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[bookmark: _bookmark1][bookmark: _Toc45887191]INTRODUCTION

My name is Graham David Fenwick. I am a biologist with over 40 years’ experience as a practicing researcher. My academic qualifications are a BSc, MSc and PhD, all in aquatic ecology, and a post-graduate Diploma of Business Administration. I have worked for NIWA as a scientist for 20 years (since 1998), latterly in the role of Assistant Regional Manager, Christchurch, and now mostly retired. I have also worked as a biodiversity scientist involved in environmental investigations for Memorial University of Newfoundland (Canada), the Australian Museum (Sydney), and the University of Canterbury. My specialist areas are aquatic invertebrate biodiversity and the ecology of aquatic sediments. 

[bookmark: _bookmark2][bookmark: _Toc45887192]CODE OF CONDUCT

I have read the Environment Court of New Zealand Practice Note 2014 and have prepared this evidence in accordance with it. My evidence in this statement is within my area of expertise. I have not omitted to consider all material facts known to me that might alter or detract from the opinions which I express. I have qualified my opinions wherever I consider there is uncertainty.

[bookmark: _bookmark3][bookmark: _Toc45887193]SCOPE

I have provided evidence on the following specific matters:

(a) Technical background on groundwater biodiversity and ecosystems, and

(b) National directives for protecting groundwater ecosystems.

(c) [bookmark: _GoBack]Responses to the Section 42A Officers’ Report.

[bookmark: _bookmark4][bookmark: _bookmark5][bookmark: _bookmark6][bookmark: _Toc45887194]TECHNICAL BACKGROUND ON GROUNDWATER

Definition of groundwater

[bookmark: _bookmark34]Groundwater is all water that occurs below the ground surface for either brief times or longer durations (Fenwick 2016). Groundwater can occur in the pore spaces between the grains of unconsolidated sediments, such as sand or gravel. Groundwater also occurs in the fractures of consolidated rock. Geological formations (e.g., sedimentary deposits, fractured bedrock, eroded limestone) that hold or transmit groundwater are termed aquifers. For the purposes of this evidence, groundwater is all water within an aquifer.

Groundwater originates from the passage of surface water into aquifers, a process referred to as recharge. A significant fraction of groundwater is recharged from rainfall that seeps through soil into aquifers. Another significant fraction of groundwater is recharged from rivers, where river water seeps through the river bed into an underlying aquifer. Groundwater can also be recharged during irrigation or other agricultural or industrial land-use practices. 

Groundwater within the saturated zone (part of an aquifer filled with water) flows through small or large spaces (interstices, pores, cracks, cavities, etc., <1 mm to >100 mm) from higher to lower elevations and pressures (i.e., along hydrostatic gradients). In some cases, groundwater may be trapped in an aquifer and remain underground indefinitely.

The process by which water from an aquifer enters or becomes a surface water body is known as groundwater discharge. Human extraction of groundwater from aquifers, for example for irrigation or water supply, is also a form of discharge that is often termed abstraction.

[bookmark: _Toc501023520]Groundwater attributes

Groundwater and surface water are best regarded as dynamically interconnected parts of a single water resource, but interactions between the two vary widely in timing, rate, volume and location, even within small sub-catchments (Hatton & Evans 1998, Winter et al. 1998). 

Groundwater can be dramatically affected by human interventions. For instance, groundwater or surface water abstraction can affect groundwater pressure gradients and alter groundwater flow rates and directions. Also, as in rivers, groundwater velocities decrease when water levels are lowered. 

As water moves over the land surface and through soils and rock, including through an aquifer, it picks up numerous dissolved substances and fine particulate matter, including bacteria and other microscopic organisms. Although there may be some physical filtration and chemical transformations en route to and within an aquifer, most of these substances enter the groundwater. 

Thus, land-use activities can markedly change the quantities and types of dissolved and fine particulate matter entering groundwater, and these substances may have important effects on groundwater quality. 

Unlike surface water bodies, there are no photosynthetic plants in aquifers because there is no sunlight for their growth. Most life in aquifers, therefore, depends upon energy from surface environments, mostly imported as dissolved organic carbon (DOC). In special situations, plant roots may contribute organic carbon directly to groundwater.

Oxygen is another dissolved substance important for sustaining healthy aquatic ecosystems in many aquifers, as well as strongly influencing biogeochemical processes within an aquifer. It is carried into an aquifer by recharge water. Without photosynthesis and direct mixing with air, there is little or no re-oxygenation of groundwater within an alluvial aquifer. Consequently, dissolved oxygen concentrations tend to decrease with groundwater’s time underground and along an aquifer’s flow path (Griebler 2001, Helton et al. 2012) (except in limestone (or karst) systems). Deeper aquifers containing older groundwater tend to have little (hypoxic) or no (anoxic) dissolved oxygen.

[bookmark: _Toc501023521]Groundwater biodiversity and groundwater-dependent ecosystems

Most shallow aquifers support significant biodiversity. Bacteria, Fungi and Archaea (microbes) are amongst the most universal forms of life, and inhabit almost all aquatic habitats, including both oxic and anoxic aquifers. 

Aquifers throughout New Zealand, including within the Canterbury Region, contain significant biodiversity. Research shows a high microbial biodiversity (>250 likely species) in New Zealand aquifers (Van Bekkum et al. 2006, Sirisena 2014, Sirisena et al. 2014).

Bacteria and other microbes in groundwater are mostly closely associated with biofilms, thin layers of bacteria and self-produced organic (polymeric) substances (Brunke & Gosner 1997) that coat essentially all surfaces (clay grains to boulders) within an aquifer.

The composition of these microbial communities appears determined primarily by the availability of dissolved oxygen within the aquifer (Griebler 2001). These different microbial communities profoundly affect groundwater quality by transforming dissolved substances into different chemicals, depending on oxygen availability (Chapelle 2000, Griebler 2001). 

Animal life (unicellular Protozoa and multicellular metazoan invertebrates) also inhabits aquifers world-wide (Griebler & Lueders 2009). Groundwater metazoans, referred to as stygofauna (Humphreys 2000), are invertebrates adapted to life underground (i.e., no body pigments, no or reduced eyes, elongated bodies, elongated antennae) (Gibert et al. 1994, Coineau 2000, Gibert 2001). Small body size is another adaptation to subsurface, interstitial life, but some New Zealand stygofaunal macroinvertebrates grow to 20 mm long (Wilson & Fenwick 1999).

New Zealand’s stygofauna is widespread and diverse. Exploratory collecting revealed stygofauna in aquifers throughout the country (Fenwick 2000). More than 50 species are known from one intensively investigated shallow alluvial aquifer (the Selwyn) in Canterbury (Fenwick 2016). Several species are known from the Waimea aquifer near Nelson and the five known collections from the Wellington Region contained four species of stygofaunal amphipods.

Soon to be published research funded under the New Zealand’s Biological Heritage National Science Challenge used genetic techniques to explore the extent and spatial scale of two groups of common stygofauna. Results showed that most species are short-range endemics, restricted to individual aquifers. Large numbers of different stygofaunal invertebrate species new to science were identified in the three Canterbury aquifers investigated (Ashley-Waimakariri, Central Canterbury, Rangitata-Hinds), as well as in aquifers in the other three regions investigated (Southland, Tasman, Hawkes Bay).

