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1. Abbreviations 
ANZECC  Australian and New Zealand Environment and Conservation Council 
ASSETS  Assessment of Estuarine Trophic Status  
CCC  Criterion Continuous Concentration 
CDOM  coloured dissolved organic matter 
CEC  contaminant of emerging concern 
CEEC  contaminant of emerging environmental concern 
chla  chlorophyll a 
CMA  Coastal Marine Area 
CMC  Criterion Maximum Concentration 
CNLR   critical nutrient loading rate 
DIN  dissolved inorganic nitrogen 
DO  dissolved oxygen 
DON  dissolved organic nitrogen 
DRP  dissolved reactive phosphorus 
DSDE  deeper, subtidal-dominated, estuary 
EC  emerging contaminant 
EOC  emerging organic contaminant 
ERC  Environmental Response Criteria 
ETIT  Estuarine Trophic Index Toolbox 
EU  European Union 
FIB  faecal indicator bacteria 
ICOLL  intermittently closed and open lake or lagoon 
ISQG  Interim Sediment Quality Guideline  
LAWA  Land and Water Aotearoa 
MfE  Ministry for the Environment 
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MPN  most probable number 
MSFD  Marine Strategy Framework Directive  
NEEA  National Estuarine Eutrophication Assessment 
NNE  Nutrient Numeric Endpoints 
NOF  National Objectives Framework 
NPSFM  National Policy Statement for Freshwater Management 
NTU  nephelometric turbidity units 
PAR  photosynthetically available radiation  
SIDE  shallow intertidal dominated estuary 
SOE  state of the environment 
SSC  suspended-sediment concentration 
SSRTRE   shallow, short residence time tidal river, and tidal river with adjoining lagoon, estuary 
TN  total nitrogen 
TP  total phosphorus 
TSS  total suspended solids 
WFD  Water Framework Directive 
WRC  Waikato Regional Council 
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2. Introduction 
Waikato Regional Council (WRC) is planning science needed to support review of the Regional Coastal Plan.  
There are four workstreams:  

1. coastal and marine monitoring, 
2. marine water quality,  
3. coastal and marine significant natural areas, 
4. cumulative effects. 

Workstream (2) includes the following activities in relation to understanding and looking after marine water 
quality in the Waikato Coastal Marine Area (CMA):  

 stocktake, 
 marine water quality standards, 
 water quality data collection, 
 water quality monitoring instrumentation planning, 
 review causes of marine water quality degradation. 

The steps in activity (2) are to: 
1. create a draft strawman of water types and standards based on existing information, 
2. review the strawman based on external expert feedback and confirm provisional marine water types, 
3. conduct a review of the literature and make recommendations with regard to implementing standards, 

and 
4. develop a work programme to establish marine water quality standards. 

This report represents part of step 3 (literature review) above and aims to meet the following objectives: 
 review ecologically relevant thresholds for informing marine water-quality standards relating to a 

number of areas, including eutrophication (nitrogen and phosphorus, water-column chlorophyll a, 
water-column dissolved oxygen, pH); water-column sediments; water temperature; microbial 
contamination; toxicants; emerging contaminants; oil, grease, litter and other gross pollutants; 

 identify options for defining standards; 
 identify requirements for assessing / implementing options. 

Standards will relate to issues such as eutrophication, sedimentation and contamination. Specific 
recommendations for preferred standards will be made in a subsequent workstream.  
Attributes (or “parameters”) can act on their own as indicators; for example, faecal indicator bacteria 
concentration is an indicator of contamination and human health risk. In some cases, attributes need to be 
combined into integrated metrics in order to effectively assess and manage complex processes where multiple 
stressors contribute to change. An example is eutrophication. Furthermore, some attributes may be indicative 
of stressors (e.g., nutrient loading, which causes eutrophication), and others may be representative of an 
ecosystem response or symptom to a stressor or stressors (e.g., low level of dissolved oxygen, which results 
from eutrophication).   
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It is not necessary to have standards for all attributes, and WRC anticipates that only minimum standards will 
ultimately be required.  For some activities, suitable attributes and associated standards may be unavailable or 
impractical to implement, or the links between a stressor and the expression of its effects may simply be poorly 
understood.  Some attributes for gauging water quality, such as nutrient concentrations and turbidity, may 
prove to be too variable for setting standards.   
Standards may vary among marine water types due in large part to natural gradients in water quality as a 
function of hydrological and biophysical characteristics (Figure 1, next page).   
In situations where baseline data are limited, setting of preliminary standards may be required, followed by 
continuous review and revision as further data and information become available. 
Standards are not developed in this report; further analyses of existing datasets and new data may be required 
to set and implement standards for different water types.  Hunt (2016) notes that WRC has operated a 
“modest” water-quality monitoring programme since 19991. The monitoring “aims to assess estuarine water 
quality with regard to ecological health for estuarine biota, as well as human uses: namely, contact recreation 
(swimming) and shellfish-gathering”. Monitoring has occurred in seven estuaries since 1999, in just one estuary 
at a time. Hunt notes that “the choice of estuary [has been] guided by factors such as public interest, pressures 
on an estuary, links to other work programmes, or to expand the scope of Council understanding of estuaries 
in the Waikato region”. Information on the monitoring programme is available at 
http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-
indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/. 
2.1 Notes on terminology 
The following notes on terminology derive from Hunt (2016): 

 The term “marine” is generally considered to be interchangeable with the term “coastal”, and unless 
otherwise specified “encompasses all seawater, from mean high water springs to the 12 nautical mile 
limit. This includes (but is not limited to) brackish water, estuaries, harbours and embayments, as well 
as near shore coastal waters and the open sea”. This use of terminology is consistent with definitions 
in section 2(1) of the Resource Management Act (1991). Herein, we intend “marine” to mean as Hunt 
describes. 

 In the context of resource management in New Zealand, a “standard” is generally considered to be a 
numeric value, or other description of condition, that has regulatory status. (A standard can also be a 
procedure or method, and rules to regulate certain activities on a national level.) Regulatory status can 
be conferred either by national legislation or by regulations (e.g., a national environmental standard), 
or by local government instruments (e.g. regional plans). 

 A “guideline” value is one that, while numeric and possibly provided at a national level, does not have 
regulatory status. Examples are the trigger values in the ANZECC water quality guidelines, and the 
“alert” and “action” levels of enterococci in the recreational water quality guidelines. Guideline values 
can acquire regulatory status if incorporated by a regulation, regional plan or resource consent. 

                                                           
1 This programme has been discontinued and Waikato Regional Council currently does not operate a coastal water quality monitoring programme. 
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Figure 1. Draft classification of marine water types for the Waikato region. Source: Waikato Regional Council. 
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2.2 The ANZECC guidelines 
The ANZECC (2000) guideline “default trigger values” are referred to extensively herein, as they may be (and 
have been by some organisations, including Waikato Regional Council) used as the basis for standards.  
Hunt (2016) provides a very useful review of the ANZECC guidelines, noting that they are widely used in New 
Zealand, particularly by regional councils, and that, while they are not “national standards”, they can be 
“conferred regulatory status if they are incorporated into a regional plan”. The information presented in this 
section on the ANZECC guidelines is a summary of the information presented by Hunt. 
The ANZECC guidelines recommend deriving site-specific guideline values for water bodies that reflect both 
the underlying natural characteristics of the water body and the aspirations of communities. These may then 
be translated into water quality objectives.  
Early in the process of setting the site-specific guideline values, a level of protection needs to be chosen. Ideally, 
this will be done in consultation with the community. There are three levels of protection: 

 high conservation/ecological value, 
 slightly to moderately disturbed, and 
 highly disturbed. 

Trigger values are provided in the ANZECC guidelines; this is the form in which all numeric values in the 
guidelines are presented. Trigger values are to be used only where more site-specific or regionally appropriate 
guidelines are unavailable. Hunt (2016) notes that a “trigger value is defined as the concentration of a 
contaminant below which no measurable adverse ecological effects occur. Levels of contaminants below the 
trigger value are considered to pose little ecological risk”. Furthermore, “[e]xceedance of a trigger value does 
not necessarily indicate an environmental problem. Rather, it should be viewed as an early warning. 
Exceedance of these values is intended to ‘trigger’ a more detailed investigation of the waterbody in question, 
to determine whether the elevated concentration of the variable in question is of ecological significance. This 
can then form a basis for management actions – which could range from abatement requirements, to revising 
site-specific guidelines upwards”. 
The ANZECC guidelines recommend three methods for deriving guideline values for a waterbody. They are, in 
decreasing order of preference: 

 site-specific biological effects data, 
 local reference condition data, 
 default trigger values from the ANZECC guidelines. 

Sources of information for applying these methods include:  
 biological/ecological effects data from the literature or other research sources (ideally from a local 

ecosystem, or a similar system nearby), 
 reference condition data (ideally from a similar ecosystem type in the same area, with similar 

biophysical characteristics, that has experienced minimal human modification), 
 predictive modelling.  
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Hunt (2016) notes that the “default values in the ANZECC guidelines should be used only if there is insufficient 
data to derive more site-specific, or regionally appropriate values. This is intended to be an interim measure 
until more site-appropriate trigger values are derived”. Nevertheless, in practice, “there is limited data 
available to derive regionally specific guidelines in New Zealand. This has meant that the default trigger values 
in the ANZECC guidelines for southeast Australia are often the only source used”. 
Hunt (2016) notes a range of difficulties in deriving effects-based trigger values and, as a result, “trigger values 
for physical and chemical stressors in the ANZECC guidelines were mostly derived using data from reference 
sites”. This is also not without difficulty: “[i]deally, reference condition data should be obtained from a nearby 
site with similar physical characteristics. However, it is often difficult to find a suitable unmodified site. 
Reference condition data is therefore often obtained using pooled data from a range of sites with minimal 
disturbance, preferably from elsewhere in the same country. If this is not possible, data from similar 
ecosystems overseas may be used, but the level of reliability is likely to be less than it would be if local or 
regional data were available”.  
The ANZECC guidelines do not provide trigger values for physical and chemical stressors for New Zealand 
estuarine and marine ecosystems, largely because of a lack of data. The trigger values for southeast Australia 
estuarine and marine waters are recommended for use in New Zealand as an interim measure. 
Parts of the ANZECC guidelines are currently being updated – Hunt (2016) provides details. The development 
of New Zealand-specific guidelines for physical and chemical stressors in marine waters is a priority. Toxicant 
trigger values are generally viewed as being less regionally specific compared with physical and chemical 
stressors. This makes applying the same toxicological trigger values across different ecosystem types and 
regions more valid than doing the same for physical and chemical stressors 
2.3 The notion of the “reference condition” 
The baseline or “reference” condition is often used to set standards, and is also used to interpret monitoring 
data. 
Stoddard et al. (2006) note that many individual nations, and the European Union as a whole, use the concept 
of a reference condition to protect and improve the condition of aquatic ecosystems2. Stoddard et al. argue 
the details, but essentially the reference condition refers to a natural biota (structure and function), which 
implies absence of significant human disturbance or alteration. Stoddard et al. note a range of approaches that 
may be used to ascertain the reference condition, including the reference-site approach (determining the 
condition at minimally- or least-disturbed sites), using best professional judgement, interpretation of historical 
condition, extrapolation of empirical models, and evaluation of ambient distributions. Depending on 
management objectives and desired levels of protection, standards can then be expressed in terms of an 
acceptable departure from a reference condition. The reference-condition approach is central to the ANZECC 
guidelines. In section 3.1.4 of Volume 1 of the Guidelines (Defining a reference condition), it is noted that “[f]or 
biological indicators, and for physical and chemical stressors where no biological or ecological effects data are 
available, the preferred approach to deriving guideline trigger values is from local reference data”. Three 
sources of information for determining reference condition are listed:  

 “historical data collected from the site being assessed,  
                                                           
2 Stoddard et al. write specifically about streams, but their remarks are more widely applicable to a range of aquatic ecosystems, including estuaries and the CMA. 
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 spatial data collected from sites or areas nearby that are uninfluenced (or not as influenced) by the 
disturbance being assessed, or,  

 data derived from other sources”.  
2.4 The National Policy Statement for Freshwater Management 
The concepts, terminology and processes embodied in the National Policy Statement for Freshwater 
Management (NPSFM) (2011, and then amended in 2014)3 provide a potentially powerful way to organise 
thinking around the marine water quality standards that Waikato Regional Council is intending to develop. A 
key consideration is the way in which the NPSFM explicitly links objectives to values, which also needs to be 
done for standards. For example, the ANZECC guidelines note that water quality standards, representing “a 
level of quality desired by stakeholders” may be defined in terms of an acceptable level of change from a 
reference condition. The ANZECC guidelines refer to a social process, in which stakeholders “need to negotiate 
an effect size, which describes how much deviation from the reference condition is tolerable”.  
The NPSFM establishes a legal and policy framework for building a national limits-based scheme for freshwater 
management. The management process prescribed by the NPSFM centres on limiting resource use in 
“freshwater management units” in order to achieve specific, agreed values. The steps involved include: 

 stakeholders agreeing on desired values (the intrinsic qualities that people appreciate or benefit from, 
or the uses to which people put freshwater);  

 for each value, identifying the “aspects to be managed” (for example, trophic state or sediments, for 
the value of ecosystem health);  

 identifying “attributes”, which are the characteristics or properties of freshwater that have to be 
managed to provide for the value at hand (for example, the DIN burden, which is relevant to trophic 
state);  

 deciding on the “state” of each attribute needed to provide for the value at the desired level (for 
example, the DIN concentration at low flow);  

 converting attribute states into SMART (specific, measurable, achievable, realistic and time-bound) 
objectives;  

 formulating limits that will result in the achievement of objectives;  
 developing a suite of management actions that, when implemented, will limit resource use accordingly; 

and 
 considering the social, cultural and economic implications of the limits and associated management 

actions for resource users, people and the community.  
Councils are required to give “regard to” the CMA when establishing freshwater objectives (Policy A1 Water 
Quality, and Policy B1 Water Quantity), and there are references in the NPSFM to requiring an “integrated and 
consistent approach” to the management of freshwater water and coastal waters. 
The requirement of the NPSFM to give regard to the CMA when establishing freshwater objectives equates to, 
fundamentally, ensuring that limits on water extraction and diffuse-source contaminant loads that are 
designed to achieve freshwater objectives will also achieve (at least) objectives for the CMA. This implies that 
the collaborative processes that are run under the NPSFM need to consider simultaneously freshwater and 
downstream CMA receiving environments. What needs to be avoided is the situation where limits designed to 
                                                           
3 http://www.mfe.govt.nz/sites/default/files/media/Fresh%20water/nps-freshwater-management-jul-14.pdf 
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achieve freshwater objectives are decided first without any consideration of downstream receiving 
environments, and these limits are then found to be wanting when planners turn their attention to the CMA.   
2.4.1 The National Objectives Framework 
The National Objectives Framework (NOF), which was introduced into the NPSFM with the 2014 amendments, 
is intended to provide nationally consistent guidance (while allowing for regional and local variation) to 
establishing freshwater objectives. To achieve this, it lays out relationships between values, attributes and 
attribute states in a number of freshwater environments. An example from the NOF is given in Table 1, which 
gives A, B, C and D states for the attribute phytoplankton, which needs to be managed to provide for the 
compulsory national value of ecosystem health in, in this case, lakes. The “national bottom line” is the dividing 
line between the D and C states; with some exceptions, attributes that provide for the compulsory national 
values must not be allowed to fall below the national bottom line.  
Table 1. An example of an attribute table from the National Objectives Framework. The attribute is phytoplankton, which 
must be managed to provide for the compulsory national value of ecosystem health in lakes. The national bottom line is 
shown. Table reproduced from the National Policy Statement for Freshwater Management (2014).  
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Table 2 shows how the approach embodied in the NPSFM might assist with organising thinking around marine 
water quality standards. In the figure, the value is ecosystem health (of the CMA), and five aspects to be 
managed to provide for that value are listed. For each aspect to be managed, attributes are identified. Those 
attributes that are the subject of this review are displayed in red text. Table 2 is illustrative only: not all aspects 
to be managed nor all attributes are necessarily given in the figure. Also, not all attributes that are reviewed 
herein are shown in the figure. 
Table 2. A way of organising thinking around marine water quality standards: connections between values, aspects to be 
managed, and attributes, with attributes that are the subject of this literature review displayed in red text. The value is 
ecosystem health. The figure is illustrative only: not all aspects to be managed nor all attributes are necessarily given in 
the figure. Also, not all attributes that are reviewed herein are shown in the figure.  

The table highlights several points: 
 Standards are, and need to be, related to values. 
 Attributes that relate to water quality are intrinsically linked to attributes that relate to other aspects 

to be managed. 
 This literature review is not exhaustive of all of the attributes that might need to be managed to provide 

for values, for example, seabed sediment quality. 
 Not all aspects to be managed will be amenable to the setting of relatively straightforward numeric 

standards, for example, habitat. 
 Different standards for the same attribute might be needed to provide for different values. 

