrial mammal populations
(Post and Forchhammer 2008).

Altered timing of reproduction is likely to have a greater population-level impact for short-lived
species that have one breeding opportunity, such as antechinus species, including threatened
Fawn Antechinus (Antechinus bellus), Swamp Antechinus (Antechinus minimus maritimus),
Silver-headed Antechinus (Antechinus argentus) and Black-tailed Antechinus (Antechinus
arktos) (McAllan, Westman & Joss 2002). Antechinuses display a synchronous reproductive
period followed by complete male mortality (Woolley 1966). If these species experience an
unsuccessful breeding season or if offspring production is reduced, the persistence of the
population will be threatened.

The disruption of reproductive processes caused by artificial light may be more severe for
solitary species or those in isolated subpopulations. Where artificial light disrupts the
reproductive timing of individuals or populations, it can cause them to be out of phase with
neighbours living under natural night-time conditions (Kurvers and Hoelker 2015). This could
lead to a mismatch in the timing of sexual state between males and females, or between
individuals, with population-scale consequences for seasonally reproductive species (Le Tallec,
Théry & Perret 2015; Le Tallec, Théry & Perret 2016).

Mitigation of reproductive impacts of artificial light

The population-scale effects of artificial light on reproduction in terrestrial mammals represents
a knowledge gap. However, based on current evidence, artificial light that masks natural day
length changes and disrupts physiology may disrupt reproductive cycles in seasonally
reproductive terrestrial mammals. The installation or upgrade of artificial lighting should
consider the wavelengths and intensity of light used near terrestrial mammal habitat.
Consideration should be given to avoiding blue (400 nm to 500 nm) wavelength light as well as
installing low intensity lighting. Consideration should also be given to the areas of habitat and
food resources that are critical for reproduction, as well as the time of year, to avoid disturbing
species during a critical reproductive period in seasonal breeders. See the Terrestrial mammal
light mitigation toolbox and the guidelines on Best practice lighting design for further details.

Indirect impacts

Artificial light can have direct impacts on terrestrial mammals including disruptions to
behaviour and physiology, as well as indirect impacts through changes in predation, prey
availability, competition for space and increased road mortality.

Predation

Artificial light can make it easier for nocturnal predators to locate terrestrial mammals (see
Figure 33). Even low levels of light at full moon can increase rates of predation and capture by
predators such as owls, which are known to predate on many EPBC Act listed species (Clarke
1983; Kotler et al. 1988; Kotler, Brown & Hasson 1991).
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Predation by feral cats (Felis catus) and Red Foxes (Vulpes vulpes) represents a significant threat
to the recovery of many EPBC Act listed terrestrial mammals. Cats primarily use visual and
auditory cues during hunting (Kronfeld-Schor et al. 2013). Low levels of artificial light,
equivalent to moonlight, are sufficient to increase the visibility for cats, thereby increasing the
vulnerability of their prey (Kronfeld-Schor et al. 2013). Foxes increase night-time activity at lit
sites (de Molenaar et al. 2003). It is likely that artificial light would increase the vulnerability of
terrestrial mammals to predation by feral cats and foxes. Future research should address this
enhanced predation risk, which poses a significant threat to the recovery and persistence of
EPBC Act listed terrestrial mammals.

In addition to nocturnal predators, the introduction of artificial light may result in diurnal
predators extending their activity into the night, resulting in a novel predation pressure for
terrestrial mammals (Kronfeld-Schor et al. 2013; Rasmussen and Macdonald 2012).

Prey availability
Indirect impacts of artificial light on terrestrial mammals can occur across large distances,
including disruptions to food availability for insectivorous species.

Many nocturnal insects are attracted to artificial light sources, leading to disrupted
astronomical navigation and increased mortality (Owens and Lewis 2018). The attraction of
nocturnal insects to artificial light sources can draw them out of naturally dark areas or disturb
them along migratory paths (Warrant et al. 2016). Insects often end up trapped in a ‘light sink’
where they are likely to face mortality from exhaustion or predation (Owens and Lewis 2018).
These light sinks can alter the distribution of nocturnal insect populations, with cascade effects
on their terrestrial mammal predators. Where these insects represent a critical food resource
for a terrestrial mammal, light sinks could have consequences for population survival (see Box
1).
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Box 1 Indirect impacts on Mountain Pygmy-possum occurring over large distances

The critically endangered Mountain Pygmy-possum (Burramys parvus) is a threatened terrestrial
mammal inhabiting the alpine and subalpine regions of south-eastern Australia. Over winter, the
Mountain Pygmy-possum enters a period of hibernation. In spring, Mountain Pygmy-possums emerge
from hibernation and must find sufficient food to replenish their body’s fat stores. During this time, they
rely on Bogong Moths as their primary and most abundant food source to regain these fat stores and raise
their young.

Each spring, Bogong Moths migrate from Queensland, New South Wales and Western Victoria to the
Victorian and NSW alpine regions (Warrant et al., 2016). The moths use the Earth’s magnetic field and
visual cues on the horizon to navigate (Warrant et al., 2016). However, artificial lights along their
migratory path can disrupt their migration, resulting in fewer moths arriving in the Victorian and NSW
alps. The moths that do arrive can also be attracted and trapped by artificial lights on buildings within the
ski villages in the region.

These disturbances can significantly reduce the number of Bogong Moths arriving in the boulder fields
where the Mountain Pygmy-possum resides. A significant loss of this critical food resource may impact
reproductive success and may have population-level consequences for the Mountain Pygmy-possum.

Figure 36 Stills from ‘Lights Off for Moths’ campaign, Zoos Victoria

Sadly, the moths are getting lost.

Lights across NSW, ACT & VIC are
luring them away from their destination.

Video stills: © Samuel Van Ingen.

Competition with invasive species
Where native species reduce their activity under artificial light it can lead to underexploited

parts of habitat (Rotics, Dayan & Kronfeld-Schor 2011). Native mammals may decrease the
amount of time they are active in a habitat or avoid using certain parts altogether. This type of
behaviour change is effectively habitat degradation and loss.

Reduction in native mammal activity may promote invasion or competition with non-native
species that are more tolerant of artificial light, for example, Black Rats (Rattus rattus)
(Farnworth et al. 2019). Reduced activity of nocturnal mammals can also result in diurnally
active species extending their activity into the night (Rotics, Dayan & Kronfeld-Schor 2011).
This may lead to increased predation, competition for food and refuge, and increased disease
prevalence for terrestrial mammal species.

Ecological communities
The introduction of artificial light can alter species interactions and disrupt ecological

communities (Longcore & Rich 2004). For example, artificial light that disrupts the activity of
insects reduces pollination rates for some plant species (Giavi, Fontaine & Knop 2021). Further
studies are required to understand the impact of artificial light on complex ecosystem dynamics
and ecological communities.
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Terrestrial mammals provide critical ecosystem functions in ecological communities including
pollination and seed dispersal. If artificial light disrupts the activity and habitat use of terrestrial
mammals, it could also disrupt their critical ecosystem roles and ultimately disrupt the function
of EPBC Act listed ecological communities (see Appendix K - Ecological Communities).

Road mortality
Artificial light can make it more difficult for nocturnal mammals to avoid collisions with

vehicles, especially where the animal experiences a rapid shift in illumination (that is, vehicles
emerging from dark bushland into bright artificial lighting) (Beier 2006). The low-light-adapted
vision of nocturnal terrestrial mammals can quickly become saturated by artificial light, leaving
them temporarily blinded (Beier 2006). This results in mammals becoming disoriented and
unable to see the dark areas across the road. This disadvantage can remain for 10 to 40 minutes
after returning to darkness (Beier 2006). As such, the use of highway illumination is an
ineffective strategy to reduce mammal vehicle strikes (Reed and Woodard 1981) and may
increase strike-related mortality.

Mitigation of indirect impacts of artificial light

Direct artificial light spilling on refuge sites, foraging areas and commuting routes should be
avoided to mitigate indirect impacts on terrestrial mammals. Consideration should be given to
the design and shielding of artificial lights to prevent contributing to skyglow, since low levels of
light can enhance the detection and predation of terrestrial mammals and increase competition
with invasive species.

Disruptions to prey availability can occur over large distances. Consideration should be given to
the location and direction of artificial lighting to minimise light spill outside the intended area.
Where possible, outdoor lighting should be switched off during critical periods (for example,
during the Bogong Moth migration in September and October) to minimise disruptions to prey
availability for terrestrial mammals. See the Terrestrial mammal light mitigation toolbox and
the guidelines on Best practice lighting design for further details.

Vision in terrestrial mammals
Figure 37 Comparative light perception among different species groups
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Note: Horizontal lines show a broad generalisation of the ability of humans and wildlife to perceive different wavelengths.
Dots represent reported peak sensitivities. Vision range for terrestrial mammals is based on limited evidence. Dots for
terrestrial mammals (indicated by the kangaroo) represent peak sensitivities, based on Deakin, Waters and Graves (2010).
Figure adapted from Campos (2017).

Understanding how terrestrial mammals perceive light is crucial to minimise artificial light
impacts in areas where natural darkness cannot be achieved.

The vision of nocturnal mammals is characterised by scotopic vision (Appendix B - What is light
and how does wildlife perceive it?). Nocturnal mammals typically have few cones (vital for
colour perception during day vision) and are temporally blinded by bright light (Beier 2006).
Rods (used for night vision) become blinded and unresponsive at light levels greater than that
at twilight (Schroer and Holker 2016; Beier 2006). This low-light, dark-adapted vision is more
sensitive to shorter wavelengths of light, with a peak sensitivity around 496 nm (blue-green
light) (Beier 2006).

Australian terrestrial mammals do not distinguish colours or perceive light the way humans do.
There are also likely to be species-specific differences in the visual perception of terrestrial
mammals; however, limited information is currently available. Unlike humans, terrestrial
mammals are thought to be able to perceive light into the ultraviolet range. For example, the
Southern Brown Bandicoot exhibits peak spectral sensitivities at 360 nm (UV light) and 551 nm
(green light) (Deakin et al. 2010). Other studied terrestrial mammal species show peak spectral
sensitivities ranging from 350 nm to 557 nm (Deakin et al. 2010).

If artificial light must be used in terrestrial mammal habitat it is appropriate to consider and
evaluate the use of luminaires that have a spectral content outside the visual range of these
animals. Further research is required to better understand light perception and sensitivities in
Australian terrestrial mammals. In general, low-intensity light in the orange to red (590 nm to
740 nm) spectrum is likely to be less disruptive to terrestrial mammals.

Environmental impact assessment of artificial light on
terrestrial mammals

As a minimum, any planned changes to existing lighting or installation of externally visible
lighting should implement Best practice lighting design to reduce light pollution and minimise
any impacts on terrestrial mammals. Where terrestrial mammals are known to occur or are
likely to occur in the area, an environmental impact assessment (EIA) should be undertaken.

Terrestrial mammals use different parts of their habitat for refuge, foraging and commuting.
Artificial light fragments and degrades terrestrial mammal habitat and can disrupt these critical
behaviours.

Artificial light can also have Indirect impacts that can occur over a very large distance (see Box
1) and may have cascade effects on terrestrial mammals. Consideration should be given to
artificial light impacts outside the site area.

It is likely that artificial light will be one of multiple stressors for terrestrial mammals that
should be identified and managed through an EIA process and adaptive management
framework.

The following sections step through the EIA process, with specific considerations for terrestrial
mammals. Where artificial light is likely to affect terrestrial mammals, consideration should be
given to employing mitigation measures as early as possible in a project’s life cycle, including to
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inform the design phase. The efficacy of mitigation should be tested through monitoring and
post-development assessment of impacts to wildlife.

Associated guidance
e  Protected Matters Search Tool
e Species Profile and Threats Database

e Approved recovery plans or conservation advices for the listed threatened terrestrial
mammal species

Qualified personnel

Lighting design and management and the EIA process should be undertaken by appropriately
qualified personnel. Light management plans should be developed and reviewed by
appropriately qualified lighting practitioners, who should consult with an appropriately
qualified biologist or ecologist.

Those advising on the development of a lighting management plan, or the preparation of reports
assessing the impact of artificial light on terrestrial mammals, should have knowledge of
Australian terrestrial mammal biology and/or ecology, demonstrated through relevant
qualifications or equivalent experience as evidenced by peer-reviewed publications in the last

5 years on a relevant topic, or other relevant experience.

Step 1: Describe the project lighting

Information collated during this step should consider the Effects of artificial light on terrestrial
mammals. The location of artificial light sources in relation to refuge sites, foraging areas and
commuting routes should be considered in the design phase.

The existing light environment and the artificial light likely to be emitted from the site should be
described during the planning phase of a project. Information should include:

e thelocation and size of the project footprint;
e the number and type of artificial lights - their height, orientation and hours of operation;
e  site topography;

e the proximity and direction of lights compared with terrestrial mammals and/or their
habitat.

e  whether artificial lighting is likely to be visible from terrestrial mammal habitat or
contribute to skyglow;

e the distance over which this artificial light is likely to be perceptible;
e shielding or light controls used to minimise artificial lighting; and

e  spectral characteristics (wavelength) and intensity of artificial lights.

Step 2: Describe the terrestrial mammal population and behaviour

The species and behaviour of terrestrial mammals seeking refuge, foraging and commuting in
the area should be described. This should include the conservation status of the species;
population trends (where known); how important that population or habitat is; the abundance
of terrestrial mammals using the area; the regional importance of the population; and the
seasonality of terrestrial mammals seeking refuge, foraging and commuting in the area.
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Relevant species-specific information can be found in the SPRAT database, state and territory
listed species information, scientific literature, recovery plans, conservation advices and local
and Indigenous knowledge.

Where there are insufficient data to understand the population’s importance or demographics,
or where it is necessary to document existing terrestrial mammal behaviour, field surveys and
biological monitoring may be necessary. While refuge and foraging areas may be known,
commuting paths are less likely to be known.

Biological monitoring of terrestrial mammals
Any monitoring associated with a project should be developed and overseen and have the

results interpreted by appropriately Qualified personnel to ensure reliability of the data.

The objectives of terrestrial mammal monitoring in an area likely to be affected by artificial light
are to:

e understand the size and importance of the terrestrial mammal population(s)

e identify refuge sites, foraging areas and commuting routes where artificial lighting changes
may occur

e describe terrestrial mammal behaviour at refuge sites, in foraging areas and along
commuting routes before (establishing a baseline) and after the introduction or upgrading
of artificial lighting.

The data will be used to inform the EIA and assess whether mitigation measures have the
potential to be successful.

Rigorous surveys should be conducted to determine whether EPBC Act listed terrestrial
mammals are present at the site, whether there are Habitats in which species may be
susceptible to light pollution, whether they are using this habitat and whether artificial light is
likely to affect this habitat or behaviours, including beyond the site area.

To understand existing terrestrial mammal behaviour, monitoring (or a similar approach) will
be needed to determine terrestrial mammal ability to use refuge sites, forage and commute
prior to construction of or upgrades to lighting. Consideration should be given to monitoring a
comparative control or reference site to ensure observed changes in terrestrial mammal
behaviour are related to changes in the light environment and not to broader climatic or other
landscape-level changes.

A well-designed monitoring program will capture the following information before and after
construction or lighting upgrades:

e behaviour of terrestrial mammals at refuge sites - including location of refuge used, type of
refuge used, time of first emergence and time of return to refuge

o foraging activity of terrestrial mammals - including location and type of foraging sites, time
spent foraging and time spent vigilant

e commuting routes used by terrestrial mammals - including location of commuting routes,
and time and duration of commuting behaviour.

Consideration should be given to physiological impacts, particularly those affecting
reproductive output. Although it may not be feasible to take invasive samples (for example,
blood), collection of faecal samples may be collected for hormone analysis, and monitoring
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reproductive output may be relevant in some circumstances. Advice from a species expert will
be required to confirm the need for monitoring and to assess the study design and appropriate
monitoring methods.

Monitoring surveys should be designed in consultation with a quantitative ecologist or
biostatistician to ensure reliability of the data and meaningful interpretation of the findings.

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the biological data. Handheld camera images can help
describe the light. Quantitative data on existing skyglow should be collected, if possible, in a
biologically meaningful way, recognising the technical difficulties in obtaining these data. See
Appendix C - Measuring biologically relevant light for a review.

Step 3: Risk assessment

The objective of the Light Pollution Guidelines for Wildlife is that artificial light should be
managed in a way that enables terrestrial mammals to undertake critical behaviours such as
seeking refuge, foraging, commuting and reproducing. The risk assessment process should
consider the likelihood of artificial light affecting these behaviours. The aim of risk assessment
is to ensure that important terrestrial mammal populations remain unaffected, refuge sites are
not disturbed or abandoned (especially critical and limited refuge sites such as tree hollows),
predation is not increased and foraging and commuting are not disrupted.

Consideration should be given to how artificial light might degrade, fragment or decrease
terrestrial mammal habitat. Impacts of artificial light must be considered beyond the boundary
of a proposed development. Light that spills outside a development area can result in a greater
extent of habitat disturbance than light contained within a development area. Artificial light
upgrades or installations should be managed to ensure the light does not extend beyond the
development area, to minimise extent of habitat loss.

