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Wastewater systems provide a critical service to society, and their vulnerability to the impacts of
climate change. places the health and sanitation of many communities at risk. The impacts of
climate change on wastewater systems are numerous and can lead to wide ranging implications
over changing timescales. This paper considers the significance of the impacts and implications,
how they will be distributed across different groups, how they will manifest in different contexts
and locations, and conclude by proposing a range of guiding principles for local government
decision makers.

The research firstly considered direct climate-related impacts on a range of wastewater system
elements (including reticulated wastewater systems, on-site wastewater systems and treatment
plants), in both urban and peri-urban settings in New Zealand. The impacts identified for each
aspect of the wastewater network were found to fit within three broad impact themes; nuisance
flooding spills and odour, water quality deterioration due to increased uncontrolled discharges
and damage to infrastructure.

The research shows that the immediate and long-term implications resulting from these im-
pacts are likely to be experienced widely across the social, cultural, environmental and economic
domains. Examples include loss and damage to assets - leading to disruption to communities,
water quality deterioration with consequential social, environmental, economic and cultural ef-
fects, public health risks, and economic costs related to damages, foregone production and in-
surance. Cultural implications are of particular importance in a New Zealand context, given the
strong connection of Maori to the environment and water.

1. Introduction

Urban wastewater systems provide an essential service to communities in developed countries. The widespread development of
wastewater reticulation and treatment systems over the last 150 years has resulted in major improvements in public health, with
reduced mortality and disease outbreaks, as well as significant reductions in environmental pollution (Weil, 2016). Despite these
improvements, urban wastewater systems, like any engineered system, can malfunction or fail when stressed beyond their historic
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design thresholds or functional condition. Failure can result from internal factors relating to poor condition materials, or an external
hazard event such as a heavy rainfall event or earthquake. Consequential disruptions can lead to a range of potentially serious im-
plications to receiving environments and public health. This is common across many developed countries on a regular basis; for
example sewage contamination resulting from combined sewer overflow following significant wet weather events in the United States
(Olds, et al., 2018), or following an external shock event such as the 2012 Christchurch Earthquake, which caused extensive damage to
the wastewater network resulting in widespread pollution including contamination of drinking water (Zare, 2012).

The focus for this paper is on hazards exacerbated by climate change which present increased risk for many of New Zealand’s
settlements and their utility services, both coastal and inland (Ministry for the Environment, 2020a; 2020b). As with the rest of the
world, the effects from climate change are already being felt in New Zealand (Ministry for the Environment & StatsNZ, 2017). These
include sea-level rise, increased temperatures and dry spells, more frequent extreme rainfall events, more intense storms, and more
prolonged and intense westerly winds and thus more frequent and heavier coastal or ocean swells (Ministry for the Environment,
2018). The individual hazards will compound and cascade across critical services and communities (Lawrence et al., 2020). The
increased frequency of drought, flooding, coastal erosion and higher groundwater levels will have significant consequential impacts on
the built environment, critical infrastructure as well as on social and economic activities (Stephenson, 2018). Compound hazards, such
as the co-occurrence of extreme coastal waters, riverine flooding on top of sea-level rise, have been shown to exacerbate flooding,
increasing the vulnerability of lowland coastal assets and communities (Moftakhari et al., 2017; Ganguli & Merz, 2019).

Climate change adaptation is increasingly being recognised as important for managing the performance and location of wastewater
systems, which means that understanding the science and local knowledge is key for adaptation strategies (Kettle, et al., 2014). Impact
assessments are a necessary step in the process of planning for addressing climate impacts (Danilenko et al., 2010). However it has been
recognised that a coordinated and comprehensive study of the impacts of climate change on wastewater, relevant to local climate and
geographic constraints, is lacking in New Zealand (White, et al., 2017). This study responds to this gap by delivering a systematic
review of the impacts of climate change on wastewater systems, and an assessment of the implications that arise from these.

First, we provide the background and context, and discuss the framing and approach used in this study. Second, we systematically
identify the key impacts of climate change on wastewater systems and discuss the direct and indirect social, cultural, environmental,
and economic implications. Third, we develop decision-making principles for infrastructure owners and managers, typically local
government. Finally, we conclude and make recommendations for further research.

1.1. Background and context

In New Zealand temperatures are warming in response to increased atmospheric greenhouse gas (GHG) concentrations (Ministry
for the Environment, 2018). Future warming will depend on the success of efforts to curb global GHG emissions. The magnitude of rise
in global mean temperatures this century is commensurate with the emissions trajectories in coming decades and significant changes in
intensity and frequency of rainfall is projected, but with some uncertainties. In New Zealand, there is a clear trend of wet areas getting
wetter, and dry areas getting drier and on average, an increase of rainfall in the west and decrease in the east (RSNZ, 2016; Caloiero,
2017; Ministry for the Environment, 2018). More extreme variability is also projected, with droughts and rainfall events becoming
more severe or frequent. For rainfall this could range from no change, up to a fourfold increase in the frequency of heavy rainfall events
by 2070 (RSNZ, 2016; Carey-Smith et al., 2018). As sea-level rises, increasing frequency and depth of extreme coastal flooding, will
exceed thresholds relative to present day levels (Paulik et al., 2020a).

Many of New Zealand’s urban areas are located around low-lying coasts and harbours or clustered on river floodplains. Within
towns and cities with reticulated networks, the most significant wastewater infrastructure is often located where gravity flows
concentrate at the coastal or riverine edges (Paulik et al., 2020b). Existing wastewater systems, which are often aging and designed
based on past climate, have potential to be significantly impacted beyond the historic functional design requirements of the system.
Damage will come from increasing occurrence of individual and compound hazards including with earthquakes and other ground
instability.

Cascading impacts of climate change have been highlighted as having complex and far reaching potential impacts across sectors
due to their interdependencies and feedbacks with implications for community wellbeing, adaptive capacity and governance (Law-
rence et al., 2020). The possibility of cascades highlights the benefit in understanding both direct climate-related impacts and indirect
and cascading implications. This reinforces that to adapt to climate change a complete understanding of impacts and implications is
essential. Further, a wastewater system services people and their activities which means that service levels (not just vulnerabilities of
individual assets in isolation) are at risk from climate change hazards. Furthermore, maintenance of service levels will never provide
fail safe systems because the uncertainties mean that there will always be a residual risk remaining (Gibbs, 2015).

A comprehensive assessment of impacts (to both wastewater reticulation and treatment systems) and system-wide implications has
not been undertaken either internationally or in a New Zealand context, to the best of our knowledge. An extensive body of New
Zealand based and international literature comprising case studies and single-issue studies inform the impacts and implications dis-
cussed in this research. General consideration of the impacts of climate change on wastewater systems have been discussed in in-
ternational assessments highlighting broader societal impacts of climate change, including damage to infrastructure and reduced
service levels (Revi, et al., 2014; Major et al., 2011; Aboulnaga et al., 2019). Similar overviews exist in New Zealand, where a number
of high-level studies have identified potential impacts of climate change on New Zealand’s infrastructure (Ministry for the Environ-
ment, 2008a; NIWA et al., 2012; RSNZ, 2016), including increased inflows, overflows and blockages.

Of particular note is a high level summary of direct and indirect impacts of climate change on stormwater and wastewater systems
by White et al., (2017). This study provided useful foundational context for this research and identified a range of impacts, including
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reduced capacity in pipe networks, exposed or damaged pipes, and increased wastewater discharges. Other studies have identified that
such damages will have implications for design (Tolkou and Zouboulis, 2015; ONeil, 2010), and economic costs (Neunteufel et al.,
2015). The majority of relevant literature are case studies or single-issue international studies. Many of these identify decreased
performance of wastewater system components under extreme weather (Marleni et al., 2012; Yuan, 2010a, 2010b; Tran et al., 2017;
Budicin, 2016; Naidoo & Moolman, 2016; Pocock & Joubert, 2017; Plosz et al., 2009; Langeveld et al., 2013; Hummel et al., 2018) and
an increasing risk of wastewater overflows (Olds, et al., 2018; Benotti et al., 2010) resulting in worsened water quality (Semandeni-
Davies et al., 2008; Komatsu et al., 2007) with implications for public health (Curtis et al., 2017; World Health Organisation, 2013;
Stanke, 2012; Boholm & Prutzer, 2017), and economic performance of businesses (Wang et al., 2017; Fauzel et al., 2017).