New Zealand’s stygofauna comprises genera and species mostly endemic to this country (Scarsbrook et al. 2003). It includes some remarkable, ancient lineages (e.g., Barnard & Barnard 1983) moulded by our land’s unique geological history, similar to those of weta, tuatara and kiwi. 

Stygofauna appears restricted to oxygenated (oxic to hypoxic) aquifer habitats. The presence of macroinvertebrate stygofauna in anoxic aquifers in New Zealand is poorly known.

Groundwater life is rarely seen because these environments are difficult to access and because wells or bores are usually designed to exclude all but water. Because groundwater biodiversity is largely hidden and difficult to access, there is limited understanding of the extent of groundwater biodiversity and its contribution to the ecology of fresh waters (Gibert et al. 1994).

Despite this very incomplete knowledge, it is now well-established that life in an aquifer comprises a natural, functioning ecosystem, termed a subsurface groundwater-dependent ecosystem (GE)(DLWC 2002, Serov et al. 2012, Fenwick et al. 2018). GEs are communities of microbes and stygofauna that interact with each other and with their non-living environment, performing natural ecological processes in the absence of light. 

[bookmark: _Toc501023522]Groundwater ecosystem services

As part of their natural functioning, these GEs modify their environment, providing ecosystem services that benefit the wider environment and humans. Biofilms within alluvial aquifers capture and process dissolved and fine particulate organic matter (including bacteria)(DOC), a vital part of natural bioremediation or cleansing that occurs in aquifers (Chapelle 2000, Handley et al. 2013, 2015, Wrighton et al. 2014). These biofilms utilise DOC and other substances, resulting in net losses of carbon from the ecosystem via aerobic respiration (Williamson et al. 2012, Di Lorenzo & Galassi 2013, Wrighton et al. 2014). 

Biofilm bacteria also transform several other substances that would otherwise degrade water quality (e.g., polyaromatic hydrocarbons, such as naphthalene, from coal, tar and incomplete combustion of organic matter (Madsen et al. 1991)). In particular, they also facilitate denitrification, the transformation of nitrate into nitrogen. Bacterial denitrification appears to occur principally at hypoxic to anoxic microsites within aerobic aquifers (e.g., Koba et al. 1997, Gold et al. 1998, Rivett et al. 2008), and can result in significant (mean 50%, range: 29-75%) nitrate attenuation within some aquifers (e.g., Stenger et al. 2013, Elwan et al. 2015).

The stygofauna delivers additional ecosystem services. Stygofauna ingest biofilm and digest bacteria (Sinton 1984, Fenwick et al. 2004), keeping finer aquifer pore spaces open and water flowing through these pore spaces (Boulton et al. 2008). 

While grazing biofilm and moving within an aquifer, stygofauna mechanically tills or disturbs the aquifer particles, turning them, eating and abrading adhering biofilm, reworking and repositioning finer particles, and probably altering sediment matrices (Fenwick et al. 2004). This process, termed bioturbation and widely known in aquatic ecosystems (e.g., Mermillod-Blondin 2004, Wilkinson et al. 2009, Kristensen et al. 2012), is akin to the role of earthworms in healthy soils. In groundwater, bioturbation both stimulates microbial activity, which biogeochemically transforms contaminants, and reduces any clogging, which facilitates water flows (bioirrigation) that replenish dissolved oxygen (bioaeration) (Boulton et al. 2008) and maintain aerobic, oxidising conditions and higher water quality.

The overall effects of these GE processes, termed ecosystem services, include improving groundwater quality and its suitability for human uses, and maintaining an aquifers’ ability to conduct water and its yield of water for abstraction. These effects sustain many of the human values associated with groundwater, notably human health and economic values. These effects also contribute to the natural and human values associated with many rivers and streams, which receive smaller to larger contributions from groundwater.

[bookmark: _Toc501023523]Threats to GEs and groundwater values

Surface water quality is well-known to affect aquatic ecosystem health (AEH), with numerous dissolved and suspended substances degrading AEH when beyond critical limits (shortages and over-supplies) (e.g., Hynes 1972, Davies-Colley & Wilcock 2004). This applies equally to groundwater and GE AEH (e.g., Notenboon et al. 1994, Korbel et al. 2013, Korbel & Hose 2015, Espanol et al. 2017).

As with surface water ecosystems, there is good evidence that human land-use activities frequently affect GE health by changing water quality and/or groundwater hydrology (e.g., Sinton 1984, Boulton et al. 2008, Stein et al. 2010, Hartland et al. 2011, Di Lorenzo & Galassi 2013, Korbel et al. 2013). 

Harmful concentrations of common freshwater pollutants are known for many surface water organisms and habitats, and there are established limits or guideline concentrations for several common contaminants for sustaining the ecological health of surface water ecosystems. 

Such limits have not been determined for GEs because harmful concentrations of common pollutants (e.g., nitrates) are unknown for any stygofauna world-wide and in New Zealand. One study indicated that stygofauna were more sensitive to some pollutants than their surface water equivalents (Mosslacher 2000), but robust evidence is largely lacking.

Surface water ecosystem health limits, guideline or trigger concentrations (concentrations above which harmful effects are likely, and the converse for other substances, e.g., dissolved oxygen) are based mostly on toxicities of individual substances to readily accessible species, and usually include some species known to be more sensitive than others (e.g., Hickey 2016). They tend to overlook sublethal effects, some of which interfere with natural reproduction and other important physiological or behavioural processes (e.g., Hickey 2016). 

Surface AEH guideline concentrations usually overlook any combined or synergistic effects of contaminants on individual species, although there is some recent information on the effects of some substances in reducing toxicity (e.g., nitrate toxicity is reduced in hard water or when chloride is present) (Hickey 2016).

Guideline or trigger concentrations based on toxicities for selected species have unknown relationships to ecosystem health. However, a conservative approach dictates that ecosystem health is best assured by maintaining ambient contaminant concentrations well below known toxic concentrations, and below those known to induce sublethal effects on any of its species.

Nitrate is a key contaminant of aquifers in the Canterbury Region, where high concentrations of nitrate can occur in groundwater over large areas (Hayward & Hansen 2004) and persist for decades (Stewart et al. 2011). 

Although there is no unequivocal evidence that nitrate is harmful to stygofauna and GEs, its widely known toxicity to surface water invertebrates at low concentrations (e.g., Hickey 2013b, MfE 2017) almost certainly means that nitrate is similarly harmful to GE health. 

 The physiology of crustaceans, the dominant invertebrates in most GEs, is impaired by nitrate (and its other hypoxic states: nitrite and ammonia) (Alonso & Camargo 2003, 2006, Soucek & Dickinson 2012, Hickey 2013a). Some evidence indicates that crustaceans are more sensitive than other invertebrate groups to nitrate, whereas other evidence suggests the opposite (e.g., Soucek & Dickinson 2012).

Reduced oxygen concentrations appear to act synergistically with nitrite and with ammonia (NH3) (nitrate is generally reduced to these substances in low oxygen environments) to affect the physiology crustaceans in acute, six-hour exposure (Broughton et al. in prep.). Thus, low dissolved oxygen concentrations in groundwater probably exacerbate the effect of chronic exposure to nitrite and ammonia on at least some stygofauna. 

This information indicates the need for conservative limits for nitrate (and nitrite) in groundwater, as well as managing groundwater to sustain near-natural dissolved oxygen concentrations.