Conceivably, standards could be set for each attribute in each figure to provide for the respective values at any 
level desired (by the community) or required by statute or policy. We recommend this as a way of thinking to 
plan the programme of standards development. 
2.5 The Horizons One Plan 
The Horizons One Plan is the combined Regional Plan and Regional Policy Statement for the Manawatu–
Wanganui Region. It is worth examining for the way water quality standards for the Coastal Marine Area are 
expressed. 
The steps taken to define the water quality standards were (Ausseil and Clark, 2007): 

 

VALUE ASPECTS TO BE 
MANAGED

Water-column 
N

Water-column 
P

Water-
column chla

Water-column 
DO

Harmful algal 
blooms pH TOC

Sediment N Sediment P Seagrass 
cover

Denitrification 
efficiency Depth to RPD N load P Load

Sediments TSS/SSC Light 
penetration Visual clarity Seabed 

muddiness %
Seabed 

muddiness 
cover

Sedimentation 
rate

Light  for 
seagrass Turbidity

Habitat Seagrass 
spatial extent

Mangrove 
spread

Shellfish 
spatial extent

Intertidal 
unvegetated Rocky reefs

Heavy metals Bed-sediment 
metal 

concentration
Water-column 

metal 
concentrations

Metal loads Benthic health 
index

Temperature Water 
temperature

Eutrophication

ATTRIBUTES

Eco
syst

em
 he

alth
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 Identify values. 
 Define what aspects of each value are associated with water quality. 
 Define how and when water is used in relation to each value. 
 Define the water quality parameters that are relevant to each value (e.g., dissolved oxygen, pH). 
 Define, for each parameter, the numerical level beyond which the value would be compromised. 

To define the standards associated with the value Life-Supporting Capacity, for instance, three methods were 
used, which were, in order of priority (Ausseil and Clark, 2007): 

 Use scientific literature, where available, to obtain water quality requirements for key species. 
 Collect reference data from an undisturbed or slightly undisturbed site. 
 Use national or international guidelines and standards. 

For the purposes of managing water quality, the Horizons One Plan divides the Coastal Marine Area into one 
Seawater Management Zone and thirteen Estuary Water Management Sub-zones. Values and management 
objectives are defined (Table 3), and these are deemed to apply variously to the Seawater Management Zone 
and to each of the Estuary Water Management Sub-zones (Table 4).  
For the Estuary Water Management Sub-zones, precise instructions on how water quality “targets” are to be 
defined are given; the numerical values in each target are left blank (Table 5). 
Finally, numerical values are provided in a separate table for each of the 13 Estuary Water Management Sub-
zones; these are to be substituted into the water quality target definitions (Table 6).  
The same approach is used for setting out water quality targets for the Seawater Management Zone. 
 
Table 3. Values and associated management objectives for the Coastal Marine Area from the Horizons One Plan. 
Reproduced from Schedule I: Coastal Marine Area Activities and Water Management 
(https://www.horizons.govt.nz/CMSPages/GetFile.aspx?guid=2e9546e4-b224-433a-8728-2f6fbcbe9fe8). 
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Table 4. An example from the Horizons One Plan of how values are mapped to Estuary Water Management Sub-zones. 
Reproduced from Schedule I: Coastal Marine Area Activities and Water Management 
(https://www.horizons.govt.nz/CMSPages/GetFile.aspx?guid=2e9546e4-b224-433a-8728-2f6fbcbe9fe8). 

 
Table 5. Definitions of water quality targets for Estuary Water Management Sub-zones in the Horizons One Plan. The 
numerical values in each target are left blank, as signified by […]. Reproduced from Schedule I: Coastal Marine Area 
Activities and Water Management (https://www.horizons.govt.nz/CMSPages/GetFile.aspx?guid=2e9546e4-b224-433a-
8728-2f6fbcbe9fe8). 
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Table 6. The numerical values to be substituted into the water quality target definitions for each of the the Estuary Water 
Management Sub-zones in the Horizons One Plan. Reproduced from Schedule I: Coastal Marine Area Activities and Water 
Management (https://www.horizons.govt.nz/CMSPages/GetFile.aspx?guid=2e9546e4-b224-433a-8728-2f6fbcbe9fe8). 
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3. Eutrophication 
3.1 Introduction 
Excessive loading of nitrogen and phosphorus (collectively, “nutrients”) can cause eutrophication. The 
excessive nutrients accelerate primary production of organic matter (phytoplankton and/or macroalgal 
growth) which, in extreme cases, can lead to reduced water clarity, physical smothering of biota and a 
reduction in dissolved oxygen (DO) concentration as a result of the ultimate microbial decay of the organic 
matter (Degobbis, 1989; Cloern, 2001; Paerl, 2006). 
Howarth and Marino (2006) noted that nitrogen is typically considered to be limiting to algal growth, at least 
in temperate estuaries that are more-or-less permanently open to the ocean, since ocean water typically 
contains high concentrations of phosphorus. That is not necessarily the case in intermittently closed and open 
lagoons, where it is more likely that nitrogen and phosphorus co-limit primary production.  
Dissolved inorganic nitrogen (primarily NO3-N and NH4-N; see below for explanation) associated with river 
runoff is biologically available and therefore drives primary production in coastal waters. In order to avoid 
enrichment and the symptoms of eutrophication, nutrients in river runoff must not exceed the assimilative 
capacity of the receiving environment. The assimilative capacity is a complex function of biotic and abiotic 
characteristics, including flushing rate, light and temperature regime, nutrient cycling processes (e.g., microbial 
remineralisation and denitrification rates), grazing pressure (Tett and Edwards, 2002) and native epibiota 
composition and biomass (e.g., macrophytes). 
Bricker et al. (2003) distinguish between primary and secondary symptoms of eutrophication.  

 Primary symptoms are high levels of fast-growing algae, including phytoplankton, epiphytes and 
macroalgae.  

 Secondary symptoms, which indicate a much more degraded state, include depleted dissolved oxygen, 
sulphide-rich sediments, acidification and seagrass loss.  

Eutrophication is often exacerbated by excessive inputs of fine sediments and by changes to an estuary’s 
hydrological regime. Fine sediments may contain bound nutrients and are usually accompanied by high loads 
of organic-bound nutrients; denitrification efficiency may also be reduced in muddy seabed sediments, 
resulting in greater “internal loading” of nutrients to the water column. Changes to an estuary’s hydrological 
regime include artificial opening and closing of the mouth, which affects flushing, and freshwater abstraction, 
which may also affect flushing. Eutrophication is considered undesirable if it appreciably degrades ecosystem 
health and/or the sustainable provision of goods and services (Ferreira et al., 2011). 
Estuaries that are vulnerable to eutrophication tend to be shallow and have clear water and/or a long residence 
time. Deep estuaries and estuaries that are turbid may be able to sustain higher water-column nutrient 
concentrations without showing symptoms of eutrophication because they are light limited, and nutrients may 
be flushed from estuaries with a short residence time before algae can respond. Secondary symptoms of 
eutrophication may develop at the bed in deep stratified estuaries where organic matter falls out of a nutrient-
enriched euphotic zone and onto the bed where it decays. ICOLLs (intermittently closed and open lakes and 
lagoons), which are shallow and which may have a very long residence time, are the most sensitive estuary 
type. 
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Water-column indicators of eutrophication such as chlorophyll a (indicative of phytoplankton biomass) are best 
suited for deep estuaries with a long residence time relative to the phytoplankton growth cycle. For estuaries 
with shorter residence times, phytoplankton are flushed from the system before they accumulate to nuisance 
levels, and in this situation eutrophication is more likely to be expressed as nuisance macroalgae. In this case, 
sediment or benthic indicators are more appropriate. It is important that indicators, thresholds for assessing 
trophic state and standards properly reflect the way the symptoms of eutrophication are expressed in any given 
system. 
Sediment/benthic indicators of eutrophication are beyond the scope of this report. 
3.1.1 References 
Bricker, S., Ferreira, J. and Simas, T. (2003) An integrated methodology for assessment of estuarine trophic 
status. Ecological Modelling, 169: 39–60. 
Cloern, J.E. (2001) Our evolving conceptual model of the coastal eutrophication problem. Marine Ecology 
Progress Series, 210: 223–253. 
Degobbis, D. (1989) Increased eutrophication of the northern Adriatic Sea, second act. Marine Pollution 
Bulletin, 20: 452–457. 
Ferreira, J.G., et al. (2011) Overview of eutrophication indicators to assess environmental status within the 
European Marine Strategy Framework Directive. Estuarine, Coastal and Shelf Science, 93(2): 117–131. 
Howarth, R.W. and Marino, R. (2006) Nitrogen as the limiting nutrient for eutrophication in coastal marine 
ecosystems: Evolving views over three decades. Limnology and Oceanography, 51: 364–376. 
Paerl, H.W. (2006) Assessing and managing nutrient-enhanced eutrophication in estuarine and coastal 
waters: Interactive effects of human and climatic perturbations. Ecological Engineering, 26: 40-54. 
Tett P. and Edwards, V. (2002) Review of Harmful Algal Blooms in Scottish Coastal Waters. School of Life 
Sciences, Napier University, Edinburgh, 120 pp. 
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3.2 Nitrogen and phosphorus 
3.2.1 Background 
Nutrients such as nitrogen and phosphorus are primary “drivers” of eutrophication. Eutrophication is the 
process by which excessive nutrient loading fuels accelerated primary production (phytoplankton and 
macroalgae growth) and flow-on effects to the wider ecosystems such as reduced water clarity, physical 
smothering of biota, and reductions in dissolved oxygen (Cloern, 2001; Paerl, 2006). In New Zealand’s 
temperate waters, nitrogen is likely to be the nutrient limiting primary production, although this is not a given 
and, depending on the situation, phosphorus and micronutrients such as silica may also become limiting to 
growth. 
The LAWA (Land and Water Aotearoa) nitrogen factsheet4 provides the following explanations of the different 
chemical forms of nitrogen that are relevant to eutrophication of marine systems. These explanations focus on 
anthropogenic sources of inorganic nitrogen, but nitrogen loading also occurs naturally and, in some coastal 
environments, oceanic inputs of nitrogen may also be important. 

Nitrogen gas (N2). As a gas, nitrogen is relatively inactive, but can be converted to other more reactive 
forms by certain bacteria through a process called fixation. 
Nitrate-Nitrogen (NO3-N). A highly soluble ion made up of nitrogen and oxygen with the chemical 
formula NO3-. It is a very important plant fertiliser but because it is highly water soluble, it leaches 
through soils very easily, particularly after heavy rainfall. It is one of the most common contaminants 
in waterways in rural and urban areas. NO3-N can be transformed to other forms of nitrogen.  Sources 
of NO3-N include excessive application of inorganic fertilizer, septic tanks and leaking sewage systems. 
Nitrate also enters waterways as a result of nitrification of the ammonia in animal waste by bacteria in 
soil. 
Nitrite-Nitrogen (NO2-N). Nitrite-nitrogen is an ion with the chemical formula NO2-. Concentrations of 
nitrite-nitrogen are normally low compared to nitrate-nitrogen and ammoniacal nitrogen. However, 
too much nitrite-nitrogen can be toxic. In drinking water, it can be harmful to young infants or young 
livestock. 
Ammoniacal nitrogen (NH4-N). Ammoniacal nitrogen (NH4-N), also often called “ammonium”, covers 
two forms of nitrogen; ammonia (NH3) and ammonium (NH4+).  NH4-N can be transformed to other 
forms of nitrogen and is a very important plant fertiliser but is less mobile in the soil than nitrate-
nitrogen. It enters waterways primarily through point source discharges, such as raw sewage or dairy 
shed effluent. It is toxic to aquatic life at high concentrations. 
Ammonia (NH3). Ammonia (NH3) is a gas that reacts to form the ammonium ion (NH4+) when it is 
dissolved in water. The balance between ammonia and ammonium in water depends on the pH and 
temperature of the water.  Ammonia is highly toxic to aquatic life. 
Total Nitrogen. Total Nitrogen (TN) is the sum of all organic and inorganic forms of nitrogen that are 
found in a water sample (i.e., nitrate-nitrogen (NO3-N), nitrite-nitrogen (NO2-N), ammoniacal-nitrogen 
(NH4-N) and organic nitrogen such as amino acids or plant tissue).  

                                                           
4 http://www.lawa.org.nz/learn/factsheets/nitrogen/ 
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The following explanations of the different chemical forms of phosphorus that are relevant to eutrophication 
of marine systems are taken from the LAWA (Land and Water Aotearoa) phosphorus factsheet5.  

Total Phosphorus. Total phosphorus (TP) is a measure of all types phosphorus present. It includes the 
phosphate that is stuck to soil (sediment) as well as dissolved reactive phosphorus (DRP) which is more 
readily available for plants. TP is an important measure because most phosphate enters our rivers 
attached to sediment via run-off. 
Dissolved reactive phosphorus (DRP). Over time the phosphate that is bound to the sediment 
dissolves, and becomes available for aquatic plant and algae growth. [DRP also comes from runoff and 
from mineralisation of organic P.] This is particularly an issue in slow flowing rivers where the 
phosphorus bound to sediment can gradually dissolve, feeding aquatic weeds and algae for many 
years. DRP concentrations are an indication of a waterbody’s ability to support algae and plant growth. 

ANZECC (2000) comments: 
The most common forms of N available for plant growth in water are inorganic forms such as nitrate 
(NO3-), nitrite (NO2-) and ammonia (NH4+) and organic forms such as urea (i.e. the breakdown product 
of proteins). NO3- is most commonly available and NH4+ is most readily assimilated by plants.  
Phosphorus exists in water in both dissolved and particulate forms. Particulate P includes P bound up 
in organic compounds such as proteins, and P adsorbed to suspended particulate matter such as clays 
and detritus (dead and decaying organisms). Dissolved P includes inorganic orthophosphate (H2PO4-, 
HPO42- and PO4-), polyphosphates, organic colloids and low molecular weight phosphate esters. 

Nutrient thresholds or standards may variously be expressed in terms of water-column concentrations, 
loadings to the system, or bed-sediment concentrations. Bed-sediment concentrations are beyond the scope 
of this report. 
3.2.2 Existing approaches – water-column concentrations 
The pilot National Objectives Framework (NOF) for Estuaries6 discussed the use of “potential” nutrient 
concentrations as attributes, which is, loosely, the water-column nutrient concentration when primary 
production is zero (and therefore nutrients are not being drawn out of the water column). This might occur 
during periods of light limitation or during mid-winter. The NOF panel reasoned that potential nutrient 
concentrations could be compared with nutrient concentrations at which plant growth maximises under 
conditions of light saturation to develop attribute bands. They considered that, “for nuisance algae such as 
Ulva, a reasonable value for this potential concentration is 70 mg DIN m-3, where DIN is dissolved inorganic 
nitrogen (sum of nitrate and ammonium). For coastal phytoplankton, values are quite variable among taxa but 
typically lie between about 14 and 70 mg DIN m-3. The 25 mg m-3 threshold therefore constitutes a useful one 
with respect to identifying conditions where phytoplankton growth is likely to maximise”. Following this 
reasoning, they suggested attribute bands for potential nutrient concentrations as:  

Excellent: < 25 mg DIN m-3 
Good: 25–70 mg DIN m-3  

                                                           
5 http://www.lawa.org.nz/learn/factsheets/phosphorus/ 
6 NZ Ministry for the Environment, unpublished. 
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Poor: > 70 mg DIN m-3 

The bands were not tied to any particular estuary type. The NOF panel noted that the CLUES-Estuary tool7 is 
designed to predict potential nutrient concentrations for New Zealand estuaries. In this manner, basing 
standards on downstream potential concentrations in a given estuary is closely linked with nutrient loading 
from catchments (see section 3.2.3 on loads).  
The ANZECC (2000) guidelines compile “default trigger values” for water-column nutrient concentrations 
derived from ecosystem data for unmodified or slightly modified ecosystems. Default trigger values for TP, 
filterable reactive phosphate8, TN, oxides of nitrogen (NOX) and ammonium NH4+ are provided for “estuaries” 
and “marine” water of southeast Australia (Victoria, New South Wales, southeast Queensland, the Australian 
Capital Territory and Tasmania) (Table 3.3.2, Volume 1 of the Guidelines).  The default trigger values are all 
concentrations:  

30 mg P m-3 (TP), 5 mg P m-3 (filterable reactive phosphorus), 300 mg N m-3 (TN), 15 mg N m-3 (NOX), 15 
mg N m-3 (NH4+) for “estuaries” and  
25 mg P m-3 (TP), 10 mg P m-3 (filterable reactive phosphorus), 120 mg N m-3 (TN), 5 mg N m-3 (NOX), 15 
mg N m-3 (NH4+) for “marine”.  