Recognition of indigenous and customary knowledge is acknowledged to be best practice in the development of impact assessments
and other climate and disaster planning (UNDRR, 2015). Indigenous people can be disproportionately vulnerable to the impacts of
climate change due to their unique relationship with the natural environment, socioeconomic deprivation and increased susceptibility
to disease (Jones, 2019; Lansbury et al., 2020). Conversely, Indigenous knowledge and customs can be a valuable tool in responding to
impacts of climate change, for example through diverse approaches to adaptation, unique cultural governance and practices, and
increased awareness of environmental change (Hiwasaki et al., 2014; Nursey-Bray et al., 2019). The cultural implications of the
impacts of climate change are explored in the context of New Zealand’s Indigenous Maori society. This draws mainly on case studies
and research informed through dialogue, focused on addressing vulnerability or informing decision-making regarding resource
management (Durette et al., 2009; King et al., 2012a, 2012b). Maori, as the people of the land, or ‘tangata whenua’, have a traditional
relationship with their ancestral lands, waters, sacred places and other treasures, or ‘taonga’, and many Maori have place attachment
in low-lying coastal areas (Bradley, 2016; Morgan, 2006). Of particular note, in considering wastewater management and disposal,
Maori view wastewater and its impacts on cultural practices and the environment in a holistic manner, generally irrespective of the
methods of treatment (Ministry for the Environment, 2003).

This research has been conducted in a New Zealand context, in recognition of the importance of local knowledge and Indigenous
knowledge in gathering information for adaptation strategies. However, many of the issues discussed in this research will be relevant
when considering impacts and implications of climate change on wastewater systems in urban areas outside New Zealand.

2. Framing and approach

Given the increasing effects of climate change on the built environment, it is becoming necessary to understand what infrastructure
will likely be exposed and vulnerable to climate hazards. The IPCC (Oppenheimer, et al., 2014) describes hazard, exposure and
vulnerability as overlapping factors which combine to create risk associated with climate change. Risk can manifest in impacts which
can lead to downstream implications across social, cultural, environmental, and economic domains. These terms are defined below.

e Impacts: The “effects on natural and human systems” of extreme weather, climate events and climate change (ISO, 2019) and
defined in this report as the direct (first order) effect from a climate-related risk.

e Implications: The indirect (second/third order, and cascading) effects, resulting from the impact. This relates primarily to changes
to environmental, social, economic and cultural values following an impact.

An example of the relationship between risk, impacts and implications is presented in Table 1, to provide context and to
demonstrate how decision-making may apply in the wastewater context. This example demonstrates how sea-level rise can lead to
rising groundwater (hazard) that can impact underground pipes (exposure), and depending on pipe material (vulnerability), can lead
to an impact (damage), as well as a range of implications including reduced levels of service.

New Zealand specific climate projections were reviewed and the key climate hazards and stressors with the highest relevance to
wastewater system impacts include: increased rainfall, decreased rainfall, sea-level rise, increased temperature and increased wind (Ministry
for the Environment, 2008a, 2018). These hazards and stressors provide the structure for this paper.

Typically, wastewater systems comprise a network of pipes (reticulation) that collect and convey wastewater from urban centres or
towns to a wastewater treatment facility. When assessing the impacts and implications of climate change on wastewater systems, we

Table 1
Example summary of relationship between sea-level rise risk, impact, implications and decision making.
Risk Impact Implication Deciding, acting & review
Hazard x exposure X The direct (first Change to environmental, social, = Decisions to reduce the risk
vulnerability order) impact from a  economic and cultural value
risk source following an impact
Example: Groundwater rise:
The potential for groundwater  Pipe corrosion, Increased service provider costs Understanding impacts and implications,
to rise, over time, affecting damage or failure to repair damages, causing combined with consideration of climate change
underground pipes Increased infiltration ~ economic losses uncertainty can lead to prioritisation of
into networks Reduced levels of service interventions to mitigate risk (Stephens, Bell, &
Ground heave/ Deterioration of water quality Lawrence, 2017).
flotation from saline intrusion
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considered the following components of the wastewater system; wastewater conveyance systems including pump stations, wastewater
treatment plants and on-site wastewater treatment plants.

Our research was conducted in three phases; identification of impacts, identification of implications and development of guiding
principles for local government decision makers. Data collection and analysis for impacts and implications was conducted in five steps:
1 Initial literature review of impacts and implications; 2 workshop with key stakeholders; 3 detailed literature review of impacts and
implications with follow up expert elicitation; 4 sense-making and analysis of impacts and implications by the research team; 5
development of guiding principles by the research team.

The potential impacts for each wastewater system component and implications were examined through a day long workshop
comprising participants (n = 14) from central government, policy advisers, water service providers, asset managers, academic and
institutional researchers, local government, engineering consultants and economic consultants. The group of specialists present at the
initial workshop, along with one additional specialist who contributed at a later stage, formed an expert Technical Reference Group
(TRG) which subsequently provided ongoing consultation. During the workshop the severity of each climate impact was assessed by
the experts and categorised as low, medium or high. This allowed a focused discussion and follow up study on those impacts which
were deemed the most severe (medium and high severity).

Following the workshop, the impacts and the resulting social, cultural, environmental, and economic implications were further

Table 2

Summary of impacts of climate change on various wastewater system elements.

Wastewater system
element

Climate hazards / stressor

Increased rainfall

Reduced rainfall

Sea-level rise

Temperature

Wind

Wastewater
conveyance (all
types; separated
and combined
gravity and
pressure)

Pump stations

Wastewater
treatment plant
(WWTP) -
general

On-site wastewater

Increased
overflows
Increased
blockages and
breakages

Increased
overflows
Increased
blockages

Increased inflows
leading to more
frequent
bypassing.

Storm related
power outages and
road closures

Soakage
performance
affected when soils
are waterlogged
Floatation of
below ground
chambers

Soil structure
damage reducing
soakage
performance
Ecological changes
to soakage fields

Corrosion due to low
flows resulting in
increased
concentration
Blockages or siltation
when combined with
increased temp, and
reduced water use.

Corrosion due to low
flows resulting in
increased
concentration

Increased strength of
influent risking
breach of toxicity
levels

Ecological changes to
soakage fields

Pipes float due to
increased
groundwater level
causing cracking
Corrosion
Groundwater ingress
leading to loss of
functionality and
capacity
Erosion/inundation
causing damage to
infrastructure
Corrosion

Flotation
Inundation
Flooding causing a
reduction in the
service zone of the
pump station
Flooding and
infrastructure
damage

Raised groundwater
table preventing
sludge management
dewatering

Outfalls may be
impacted

Increased pumping
heads for outfalls
Soakage
performance affected
when soils are
waterlogged
Floatation of below
ground chambers
Soil structure
damage reducing
soakage performance
Ecological changes
to soakage fields

Increased odours

Blockages due to user
behaviour changes in
hot weather (e.g.

flushing of wet wipes)

Performance of
biological systems,
oxidation ponds and
sludge management
varies with temperature
Odours (due to higher
temperatures)

Performance varies with
temperature
Odours increase

Increased blockages
and breakages
associated with
rainfall events or
storms

Increased
blockages,
breakages and
outages associated
with rainfall events
or storms

Increased blockages
and breakages
associated with
rainfall events or
storms
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explored through a literature review. The identified impacts were grouped the into common ‘impact themes’ to provide a structure for
the examination of the implications. These themes were chosen by grouping all the impacts that create a similar physical result out of
the climate change impacts discussed in the literature review and stakeholder engagement.