To understand how or whether terrestrial mammals are likely to see artificial light, a site visit
should be made at night and the area viewed from known terrestrial mammal refuge sites,
foraging areas and commuting routes.

Using this perspective, the type, number and location of artificial lights should be
considered/modelled to determine whether terrestrial mammals are likely to perceive the
artificial light (considering wavelength, intensity and location) and what the effects of the
artificial light on their behaviour are likely to be.

Step 4: Light management plan

A light management plan should include all relevant project information (Step 1) and biological
information (Step 2). It should outline proposed mitigation. For a range of terrestrial mammal
specific mitigation measures, see Terrestrial mammal light mitigation toolbox. The plan should
also outline the types of and schedule for biological and artificial light monitoring to ensure
mitigation is meeting the objectives of the plan, and triggers for revisiting the risk assessment
phase of the EIA.

The plan should outline contingency options to implement if biological and artificial light
monitoring or compliance audits indicate that mitigation is not meeting objectives (for example,
artificial light is visible in refuge, foraging and commuting areas, or changes in the use of these
areas are observed).

Department of Climate Change, Energy, the Environment and Water

117



National Light Pollution Guidelines for Wildlife

Step 5: Biological and light monitoring and auditing

The success of the impact mitigation and light management should be confirmed through
regular monitoring and compliance auditing. The monitoring and compliance audit results
should be used to facilitate an adaptive management approach for continuous improvement.

Relevant biological monitoring is described in Step 2: Describe the terrestrial mammal
population and behaviour. Monitoring should focus on how artificial light is perceived by
terrestrial mammals at refuge, foraging and commuting areas and determine if artificial light
has changed these behaviours, use of these areas or reproductive output. Consideration should
be given to monitoring control sites. Monitoring should be undertaken both before and after
artificial light upgrades or installations at both the affected and control sites.

Concurrent light monitoring should be undertaken and interpreted in the context of how
terrestrial mammals perceive light and within the limitations of monitoring techniques
described in Appendix C - Measuring biologically relevant light. Auditing, as described in the
light management plan, should be undertaken to ensure artificial lighting at the site is consistent
with the light management plan and is not disrupting terrestrial mammal behaviour.

Step 6: Review

The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures, and renewal of the light management plan based on the
outcomes of the biological monitoring program for artificial light impacts on terrestrial
mammals.

Terrestrial mammal light mitigation toolbox

Appropriate artificial lighting design, controls and impact mitigation will be site, project and
species-specific. Table 15 provides a toolbox of management options relevant to terrestrial
mammals. These options should be implemented in addition to the 6 Principles of best practice
lighting design. Not all mitigation options will be relevant for every project. Table 16 provides a
suggested list of light types appropriate for use near terrestrial mammal habitat and those to
avoid.

The most effective measures for mitigating the impact of artificial light on terrestrial mammals
include:

e maintaining dark refuge sites

e avoiding, removing, redirecting or shielding artificial lights in foraging areas and along
commuting routes and keeping intensity as low as practicable, noting that low-intensity
artificial light (around full moon light levels) can disrupt behaviour of terrestrial mammals.

Other mitigation measures, which may be less effective, include:

e using narrow-spectrum, long-wavelength lighting (such as red light)
e implementing part-night lighting schemes to reduce the duration of artificial light
e potentially using motion sensor lighting, noting that this may cause a startle response.

These measures should be assessed to determine their effectiveness as mitigation tools.
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Table 15 Light management options specific to terrestrial mammals

Management action

Detail

Avoid adding artificial light to previously
unlit areas.

Avoid artificial light directly onto refuge
sites.

Avoid artificial light directly onto
foraging areas and commuting routes.

Shield light sources to prevent artificial
light spilling onto habitat for ground-
dwelling species.

Shield light sources to prevent upward
artificial light spill for arboreal species.

Avoid using high intensity light.

Prevent indoor lighting reaching the
outdoor environment.

Use luminaires with spectral content
appropriate for the species present.

Implement part-night lighting schemes
to reduce the amount of artificial light
present throughout the night.

Implement motion sensor lighting.

Introduction of artificial light to dark areas is likely to have a
greater impact than alterations or additions to areas where
artificial lighting already exists.

Avoid installing and directing luminaires near refuge sites as
this can change terrestrial mammal refuge behaviour and use
of refuge sites. Artificial light spilling onto terrestrial mammal
habitat can reduce the available area for refuge.

Avoid installing and directing luminaires near foraging areas
and commuting routes. Artificial light can lead to
fragmentation, degradation and loss of habitat for foraging and
commuting. Artificial light in terrestrial mammal habitat can
permanently reduce the available area for foraging and
commuting or provide an advantage for predators.

Where ground-dwelling terrestrial mammal species are
present, artificial light should be directed onto the exact surface
area requiring illumination. Use shielding on lights to prevent
light spill outside the target area.

Where arboreal terrestrial mammal species are present,
vertical light should be shielded such that it is not visible from
the tree canopy above the luminaire installations. Any pole
lighting should be at a height lower than arboreal mammal
refuge, foraging and commuting habitat without compromising
human safety.

Keep artificial light intensity as low as possible near terrestrial
mammal refuge sites and known foraging areas and commuting
routes. Artificial light spill into terrestrial mammal habitat
should be kept at as low an intensity as practicable. For
arboreal species this includes keeping the intensity of vertical
artificial light spill onto vegetation as low as possible.
Behaviour of terrestrial mammals can be disrupted by artificial
light intensities above natural levels of darkness. Isolated
artificial light sources will likely have less effect than large
arrays of high-intensity artificial lighting, except in areas where
single artificial light sources are newly introduced.

Use fixed window screens, blinds or tinting on windows and
skylights to contain artificial light inside buildings.

Consider avoiding specific wavelengths that are problematic for
the species present. In general, this includes avoiding the use of
artificial lights rich in blue wavelengths, which are easily
perceived by terrestrial mammals. Terrestrial mammals also
show a strong physiological response to blue-wavelength light.
Longer wavelength artificial light (such as red light) may have
less impact on terrestrial mammal species, though this may not
be the case for all species. Where this option is progressed,
careful post-installation monitoring should be undertaken to
assess the success of mitigation.

Part-night lighting may not be an effective mitigation measure
for some species. Terrestrial mammals may benefit from part-
night lighting, particularly if artificial lights are turned off at
times appropriate for the species in question. Where this
option is progressed, careful post-installation monitoring
should be undertaken to assess the success of mitigation.

Installing motion sensor lighting may or may not be an effective
mitigation measure for some species. Terrestrial mammals may
benefit from motion sensor lighting, particularly if it reduces
the amount of artificial light present throughout the night. Note,
however, that this may cause a startle response in some
species. Where this option is progressed, careful post-
installation monitoring should be undertaken to assess the
success of mitigation.
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If all other mitigation options have been exhausted and there is still a need for artificial light, see
Table 16 for guidance on types of commercial luminaires that are more suitable for use near
terrestrial mammal habitat. The effectiveness of these luminaires will depend on which species
are being considered. Careful post-installation monitoring should be undertaken to assess the
success of mitigation.

Table 16 Commercial luminaire types that are considered generally less disruptive for use
near important terrestrial mammal habitat, and those to avoid

Light type Suitability for use near terrestrial mammal habitat b

Low-pressure sodium vapour
High-pressure sodium vapour

Filtered LED a

Suitable
Not suitable

Insufficient data to determine suitability for use near terrestrial

mammals

Filtered metal halide a Insufficient data to determine suitability for use near terrestrial

mammals

Filtered white LED a Insufficient data to determine suitability for use near terrestrial
mammals

Amber LED Suitable

PC amber Suitable

White LED Not suitable

Metal halide Not suitable

White fluorescent Not suitable

Halogen Not suitable

Mercury vapour Not suitable

a ‘Filtered’ means LEDs can be used only if a filter approved by the manufacturer is applied to remove the short-
wavelength (400 nm to 500 nm) light.
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Appendix K — Ecological Communities

Key points

An ecological community is a unique grouping of plants, animals and other organisms that exist and
interact in a given habitat. Ecological communities rely on natural diurnal, lunar and seasonal light and
darkness changes as important lifecycle signals. Artificial light can disrupt communities via direct impacts
on individual species, including disruption of reproduction, growth, development, diet, movement or
other behaviour. Artificial lighting can also indirectly disrupt ecological communities by fragmenting
habitat, reducing habitat connectivity, affecting key ecological processes such as pollination, seed
transport, nutrient cycling and food webs, and by facilitating survival and spread of invasive species.

The effects of light pollution on an ecological community depend on the composition of flora and fauna,
and non-biological community attributes such as geography, seasonality, fire regime, presence of water
bodies, natural light levels and the type and level of artificial light exposure.

Key management measures

Effective management requires restricting artificial lighting in or near habitat patches and connectivity
corridors and balancing the likely impacts of light pollution on different species and ecological processes.
At the community scale, reducing effects of light pollution on ecological connectivity, nutrient flows and
ecosystem function may be more important than reducing adverse impacts on a single species. The best
strategy usually involves limiting or eliminating the use of artificial light in sensitive habitats wherever
possible to avoid impacts on ecological communities which are already trying to recover from past
threats, such as fragmentation, as well as experiencing a multitude of ongoing threats.

What are ecological communities?

An ecological community (EC) is a group of plants, animals and other organisms that occur
together and interact in a given habitat. Species within each ecological community interact with
and depend on each other (Sanders & Gaston 2018)—for example, for food, nutrients, shelter,
or reproduction, including pollination, nesting and oviposition sites. The structure, species
composition and geographic distribution of an EC are determined by:

e environmental factors - climate, water availability, soil type, natural fire regime and
position within the landscape/seascape (including altitude, depth and shading)

e historical factors - human landscape modifications (including burning, clearing, drainage)
and the introduction of invasive species

e the nature of inter-species interactions - including mutually beneficial processes such as
pollination, and antagonistic processes such as herbivory and predation (Thébault &
Fontaine 2010).

Ecological communities have strong cultural significance for both First Nations and non-
indigenous Australians and support important values including native biodiversity and
distinctive landscapes and seascapes. ECs also provide vital ecosystem services to both humans
and wildlife, including the management of soil nutrient and water flows, purification of air and
water, sediment stabilisation and salinity regulation, provision of breeding and feeding habitats,
and carbon storage. These values and services in turn contribute to the tourism and recreation
industries and the productivity of farmlands and fisheries.
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Threatened Ecological Communities

Since European settlement, Australia's unique ecological communities have been placed under
increasing strain due to land clearing, water diversion, changes in fire regime, pollution, urban
development, climate change, invasive species and the introduction of other novel stressors
including artificial light at night, human-generated noise and pesticides. These threats have
resulted in many ECs in Australia undergoing and continuing to be affected by a rapid and
significant reduction in geographic distribution and/or ecological function. When distribution
and function are significantly depleted across the full range of an EC, it is at risk of extinction,
and may be listed as a threatened ecological community under the Environment Protection and
Biodiversity Conservation Act 1999 (EPBC Act). Many ECs are listed under the EPBC and/or
equivalent state-based conservation legislation.

Threatened ecological communities listed under the EPBC Act occur in various habitats,
including grasslands, woodlands, shrublands, mallee, forests, wetlands, marine, ground springs
and cave communities. Most threatened communities include species that are listed
(threatened) in their own right. The distribution of threatened ECs around Australia tends to
reflect patterns of European settlement, with most concentrated around urban centres and
agricultural regions. Because of this, the distribution of threatened ECs broadly coincides with
areas most affected by light pollution (Map 1: Threatened ecological communities and light
pollution in Australia), and many threatened ECs are exposed to light pollution across at least
part of their extent.
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Map 1: Threatened ecological communities and light pollution in Australia

Threatened Ecological Communities of Australia

Threatened ecological communities exist in areas most affected by light pollution.

Top: Indicative map of threatened ecological communities in Australia (as at February 2020 -
additional communities have been listed since then). An enlarged, high-quality version is found

at dcceew.gov.au/environment/biodiversity/threatened /communities/full-map.

Bottom: Indicative light pollution map of Australia from lightpollutionmap.info. Data: Visible
Infrared Imaging Radiometer Suite (Earth Observation Group 2021).
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Effects of artificial light on ecological communities

Life on Earth has evolved under predictable natural light cycles of day and night, the lunar cycle
and seasonal shifts in daylength. Most organisms use these natural light signals to regulate:

e physiological processes - sleep, digestion, photosynthesis, cell expansion and repair
e life cycle events - development, growth, flowering, reproduction, hatching
e animal behaviour - resting, foraging, mating, territory defence, dispersal, migration.

In addition, light allows animals with the ability to see to find resources, navigate, avoid
predators and provides energy for photosynthesis to plants and other primary producers .

The effects of light pollution

Light pollution - whether in the form of point-source light-spill from road/path or structure
lighting, private interior/exterior lighting, intermittent lighting from vehicles or vessels, or
indirect light pollution scattered in the atmosphere from a group of sources (skyglow) - can
disrupt or mask these natural timing signals and alter the amount of light available for vision
and photosynthesis. These disruptive effects can alter the life-cycle, distribution, behaviour,
reproduction and survival of a large range of organisms, including: aquatic and terrestrial
plants; insects and other invertebrates; terrestrial birds; frogs, toads and reptiles; fish, corals
and crustaceans (see sections 3-7 below), as well as: marine turtles, seabirds, migratory
shorebirds, terrestrial mammals and bats (see Appendices Appendix F — Marine turtles,
Appendix G - Seabirds, Appendix H - Migratory shorebirds Appendix | - Bats and Appendix ] -
Terrestrial Mammals).

Artificial lighting can affect ecological communities both directly and indirectly (Sanders &
Gaston 2018). Direct effects occur where light pollution acts specifically on one or more
organisms that form a key part of the community; for example, by reducing the growth or
productivity of grass in a grassland community or the movement or reproduction of key fauna.
Indirect effects occur where light pollution impacts processes and species interactions within
the ecological community, with cascading impacts on the key organisms in the community. For
example, artificial light might undermine the lifecycle of pollinating insects, which in the long-
term harms the recruitment of the pollinated plant species that support the community, and the
food availability for key insectivorous fauna. These indirect effects can extend the effects of light
pollution to the landscape scale even where the reach of the artificial light itself is more limited
(Gaston et al. 2021).

The severity and nature of both direct and indirect effects will depend on community attributes,
and on the type of artificial lighting, including:

e Proximity to artificial light sources - ecological communities near sources of artificial
light such as towns, transport corridors or mine sites may be affected by direct light spill,
intermittent vehicle lights and skyglow. In contrast, ecological communities in remote areas
may only be affected by skyglow and, perhaps, occasional vehicular light pollution.
Different parts of an ecological community may have differing exposure to light pollution;
for example, tree canopies may be exposed to intense artificial light from streetlights, while
accompanying understory habitat receives only wealk, filtered light.

e Intensity and duration of light sources - Since light scatters in both air and water, the
intensity of artificial light determines the distance over which its ecological effects may
occur. Likewise, the duration of lighting determines the timescale over which effects may
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occur, although some effects will not occur immediately. Light spill from buildings,
structures and streetlighting is usually intended to illuminate over short distances at
relatively low intensities, but is applied constantly - often all night, every night. In contrast,
beam light from vehicle headlights or vessel floodlights is applied intermittently but at very
high intensities and may reach several hundred metres (Gaston et al. 2021). The intensity
and duration of lighting may also be affected by the use of adaptive lighting controls such as
dimmers, timers and sensors (see Appendix A - Best practice lighting design).

Physical barriers to artificial light - these might include both biotic landscape features
like thick foliage, and abiotic features such as mountainous terrain. Direct artificial light
spill and vehicular light pollution may impact a far greater area in open, flat communities
such as grasslands compared to dense rainforest or mountain woodlands. Skyglow, on the
other hand, can pervade most landscape features, although in areas with dense vegetation
its effect will be filtered by the upper layers of the canopy (Endler 1993).

Patch size and edge effects - human disturbance—including land clearing, artificial light,
noise, pesticides and pets—at the boundary of a habitat patch has effects on plants and
animals within the patch. These ‘edge effects’ can extend into the patch for up to several
hundred metres (Laurance 1991) and artificial light may penetrate even further,
particularly for species in or above the canopy (Gaston et al. 2021). Ecological communities
confined to small patches, or narrow linear remnants—for example, along road and rail
corridors—may be vulnerable to edge effects of light pollution across their entire range. In
addition, light pollution may exacerbate the effects of other stressors on flora and fauna
near the edges. For example, an animal stressed by increased predation pressure due to the
presence of pet cats or dogs may be further stressed by artificial light disruption of
behaviour or physiology, and loss of naturally dark refugia.