Dissolved oxygen is essential for sustaining most stygofauna and aerobic GE health. Its concentrations differ naturally between aquifers, are typically moderate to low in most aquifers, and some groundwaters lack dissolved oxygen (i.e., are anoxic) (Rosen 2001). Concentrations within most shallower aquifers vary seasonally and spatially (e.g., Larned et al. 2015) and generally decrease along an aquifer’s flow-path. 

 Because there is very limited re-oxygenation of water within an aquifer (Boulton et al. 2008), changes in groundwater velocity will affect ambient dissolved oxygen concentrations (Hoehn 2001). 

Water level differences or hydrostatic gradients drive velocities of water movement through an aquifer. Thus, reduced groundwater levels, caused by reduced recharge and/or groundwater abstraction, can result in slower replenishment and lower dissolved oxygen (and DOC) concentrations, potentially compromising GE health.

Most groundwater is naturally low in available food (DOC) (e.g., Coineau 2000, Poulson & Lavoie 2000, Williamson et al. 2012, Larned et al. 2015). Beyond some undefined limits, increased DOC and/or reduced oxygen availability will affect the ability of stygofauna to control biofilm development (Boulton et al. 2008). Uncontrolled growth of biofilm may clog progressively larger pore spaces within an aquifer, reducing water velocities and dissolved oxygen replenishment, at least at finer scales (Baveye et al. 1998, Seifert & Engesgaard 2007, Bottero et al. 2013). 

A shift towards hypoxic and anoxic conditions will change microbial communities (e.g., Cheung et al. 2014), favouring bacteria that use different metabolic pathways and produce different respiratory end-products (i.e., from CO2 to H2S) (Chapelle 2000). Such changes may significantly degrade water quality, initially at smaller (<10-100 mm) scales. Conceivably, this process, unchecked, may compromise the health of larger parts of a GE, degrade water quality further and reduce groundwater yield from the aquifer (Boulton et al. 2008, Fenwick 2016, Fenwick et al. 2018).

Figure 1 illustrates the ecological functioning of GEs and how different land-use activities may affect this functioning and its delivery of ecosystem services.



[image: ]



Figure 1. Potential direct and indirect effects of human activities on groundwater ecosystem functioning. Blue boxes, ecohydraulic effects; violet box, dissolved oxygen (DO); brown boxes, dissolved nutrients; green boxes, ecosystem biota. Blue arrows, direct effects; orange arrows, negative effects; paired red-blue arrows indicate potential subsidy-stress effects. Respiratory by-products in red, toxic at low concentrations. From: Fenwick et al. (2018).

[bookmark: _Toc501023524]

[bookmark: _Toc45887195]NATIONAL DIRECTIVES FOR PROTECTING GROUNDWATER BIODIVERSITY AND ECOSYSTEMS

New Zealand’s groundwater biodiversity has a high intrinsic value because of its global uniqueness and it ancient origins (e.g., Barnard & Barnard 1983). Although poorly known, Canterbury’s groundwater biodiversity is a significant subset of this globally important groundwater biodiversity. 

Even though the biodiversity within New Zealand’s aquifers is poorly known, the New Zealand Conservation Act 1987 and the New Zealand Biodiversity Strategy require regional councils to ensure that the intrinsic and other values of all biodiversity (including that of “underground aquifers”) are adequately maintained and safeguarded for future generations (DoC 2000: 45). 

The ecosystem services delivered by groundwater biodiversity are integral to sustaining groundwater and surface water resources, cultural identities and economies at local, regional and national levels (e.g., Boulton et al. 2008, Fenwick 2016, Robertson et al. 2017).

The Resource Management Act 1991 (and amendments) requires regional councils to ensure the sustainability of these ecosystem services (safeguard “the life-supporting capacity of air, water, soil, and ecosystems” by “avoiding, remedying, or mitigating any adverse effects of activities on the environment” to ensure that the needs of future generations are met (NZG 1991: Section 5).

Currently, there are no national numerical directives (defined concentrations) specifically for managing GEs for aquatic ecosystem health (AEH). However, the Ministry for the Environment’s National Policy Statement for Freshwater Management 2017 (MfE 2017)(and its precursor (MfE 2014) explicitly includes aquifers as “freshwater” (p. 4) and implicitly throughout the NPS-FM as “water”, “fresh water”, “freshwater resources”, “the resource”, “water body”, “waterway”, “freshwater management unit” (MfE 2017: 4, 5, 7-10). The repeated use of “associated ecosystem” (or similar) within Objectives A1, B1, C1 and D1, and their associated policies, is a clear signal that GEs are within the scope of this policy statement, and no less important than surface water bodies. Certainly, there is no exclusion of aquifers, groundwaters or GEs, either explicit or implied.

The NPS-FM Appendix 1 sets out national values and uses for freshwater, which explicitly includes “aquifer” as one “freshwater body type” (MfE 2017: 26). These compulsory national values for ecosystem health are:

· [bookmark: _Ref490126944]The freshwater management unit supports a healthy ecosystem appropriate to that freshwater body type (river, lake, wetland, or aquifer). 

· In a healthy freshwater ecosystem ecological processes are maintained, there is a range and diversity of indigenous flora and fauna, and there is resilience to change.

· [bookmark: _Ref490126959]Matters to take into account for a healthy freshwater ecosystem include the management of adverse effects on flora and fauna of contaminants, changes in freshwater chemistry, excessive nutrients, algal blooms, high sediment levels, high temperatures, low oxygen, invasive species, and changes in flow regime. Other matters to take into account include the essential habitat needs of flora and fauna and the connections between water bodies. 

[bookmark: _Toc45887196]REGIONAL DIRECTIVES FOR PROTECTING GROUNDWATER BIODIVERSITY AND ECOSYSTEMS

The Vision Statement for Canterbury’s biodiversity strategy states that the “Canterbury community values and cares for the region’s biodiversity and accepts the shared responsibility to work together to ensure it is sustained and enhanced, both now and into the future” (ECan 2008: 4). Its stated outcome is that “there is a full range of healthy ecosystems stretching from the mountains to the sea, reﬂecting the unique and diverse natural character of the Canterbury region” (ECan 2008: 4). No exception is made for aquifers or groundwater biodiversity or GEs.

Goal 1 of the region’s biodiversity strategy (“Protect and maintain the health of all signiﬁcant habitats and ecosystems”, ECan 2008: 5) similarly requires that aquifers and groundwater ecosystems are protected and their ecological health sustained.

These aspirations and goals are entirely appropriate, yet there is no evidence that they have been considered for groundwater in PPC7. There also is scant evidence that this vision and outcome have been considered for groundwaters within the Canterbury Land and Water Regional Plan generally. 

[bookmark: _Toc45887197]CONCLUSIONS

[bookmark: _Ref490475081][bookmark: _Ref490475065][bookmark: _Ref490062174]For these reasons, I consider that groundwater biodiversity and ecosystems in the Canterbury Region require specific consideration and protection in Proposed Plan Change 7, as well as in the Land and Water Regional Plan, as a whole. Groundwater is the region’s largest freshwater body, comprises the region’s largest freshwater ecosystem. Continuing to manage it without due regard to its rich and largely endemic biodiversity, and to the substantial ecosystem services that it delivers is untenable. 