Identification of implications followed the logic modelling or theory of change approach, which aims to describe causal re-
lationships between situations (in this case climate impacts) through to outcomes affecting wellbeing (Mayne, 2015). This included
considering implications from the perspective a wide range of stakeholders, including individuals, community groups, the broad
community, local businesses, business supply chains, and local government. The implications were elicited through literature review
and consultation with the TRG. Implications were synthesised and grouped according to the most relevant domain of environment,
social, cultural, and economic (while recognising implications often reflect multiple domains). Linkages were assessed between the
implications, such as directional links where one implication acts as a trigger for another, or feedback loops where two implications
may mutually reinforce each other. Each implication was mapped against the previously identified impacts and the timeframe the
implication would typically occur, as a short, medium, or long timeframe following the impact (or a combination).

The impacts, impact themes and implications are summarised into ‘bow tie’ diagrams, which show the various relationships be-
tween climate hazards, impacts, and implications. Arrows within the bow-tie diagrams demonstrate linkages between direct impli-
cations and indirect implications and show feedback loops which are characteristic of cascading effects (Lawrence et al. (2020)). Key
implications were those deemed by the authors to be more significant and overarching and are generally indirect. For the social and
cultural domains, the key implications generally relate to those that play out over the longer term.

Finally, a series of guiding principles to assist decision-makers were developed to enable them to manage and respond to the
identified impacts and implications.

3. Impacts of climate change on wastewater systems

The potential impacts of climate change on wastewater systems that were identified by the TRG are listed in Table 2, along with the
assessment of severity. The following discussion of impacts is focused on those which were identified as having medium to high
severity. We acknowledge that impacts will be experienced differently depending on location around New Zealand due to geographical
variation in climate and climate change.

3.1. Impacts on wastewater conveyance systems

The impacts of climate change on wastewater conveyance systems that were identified as having a medium and high severity in
Table 2 are discussed in this section. Pipeline conveyance systems include systems where stormwater overflow is conveyed in the
wastewater pipe, termed ‘combined’, and systems where separate pipe networks are used to convey stormwater and wastewater,
termed ‘separated’. Conveyance within pipe networks can rely on either gravity to drive wastewater flow or using pumping to drive
wastewater under a pressure or vacuum (negative pressure) system, thereby allowing conveyance uphill as well as down. Often
pumped systems will form a small section of the network within a larger gravity system. The materials used in pressurised and vacuum
pipes must be flexible and durable to ensure the pipes are fully sealed to maintain pressure.

3.1.1. Impacts of increased rainfall on wastewater pipeline conveyance systems

The most significant impact of increased rainfall on wastewater conveyance systems were identified to be increased overflows, and
blockages and breakages. Increased rainfall intensity and extreme events are likely to lead to increased occurrence of inflow and
infiltration (I&I) into wastewater networks. This occurs due to stormwater directly entering combined networks or infiltrating the
sewer network through cracks, poorly constructed or corroded manholes and direct connections (Ministry for the Environment, 2008b;
ONeil, 2010). While all types of conveyance systems face similar impacts from climate change, they each have particular features that
influence the severity of the impact. Combined systems are the most vulnerable to I&I and will most readily cause uncontrolled
discharge of untreated wastewater to the environment as they receive stormwater overflow during high rainfall events. Separated
systems are also exposed to I&I through infiltration, but are considered to be less vulnerable as stormwater inflow volumes are lower
and they are typically constructed more recently, and therefore have tighter seals between joints, and less cracks and corrosion that
often develops with age. Cracks in a pressure system are more quickly detectable, as a loss of pressure to the system seriously affects
system performance, therefore are much less vulnerable to I&I.

As wet weather overflow events increase in frequency and volume it is likely that there will be increased instances of serious
environmental contamination (Olds, et al., 2018). Increased severe weather may also cause pipe damage due to flooding and erosion.
Wind velocities are often associated with increased severe weather events associated with climate change. Increasing wind velocities
will be location-specific but with a trend nationally to increased westerlies. This will result in changes in rainfall over complex
topography — increases upwind of hills and ranges, and may compound some of the issues associated with increasing rainfall (Ministry
for the Environment, 2008b). High winds will cause blockage or damage due to wind fall and increased accumulation of debris in pump
stations and screens, particularly in combined systems. Wind damage to infrastructure such as powerlines can indirectly impact
pressurised systems that are dependent on power to convey wastewater (ONeil, 2010).

3.1.2. Impacts of reduced rainfall and increased temperature on wastewater pipeline conveyance systems
The most significant impacts on conveyance systems resulting from reduced rainfall and increased temperatures were corrosion,
odour and blockages. Guidance from the government highlights that longer dry spells will increase the likelihood of blockages and
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related dry weather overflows (Ministry for the Environment, 2008b). The related impacts of drought on the wastewater system have
been studied in places such as Australia, South Africa and California, which have experienced prolonged drought. During such times,
water restrictions are typically enacted. This, compounded with less infiltration from stormwater and groundwater sources results in
flow reductions and higher temperatures in wastewater flow (Marleni et al., 2012; ONeil, 2010). Reduced wastewater inflow results in
an increase in wastewater concentration, because the solids content of wastewater remains the same but the contaminant dilution
capacity decreases. Thus, ‘high-strength’ wastewater occurs, which contains higher pollutant concentrations, including pathogens
(Tolkou and Zouboulis, 2015). This can result in increased likelihood of blockage, odour and corrosion of the reticulated wastewater
network (Marleni et al., 2012; Naidoo & Moolman, 2016; DeZellar & Maier, 1980). The most common causes of blockage are the build-
up of fats, oils and greases (FOGs), debris, solids deposition and tree root intrusion, all of which can be accelerated in times of drought.
Reduction in water usage can result in insufficient water to move waste and solids through the system if self-cleansing velocities are not
achieved (Naidoo & Moolman, 2016).

Low flows can cause deposition of solids and thus more extensive anaerobic decomposition resulting in production malodourous
compounds such as hydrogen sulphide (H5S), volatile organics, sulphur compounds and nitrogenous compounds (Yuan, 2010; Pocock
& Joubert, 2017). Increased wastewater concentration and increased temperature increase the likelihood of these emissions during
times of drought. Of particular concern is H»S, due to its odour nuisance, threat to public health and potential to enhance corrosion in
sewer pipes (Yuan, 2010; Marleni et al., 2012). Pipe corrosion is influenced by pipe age and condition and occurs predominantly in
metal or concrete pipes, rather than plastic (PVC, PE) (Marleni et al., 2012).

Reduced rainfall can increase the likelihood of aquifer contamination, as lower rates of aquifer recharge (due to less frequent
rainfall) reduce the dilution of pollutants (Neunteufel et al., 2015). This, in turn, can pose a risk to public health and the environment.

3.1.3. Impacts of sea-level rise on wastewater pipeline conveyance systems

Sea-level rise, storm surges and coastal erosion can cause inundation and damage to pipelines, affecting the serviceability of the
system (Hummel, Berry, & Stacey, 2018). Fully submerged gravity pipelines may lead to sewer back-up in homes and may contribute
to wastewater contamination of the coast (Kettle, et al., 2014).

Sea-level rise will raise coastal water tables which may influence inland groundwater levels (May, 2020; Befus et al., 2020).
Increased infiltration of groundwater into wastewater systems due to a raised groundwater table will particularly affect older systems
which are more likely to have cracks and other points of entry for groundwater. Salt-water intrusion and inundation adversely affect
conveyance capacities and may contribute to corrosion. In New Zealand, this is already occurring in locations such as South Dunedin
where the groundwater table is thought to be kept artificially low due to infiltration into the stormwater and wastewater network.
Testing has found high salinity in the wastewater system during high tide (Water New Zealand, 2015).