Connectivity and habitat fragmentation - many nocturnal animals are unable or
unwilling to traverse artificially illuminated areas or become trapped by light sources
(Bhardwaj et al. 2020; Eisenbeis 2006; Sanders & Gaston 2018). Consequently, landscapes
that might otherwise provide connectivity for animals travelling between high-value
habitat patches can become less useful due to artificial lighting (Laforge et al. 2019). Light
pollution can thus have a disproportionate effect on ecological communities that persist in,
and are already threatened by, highly fragmented habitats. Artificial lighting in or through
the middle of a patch, such as along a walking path, can also be a barrier to movement
within the patch, effectively fragmenting it into smaller patches.

Water bodies - the effects of light pollution on marine and freshwater communities may
be as significant as the effects on terrestrial systems, given artificial light can penetrate
hundreds of metres horizontally and vertically through water. Like terrestrial species,
aquatic organisms regulate their growth, development, movement, and behaviour in
response to light signals (see Artificial light and aquatic communities below).

Seasonality and fire regime - the effect of light pollution within a given landscape or
habitat patch can vary over time. Canopy, understory and groundcover vegetation may vary
significantly due to annual or longer-term cycles in water availability, burning and storm
damage. This in turn may affect the extent to which artificial light penetrates into habitat
patches or across landscapes. Similarly, phytoplankton, algal blooms and suspended
particulate levels in aquatic systems can vary substantially, altering the penetration of light
below the surface (Bowmaker 1995). In alpine areas, the reflection of light from snow can
significantly amplify the effects of light pollution (Jechow & Holker 2019). Some organisms
are particularly sensitive to artificial light at certain times of year or at key stages in their
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life cycle. For example, many plants use changes in day-length as cues for growth or
flowering (see ‘Artificial light and plants’ below). Similarly, natural light cues determine
migration timing, navigation and the onset of reproductive behaviour in many animals,
such as fish, amphibians, turtles and migratory birds (see Appendices Appendix F - Marine
turtles, Appendix G - Seabirds, and Appendix H — Migratory shorebirds and relevant
sections below). For a given ecological community, the effects of artificial light may vary
from season to season, depending on which species are present/absent, active/dormant,
reproducing or migrating. The masking of key natural light cues by artificial light may thus
be more damaging at certain times of year than at others.

e Community composition - the effects of light pollution vary substantially between
different groups of flora and fauna, and even within closely-related species. The species of
plants, animals and other taxa present in an ecological community, particularly the
dominant or functionally significant species, will thus affect the community’s vulnerability
to light pollution. The effects of light pollution on some groups such as turtles, seabirds,
migratory shorebirds, bats and terrestrial mammals, are addressed in appendices Appendix
F - Marine turtles, Appendix G - Seabirds, Appendix H - Migratory shorebirds Appendix I -
Bats and Appendix ] - Terrestrial Mammals. Groups including plants, insects and other
invertebrates, birds, reptiles and amphibians, aquatic flora and fauna are addressed in
more detail below. In some ecological communities, light pollution may also assist light-
tolerant invasive species to out-compete native species (see Artificial light assists invasive
species below).

e Natural light levels - in ecological communities that are exposed to very low levels of
natural light, including caves, chasms, deep shaded valleys or Arctic and Antarctic winters,
artificial lighting may be hundreds or thousands of times brighter than any natural light
during day or night. In these communities, artificial light can have acute effects on
organisms adapted to very low light (Berge et al. 2020) and lead to colonisation by more
light-adapted species (Burgoyne et al. 2021), hence reducing biodiversity. Artificial light
can also exacerbate changes to natural light levels from other sources, such as after a fire or
storm that has removed tree canopies and/or native vegetation.

Artificial light and terrestrial plants

Note: aquatic (marine and freshwater) plants and photosynthetic organisms are addressed in
the ‘Artificial light and aquatic communities’ section below.

Light as a signal for plants
Natural light cycles provide plants with reliable signals of time of day (light/dark), time of year
(day length) and amount of shade. Plants rely on these signals to:

e regulate daily activity - photosynthesis, water and nutrient cycles, growth, rest and repair

e optimise the timing of seasonal events - germination, onset of vegetative growth, flowering,
fruiting and senescence (Battey 2000)

e adjust morphology and physiology to match natural light conditions - for example by
increasing leaf investment and specific leaf area in shady conditions(Coble et al. 2014;
Givnish 1988; James & Bell 2000).

Changes in these light signals (for example through exposure to artificial lighting) can artificially
promote shifts in growth and biomass allocation, and alter the timing of germination, flowering,
fruiting, seed-set and senescence (Singhal, Kmar & Bose 2019; Sysoeva, Markovskaya &
Shibaeva 2010; Velez-Ramirez et al. 2011) - see Figure 1. Even brief pulses of light at night can
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be enough to cause mistimed seasonal responses (Borthwick et al. 1952). Since plants use
periods of natural darkness for repair and growth, exposure to artificial light at night can result
in leaf damage, reduced growth and decreased productivity of fruit and seeds (Singhal et al.
2019; Sysoeva et al. 2010).

Figure 38: Artificial light masks natural daylength signal & disrupts seasonal changes in
plants

The above, Figure 38, displays street lighting beside a soybean field in late summer/autumn.
Plants away from the streetlight (brown in colour) have detected the shift in daylength and have
shifted into the reproductive phase; withdrawing nutrients from leafy foliage and focussing
investment on producing seeds. In contrast, plants near the streetlight have failed to detect the
shift in natural day length and are continuing to produce vegetative growth; when winter
arrives, these plants will not have produced seeds and will not reproduce. Source of images:
Eddie McGriff, Alabama Extension Regional Agent, Auburn University.

Much of our knowledge of the effects of artificial lighting on plants comes from studies of
agricultural and horticultural systems. The effects of light pollution on seasonal changes in wild
plants are less well understood, but evidence to date suggests that they are likely to be similar,
including reduced flowering density (Bennie et al. 2015) and biomass (Bennie et al. 2018), and
shifts in the timing of flowering (Bennie et al. 2018; Cathey & Campbell 1975), vegetative
growth (Cathey & Campbell 1975; Palmer et al. 2017), fruit-set (Palmer et al. 2017) and leaf-fall
(Matzke 1936; Skvareninova et al. 2017).

The uncoupling of daily and seasonal rhythms from natural cycles may have cascading impacts
on organisms that rely on or interact with plants. For example, climate-mediated shifts in plant
or animal timing can result in animals breeding at times when key plant foods are not available
(Post & Forchhammer, 2008). Likewise, shifts in the timing of plant flowering can result in
disconnection with the presence of pollinating insects (Angilletta Jr & Angilletta 2009). Similar
ecological mismatches may occur if plants, or the animals with which they interact, shift their
seasonal timing in response to artificial lighting.

The timing of seasonal events in plants is largely regulated by phytochromes which respond to
long-wavelength (red and near-infrared) light (Bennie et al. 2018). Amber-coloured artificial
lights (which contain a relatively high proportion of longer wavelengths) can shift the timing of
flowering and other seasonal events in plants (Bennie et al. 2016). Thus, while the use of longer
wavelength (amber) lighting may reduce the effects of ALAN on many animals, it is unlikely to
directly benefit terrestrial plants.Since biological timing in plants can be disrupted by even brief
pulses of light at night (Borthwick et al. 1952), the use of lighting timers, sensors or curfews are
unlikely to reduce the effects of light pollution on plants.
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Light as a resource for plants

Light also provides plants with energy and carbon via photosynthesis. Plants near artificial light
sources can receive sufficient light to promote photosynthesis at night when plants would
ordinarily not be photosynthesizing (Bennie et al. 2016). Nocturnal photosynthesis under
artificial lighting has been shown to increase overall carbon gain and growth in some species
(Demers et al. 1998; Park et al. 2020; Yao et al. 2021) but can also promote responses that
reduce a plant’s capacity to assimilate carbon. These responses include impaired chloroplast
biogenesis (Ruckle, DeMarco & Larkin 2007), reduced leaf investment, reduced daytime
photosynthesis (Park et al. 2020; Pettersen, Torre & Gislergd 2010; van Gestel et al. 2005) and
leaf damage or death (Cushman et al. 1995; Demers et al. 1998).

In addition, many plants close their leaf stomata and substantially reduce transpiration at night
to prevent water loss and allow water potential (internal water pressure) to be restored
(Phillips et al. 2010). Since photosynthesis requires gas exchange and thus open stomata,
photosynthesis under artificial light at night may increase overall water loss and undermine a
plant’s ability to restore water potential overnight (Kavanagh, Pangle & Schotzko 2007).
Because light must exceed certain thresholds to provoke a photosynthetic response, such effects
are most likely for plants exposed to direct light pollution at high intensity or short distances,
such as trees growing alongside streetlights (Bennie et al. 2016).

Cascading effects of light pollution in plants

Light pollution impacts on plant growth or seasonal timing are likely to have cascading impacts
on herbivorous fauna and their predators (Bennie et al. 2016), and any other fauna that rely on
plants - for example, as habitat and at nesting sites. Artificial light at night also disrupts
nocturnal pollination networks and has negative consequences for plant reproductive success
(Boom et al. 2020; Knop et al. 2017). See also ‘Artificial light disrupts food webs and nutrient
cycles’ below.

Artificial light at night that affects plant physiology, may also change the interaction with
herbivorous insects by affecting plant palatability. For example, artificial light at night exposure
may increase leaf toughness by altering carbon-to-nitrogen ratios, which can affect host plant
quality (Murphy et al. 2022). Streetlights have been demonstrated to directly reduce larval
biomass and also indirectly affect larval growth by reducing host plant quality (Grenis and
Murphy 2019). In one study, light at night of different colours changed the way that plant traits,
including growth rate and leaf thickness, are related to insect herbivory damage (Cieraad et al.
2022).

Furthermore, common invasive plants may be more likely to tolerate or benefit from light
pollution than native plants (Liu et al. 2022; Murphy et al. 2021). This may particularly be a
concern along roadways or other locations that are frequently lit at night and have common
vectors for plant invasions (Lazaro-Lobo & Ervin 2019). Artificial light may thus assist the
establishment and spread of invasive weeds.

Artificial light and invertebrates

Invertebrate vision and attraction to light

Invertebrate vision is highly varied, with peak spectral sensitivities ranging from short
wavelength UV-to-blue light up to long wavelength red-to-near infrared light (Davies et al.
2013; Donners et al. 2018) - see Figure 42. Among insects, sensitivity to short-wavelength UV,
blue and green light is extremely common (Briscoe & Chittka 2001) and accordingly artificial
light sources dominated by short-wavelength light tend to attract more insects in terms of
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abundance and number of species (Huemer, Kiihtreiber & Tarmann 2010; Pawson & Bader
2014; van Grunsven et al. 2014; Wakefield et al. 2018).

However, replacing artificial light with longer-wavelength amber lights is not a complete
solution. Some invertebrate taxa are attracted to long-wavelength lighting including some
beetles, flies, ants and wasps (Deichmann et al. 2021; van Grunsven et al. 2019). Moreover, even
amber lighting attracts far more invertebrates in most groups than natural darkness (Perkin,
Holker & Tockner 2014). In addition to spectrum, other factors affecting invertebrate attraction
to artificial lighting include the intensity and direction of the light, the extent to which the light
is filtered and muted by vegetation (Endler 1993) and its distance from sources of
invertebrates. Even long-wavelength amber lighting can attract invertebrates from at least 40
metres away (Perkin et al. 2014).

Most natural light is unpolarized because waves of light can ‘vibrate’ in any direction as they
travel outward from the light source. However, when light reflects off a flat surface, such as a
body of water, it becomes polarized because light the waves can only vibrate in a single
horizontal plane.

In nature, polarized light is strongly associated with water sources, and many invertebrates, as
well as other animals, use polarized light from the sun or moon to identify water bodies.
Artificial light from street, vehicle and building lights often strikes surfaces that reflect polarized
light, including asphalt, solar panels, window glass and even dark-coloured vehicles (Blaho et al.
2014). These reflections cause invertebrates to mistake these surfaces for water, where they
would normally lay their eggs. Artificial light can affect invertebrate reproduction by attracting
invertebrates away from suitable habitat and by causing them to lay eggs on artificial surfaces
that mimic natural water bodies (Szaz et al. 2015). Reducing such ‘ecological traps’ may require
changing artificial lighting strategies and/or the surfaces of artificial structures (Fritz et al.
2020).

In addition, moonlight polarizing in the atmosphere provides an important navigational cue for
nocturnal invertebrates, including some beetles (Dacke et al. 2003) and native bull ants
(Myrmecia midas) (Freas et al. 2017). As polarized moonlight cues are exceptionally subtle, they
are easily disrupted by light pollution, including dim skyglow, which can disorient invertebrates
and disrupt normal dispersal in the landscape (Foster et al. 2021).

Artificial light is a major invertebrate stressor

Artificial light is a significant stressor of invertebrates, and a contributor to global invertebrate
declines (Boyes et al. 2020; Holker et al. 2010; Owens et al. 2020). Many invertebrates have an
innate attraction to light sources called positive phototaxis or are disoriented by them
(Longcore & Rich 2004) — in flying insects this is often observed as ‘flight to light’ behaviour
(see discussion in Insects within Appendix I - Bats), and similar effects occur in ground-
dwelling invertebrates (Eccard et al. 2018). Positive phototaxis can result in the death of
invertebrates around light sources through impact, heat, exhaustion or increased predation
(Eisenbeis 2006), while reducing important invertebrate behaviours such as feeding, mating
and pollen transport (Macgregor et al. 2017). Less commonly, some invertebrates are light-
avoiders, or become less active when exposed to artificial light at night (Eccard et al. 2018;
Ferreira & Scheffrahn 2011; Luarte et al. 2016).

Artificial light disrupts invertebrate physiology, including melatonin cycles, immune function

and oxidative stress (Joanna et al. 2020; J. Durrant et al. 2015; McLay et al. 2018). It can also

disturb lifecycles at multiple points, including mating, reproduction, juvenile development, adult
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emergence and survival (Botha, Jones & Hopkins 2017; Boyes et al. 2020; McLay, Green & Jones
2017; McLay et al. 2018; Willmott et al. 2018). Light pollution can also interfere with short- and
long-distance navigation and movement across the landscape (Eisenbeis 2006; Perkin et al.
2011). Artificial light can even affect diurnal invertebrate populations, via effects on plant
reproduction (Knop et al. 2017) and the accumulation of nutrients (dead invertebrates) around
outdoor lights (Davies, Bennie & Gaston 2012). In aggregate, these individual or species-level
responses amount to landscape-scale shifts in invertebrate abundance, distribution and
community composition (Davies et al. 2017; Desouhant et al. 2019; Lockett et al. 2021; Manfrin
etal. 2017; Owens & Lewis 2018), with cascading impacts on food webs, pollination and
nutrient cycling (see ‘Effects of artificial light on ecological processes’ below).

Effect on ecological communities

Insects and other invertebrates “create the biological foundation for all terrestrial ecosystems.
They cycle nutrients, pollinate plants, disperse seeds, maintain soil structure and fertility,
control populations of other organisms, and provide a major food source for other taxa”
(Scudder 2017). Effects of artificial light on invertebrates are thus likely to have cascading
effects for plants, animals and ecological processes in any ecological community.

Invertebrates provide a key trophic (energy) link between primary producers such as plants
and protists, including algae, and animals. Invertebrates comprise a key food resource for most
birds, reptiles, frogs, bats, and many fish, as well as terrestrial and marine mammals. Insects
also convert a variety of largely indigestible plant matter (such as Eucalyptus sap) into widely-
accessible food resources such as honeydew and lerp (Douglas 2006).

Many invertebrates are also key pollinators of terrestrial plants, and many plants have evolved
to require pollination by a single or small group of insect species (Rosas-Guerrero et al. 2014).
Native orchids in the genus Caladenia represent extreme examples of this; some species may be
pollinated only by a single species of wasp (Phillips, Bohman & Peakall 2021) or even by a
limited cohort within a single species of wasp (Phillips et al. 2015). Invertebrates provide other
vital ecosystem services within ecological communities including decomposition and soil
nutrient cycling, seed dispersal and germination, and pest control (Scudder 2017).
Unsurprisingly, loss of invertebrates from a community is frequently implicated as a cause of
decline in both plants (Knop et al. 2017; Ulrich et al. 2020) and higher animals including
insectivorous lizards, frogs and birds (Lister & Garcia 2018).

Effects of artificial light on invertebrate assemblages are thus likely to have cascading effects on
the composition and ecological functioning of many ecological communities via multiple
mechanisms, including via food webs, nutrient cycling, pollination and seed dispersal.

Artificial light and terrestrial birds

Note: the effects of light pollution on seabirds and migratory shorebirds are addressed in
Appendix G - Seabirds and Appendix H — Migratory shorebirds, respectively.

Seasonal light signals, reproduction and migration

Natural daylength plays a key role in regulating the breeding behaviour and physiology of birds.
Shifts in daylength in the leadup to breeding season (such as the lengthening of days in spring)
trigger physiological changes including increased production of key hormones (such as
testosterone), increase in the size of gonads, development of breeding plumage, the onset of
mating song and other reproductive behaviours (Dawson et al. 2001). At the end of breeding
season, changes in daylength (such as the shortening of days in late summer or autumn) trigger
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a corresponding reduction in hormones, atrophy of gonads, reduction in breeding behaviours
and moulting of breeding plumage.