Default trigger values are also given for tropical Australia, southwest Australia, and south–central Australia (low 
rainfall area). No data or recommendations are available for New Zealand systems. The southeast Australia 
systems are probably most like New Zealand systems; ANZECC recommends that, for New Zealand systems 
“consideration should be given to the use of interim trigger values for southeast Australian estuarine and 
marine ecosystems”.  
The default trigger values are “low risk”, and it is emphasised that “the default trigger values should only be 
used until site- or ecosystem-specific values can be generated”.  
ANZECC provides extensive guidance on the test statistic(s) that should be compared to the trigger values in 
order to assess the status of any particular site. Hunt (2016) notes that the “recommended method for 
comparing water quality monitoring data from a specific site with trigger values from a reference site, is to 
compare the median concentration of samples from the test site with the eightieth percentile of data for this 
parameter from a suitable reference site. If regional reference site data are not available, the median 
concentration at the test site should be compared with the trigger value for that parameter in the ANZECC 
guidelines. There is no recommended minimum number of samples required from a test site to allow 
meaningful comparison with trigger values. However, as for all monitoring data, the larger the number of 
samples from a test site, the higher the reliability and validity of the comparison”. 
Waikato Regional Council currently uses a combination of the ANZECC (2000) guidelines default trigger values 
and expert judgement to derive “standards” for seven water quality variables that are judged as being relevant 
to the “suitability of estuarine water quality for ecological health”9. For each variable, there are three categories 

                                                           
7 https://www.niwa.co.nz/freshwater-and-estuaries/research-projects/estuarine-water-quality-the-clues-estuary-tool 
8 More typically referred to as filterable reactive phosphorus and, in most cases, equivalent to dissolved reactive phosphorus. 

9 http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/#Heading5 
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(excellent, satisfactory, unsatisfactory), which are based on the “critical values” for the water quality variable 
at hand. The three categories for nitrogen, given as relevant to “causes nuisance plant growth”, are:  

“Excellent”, <5 mg NO3-N m-3 
“Satisfactory”, 5 –15 mg NO3-N m-3 
“Unsatisfactory”, >15 mg NO3-N m-3 

We note that nitrate is one component of DIN. Considering that nitrate usually makes up the bulk of DIN, WRC’s 
standards for nitrogen are more conservative than the bands recommended in the pilot NOF for Estuaries 
(above).  
The three categories for phosphorus, also given as relevant to “causes nuisance plant growth”, are: 

“Excellent”, <10 mg TP m-3 
“Satisfactory”, 10 – 30 mg TP m-3 
“Unsatisfactory”, >30 mg TP m-3 

Hunt (2016) provides details as to how WRC’s standards have been developed and how they are applied.  
Bricker et al. (2003), in their Table 1, note ranges for dissolved nitrogen and phosphorus in surface waters of 
U.S. estuaries. They are: 

1000 mg nitrogen m-3, 0.1 mg phosphorus L-1, which they call “high” 
100–1000 mg nitrogen m-3, 0.01–0.1 mg phosphorus L-1, which they call “medium” 
0–100 mg nitrogen m-3, 0–0.01 mg phosphorus L-1, which they call “low” 

The “high”, “medium” and “low” labels are not standards or thresholds as such. 
Sheldon and Alber (2011) recommended the use of the NEEA10 criteria for Georgia (U.S.) coastal waters: 1000 
and 100 mg total dissolved nitrogen m-3 as the boundary between “poor” and “fair” and the boundary between 
“fair and good”, respectively. Likewise, the recommendation was for 100 and 10 mg total dissolved phosphorus 
m-3. They furthermore recommended that “[s]ince chronically high nutrients are generally the larger concern, 
annual median values should be evaluated against the criteria as general indicators of water quality”. Sheldon 
and Alber noted that measurements of total nitrogen (TN, which is the sum of dissolved and particulate forms) 
and total phosphorus (TP) are recommended by both the U.S. Environmental Protection Agency and the 
National Water Quality Monitoring Council, whereas other panels have recommended measuring total 
dissolved nitrogen and total dissolved phosphorus. They further noted that, although inorganic nutrients do 
stimulate algal blooms, studies in Georgia have also revealed that organic nutrients can “directly stimulate 
bacteria”. Nevertheless, they “suggest that [total dissolved nitrogen] and [total dissolved phosphorus] are the 
single most important components of the nitrogen and phosphorus pools to measure regarding eutrophication, 
but we also recommend collecting data on particulate fractions [particulate nitrogen and particulate 
phosphorus] and calculating TN and TP for comparison with national standards”. 

                                                           
10 National Estuarine Eutrophication Assessment; see Bricker et al. (2003). 
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Auckland Council’s TP16811 gives “marine trigger values” for total ammonia nitrogen (nitrogen bound up in un-
ionised ammonia NH3 plus nitrogen bound up in ionised ammonium NH4+) at different values for pH 
(temperature not taken into account). These trigger values, which are derived from the ANZECC (2000) 
guidelines, are for nitrogen toxicity, as opposed to nitrogen as a driver of eutrophication. 
Standards for ammonia nitrogen are routinely included as part of consented activities that increase nitrogen 
loading and create a risk of ammonia toxicity, as in the case of finfish aquaculture. In these cases, standards for 
ammonia nitrogen are usually based on ANZECC guidelines and a requirement for nutrient levels to fall within 
the confines of natural variation beyond a reasonable mixing zone (e.g., >250 m from a finfish farm; see Keeley 
et al., 2015).  
Borja et al. (2004), describing the implementation of the European Water Framework Directive in estuaries 
and along the coast of the Basque region, northern Spain12, give the following for “high” and “bad” quality 
based on nutrient concentrations for different estuary types of the region grading to fully marine waters (Table 
7): 

SRDE 
“High” quality: 5 mol NH4 L-1 / 65 mol NO3 L-1 / 1.12 mol PO4 L-1 
“Bad” quality: 55 mol NH4 L-1 / 180 mol NO3 L-1 / 12 mol PO4 L-1 

EEIF 
“High” quality: 4 mol NH4 L-1 / 45 mol NO3 L-1 / 0.88 mol PO4 L-1 
“Bad” quality: 40 mol NH4 L-1 / 125 mol NO3 L-1 / 8 mol PO4 L-1 

EESA 
“High” quality: 3 mol NH4 L-1 / 25 mol NO3 L-1 / 0.74 mol PO4 L-1 
“Bad” quality: 30 mol NH4 L-1 / 70 mol NO3 L-1 / 4 mol PO4 L-1 

FMESC–FMERC 
“High” quality: 2 mol NH4 L-1 / 5 mol NO3 L-1 / 0.4 mol PO4 L-1 
“Bad” quality: 15 mol NH4 L-1 / 12 mol NO3 L-1 / 1.5 mol PO4 L-1 

These are “physico-chemical indicators” of the anthropogenic impact on ecological status. The approach 
accommodates differences in estuarine hydrology and the level of interaction with marine waters, with the 
thresholds decreasing with increasing oceanic influence. 
  

                                                           
11 http://www.aucklandcity.govt.nz/council/documents/technicalpublications/TP168%20Blueprint%20for%20monitoring%20urban%20receiving%20environment%20-%20revised%20edition%20Aug%202004.pdf 
12 Which have many similarities to New Zealand estuaries (MOG, personal observation). 
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Table 7. Different water-body types of the Basque region, northern Spain, used by Borja et al. (2004) for implementing the 
European Water Framework Directive. 

 
 
 
 

Thresholds used by Souchu et al. (2000) [quoted in Sutula et al., 2011] to assess trophic status of French 
Mediterranean estuaries are shown in Table 8. 
Table 8. Thresholds used by Souchu et al. (2000) to assess trophic status of French Mediterranean estuaries. 
Concentrations are in M. Estuaries are classified into five eutrophication levels, from blue (no eutrophication) to red 
(high eutrophication). This is the same colour scheme as used in the Water Framework Directive. 

 
 
 
 
 
 

3.2.3 Existing approaches – loads 
There are many examples of nutrient thresholds or standards for estuaries expressed as loads13. The following 
are some examples.  
Figure 2 shows in graphical format an overview of the main New Zealand examples. 

                                                           
13 Unless otherwise noted, “load” refers to land-side nutrient loading. 

SRDE EEIF EESA FMESC FMERC 
Small river-dominated estuaries; 75% freshwater, 25% marine. 

Estuaries with extensive intertidal flats; 50% freshwater, 50% marine. 

Estuaries with extensive subtidal areas; 25% freshwater, 50% marine. 

Full marine exposed, sandy coast; 100% marine water. 

Full marine exposed, rocky coast; 100% marine water. 

 

Blue Green Yellow Orange Red
DIN 0–15 15–20 20–40 40–60 >60
NO2-N 0–0.5 0.5–1 1–5 5–10 >10
NO3-N 0–7 7–10 10–20 20–30 >30
NH4-N 0–7 7–10 10–20 20–30 >30
TN 0–50 50–75 75–100 100–120 >120
PO43- 0–0.3 0.3–1 1–1.5 1.5–4 >4
TP 0–1 1–2 2–5 5–8 >8
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Figure 2. Overview of the main New Zealand examples of nutrient (total nitrogen) load thresholds expressed as areal loading mg TN m-2 d-1. 
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The pilot National Objectives Framework (NOF) for Estuaries14 suggested the following bands for areal 
loading15 of total nitrogen for the value of “ecological health”: 

Tidal river estuaries  
Excellent: <100 mg TN m-2 d-1 
Good: 100 – 500 mg TN m-2 d-1 
Fair:  500 – 1000 mg TN m-2 d-1 
Poor: >1000 mg TN m-2 d-1 

Tidal lagoons and coastal embayments  
Excellent: <10 mg TN m-2 d-1 
Good: 10-50 mg TN m-2 d-1 
Fair:  50-100 mg TN m-2 d-1 
Poor: >100 mg TN m-2 d-1 

ICOLLs 
Excellent: <8 mg TN m-2 d-1 
Good: 8-18 mg TN m-2 d-1 
Fair:  18-38 mg TN m-2 d-1 
Poor: >38 mg TN m-2 d-1 

The bands are set by estuary type to account for the different physical factors (e.g., flushing time, light climate) 
that mediate the expression of actual symptoms of eutrophication16. Bands were set only for nitrogen (not 
phosphorus), as nitrogen is considered to be limiting.  
Wriggle (2012) ranked tidal river estuaries as being “moderately sensitive to nutrient loads”. They 
recommended a nitrogen areal loading limit of 750 mg m-2 d-1 to protect against nuisance algal blooms in tidal 
river estuaries with a residence time of <1 day, which was derived from New Zealand data (Figure 3, next page). 
This is consistent with the NOF recommendation. 
Wriggle (2012) ranked tidal lagoons as being “moderately sensitive to nutrient loads”, being better flushed 
than ICOLLs but not as well flushed as tidal river estuaries. They reviewed monitoring data for New Zealand 
shallow tidal lagoons and concluded that nuisance macroalgal blooms occur when nitrogen areal loading 
exceeds ~50 mg N m-2 d-1 (residence time 0.5 to 3 days) (Figure 4).  This is consistent with the pilot NOF for 
Estuaries recommendation. Wriggle (2012) noted concordance with international studies, including by Heggie 
(2006) (50 mg N m-2 d-1 to avoid eutrophication in temperate Australian tidal lagoons) and Latimer and Rego 
(2010), who reported eelgrass loss in New England (U.S.) estuaries beginning at nitrogen areal loading above 
18 mg N m-2 d-1 and eelgrass disappearance at 36 mg N m-2 d-1. 

                                                           
14 NZ Ministry for the Environment, unpublished. 
15 Land-side loading per unit area of estuary. 
16 Tidal river estuaries: short residence time, highly turbid (low light), small areas of emergent or shallow subtidal habitat capable of supporting macroalgae. Hence the loading bands are relatively high. Tidal lagoons and coastal embayments: unlikely to be light limited, plenty of substrate suitable for macroalgae, but short residence time limiting microalgal growth. Hence the loading bands are intermediate. ICOLLS: shallow (well lit), high residence time, poor flushing. Hence the loading bands are relatively low.   
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Figure 3. Relationship between freshwater nitrogen areal (per unit area of estuary) loading and macroalgal rating for New 
Zealand tidal river estuaries. Figure from Wriggle (2012). Macroalgal cover is from long-term regional council data, and 
nitrogen loading is estimated from the CLUES model. Macroalgal cover is preferred over water-column chlorophyll a 
(indicative of phytoplankton), which is viewed as a poor indicator of primary production in shallow estuaries with short 
residence times (less than 1 day or so). Loss of seagrass and growth of epiphytes (particularly macroalgae), not 
phytoplankton, are the primary symptoms of eutrophication. 
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Figure 4. Relationship between freshwater nitrogen areal (per unit area of estuary) loading and macroalgal rating for New 
Zealand shallow tidal lagoons.  Figure from Wriggle (2012). Macroalgal cover is from long-term regional council data, and 
nitrogen loading is estimated from the CLUES model. Macroalgal cover is preferred over water-column chlorophyll a (a 
proxy for phytoplankton), which is viewed as a poor indicator of primary production in shallow estuaries with short 
residence times (less than 1 day or so). Loss of seagrass and enhanced growth of epiphytes (particularly macroalgae), not 
phytoplankton, are the primary symptoms of eutrophication. 
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Because they are poorly flushed, Wriggle (2012) ranked ICOLLs as being “most sensitive to nutrients”. Scanes 
(2012) recommended nutrient areal loading thresholds for providing “moderate environmental quality” for 
ICOLLs in New South Wales (Australia) as 25 mg N m-2 d-1 and 1.6 mg P m-2 d-1. This was based on thresholds of 
8, 18 and 39 mg N m-2 d-1 corresponding to pristine, moderately disturbed and highly disturbed systems. 
Schallenberg and Schallenberg (2012) found that a nitrogen areal loading of <30 mg N m-2 d-1 was required to 
protect seagrass in New Zealand ICOLLs. These nitrogen loads are reasonably consistent with the NOF 
recommendation. Wriggle (2012) noted that, because ICOLL salinity varies widely between near-freshwater 
and marine, primary production is likely to be co-limited by nitrogen and phosphorus. However, the NOF panel 
was silent on the need for a phosphorus load attribute. 
Tool 1 (for assessment of susceptibility to eutrophication) of the New Zealand Estuary Trophic Index Toolbox 
(Robertson et al., 2016) (ETIT) combines physical susceptibility with nutrient loads to produce a combined 
physical and nutrient load susceptibility rating. The physical susceptibility is assessed primarily from the extent 
to which input loads are both diluted within and flushed from (or, conversely, retained within) the estuary. The 
methods for assessing susceptibility are divided by estuary type, as follows. 

ICOLLs. These are less than 3 m deep and experience periodic mouth closure or constriction; as a result, 
they experience reduced dilution and increased retention. ICOLLs are rated as very high susceptibility. 
The susceptibility is based on areal loading of nitrogen and phosphorus, with the effect of flushing accounted 
for by categorisation into “high-susceptibility” and “low-susceptibility” ICOLLs.  
The ecological condition bands for high-susceptibility ICOLLs (<3 m mean depth, closure period of months 
rather than days) as a function of mean annual areal loading of nitrogen phosphorus are given in Table 9. 

Table 9. Ecological condition bands for high-susceptibility ICOLLs, from the New Zealand Estuary Trophic Index Toolbox. 
Reproduced from Robertson et al. (2016). 

The ecological condition band A is (loosely) “healthy” and band D is (loosely) “degraded”. The suggested 
NOF bands are shown below in square brackets against the ETIT bands: the concordance is obvious. 

Band A: <10 mg N m-2 d-1 [cf. NOF excellent: <8 mg TN m-2 d-1] 
Band B: 10–20 mg N m-2 d-1 [cf. NOF good: 8-18 mg TN m-2 d-1] 
Band C: 20–35 mg N m-2 d-1 [cf. NOF fair:  18-38 mg TN m-2 d-1] 
Band D: >35 mg N m-2 d-1 [cf. NOF poor: >38 mg TN m-2 d-1] 

There were insufficient data for the ETIT to make recommendations for low-susceptibility ICOLLs. 
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Shallow, intertidal-dominated estuaries (SIDEs). These are shallow and predominantly intertidal. They have 
a short residence time (<3 days). Included amongst SIDES are tidal lagoons, and parts of larger estuaries 
where there are extensive intertidal flats. Tidal flushing is such that dissolved nutrients are not likely to be 
retained, but sediments and sediment-bound nutrients accumulate. SIDES are rated as moderate to high 
susceptibility.  
The flushing potential and the dilution potential are calculated using the ASSETS17 approach, and these are 
combined to estimate the export potential. The export potential is taken as the “physical susceptibility”, 
which is then combined with the “N load susceptibility” (areal loading of nitrogen, mg m-2 d-1) in a matrix to 
give the combined physical and nutrient load susceptibility (Table 10). Narrative guidance on the ecological 
condition that is likely to result from the combined susceptibility is provided (Table 11).  

Table 10. Combined physical and nutrient load susceptibility bands for shallow, intertidal-dominated estuaries as a 
function of physical susceptibility and nitrogen areal loading, from the New Zealand Estuary Trophic Index Toolbox. 
Reproduced from Robertson et al. (2016). 