3.2. Impact of climate change on wastewater pump stations

Pump stations are part of the broader wastewater system and therefore many of the issues discussed above that affect pipes, also
affect the pumping station, such as overloading under increased rainfall, salinity impacts from rising groundwater, and blockages
arising from build-up of fats oils and grease. Increased wind severity and lightning strike associated with more extreme stormy
conditions can damage exposed structures, cut off power supply or damage controls (ONeil, 2010).

As temperature ranges shift, the operational temperature range of infrastructure will change. This may expose elements to heat
extremes causing overheating or increased community demand for water, translating to shifts in wastewater constitution and odour
impacts (ONeil, 2010). Increased inflow and infiltration due to increased rainfall intensity and raised groundwater tables may lead to
increased pumping volume requirements for pump stations. These conditions can lead to increased wear within pump stations (Kettle,
et al., 2014).

3.3. Impacts on wastewater treatment plants and processes

Increased and decreased rainfall, sea level rise and increased temperature extremes are expected to have a medium or high severity
of impact on WWTPs (refer Table 2). The concentration of pollutants in the wastewater influent is a combination of the load and the
volume of water with which the pollutant is mixed (Henze, van Loosdrecht, Ekama, & Brdjanovic, 2008). How the wastewater effluent
characteristics will change under climate change will depend on the type and design of WWTP processes. Depending on how these can
cope with changes to influent quality (for example, as a result of changing water temperature, water usage/conservation measures and
flow patterns), will result in potentially negative effects within receiving environments — such as nutrient enrichment (eutrophication)
and ultimately the reduction in the capacity for the receiving environment to accommodate contaminant loads, termed ‘assimilative
capacity’ (Chapra, 2008).

3.3.1. Impacts of increased rainfall on treatment plants / processes

Increased inflows and power outages were identified to be the most significant impacts likely to affect treatment plants and
processes. Increased rainfall will result in larger volumes and peak inflows into WWTPs due to flow from combined systems and I&I.
While the volume or ‘flow’ of the wastewater increases due to increased stormwater infiltration, the Total Suspended Solids (TSS) of
the wastewater remains the same, resulting in a dilution of the influent to the WWTP which can affect biological treatment processes.
Research has shown that treated effluent quality can deteriorate during periods of increased inflows into activated sludge secondary
treatment systems, and was primarily attributed to decreased detention times in the treatment processes (Mines, Lackey, & Behrend,
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2007; Plosz, Liltved, & Ratnaweera, 2009). The impact of increased rainfall when combined with an extended dry period can further
aggravate the impacts of increased rainfall on WWTPs, and has been shown to contribute to extended biologic overloading, putting
stress on the WWTP processes and ultimately resulting in increased combined sewage overflow (Langeveld et al., 2013).

High flows can carry debris associated with storm events, which can reach the treatment plant and cause blockages or damage
screens. High inflows can affect the hydraulic performance of the system or overwhelm the infrastructure completely. During extreme
weather, system bypasses can be activated, diverting flows past part or all of the treatment process. This causes partially treated or
untreated wastewater to directly enter the receiving environment (Langeveld et al., 2013; Tolkou and Zouboulis, 2015; Watercare,
2020). This can cause public health concerns and result in the closure of swimming beaches as well as contamination of drinking water
supplies (Boholm & Prutzer, 2017).

As with other types of infrastructure, high winds and storminess can raise the likelihood of windfall from trees. This raises the risk
of power outages, causing disruption to the operation of plants and reliance on back-up generator systems. Additionally, storm-related
road closures can prevent access to treatment plants.

3.3.2. Impacts of decreased rainfall on treatment plants/processes

The most significant impact to wastewater treatment plants and process from a decrease in rainfall was identified to be increased
strength of wastewater influent risking breach of toxicity levels.

Decreased rainfall and drought conditions reduce the amount of water that flows into WWTPs, through less I&I and potential lower
household water consumption (as a result of the implementation of water conservation strategies). An increased occurrence of low
flows will lead to decreased contaminant dilution capacity, and thus higher pollutant concentrations, including pathogens (Tolkou and
Zouboulis, 2015). The volume or ‘flow’ of the water decreases, but the waste load remains the same, creating ‘high-strength
wastewater.’

High-strength wastewater flow can cause problems for WWTPs. The increase in concentration of fats, oils, grease, organic and solid
matter can result in blockages, early system corrosion and/or severe health and environmental impacts (Pocock & Joubert, 2017). This
higher concentration and reduced flow could see interrelated problems occur. Firstly, the sedimentation of solids in the reticulation
pipes up stream of the WWTP can be suddenly released as a slug once flows resume, which can be problematic as most WWTPs struggle
to process erratic loads. Secondly, longer detention times during conveyance can trigger extensive anaerobic decomposition to occur
prior to the WWTP, resulting in changed influent properties which the WWTP may process less effectively (Pocock & Joubert, 2017).
Thirdly, salinity levels can increase as influent pollution concentrations increase, which adversely affects treatment effectiveness,
effluent quality and operational costs (Tran et al., 2017).

Lower flows and higher strength wastewater are likely to affect each plant differently, depending on the type and capacity of the
individual plant. Plants that rely on trickling filters are expected to be more affected by higher concentrations of pollutants, partic-
ularly in winter when efficiencies normally decrease due to slower biological reaction rates at lower temperatures. Plants which
incorporate activated sludge systems may benefit positively, due to increase retention times in process tasks and consequential
increased solid removal within the clarifiers (Pocock & Joubert, 2017).

3.3.3. Impacts of sea-level rise on treatment plants / processes

Flooding, reduced capacity for outflow and raised groundwater tables, all related to sea level rise, are likely to result in significant
impacts on WWTPs. WWTPs are typically located on low-lying coastal land, to minimize the cost of collecting wastewater and dis-
charging treated effluent, which makes them particularly exposed to coastal flooding from sea-level rise (Hummel, Berry, & Stacey,
2018). Rising sea level also increases the risk of compound flooding (e.g. combined coastal, pluvial and fluvial events and/or raised
groundwater levels). With it, the potential for direct damage to WWTPs increases, which may cause disruption to WWTP processes,
necessitate repair or protection works, and eventually may lead to abandonment of stranded assets (Hummel, Berry, & Stacey, 2018).
Rising receiving-water levels may result in the need to change from gravity to pumped effluent through outfalls, or higher heads for
existing pumped systems, thereby increasing energy requirements (Tolkou and Zouboulis, 2015).

Some wastewater treatment plants practise land-based dewatering of wastewater sludge. Dewatering relies on a groundwater table
at a sufficient depth below ground level to allow excess water to infiltrate. A rising groundwater table will compromise the capacity for
dewatering.

3.3.4. Impacts of increased temperature extremes on treatment plants / processes

Performance varying with temperature, and increased odours was identified to be the greatest impact on WWTP and processes due
to increased temperature extremes. Generally, fresh wastewater, particularly residential wastewater, produces a benign musty odour.
Wastewater composition transforms in the wastewater network, which produces malodorous compounds (Marleni et al., 2012).
Increased strength of wastewater and changes in WWTP performance may result during warmer temperatures, and are likely to in-
crease odour, or change the WWTP process inputs or effluent characteristics.