Light pollution masks natural daylength and can result in mistimed changes in birds’ physiology
and behaviour. These can include mistimed changes in gonad size and testosterone production,
early egg-laying, and early moulting (Dominoni, Quetting & Partecke 2013; Dominoni et al.
2020). Such changes have been observed in birds exposed to very low levels of artificial light
(0.3 lux) (Dominoni et al. 2013). Birds in the tropics may be particularly sensitive to such
changes due to the subtlety of seasonal changes in natural light (Hau, Wikelski & Wingfield
1998).

The timing of seasonal changes may be particularly important for migratory birds that need to
reduce the weight of reproductive organs (which otherwise become a burden during migration)
and replace feathers before flying long distances. In Australia, such birds include migratory
shorebirds (see Appendix H - Migratory shorebirds) and other birds that migrate to the
northern hemisphere (such as the white-throated needletail), and also many birds that migrate
or shift range within Australia, such as the critically endangered Orange-bellied Parrot
(Neophema chrysogaster) and Swift Parrot (Lathamus discolor) (Gartrell 2002), as well as many
kingfishers, swallows, cuckoos, robins and silvereyes. For migratory species the seasonal
change-shifting effects of artificial light may be particularly detrimental in resting and breeding
habitat areas used prior to or during migration. In addition, light pollution may also distract
migrating birds by imitating natural sun- or moonlight (see Appendix H - Migratory
shorebirds), or by undermining the daily recalibration of birds internal magnetic ‘compass’
(Cochran, Mouritsen & Wikelski 2004).

Day-night cycle, sleep and cognition

At shorter time-scales, bird behaviour is often tightly regulated by the natural day-night cycle
(Da Silva et al. 2014) and by the monthly waxing and waning of moonlight (Dadwal & Bhatt
2017; Dickerson, Hall & Jones 2020; Pérez-Granados & Lopez-Iborra 2020). These responses to
natural light levels represent evolutionary trade-offs between access to resources including
prey, inter-specific competition, ease of movement, and risk of predation (Kronfeld-Schor et al.
2013).

Diurnal (daytime active) and nocturnal (night-time active) bird species have different physical
adaptations, such as vision and hearing, that under natural conditions allow them to co-exist by
exploiting the same habitat at different times, with little overlap. Light pollution can alter this
balance by extending the hours of activity and spatial distribution of diurnal birds, bringing
them into contact with novel prey, predators and competitors (Canario, Hespanhol Leitdo &
Tomé 2012; Russ, Riiger & Klenke 2015; Silva, Diez-Méndez & Kempenaers 2017). For example,
the Peregrine Falcon (Falco peregrinus) is a diurnal predator that can adapt its foraging
behaviour to use artificial light to hunt birds at night (Drewitt & Dixon 2008). Artificial light can
also alter the distribution of prey and thus of nocturnal predatory birds: insects, amphibians
and birds have all been observed to cluster at light sources (Baker 1990; Buchanan 2006;
Gonzalez-Bernal et al. 2016; Komine, Koike & Schwarzkopf 2020; Lockett et al. 2021), and at
least some owls have responded by focussing their predatory efforts around those same lights
(Canério et al. 2012; Rodriguez, Orozco-Valor & Sarasola 2021). Disturbance of the natural day-
night cycle also has consequences for birds’ sleep. Australian Magpies (Cracticus tibicen), Black
Swans (Cygnus atratus) and Domestic Pigeons (Columbia livia) all lose sleep when exposed to
streetlight-level lighting at night, although have varied sleep-recovery responses. Switching to
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amber lighting may reduce adverse effects on magpie sleep but does not benefit swans or
pigeons (Aulsebrook et al. 2020; Aulsebrook et al. 2020).

Lunar cycle

Bird responses to moonlight are complex: many birds including Willie Wagtails (Rhipidura
leucophrys) are more active on moonlit nights (Dickerson et al. 2020; La 2012), possibly as a
means to enhance territory defence or mate attraction. Others—including the Australian Owlet-
nightjar (Aegotheles cristatus), Blue Petrel (Halobaena caerulea) and Slender-billed Prion
(Pachyptila belcheri)—reduce activity on brightly moonlit nights to reduce their risk of
predation (Brigham et al. 1999; Mougeot & Bretagnolle 2000). The dawn chorus of diurnal birds
typically occurs earlier on bright moonlit mornings (Bruni, Mennill & Foote 2014; Pérez-
Granados & Lopez-Iborra 2020) as its timing is dependent on ambient light levels and the visual
ability of different species (Berg, Brumfield & Apanius 2006; Thomas et al. 2002). Even the full
moon provides relatively faint light (typically <0.2 lux; Kyba, Mohar & Posch 2017), so artificial
light can readily mask natural moonlight signals and alter the responses of birds. The nocturnal
singing of male Willie Wagtails normally peaks under a full moon but decreases when artificial
light is present either as a point source (for example, streetlight) or skyglow (Dickerson, Hall &
Jones 2022)—this may be a response to increased predation risk under artificial light, which
can be many times brighter than a full moon. In addition, dawn chorus occurs earlier in light
polluted areas (Bruni et al. 2014) which may increase the predation risk for diurnal birds at
times when nocturnal predators are still active (Staicer, Spector & Horn 2019).

Some urban birds appear to tolerate or even prefer artificially illuminated roosts, possibly due
to improved predator detection (Daoud-Opit & Jones 2016). These include the Rainbow
Lorikeet (Trichoglossus moluccanus - considered invasive in Western Australia and Tasmania)
and the Common Myna (Acridotheres tristis - invasive throughout its range in Australia).
Tolerance of artificial light may be one of the factors that assists these ‘urban exploiters’ to
supplant less light-tolerant native bird species (Conole & Kirkpatrick 2011).

Effect on ecological communities

Birds comprise an important food source for many predators, and many are key predators of
vertebrate and invertebrate prey. Birds are also responsible for many key ecological processes,
including pollination (Burd et al. 2014), seed transport (Bradford & Westcott 2010;
Rawsthorne, Watson & Roshier 2012), controlling invertebrates (Clarke & Schedvin 1999),
nutrient cycling and fuel load reduction (Maisey et al. 2021). Taken together, the effects of
artificial light on reproduction, behaviour, predator-prey dynamics, natural food webs and
individual physiology of birds outlined above have the potential to reduce or fragment
populations of birds, alter birds’ distribution in the landscape, or exclude them from illuminated
patches altogether (Adams et al. 2021).

Loss or fragmentation of birdlife in an ecological community may in turn restrict the dispersal of
pollen and seeds, reduce soil nutrient cycling, and increase invertebrate infestations, thereby
limiting the reproduction and recruitment of key plant species. Where plant species rely
specifically on birds for pollination or seed dispersal, such effects could result over time in
substantial change in plant species composition, or reduction in the overall extent or quality of
the ecological community in question.
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Artificial light, reptiles and amphibians

Artificial light is known to have severe impacts on marine turtles (see Appendix F - Marine
turtles), however much less is known about the effects of light pollution on other reptiles such
as lizards and crocodiles, or on amphibians such as anurans (frogs and toads).

Anurans are predominantly nocturnal (Buchanan 2006), and many are known to have an innate
attraction to artificial light sources, while others are light-avoiders (Jaeger & Hailman 1973).
Like other insectivores, frogs may also be attracted to artificial light sources due to the
concentration of insect prey nearby (Baker, 1990; Buchanan 1998; Buchanan 2006). The
invasive Cane Toad (Rhinella marina) is also known to seek out prey concentrations around
artificial lights and may benefit substantially from outdoor lighting (Gonzalez-Bernal et al. 2016;
Komine et al. 2020). Both light-attracted and light-avoiding responses may limit the movement
of anurans in the landscape, by either concentrating individuals around light sources (Baker
1990) or preventing movement across illuminated patches (van Grunsven et al. 2017). These
restrictions on movement can impact entire populations by restricting mate-choice (Rand et al.
1997) and/or preventing the dispersal of juveniles across the landscape (van Grunsven et al.
2017). Attraction to street and path lighting also exposes anurans to novel risks including
vehicles and pedestrians (Baker, 1990; van Grunsven et al. 2017).

In addition to effects on movement and dispersal, light pollution can also undermine the health
and reproduction of anurans. As with birds, masking of seasonal changes in daylength can result
in mistimed mating and breeding behaviour in frogs (Dias et al. 2019); artificial light can also
impair breeding behaviour and fertilisation success (Touzot et al. 2020), and reduce hatching
success, tadpole motility, metamorphic duration, juvenile growth, immune responses to
common stressors, and gene expression (Dananay & Benard 2018; May et al. 2019; Touzot et al.
2022). Light pollution can also reduce the availability of algae and other key food resources for
tadpoles (Dananay & Benard 2018; Grubisic et al. 2018).

There has been little research on the effects of ALAN on terrestrial reptiles such as lizards,
skinks, tortoises, snakes and crocodiles. As with birds, at least some usually diurnal squamate
(scaly) reptiles may extend their hours of activity under artificial light (Garber 1978; Perry &
Fisher 2006) but may suffer impaired sleep as a consequence (Kolbe et al. 2021). Like other
vertebrates, reptiles have circadian rhythms and melatonin cycles, although the effect of
artificial light on these is largely unknown (Grubisic et al. 2019). For nocturnal reptiles such as
geckos, crocodiles and some snakes, artificial light may alter their movement in the landscape in
a similar way to other wildlife, depending on whether a given species is light-attracted or light-
avoidant, which in turn is affected by whether the species is predator, prey, or both. The
Dubious Dtella (Gehyra dubia) is a native house gecko that preys on invertebrates and is preyed
upon in turn by snakes and birds. It uses bright moonlight (or even dim artificial light at night)
to hunt prey and identify predators (Nordberg & Schwarzkopf 2022). However, it avoids
brightly lit, prey-rich spaces that are instead exploited by the invasive Common House Gecko
(Hemidactylus frenatus) (Zozaya, Alford & Schwarzkopf 2015). By concentrating prey in spaces
inaccessible to the native gecko, artificial lighting thus favours the invasive species, and may be
one of the factors contributing to the decline in native geckos. Exploitation of insect
concentrations around artificial light appears to be common in geckos but may result in
increased risk of predation by nocturnal snakes which are attracted by the presence of geckos
(Perry & Fisher 2006). As with birds, the responses of reptiles to bright moonlight are highly
varied and have evolved in response to factors including predation risk, ease of foraging and
prey availability (Perry & Fisher 2006). The presence of artificial light has the potential to
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drastically alter these behaviours and has been implicated in the decline of less light-tolerant
species (Perry & Fisher 2006).

Effect on ecological communities

Reptiles and anurans perform key ecological roles, including serving as prey for birds, fish and
small mammals, or being predators of insects and small vertebrates, and — in the case of
tadpoles — controlling algae and cycling nutrients in freshwater systems. Where reptile and
native frog populations are detrimentally affected by artificial light, this is likely to have
cascading consequences for ecological communities, including altered trophic webs, changes in
algal diversity and productivity, reduced aquatic nutrient cycling, and reduced energy and
nutrient transfers between waterways and riparian habitats (Whiles et al. 2006).Since artificial
light appears to facilitate prey capture by cane toads, it may be one factor (of many)
contributing to the spread and persistence of this species in northern Australia, and the
consequential loss of native fauna.

Artificial light and aquatic communities

The penetration of light pollution into aquatic habitats

The penetration of light into fresh and saltwater is determined by the colour and intensity of
light as well as the turbidity of water. In clear water, short wavelength blue-green light
penetrates furthest, while red light scatters and diminishes rapidly with depth (Bowmaker
1995; Davies et al. 2020; Tidau et al. 2021). Accordingly, the behaviour and physiology of many
marine and freshwater organisms are regulated by natural light signals dominated by short
wavelength light, often at very low intensities. Often only organisms that spend a substantial
proportion of their time near the surface or on land have adapted to exploit a wide spectrum of
visible light (Bowmaker 1995; Marshall et al. 2019).

Turbidity, due to fine particles of organic matter and inorganic sediment suspended in the water
column, drastically alters the underwater light environment. In turbid waters short-wavelength
light scatters, leaving only a small amount of mostly long-wavelength light to penetrate the
depths. Accordingly, aquatic organisms that inhabit turbid waters are more likely to have visual
systems and light responses that are sensitive to dim, long-wavelength light (Bowmaker 1995).
In addition, the visual systems of aquatic organisms may be further complicated by behavioural
requirements such as the need for an animal to distinguish food items, predators or potential
mates by contrast or colour (Bowmaker 1995; Marshall et al. 2019).

Artificial light in marine and coastal environments can penetrate and have ecological impacts
many tens or hundreds of metres below the surface, and over hundreds of square kilometres of
area. In relatively clear marine environments, land-based light pollution can reach coral reefs
greater than 30 m beneath the surface (Davies et al. 2020), while artificial light from surface
vessels can affect fish behaviour at depths in excess of 200m (Berge et al. 2020) and may
penetrate up to 1000 m (Tidau et al. 2021). Light pollution from onshore and offshore sources
now affects around 2 million km? of the world’s oceans, in some cases affecting up to 100% of
the territorial waters of certain nations (Smyth et al. 2021).

Effects of artificial light on aquatic organism behaviour

The daily and seasonal activity and distribution of freshwater and marine fauna follows deeply
ingrained patterns driven by light availability and natural light signals. Because moonlight
provides a reliable signal of tidal patterns, many aquatic invertebrates regulate important
lifecycle events and related movement in response to moonlight cues. These include
reproductive events, juvenile migration and moulting (Ayalon et al. 2019; Naylor, 2001).
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Similarly, the natural day-night light cycle drives daily movement of freshwater and marine
organisms, including the daily vertical migration of zooplankton (microinvertebrates and larval
fishes) (Cisewski et al. 2010) which rise to the surface at night to feed.

The strength and timing of vertical migration can be affected by even subtle changes in ambient
light; for example, upward migration is suppressed by strong moonlight but promoted by
increased cloud cover (Omand, Steinberg & Stamieszkin 2021; Prihartato et al. 2016). The
exposure of freshwater and marine systems to light pollution is therefore likely to mask natural
light signals and suppress the upward vertical migration of zooplankton. This in turn may
reduce food availability for predators of zooplankton, or cause over-predation of some species,
leading to changes in community composition (Perkin et al. 2011). Even short-term lighting
from passing vessels is enough to reverse upward migration of marine invertebrates(Sameoto,
Cochrane & Herman 1985). Normal working lights on marine research vessels—and, by
implication, lights from other sources including fishing boats, cargo vessels, recreational
watercraft, jetties and oil and gas platforms—have been shown to cause zooplankton and their
vertebrate predators to descend away from the surface; these effects occurred at depths of up to
200 m, and up to 200 m horizontally from the light source (Berge et al. 2020).

Since most zooplankton need to ascend to forage on phytoplankton near the water’s surface,
light pollution may lead to an overall reduction in zooplankton, with cascading effects on their
predators and up the food chain (Figure 39).

Figure 39: Effects of artificial light on vertical migration in aquatic systems

Zooplankton typically minimise their predation risk by spending daylight hours in deep, dark
waters, or on the floor of rivers, lakes and oceans, and rise to the surface at night to feed on
phytoplankton (microscopic photosynthesizing bacteria, cyanobacteria and algae) (Hays 2003).
In response, many predators—including fish, turtles, penguins, seals, whales and dolphins—
undergo their own vertical migrations, adjusting the depth and timing of foraging behaviours to
locate prey which may include both zooplankton and smaller predators of zooplankton (Hays
2003; Mehner 2012). Artificial light suppresses the upward migration of many species; in doing
so it may disrupt foraging by zooplankton that can no longer reach the surface, and in turn
impact the movement and food availability of predators.
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Some zooplankton such as marine amphipods on the Great Barrier Reef ascend at night in the
usual way but, once near the surface, are attracted to brighter patches in otherwise dark waters
(Navarro-Barranco & Hughes 2015). Consequently, even where light pollution doesn’t mask the
day-night light cycle, point-sources of light may concentrate aquatic invertebrates in a manner
similar to terrestrial insects around streetlights (Navarro-Barranco & Hughes 2015), where
they are easy prey for nocturnal predators (Leopold, Philippart & Yorio 2010). For amphipods
in the intertidal zone (uncovered at low tide; underwater at high tide), artificial light can reduce
their levels of foraging activity and thus growth by two-thirds (Luarte et al. 2016). As
amphipods are responsible for breaking down dead seaweed and other beach detritus, such a
large reduction in foraging activity may disrupt nutrient cycles in the intertidal zone.