Table 11. Narrative guidance on the ecological condition that is likely to result from the combined susceptibility for shallow, 
intertidal-dominated estuaries. From the New Zealand Estuary Trophic Index Toolbox. Reproduced from Robertson et al. 
(2016). 

The assessment is based on analysis of 29 shallow NZ tidal lagoons, mainly from the South Island and the 
lower North Island, which demonstrated a “highly significant” relationship between nitrogen areal loading 
and macroalgal cover. A nitrogen areal loading threshold of 100 mg N m-2 d-1 for the appearance of gross 
nuisance macroalgae was inferred from the data, although flushing potential is a major moderator (hence, 
the matrix approach to assessing susceptibility that takes into account export potential as well as nitrogen 
loading). It was acknowledged that these thresholds should not be applied to estuaries where there are 
mangroves (which were not included in the dataset). The presence of soft mud was also identified as a 
“covariable”. For instance, significant seagrass cover was found to be present only where the intertidal area 

                                                           
17 Assessment of Estuarine Trophic Status: see http://www.eutro.org/, for instance. This is a tool developed in the U.S. that builds on the U.S. National Estuarine Eutrophication Assessment (NEEA). See Bricker et al. (2003) for a concise summary of technical details. 
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sediment mud content was <15% and the areal nitrogen loading was less than approximately 100 mg m-2 d-
1. 
Shallow, short residence time tidal river, and tidal river with adjoining lagoon, estuaries (SSRTREs). These 
are shallow and have a short residence time (<3 days). They are well flushed via a well-defined 
channel/mouth such that dissolved and sediment-bound nutrients do not accumulate. SSRTREs are rated as 
low to very low susceptibility. 
As for SIDEs, the flushing potential and the dilution potential are calculated using the ASSETS approach, and 
these are combined to estimate the export potential. The export potential is taken as the “physical 
susceptibility”, which is then combined with the “N load susceptibility” (areal loading of nitrogen, mg m-2 d-
1) in a matrix to give the combined physical and nutrient load susceptibility (Table 12). Robertson et al. were 
not able to provide narrative guidance on the ecological condition that is likely to result from the combined 
susceptibility. 

Table 12. Combined physical and nutrient load susceptibility for shallow, short residence time tidal river, and tidal river 
with adjoining lagoon, estuaries as a function of physical susceptibility and nitrogen areal load, from the New Zealand 
Estuary Trophic Index Toolbox. Robertson et al. were not able to provide narrative guidance on the ecological condition 
that is likely to result from the combined susceptibility. Reproduced from Robertson et al. (2016). 

Robertson et al. note that “[g]iven the limited data for tidal river estuaries, determination of the 
eutrophication susceptibility level produced by nutrient loads and nutrient concentrations requires 
additional work before robust predictive relationships can be identified”. In the meantime, they provide 
interim guidance on threshold nutrient concentrations for SSRTREs: “[f]or estuaries with no ‘high-risk’ 
features; the appearance of eutrophic conditions is unlikely below an N load <2000 mg N m-2 d-1, but the 
confidence in the level of this threshold is low. As a consequence, this tentative trigger guideline is suitable 
only for broad scale screening, and not for management and regulatory purposes”. 
The assessment is based on analysis of 17 NZ systems, where the expressions of eutrophication symptoms 
is from regional council monitoring data and expert opinion. 
Deeper, subtidal-dominated, estuaries (DSDEs). Mainly subtidal, moderately deep (>3 m to 15 m) coastal 
embayments and tidal lagoons with moderate residence times (>7 to 60 days). Can sustain phytoplankton 
blooms and nuisance macroalgae. Water-column density stratification can cause/enhance dissolved oxygen 
depletion. Rated moderate to low susceptibility. 
As for SIDEs and SSRTREs, the flushing potential and the dilution potential are calculated using the ASSETS 
approach, and these are combined to estimate the export potential. The export potential is taken as the 
“physical susceptibility”. The pressure from the nutrients is estimated differently, however. Instead of a 
simple areal loading of nitrogen, the “nutrient load influence” is calculated to take into account both land-
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side and ocean-side nutrient inputs. Export potential is then combined with the nutrient load influence in a 
matrix to give the combined physical and nutrient load susceptibility. 
The assessment is based on analysis of 20 NZ systems, where the expressions of eutrophication symptoms 
is from regional council monitoring data and expert opinion. 

The ANZECC (2000) guidelines recommend that load-based guideline for nutrients be derived on a site-specific 
basis. 
Sutula et al. (2011) note that there “has been some success in relating phytoplankton to both external nutrient 
loads and in-situ nutrient concentrations in estuaries, particularly when data are averaged over annual time 
periods” but nevertheless cautioned that “[m]easurement of inorganic forms of N alone may underestimate 
the true influence of nitrogen inputs. Several recent studies … show that significant fractions of the dissolved 
organic N pool, which is not measured in the DIN fraction and often not monitored at all, can be assimilated by 
estuarine plants, including microalgae. Dissolved organic nitrogen (DON) can be the dominant form in the N 
pool in estuarine systems, especially during warm periods of the year when system metabolism is high. This 
pool can be very dynamic and variable. Similarly, PO43- does not necessarily reflect the total availability of the 
total P pool to phytoplankton”. 
Net nutrient additions to coastal water bodies can be compared to experimental critical nutrient loading rates 
(CNLR) in euphotic (well-lit) surface waters18. The CNLR is defined as the “nutrient loading rate which cannot 
be exceeded without loss of ecosystem integrity” (Olsen et al., 2008), which definition has been further refined 
by Y. Olsen (pers. comm. [CC], 9 November 2010) as the “upper nutrient loading rate that can still secure full 
ecosystem integrity in euphotic planktonic ecosystems”. Characteristics below the CNLR are “efficient trophic 
transfers, linearity in the responses in plankton biomass and flows of materials with nutrient loading rate, and 
a moderate sedimentation rate to aphotic waters and the sea floor”.  
In general terms, exceeding the CNLR can cause a large increase in phytoplankton production and biomass.  
CNLR estimates from mesocosm experiments19 in Norway fell in the range of 3–20 mg N m-3 d-1 (Olsen et al., 
2006 and 2008).  These estimates are based on relatively short experiments (18 to 21 days) and did not allow 
for exchange of water and so are only applicable at the scale of systems where nutrients are conserved in this 
timeframe. The CNLR estimate for a more realistic scenario in a well-flushed lagoon (residence time ~5 days) 
with natural inputs of about 4 mg N m-3 d-1 was approximately 8 mg N m-3 d-1 (Y. Olsen pers. comm. [CC], 
unpublished data).    
Accurately determining CNLRs requires experimental mesocosm data, but literature values may provide a 
means of setting conservative CNLRs in the absence of data.  
3.2.4 Options 
(1) Have no standard. 
This may be a valid option due to problems with using water-column nutrient concentrations as standards. As 
Sheldon and Alber (2011) noted, the linkages between nutrient concentrations and the actual symptoms of 
                                                           
18 The euphotic volume refers to the volume of water in a given area that is contained within the water’s surface and the depth at which 99% of the incident photosynthetically absorbed radiation penetrates to or the depth of the water, whichever is shallower. 
19 Mesocosms used by Olsen et al. (2006) were large transparent impermeable cylinders of volume 30–50 m3 lowered to depths of 12–14 m.    
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eutrophication (such as large phytoplankton biomass and low dissolved oxygen) are “dependent on a variety 
of estuary-specific characteristics including transit time, temperature, light availability for photosynthesis, and 
grazing pressure”. Even making allowances for those factors, linkages between nutrient concentrations and 
eutrophication may be difficult or even impossible to discern. For instance, at the height of the growing season, 
dissolved-nutrient concentrations may be very low, even when the system is displaying primary and secondary 
symptoms of eutrophication, because the bulk of the dissolved nutrients is bound up in the algal biomass. The 
use of “potential” nutrient concentrations is a way around that particular dilemma; however, the problem of 
the “estuary-specific characteristics” described by Sheldon and Alber remains. For these types of reason, it is 
challenging to use nutrient concentrations in a management context, for example, as standards or to set limits 
(Sutula et al., 2011).  
The same type of problem that applies to nutrient concentrations – the linkages between nutrient 
concentrations and the actual symptoms of eutrophication may vary significantly by estuary type and may vary 
from season to season – also holds for loads. A further problem is that ocean-side nutrient loading and internal 
(seabed sediment) loads may add to the land-side loading to drive primary production.  
The ANZECC (2000) guidelines note that in some situations guidelines are better expressed in terms of loads 
instead of concentrations, and that “the net water column nutrient concentration could be quite small in an 
ecosystem with a high algal biomass but with rapid nutrient cycling”.  
(2) Retain and/or WRC’s present nutrient standard based on ANZECC (2000) default trigger values and expert 
judgement. 
Williamson et al. (2015) are critical of the ANZECC guideline default trigger values for nutrients (and chlorophyll 
a). They note that they are not aware of any further action or investigation being triggered by exceedance of 
ANZECC nutrient default trigger values (or chlorophyll a default trigger values) in New Zealand, from which 
they infer that the trigger values are too low for New Zealand. Furthermore, “it seems pointless to continue to 
use ANZECC (2000) default trigger values which when triggered seem to only engender the response that the 
default values are not relevant”. Hunt (2016) notes that “marine waters in south-east Australia have naturally 
lower nutrient levels than those in New Zealand”20.  
(3) Develop reference conditions for nutrient concentrations for the different marine water types of the 
Waikato region, and then develop a standard in terms of an acceptable departure from the reference. 
(4) Develop a standard, or adopt an existing standard such as the ETIT or NOF recommendations, based on a 
relationship between freshwater nutrient loads and the symptoms of eutrophication for each of the different 
marine water types of the Waikato region. 
Williamson et al. (2015) note that “[n]utrient load limits (expressed as mass per unit area of estuary) are easily 
translated into a catchment-specific limits-based management”. Furthermore, “loads have also been linked to 
management of certain habitat and community types in overseas studies, particularly for protection of 
perennial coastal seagrass communities”. They give as an example the work of Rees (2009), who found that 
loads of 30–100 g N m-2 yr-1 and >100 g N m-2 yr-1 were associated with 50% and 100% reductions, respectively, 
in seagrass. 

                                                           
20 See, for example, http://resources.ccc.govt.nz/files/Water_2168_Chlorophyll-aInEstuary-docs.pdf (Hunt, 2016). 
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As shown above in Figure 3 and Figure 4, relationships between nitrogen areal loading in freshwater runoff 
(the “driver” of eutrophication) and macroalgal rating (a symptom of eutrophication) have been used to derive 
the ETIT and NOF recommendations for freshwater nutrient load thresholds. Assuming that (in this case) the 
relationship between nitrogen loading and estuarine trophic state (as indicated by macroalgal rating) implied 
by the data in Figure 3 and Figure 4 is causative, then it is reasonable to expect that setting a standard for 
freshwater nitrogen loads will protect estuary health. Without further analysis, however, there is no certainty 
that this will be the case; for example, the trophic state may be as much affected by the ocean-side nutrient 
loading or by nutrient fluxes from the bed sediment to the overlying water column. 
3.2.5 Requirements 
(1) Nothing. 
(2) Nothing is required to retain WRC’s current standard. Starting with the categories used in the current 
standard and using information presented herein a minimum standard could be developed.  
(3) Section 2.2 provides an overview of where the reference condition approach sits in the ANZECC framework 
for deriving guideline values for a waterbody (which then may be translated into objectives and/or standards), 
and section 2.3 provides further brief commentary on the notion of the reference condition. Stoddard et al. 
(2006) note that the reference condition essentially refers to a site that is unimpacted by humans. As Hunt 
(2016) points out, however, it is often difficult to find a suitable unmodified site that could function as a 
reference site.  
Assuming the existence of a suitable reference site(s), and in order to give as true a picture as possible of the 
natural temporal variability, at least an entire year of weekly sampling (preferably two years; Hunt, 2016) would 
be required to establish the reference condition. Nutrient concentrations will vary across a wide range of time 
scales, including diurnal (reflecting the daily cycle of primary production and respiration), seasonal (variations 
in light and temperature, which affect primary production), and longer (for example, interannual variability 
associated with ENSO cycles).  
With data in hand, water quality standards, representing “a level of quality desired by stakeholders” may then 
be defined in terms of an acceptable level of change from the reference condition. As noted in section 2.2, the 
ANZECC guidelines refer to a social process, in which stakeholders “need to negotiate an effect size, which 
describes how much deviation from the reference condition is tolerable”.  
Because the water-column is only one “compartment” that holds nutrients (other compartments include the 
microalgal and macroalgal biomasses and the bed-sediment porewater), and there are fluxes of nutrients 
between the various compartments that vary over a wide range of timescales, it can be extremely challenging 
to interpret nutrient concentrations vis-à-vis the trophic status of the system, and therefore agree on any 
“deviation from the reference condition” that will make sense. To have any chance of interpreting nutrient 
concentrations, ancillary data (e.g., chlorophyll a, dissolved oxygen, temperature) will certainly be required, 
and a biophysical model that simulates the fluxes of nutrients between the various compartments (due to the 
processes of primary production, respiration, grazing, denitrification and so on) is desirable. 
(4) Developing a relationship between nutrient load and “eutrophication” (we discuss the meaning of this 
below), from which a standard for nutrient load may be derived, will require data across a gradient of 
eutrophication. Any such relationship can be expected to vary by marine water type, since the basic parameters 
that distinguish water type (such as water depth, flushing, retention time and so on) will also mediate the 
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manifestation of the symptoms of eutrophication given any particular nutrient burden. Therefore, for each 
marine water type, data from several systems that span a gradient in eutrophication will be required.  
For each system to be investigated, at least an entire year of weekly sampling (preferably two years; Hunt, 
2016) would be required in order to give as true a picture as possible of the natural temporal variability. In 
addition to measuring nutrient loads in freshwater inflows, and depending on how “eutrophication” is to be 
quantified, an extensive set of measurements may need to be made in each system. In Figure 3 and Figure 4, 
eutrophication is expressed by the macroalgal rating, which is derived from macroalgal areal cover data, which 
itself has thresholds applied to it to convert to a rating (“very poor”, “poor”, “fair”, “good”). Both more complex 
and simpler indices of eutrophication could be used. An example of the latter is water-column chlorophyll a 
concentration (which is indicative of microalgae [phytoplankton] biomass); an example of the former is the 
“overall condition grade for nutrient enrichment” that Snelder et al. (2014) plotted against total nitrogen 
loading rate for seven Southland estuaries to demonstrate that, at least for some estuary types in the Southland 
region, nitrogen is the primary driver of eutrophication. The overall condition grade is an amalgamation of a 
number of individual “condition measures” (areal extent of macroalgae, sediment nutrient concentration, 
depth of sediment oxygen) which have been monitored in Southland estuaries for a number of years using the 
National Estuary Monitoring Protocol (Robertson et al., 2002). Essentially, the individual condition measures 
are averaged to obtain the overall condition grade and then thresholds are applied to arrive at a descriptive 
rating of “very good” (overall condition grade > 3), “good” (between 2.5 and 4), “fair” (between 2 and 2.5), and 
“poor” (less than 2). The New Zealand Estuary Trophic Index Toolbox will eventually provide detailed guidance 
on the use of indices to quantify “eutrophication”. 
If a load-based standard were to be adopted from the ETIT or NOF recommendations it would be prudent to 
test the performance of the proposed standard in at least one example of each of the marine water types of 
the region. As above, this would require measurements, over at least a one-year and preferably a two-year 
period, of nutrient loads and the associated metrics that need to be combined to put a number to the ecological 
condition or trophic state. 
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3.3 Water-column chlorophyll a 
3.3.1 Background 
Chlorophyll a is a green pigment found in all photosynthesising organisms, which include cyanobacteria, algae 
(which includes phytoplankton21) and macrophytes, such as seagrass. It is a photoreceptor, capturing energy 
from sunlight, which drives the photosynthesis chain of reactions.  
Phytoplankton are primary producers. They synthesise organic matter from, amongst other things, dissolved 
inorganic carbon, which is then consumed at higher levels in the oceanic food web. Phytoplankton require light 
for photosynthesis and so are typically limited to the upper water column (Sutula et al., 2011). Ferreira et al. 
(2003) note that consideration of phytoplankton is really only relevant for estuaries or parts of estuaries with 
a residence time in excess of around 3 days; shorter than that, and phytoplankton do not have enough time to 
bloom and reach nuisance levels before being flushed out to sea. Sutula et al. (2011) note that “estuaries that 
are stratified and confine vertical transport to an upper mixed layer are often more favorable for phytoplankton 
production (and blooms) than well-mixed estuaries”. Ecosystem services provided by phytoplankton include 
food provision, nutrient uptake and sequestration, and oxygenation of the water column. Phytoplankton is the 
primary food source for shellfish and therefore underpins New Zealand’s marine aquaculture industry. 
Within any given system, the relative dominance of each of the five main primary producer groups 
(phytoplankton, macroalgae, microphytobenthos, submerged aquatic vegetation and emergent macrophytes) 
is governed by factors that promote and constrain growth and survival, including light, temperature, grazing 
and nutrient sources and availability. As a result, primary production, and therefore chlorophyll a 
concentrations, fluctuates daily, seasonally and yearly as a function of changes in light, water temperature and 
larger-scale climate/oceanic processes.  Hydrology and depth also have a large influence on the above factors 
and the relative contributions of benthic algae and vegetation versus phytoplankton in the water column to 
primary production, marine food webs and processes such as nutrient cycling.  As a result, the contributions of 
phytoplankton generally become more significant than those from benthic primary producers in deeper, 
offshore waters.  Conversely, in shallow estuaries, benthic macroalgae such as sea lettuce (Ulva spp.), emergent 
vegetation and seagrass play a more significant role. 
Water-column chlorophyll a is indicative of phytoplankton biomass. Sutula et al. (2011) note that “[c]hanges in 
the total biomass [of phytoplankton] (as measured by chlorophyll-a), or in community structure (species or 
taxonomic richness, relative abundance) over spatial and temporal scales often precede larger-scale and long-
term changes in the larger functioning of the ecosystem as a whole, including shifts in metabolism, oxygen, 
food webs structure, fisheries and habitat quality”. Phytoplankton, or “algal”, blooms occur naturally, although 
blooms can be initiated and enhanced by anthropogenic factors, including elevated water-column nutrient 
concentrations. 
A high concentration of phytoplankton is recognised as a primary symptom of eutrophication, which is primarily 
driven by excessive nutrients in the water column. Often associated with the primary symptom are shifts in 
phytoplankton community composition and increased frequency and duration of harmful algal blooms. 
Secondary symptoms, which may follow primary symptoms, include reduction in visual clarity and light 
penetration, depleted dissolved oxygen, acidification and sulphide-rich sediments, all of which may have a wide 
range of adverse effects on ecosystem health. Williamson et al. (2015) note that algal blooms “affect the colour 