Increased temperature may change WWTP processes as biological reactions naturally occur much faster in higher temperatures.
Given the secondary treatment phase within WWTPs relies on these biological reactions, warmer temperatures would decrease land
requirements, enhance conversion processes, increase removal efficiencies and make the utilisation of some treatment processes
feasible (Tolkou and Zouboulis, 2015). During ‘sludge digestion’, the sludge is required to be heated to 37 °C. A rise in ambient
temperature would mean less energy is required for this heating. Processes such as activated sludge and aerobic biofilm reactors are
less dependent on temperature, as a result of higher technological input and mechanization (Pocock & Joubert, 2017) and therefore
would be less affected.
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Another potential impact of a warmer climate is higher evaporation rates, as with increased temperature the water-holding ca-
pacity of the atmosphere increases. For WWTPs this could mean the final discharge standards for effluent become stricter, due to
increased salinity in receiving water bodies (Pocock & Joubert, 2017).

3.4. Impacts on on-site wastewater systems

The most significant impacts of climate change on on-site wastewater systems are identified to be changes to the soakage field
performance resulting from groundwater, ecological and soil structure changes, floating, performance varying with temperature, and
increased odours. Increased rainfall intensity and sea-level rise will raise groundwater tables and increase the likelihood of saturated
soil. This, in turn, prevents effective treatment of wastewater, resulting in elevated pathogens, nutrients and biochemical oxygen
demand (BOD) (Cooper, Loomis, & Amador, 2015). Additionally, higher soil temperatures can result in lower oxygen solubility and
higher soil microbial oxygen consumption, resulting in further reduction in levels of oxygen available for wastewater treatment
(Amador, Loomis, & Kalen, 2014).

Changes in groundwater levels may cause damage to buried structures, pipes and connections particularly in expansive soils which
are expand and contract with changes in groundwater level. Cracking of buried structures may be caused if settlement occurs, causing
leakage or system failure. Conversely, if groundwater levels rise, this can result in changes in buoyancy of buried structures and may
cause floatation (Auckland Council, 2015a; 2015b).

3.5. Impacts summary

As well as the identified impacts of climate change, many existing problems with wastewater systems are likely to be exacerbated.
Existing problems relate to aging infrastructure, poorly designed infrastructure, or infrastructure that is designed to meet outdated
environmental or service standards (NIWA et al., 2012). New Zealand on-site wastewater disposal systems are dominated by septic
tanks, which generally treat effluent to a minimum standard. Many systems are ageing and while all systems require ongoing
maintenance, it has been identified that in many cases this is not carried out (Ministry for the Environment, 2008c). Climate change
impacts will potentially exacerbate existing issues with poor performing or poorly maintained systems.

In order to characterise and further explore impacts and their implications, three main summary impact themes for wastewater
have been developed and are listed below. These themes were chosen by grouping the impacts discussed for each of the wastewater
system components above into similar types of impacts, termed ‘impact themes’. The identified impact themes are:

Impact Impact theme Implication

* Loss or damage to assets

Increased rainfall * Local business disruption
* Increased service provider
costs
* Loss of service provider
* Waterlogging of dispersal fields of on- reputation
site systems =3
\_J

Increased costs & loss of income

~
AN

Drought conditions & higher temperatures Wastewater
nuisance flooding/
spills and odour Reduced mental health

* Temperature increases causing
increased odour
* water usage restrictions resulting in

Physical illness & disease

higher concentration wastewater,
which is more likely to produce
odours

* behaviour changes, such as more Increased contaminants

frequent use of wipes, causing
blockages resulting in nuisance
flooding/spills Reduced resilience of waterways

Fig. 1. Summary of impacts resulting in nuisance flooding, spills and odour and the associated implications. Key implications are denoted with
coloured boxes relating to the social (yellow), environmental (green), cultural (blue) and economic domains (purple). Arrows identify relationships
between implications, where one implication can be a precursor to another. Circular arrows indicate feedback loops, indicating a cyclical rela-
tionship. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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e Wastewater nuisance flooding, spills and odour
e Water quality deterioration due to worsening impacts of wastewater discharges
e Damage to infrastructure leading to disruption to wastewater services

4. Implications of climate change for wastewater systems across four domains

The sections below present a discussion of the social, environmental, cultural, and economic implications arising from the iden-
tified impact themes. Implication maps in the form of ‘bow-tie’ diagrams for each of the impact themes show the various relationships
between climate hazards, impacts and implications. Relationships between implications are identified, including those that occur
during or immediately after a climate change impact, and cascading implications over the medium to long term, including those from
gradually evolving stressors for example sea level rise. As described in Lawrence et al. (2020) many of these implications move across
space and organisations as a cascade. For example, a loss in community facilities such as loss of access to waterways due to poor water
quality can, among other implications, contribute to a reduction in community cohesion. This in turn is known to contribute to
reduction in mental health of individuals, which has further economic implications. As mental health is the long-term implication from
the loss of community facilities, and other implications also lead to this reduction, mental health is identified as a key implication in the
bow-tie diagrams, and relationships between mental health and other implications is indicated through linking arrows and feedback
loops. It is noted that as cascades move through social cultural, environmental, and economic domains they can combine or compound
because of external policy decisions or concurrent impacts and implications, some of which are beyond the scope of this research.

4.1. Implications arising from wastewater nuisance flooding, spills and odour

Nuisance flooding, spills and odour arising from the impact of climate change on wastewater systems is expected to arise primarily
from increased rainfall. We define nuisance flooding for the purpose of our discussion as wastewater flooding that is not related to
waterways, for example flooding arising from a waterlogged on-site wastewater field. Wastewater flooding resulting in the reduced
resilience of waterways and assimilative capacity is discussed in Section 4.2. The key implications arising from nuisance flooding, spills
and odour are the loss of income and increased costs for residents and business owners; reduced mental health for residents and
impacting the community as a whole and loss of cultural identity, as shown in Fig. 1.

Disruption to businesses and residents is an immediate implication of wastewater nuisance flooding or spills (Curtis, Fair, Wistow,

Impact Impact theme Implication

Reduced resilience of waterways

¢ Increased contaminants

Increased rainfall

* Increased uncontrolled discharges of

wastewater Loss of cultural identity

* Loss of cultural value
* Disruption to cultural practices

Sea level rise

* Raised groundwater table causing saline
and groundwater infiltration into
conveyance systems, reducing conveyance
capacity resulting in a higher likelihood of
wastewater overflows

» Saline water ingress, negatively affecting
the performance of WWTP * Increased incidence of disease

* Loss of sense of place

Water quality ¢ Reduced community cohesion
deterioration

Reduced mental health

Reduced rainfall & temperature changes e Loss of tourism

* Increased service provider costs

«  Behaviour changes causing higher * Lossof servnc'e RrOV|der reputation

concentration wastewater
Increased costs & loss of income

Fig. 2. Summary of impacts resulting in water quality deterioration and the associated social, cultural, environmental and economic implications.
Key implications are denoted with coloured boxes relating to the social (yellow), environmental (green), cultural (blue) and economic domains
(purple). Arrows identify relationships between implications, where one implication can be a precursor to another. Circular arrows indicate
feedback loops, indicating a cyclical relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Val, & Oven, 2017; World Health Organisation, 2013). Clean-up activities are likely to cause temporary closure of businesses and
roads, and nuisance flooding and spills may also result in the evacuation of homes. Businesses may incur clean-up costs, and a loss of
income due to foregone production (Surminski & Hankinson, 2018; Wang, Zeng, & Zhong, 2017; Fatoric, Moren-Alegret, Niven, & Tan,
2017; Fauzel, Seetanah, Sannassee, & Nunkoo, 2017).

Exposure of residents to untreated wastewater resulting from spills poses an immediate threat to public health and associated
deteriorating water quality can also be a source of illness over the short and medium term infections (World Health Organisation, 2013;
Zhang, 2010; The National Institute for Occupational Safety and Health, 2012). Repeated exposure to odour can lead to respiratory
disorders and have a negative impact on mood (Schiffman & Williams, 2005; Bay of Plenty Regional Council, 2012; Shusterman,
1992).These implications can lead to further reduced mental health in the community over the medium to longer term.