In addition to interfering with daily and seasonal light cues, artificial light can directly impact
the navigation, movement and behaviour of marine animals (Davies et al. 2014). Some of these
changes reflect innate attraction to or repulsion by lighting, which may be highly spectrum-
dependent (Marchesan et al. 2005). Other behavioural changes reflect facultative responses to
enhance resource acquisition or anti-predator strategies. For example, fish behaviours, such as
visually-oriented foraging, are promoted by illumination levels. Artificial light may promote
these behaviours at times where they would otherwise be absent, bringing diurnal foragers into
competition with their nocturnal counterparts, and increasing pressure on nocturnal and sessile
(immobile) prey (Nightingale, Longcore & Simenstad 2006). In Sydney Harbour, diurnal fishes
congregate at unlit wharves, which are used as habitat at night-time, when these fish are largely
sedentary. The addition of LED lighting to wharves reduces fish numbers, with many
presumably moving in to deeper waters to avoid the light. However, the fish that remain
become highly active, foraging in a manner similar to daylight hours, and substantially
increasing predation pressure on sessile invertebrates (Bolton et al. 2017). Since sessile
organisms cannot move to avoid predators, natural night-time darkness often provides cover
for key activities including feeding and spawning. Elimination of natural darkness increases the
vulnerability of sessile marine organisms to predation and can alter the composition of
nocturnally-active communities such that they more closely resemble diurnal communities
(Bolton et al. 2017; Davies et al. 2015).

Effects of artificial light on flying invertebrate recruitment

Freshwater, saltmarsh and estuary systems provide key habitat for flying terrestrial
invertebrates, including flies, mosquitos, mayflies, caddisflies, damselflies and dragonflies.
Typically, these animals spend their entire juvenile phase underwater as aquatic nymphs,
emerging from their final instar as winged adults which then use flight to disperse across the
landscape to find mates and reproduction sites. In their juvenile and adult forms, these
invertebrates provide a key food resource for aquatic (fish), amphibious (frogs, crabs),
terrestrial (small mammals, reptiles, spiders) and airborne predators (bats, birds) (Perkin et al.
2011). Due to ‘flight-to-light’ behaviour and increased predation, artificial lighting strongly
undermines the dispersal and survival of emergent adult invertebrates from aquatic systems
(Manfrin et al. 2017; Perkin et al. 2014); this in turn impacts the size and composition of
predator populations (Meyer, Mazeika & Sullivan 2013).

Effects of artificial light on aquatic plants and primary producers

Aquatic animals in communities such as the Posidonia australis seagrass meadows of the
Manning-Hawkesbury ecoregion, giant kelp marine forests of southeast Australia, subtropical
and temperate coastal saltmarshes, and the coral communities of the Great Barrier Reef, rely on
aquatic plants and other primary producers to provide food shelter, breeding sites and
nurseries, and on microbial assemblages to cycle nutrients and process pollutants. However,
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artificial light can significantly alter the abundance, composition and physiology of aquatic
plants, algae and other photosynthetic organisms in marine and freshwater systems and disrupt
the communities of microbes that break down sediments and pollutants and cycle carbon and
nitrogen. In freshwater habitats, white (4000 Kelvin (K)) LED lighting was found to reduce the
biomass of periphyton—collections of algae, microbes and detritus attaching to underwater
structures—by 42 to 62% (Dananay & Benard 2018; Grubisic et al. 2018) and altered the
seasonal composition of periphyton communities (Grubisic et al. 2017). In contrast, longer-
wavelength sodium lighting was found to have no effect (Grubisic et al. 2018). LED lighting also
causes submerged aquatic plants to undergo morphological and chemical changes normally
associated with plants in the shade, including increased leaf area, higher photosynthetic
capacity and reduced carbon-to-nitrogen ratio, consistent with resources being directed to
photosynthetic organs rather than structural growth (Segrestin et al. 2021). Since such changes
appear to be a response to perceived shading, the changes are likely to be maladaptive where
plants are not, in fact, shaded during the daytime—for example, additional photosynthetic
capacity may at best be under-used and at worst may increase oxidative stress. [lluminating
aquatic plant patches at night may also undermine their function as a refuge for juvenile fish,
since artificial light provides increased predation opportunities for visually-oriented predators
(Bolton et al. 2017).

Application of long-wavelength sodium lighting (2000 K) to agricultural drainage ditches
increases the presence of photoautotrophic (photosynthesizing or similar) microbes but
reduces the presence of heterotrophic microbes (those that consume organic matter) and
reduces overall respiration (CO; production) (Holker et al. 2015). This suggests that long-
wavelength lighting may increase carbon sequestration but reduces the breakdown of detritus
and the cycling of carbon and nitrogen in aquatic systems. This may be because even long-
wavelength lighting imposes increased physiological stress on detritivore microinvertebrates,
increasing energy budgets but slowing growth and overall activity (Czarnecka et al. 2021).
Broad-spectrum white, and narrow spectrum red and green lights have also been linked to
potential increases in cyanobacteria (blue-green ‘algae’) and algal blooms (Diamantopoulou et
al. 2021; Poulin et al. 2013), which can reduce oxygen and sunlight levels and increase water
toxicity for fish and other aquatic and terrestrial fauna.

In coral reefs, artificial light can undermine photosynthesis in dinoflagellates, change their
concentrations of chlorophyll, disrupt the coral-dinoflagellate symbiosis, increase oxidative
stress and oxidative damage and lead to coral bleaching (Ayalon et al. 2019; Levy et al. 2020).
These effects are much greater under short wavelength luminaires (6000-10,000 K) than under
long wavelength luminaires (2000 K) (Ayalon et al. 2019). Moreover, other physiological
disruptions, including bleaching because of artificial light, have been observed in coral species
that are relatively resistant to thermal stress (Levy et al. 2020). Artificial light may thus increase
the vulnerability of corals to bleaching.

Effects of artificial light on reproduction and fitness of aquatic animals

The impacts of artificial light on aquatic species might be of similar magnitude to impacts on
terrestrial species. As with terrestrial fauna, the daily and seasonal rhythms of aquatic species
are closely tied to natural light cycles (Falcén et al. 2010), and masking of sun- and moonlight
signals can disrupt or suppress reproductive physiology, processes and behaviours, including
the production of female sex hormones required to produce eggs in freshwater fish (Briining et
al. 2016); the nocturnal hatching of marine fish, timed to avoid diurnal predators (McAlary &
McFarland 1993) and the production of coral sperm and egg cells, which is timed to allow
spawning in response to optimal moonlight (and thus tidal) conditions (Ayalon et al. 2021).
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Effects of artificial light on coral gamete production and spawning have been observed
regardless of whether cool white (5300 K) or warm white (2700 K) lighting was used. In
shallow coastal reefs, the reproduction of Ocellaris Clownfish (Amphiprion ocellaris) is
drastically impacted by light pollution. For example, spawning frequency halves, embryo quality
is reduced and hatching success reduces by 85%. Cool white lighting has a stronger effect on
hatching success, but less impact on embryo quality, compared to warmer yellow lighting
(Fobert, Schubert & Burke da Silva 2021). Since hatching time in these and other common reef
fish is timed to avoid visual predators, very low light levels (<0.03 lux) may be required to
induce normal hatching (McAlary & McFarland 1993).

Even where light pollution doesn’t impact hatching, it can significantly reduce the survival of
juvenile animals due to predation; in coastal saltmarshes, survival of juvenile Intertidal
Burrowing Crabs (Neohelice granulata) was 61% lower under artificial light compared to
natural darkness (Nufiez et al. 2021). Saltmarsh crabs play a key role as prey for birds and fish,
and as ecosystem engineers whose burrowing oxygenates and regenerates intertidal mudflat
soils, benefiting microorganisms, sediment decomposition and plant productivity; accordingly,
population pressures due to increased juvenile mortality may have severe cascading effects on
saltmarsh ecological communities (Nufiez et al. 2021).

Impacts on aquatic communities

Artificial light has the potential to disrupt aquatic ecosystems, including animal behaviour, plant
and algal growth, predator-prey interactions, daily and seasonal movement, reproduction,
development, and decomposition. These disruptions may have cascading impacts on aquatic
community food webs, nutrient flows and cycling, and overall population abundance and
species diversity.

In addition, effects on coral, such as coral bleaching and disrupted reproduction, can undermine
reef-building and affect the physical structures on which reef communities depend. Further
research should examine the direct and indirect impacts of light pollution in freshwater and
marine communities.

Effects of artificial light on habitat fragmentation

Habitat fragmentation caused by land clearing or urbanisation reduces ecosystem function and
biodiversity through multiple mechanisms (Fischer & Lindenmayer 2007), including reduced
ecological connectivity (Amos et al. 2014) and increased edge effects (Laurance 1991; Laurance
et al. 2002), both of which may be exacerbated by the effects of light pollution.

Artificial light reduces effective patch size

Edge effects describe the differences in community composition, structure or ecological function
that occur at the edges of habitat patches, that is, at transition points between habitats of
different types, such as where woodland transitions to open grassland, or between habitat and
non-habitat landscapes, and, for example, at urban boundaries (Harper et al. 2005). Habitat
edges are exposed to different pressures and processes to those that occur at the centre of
habitat patches. For example, edges of woodland or forest patches may be exposed to increased
wind, sunlight, evaporation, pollutants, disturbance of vegetation and soil, and entry of
propagules (pollen, seeds), as well as increased predation and competitive pressures due to the
presence of species from both adjacent habitats (Harper et al. 2005; Ries et al. 2004). Edge
effects are common in both terrestrial and aquatic systems, including at the boundary between
sandy seafloor and seagrass patches (Smith et al. 2011; Tanner 2005).
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Increased penetration of natural light, especially sunlight, is a frequent and well-established
effect of habitat edges (Haddad et al. 2015; Harper et al. 2005; Ries et al. 2004), particularly at
the edge of woodland or forest habitat where light can penetrate horizontally from a cleared
boundary. For the same reasons, artificial light at night might be expected to have greater
penetration, and thus stronger ecological effects, when it occurs at habitat edges. Light pollution
may compound existing pressures such as predation and competition at habitat boundaries;
alternatively, it may create new edge-affected areas—for example, where a path through habitat
is illuminated (Figure 40)—thereby reducing the size of intact habitat and reducing connectivity
between the remnant patches.

Figure 40: Effects of artificial light on habitat fragmentation and edge effects

Left: Habitat patch prior to introduction of artificial light. Dark green is intact habitat; light-
green is habitat subjected to existing edge effects; grey is unlit path, presenting a narrow barrier
between top and bottom of intact habitat patch.

Right: Habitat patch after lighting added to path. The additional edge-effected habitat
represents a corresponding reduction in total intact habitat, and a substantial barrier to
movement between the top and bottom intact patches which are now increasingly isolated.

Artificial light reduces ecological connectivity

Ecological connectivity is the ability of organisms, propagules, genes and energy to move
between habitat patches within the landscape or seascape. Connectivity is important on
multiple spatial and temporal scales, from daily short-distance travel between foraging patches,
to long-distance migration on annual (or longer) cycles (Cosgrove, McWhorter & Maron 2018).
The benefits of ecological connectivity include:

e increased biodiversity in an ecological community, including genetic diversity due to gene
flow between populations

e increased foraging and mating opportunities
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e ability to move between habitat patches in response to population pressures or habitat
changes such as fire or drought

e re-colonisation of habitat patches following fire, drought, storms or other disturbance
e seasonal migration in response to changes in temperature or resource availability

e long-term migration in response to climate change or habitat loss

Where connectivity is reduced in a landscape, isolated populations of plants, animals and other
organisms are at increased risk of local extinction due to interactions between environmental
(fire, drought, habitat changes), demographic (age and sex ratios) and genetic factors (the loss
of genetic diversity from inbreeding or genetic drift) (Benson et al. 2016). Loss of connectivity
also makes it less likely that a habitat patch will be recolonized.

Human activity creates barriers to movement across land and water that undermine ecological
connectivity, including cleared land, roads, buildings, dams, breakwaters and marinas (Bishop
etal. 2017; Caplat et al. 2016). For nocturnal species, artificial light can produce a barrier effect
that reduces movement as effectively as any physical barrier (Sordello et al. 2022). Light
barriers increase mortality, decrease foraging and breeding opportunities, reduce gene flow
between patches and prevent recolonisation of unoccupied habitat after fires, storms or other
disruption (Holker et al. 2021). Many invertebrate, mammal and anuran species will not cross
artificially illuminated areas (Bhardwaj et al. 2020; Farnworth et al. 2018; Hale et al. 2015;
Threlfall, Law & Banks 2013; van Grunsven et al. 2017)—where these are extensive—for
example, along a highway—populations on either side of the barrier may be effectively isolated
from each other, or may incur greatly increased travel distances in order to forage or mate
(Soanes et al. 2018).

For nocturnal invertebrates such as moths, rows of streetlights present a substantial and often
fatal barrier to landscape movement (Eisenbeis 2006). Since nocturnal invertebrates are
important pollinators for many plants (Knop et al. 2017), artificial light barriers can also
prevent dispersal of pollen in the landscape, undermining gene flow in plant communities
(Macgregor et al. 2017). Similar mechanisms may operate to reduce plant recruitment where
light barriers prevent the transport of other propagules (fruits, seeds) by animals. For aquatic
fauna, light barriers may also restrict vertical movement, for example by restricting upward diel
migration (see Effects of artificial light on aquatic organism movement).

Areas set aside for biodiversity are also often designated for recreation (including walking,
wildlife watching, cycling, camping, fishing, boating, off-road driving), resulting in tensions
between biodiversity values and recreational infrastructure (roads, paths, carparks, boat ramps,
lighting) that creates barriers to the movement of organisms. Ecological connectivity can
sometimes be improved, although not completely restored, by ‘piercing’ these barriers to
movement, for example by providing wildlife bridges across or under roads, fish ladders at
dams or habitat corridors or ‘stepping stones’ across cleared landscapes. Likewise, connectivity
for nocturnal species may be improved by providing naturally dark corridors or unlit patches
through which light-sensitive species may move (Sordello et al. 2022). Removing or reducing
artificial lighting within and around existing dark corridors should also be a priority for
improving landscape connectivity (Laforge et al. 2019).

Effects of artificial light on ecological processes

The ecological effects of light pollution are rarely restricted to a single organism or species. This
is because organisms in a community interact and depend on each other for resources including
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food, shelter, pollination, decomposition and reproduction sites. As discussed in the preceding
sections, where artificial light increases the mortality of a particular insect, that may have
consequences for insectivorous animals that prey on the insect; plants that are pollinated or
consumed by the insect; other invertebrates that are controlled (preyed on) by the insect and so
on. The insect itself may in turn be affected by artificial light effects on the behaviour of its
predators, the growth of a plant where it lays its eggs and other effects. Many of these
interactions can be conceptualised as ecological processes: functions or flows or energy, matter
or propagules which are commonly found in most ecosystems. Artificial light has the capacity to
disrupt several key ecological processes including:

e Pollination, seed dispersal and soil nutrient cycling

e The consumption of energy and nutrients and their transfer between organisms through
predation and herbivory (‘food webs’)

Artificial light reduces pollination, seed dispersal and soil nutrients

Many plants rely on animals to transport pollen or disperse seeds across the landscape.
Pollination typically involves collection of pollen on hairs/feathers by nectarivorous fauna—
including birds, bats, arboreal mammals and insects—and subsequent transport from one
flower to another (Bradford et al. 2022; Goldingay, Carthew & Whelan 1991; Paton & Ford
1977). Seed dispersal occurs via multiple mechanisms; some are relatively straightforward,
such as the attachment of ‘hooked’ or ‘hairy’ seeds to fur/feathers, while others involve complex
species-specific mutualisms wherein both plant and animal benefit from the seed transport.
Examples include the ingestion of seed-bearing fruit and subsequent excretion of viable seeds
by Mistletoebirds (Dicaeum hirundinaceum) and Southern Cassowaries (Casuarius casuarius)
(Bradford & Westcott 2010; Rawsthorne et al. 2012); the deliberate collection and transport of
seeds by ants (myrmecochory) in order to provisions nests with ant-attractive food rewards
(elaiosomes), which is a common reproductive strategy in Australian desert plants (Berg 1975);
the transport and scattering of Eucalyptus seeds by native bees collecting resin for hive
construction (Heard 2016); and the collection and storage of rainforest tree seeds by Giant
White-tailed Rats (Uromys caudimaculatus) (Theimer, 2001).

As described in this and other appendices, members of animal groups responsible for pollen and
seed transport (birds, bats, mammals and insects) may be vulnerable to effects of light pollution,
such as restricted movement in the landscape. Artificial light can significantly reduce nocturnal
pollination by insects (Macgregor et al. 2017), with cascading effects for plant reproduction and
productivity (Knop et al. 2017; Ulrich et al. 2020). Adverse effects of artificial lighting on
nocturnal vertebrate pollinators, such as flying-foxes, possums and native rats, are likely to have
similar cascading effects on plants that rely on them for pollination or seed transport. Further,
since non-native fauna (such as the Black Rat, Rattus rattus) are generally less well-adapted
than the native species they supplant (such as the Brown Antechinus (Antechinus stuartii) or
Eastern Pygmy-possums (Cercartetus nanus)) for pollinating native plants (O’Rourke et al.
2020), light pollution may further undermine pollination by assisting non-native urban
adaptors to displace native pollinators.