The changes sought within my submission are a start to redressing this major oversight in management of Canterbury’s water. 

[bookmark: _bookmark7][bookmark: _Toc501023529][bookmark: _Toc45887198]


RESPONSES TO OFFICER’S SECTION 42A REPORT

[bookmark: _Toc45887199]Definitions: 2.9

Section 2.9: I am comfortable with the Section 42A report’s response to my concerns on definitions. 

Section 4, Table 1: I accept that the addition of a table of Freshwater Outcomes for Canterbury Groundwater is beyond the scope of PPC7.

[bookmark: _Toc45887200]Managed Aquifer Recharge: 4.99-100, 5.191

Because PPC7 will establish MAR as a discretionary activity within the region, it should seek to protect and sustain groundwater biodiversity and GE function, in order to be consistent with and implement the New Zealand and Canterbury biodiversity strategies.

Section 42A Report, 7.56: The concern is for direct or indirect connections between hydraulically separated aquifers. The analysis notes that “the proposed MAR provisions do not provide for the transfer of groundwater from one aquifer to another” (i.e, direct transfer or direct connection). The matter of indirect connections (i.e., via surface waters) is not addressed. 

Most shallower aquifers in Canterbury are directly connected to adjacent surface streams or rivers. Thus, any diversion of surface water from above one shallow aquifer to a hydraulically separate aquifer will create an indirect connection between the two aquifers. Because most organisms migrate to inhabit all available habitat (many land plants and animals even cross oceans), some stygofauna species from the aquifer beneath the source stream inevitably will migrate along the surface water channel, probably within the bed, to colonise the recipient aquifer.  

For this reason, proposed policy 4.99 should include a further condition, such as that in my submission: “h. Adverse effects on the biodiversity and/or ecosystem functioning within the recharged aquifer from potentially invasive (exotic or indigenous) species are eliminated”.

Similarly, the exercise of discretion under proposed Rule 5.191 should include protection of groundwater biodiversity and ecosystems. A condition similar to that suggested in my submission seems entirely appropriate: “16. Any adverse effects on groundwater biodiversity, endemic groundwater biodiversity and/or on groundwater ecosystem functioning”. 

I acknowledge that the science of assessing groundwater biodiversity, groundwater ecosystems and their ecological health is poorly developed (S42A: 7.59). The note that “there is no plausible direct means to evaluate or quantify the positive or negative ‘effects’ on groundwater ecosystems relative to the use of MAR” (7.59) is open to debate. I believe that there are methods available that could be readily tested and adapted by appropriately skilled researchers with modest resourcing (e.g., detailed biological water quality profiling, DNA barcoding, environmental DNA, Groundwater Health Index (Korbel & Hose 2017)). At the least, some expert, desk-top assessment by a qualified (some experience with groundwater biodiversity and/or ecology) biologist/ecologist seems prudent.

Water quality measurement and monitoring (S42A: 7.60) can assist with assessing potential and actual effects, but, by no means, can it usefully quantify effects on biodiversity or ecosystem functioning (unless there are very large changes in water quality). The usual substances measured in groundwater must be expanded to include dissolved oxygen and dissolved organic carbon, as well as those other substances typically monitored for stream health assessment. 

Schedule 32.2.b.iv: Agreed, mapping boundaries between separate aquifers can be deleted.

Schedule 32.5: An explicit requirement to assess the actual and potential effects on biodiversity and ecosystem functioning seems essential under the New Zealand and regional biodiversity strategies, as well as under clauses of the Land and Water Regional Plan (see Section 1.3.3 of PPC7). 





[bookmark: _Toc45887201]
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4.

Technical: Water quality

INTRODUCTION

My name is Graham David Fenwick. | am a biologist with over 40 years’
experience as a practicing researcher. My academic qualifications are a
BSc, MSc and PhD, all in aquatic ecology, and a post-graduate Diploma
of Business Administration. | have worked for NIWA as a scientist for 20
years (since 1998), latterly in the role of Assistant Regional Manager,
Christchurch, and now mostly retired. | have also worked as a
biodiversity scientist involved in environmental investigations for
Memorial University of Newfoundland (Canada), the Australian Museum
(Sydney), and the University of Canterbury. My specialist areas are

aquatic invertebrate biodiversity and the ecology of aquatic sediments.

CODE OF CONDUCT

| have read the Environment Court of New Zealand Practice Note 2014
and have prepared this evidence in accordance with it. My evidence in
this statement is within my area of expertise. | have not omitted to
consider all material facts known to me that might alter or detract from
the opinions which | express. | have qualified my opinions wherever |

consider there is uncertainty.

SCOPE
| have provided evidence on the following specific matters:

(a) Technical background on groundwater biodiversity and

ecosystems, and
(b) National directives for protecting groundwater ecosystems.
(c) Responses to the Section 42A Officers’ Report.

TECHNICAL BACKGROUND ON GROUNDWATER

Definition of groundwater

41

Groundwater is all water that occurs below the ground surface for either
brief times or longer durations (Fenwick 2016). Groundwater can occur in
the pore spaces between the grains of unconsolidated sediments, such
as sand or gravel. Groundwater also occurs in the fractures of
consolidated rock. Geological formations (e.g., sedimentary deposits,
fractured bedrock, eroded limestone) that hold or transmit groundwater

are termed aquifers. For the purposes of this evidence, groundwater is
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all water within an aquifer.

Groundwater originates from the passage of surface water into aquifers,
a process referred to as recharge. A significant fraction of groundwater
is recharged from rainfall that seeps through soil into aquifers. Another
significant fraction of groundwater is recharged from rivers, where river
water seeps through the river bed into an underlying aquifer.
Groundwater can also be recharged during irrigation or other agricultural

or industrial land-use practices.

Groundwater within the saturated zone (part of an aquifer filled with
water) flows through small or large spaces (interstices, pores, cracks,
cavities, etc., <1 mm to >100 mm) from higher to lower elevations and
pressures (i.e., along hydrostatic gradients). In some cases,
groundwater may be trapped in an aquifer and remain underground

indefinitely.

The process by which water from an aquifer enters or becomes a surface
water body is known as groundwater discharge. Human extraction of
groundwater from aquifers, for example for irrigation or water supply, is

also a form of discharge that is often termed abstraction.

Groundwater attributes

4.5

4.6

4.7

Groundwater and surface water are best regarded as dynamically
interconnected parts of a single water resource, but interactions between
the two vary widely in timing, rate, volume and location, even within small
sub-catchments (Hatton & Evans 1998, Winter et al. 1998).

Groundwater can be dramatically affected by human interventions. For
instance, groundwater or surface water abstraction can affect
groundwater pressure gradients and alter groundwater flow rates and
directions. Also, as in rivers, groundwater velocities decrease when water

levels are lowered.

As water moves over the land surface and through soils and rock,
including through an aquifer, it picks up numerous dissolved substances
and fine particulate matter, including bacteria and other microscopic
organisms. Although there may be some physical filtration and chemical

transformations en route to and within an aquifer, most of these
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substances enter the groundwater.

Thus, land-use activities can markedly change the quantities and types of
dissolved and fine particulate matter entering groundwater, and these

substances may have important effects on groundwater quality.

Unlike surface water bodies, there are no photosynthetic plants in
aquifers because there is no sunlight for their growth. Most life in
aquifers, therefore, depends upon energy from surface environments,
mostly imported as dissolved organic carbon (DOC). In special
situations, plant roots may contribute organic carbon directly to

groundwater.