                                                           
21 The collection of single-celled microalgae suspended in waters of aquatic habitats. 



41  

and clarity of water, and if toxic species are involved, the health and well-being of aquatic life, as well as humans 
and other terrestrial animals which come into contact with the bloom”. 
Hunt (2016) notes that, while “chlorophyll a is not a definitive indicator of eutrophication, it may provide clues 
about the possible effects of higher nitrogen levels in the estuary. [Trigger values and standards for chlorophyll 
a] could be used as initial reference points to suggest whether increased algal growth may have occurred in 
association with elevated levels of nutrients.  However, it should also be noted that eutrophication in New 
Zealand estuaries will not necessarily result in phytoplankton blooms, and thus may not be reflected by 
chlorophyll a levels. For example, in shallow New Zealand estuaries, increased growth of macroalgae may be a 
more common response to elevated nutrient levels”.  
Phytoplankton biomass can be measured by sampling, but this is difficult and expensive. More usually, 
chlorophyll a concentration, measured in situ using an electronic sensor, is used an indicator of phytoplankton 
biomass. An underlying assumption is that all the different types of algae – including cyanobacteria – have the 
same levels of chlorophyll a, hence the estimate of biomass is only rough (and specific species cannot be 
inferred from the measurement). Chlorophyll sensors measure fluorescence22, which can be related to 
chlorophyll a concentration (µg L-1). Phytoplankton biomass may, in turn, be inferred from the chlorophyll a 
concentration, however ecological thresholds are typically expressed in terms of chlorophyll a concentration, 
not phytoplankton biomass. 
To complement fixed-point sensors, multispectral and hyperspectral remote sensing data from satellites can 
be processed to estimate oceanic water chlorophyll a concentrations over large spatial scales. Many satellite 
sensors are currently available to monitor chlorophyll a, but the use of the data in coastal waters requires local 
calibration and validation. Recently, data from moored sensors were used to develop algorithms for calibrating 
satellite data to describe chlorophyll a variability in Hawke Bay and Tasman Bay with reasonable success (Jiang 
et al., in press).  The application of satellite data will likely be restricted to only some coastal water bodies and 
will be limited in its applications to water quality standards, but may still be useful in providing larger-scale and 
historical context for local monitoring data. 
Looking ahead, and for convenience, Figure 5 shows in graphical format an overview of chlorophyll a thresholds 
expressed as mg chla L-1, all of which are reviewed in the next section. 

                                                           
22 Typically, the water sample is illuminated with 470 nm light which causes chlorophyll a that is present to emit light at 650–700 nm, which is what is measured by the sensor. Blue-green algae, which have some unique pigments, may be identified by illumination with different wavelengths of light. 
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Figure 5. Overview of chlorophyll a thresholds expressed as mg chla L-1. 
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3.3.2 Existing approaches 
The ANZECC (2000) guidelines compile default trigger values for water-column chlorophyll a (chla) 
concentration derived from ecosystem data for “substantially natural to slightly disturbed ecosystems”. Default 
trigger values for “estuaries” and “marine” water of southeast Australia (Table 3.3.2, Volume 1 of the 
Guidelines) are 4 g chla L-1 and 1 g chla L-1, respectively. The default trigger values are “low risk”, and it is 
emphasised that “the default trigger values should only be used until site- or ecosystem-specific values can be 
generated”. ANZECC provides extensive guidance on the test statistic(s) that should be compared to the trigger 
values in order to assess the status of any particular site. Hunt (2016) notes that the “recommended method 
for comparing water quality monitoring data from a specific site with trigger values from a reference site, is to 
compare the median concentration of samples from the test site with the eightieth percentile of data for this 
parameter from a suitable reference site. If regional reference site data are not available, the median 
concentration at the test site should be compared with the trigger value for that parameter in the ANZECC 
guidelines. There is no recommended minimum number of samples required from a test site to allow 
meaningful comparison with trigger values. However, as for all monitoring data, the larger the number of 
samples from a test site, the higher the reliability and validity of the comparison”. No data or recommendations 
are available for New Zealand systems. The southeast Australia systems are probably most like New Zealand 
systems; ANZECC recommends that, for New Zealand systems “consideration should be given to the use of 
interim trigger values for southeast Australian estuarine and marine ecosystems”. 
Auckland Council adopted the ANZECC guideline default trigger values for their Environmental Response 
Criteria (ERC) for chlorophyll a. Williamson et al. (2015) criticised this approach, which we discuss below in 
section 3.3.3. 
The pilot National Objectives Framework (NOF) for Estuaries23 proposed the following bands for chlorophyll 
a, as indicative of “microalgae” (or phytoplankton):  

Excellent: < 2 mg chla m-3 
Good: 2–5 mg chla m-3 
Fair: 5–15 mg chla m-3 
Poor: > 15 mg chla m-3 

The NOF panel noted that their suggested bands are derived from the literature and are not well correlated 
with compromised trophic states in the NZ context. The bands were not tied to any particular estuary type, 
however the panel did note that ICOLLs24 are particularly susceptible to microalgal outbreaks and should be 
monitored for planktonic chlorophyll levels, and that partially enclosed coastal bays are also susceptible if they 
have substantial nutrient loading. 

                                                           
23 NZ Ministry for the Environment, unpublished. 
24 ICOLLs (intermittently closed and open lakes and lagoons) are shallow and may have a very long residence time. 
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Tool 2 (indicators and assessment of estuary trophic state) of the New Zealand Estuary Trophic Index Toolbox 
(Robertson et al., 2016) proposed interim values (until more NZ-specific data are available) for phytoplankton 
chlorophyll a thresholds25: 

Euhaline26 
Ecological condition band A: <3 g chla L-1 
Ecological condition band B: 3–8 g chla L-1 
Ecological condition band C: 8–12 g chla L-1 
Ecological condition band D: >12 g chla L-1 

Oligohaline / mesohaline / polyhaline27 
Ecological condition band A: <5 g chla L-1 
Ecological condition band B: 5–10 g chla L-1 
Ecological condition band C: 10–16 g chla L-1 
Ecological condition band D: >16 g chla L-1 

The ecological condition bands are described in Table 13 for chlorophyll a thresholds. 
Table 13. Ecological condition bands for chlorophyll a thresholds used in the New Zealand Estuary Trophic Index Toolbox. 

Ecological condition band A Ecological condition band B Ecological condition band C Ecological condition band D 
Ecological communities are healthy and resilient. Ecological communities are slightly impacted by additional phytoplankton growth arising from nutrients levels that are elevated. 

Ecological communities are moderately impacted by phytoplankton biomass elevated well above natural conditions. Reduced water clarity likely to affect habitat available for native macrophytes. 

Excessive algal growth making ecological communities at high risk of undergoing a regime shift to a persistent, degraded state without macrophyte/seagrass cover. 

Phytoplankton productivity and community structure were not recommended as further indicators because 
the former is highly variable spatially and temporally in estuaries, and the latter because there is little NZ-
specific data to support its interpretation. 
The ETIT recommendations were based largely on thresholds for Basque estuaries, since these display many 
similarities to a range of New Zealand estuaries.  
                                                           
25 90th percentile based on monthly measures. 
26 Euhaline > 30 ppt salinity. 
27 Oligohaline 0.5–5 ppt salinity, mesohaline 5–18 ppt salinity, polyhaline 18–30 ppt salinity. 
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For the Basque estuaries, Revilla et al. (2010) define thresholds in terms of 90th percentile chlorophyll a 
concentrations: 

Euhaline28 
Reference: <2.67 g chla L-1 
High: <2.67–4 g chla L-1 
Good: 4–8 g chla L-1 
Moderate: 8–12 g chla L-1 
Poor: >12 g chla L-1 

Oligohaline / mesohaline / polyhaline29 
Reference: <5.33 g chla L-1 
High: 5.33–8 g chla L-1 
Good: 8–12 g chla L-1 
Moderate: 12–16 g chla L-1 
Poor: >16 g chla L-1 

The similarity with the ETIT recommendations is obvious. 
Borja et al. (2004), describing the implementation of the European Water Framework Directive in estuaries 
and along the coast of the Basque region, northern Spain, combined chlorophyll a concentration with number 
of exceedances, as follows. 

Coastal waters, number of events with chlorophyll a > 8 g L-1, based on quarterly sampling data for a 5-
year running period: 

High <2 
Good 2–5 
Moderate 6–10 
Poor 11–15 
Bad >15 

Transitional (salinity) waters, number of events with chlorophyll a > 16 g L-1, based on quarterly sampling 
data for a 5-year running period: 

High <4 
Good 4–10 
Moderate 11–20 
Poor 21–30 
Bad >30 

                                                           
28 Euhaline > 30 ppt salinity. 
29 Oligohaline 0.5–5 ppt salinity, mesohaline 5–18 ppt salinity, polyhaline 18–30 ppt salinity. 
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Borja et al. (2014) gave similar bands for occurrence of toxic phytoplanktonic species, which cannot be resolved 
by measuring chlorophyll a.  
Ferreira et al. (2011) summarise other thresholds for chlorophyll a developed under the Water Framework 
Directive for the Basque region. These are for summer-mean chlorophyll a concentration:  

High (meaning very good): 0–3.5 g L-1 
Good 3.5–7 g L-1 
Moderate 7–10.5 g L-1 
Poor 10.5–14 g L-1 
Bad >14 g L-1 

NEEA/ASSETS30 thresholds for chlorophyll a for U.S. estuaries are given by Bricker et al. (2003) in their Table 2, 
as follows: 

Hypereutrophic: >60 g chla L-1 
High: 20–60 g chla L-1 
Medium: 5–20 g chla L-1 
Low: <5 g chla L-1 

These are highest concentrations during the annual bloom period (not annual means, which would be lower). 
Reference is made to the work of Nixon and Pilson (1983), who concluded that estuaries with highest annual 
chlorophyll a <5 g L-1 “appear unimpacted; at 20 g chla L-1 submerged aquatic vegetation declines (Stevenson 
et al., 1993) and starts to shift to monoculture (Twilley et al., 1985); at 60 g chla L-1 oxygen depletion in bottom 
waters is observed (Jaworski, 1981)”. 
With no local data, Sheldon and Alber (2011) recommended the use of the NEEA criteria for Georgia (U.S.) 
coastal waters, which are 5 g chla L-1 as the boundary between “good” and “fair” and 20 g chla L-1 as the 
boundary between “fair” and “poor”. They recommended comparing the annual median with these thresholds 
to make an assessment of chronic problems, but also looking at the annual maximum since “it is possible that 
a single bloom could cause symptoms severe enough to cause lasting damage”. They recommended additional 
sampling and analysis if a harmful algal bloom is suspected. 

                                                           
30 ASSETS (Assessment of Estuarine Trophic Status) is a methodology for assessing eutrophication of estuaries and coastal marine waters and for exploring management options. It uses quantitative and semi-quantitative components, and is based on a pressure–state–response concept. It was developed in the U.S., deriving from the earlier National Estuarine Eutrophication Assessment (NEEA), which was applied to 138 estuaries in the continental U.S. The NEEA approach uses a combination of primary and secondary symptoms to derive an Overall Eutrophic Condition (OEC) index, which is then associated with a measure of Overall Human Influence (OHI) and the Definition of Future Outlook (DFO). The NEEA approach is described in detail by Bricker et al. (1999), and the extension to ASSETS is described by Bricker et al. (2003).  
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Sutula et al. (2012)31 give examples of chlorophyll a thresholds designed to provide appropriate light for 
seagrass in a range of U.S. estuaries (Table 14) (see section 4.2.1 for more information on light requirements 
for seagrass). 
Table 14. Examples of chlorophyll a and light requirements for seagrass habitats in various U.S. estuaries. Reproduced 
from Sutula et al. (2011). 

Sutula et al. (2011) also reviewed chlorophyll a thresholds for unvegetated subtidal habitats. This includes the 
ASSETS thresholds (reviewed above) and thresholds used by Souchu et al. (2000) [quoted in Sutula et al., 2011] 
to assess trophic status32 of French Mediterranean estuaries: 

“Blue”: 0–5 g chla L-1 
“Green”: 5–7 g chla L-1 
“Yellow”: 7–10 g chla L-1 
“Orange”: 10–30 g chla L-1 
“Red”: >30 g chla L-1 

Sutula et al. (2011) concluded that there was insufficient data to establish thresholds for California estuaries, 
and recommended further work be undertaken. 
The state of Oregon (U.S.) currently has a “numeric water quality criterion” (standard) for chlorophyll a of 15 
g L-1 to “protect beneficial uses” of both their rivers and estuaries (Brown et al., 2007). Assessment requires 
                                                           
31 Sutula et al. (2011) review indicators for Nutrient Numeric Endpoints (NNE) for California estuaries. The NNE “establishes a suite of numeric endpoints based on the ecological response of an aquatic waterbody to nutrient over-enrichment (eutrophication, e.g., algal biomass, dissolved oxygen). In addition to numeric endpoints for response indicators, the NNE framework must include models that link the response indicators to nutrient loads and other management controls. The NNE framework is intended to serve as numeric guidance to translate narrative water quality objectives”. The selection of ecological response indicators is the first step in developing an NNE assessment framework. Sutula et al. “review literature supporting the use of a variety of candidate ecological response indicators, recommend a suite of indicators which met review criteria, identify data gaps and recommend next steps”. 
32 Souchu et al. (2000) classify lagoons into five eutrophication levels, from blue (no eutrophication) to red (high eutrophication). This is the same colour scheme as used in the Water Framework Directive. 
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the standard to be compared to an average based on a minimum of three samples collected over any three 
consecutive months at a minimum of one representative location (Brown et al., 2007). If the criterion is not 
achievable because of the natural background conditions, then those background conditions become the 
criterion. 
In the Marlborough Sounds, standards for chlorophyll a have been developed for managing new salmon farm 
consents. With the addition of feed and associated nutrient loading, finfish farms have the potential to enhance 
phytoplankton production at local to regional scales. Monthly samples are collected at near-farm and reference 
sites, and the estimates of chlorophyll a are interpreted alongside measures of plankton biomass and 
community composition, as well as other water-column parameters such as dissolved inorganic nitrogen and 
dissolved oxygen.  
Consents for new farms developed by NZ King Salmon Company Ltd require the farms to be operated at all 
times in such a way as to achieve a number of water quality objectives, including “to not cause a change in the 
typical seasonal patterns of phytoplankton community structure (i.e. diatoms vs. dinoflagellates), and with no 
increased frequency of harmful algal blooms” and “to not cause a statistically significant shift, beyond that 
which is likely to occur naturally, from a oligotrophic / mesotrophic state towards a eutrophic state”.  To ensure 
objectives are met, consent conditions set specific limits (or water quality standards) for a number of water-
column attributes including chlorophyll a. The threshold is 3.5 mg m-3 for chlorophyll a. If the water quality 
standards are exceeded in three consecutive months at routine monitoring stations, an “amber alert” is raised, 
leading to additional investigation. As an example, the flowchart in Figure 6 depicts the course of actions 
around monitoring of chlorophyll a (Elvines et al. 2016). 
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Figure 6. Flow diagram illustrating the course of actions around monitoring of chlorophyll a for one of the NZ King Salmon 
Company Ltd farms in Tory Channel, Queen Charlotte Sound. From Elvines et al. (2016). 
Waikato Regional Council currently uses a combination of the ANZECC (2000) guidelines default trigger values 
and expert judgement to derive “standards” for seven water quality variables that are judged as being relevant 
to the “suitability of estuarine water quality for ecological health”33. For each variable, there are three 
categories (excellent, satisfactory, unsatisfactory), which are based on the “critical values” for the water quality 
variable at hand. The three categories for chlorophyll a, given as relevant to “algal blooms”, are:  