Soil nutrient cycling may be a further indirect mechanism through which artificial light impacts
plant reproduction, growth or productivity. Across many terrestrial communities, soil health
and nutrient cycling depends on the foraging behaviour of small mammals such as bandicoots,
bettongs and bilbies, and ground-dwelling birds such as lyrebirds, which turn over huge
amounts of soil each year (Davies et al. 2019; Maisey et al. 2021). At smaller scales, nutrient
cycling relies on the action of invertebrate detritivores including terrestrial, freshwater and
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marine amphipods (Czarnecka et al. 2021; Davies et al. 2012; Luarte et al. 2016) and saltmarsh
crabs (Nuflez et al. 2021). If artificial light reduces the population size or movement of
ecosystem engineers, it may alter the soil quality and nutrient availability for plants across a
range of ecological communities from woodland to coastal to desert habitats (Fleming et al.
2014).

Reduction in pollination, seed dispersal or nutrient cycling due to light pollution can have flow-
on effects for entire ecological communities, including plants (reduced reproduction and
recruitment) and the animals that rely on them (reduced food, shelter, habitat structure and
nesting resources) (Knop et al. 2017).

Artificial light disrupts food webs and nutrient cycles

Many of the direct effects of light pollution described in this and other appendices involve
disruption of organisms’ access to energy and nutrients. In the case of plants and other
photosynthetic organisms, this includes changes to the amount of light available for
photosynthesis, and potential shifts in soil nutrition (see ‘Light as a resource for plants’ and
‘Artificial light reduces pollination, seed dispersal and soil nutrients’ above). In the case of fauna,
this may include changed herbivory due to shifts in plant growth, fruit-set and recruitment,
altered ability to distinguish prey and predators, altered predation risk, changed foraging
opportunities—such as prey concentrations around light sources—and increased interaction
with novel prey, predators and competitors due to diurnal species extending their foraging
activity into the night (see this appendix and Appendix F - Marine turtles, Appendix G -
Seabirds, Appendix H - Migratory shorebirds Appendix I - Bats and Appendix | - Terrestrial
Mammals).

These shifts in the availability and distribution of energy and nutrients mean that even species
not directly affected by light pollution may be affected by its cascading effects (Knop et al.
2017); for example, herbivores may be affected where light reduces the productivity of a key
food plant (Bennie et al. 2015). In turn, predators may be affected by subsequent decreases in
herbivore abundance (Lister & Garcia 2018). These ‘trophic cascades’ can translate into
community-level changes in the flow of energy and nutrients, which in turn affect the
composition of species in the community. For example, in freshwater aquatic systems,
microinvertebrates consume algae and organic sediments and are in turn consumed by nymphs
of flying insects. The subsequent emergence of adult insects from the water and their dispersal
onto land represents a substantial flow of energy and nutrients from the aquatic to the
terrestrial sphere (Manfrin et al. 2017). Artificial light might disrupt this flow at multiple levels
(Figure 41). Such disruptions in turn may drive changes in both the aquatic and terrestrial
systems, including shifts in the body size and diversity of both emergent insects and their
terrestrial predators (Manfrin et al. 2017; Meyer et al. 2013), and changes to the composition of
faunal assemblages around light sources, including increased numbers of predators and
scavengers (Davies et al. 2012).
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Figure 41: Effects of artificial light on food webs, pollination and seed dispersal

Artificial light can disrupt the flow of energy and nutrients in waterways and terrestrial
ecosystems by (1) reducing the biomass of algae available to for microinvertebrates to forage
on (Grubisic et al. 2017; Grubisic et al. 2018); (2) suppressing the upward migration of
microinvertebrates and thus depriving insect nymphs, fish and other predators of prey (Hays
2003); (3) by increasing predation pressure on insect nymphs by fish or birds (Bolton et al.
2017; Leopold et al. 2010); (4) by preventing fish from hatching and depriving them of natural
dark refuges (Bolton et al. 2017; Fobert et al. 2021); (5) by drawing flying insects away from
water bodies and concentrating them (and thus the nutrients they represent) at particular
points in the landscape (Manfrin et al. 2017; Meyer et al. 2013; Perkin et al. 2014); (6) by
altering the size and composition of predator and scavenger assemblages around artificial light
sources. In addition, artificial light barriers can (7) prevent the dispersal of faunal pollinators
and seed dispersers across the landscape, thereby (8) reducing plant reproduction and the
availability of fruit and seed as food resources.

Artificial light assists invasive species

Invasive species are organisms - including plants, invertebrates and vertebrates - that, because
of human activities, occur beyond their accepted normal distribution, and threaten valued
environmental, agricultural or other values. There is growing evidence that, like other natural
and human-made disturbances, light pollution may assist the spread of invasive species,
including by suppressing native counterparts or providing additional resources.
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Three of Australia’s most damaging invasive vertebrates—Cane Toads (Rhinella marina), Feral
Cats (Felis catus) and Red Foxes (Vulpes vulpes)—have been shown to prefer or benefit from
artificially illuminated hunting grounds (see ‘Artificial light, reptiles and amphibians’ above, and
‘Appendix [ - Terrestrial Mammals’). These three species represent a significant threat to
several EPBC Act listed species, including small terrestrial mammals and reptiles.

Cane toads, along with invasive Common House Geckos (Hemidactylus frenatus), can thrive in
part by exploiting insect concentrations around outdoor lighting - a resource that appears to be
under-exploited by native geckos and anurans. In contrast, Feral Cats and Red Foxes are visual
predators and likely benefit from increased night-time illumination from artificial lights to
distinguish and capture prey.

Invasive birds such as the Common Myna (Acridotheres tristis) and Rainbow Lorikeet
(Trichoglossus moluccanus - invasive in Western Australia and Tasmania) have readily
colonised urban areas, including because they can tolerate (or even prefer) some level of
artificial light at night (Daoud-Opit & Jones 2016). Even invasive plants may be better than
natives at exploiting artificial light to grow and spread (Liu et al. 2022; Murphy et al. 2021).

The mechanisms by which artificial light may assist plant and animal invasions represents a
knowledge gap that should be addressed in future research. In the meantime, there are
sufficient examples of light pollution assisting invasive species that its potential to do so should
be considered in assessing its likely effects on ecological communities. At a minimum, where
artificial light facilitates the spread of invasive species it is likely to alter the composition of ECs,
and potentially undermine the integrity of ECs via the suppression of native prey or
competitors.

Environmental impacts assessment of artificial light on
ecological communities

Planned changes to, or installation of, externally visible artificial light should implement Best
practice lighting design (Appendix A - Best practice lighting design; Environmental impact
assessment of effects of artificial light on wildlife) to minimise effects on threatened ecological
communities from fixed (structure and road) lighting both permanent and temporary. Early
consideration should also be given to the ecological effects of intermittent vehicular or vessel
lighting where a project is likely to result in increased land or water traffic at night—for
example, construction of a new road or jetty, even if not illuminated itself. Most lighting projects
will have adverse impacts of some kind on nearby ecological communities. Even in highly
modified urban areas, the addition of lighting is likely to adversely affect invertebrates, birds,
bats and other small mammals. Even where an EC is not threatened and does not contain
threatened species, the ecological effects of artificial lighting should also be minimised. This
includes considering whether the project lighting is likely to reduce landscape connectivity —
for example, new lighting in previously dark spaces—or substantially alter the overall intensity
or spectrum of light entering the local environment.

Artificial lighting can have ecological effects many kilometres from its source. Artificial light can
deeply penetrate a habitat patch and threaten the integrity and quality of ecological
communities at the landscape scale. In addition, artificial light might occur together with other
anthropogenic impacts, such as noise, increased human traffic, increased pollution and litter,
increased hard surfaces and so on. Accordingly, there can be no one-size-fits-all rule as to the
circumstances in which an Environmental Impact Assessment should be undertaken in
connection with lighting projects near threatened ECs. Instead, planners should be alert to the
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potential for artificial light to impact ECs at the landscape scale; for example, if the project
introduces new barriers to movement between isolated patches.

Since any artificial light is likely to affect an EC, consideration should be given to lighting
objectives, design and mitigation measures as early as possible in a project’s life cycle and used
to inform the design phase. These may include measures that are only indirectly related to
lighting, such as closing a carpark in a sensitive area at night to eliminate vehicular headlights or
lowering speed limits on a new road to allow lower intensity lighting to be employed without
increasing risks to drivers.

A person who proposes to take an action that will have, or is likely to have, a significant impact
on a threatened ecological community or nationally protected species, must refer that action to
the minister for a decision on whether assessment and approval is required under the
Environment Protection and Biodiversity Conservation Act 1999.

Associated guidance

e  Matters of National Environmental Significance Significant Impact Guidelines 1.1
Environment Protection and Biodiversity Conservation Act 1999

e Approved conservation advices for threatened ecological communities and threatened
species

e Approved recovery plans for threatened ecological communities and threatened species

e  State-based species recovery programs and conservation planning documents and advices
e Local government environmental planning advices

e  Wildlife conservation plans for migratory species

e  Threat abatement plans

e  Species Profile and Threats Database (SPRAT)

e  Other appendices in this document: Appendix F - Marine turtles; Appendix G - Seabirds;
Appendix H - Migratory shorebirds; Appendix I - Bats; Appendix ] - Terrestrial Mammals

e Ramsar Information Sheets and Ecological Character Descriptions

e Landscape based management plans, strategies and policies such as aquatic and terrestrial
park plans of management

Qualified personnel

Artificial lighting design/management and the EIA process should be undertaken by
appropriately qualified personnel. Light management plans should be developed and reviewed
by appropriately qualified lighting practitioners who should consult with an appropriately
qualified ecologist(s).

People advising on the development of artificial lighting management plans, or the preparation
of reports assessing the impact of artificial light on ecological communities, should have
knowledge of Australian ecology demonstrated either through relevant tertiary qualifications or
equivalent experience as evidenced by peer reviewed publications in the last five years on a
relevant topic, or other relevant experience.
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Step 1: Describe the project lighting

Information collated during this step should consider the Effects of artificial light on ecological
communities. The existing light environment and characterise the additional artificial light
likely to be emitted at the site. Information should include (but not be limited to):

e thelocation and size of the project footprint

e the number and type of luminaires (existing and proposed)

e artificial light fixture height, orientation and hours of operation

e site topography and proximity to potential habitat and threatened EC patches

o  whether artificial lighting may fragment existing habitat, or disrupt connectivity between
habitat patches

o  whether artificial lighting will be directly visible from affected patches, or contribute to
skyglow

e the distance over which artificial light is likely to be perceptible
e shielding or artificial light controls used to minimise impacts
e  spectral characteristics (wavelength) and intensity of luminaires

o effects of mobile and incidental artificial light sources—for example additional night-time
vehicular or vessel traffic arising from the project

o effects of light at multiple relevant levels of habitat structure, including undergrowth,
canopy level, above canopy level; or water surface, sub-surface, sea floor

e timing of construction and effects of lighting used during the construction phase

Step 2: Describe the ecological community

The species, distribution and abundance/density of key flora and fauna comprising, or
dependent upon, the community should be described. For threatened ECs, the community
descriptions found in listing advices, conservation advices and/or recovery plans in the SPRAT
database provide a good starting point. These resources will provide guidance as to the most
important species likely to be found in affected patches. However additional data will be
required to identify the distribution and abundance/density of each species in the patches
affected by the proposed project. Where there is insufficient data available for an affected patch,
field surveys and ecological monitoring may be necessary.

Surveys and monitoring of communities

Surveys and monitoring associated with a project should be developed, overseen and results
interpreted by appropriately qualified personnel to ensure reliability of the data. The nature of
monitoring required will be community-specific and is likely to include surveys or monitoring of
at least some of the: vegetation, invertebrate assemblages, reptiles and anurans, birds, fish,
aquatic and marine flora and fauna, terrestrial mammals and bats.

The objectives of monitoring key species in an area likely to be affected by artificial light are to:

e understand the size and importance of the populations of key species within the EC

e understand interspecies interactions, including herbivory, predation, pollination, seed
dispersal, shelter and sites for reproduction

e identify potential impacts of artificial light on:
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— key species and inter-specific interactions

— habitat fragmentation, including connectivity, patch size and edge effects (see Effects of
artificial light on ecological communities)

— ecological processes, including pollination, seed transport, nutrient cycling and food
webs (see Effects of artificial light on ecological processes)

e describe the responses of flora and fauna before and after the introduction/upgrade of
artificial light

Monitoring may need to be repeated multiple times to achieve the objectives above if the
taxonomic composition of the community varies over time—for example, due to migration,
seasonal breeding or feeding patterns, irruptive breeding, or responses to drought, storms or
fire.

The data will be used to inform the EIA and assess whether mitigation measures have the
potential to be successful. Expert advice should be sought regarding appropriate monitoring
parameters and techniques for each flora and fauna type. These will vary with community type
and composition.

As a minimum, qualitative descriptive data on visible light types, location and directivity should
also be collected at the same time as the ecological data. Handheld-camera images can assist
with describing the intensity of the light source. Quantitative data on existing skyglow should be
collected, if possible, in a biologically meaningful way, recognising the technical difficulties in
obtaining these data. See Measuring Biologically Relevant Light (Appendix C - Measuring
biologically relevant light) for a review.

Identify community vulnerabilities to artificial light
Identify the attributes of the community and its key species that may make them vulnerable to

the effects of artificial light. In particular:

e  Ofthe taxa identified in Step 2, are any known to be vulnerable to direct artificial light
effects? ('known' should be interpreted broadly to encompass recognised impacts on
taxonomically or functionally similar organisms)

e  Of the taxa identified in Step 2, are any dependent upon or affected by other species or
processes that are known to be affected by artificial light—such as pollination, seed
transport, nutrient cycling, predation, herbivory, competition with other native or invasive
species—this will nearly always be yes.

o  What are the attributes of the landscape(s)/ecosystem(s) the community sits within and
how might these amplify or reduce the spread and effect of artificial light?

e  Are there other community attributes, such as seasonality, fire regime, topography, low
natural daylight, habitat fragmentation, connectivity or patch size, that may indicate
whether artificial light is:

— more or less likely to impact the community?
— likely to have different impacts at different times?

Table 17: Community attributes and corresponding direct and indirect vulnerabilities to the
effects of artificial light sets out some of the major direct and indirect vulnerabilities to artificial
light that arise in relation to ecological community landscape types or species groups.
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Table 17: Community attributes and corresponding direct and indirect vulnerabilities to
the effects of artificial light

Community
includes: Direct effects Indirect effects
LANDSCAPE ATTRIBUTES
Generally flat or undulating Pollination of many grass and
landscape with few topographical forb species relies on
impediments to light spill. invertebrates and birds; effects of
Little or no shade or filtering by light on fauna are likely to
canopy trees; skyglow is likely to disrupt pollination
affect entire landscape Artificial light may facilitate
Filtering/shade effects of predation, including by invasive
vegetation may change species, especially when
dramatically following vegetation is reduced by fire,
Grassland : ; drought, storm etc
drought/fire/storm/grazing ght,
Artificial light may favour
colonisation by invasive grass
species over native species
Soil nutrient cycling relies on
digging by small mammals and
large birds; artificial light effects
on these animals may undermine
soil quality
Light penetration will be greater at Pollination and seed transport
edges than in centre of patch (edge for many tree and understorey
effects) species relies on invertebrates,
Lighting intensity of skyglow may birds and small mammals; effects
be relatively high at canopy level of light on fauna are likely to
Woodland & : disrupt pollination
Rainforest but much lower in understorey ptp
Soil nutrient cycling relies on
digging by small mammals and
large birds; artificial light effects
on these animals may undermine
soil quality
Artificial light penetrates deep into Artificial light can interrupt
water (at least 200m) nutrient transfers between
Water and sediment filter light, aquatic and terrestrial systems
altering spectral qualities (which via effects on invertebrates,
may change with daily or seasonal including spatial concentration
changes in sediment) and the strength and timing of
) . zooplankton vertical migration,
Light barriers can be both . . .
horizontal and vertical on perlphy.ton (1ncreasm'g carbon
) ) ) ) sequestration, but reducing the
(suppressing diel migration) breakdown of detritus and the
Water bodies cycling of carbon and nitrogen in

aquatic systems) and on the
predators reliant on them

Potential increases in
cyanobacteria (blue-green
‘algae’) and toxic algal blooms
are associated with white light.
These types of artificial light can
reduce sunlight and oxygen
levels and increase toxicity of
water.
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Alpine areas

Reflective properties of snow and
ice will increase spread of light
during winter

Lighting on high points (hilltops)
can spread over large distances;
lighting in valleys will have only
limited spatial effect

Effects of artificial light on
invertebrate migration (Bogong
moths) in other regions can
disrupt food webs in alpine
areas, and flow of nutrients from
non-alpine to alpine regions

Caves

Natural light is limited or absent, so
any introduction of ALAN is likely
to have significant effects on
resident flora and fauna

Artificial light facilitates
colonisation by lampenflora
including taxa such as
cyanobacteria, algae and
bryophytes

Artificial light effects on plant
investment and morphology may
reduce root growth (with
consequences for root mat
communities)

Linear patches

Any lighting is likely to affect a
large proportion of patch,
especially where a linear patch
follows or contains transport
corridors (roads, rail, shared paths)