Oxygen is another dissolved substance important for sustaining healthy
aquatic ecosystems in many aquifers, as well as strongly influencing
biogeochemical processes within an aquifer. It is carried into an aquifer
by recharge water. Without photosynthesis and direct mixing with air,
there is little or no re-oxygenation of groundwater within an alluvial
aquifer. Consequently, dissolved oxygen concentrations tend to decrease
with groundwater’s time underground and along an aquifer’s flow path
(Griebler 2001, Helton et al. 2012) (except in limestone (or karst)
systems). Deeper aquifers containing older groundwater tend to have

little (hypoxic) or no (anoxic) dissolved oxygen.

Groundwater biodiversity and groundwater-dependent ecosystems

4.1

412

4.13

Most shallow aquifers support significant biodiversity. Bacteria, Fungi and
Archaea (microbes) are amongst the most universal forms of life, and
inhabit almost all aquatic habitats, including both oxic and anoxic

aquifers.

Aquifers throughout New Zealand, including within the Canterbury
Region, contain significant biodiversity. Research shows a high microbial
biodiversity (>250 likely species) in New Zealand aquifers (Van Bekkum
et al. 2006, Sirisena 2014, Sirisena et al. 2014).

Bacteria and other microbes in groundwater are mostly closely
associated with biofilms, thin layers of bacteria and self-produced
organic (polymeric) substances (Brunke & Gosner 1997) that coat

essentially all surfaces (clay grains to boulders) within an aquifer.

PAGE 5 OF 22



4.14

4.15

4.16

417

4.18

Technical: Water quality

The composition of these microbial communities appears determined
primarily by the availability of dissolved oxygen within the aquifer
(Griebler 2001). These different microbial communities profoundly affect
groundwater quality by transforming dissolved substances into different
chemicals, depending on oxygen availability (Chapelle 2000, Griebler
2001).

Animal life (unicellular Protozoa and multicellular metazoan
invertebrates) also inhabits aquifers world-wide (Griebler & Lueders
2009). Groundwater metazoans, referred to as stygofauna (Humphreys
2000), are invertebrates adapted to life underground (i.e., no body
pigments, no or reduced eyes, elongated bodies, elongated antennae)
(Gibert et al. 1994, Coineau 2000, Gibert 2001). Small body size is
another adaptation to subsurface, interstitial life, but some New Zealand
stygofaunal macroinvertebrates grow to 20 mm long (Wilson & Fenwick
1999).

New Zealand'’s stygofauna is widespread and diverse. Exploratory
collecting revealed stygofauna in aquifers throughout the country
(Fenwick 2000). More than 50 species are known from one intensively
investigated shallow alluvial aquifer (the Selwyn) in Canterbury (Fenwick
2016). Several species are known from the Waimea aquifer near Nelson
and the five known collections from the Wellington Region contained four

species of stygofaunal amphipods.

Soon to be published research funded under the New Zealand’s
Biological Heritage National Science Challenge used genetic techniques
to explore the extent and spatial scale of two groups of common
stygofauna. Results showed that most species are short-range
endemics, restricted to individual aquifers. Large numbers of different
stygofaunal invertebrate species new to science were identified in the
three Canterbury aquifers investigated (Ashley-Waimakariri, Central
Canterbury, Rangitata-Hinds), as well as in aquifers in the other three

regions investigated (Southland, Tasman, Hawkes Bay).

New Zealand’s stygofauna comprises genera and species mostly
endemic to this country (Scarsbrook et al. 2003). It includes some

remarkable, ancient lineages (e.g., Barnard & Barnard 1983) moulded by
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our land’s unique geological history, similar to those of weta, tuatara and

Kiwi.

Stygofauna appears restricted to oxygenated (oxic to hypoxic) aquifer
habitats. The presence of macroinvertebrate stygofauna in anoxic
aquifers in New Zealand is poorly known.

Groundwater life is rarely seen because these environments are difficult
to access and because wells or bores are usually designed to exclude all
but water. Because groundwater biodiversity is largely hidden and
difficult to access, there is limited understanding of the extent of
groundwater biodiversity and its contribution to the ecology of fresh
waters (Gibert et al. 1994).

Despite this very incomplete knowledge, it is now well-established that
life in an aquifer comprises a natural, functioning ecosystem, termed a
subsurface groundwater-dependent ecosystem (GE)(DLWC 2002,
Serov et al. 2012, Fenwick et al. 2018). GEs are communities of
microbes and stygofauna that interact with each other and with their non-
living environment, performing natural ecological processes in the

absence of light.

Groundwater ecosystem services

4.22

4.23

As part of their natural functioning, these GEs modify their environment,
providing ecosystem services that benefit the wider environment and
humans. Biofilms within alluvial aquifers capture and process dissolved
and fine particulate organic matter (including bacteria)(DOC), a vital part
of natural bioremediation or cleansing that occurs in aquifers (Chapelle
2000, Handley et al. 2013, 2015, Wrighton et al. 2014). These biofilms
utilise DOC and other substances, resulting in net losses of carbon from
the ecosystem via aerobic respiration (Williamson et al. 2012, Di Lorenzo
& Galassi 2013, Wrighton et al. 2014).

Biofilm bacteria also transform several other substances that would
otherwise degrade water quality (e.g., polyaromatic hydrocarbons, such
as naphthalene, from coal, tar and incomplete combustion of organic
matter (Madsen et al. 1991)). In particular, they also facilitate

denitrification, the transformation of nitrate into nitrogen. Bacterial
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denitrification appears to occur principally at hypoxic to anoxic microsites
within aerobic aquifers (e.g., Koba et al. 1997, Gold et al. 1998, Rivett et
al. 2008), and can result in significant (mean 50%, range: 29-75%) nitrate
attenuation within some aquifers (e.g., Stenger et al. 2013, Elwan et al.
2015).

The stygofauna delivers additional ecosystem services. Stygofauna
ingest biofilm and digest bacteria (Sinton 1984, Fenwick et al. 2004),
keeping finer aquifer pore spaces open and water flowing through these

pore spaces (Boulton et al. 2008).

While grazing biofilm and moving within an aquifer, stygofauna
mechanically tills or disturbs the aquifer particles, turning them, eating
and abrading adhering biofilm, reworking and repositioning finer particles,
and probably altering sediment matrices (Fenwick et al. 2004). This
process, termed bioturbation and widely known in aquatic ecosystems
(e.g., Mermillod-Blondin 2004, Wilkinson et al. 2009, Kristensen et al.
2012), is akin to the role of earthworms in healthy soils. In groundwater,
bioturbation both stimulates microbial activity, which biogeochemically
transforms contaminants, and reduces any clogging, which facilitates
water flows (bioirrigation) that replenish dissolved oxygen (bioaeration)
(Boulton et al. 2008) and maintain aerobic, oxidising conditions and

higher water quality.

The overall effects of these GE processes, termed ecosystem services,
include improving groundwater quality and its suitability for human uses,
and maintaining an aquifers’ ability to conduct water and its yield of water
for abstraction. These effects sustain many of the human values
associated with groundwater, notably human health and economic
values. These effects also contribute to the natural and human values
associated with many rivers and streams, which receive smaller to larger

contributions from groundwater.