                                                           
33 http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/#Heading5 
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“Excellent”, <2 mg chla m-3 
“Satisfactory”, 2 – 4 mg chla m-3 
“Unsatisfactory”, >4 mg chla m-3 

Hunt (2016) provides details as to how WRC’s standards have been developed and how they are applied. 
3.3.3 Options 
(1) Have no standard. 
The NOF panel commented that microalgal (phytoplankton) problems are relatively rare in NZ estuaries, largely 
because of physical factors (short residence times, turbidity) that are likely to offset any effects of high water-
column nutrient loading on phytoplankton growth. Williamson et al. (2015) noted that planktonic algal blooms 
have not been a significant widespread issue in the Auckland region to date, although there have been 
problems in Manukau Harbour due to past discharges from the Mangere Wastewater Treatment Plant into the 
harbour. Auckland Council (2015) note that there were 7 significant phytoplankton blooms in the Upper 
Waitemata Harbour during the period 2004–13 and one in Tamaki Inlet. Both of these water bodies are 
relatively enclosed and receive runoff from intensively developed catchments. Williamson et al. (2015) note 
that “there are relatively few definitive studies” in New Zealand of problem phytoplankton blooms in response 
to nutrient enrichment and that “concerns relate to many reported problems overseas, relatively little 
information for New Zealand, increasing nutrient inputs from land runoff because of time lag effects, land use 
intensification (especially dairy conversions) and increasing human populations”. More usually, undesirable 
biological growths in response to high nutrient loading take the form of nuisance blooms of macroalgae, such 
as Ulva spp.  
In the Waikato region, the longer residence time of the west-coast estuaries compared to the east-coast 
estuaries makes the west-coast estuaries more susceptible to phytoplankton blooms, although the more turbid 
water, and accompanying reduction in light penetration, that is also characteristic of the west-coast estuaries 
may counteract that tendency. The Firth of Thames is a special case, which Green and Zeldis (2015) noted had 
a number of features that make it sensitive to nutrient enrichment, meaning that “the symptoms of 
eutrophication are not likely to be suppressed by physical factors such as turbid water/low light, short water 
residence time, and strong vertical mixing”. Green and Zeldis concluded that “[p]hytoplankton abundance and, 
to a lesser extent, biomass at the extended-Firth monitoring site [40 m water depth] have increased over the 
past 15 years. These changes are consistent with the [increasing] trend in nitrogen at the extended-Firth 
monitoring site over the same period”. 
(2) Retain and/or refine WRC’s present chlorophyll a standard based on ANZECC (2000) default trigger values 
and expert judgement. 
Williamson et al. (2015) are critical of the ANZECC guideline default trigger values for chlorophyll a (and 
nutrients) being applied to New Zealand waters. They note that they are not aware of any further action or 
investigation being triggered by exceedance of ANZECC chlorophyll a default trigger values (or nutrient default 
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trigger values) in New Zealand, from which they infer that the trigger values are too low (for New Zealand). 
They point out that the ANZECC default trigger values are not thresholds related to adverse effects, and they 
overlook the fact that Auckland waters have naturally high productivity. Hunt (2016) notes that “marine waters 
in south-east Australia have naturally lower nutrient levels than those in New Zealand”34. Williamson et al. refer 
to a personal communication with Bill Vant (WRC) who considers it “more appropriate to use the overseas 
trigger values of 10 g L-1 … to ‘trigger’ management response”. They note that the “median concentrations of 
chlorophyll a are typically below 5 g L-1 in NZ marine waters, including Auckland, and rarely above 10 g L-1”. 
(3) Develop reference conditions for chlorophyll a for the different marine water types of the Waikato region, 
and then develop a standard in terms of an acceptable departure from the reference. 
(4) Adopt an existing effects-based threshold.  
An effects-based threshold could be adopted from the literature or from New Zealand experience, such as the 
pilot NOF.  
3.3.4 Requirements 
(1) Nothing. 
(2) Nothing is required to retain WRC’s current standard. Starting with the categories used in the current 
standard and using information presented herein a minimum standard could be developed. 
(3) Section 2.2 provides an overview of where the reference condition approach sits in the ANZECC framework 
for deriving guideline values for a waterbody (which then may be translated into objectives and/or standards), 
and section 2.3 provides further brief commentary on the notion of the reference condition. Stoddard et al. 
(2006) note that the reference condition essentially refers to a site that is unimpacted by humans. As Hunt 
(2016) points out, however, it is often difficult to find a suitable unmodified site that could function as a 
reference site. That is likely to be the case for each of the marine water types of the Waikato region.  
Chlorophyll a will vary across a range of temporal scales, including diurnal (reflecting the daily cycle of primary 
production and respiration), seasonal (variations in light and temperature, which affect primary production), 
and longer (for example, interannual variability associated with ENSO cycles). Chlorophyll a will also vary 
episodically, for instance, in the presence of algal blooms. Given the existence of a suitable reference site, 
“trigger values from a reference site should be derived from monthly sampling over a minimum period of two 
years” (Hunt, 2016).  
Ideally, chlorophyll a would be measured by fixing sensors to a moored instrument that would only need to be 
serviced on an approximately monthly schedule (and even less frequently if sensors with wipers were used). A 
range of other water-quality parameters could be measured at the same time as chlorophyll a is being 
                                                           
34 See, for example, http://resources.ccc.govt.nz/files/Water_2168_Chlorophyll-aInEstuary-docs.pdf (Hunt, 2016). 
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measured (e.g., nutrients, DO, turbidity, pH, temperature, salinity), and with instruments all on the same 
mooring. The data so obtained will help in the interpretation of the chlorophyll data, and may also be used in 
its own right to define reference conditions for the other parameters. It is convenient that the usual water-
quality parameters are all intrinsically linked (they are driven by, essentially, the same amalgam of physical and 
biological process), and so they all vary across similar temporal scales. This simplifies the design of any 
integrated sampling programme.  
With data in hand, water quality standards, representing “a level of quality desired by stakeholders” may then 
be defined in terms of an acceptable level of change from the reference condition. As noted in section 2.2, the 
ANZECC guidelines refer to a social process, in which stakeholders “need to negotiate an effect size, which 
describes how much deviation from the reference condition is tolerable”. 
(4) A significant difficulty (which in fact applies to any threshold that might be adopted) is deciding on a way to 
account for natural temporal and spatial variability in phytoplankton. Sutula et al. (2011) raised the issue of 
variability, and noted that “[t]emporally, a chlorophyll-a target can be defined as a point-in-time measurement 
(or frequency of such measurements) or as an average over a year, season, or other period. Spatially, the target 
could be applied as an estuary-wide average, a concentration at a specific point, or in relation to specific sub-
habitat areas such as seagrass”. 
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3.4 Water-column dissolved oxygen 
3.4.1 Background 
Dissolved oxygen is a key water-quality attribute that sustains life and needs to be managed to meet water-
quality objectives. A low level of dissolved oxygen (DO) is a secondary symptom of eutrophication, which can 
have a wide range of adverse effects on aquatic life (plants, bacteria, shellfish and other invertebrates, fish) 
that use oxygen to respire.  
The risk of eutrophication, and in turn a reduction in DO, is of concern mainly in estuaries and is less of an issue 
in open water. However, DO needs to be managed in areas used for marine aquaculture, which includes 
offshore waters.  Both non-feed added (e.g., mussel farms) and feed-added (e.g., finfish) forms of aquaculture 
require high levels of DO to sustain high levels of productivity; aquaculture activities in turn affect levels of 
dissolved oxygen due to respiration by farmed organisms and organic enrichment of the underlying seabed. As 
a result, DO is frequently monitored for ensuring suitability for aquaculture and also for managing aquaculture 
consents, particularly in the case of finfish farming.  
DO may be expressed as a concentration (mg of DO per litre of water35) or as a percentage saturation, where 
100% saturation means the dissolved oxygen is in equilibrium with the atmosphere. The actual concentration 
of oxygen in the water at 100% saturation depends on the oxygen solubility of the water, which decreases as 
temperature increases, decreases exponentially as salinity increases, and increases as pressure increases. 
Different water bodies with the same saturation but different temperature, pressure and/or salinity can 
therefore have quite different concentrations of oxygen.  
Unlike, say, pH (section 3.5), DO thresholds are typically expressed in absolute units as opposed to deviation 
from a “norm” or reference condition. This is because there is a good body of experimental evidence on the 
oxygen requirements of a range of organisms. The exception noted in this review are the thresholds used by 
Souchu et al. (2000) to describe the trophic status of French Mediterranean estuaries, which are expressed as 
change in percentage DO saturation relative to a reference condition.  
Looking ahead, and for convenience, Figure 7 shows in graphical format an overview of dissolved oxygen 
thresholds expressed as mg DO L-1 and Figure 8 shows an overview expressed as percentage DO saturation, all 
of which are now reviewed in the next section. 

                                                           
35 1 mg/L = 1 ppm. DO is also reported in micromoles, where 100 mole/L O2 = 2.2 mg/L O2. 
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Figure 7. Overview of dissolved oxygen thresholds expressed as mg DO L-1.  
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Figure 8. Overview of dissolved oxygen thresholds expressed as percentage DO saturation. 
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3.4.2 Existing approaches 
The pilot National Objectives Framework (NOF) for Estuaries36 suggested the following bands for dissolved 
oxygen for providing for the value of “ecological health”: 

Excellent: > 10 mg DO L-1 
Good: > 8–10 mg DO L-1  
Fair: 5–8 mg DO L-1 
Poor: <5 mg DO L-1 

No guidance was provided on exactly which test statistic should be compared to the bands to assess the 
ecological health of any particular estuary. The NOF panel commented that the commonly used threshold of 2 
mg DO L-1 to designate hypoxia that is found in much of the literature37 is not considered tenable as a safe 
trigger level for avoidance of hypoxic impacts (Vaquer-Sunyer and Duarte, 2008). A level of 4.6 mg L-1 is 
recommended by those authors as “a precautionary limit to avoid catastrophic mortality events, except for the 
most sensitive (e.g. crab) species, and effectively preserve biodiversity”. 

Tool 2 (indicators and assessment of estuary trophic state) of the New Zealand Estuary Trophic Index Toolbox 
(Robertson et al., 2016) (ETIT) notes that there are insufficient data to derive DO thresholds for native NZ 
estuarine species. Instead, Tool 2 recommends the use of DO thresholds for screening estuaries based on a 
combination of NZ freshwater data and information from NEEA/ASSETS (Bricker et al., 1999; Bricker et al., 2003) 
and the California Nutrient Numeric Endpoints (Sutula et al., 2011). Tool 2 of the ETIT recommends the 
following:  

Ecological condition band A 
7-day mean  8.0 mg L-1 
7-day minimum  7.0 mg L-1 
1-day minimum  5.5 mg L-1 

Ecological condition band B 
7-day mean 7.0–8.0 mg L-1 
7-day minimum 6.0–7.0 mg L-1 
1-day minimum 5.0–5.5 mg L-1 

Ecological condition band C 
7-day mean 6.0–7.0 mg L-1 
7-day minimum 5.0–6.0 mg L-1 
1-day minimum 4.0–5.0 mg L-1 

                                                           
36 NZ Ministry for the Environment, unpublished. 
37 For example: http://www.cop.noaa.gov/stressors/pollution/current/chrp.html 
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Ecological condition band D 
7-day mean  6.0 mg L-1 
7-day minimum  5.0 mg L-1 
1-day minimum  4.0 mg L-1 

The ecological condition bands are described in Table 15 for DO thresholds. 
Table 15.  Ecological condition bands for DO thresholds used in the New Zealand Estuary Trophic Index Toolbox. 

 
 
 
 
 
 

 
The ANZECC (2000) guidelines compile default trigger values for water-column dissolved oxygen derived from 
ecosystem data for “substantially natural and slightly disturbed” ecosystems. The trigger values are expressed 
as lower limit and upper limit percent saturations, and are derived from daytime measurements. Default trigger 
values for “estuaries” and “marine” water of southeast Australia (Victoria, New South Wales, southeast 
Queensland, the Australian Capital Territory and Tasmania) (Table 3.3.2, Volume 1 of the Guidelines) are: 80 
and 110% DO saturation (lower limit and upper limit) (for “estuaries”) and 90 and 110 % DO saturation (for 
“marine”). No data or recommendations are available for New Zealand systems. The southeast Australia 
systems are probably most like New Zealand systems; ANZECC recommends that, for New Zealand systems 
“consideration should be given to the use of interim trigger values for southeast Australian estuarine and 
marine ecosystems”. The default trigger values are “low risk”, and it is emphasised that “the default trigger 
values should only be used until site- or ecosystem-specific values can be generated”. ANZECC provides 
extensive guidance on the test statistic(s) that should be compared to the trigger values in order to assess the 
status of any particular site. Hunt (2016) notes that the “recommended method for comparing water quality 
monitoring data from a specific site with trigger values from a reference site, is to compare the median 
concentration of samples from the test site with the eightieth percentile of data for this parameter from a 
suitable reference site. If regional reference site data are not available, the median concentration at the test 
site should be compared with the trigger value for that parameter in the ANZECC guidelines. There is no 
recommended minimum number of samples required from a test site to allow meaningful comparison with 
trigger values. However, as for all monitoring data, the larger the number of samples from a test site, the higher 

Ecological condition band A Ecological condition band B Ecological condition band C Ecological condition band D 
No stress caused by low dissolved oxygen on any aquatic organisms that are present at near-pristine sites. 

Occasional minor stress on sensitive organisms caused by short periods (a few hours each day) of lower dissolved oxygen. Risk of reduced abundance of sensitive fish and macroinvertebrate species. 

Moderate stress on a number of aquatic organisms caused by dissolved oxygen levels exceeding preference levels for periods of several hours each day. Risk of sensitive fish and macroinvertebrate species being lost. 

Significant, persistent stress on a range of aquatic organisms caused by dissolved oxygen exceeding tolerance levels. Likelihood of local extinctions of keystone species and loss of ecological integrity. 



 
 

60  
 

the reliability and validity of the comparison”. ANZECC notes that DO may vary diurnally and seasonally, and 
therefore cautions that “[m]onitoring programs should assess this potential variability”. 
Borja et al. (2004), describing the implementation the European Water Framework Directive in estuaries and 
along the coast of the Basque region, northern Spain, give the following for “high” and “bad” quality for 
different estuary types of the region grading to fully marine waters (Table 16): 

SRDE 
“High” quality: 85% DO saturation 
“Bad” quality: 45% DO saturation 

EEIF 
“High” quality: 90% DO saturation 
“Bad” quality: 50% DO saturation 

EESA 
“High” quality: 95% DO saturation 
“Bad” quality: 55% DO saturation 

FMESC–FMERC 
“High” quality: 100% DO saturation 
“Bad” quality: 60% DO saturation 

Table 16. Different water-body types of the Basque region, northern Spain, used by Borja et al. (2004) for implementing 
the European Water Framework Directive. 

 
 
 
 

NEEA/ASSETS38 thresholds for dissolved oxygen for U.S. estuaries are given by Bricker et al. (2003) in their Table 
2. They are: 

                                                           
38 ASSETS (Assessment of Estuarine Trophic Status) is a methodology for assessing eutrophication of estuaries and coastal marine waters and for exploring management options. It uses quantitative and semi-quantitative components, and is based on a pressure–state–response concept. It was developed in the U.S., deriving from the earlier National Estuarine Eutrophication Assessment (NEEA), which was applied to 138 estuaries in the continental U.S. The NEEA approach uses a combination of primary and secondary symptoms to derive an Overall Eutrophic Condition (OEC) index, which is then associated with a measure of Overall Human 

SRDE EEIF EESA FMESC FMERC 
Small river-dominated estuaries; 75% freshwater, 25% marine. 

Estuaries with extensive intertidal flats; 50% freshwater, 50% marine. 

Estuaries with extensive subtidal areas; 25% freshwater, 50% marine. 

Full marine exposed, sandy coast; 100% marine water. 