Wastewater spills or overflows can lead directly to an immediate loss of cultural values as Maori have a cultural aversion to the
discharge of raw (or treated) human wastewater to natural waterways, as well as the transportation of wastewater past marae, urupa
and other sacred areas (Bradley, 2016). Within a traditional Maori world-view, places or activities related to human waste are deemed
to be ‘tapu’ or spiritually dangerous (Bradley, 2016). The implications of contamination of cultural land through wastewater flooding,
spills or odour may be exacerbated because of the special relationship that Maori have with the land; the health and well-being of
Maori people is often dependent on the condition of their local natural resources and environment (Manning, 2015; NZIER, 2003;
Smith, 2014; King et al., 2010; Jones, 2019). Loss of cultural values due to the degradation of cultural sites in turn can lead to reduction
in mental health of Maori (King et al., 2012a, 2012b) and is also important for the broader community, who may lose community
cohesion that has been tied to physical sites (Carmichael, et al., 2018).

4.2. Implications arising from water quality deterioration due to increased uncontrolled wastewater discharges

Water quality deterioration due to increased uncontrolled wastewater discharges is expected to arise from increased rainfall, sea-
level rise, reduced rainfall and increased temperature extremes, and will potentially coincide with a reduction in assimilative capacity
of receiving environments. The key implications for the impact theme of water quality deterioration are: reduced resilience of wa-
terways, reduced mental health for residents and impacting the community as a whole; loss of cultural identity; and loss of income and
increased costs for service providers, residents and business owners, as shown in Fig. 2.

Water quality deterioration leads to the key implication of reduced resilience of waterways which will occur primarily in response
to the increased discharge of wastewater contaminants during high rainfall. Increased nutrients entering waterways as a result of spills
can promote algal growth and increase toxicity (Sinha et al., 2017; ANZECC, 2000). These direct implications are immediate and may
also lead to a disruption in the aquatic ecosystem over the medium term, or coupled with increased air temperatures can lead to an
increased frequency of phytoplankton blooms and subsequent alteration of the trophic balance (Komatsu et al., 2007). Over the longer
term, this leads to reduced resilience of the waterways to recover from events. The capacity for the receiving water to accommodate
treated wastewater discharges may be reduced if reductions in base flows within receiving watercourses negatively impact water
quality, therefore decreasing the assimilative capacity of the receiving water (Whitehead et al., 2009; WERF, 2009). A better un-
derstanding of the assimilative capacity of sensitive receiving environments under climate change conditions will thus be a critical
component in informing the design of WWTPs that discharge to sensitive environments.

Reduced resilience of waterways related to the discharge of raw wastewater causes a significant loss of cultural values for Maori
(Section 4.1). Increased pathogens from human waste will lead to restrictions on recreational water activities which has implications
for gathering kaimoana (sea food) in the wider region, which is an important cultural practice for Maori (Durette et al., 2009;
Potangaroa, 2010). Reduced resilience of waterways has implications for other traditional land, river and sea based activities, which
can lead to a loss in traditional and a loss of connection to cultural identity over the medium to long term for Maori (King et al., 2012a,
2012b) as well as other indigenous cultures (Downing & Cuerrier, 2011; Carmichael, et al., 2018).

In addition to social health issues related to exposure to wastewater spills (refer Section 4.1), exposure to unsafe water due to
wastewater contamination presents a heightened risk of infection such as faecal-oral disease, vector-borne diseases, asthma, skin
rashes, and poisoning (Vardoulakis, et al., 2015; Ahern et al., 2005). Reduced amenity of waterways can disrupt place-based activities
in the community, which can lead to solastalgia, or a loss of sense of place, over the short to medium term (Berry et al., 2010). These
implications can lead to further reduced mental health in the community over the medium to longer term (Albrecht et al., 2007).

Increased preventive maintenance and water quality management costs are likely to be incurred by service providers in the short to
medium term as a response to any rising water quality deterioration. These costs may be passed on to the community through rates and
taxes, all of which may contribute to a loss of service provider reputation. Water quality deterioration is also likely to result in a loss of
tourism within or to New Zealand, which is known for its ‘clean, green’ image. This may result in medium and long term economic
impact (Wang et al., 2017; Fatoric et al., 2017).

4.3. Implications arising from damage to wastewater infrastructure

Damage to wastewater infrastructure is expected to arise from increased rainfall, sea-level rise, reduced rainfall and increased
temperature extremes. These damages will result in increased maintenance, repair and disruption to wastewater services due to system
component failure which will occur at a local and community wide scale. The key implications for the impact theme of damage to
wastewater infrastructure are: loss of income and increased costs for residents and business owners; reduced mental health for resi-
dents and impacting the community as a whole; loss of cultural identity; and environmental damage and reduced resilience of wa-
terways, as shown in Fig. 3.
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Disruption to residents and businesses is an immediate implication of event-based damage to wastewater infrastructure. Loss of
services to residents is likely to cause stress (Stanke, 2012), and due to wastewater systems not working (toilets not flushing, showers
unusable etc.) temporary evacuations of homes may be required. Repair works are likely to cause temporary closure of businesses and
schools, incurring repair costs and loss of income due to foregone production until wastewater services are functional. Chronic damage
to infrastructure, such as higher strength wastewater causing corrosion, will require increased maintenance, repair and running costs.
These costs are likely to be incurred by service providers in the short to medium term but may be passed on to the community through
rates and taxes, all of which may contribute to a loss of service provider reputation. Home owners, residents, and business owners, are
likely to face increasing insurance premiums due to increased and/or ongoing damage (Surminski & Hankinson, 2018), and in the
worst cases, it may not be possible to renew insurance to cover losses from future events (Salmeemul et al., 2007).

Damage can lead to increased incidence of disease or excess nutrients entering waterways. This is particularly acute in gravity
conveyance, where breakages or leaks can be difficult to detect, or where on-site wastewater treatment devices are affected, as these
systems are usually subject to much less frequent performance monitoring relative to wastewater treatment plants. Significant im-
plications for social, cultural, economic and environmental domains have been identified as arising from exposure to wastewater
contamination and water quality reduction (see Section 4.1 and Section 4.2).

Damage to wastewater infrastructure will occur in both existing urban areas, and areas where proposed urban expansion may
become inappropriate due to a changing risk profile such as in close proximity to the coast (Ministry for the Environment, 2008b).
Climate change may result in existing wastewater systems becoming unable to provide adequate service, as the conditions for which
they were designed change. For example, this may occur through sea level rise flooding WWTPs and pipes, repeated storm damage, or
increased flooding in combined wastewater pipes.