Threats to GEs and groundwater values

4.27

Surface water quality is well-known to affect aquatic ecosystem health
(AEH), with numerous dissolved and suspended substances degrading
AEH when beyond critical limits (shortages and over-supplies) (e.g.,

Hynes 1972, Davies-Colley & Wilcock 2004). This applies equally to
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groundwater and GE AEH (e.g., Notenboon et al. 1994, Korbel et al.
2013, Korbel & Hose 2015, Espanol et al. 2017).

As with surface water ecosystems, there is good evidence that human
land-use activities frequently affect GE health by changing water quality
and/or groundwater hydrology (e.g., Sinton 1984, Boulton et al. 2008,
Stein et al. 2010, Hartland et al. 2011, Di Lorenzo & Galassi 2013, Korbel
et al. 2013).

Harmful concentrations of common freshwater pollutants are known for
many surface water organisms and habitats, and there are established
limits or guideline concentrations for several common contaminants for

sustaining the ecological health of surface water ecosystems.

Such limits have not been determined for GEs because harmful
concentrations of common pollutants (e.g., nitrates) are unknown for any
stygofauna world-wide and in New Zealand. One study indicated that
stygofauna were more sensitive to some pollutants than their surface
water equivalents (Mosslacher 2000), but robust evidence is largely

lacking.

Surface water ecosystem health limits, guideline or trigger concentrations
(concentrations above which harmful effects are likely, and the converse
for other substances, e.g., dissolved oxygen) are based mostly on
toxicities of individual substances to readily accessible species, and
usually include some species known to be more sensitive than others
(e.g., Hickey 2016). They tend to overlook sublethal effects, some of
which interfere with natural reproduction and other important

physiological or behavioural processes (e.g., Hickey 2016).

Surface AEH guideline concentrations usually overlook any combined or
synergistic effects of contaminants on individual species, although there
is some recent information on the effects of some substances in reducing
toxicity (e.g., nitrate toxicity is reduced in hard water or when chloride is
present) (Hickey 2016).

Guideline or trigger concentrations based on toxicities for selected
species have unknown relationships to ecosystem health. However, a

conservative approach dictates that ecosystem health is best assured by
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maintaining ambient contaminant concentrations well below known toxic
concentrations, and below those known to induce sublethal effects on

any of its species.

Nitrate is a key contaminant of aquifers in the Canterbury Region, where
high concentrations of nitrate can occur in groundwater over large areas

(Hayward & Hansen 2004) and persist for decades (Stewart et al. 2011).

Although there is no unequivocal evidence that nitrate is harmful to
stygofauna and GEs, its widely known toxicity to surface water
invertebrates at low concentrations (e.g., Hickey 2013b, MfE 2017)

almost certainly means that nitrate is similarly harmful to GE health.

The physiology of crustaceans, the dominant invertebrates in most GEs,
is impaired by nitrate (and its other hypoxic states: nitrite and ammonia)
(Alonso & Camargo 2003, 2006, Soucek & Dickinson 2012, Hickey
2013a). Some evidence indicates that crustaceans are more sensitive
than other invertebrate groups to nitrate, whereas other evidence

suggests the opposite (e.g., Soucek & Dickinson 2012).

Reduced oxygen concentrations appear to act synergistically with nitrite
and with ammonia (NHs3) (nitrate is generally reduced to these
substances in low oxygen environments) to affect the physiology
crustaceans in acute, six-hour exposure (Broughton et al. in prep.). Thus,
low dissolved oxygen concentrations in groundwater probably exacerbate
the effect of chronic exposure to nitrite and ammonia on at least some

stygofauna.

This information indicates the need for conservative limits for nitrate (and
nitrite) in groundwater, as well as managing groundwater to sustain near-

natural dissolved oxygen concentrations.

Dissolved oxygen is essential for sustaining most stygofauna and aerobic
GE health. Its concentrations differ naturally between aquifers, are
typically moderate to low in most aquifers, and some groundwaters lack
dissolved oxygen (i.e., are anoxic) (Rosen 2001). Concentrations within
most shallower aquifers vary seasonally and spatially (e.g., Larned et al.

2015) and generally decrease along an aquifer’s flow-path.
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Because there is very limited re-oxygenation of water within an aquifer
(Boulton et al. 2008), changes in groundwater velocity will affect ambient

dissolved oxygen concentrations (Hoehn 2001).

Water level differences or hydrostatic gradients drive velocities of water
movement through an aquifer. Thus, reduced groundwater levels, caused
by reduced recharge and/or groundwater abstraction, can result in slower
replenishment and lower dissolved oxygen (and DOC) concentrations,

potentially compromising GE health.

Most groundwater is naturally low in available food (DOC) (e.g., Coineau
2000, Poulson & Lavoie 2000, Williamson et al. 2012, Larned et al.
2015). Beyond some undefined limits, increased DOC and/or reduced
oxygen availability will affect the ability of stygofauna to control biofilm
development (Boulton et al. 2008). Uncontrolled growth of biofilm may
clog progressively larger pore spaces within an aquifer, reducing water
velocities and dissolved oxygen replenishment, at least at finer scales
(Baveye et al. 1998, Seifert & Engesgaard 2007, Bottero et al. 2013).

A shift towards hypoxic and anoxic conditions will change microbial
communities (e.g., Cheung et al. 2014), favouring bacteria that use
different metabolic pathways and produce different respiratory end-
products (i.e., from CO. to H2S) (Chapelle 2000). Such changes may
significantly degrade water quality, initially at smaller (<10-100 mm)
scales. Conceivably, this process, unchecked, may compromise the
health of larger parts of a GE, degrade water quality further and reduce
groundwater yield from the aquifer (Boulton et al. 2008, Fenwick 2016,
Fenwick et al. 2018).

Figure 1 illustrates the ecological functioning of GEs and how different
land-use activities may affect this functioning and its delivery of

ecosystem services.

PAGE 11 OF 22



Technical: Water quality

Groundwater Recharge: irrigation, Enrichment/ Toxic contaminants
MAR, etc. effluent
Water pressur’el

| L e o I e O S| i [l [
groundwater | |~ T

interface g

drives velocity: ores growth

to flow
Alters bacteria
Alters rate of composition Grazing &
DO replacement Consumes bioturbation
D stimulates
) biofilm
Respiratory Biofilm food

by-products: reductions on Changes Ecww\:w stygofauna
NOB' — N2, NHa*‘ NI-Ig cascade alters composition

2+ Suppresses or
Mn == soluble Mn kills styzofauna —|
-+ T g
Fe = soluble Fe? Influences activity, o < :/
SG. = ==3H’5 alters composition

Suppresses or
alters

microbes

s]

Subsidy-stress
effect

€O, = CH,(methane

Figure 1. Potential direct and indirect effects of human activities on groundwater ecosystem functioning. Blue boxes,
ecohydraulic effects; violet box, dissolved oxygen (DO); brown boxes, dissolved nutrients; green boxes, ecosystem biota.
Blue arrows, direct effects; orange arrows, negative effects; paired red-blue arrows indicate potential subsidy-stress effects.
Respiratory by-products in red, toxic at low concentrations. From: Fenwick et al. (2018).