Full marine exposed, rocky coast; 100% marine water. 
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Anoxia: 0 mg DO L-1 
Hypoxia: 0–2 mg DO L-1- 
Biologically stressful: 2–5 DO mg L-1 

These are estuary bottom-water concentrations. Reference is made to the review of Rabalais and Harper (1992) 
of oxygen stress. DO is a secondary symptom of eutrophication in NEEA/ASSETS, and the thresholds “were 
selected to be simple to use and to separate estuaries on a gradient whenever possible” (Bricker et al., 2003). 
A widely quoted review is that of Vaquer-Sunyer and Duarte (2008). The abstract of Vaquer-Sunyer and Duarte 
summarises the issue: “A broad comparative analysis across a range of contrasting marine benthic organisms 
showed that hypoxia thresholds vary greatly across marine benthic organisms and that the conventional 
definition of 2 mg O2/liter to designate waters as hypoxic is below the empirical sublethal and lethal O2 
thresholds for half of the species tested. These results imply that the number and area of coastal ecosystems 
affected by hypoxia and the future extent of hypoxia impacts on marine life have been generally 
underestimated.”  
Vaquer-Sunyer and Duarte assemble a wide range of data “to examine the variability in oxygen thresholds for 
hypoxia across benthic organisms and to test for the existence of consistent differences among taxa”. Vaquer-
Sunyer and Duarte noted that commonly employed DO thresholds (around 2 mg L-1) refer to the “oxygen level 
for fisheries collapse” but that that threshold “may be inadequate to describe the onset of hypoxia impacts for 
many organisms, which experience hypoxia impacts at higher oxygen concentrations”. Moreover, “the diversity 
of behavioral and physiologic adaptations to hypoxia suggests that different taxa are likely to exhibit different 
vulnerability to hypoxia and may have, therefore, different oxygen thresholds, a possibility that is not 
addressed by the conventional oxygen thresholds in use”.  
Vaquer-Sunyer and Duarte examine data from 872 published (mainly laboratory) experiments that reported 
oxygen thresholds and/or lethal times for 206 species spanning the full taxonomic range of benthic metazoans. 
Lethal and sublethal DO concentrations were examined, as was lethal time. The results “provide evidence of 
the broad, order-of-magnitude variability in the thresholds of oxygen concentrations for hypoxia among 
benthic marine organisms, which cannot be adequately captured by a single, universal threshold”. Vaquer-
Sunyer and Duarte assemble the results in a figure that shows how oxygen sensitivity varies by taxa 
(reproduced here as Figure 9). 
 

                                                           
Influence (OHI) and the Definition of Future Outlook (DFO). The NEEA approach is described in detail by Bricker et al. (1999), and the extension to ASSETS is described by Bricker et al. (2003).  
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Figure 9. Box plot showing the distributions of oxygen thresholds among taxa for (A) LC50 (mg O2/liter), (B) SCL50 (mg 
O2/liter), and (C) LT50 (h). The letters indicate the results of the Tukey HSD test, whereby the property examined did not 
differ significantly for taxa with the same letter. Reproduced from Vaquer-Sunyer and Duarte (2008). 
The most sensitive organisms were crustaceans (highest lethal concentration and shortest lethal time), 
whereas fish had the highest sublethal concentration. Molluscs were the most tolerant (lowest lethal 
concentration), together with cnidarians (lowest sublethal concentration) and Priapulids (longest lethal time). 
From these results, Vaquer-Sunyer and Duarte note that the “sequence of losses of benthic fauna during 
hypoxic events should be initiated by the loss of fish, followed by crustaceans, then worms, echinoderms, and 
molluscs as oxygen declines”, which is largely confirmed by observations from coastal areas experiencing 
hypoxia. 
Vaquer-Sunyer and Duarte argue from these results that the conventionally accepted (at the time) threshold 
of 2 mg DO L-1 (originally derived as the threshold for fisheries collapse) falls well below the oxygen thresholds 
for the more sensitive taxa, and “is inadequate as a threshold to conserve coastal biodiversity, because 
significant mortality would have already been experienced by many species”. 
Vaquer-Sunyer and Duarte note that “waters with oxygen concentrations below 4.6 mg O2/liter, the 90th 
percentile of the distribution of mean lethal concentrations, would be expected to maintain the population for 
most, except the 10% most sensitive species. This oxygen level could thus be considered as a precautionary 
limit to avoid catastrophic mortality events, except for the most sensitive crab species, and effectively conserve 
marine biodiversity”.  
Sutula et al. (2012) note reviews by Gray et al. (2002) and U.S. Environmental Protection Agency (2002) that 
also found that “crustaceans typically exhibit higher oxygen thresholds (i.e., are more sensitive to low DO) than 
other marine or estuarine taxa”, and commented that Vaquer-Sunyer and Duarte (2008) was the “most 
comprehensive of these documents”. 
The U.S. Environmental Protection Agency (2000), quoted in Sheldon and Alber (2011), “derived a value of 2.3 
mg L-1 as the limit of survival of juvenile and adult fish, crustaceans, and bivalves in coastal waters of the 
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Virginian province, and 4.8 mg L-1 as the chronic protective value for growth” which Sheldon and Alber noted 
were close to the NEEA39 and NCCR40 thresholds of 2 mg L-1 (threshold between poor and fair) and 5 mg L-1 
(threshold between fair and good).   
Sheldon and Alber (2011) noted some confusion over units used by the U.S. Environmental Protection Agency 
(mL compared to mg), which led them to suggest slightly higher thresholds: 3 mg L-1 (threshold between poor 
and fair) and 5.5 mg L-1 (threshold between fair and good), which they noted aligned with thresholds identified 
in literature reviews as being protective of most taxonomic groups (Vaquer-Sunyer and Duarte, 2008).  
Sutula et al. (2012) present an extensive review of science supporting DO objectives in California estuaries. 
They concluded that there were insufficient data to derive “criteria” (or thresholds, in the language that we are 
using herein) for native California species, and instead used data on surrogate and introduced species to 
calculate acute (CMC; Criterion Maximum Concentration) and chronic (CCC; Criterion Continuous 
Concentration) criteria. Sutula et al.’s (2012) Table 6.4 (reproduced in Table 17) presents a useful comparison 
of CMC and CCC criteria for DO derived for other parts of the U.S.  
Table 17. Comparison of different criteria for dissolved oxygen; data are in mg L-1. CMC is the Criterion Maximum 
Concentration (acute effects) and CCC is the Criterion Continuous Concentration (chronic effects). Reproduced from Sutula 
et al. (2012). 

 
 
 
 
 
 
 
 
 
 

                                                           
39 National Estuarine Eutrophication Assessments, done by NOAA. 
40 National Coastal Condition Reports, done by U.S. Environmental Protection Agency. 
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Sutula et al. concluded that “it may be desirable to obtain data for some California native species to increase 
confidence in the overall conclusions or to develop site-specific criteria” and that the next step is to develop a 
protocol that “specifies the temporal/spatial averaging and data density necessary to make a determination of 
‘impairment’ ". Some important considerations concerning the development of such a protocol are: 

 Need to consider whether a single sampling depth is sufficient and whether sampling should be 
seasonal or year-round. 

 Allowances need to be made for natural episodes of hypoxia (e.g., poorly flushed lagoons). 
 May need to monitor DO at sufficiently short intervals (e.g., less than 2 hours) to characterise actual 

exposure. 
 May need to apply different objectives spatially to account for different uses. 

Thresholds used by Souchu et al. (2000) to assess trophic status41 of French Mediterranean estuaries are 
(quoted in Sutula et al., 2011): 

“Blue”: 0–20  
“Green”: 20–30 
“Yellow”: 30–40 
“Orange”: 40–50 
“Red”: >50 

where the numbers are change in percentage DO saturation relative to a reference condition. 
The approach taken by Sutula et al. (2012) to develop DO objectives for California estuaries draws from the 
Virginia Province42 Salt Water DO Criteria, the goal of which is to maintain and support aquatic life 
communities and their designated uses. The criteria are based on organism life-stage data, as opposed to 
population data, and are designed to protect the most sensitive life stage of organisms that spend part or all 
of their life history within an estuary. The criteria combine DO concentration and exposure time, and they are 
developed separately for larvae and juvenile and adult life stages. According to Sutula et al. (2012), the “Virginia 
Province approach does not address direct behavioral responses (i.e., avoiding low DO) or the ecological 
consequences of behavioral responses, such as changes in predation rates or in community structure. Also, the 
approach does not address the issue of spatial extent of hypoxia; the assumption being that environmental 
managers would have to judge whether the spatial extent of the low DO area is sufficient to warrant concern”. 
The state of Oregon (U.S.) currently has a “numeric water quality criterion” (standard) for DO of 6.5 mg L-1 to 
“protect beneficial uses” of estuaries (Brown et al., 2007). Failure to meet the standard is deemed when greater 
than 10% of samples exceed the criterion and there is a minimum of at least 2 exceedances of the criterion for 
the time period of interest (a minimum of 5 representative data points per site collected on separate days per 
                                                           
41 Souchu et al. (2000) classify lagoons into five eutrophication levels, from blue (no eutrophication) to red (high eutrophication). This is the same colour scheme as used in the Water Framework Directive. 
42 East coast of the U.S. from Cape Cod, MA, to Cape Hatteras, NC. 
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applicable time period; daily means of continuous data represents 1 data point). Brown et al. (2007) note that 
the DO criterion is high compared to criteria for other estuaries (e.g., Chesapeake Bay), and that it may be 
difficult to achieve. If the criterion is not achievable because of the natural background conditions, then those 
background conditions become the criterion. 
Batiuk et al. (2009) adapted the Virginia Province approach to deriving dissolved DO “criteria” for Chesapeake 
Bay. The criteria, which take into account the wide variety of habitats in the Bay, are designed to protect against 
adverse effects on survival, growth, reproduction and behaviour. They have been adopted by the Chesapeake 
Bay states – Maryland, Virginia, and Delaware – as state regulatory standards, which has then triggered the 
development of TMDLs43 that can be used to establish numerical limits on loads discharged from land. The 
criteria do not require DO to be high enough at all times and in all locations such that no organism would be 
negatively affected at any location in the Bay44. The criteria, which are shown in Table 18, are divided by 
“designated use” and are based on a wide range of data specifically relevant to the Bay. There are very 
sophisticated rules and guidelines for determining how to apply the criteria (including the way spatial and 
temporal variation are dealt with) and assess whether they are being met.  
Table 18. Chesapeake Bay dissolved oxygen water quality criteria for the protection of tidal water designated uses against 
adverse effects on survival, growth, larval recruitment, freshwater species and threatened/endangered species.   
Reproduced from Batiuk et al. (2009). 

Auckland Council’s TP16845 notes that no guidelines for DO have been developed specifically for New Zealand 
estuaries. They have adopted the ANZECC (2000) guidelines default trigger values for southeast Australia 
                                                           
43 Total maximum daily loads. 
44 This was deemed to be not achievable either economically or technologically, and low DO may occur naturally in certain parts anyway. 
45 http://www.aucklandcity.govt.nz/council/documents/technicalpublications/TP168%20Blueprint%20for%20monitoring%20urban%20receiving%20environment%20-%20revised%20edition%20Aug%202004.pdf 
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waters for their Environmental Response Criteria (ERC) green band, with amber and red bands based on best 
professional judgement of a local specialist (Table 19).  
Table 19. Auckland Council’s ERC bands for dissolved oxygen in estuaries.   Reproduced from Auckland Council TP168. 

Williamson et al. (2015) note that Auckland Council’s ERC specify that “the local receiving environment average 
dissolved oxygen concentration for all samples except the bottom samples, is to remain above 80% saturation 
at all times. At any single sampling station, the depth averaged DO saturation will remain above 65% at all 
times, and the average bottom sample DO saturation in sediment deposition areas is to be above 65% at all 
times”. 
Waikato Regional Council currently uses a combination of the ANZECC (2000) guidelines default trigger values 
and expert judgement to derive “standards” for seven water quality variables that are judged as being relevant 
to the “suitability of estuarine water quality for ecological health”46. For each variable, there are three 
categories (excellent, satisfactory, unsatisfactory), which are based on the “critical values” for the water quality 
variable at hand. The three categories for dissolved oxygen, considering the need for oxygen for aquatic animals 
to respire, are:  

“Excellent”, DO percentage saturation >90% 
“Satisfactory”, DO percentage saturation 80–90% 
“Unsatisfactory”, DO percentage saturation <80% 

Hunt (2016) provides details as to how WRC’s standards have been developed and how they are applied. 
In the Marlborough Sounds, water quality standards for DO have been implemented for managing new salmon 
farms located in high-flow areas of the outer Sounds.  Consents require the farms to be operated at all times 
in such a way as to achieve a number of objectives, including “to not cause reduction in dissolved oxygen 
concentrations to levels that are potentially harmful to marine biota”. Depending on the farm, the DO standard 
is applied to either the DO values across the uppermost 15 m of the water column or over the full water column 
(Table 20).  

                                                           
46 http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/#Heading5 
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Table 20. Initial water quality standards for DO at the New Zealand King Salmon Company Ltd Te Pangu farm. 

Consent compliance and management responses are informed from data collected during monthly sampling 
at near-farm and at reference sites.  Standards are based on percent saturation in the water column measured 
with a Conductivity-Depth-Temperature (CTD) profiler outfitted with a DO sensor. If the standard is exceeded 
the Marlborough District Council is notified immediately and a follow-up investigation is carried out within 20 
days to determine whether the breach is due to farm operations. If so, then management actions are taken.  
Lessons learned so far have included the importance of using comparative DO sensors, and also establishing 
comparative binning of data across depth gradients. Because DO at both farm and reference sites have been 
observed just above and in some cases below the standard, slight deviations in how data are collected can 
result in a false breach. In addition, the standard of < 90% saturation beyond the farms is likely to be too high; 
for example, DO was between 80–85% during the month of March at both farm and reference sites located in 
Tory Channel, Queen Charlotte Sound (Elvines et al., 2016).  
Ideally, oxygen standards should be based on local data (fish and invertebrate responses to low DO). For 
example, Sutula et al. (2012) note these steps: 

 generate list of fish and invertebrate species associated with specific beneficial uses by estuarine class; 
 for each species, identify life stages with respect to seasonality, habitat type and location within 

estuarine and associated nearshore and/or freshwater habitat areas; 
 review and summarize data available on physiological effects of hypoxia for each individual species 

with respect to continuous and cyclic hypoxia scenarios. 
There are some New Zealand data available to apply this approach, for example, as follows. 
Waikato Regional Council commissioned a review of the effects of hypoxia on New Zealand fish species 
(Herbert, 2013) to assess the potential impacts of DO variability in the Hauraki Gulf. Herbert noted that 
“[d]ifferent species do have different levels of tolerance but shifts in the spatial distribution and structure of 
biological assemblages can occur as a result of direct mortality (extreme hypoxia) or sub-lethal hypoxia that 
reduces organismal fitness and/or encourages emigration from the affected area. Any change in assemblage 
structure at that point is known to have long-term bottom-up effects on food web structure”. The effects of 
hypoxia have only been examined for a limited number of species; snapper (Pagrus auratus) is the most studied 
species. Herbert makes the following points regarding lethal / critical response: 

The critical O2 saturation (Scrit) limit of snapper is 25% saturation at 18oC and 33% saturation at 21oC. 

Parameter Standard Spatial extent Interpretation for application 
Dissolved oxygen  
Dissolved oxygen 

< 70% sat. 
< 90% sat. 

< 250 m from pens 
> 250 m from pens  

Amber alert if standard exceeded for three 
consecutive months at any site. Applies to 
mean surface 15 m only  
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The Scrit limit of hapuku and kingfish is not yet known but kingfish are likely to be less tolerant of low 
O2 than snapper, based on their high energy ecotype. 
The Scrit limit of snapper at a winter time temperature of 15oC is estimated to be 21% O2 saturation. 
Having the ability or willingness to seek out better conditions would not be an unreasonable 
expectation but recent laboratory studies show that snapper do not search out or leave hypoxic waters 
until they surpass their Scrit limit and are in a state of major physiological stress. 
This species also appears limited in its ability to “improve” its low O2 physiology or avoidance behaviour 
via the process of long-term low O2 acclimation. Snapper are not therefore equipped for life in low O2 
environments and may struggle to survive widespread hypoxia. Similar experiments have not yet been 
performed on farmed species such as kingfish and hapuku. 

Green and Zeldis (2015) note that “the recommended minimum dissolved oxygen concentration is 6 mg DO L-
1 (Sim-Smith and Forsythe, 2013) and concentrations below that are defined as hypoxic for salmon because 
they cause a decrease in blood oxygen, chronic stress and reduced growth. Even temporary fluctuations below 
6 mg L-1 have been shown to adversely affect salmon performance in terms of appetite, stress responses and 
growth. These results indicate that minimum dissolved oxygen concentrations should be >70 % saturation for 
optimal salmon growth, and should be >60 % saturation for the welfare of the fish”. Green and Zeldis (2015) 
note that Perna canaliculus (NZ green-lipped mussel) are “known to be resilient to low oxygen in intertidal 
habitats and are able to sustain themselves through long emersed periods (Marsden and Weatherhead, 1998), 
although this does incur a metabolic cost”.  
Alfaro (2005) reported laboratory data that show significant negative effects on Perna canaliculus larval 
survival and settlement at 6 mg DO L-1, although spat were not affected at that DO level. 
3.4.3 Options 
(1) Have no standard. 
However, Sutula et al. (2011) note that “[d]issolved oxygen has a clear and well established linkage to beneficial 
uses in estuaries”, and that there are “well-established and practical means of measurement”. Even though DO 
is highly variable in estuaries spatially and temporally, “DO is a well-vetted indicator of eutrophication and 
there is considerable experience with its use in a regulatory context to manage eutrophication”. Sutula et al. 
concluded that DO satisfied all four criteria for inclusion as an indicator in the Nutrient Numeric Endpoints 
assessment of subtidal habitats47.  