Edge effects of lighting are thus
likely to substantially reduce the
effective patch size for light-
sensitive organisms, or eliminate
them entirely from the patch

Linear patches are often vectors
for invasive plant and animal
species. Many of these benefit
from or tolerate light pollution,
including weeds (increased
growth), cane toads (food
aggregations at streetlights) and
invasive birds and geckos (more
light tolerant than native
competitors)

Small patches

Edge effects of lighting are likely to
substantially reduce the effective
patch size for light-sensitive
organisms

SPECIES ATTRIBUTES

Terrestrial plants

Artificial lighting (including both
cool white and amber lighting) may
mask seasonal lighting cues,
leading to mistimed seasonal
changes in growth and
reproduction

Night-time photosynthesis may
undermine water status and tree
health

Loss of invertebrate and
vertebrate pollinators and seed
transporters may affect
reproduction

Loss of digging mammals and
large terrestrial birds may
reduce nutrient cycling in soil

Aquatic plants, algae
and periphyton

White lighting may reduce biomass
of algae and periphyton
substantially

White lighting may cause
morphological and chemical
changes in plants consistent with
daytime shading

Both broad spectrum (white) and
narrow spectrum (red, green)
lighting may increase growth of
cyanobacteria species responsible
for toxic algal blooms

Effects of lighting on zooplankton
may reduce grazing and cause
algae to become overabundant

Loss of heterotrophic microbes
may reduce nutrient cycling in
aquatic systems

Increases in photoautotrophic
microbes may lead to increased
carbon sequestration however
there may be reductions in the
breakdown of detritus and the
cycling of carbon in aquatic
systems
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Artificial light may suppress diel
vertical migration reducing
opportunities for zooplankton to
feed at the surface

Artificial light may concentrate the
spatial distribution of zoo plankton
and thereby impact predator
movement and behaviours

Light may alter predation
interactions amongst fish, and
between fish and sessile
invertebrates

Light may reduce spawning
frequency, embryo quality and
hatching success in fish (both white
and amber lighting is implicated in
different effects)

Predation of juvenile crabs
massively increases under artificial
light

White lighting may reduce the
biomass of algae and periphyton
available as food resources for
aquatic predators

Loss of juvenile crabs and other
invertebrates can reduce
oxygenation of mudflats,
sediment decomposition and
plant productivity

Corals

Artificial light can lead to mistimed
breeding that fails to synchronize
with appropriate conditions

Longer-wavelength (amber)
lighting that helps some marine
species (for example turtles -
Appendix F - Marine turtles) does
not appear to prevent breeding
failure in corals (but does reduce
light-induced bleaching)

Artificial light can undermine
dinoflagellate photosynthesis
and ultimately lead to coral
bleaching

Artificial light may increase the
vulnerability of corals to
bleaching through cumulative
stressors (for example, artificial
light plus heat stress)

Insects and other
invertebrates

Artificial lighting traps many flying
and ground-dwelling insects,
increasing mortality and reducing
dispersal, foraging

and breeding

Other invertebrates avoid
illuminated areas, or become less
active under lights, reducing
dispersal, foraging

and breeding

Diurnal birds can extend foraging
activity into the night-time,
increasing predation pressure on
nocturnal invertebrates

Decreased plant growth due to
artificial light may reduce food
resources and breeding sites
available to herbivorous insects

Frogs and reptiles

Lights may attract frogs to paths
and roads, resulting in increased
mortality due to predation or
vehicles

Light patches or barriers (roads,
paths) may reduce dispersal of
juveniles across the landscape and
limit the breeding options for light-
sensitive species

Artificial light may reduce
invertebrate abundance with
impacts on frog food resource

Artificial light sources may assist
invasive cane toads by
aggregating invertebrate prey
and making them easier to
capture

Marine turtles

Artificial light at beaches may
displace adult turtles and deprive
them of nesting sites

Hatchlings crawl towards artificial
light sources, rather than the
ocean, leading to death through
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predation, vehicle strike or
dehydration

Nocturnal birds

Lights may cause smaller nocturnal
birds (for example, owlet nightjars)
to reduce foraging due to predation
risk

Spatial distribution of some
nocturnal birds (for example, owls
and frogmouths) may be altered by
artificial light to take advantage of
prey aggregations (insects, bats)
around light sources

Artificial light may disrupt seasonal

physiological and behavioural cues,
undermining reproduction

e  Artificial light may reduce
invertebrate abundance with
impacts on food resource of
nocturnal birds including
nightjars, owls and frogmouths

Diurnal birds

Artificial light may disrupt seasonal
physiological and behavioural cues,
undermining reproduction

Artificial light may extend foraging
behaviour into the night-time

Artificial light may assist visual
predators (including exotic species
such as cats and foxes), leading to
increased predation at roosting and
nesting sites

e Artificial light may reduce
invertebrate abundance with
impacts on birds’ food resource

Seabirds

Artificial light masks natural
navigation cues (moon and stars),
causing seabirds to become
disoriented

Fledglings leaving burrows for the
first time are particularly prone to
disorientation

Artificial lights can cause seabirds
to become stranded on structures
or vessels

Migratory
shorebirds

Artificial light at roosting sites may
displace birds elsewhere and
deprive them of access to nearby
foraging sites

Artificial light at foraging sites may
increase susceptibility to predation

Migrating birds may be disoriented
or killed by artificially lit structures
on migration routes

Bats

Artificial light may delay nightly
departure from roost, and disrupt
foraging and commuting behaviour

Rows of lighting may present a
barrier to landscape connectivity

e Artificial light may reduce
invertebrate abundance with
impacts on bats’ food resource

e  Aggregations of insects at light
sources may assist some (light-
tolerant) bat species in the short
term and disadvantage others

Terrestrial
mammals

Most native mammals are active in
low light to avoid predators.
Artificial lighting can restrict

e  Artificial light may reduce
invertebrate abundance with
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movement in the landscape and impacts on insectivorous
increase predation risk mammals’ food resource

e  Vehicle headlights can disorient
and temporarily blind native
mammals

e  Artificial light masks natural
seasonal cues (daylength), causing
mistimed reproduction

Step 3: Risk assessment

Artificial light should be managed so that: the ecological functioning of an ecological community
is not impaired; key species within the community are able to survive, disperse and reproduce,
and are not exposed to additional stresses; existing habitat patches do not decline in quality or
size; connectivity between patches is maintained or enhanced; and energy and nutrient flows
within the community are not disrupted. The risk assessment process should consider the
likelihood of artificial light affecting any of these objectives. The aim of risk assessment is to
ensure that important ecological communities remain unaffected and intact.

Consideration should be given to how artificial light might degrade, fragment or decrease
relevant habitat. Impacts of artificial light impacts must be considered beyond the direct
footprint of the proposed development. Light that spills outside the development area will
represent a greater extent of habitat disturbance than what is described by the development
area. Artificial light upgrades or installations should be managed to ensure the light does not
extend beyond the development area to minimize the extent of habitat loss. The effect of mobile
and intermittent light sources including vehicular or vessel lighting should be specifically
considered.

To understand how or whether artificial light is likely to spill into or be visible from a habitat
patch, site visits should be made at night and—if the extent of foliage changes seasonally or
following fire or storms—on multiple occasions to consider the effect of light under all
conditions. Particular attention should be paid to naturally dark habitat corridors or refugia that
facilitate connectivity between habitat patches.

Using this perspective, the type, number and location of artificial lights, and the effect of mobile
light sources, should be considered and/or modelled to determine the potential effect of lighting
on the EC and its key species, considering wavelength, intensity, duration and location.

The nature of consideration required will be highly community- and project-specific, but should
include:

3) the threatened status of any taxa identified at Step 2: Describe the ecological community

4) the proportion of the EC landscape that will be impacted by artificial light, and the
distribution of organisms within that proportion. For example, roadside remnants may be
of particularly high quality and thus both species-rich and highly exposed to artificial light

5) the synchronicity of high artificial light periods (long nights, lack of dense growth) with
light-sensitive developmental stages of key taxa (flowering, migration, reproduction)

6) the distribution of light sources within the landscape with regard to the potential
fragmentation of habitat, reduction in connectivity, increase in edge effects or reduction in
patch size
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7) whether the ecological community sits on or near land or waters protected by state or
Commonwealth environmental legislation; for example, a listed Ramsar site, a National
Park or state protected land

8) consideration of context-specific planning and regulatory guidance including Ecological
Character Description (ECD) and Ramsar Information Sheet (RIS) for Ramsar wetlands;
National Park Management Plans; Nature Reserve Management Plans; Biosphere Reserve
plans; local government reserve plans or planning regulations; regional environmental
plans.

Step 5: Light management plan

This should include all relevant project information (Step 1: Describe the project lighting),
biological and abiotic community information (Step 2: Describe the ecological community) and
attributes that make the EC or its key species vulnerable to light pollution effects (Step 3: Risk
assessment), and should outline proposed mitigation of any such effects. For a range of taxon-
and landscape-specific mitigation measures please see Ecological communities light mitigation
toolbox. The plan should also outline the type and schedule for biological and artificial light
monitoring to ensure mitigation is meeting the objectives of the plan, and triggers for revisiting
the risk assessment phase of the EIA. The plan should outline contingency options if biological
and artificial light monitoring or compliance audits indicate that mitigation is not meeting
objectives; for example, if artificial light is affecting key species or ecological processes, or
substantial changes in community composition or habitat structure are observed.

Consideration should be given to monitoring control sites. Monitoring should be undertaken
both before and after artificial light upgrades or installations occur at both the affected and
control sites. Concurrent light monitoring should be undertaken and interpreted in the context
of how key species within the EC perceive or use light and within the limitations of monitoring
techniques described in Appendix C - Measuring biologically relevant light.

Monitoring, as described in the light management plan, should be undertaken to ensure
artificial light at the site is consistent with the light management plan and is not disrupting the
ecological function of the EC or the behaviour, survival, dispersal and reproduction of key
species.

Monitoring of species’ movement and distribution in the landscape should also be undertaken
to ensure that artificial light is not fragmenting patches of any ecological community or reducing
connectivity between existing patches.

Step 6: Review

The EIA should incorporate a continuous improvement review process that allows for upgraded
mitigations, changes to procedures and renewal of the light management plan based on the
outcomes of the biological monitoring program of artificial light impacts on the EC and its key
species. This process should include periodic assessment of improvements in lighting and light-
mitigation technology, with a view to implementing new technology where it helps reduce the
effects of artificial light on the EC.
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Ecological communities light mitigation toolbox

Appropriate artificial lighting design, controls and mitigation will be site, project, community
and often species-specific. Table 18: Artificial light management options for ecological
communities provides a toolbox of management options relevant to ecological communities.
These options should be implemented in addition to the six best practice light design principles.
Not all mitigation options will be relevant for every project. Where artificial lighting must be
used, the most appropriate colour of lights will depend on the organisms that are most likely to
be exposed to the lighting and/or most severely affected. There is unlikely to be any single ideal
lighting solution for any EC (Figure 42), and choice of lighting spectrum will usually involve
trade-offs between benefits to some organisms and adverse effects on others. The most effective
measures for mitigating the impact of artificial light on ecological communities include:

e  maintaining naturally dark habitat patches and connecting corridors whenever possible

e avoiding the creation of ‘light barriers’ that can fragment an intact habitat patch and
prevent movement of species within the patch, or than can reduce connectivity between
neighbouring patches

e piercing light barriers by providing natural or near-naturally dark corridors wherever
possible

e avoiding, removing, redirecting or shielding artificial lights within and close to habitat
patches wherever possible, and keeping intensity as low as practicable, noting that low
artificial intensity light (well below full moon light levels) can disrupt terrestrial and
aquatic flora and fauna

e  minimizing effects of intermittent mobile light sources, such as vehicle headlights and
vessel deck lights.

Other mitigation measures that may be less effective include:

e using narrow spectrum, long wavelength amber or red lighting; this is likely to benefit most
invertebrates and some algae, but its effects on other animal groups (fish, birds,
amphibians, mammals) is highly variable (Alaasam et al. 2021), and it can disrupt seasonal
shifts in terrestrial plant physiology via effects on phytochromes.

e implementing part-night lighting schemes to reduce the duration of artificial light
e using motion sensor lighting or dimmers may reduce the overall amount of light emitted.

These mitigation measures should be assessed on a case-by-case basis to determine their
effectiveness.

Table 18: Artificial light management options for ecological communities

Management action Detail Groups likely to
benefit
Avoid adding artificial Introduction of artificial light to dark areas is likely to have  All ecological
light to previously unlit a greater impact than alterations or additions to areas communities and
areas. where artificial lighting already exists. species
Avoid fragmenting Introduction of artificial light into the centre of naturally All ecological
existing habitat with dark habitat (for example, by lighting a road or path) will communities and
lighting ‘barriers’ create a barrier to movement for many species, and species
effectively fragment the existing patch into multiple small
patches.
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Management action Detail Groups likely to
benefit
Avoid artificial light Avoid installing and directing luminaires near habitat All ecological

directly onto habitat
patches.

Avoid artificial light
directly onto connectivity
corridors.

Limit infrastructure that
increases vehicular and
vessel lighting.

Shield light sources to
prevent artificial light
spilling onto habitat for
algae, grasses, understory
plants and ground-
dwelling and aquatic
animals.

Shield light source to
prevent upward artificial
light spill for trees,
arboreal animals, bats and
birds.

Avoid lighting above or
spilling onto water bodies
(including from vessels).

Avoid lighting under
wharves, jetties, bridges
or other structures over
water.

Use the lowest intensity
lighting suitable for the
objective.

Prevent indoor lighting
reaching the outdoor
environment.

Use luminaires with
spectral content
appropriate for the
species present.

patches as this can impose edge effects which reduce the
area of intact habitat and add to existing edge effects on
key species.

Avoid installing and directing luminaires near corridors or
habitat ‘stepping stones’ connecting important habitat
patches. Artificial light can lead to reduced connectivity,
fragmentation, degradation and loss of habitat.

Focussed beam lighting from vehicle headlights or vessel
floodlights can penetrate hundreds of metres into habitat
patches (Gaston et al. 2021), and even brief pulses of light
can disrupt biological timing in plants (Borthwick et al.
1952).

The construction of roads, carparks, jetties, boat ramps etc
in or close to important patches of ecological communities
might lead to increased vehicular or vessel traffic. If such
facilities must be constructed, consider reducing
operations and access at night.

Where algae, grass, understorey plants or ground-dwelling
or aquatic animals are present, artificial light should be
directed onto only the surface area requiring illumination.
Use shielding on lights to prevent light spill outside the
target area.

Where trees, arboreal species (including roosting birds
and arboreal mammals), nocturnal birds or bats are
present, vertical light should be shielded such that it is not
visible from the tree canopy above the luminaire
installations. Any pole lighting should be at a height lower
than tree canopy height without compromising human
safety.

Lighting water bodies disrupts the diel vertical migration
of zooplankton and their predators, disrupting the natural
distribution of aquatic fauna and potentially undermining
food webs.

Vessel working lights can alter the movement of fauna 200
m below the surface and up to 200 m away from the light
source.

Lights near waterways can disrupt the emergence and
dispersal of flying invertebrates.

Dark patches in water under structures provide important
night-time rest areas for fish, and dark spaces within
which sessile aquatic organisms can feed and spawn with
reduced predation risk.

Dark underpasses also provide important connectivity for
bats and riparian animals.

Keep artificial light intensity as low as possible near
habitat patches. Artificial light spill into habitat should be
kept as low an intensity as practicable. For trees and
arboreal species, this includes keeping the intensity of
vertical artificial light spill onto vegetation as low as
possible.

Use fixed window screens, blinds or tinting on windows
and skylights to contain artificial light inside buildings.

Considerations should be given to avoiding specific
wavelengths that are problematic for the species present.
In general, this includes avoiding the use of artificial lights
rich in blue wavelengths which are easily perceived by

communities and
species

All ecological
communities and
species

All ecological
communities and
species

Aquatic flora and
fauna; understory
plants, grassland
plants, ground-
dwelling fauna

Bats, nocturnal and
roosting diurnal birds,
arboreal mammals,
trees

All aquatic fauna,
flying invertebrates
and their predators,
and plants pollinated
by flying invertebrates

Fish, sessile aquatic
organisms, bats,
riparian animals

All ecological
communities and
species

All ecological
communities and
species

Most species, but
especially insects and
other invertebrates,
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Management action

Detail

Groups likely to
benefit

Implement part-night

lighting schemes to reduce

the amount of artificial
light present throughout
the night.

Implement motion sensor

lighting.

Implement seasonal
lighting restrictions to
coincide with light-
sensitive life history
events.

Use physical barriers to
prevent light spreading
across the landscape.

most animals. Longer wavelength artificial light (such as
red light) may have less impact on most insects, but its
effects on other animal groups (fish, birds, amphibians,
mammals) is highly variable, and it can disrupt seasonal
shifts in terrestrial plant physiology via effects on
phytochromes.