5. NATIONAL DIRECTIVES FOR PROTECTING GROUNDWATER
BIODIVERSITY AND ECOSYSTEMS

5.1 New Zealand’s groundwater biodiversity has a high intrinsic value
because of its global uniqueness and it ancient origins (e.g., Barnard &
Barnard 1983). Although poorly known, Canterbury’s groundwater
biodiversity is a significant subset of this globally important groundwater

biodiversity.

5.2 Even though the biodiversity within New Zealand’s aquifers is poorly
known, the New Zealand Conservation Act 1987 and the New Zealand
Biodiversity Strategy require regional councils to ensure that the intrinsic
and other values of all biodiversity (including that of “underground
aquifers”) are adequately maintained and safeguarded for future
generations (DoC 2000: 45).

5.3 The ecosystem services delivered by groundwater biodiversity are
integral to sustaining groundwater and surface water resources, cultural
identities and economies at local, regional and national levels (e.g.,
Boulton et al. 2008, Fenwick 2016, Robertson et al. 2017).

5.4 The Resource Management Act 1991 (and amendments) requires
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regional councils to ensure the sustainability of these ecosystem services
(safeguard “the life-supporting capacity of air, water, soil, and
ecosystems” by “avoiding, remedying, or mitigating any adverse effects
of activities on the environment” to ensure that the needs of future
generations are met (NZG 1991: Section 5).

Currently, there are no national numerical directives (defined
concentrations) specifically for managing GEs for aquatic ecosystem
health (AEH). However, the Ministry for the Environment’s National
Policy Statement for Freshwater Management 2017 (MfE 2017)(and its
precursor (MfE 2014) explicitly includes aquifers as “freshwater” (p. 4)
and implicitly throughout the NPS-FM as “water”, “fresh water”,
“freshwater resources”, “the resource”, “water body”, “waterway”,
“freshwater management unit” (MfE 2017: 4, 5, 7-10). The repeated use
of “associated ecosystem” (or similar) within Objectives A1, B1, C1 and
D1, and their associated policies, is a clear signal that GEs are within the
scope of this policy statement, and no less important than surface water
bodies. Certainly, there is no exclusion of aquifers, groundwaters or GEs,

either explicit or implied.

The NPS-FM Appendix 1 sets out national values and uses for
freshwater, which explicitly includes “aquifer” as one “freshwater body
type” (MfE 2017: 26). These compulsory national values for ecosystem

health are:

e The freshwater management unit supports a healthy ecosystem
appropriate to that freshwater body type (river, lake, wetland, or

aquifer).

e In a healthy freshwater ecosystem ecological processes are
maintained, there is a range and diversity of indigenous flora and

fauna, and there is resilience to change.

e Matters to take into account for a healthy freshwater ecosystem
include the management of adverse effects on flora and fauna of
contaminants, changes in freshwater chemistry, excessive
nutrients, algal blooms, high sediment levels, high temperatures,
low oxygen, invasive species, and changes in flow regime. Other

matters to take into account include the essential habitat needs of
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flora and fauna and the connections between water bodies.
REGIONAL DIRECTIVES FOR PROTECTING GROUNDWATER
BIODIVERSITY AND ECOSYSTEMS
The Vision Statement for Canterbury’s biodiversity strategy states that
the “Canterbury community values and cares for the region’s biodiversity
and accepts the shared responsibility to work together to ensure it is
sustained and enhanced, both now and into the future” (ECan 2008: 4).
Its stated outcome is that “there is a full range of healthy ecosystems
stretching from the mountains to the sea, reflecting the unique and
diverse natural character of the Canterbury region” (ECan 2008: 4). No

exception is made for aquifers or groundwater biodiversity or GEs.

Goal 1 of the region’s biodiversity strategy (“Protect and maintain the
health of all significant habitats and ecosystems”, ECan 2008: 5) similarly
requires that aquifers and groundwater ecosystems are protected and

their ecological health sustained.

These aspirations and goals are entirely appropriate, yet there is no
evidence that they have been considered for groundwater in PPC7.
There also is scant evidence that this vision and outcome have been
considered for groundwaters within the Canterbury Land and Water

Regional Plan generally.

CONCLUSIONS

For these reasons, | consider that groundwater biodiversity and
ecosystems in the Canterbury Region require specific consideration and
protection in Proposed Plan Change 7, as well as in the Land and Water
Regional Plan, as a whole. Groundwater is the region’s largest
freshwater body, comprises the region’s largest freshwater ecosystem.
Continuing to manage it without due regard to its rich and largely
endemic biodiversity, and to the substantial ecosystem services that it

delivers is untenable.

The changes sought within my submission are a start to redressing this

major oversight in management of Canterbury’s water.
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RESPONSES TO OFFICER’S SECTION 42A REPORT

Definitions: 2.9

8.1

8.2

Section 2.9: | am comfortable with the Section 42A report’s response to

my concerns on definitions.

Section 4, Table 1: | accept that the addition of a table of Freshwater

Outcomes for Canterbury Groundwater is beyond the scope of PPC?7.

Managed Aquifer Recharge: 4.99-100, 5.191

8.3

8.4

8.5

8.6

8.7

Because PPC7 will establish MAR as a discretionary activity within the
region, it should seek to protect and sustain groundwater biodiversity and
GE function, in order to be consistent with and implement the New

Zealand and Canterbury biodiversity strategies.

Section 42A Report, 7.56: The concern is for direct or indirect
connections between hydraulically separated aquifers. The analysis
notes that “the proposed MAR provisions do not provide for the transfer
of groundwater from one aquifer to another” (i.e, direct transfer or direct
connection). The matter of indirect connections (i.e., via surface waters)

is not addressed.

Most shallower aquifers in Canterbury are directly connected to adjacent
surface streams or rivers. Thus, any diversion of surface water from
above one shallow aquifer to a hydraulically separate aquifer will create
an indirect connection between the two aquifers. Because most
organisms migrate to inhabit all available habitat (many land plants and
animals even cross oceans), some stygofauna species from the aquifer
beneath the source stream inevitably will migrate along the surface water

channel, probably within the bed, to colonise the recipient aquifer.

For this reason, proposed policy 4.99 should include a further condition,
such as that in my submission: “h. Adverse effects on the biodiversity
and/or ecosystem functioning within the recharged aquifer from

potentially invasive (exotic or indigenous) species are eliminated.

Similarly, the exercise of discretion under proposed Rule 5.191 should
include protection of groundwater biodiversity and ecosystems. A
condition similar to that suggested in my submission seems entirely

appropriate: “16. Any adverse effects on groundwater biodiversity,
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endemic groundwater biodiversity and/or on groundwater ecosystem

functioning’”.

| acknowledge that the science of assessing groundwater biodiversity,
groundwater ecosystems and their ecological health is poorly developed
(S42A: 7.59). The note that “there is no plausible direct means to
evaluate or quantify the positive or negative ‘effects’ on groundwater
ecosystems relative to the use of MAR” (7.59) is open to debate. |
believe that there are methods available that could be readily tested and
adapted by appropriately skilled researchers with modest resourcing
(e.g., detailed biological water quality profiling, DNA barcoding,
environmental DNA, Groundwater Health Index (Korbel & Hose 2017)).
At the least, some expert, desk-top assessment by a qualified (some
experience with groundwater biodiversity and/or ecology)

biologist/ecologist seems prudent.