Service withdrawal and managed retreat may be considered if loss of land or ongoing damage to wastewater infrastructure is likely
(Hanna et al., 2017; Haasnoot et al., 2013). This is associated with extensive cascading social, environmental, cultural and economic

Impact Impact theme Implication
+  Loss or damage to assets

Increased rainfall & severe weather . )
* Delayed minor maintenance

works
* Damage to infrastructure (blockages, * Local business disruption
trees falling etc) or freezing of pipes * Increased service provider costs
* Sea level rise, increased rainfall and * Loss of service provider
decreased rainfall affect the reputation
performance of on-site systems due to « Isolation of services leading to
waterlogging, soil structure changes and managed retreat
ecological changes to the soakage field )

* Increased rainfall and groundwater
infiltration resulting in higher energy
requirements for pump stations

Increased costs & loss of income

Reduced mental health

Sea level rise Damage to
wastewater o )
* Inundation of pipes, pumping stations and infrastructure * Increased incidence of disease
WWTPs ’ * Loss of sense of place
* Raising groundwater levels resulting in
float and corrosion of pipes and pumping
stations Loss of cultural identity
Reduced rainfall and high temperatures * Increased contaminants

* temporary restrictions on water &

+  Higher concentration wastewater, causing mahinga kai gathering activities

blockages and corrosion in pipes

« Higher concentration wastewater Environmental damage & reduced
affecting WWTP and on-site system
performance which varies with
temperature and BOD loading

* Ground settlement damaging pipes * Increased waste to landfill
* Increased resource demand

Fig. 3. Summary of impacts resulting in damage to infrastructure and the associated social, cultural, environmental, and economic implications.
Key implications are denoted with coloured boxes relating to the social (yellow), environmental (green), cultural (blue) and economic domains
(purple). Arrows identify relationships between implications, where one implication can be a precursor to another. Circular arrows indicate
feedback loops, indicating a cyclical relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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implications that are unique in the way they exhibit over the long term. Retreat, once implemented is a way of permanently reducing
hazard exposure, thereby reducing the impact of climate change in the long term (Hino et al., 2017). The scale of retreat i.e. whether
infrastructure can be moved back from the coast in the first instance, or whether whole communities need to be relocated, has an
influence on the implications which arise. Property rights, protection of the status quo, large up-front costs, logistic difficulties and
political complexity have been identified as significant social and economic drivers that favour staying in place in a New Zealand
context (Hanna et al., 2020). Despite its goal to reduce physical harm from hazards, managed retreat can be extremely socially and
culturally disruptive for the communities affected, and has significant cultural implications for Maori facing retreat from ancestral land
(King et al., 2012a, 2012b). Experiences from relocation of Pacific indigenous communities has identified difficulty in overcoming
culturally sensitive issues such as place attachment, land rights, community consensus and governance (Dannenberg et al., 2019).
Residents experiencing managed retreat may experience the loss of community, identity and employment and be unable to afford to
purchase a house of comparable value (in economic and sentimental term). These issues and additional psychological stress associated
with coping with uncertainty and change may lead to reduced mental health (Hanna et al., 2020; Dannenberg et al., 2019). Economic
implications of relocating wastewater infrastructure are significant, however costs are also associated with continuous repair and
maintenance associated with remaining in place, retrofit options to protect the system, or measures to accommodate sea-level rise,
which still have an element of residual risk (Kool, 2020). As demonstrated in Kool et al. (2020), dynamic adaptive pathway planning
for the retreat 2-waters services is useful to balance these drivers.

5. Discussion and recommendations

The propagation of impacts into numerous interrelated and cascading social, cultural, economic and environmental implications is
significant as it indicates how far the implications of climate change may reach when considering wastewater in isolation. Many of the
identified impacts will occur simultaneously throughout the wastewater system both due to compound hazards and due to multiple
vulnerable components within the system. Further, impacts and implications from climate change on other systems and sectors will
place a significant burden on society. Many of the implications identified in this research are central issues within mainstream
contemporary New Zealand; key implications such as reduced mental health and resilience of waterways are the subject of extensive
policy reform through creation of the Mental Health and Wellbeing Commission, and updates to the National Policy Statement on
Freshwater Management (Ministry for the Environment, 2020a; 2020b). The loss of cultural identity is also of critical concern in the
context of ongoing historical impacts of colonization for Maori, under which breaches of promises made under the foundational
settlement agreement the ‘Treaty of Waitangi’ are still being resolved. We identify that climate change will place further stress on these
important issues.

Improved understanding of impacts and implications of climate change is essential for building the confidence of wastewater sector
decision makers, when developing policy and in adaptive planning. A good understanding of climate hazards or stressors; a good
understanding of direct impacts; and a good understanding of cascading implications allows decision makers to project future impacts
and implications and prioritise response options to minimise risk and future impacts and implications. Ensuring a cohesive government
and institutional environment for decision making is key to strengthening community and individual climate change responses (Signh
et al., 2018). When considering approaches and principles for adaptive management, it is important to recognise the range of inter-
related issues and initiatives within a national and sectoral context — some of which may present additional risk, while others may
provide opportunities for co-beneficial outcomes if considered collectively.

New Zealand is in the early stages of planning to adapt to climate change, but recent years have seen some significant steps towards
acknowledging national climate risk (Ministry for the Environment, 2020a; 2020b) and developing strategies to adapt to climate
change (New Zealand Government, 2019). These steps are in alignment with recommendations from the New Zealand Climate Change
Adaptation Working Group (2018). These national scale recommendations provide principles to guide, support and help sustain ac-
tions for climate change adaptation, as well as actions for immediate and ongoing action. It is within this context of evolving action to
mitigate and adapt to the effects of climate change that this research sits. Based on the findings from this research and informed by the
wider context of adaptation within New Zealand, a range of guiding principles for local government decision-makers has been
developed.

5.1. Guiding principles for local government decision makers

The following series of guiding principles were developed based on a number of common themes which arose from a detailed a
literature review and the researchers’ understanding of key contextual issues within New Zealand. These drew on a range of sources
including; recommendations from the Climate Change Technical Working Group (Climate Change Adaptation Technical Working
Group, 2018) — which provides recommendations to guide effective adaptation at a national scale; The New Zealand Auditor General’s
assessment of managing stormwater systems to reduce flood risk (Controller and Auditor General, 2018) — which provides recom-
mendations on how to manage stormwater systems to protect people and property from the risk of flooding; the New Zealand Gov-
ernment’s Living Standards Framework (New Zealand Treasury, 2018) - which uses the four capitals of social, human, natural and
financial to measure intergenerational wellbeing; the Local Government New Zealand position statement (LGNZ, 2017) - which
highlights the need for collaboration within and across the sector, the need to incorporate climate change impacts/implications into
decision-making; the National Policy Statement for Freshwater Management (Ministry for the Environment, 2020a; 2020b) - which
prioritises the health and wellbeing of waterbodies and freshwater ecosystems; and the Australian National Climate Resilience and
Adaptation Strategy (Australian Government, 2015) - which developed a series of guiding principles including shared responsibility,
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Table 3

Guiding principles for local government decisionmakers.

Climate Risk Management 31 (2021) 100262

Principle

Why this is important

Examples of application

Principle 1: Factor climate risk into
decisions

Principle 2: Base decisions on evidence
and current national guidance,
supported by sound data and local
knowledge

Principle 3: Cooperation and
collaboration

Consideration of the current and future climate in all
decisions for wastewater infrastructure is needed to
ensure continuity of service. This includes decisions for
asset management, renewals, and planning

This is the basis of informed decision making and best
practice in participatory democracy. Using the best
available information in education, community
consultation, planning and decision making is vital. It
includes incorporating reliable sources of scientific
information about climate change scenarios, impacts
and implications, as well as local and indigenous
knowledge.

Identifying and advancing opportunities for
collaboration, as well as addressing internal structural
and policy barriers or misalignments, will enable
improved decision-making. This involves including
local and central government, business, communities,
lifeline services, indigenous representatives,
researchers and other experts, who all have a role to
play. In particular, it is important that the knowledge
and experience of those affected is respected and they
are involved in decision-making.
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e Understanding and monitoring climate change
risk and performance for wastewater assets,
along with monitoring changes in community,
indigenous tribe and subtribe (iwi/hapt) and
stakeholder perceptions of the levels of service.

e Reviewing and updating design standards to
incorporate latest knowledge on the impacts of
climate change and eventually moving to
adaptive design standards (e.g. (Ayyub, 2018)

e Incorporating climate risk and funding models
into the asset management plans and
infrastructure strategies and ensure resilience /
adaptation measures are identified.

e Local and central government agencies working

together, within and across the sector, to

understand and agree on best practice and
develop a plan to improve maturity of practice
from ‘awareness’ to ‘advanced performance’

(IPWEA, 2015) in risk and resilience planning

and decision-making. This would shift asset

management focus from response-based action to
anticipatory action that reduces risks ahead of
reaching adaptation thresholds.