Where this option is progressed, careful post-installation
monitoring should be undertaken to assess the success of
mitigation.

Part-night lighting will increase the available hours of
darkness but may not be an effective mitigation measure
for some species, such as those active at the beginning of
the night, including many flying invertebrates. Where this
option is progressed, careful post-installation monitoring
should be undertaken to assess the success of mitigation.

Installing motion sensor lighting may be an effective
mitigation measure for certain species. Animals that are
too small to trigger sensors may benefit from motion
sensor lighting, particularly if it reduces the amount of
artificial light present throughout the night. Note however
that activated sensor lighting may cause a startle response
in some species (particularly those large enough to trigger
lighting), and even short lighting pulses can disrupt
biological timing in plants (Borthwick et al. 1952).

Where this option is progressed, careful post installation
monitoring should be undertaken to assess the success of
mitigation.

Some species are particularly vulnerable to the effects of
artificial light at certain times of year, such as when
mating, spawning, migrating or dispersing. Dimming or
turning off artificial lighting during these periods may be
particularly beneficial. For example, the bridge to Phillip
Island in Victoria sits across a major migration route for
shearwaters. During peak migration periods all lighting is
turned off, and speed limits are reduced to ensure driver
safety and reduce shearwater mortality.

In habitats with little understorey and few landscape
features (such as grasslands), direct artificial light spill can
be relatively uninterrupted over hundreds of metres. If
lighting must be used, consider adding additional barriers
(such as earthworks, fences, or screening plants) to reduce
the spread of light. Consideration should be given to the
potential for such infrastructure to create additional
barriers to movement in the landscape.

coral and aquatic
primary producers

Some nocturnal
species

Some nocturnal
species

Migratory birds,
dispersing frogs,
spawning corals and
fish, nesting and
hatching marine
turtles and potentially
most species

Most organisms except
those that can see
lighting from above
the light source (such
as bats, birds, arboreal
fauna, flying
invertebrates)
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Figure 42: Indicative light spectral range to which major groups of organisms found in
ecological communities can respond to or detect.
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In Figure 42, arrows indicate the range of spectra that can be detected by representative taxa.
This demonstrates artificial light luminaires of any spectral composition will likely impact or be
perceived by some wildlife. Note that most or all species within each faunal group do not have
the full range of spectral sensitivity displayed; rather, this figure is intended to reflect the
complete range of spectral sensitivities across all species within a given group. For plants, there
are two separate perception ranges as plants use light shorter wavelengths for photosynthesis
and longer wavelengths for the detection of the light environment. In addition, sensitivity is
species-specific and not equal across all parts of the spectrum: humans can see in violet or red
light, but spectral sensitivity peaks toward the centre of the spectrum.
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Glossary

ACAP is the Agreement on the Conservation of Albatrosses and Petrels.
ALAN is artificial light at night. It refers to artificial light that is visible outdoors at night.

Albedo is the proportion of the incident light or radiation that is reflected by a surface, typically
that of a planet or moon.

Artificial light is composed of visible light, ultraviolet (UV) and infrared (IR) radiation derived
from an anthropogenic source.

Artificial skyglow is the part of the skyglow that is attributable to human-made sources of light
(see also skyglow).

Baffle is an opaque or translucent element to shield a light source from direct view, or to
prevent light reflecting from a surface like a wall.

Biologically important area (BIA) is a spatially defined area where aggregations of individuals
of a species are known to display biologically important behaviour, such as breeding, feeding,
resting or migration.

Biologically relevant describes an approach, interpretation or outcome that considers the
species to which it refers or factors in biological considerations.

Brightness is the strength of the visual sensation on the naked eye when lit surfaces are
viewed.

Bulb means the source of electric light and is a component of a luminaire.
CAMBA is the China-Australia Migratory Bird Agreement.

Candela (cd) (a photometric term) is a photometric unit of illumination that measures the
amount of light emitted in the range of a (3-dimensional) angular span. Luminance is typically
measured in candela per square meter (cd/m2).

Charge coupled device (CCD) is the sensor technology used in digital cameras. It converts
captured light into digital data (images), which can be processed to produce quantifiable data.

CIE is the Commission Internationale de 'Eclairage (International Light Commission), which
sets most international lighting standards.

CMS is the Convention on the Conservation of Migratory Species of Wild Animals, also known as
the Bonn Convention.

Colour temperature is the perceived colour of a light source, ranging from cool (blue) to warm
(vellow), measured in Kelvin (K). A low correlated colour temperature, such as 2,500 K, will
have a warm appearance, while a high colour temperature, such as 6,500 K, will appear cold.

Commuting routes are paths that are used regularly by bats or nocturnal mammals to move
from a roost to a foraging area (and back) or to move between foraging areas or roosts.
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Correlated colour temperature (CCT) is a simplified way to characterise the spectral
properties of a light source, correlated to the response of the human eye. Colour temperature is
expressed in Kelvin (K).

Cumulative light refers to increased sky brightness due to light emissions from multiple light
sources. [t is measured as skyglow.

Disorientation refers to any species moving in a confused manner - for example, a turtle
hatchling circling and unable to find the ocean.

EEZ is the Australian Exclusive Economic Zone.
EIA means environmental impact assessment.

Electromagnetic radiation is a kind of radiation - including visible light, radio waves, gamma
rays, and X-rays - in which electric and magnetic fields vary simultaneously.

EPBC Act is the Commonwealth Environment Protection and Biodiversity Conservation Act 1999.
Fallout refers to birds colliding with human-made structures when disoriented.

Footcandle (fc or ftc) (a photometric term) is a unit of light intensity used in America. It is
based on the brightness of one candle at a distance of one foot. Measured in lumens per square
foot, one ftc is equal to approximately 10.7639 lux. This measure is not appropriate for
understanding how animals perceive light.

FMP is the Field Management Program.

Genetic stock is a discrete grouping within a species by genetic relatedness. Management of the
species may be undertaken on a genetic stock basis because each genetic stock represents a
unique evolutionary history, which if lost cannot be replaced.

Grounding refers to birds failing to take their first flight from the nest or (adults and juveniles)
colliding with a structure and being unable to launch back into the air.

Habitat critical to the survival of the species is an area defined in a recovery plan for a listed
threatened species that provides for the recovery of the species.

Habitat patch is any discrete area with a definite shape, spatial and configuration used by a
species for breeding or obtaining other resources.

Horizontal plane, in relation to a light fitting, means the horizontal plane passing through the
centre of the light source (for example, the bulb) of the light fitting.

HPS means high-pressure sodium. An HPS lamp produces a characteristic wavelength near 589
nm.

IAATO is the International Association of Antarctica Tour Operators.
Incident light is the light that hits a surface.

Illuminance is a photometric measure of the total luminous flux incident on a surface, per unit
area. [lluminance represents how much the incident light illuminates a surface and is
wavelength-weighted to correlate with human brightness perception. Illuminance is measured
in lux (1x) or equivalently in lumens per square metre (Im/mz2).
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Important habitats are areas that are necessary for an ecologically significant proportion of a
listed species to undertake important activities such as foraging, breeding, roosting or dispersal.
Important habitats are species-specific and depend on their listing status. They include areas
that have been designated as habitat critical to survival of a threatened species.

Incandescent bulb means a bulb that provides light by a filament heated by an electric current
to a high temperature.

Intensity is the amount of energy or light in a given direction. As a general term, “intensity” can
be used as a surrogate for illuminance or luminance, irradiance and all qualities related to light.
Intensity per se is not a defined lighting term and should be avoided as soon as specific
quantities (including units) need to be used or if specific effects of light are discussed. Intensity
can be used in a descriptive way but not as a formal quantity.

Internationally important refers to wetland habitat for migratory shorebirds that supports at
least 1% of the individuals in a population of one species or subspecies, or a total abundance of
atleast 20,000 shorebirds.

IR is infrared radiation. It represents a band of the electromagnetic spectrum with wavelengths
from 700 nm to 1 mm.

Irradiance (a radiometric term) is a measurement of radiant flux at or on a known surface
area, W/mz2. This measure is appropriate for understanding animal perception of light.

IUCN is the International Union for the Conservation of Nature.
JAMBA is the Japan-Australia Migratory Bird Agreement.

Kelvin (K) is the absolute unit for temperature. It is equal in magnitude to 1°C. Kelvin is
typically used to describe correlated colour temperature (CCT).

Lamp is a generic term for a source of optical radiation (light), often called a ‘bulb’ or ‘tube’.
Examples are incandescent, fluorescent, high-intensity discharge (HID) and low-pressure
sodium (LPS) lamps and light-emitting diode (LED) modules and arrays.

LED means light-emitting diode, a semiconductor light source that emits light when current
flows through it.

Light fitting (luminaire) means the complete lighting unit. It includes the bulb, reflector
(mirror) or refractor (lens), ballast, housing and attached parts.

Light is the radiant energy that is visible to humans and wildlife. Light stimulates receptors in
the visual system. Those signals are interpreted by the brain, making things visible. Light may
also be detected by other biological mechanisms, such as photosynthesis and other light
detection in plants.

Light pollution refers to artificial light that alters the natural patterns of light and dark in
ecosystems.

Light spill is the light that falls outside the boundaries of the object or area intended to be lit.
Spill light serves no purpose and, if directed above the horizontal plane, contributes directly to
artificial skyglow. Light spill is also called spill light, obtrusive light or light trespass.

Lighting controls are devices used for turning lights on and off, or for dimming.
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Listed species are species listed under the EPBC Act or under relevant state or territory
environment/conservation legislation. Species may be listed as threatened, migratory, or part of
a listed threatened ecological community.

Light sources are any mechanisms that emit light visible to humans and wildlife. There are
many natural light sources—the moon, the sun, stars, lightning, fires, etc. However, for
managing the impacts of light, this document primarily refers to light sources generated by
human activity that are visible outdoors at night. Light sources include street lights, building
lights, facade lights, vehicular and vessel lights, gas flares, phosphorescent technologies and
light reflected from artificial satellites.

LNG is liquefied natural gas.

LPS means low-pressure sodium. An LPS lamp produces a characteristic wavelength near 589
nm.

Luminaire means the complete lighting unit (fixture or light fitting), consisting of a lamp or
lamps and ballast(s) (when applicable), together with the parts designed to distribute the light
(reflector, lens, diffuser), to position and protect the lamp(s), and to connect the lamp(s) to the
power supply.

Luminous flux is the total light emitted by a bulb in all directions. It is measured in lumen.

Lumen (Im) (a photometric term) is the unit of luminous flux, a measure of the total quantity
of visible light emitted by a source per unit of time. This is a photometric unit, weighted to the
sensitivity of the human eye. If a light source emits one candela of luminous intensity uniformly
across a solid angle of one steradian, the total luminous flux emitted into that angle is 1 lumen.

Luminance (cd/m?2) is a photometric measure of the luminous intensity per unit area of light
travelling in a given direction, wavelength-weighted to correlate with human brightness
perception. Luminance is measured in candela per square metre (cd/m2). Luminance and
illuminance (lux) are related, in the sense that luminance is a measure of light emitted from a
surface (either because of reflection or because it is a light-emitting surface), and illuminance is
a measure of light hitting a surface.

Lux (Ix) is a photometric measure of illumination of a surface. The difference between lux and
candela is that lux measures the illumination of a surface, instead of that of an angle. Lux is not
an appropriate measure for understanding how animals perceive light.

Magnitudes per square arc second (mag/arcsec?) (a radiometric term) is a term used in
astronomy to measure sky brightness within an area of the sky that has an angular area of 1
second by 1 second. It means that the brightness in magnitudes is spread out over a square
arcsecond of the sky. Each magnitude lower (numerically) means just over 2.5 times more light
is coming from a given patch of sky. A change of 5 magnitude/arcsec? means the sky is 100x
brighter.

Misorientation occurs when a species moves in the wrong direction, for example, when a turtle
hatchling moves toward a light and away from the ocean.

MNES means Matters of National Environmental Significance as defined by the EPBC Act. MNES
include EPBC Act listed threatened and listed migratory species.

Mounting height is the height of the fitting or bulb above the ground.
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Nanometre (nm) is the unit used for wavelength. 1 nm = 10-9 m. = 1 billionths of a metre or 1
millionth of a millimetre. It is used as the unit for the wavelength of optical radiation.

Nationally important refers to wetland habitat for migratory shorebirds that supports at least
0.1% of the flyway population of a single species of migratory shorebird, or 2,000 migratory
shorebirds or 15 migratory shorebird species.

Natural skyglow is the part of the skyglow that is attributable to radiation from celestial
sources and luminescent processes in the earth’s upper atmosphere.

Outdoor lighting is the night-time illumination of an area by any form of outside light fitting
(luminaire).

Outside light fitting means a light fitting (luminaire) that is attached or fixed outside or on the
exterior of a building or structure, whether temporary or permanent.

Photocells are sensors that turn lights on and off in response to natural light levels. Some
advanced modes can slowly dim or increase the lighting (see also smart controls).

Photometric terms refer to measurements of light that are weighted to the sensitivity of the
human eye. They do not include the shortest or the longest wavelengths of the visible spectrum
and so are not appropriate for understanding the full extent of how animals perceive light.

Photometry is a subset of radiometry. It is the measurement of light weighted to the sensitivity
of the human eye.

Photopic vision refers to vision under well-lit conditions. It allows colour perception.

Phototaxis is the tendency of an organism to move in a certain direction depending on the light
distribution at its place. This is equivalent to orientation on the direction of light incident.
Positive phototaxis means that movement goes towards increased brightness, resulting in
attraction by light. This is the most common case and found in many insects. Negative
phototaxis is also possible, resulting in avoidance of light.

Point source means light from an unshielded lamp (that is, directly visible).

Radiance (a radiometric term) is a measure of radiant intensity emitted from a unit area of a
source, measured in W/m?2.

Radiant flux/power (a radiometric term) is the total optical power of a light source,
expressed in watts (W). It is the radiant energy emitted, reflected, transmitted or received, per
unit time. Sometimes called radiant power, it can also be defined as the rate of flow of radiant
energy.

Radiant intensity (a radiometric term) is the amount of flux emitted through a known solid
angle, W/steradian. It has a directional quantity.

Radiometric terms refer to measurements of light across the entire visible spectrum (not
weighted to the human eye). Radiometric terms are appropriate for understanding how animals
perceive light.

Radiometry is the measurement of all wavelengths across the entire visible spectrum (not
weighted to the human eye).
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Reflected light is light that bounces off a surface. Light-coloured surfaces reflect more light
than darker coloured surfaces.

ROKAMBA is the Republic of Korea-Australia Migratory Bird Agreement.
Scotopic vision refers to vision during low-light or dark conditions.

Shielded light fittings are light fittings with a physical barrier used to limit or modify the light
paths from a luminaire.

Skyglow is the brightness of the night sky caused by the cumulative impact of reflected
radiation (usually visible light), scattered from the constituents of the atmosphere in the
direction of observation. Skyglow comprises 2 separate components: natural skyglow and
artificial skyglow.

Smart controls are devices to vary the intensity or duration of operation of lighting, such as
motion sensors, timers and dimmers used in concert with outdoor lighting equipment.

Spectral power curve provides a representation of the relative presence of each wavelength
emitted from a light source.

Steradian (sr) is the solid angle which, having its vertex at the centre of the sphere, cuts off a
spherical surface area equal to the square of the radius of the sphere.

Task lighting refers to direct light used for specific activities without illuminating the entire
area or object.

Upward light ratio (ULR) or Upwards Light Output Ratio (ULOR) is the proportion of the
light (flux) from a luminaire or installation that is emitted at and above the horizontal,
excluding reflected light when the luminaire is mounted in its parallel position. ULR is the
upward flux/total flux from the luminaire.

UV means ultraviolet. UV light represents a band of the electromagnetic spectrum with
wavelengths from 10 nm to 400 nm.

Visible light transmittance (VLT) is the proportion of light transmitted by window glass. It is
recorded as TVw (visible transmittance of the window) and is reported as a dimensionless value
between 0 and 1, or 0 and 100%. A low TVw (<30%) indicates that little light is transmitted
through the glass, while higher TVw values are associated with increasing light transmittance.
While the VLT /TVw rating varies between 0 and 1, most double-glazed windows rate between
0.3 and 0.7, which means that between 30% and 70% of the available light passes through the
window.

W/mz2 is a measure of the radiant intensity emitted from a unit area of a source (see radiance).
This is an appropriate measure for understanding how animals perceive light.

Wattage is the amount of electricity needed to light a bulb. Generally, the higher the wattage,
the more lumens are produced. Higher wattage and more lumens give a brighter light.

Wavelength is the distance between the peaks (or the troughs) of light waves. As light travels
through space, it creates a wave with evenly spaced peaks and troughs. Ultraviolet and blue
light are short-wavelength light, while red and infrared light are long-wavelength light. The
energy of light is linked to the wavelength; short wavelength light has much higher energy than
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long wavelength light. The wavelength of optical radiation is measured in nanometres (humans
can see radiation between 380 nm and 780 nm).

Zenith is an imaginary point directly above a specific location on the imaginary celestial sphere.
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