Water quality measurement and monitoring (S42A: 7.60) can assist with
assessing potential and actual effects, but, by no means, can it usefully
quantify effects on biodiversity or ecosystem functioning (unless there
are very large changes in water quality). The usual substances measured
in groundwater must be expanded to include dissolved oxygen and
dissolved organic carbon, as well as those other substances typically

monitored for stream health assessment.

Schedule 32.2.b.iv: Agreed, mapping boundaries between separate

aquifers can be deleted.

Schedule 32.5: An explicit requirement to assess the actual and
potential effects on biodiversity and ecosystem functioning seems
essential under the New Zealand and regional biodiversity strategies, as
well as under clauses of the Land and Water Regional Plan (see Section
1.3.3 of PPCY7).
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	4.12 Aquifers throughout New Zealand, including within the Canterbury Region, contain significant biodiversity. Research shows a high microbial biodiversity (>250 likely species) in New Zealand aquifers (Van Bekkum et al. 2006, Sirisena 2014, Sirisena...
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	4.14 The composition of these microbial communities appears determined primarily by the availability of dissolved oxygen within the aquifer (Griebler 2001). These different microbial communities profoundly affect groundwater quality by transforming di...
	4.15 Animal life (unicellular Protozoa and multicellular metazoan invertebrates) also inhabits aquifers world-wide (Griebler & Lueders 2009). Groundwater metazoans, referred to as stygofauna (Humphreys 2000), are invertebrates adapted to life undergro...
	4.16 New Zealand’s stygofauna is widespread and diverse. Exploratory collecting revealed stygofauna in aquifers throughout the country (Fenwick 2000). More than 50 species are known from one intensively investigated shallow alluvial aquifer (the Selwy...
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	4.19 Stygofauna appears restricted to oxygenated (oxic to hypoxic) aquifer habitats. The presence of macroinvertebrate stygofauna in anoxic aquifers in New Zealand is poorly known.
	4.20 Groundwater life is rarely seen because these environments are difficult to access and because wells or bores are usually designed to exclude all but water. Because groundwater biodiversity is largely hidden and difficult to access, there is limi...
	4.21 Despite this very incomplete knowledge, it is now well-established that life in an aquifer comprises a natural, functioning ecosystem, termed a subsurface groundwater-dependent ecosystem (GE)(DLWC 2002, Serov et al. 2012, Fenwick et al. 2018). GE...
	4.22 As part of their natural functioning, these GEs modify their environment, providing ecosystem services that benefit the wider environment and humans. Biofilms within alluvial aquifers capture and process dissolved and fine particulate organic mat...
	4.23 Biofilm bacteria also transform several other substances that would otherwise degrade water quality (e.g., polyaromatic hydrocarbons, such as naphthalene, from coal, tar and incomplete combustion of organic matter (Madsen et al. 1991)). In partic...
	4.24 The stygofauna delivers additional ecosystem services. Stygofauna ingest biofilm and digest bacteria (Sinton 1984, Fenwick et al. 2004), keeping finer aquifer pore spaces open and water flowing through these pore spaces (Boulton et al. 2008).
	4.25 While grazing biofilm and moving within an aquifer, stygofauna mechanically tills or disturbs the aquifer particles, turning them, eating and abrading adhering biofilm, reworking and repositioning finer particles, and probably altering sediment m...
	4.26 The overall effects of these GE processes, termed ecosystem services, include improving groundwater quality and its suitability for human uses, and maintaining an aquifers’ ability to conduct water and its yield of water for abstraction. These ef...
	4.27 Surface water quality is well-known to affect aquatic ecosystem health (AEH), with numerous dissolved and suspended substances degrading AEH when beyond critical limits (shortages and over-supplies) (e.g., Hynes 1972, Davies-Colley & Wilcock 2004...
	4.28 As with surface water ecosystems, there is good evidence that human land-use activities frequently affect GE health by changing water quality and/or groundwater hydrology (e.g., Sinton 1984, Boulton et al. 2008, Stein et al. 2010, Hartland et al....
	4.29 Harmful concentrations of common freshwater pollutants are known for many surface water organisms and habitats, and there are established limits or guideline concentrations for several common contaminants for sustaining the ecological health of s...
	4.30 Such limits have not been determined for GEs because harmful concentrations of common pollutants (e.g., nitrates) are unknown for any stygofauna world-wide and in New Zealand. One study indicated that stygofauna were more sensitive to some pollut...
	4.31 Surface water ecosystem health limits, guideline or trigger concentrations (concentrations above which harmful effects are likely, and the converse for other substances, e.g., dissolved oxygen) are based mostly on toxicities of individual substan...
	4.32 Surface AEH guideline concentrations usually overlook any combined or synergistic effects of contaminants on individual species, although there is some recent information on the effects of some substances in reducing toxicity (e.g., nitrate toxic...
	4.33 Guideline or trigger concentrations based on toxicities for selected species have unknown relationships to ecosystem health. However, a conservative approach dictates that ecosystem health is best assured by maintaining ambient contaminant concen...
	4.34 Nitrate is a key contaminant of aquifers in the Canterbury Region, where high concentrations of nitrate can occur in groundwater over large areas (Hayward & Hansen 2004) and persist for decades (Stewart et al. 2011).
	4.35 Although there is no unequivocal evidence that nitrate is harmful to stygofauna and GEs, its widely known toxicity to surface water invertebrates at low concentrations (e.g., Hickey 2013b, MfE 2017) almost certainly means that nitrate is similarl...
	4.36  The physiology of crustaceans, the dominant invertebrates in most GEs, is impaired by nitrate (and its other hypoxic states: nitrite and ammonia) (Alonso & Camargo 2003, 2006, Soucek & Dickinson 2012, Hickey 2013a). Some evidence indicates that ...
	4.37 Reduced oxygen concentrations appear to act synergistically with nitrite and with ammonia (NH3) (nitrate is generally reduced to these substances in low oxygen environments) to affect the physiology crustaceans in acute, six-hour exposure (Brough...
	4.38 This information indicates the need for conservative limits for nitrate (and nitrite) in groundwater, as well as managing groundwater to sustain near-natural dissolved oxygen concentrations.
	4.39 Dissolved oxygen is essential for sustaining most stygofauna and aerobic GE health. Its concentrations differ naturally between aquifers, are typically moderate to low in most aquifers, and some groundwaters lack dissolved oxygen (i.e., are anoxi...
	4.40  Because there is very limited re-oxygenation of water within an aquifer (Boulton et al. 2008), changes in groundwater velocity will affect ambient dissolved oxygen concentrations (Hoehn 2001).
	4.41 Water level differences or hydrostatic gradients drive velocities of water movement through an aquifer. Thus, reduced groundwater levels, caused by reduced recharge and/or groundwater abstraction, can result in slower replenishment and lower diss...
	4.42 Most groundwater is naturally low in available food (DOC) (e.g., Coineau 2000, Poulson & Lavoie 2000, Williamson et al. 2012, Larned et al. 2015). Beyond some undefined limits, increased DOC and/or reduced oxygen availability will affect the abil...
	4.43 A shift towards hypoxic and anoxic conditions will change microbial communities (e.g., Cheung et al. 2014), favouring bacteria that use different metabolic pathways and produce different respiratory end-products (i.e., from CO2 to H2S) (Chapelle ...
	4.44 Figure 1 illustrates the ecological functioning of GEs and how different land-use activities may affect this functioning and its delivery of ecosystem services.
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