Developing and regularly updating climate

change adaptation plans for infrastructure and

communities.

Identifying key critical assets (such as low-lying

WWTPs) that will require adaptive measures for

continued performance, with agreed adaptive

management plans and timeframes.

Ensuring a robust environmental / natural hazard

monitoring plan that captures relevant data on an

ongoing basis, at an appropriate frequency and
granularity - in order to enable planning for both
gradual and event-based climate hazards. This
includes monitoring water quality, rainfall,
runoff and groundwater levels and the magnitude
and frequency of various levels of events consis-
tently and in an ongoing manner to quantify
changes driven by climate change.

Monitoring of environmental changes and use of

indigenous knowledge (matauranga' Maori) to

inform an understanding of changes, and to
inform decision-making, and solutions.

Ongoing monitoring of wastewater network and

asset performance, including outages and sewer

overflows.

Ensuring that asset information is up to date and

available, and exposure of assets to climate

hazards/stressors is monitored.

e Communicating risk to communities in a

transparent and ongoing manner.

Better co-ordination and integration of effort

within and across councils to create efficiencies

in data collection and analysis, and to share
practice and resources. This was highlighted by

LGNZ (2019) with specific mention of: variation

across councils in terms of asset and financial

data availability, as well as systems and formats
in which the data is held; and lack of integration

(continued on next page)
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Table 3 (continued)
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Principle

Why this is important

Examples of application

Principle 4: Stewardship (kaitiakitanga®)
and precaution

Principle 5: Prioritise the most vulnerable

Principle 6: Long term, adaptive thinking

Each person and organisation has a duty of care to
safeguard the life-supporting capacity of our people
and environment (kaitiakitanga), on which we all
depend. There is clear and compelling evidence for the
need to act now on climate change and to adopt a
precautionary approach because of the irreversible
nature and scale of most of the risks involved (Abram,
et al., 2019; IPCC, 2018; IPCC, 2014b).

It is important that adaptation responses support those
who are most vulnerable to climate change impacts as it
is these groups in our community who are often
disproportionately affected by climate change and
natural hazards.

Long-term thinking, policies and actions are necessary
to ensure the reasonably foreseeable needs of current
and future generations are met, this includes adopting
adaptive planning (Lawrence, Bell, & Stroombergen,
2019), and performing regular monitoring and review
of actions.

14

between spatial infrastructure data and financial
information.

Sharing of best practice in climate risk
assessments, adaptation planning, and
wastewater management and design.

Looking for opportunities for regional / national
collaboration for projects that have benefits
across multiple local government authorities. For
example, common design guidelines, data
gathering to benefit multiple local government
authorities, common systems and adaptation
approaches.

Engaging with stakeholders according to best
practice (such as that developed by the
International Association for Public Participation
(2014)) and endeavouring to meaningfully
collaborate with stakeholders.

Identify and address structural and policy
misalignments with local government authorities
with respect to management of wastewater
systems.

Shifting planning and asset management focus
from response-based action to anticipatory plan-
ning and action where possible to avoid reaching
adaptation thresholds where impacts become
intolerable.

Embedding climate resilient (e.g. water sensitive)
design approaches within council standards and
developing upskilling and education initiatives
around this, incorporating indigenous knowledge
(matauranga Maori) principles where applicable.
Ensuring that the management of wastewater is
considered within broader land use, ecological,
social and cultural constraints.

Upholding a) the rights of indigenous peoples;
which in a New Zealand context includes
honouring the Treaty of Waitangi, b)
intergenerational sustainability, and c) the
principles of ecologically sustainable
development (Preston, 2016) in designing
adaptation and mitigation approaches.
Identifying vulnerable communities and working
with them to understand climate hazards that
may affect them, and developing response and
adaptation strategies that are acceptable,
effective and recognise the unique social/
cultural/economic circumstances of each
community.

Careful development of adaptation options and
plans which consider the range of possible future
scenarios, including unintended consequences,
maladaptation, lock-in etc.

Consideration of a range of ‘typologies’ of
adaptation options, from hard physical defences,
to flexible/modular solutions, to emergency
response / early warning systems — as well as
appropriate pathways/signals/triggers for each
agreed option (Ministry for the Environment,
2017).

Consideration and awareness of broader
implications of insurance and un-insurability due
to climate change. Councils, asset owners and

(continued on next page)
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Table 3 (continued)

Principle Why this is important Examples of application

communities must be aware of their insurability
and liability, with mechanisms in place to
manage the changing risks. More generally,
lenders, property owners and developers should
evaluate property security in a way which places
less reliance on backward looking valuation
models and considers long-term changes in risks
arising from climate change.

Securing funding sources to ensure the risks of
climate change are well understood, and that
investment can be made to maintain an
acceptable level of service.

Principle 7: Prioritise actions with Prioritising actions that are worth doing regardless of o Identifying actions which meet other national /
multiple benefits or which have ‘low-  the impacts of climate change may enable the sectoral challenges such as freshwater quality,
regrets’ realisation of multiple benefits. These include those for

aging infrastructure, biodiversity or GHG
reduction.

Considering nature-based systems based on water
sensitive principles (Auckland Council, 2015).

the environment, for managing coastal processes, for
the affordable and efficient provision of infrastructure,
for nature-based amenity and for more socially
cohesive settlements.

! matauranga Maori translates to Maori knowledge. It relates to the body of knowledge originating from Maori ancestors, including the Maori world
view and perspectives, Maori creativity and cultural practices.
2 Kaitiakitanga means guardianship and protection in Maori language. It is a way of managing the environment, based on the Maori world view

factoring climate risk into decisions, assisting the most vulnerable, evidenced based decision-making; collaborative and values-based
choices; and regular review of actions over time.

Adopting the proposed principles in Table 3 and described further below will best enable local government to manage the impacts
of climate change both broadly and also specifically for wastewater systems. Examples of application of the guiding principles in
decision making for wastewater infrastructure including asset management, renewals, and planning are include

6. Conclusion

Much of New Zealand’s wastewater infrastructure is vulnerable to the hazards associated with a changing climate. The nature of
existing wastewater systems, often designed on past climate and sea-level criteria, mean that they will be significantly impacted in a
wide variety of ways including the increasing occurrence of compounding hazards and cascading impacts. It is expected that climate
change will impact all elements of wastewater systems, and the essential functions they provide in protecting the health of commu-
nities and natural environments.

Sea-level rise and changes in rainfall are expected to lead to impacts with high severity, with further impacts of medium and low
severity expected from wind and temperature increases. Impacts will range from capacity and levels of service impacts, to effects on
treatment performance and water quality of receiving environments. Impacts are expected to concentrate in low lying areas that are
exposed to coastal and inland flooding but will also be distributed throughout the system as increased temperature, groundwater
changes and user behaviour changes result in system-wide impacts. Although originating from a range of climate drivers and occurring
throughout the geographically dispersed wastewater system, the impacts that have been identified can be simplified by grouping into
three categories. Each of these ‘impact themes’ propagate numerous interrelated and cascading social, cultural, economic and envi-
ronmental implications.

Many of these impacts are already emerging and action will be required now, in order to mitigate worsening impacts. Local
government authorities therefore need to be aware of climate impacts and risks in order to make important long-term decisions
relating to their infrastructure. These decisions need to be considered along with other current and future pressures relating to land
use, growth and renewals, as well as the real possibility of insurance retreat over the medium to longer term.

The principles developed in this paper (Table 3) are designed to support councils and asset owners or managers to proactively
respond to emerging climate risks to their wastewater systems, as well as assisting them with adaptation decision-making under a
changing climate.

The findings in this paper provide an evidence base to understand not only the impacts but the consequential and potentially far-
reaching implications across the economic, environmental, cultural and social domains.
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