                                                           
47 Sutula et al. (2011) review indicators for Nutrient Numeric Endpoints (NNE) for California estuaries. The NNE “establishes a suite of numeric endpoints based on the ecological response of an aquatic waterbody to nutrient over-enrichment (eutrophication, e.g., algal biomass, dissolved oxygen). In addition to numeric endpoints for response indicators, the NNE framework must include models that link the response indicators to nutrient loads and other management controls. The NNE 
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Williamson et al. (2015) note that “[a]ppropriate guidelines are important to maintain DO at sufficiently high 
concentrations to prevent adverse effects on marine organism and marine sediments48”. Furthermore, even 
where oxygen depletion is unlikely to be a major issue, DO, being “cheap and easy to measure, should be 
measured in most monitoring programmes”. 
(2) Retain and/or refine WRC’s present DO standard based on ANZECC (2000) default trigger values and expert 
judgement. 
Williamson et al. (2005) note that the 80% saturation threshold (below which dissolved oxygen is 
“unsatisfactory”) is “very robust, universally applied across the planet and will protect most, if not all, aquatic 
species”. 
(3) Develop reference conditions for dissolved oxygen for the different marine water types of the Waikato 
region, and then develop a standard in terms of an acceptable departure from the reference. 
Notwithstanding the immediately previous sentence, Williamson et al. (2015) note that “[i]t is known that 80% 
saturation is not being met in the upper reaches of some sheltered estuaries, and it is highly likely that this 
situation is found in the headwaters of many other Auckland estuaries that have not been monitored, especially 
in bottom waters… This may also be true for bottom waters in parts of the main body of estuaries”. The same 
situation is likely to be the case for Waikato estuaries. In these areas, achieving 80% DO saturation as a 
standard, for instance, may not be naturally achievable. Williamson et al. note that the animals found in these 
areas are “probably fairly robust and naturally adapted to cope with the variable DO that naturally occurs in 
these environments”. Williamson argues that, in this case, “[d]evelopment of trigger values for DO 
concentrations and saturations using ANZECC protocols to set trigger values for reference estuary headwaters 
associated with specific types or groups of estuaries… may be a better approach until sufficient data is acquired 
to support a more robust numeric limit”.  
(4) Adopt an effects-based threshold such as Vaquer-Sunyer and Duarte’s (2008) widely quoted threshold of 
4.6 mg DO L-1. 
A primary difficulty is how to apply any effects-based threshold, with DO varying naturally spatially and 
temporally. For instance, oxygen depletion can be exacerbated in sheltered areas, where wind-driven re-
aeration of surface water is suppressed, and below a thermocline, where the water is effectively isolated from 
the atmosphere (and therefore re-aeration). Water-column DO may be drawn down by a high sediment oxygen 
demand, within an estuarine turbidity maximum, or under an algal bloom.  Dissolved oxygen may vary 
significantly on a diurnal cycle associated with the normal daily cycles of primary production and respiration. 
                                                           
framework is intended to serve as numeric guidance to translate narrative water quality objectives”. The selection of ecological response indicators is the first step in developing an NNE assessment framework. Sutula et al. “review literature supporting the use of a variety of candidate ecological response indicators, recommend a suite of indicators which met review criteria, identify data gaps and recommend next steps”. 
48 Sediments are beyond the scope of this review. 
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3.4.4 Requirements 
(1) Nothing. 
(2) Nothing is required to retain WRC’s current standard. Starting with the categories used in the current 
standard and using information presented herein a minimum standard could be developed. 
(3) Section 2.2 provides an overview of where the reference condition approach sits in the ANZECC framework 
for deriving guideline values for a waterbody (which then may be translated into objectives and/or standards), 
and section 2.3 provides further brief commentary on the notion of the reference condition. Stoddard et al. 
(2006) note that the reference condition essentially refers to a site that is unimpacted by humans. As Hunt 
(2016) points out, however, it is often difficult to find a suitable unmodified site that could function as a 
reference site. That is likely to be the case for each of the marine water types of the Waikato region.  
Dissolved oxygen will vary across a range of temporal scales, including tidal (advection of horizontal gradients 
in DO that form by, amongst other things, mixing of oceanic and fresh water), diurnal (reflecting the daily cycle 
of primary production and respiration), seasonal (variations in light and temperature, which affect primary 
production), and longer (for example, interannual variability associated with ENSO cycles). DO will also vary 
episodically, for instance, in the presence of algal blooms and during floods when river runoff with a high load 
of total suspended solids brings a high biochemical oxygen demand. Given the existence of a suitable reference 
site, “trigger values from a reference site should be derived from monthly sampling over a minimum period of 
two years” (Hunt, 2016).  
Ideally, dissolved oxygen would be measured by fixing sensors to a moored instrument that would only need 
to be serviced on an approximately monthly schedule. A range of other water-quality parameters could be 
measured at the same time as DO is being measured (e.g., nutrients, chlorophyll a, turbidity, pH, salinity), and 
with instruments all on the same mooring. The data so obtained will help in the interpretation of the DO data, 
and may also be used in its own right to define reference conditions for the other parameters. It is convenient 
that the usual water-quality parameters are all intrinsically linked (they are driven by, essentially, the same 
amalgam of physical and biological process), and so they all vary across similar temporal scales. This simplifies 
the design of any integrated sampling programme.  
With data in hand, water quality standards, representing “a level of quality desired by stakeholders” may then 
be defined in terms of an acceptable level of change from the reference condition. As noted in section 2.2, the 
ANZECC guidelines refer to a social process, in which stakeholders “need to negotiate an effect size, which 
describes how much deviation from the reference condition is tolerable”. 
(4) Several of the thresholds reviewed herein do address the issue of natural temporal and spatial variability. 
For instance, the Estuarine Trophic Index distinguishes between thresholds for a 7-day mean DO, a 7-day 
minimum DO and a 1-day minimum DO. Sheldon and Alber (2011) noted that “lowest DO tends to occur in 
bottom waters and early in the day”, causing them to recommend “[b]oth annual minimum and annual median 
values should be used to assess both acute episodic and chronic conditions”. As noted above, there are quite 
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sophisticated thresholds in use that are designed to account for natural spatial and temporal variability (e.g., 
Brown et al., 2007, for the state of Oregon, and Batiuk et al., 2009, for Chesapeake Bay). 
Brown et al. (2007) note that if a criterion is not achievable because of the natural background conditions, then 
those background conditions become the criterion. Special consideration may need to be given to areas such 
as fish farms, where it is crucial that DO be maintained at certain high levels and where there are, at the same 
time, additional pressures on water-column oxygen. There are some data available on New Zealand fish 
species, including farmed species (e.g., the review commissioned by Waikato Regional Council on the effects 
of hypoxia on New Zealand fish species, which is reported by Herbert, 2013). 
3.4.5 References 
Alfaro, A.C. (2005) Effect of water flow and oxygen concentration on early settlement of the New Zealand 
green-lipped mussel, Perna canaliculus. Aquaculture, 246: 285–294. 
ANZECC (2000) Australian and New Zealand Guidelines for Fresh and Marine Water Quality. Retrieved from 
http://www.mfe.govt.nz/publications/fresh-water/anzecc-2000-guidelines 
Batiuk, R., Breitburg, D., Diaz, R., Cronin, T., Secore, D. and Thursby, G. (2009) Derivation of habitat-specific 
dissolved oxygen criteria for Chesapeake Bay and its tidal tributaries. Journal of Experimental Marine Biology 
and Ecology, 381: S204–S215. 
Borja, A., Franco, J., Valencia, V., Bald, J., Muxika, I., Belzunce, M.J. and Solaun, O. (2004) Implementation of 
the European water framework directive from the Basque country (northern Spain): a methodological 
approach. Marine Pollution Bulletin, 48(3/4): 209–18. 
Bricker, S.B., Clement, C.G., Pirhalla, D.E., Orlando, S.P. and Farrow, D.R.G. (1999) National Estuarine 
Eutrophication Assessment. Effects of Nutrient Enrichment in the Nation’s Estuaries, NOAA—NOS Special 
Projects Office, 1999. Retrieved from https://repositories.tdl.org/tamug-ir/handle/1969.3/26246  
Bricker, S., Ferreira, J. and Simas, T. (2003) An integrated methodology for assessment of estuarine trophic 
status. Ecological Modelling, 169: 39–60. 
Brown, C.A., W.G. Nelson, B.L. Boese, T.H. DeWitt, P.M. Eldridge, J.E. Kaldy, H. Lee II, J.H. Power, and D.R. 
Young (2007) An Approach to Developing Nutrient Criteria for Pacific Northwest Estuaries: A Case Study of 
Yaquina Estuary, Oregon. U.S. Environmental Protection Agency, Office of Research and Development, 
National Health and Environmental Effects Laboratory, Western Ecology Division. EPA/600/R-07/046. 
Retrieved from http://nepis.epa.gov/Exe/ZyPDF.cgi/P10077PT.PDF?Dockey=P10077PT.PDF 
Elvines D., B. Knight, and D. Taylor (2016) Te Pangu Bay Salmon Farm: Annual Monitoring 2016. Cawthron 
Report No. 2809, 32 pp. plus appendices. 



 
 

72  
 

Gray, J.S., Wu, R.S.S. and Or, Y.Y. (2002) Effects of hypoxia and organic enrichment on the coastal marine 
environment. Marine Ecology Progress Series, 238: 249–279. 
Green, M.O. and Zeldis, J. (2015) Firth of Thames Water Quality and Ecosystem Health – A Synthesis. NIWA 
Client Report HAM2015–016, April 2015, 81 pp. Retrieved from http://www.waikatoregion.govt.nz/tr201523/ 
Herbert, N. (2013) Potential Biological Impact of Dissolved Oxygen Variability in the Hauraki Gulf. Prepared 
for Waikato Regional Council. Report provided by Waikato Regional Council. 
Hunt, A. (2016) Waikato Regional Council Coastal Water Quality – Part 1: Current Status and Potential Future 
Revisions of New Zealand Guideline. Part 2: Summary and Interpretation of Waikato Regional Council 
Guidelines, Standards and Monitoring data. Part 3: Policy Requirements and Recommendations for 
Monitoring. Report prepared for Waikato Regional Council, draft (supplied by Waikato Regional Council, April 
2016). 
Rabalais, N.N. and Harper, D.E., Jr. (1992) Studies of benthic biota in area affected by moderate and severe 
hypoxia. Proceedings of a Workshop, Nutrient Enhanced Coastal Ocean Productivity. Sea Grant Program, 
Texas A & M University, Galveston, TX, TAMU-SG-92–109. pp. 150–153.  
Robertson, B.M., Stevens, L., Robertson, B., Zeldis, J., Green, M.O., Madarasz-Smith, A., Plew, D., Storey, R. 
and Oliver, M. (2016) NZ Estuary Trophic Index Screening Tool 2. Determining Monitoring Indicators and 
Assessing Estuary Trophic State. Prepared for Envirolink Tools Project: Estuarine Trophic Index, MBIE/NIWA 
Contract No: C01X1420, 68 pp. 
Sheldon, J.E. and Alber, M. (2011) Recommended indicators of estuarine water quality for Georgia. 
Proceedings of the 2011 Georgia Water Resources Conference, April 11–13, 2011, University of Georgia. 
Retrieved from http://gwri.gatech.edu/sites/default/files/files/docs/2011/5.1.2Sheldon.pdf 
Sim-Smith, C. and Forsythe, A. (2013) Comparison of the International Regulations and Best Management 
Practices for Marine Finfish Farming. NIWA Client Report AKL2013-013, 85 pp. 
Souchu, P., Ximenes, M.C., Lauret, M., Vaquer, A., Dutrieux, E. (2000) Mise à jour d’indicateurs du niveau 
d’eutrophisation des milieux lagunaires méditerranéens, août 2000, Ifremer-Créocean-Université Montpellier 
II, 412 pp. Quoted in Sutula et al., 2011, Table 4.3, p. 90. 
Stoddard, J.L., Larsen, D.P., Hawkins, C.P., Johnson, R.K. and Norris, R.H. (2006) Setting expectations for the 
ecological condition of running waters: the concept of the reference condition. Ecological Applications, 16(4): 
1267–1276. 
Sutula, M. et al. (2011) Review of Indicators for Development of Nutrient Numeric Endpoints in California 
Estuaries. Southern California Coastal Water Research Project Technical Report No. 646. Retrieved from 



 
 

73  
 

http://www.waterboards.ca.gov/sanfranciscobay/water_issues/programs/planningtmdls/amendments/estua
rineNNE/E-NNE%20Indicator%20Review%20Document%20v8%204-28-2011.pdf 
Sutula, M., Bailey, H. and Poucher, S. (2012) Science Supporting Dissolved Oxygen Objectives in California 
Estuaries. Prepared for the California Environmental Protection Agency State Water Resources Control Board. 
University, Galveston, TX, TAMU-SG-92–109. Retrieved from 
http://ftp.sccwrp.org/pub/download/DOCUMENTS/TechnicalReports/684_DO_NNE.pdf 
U.S. Environmental Protection Agency (2000) Ambient Aquatic Life Water Quality Criteria for Dissolved 
Oxygen (Saltwater): Cape Cod to Cape Hatteras. EPA-822/R-00/012. Office of Water, Washington, DC.  
U.S. Environmental Protection Agency. (2002) List of Contaminants and Their MCLs. EPA 816-F-02-013, July 
2002. U.S. Environmental Protection Agency, Washington, DC. 
Vaquer-Sunyer, R. and Duarte, C.M. (2008) Thresholds of hypoxia for marine biodiversity. Proceedings of the 
National Academy of Science of the USA, 105: 15452–15457. Retrieved from 
http://www.pnas.org/content/early/2008/09/26/0803833105.full.pdf 
Williamson, R.B., Hickey, C.W. and Robertson, B.M. (2015) Preliminary Assessment of Limits and Guidelines 
Available for Classifying Coastal Waters. Report for Auckland Council by Diffuse Sources, NIWA and Wriggle - 
Coastal Management, 129 pp. 
  



 
 

74  
 

3.5 pH 
3.5.1 Background 
pH is the negative logarithm of the molar concentration of hydrogen ions; it indicates how acidic or basic water 
is along the conventional scale of 1 (most acidic) to 14 (most basic)49. The pH scale is logarithmic, so a decrease 
of one pH unit represents a 10-fold increase in acidity. Through the production of carbon dioxide by respiration 
and decomposition of organic matter, pH is driven down (the water becomes more acidic). Alkalinity, which is 
a measure of buffering capacity, is the ability to resist changes in pH. The “carbonate/hydrogencarbonate 
system” provides the buffering system that provides seawater with the capacity to resist changes in pH. In this 
system, hydroxyl ions produced during the hydrolysis of bicarbonate neutralise H+ ions, and maintain pH at a 
near constant level50. As pH reduces, alkalinity also reduces. 
NIWA51 notes that the global ocean-average pH is currently 8.1, which is 0.1 units lower than it was 250 years 
ago. Most natural freshwaters have pH in the range 6.5 to 8.0. When seawater mixes with river water in 
estuaries and at the coast, the seawater pH decreases (becomes more acidic). pH is naturally highly variable in 
coastal waters, from estuary to estuary and within estuaries, and also between the water column and the bed 
sediments. pH can vary on a diurnal cycle in response to daily cycles of primary production and respiration, and 
it can change “episodically” due to, for instance, algal blooms and changes in freshwater inputs. Daily and 
seasonal changes in pH are much larger in estuarine and coastal waters than they are in oceanic waters. There 
is typically a strong diurnal cycle in pH in estuarine and coastal waters related to their productivity. Lowest pH 
typically occurs at dawn because of the accumulation of CO2 produced by decomposition of organic matter 
and aerobic respiration since the previous dusk. Highest pH typically occurs during daylight as carbon dioxide 
is fixed by primary producers. Compared to the diurnal and seasonal variations in pH in estuarine and coastal 
waters, pH of offshore oceanic water is relatively stable and changes slowly in response to ocean-scale changes 
in seawater chemistry, including those driven by climate change. 
Estuarine and coastal organisms are physiologically adapted to fluctuations in pH. The spatial distribution of 
biological assemblages within any given estuary will typically reflect the spatial pattern of pH (amongst other 
things). OZCoast52 notes that, as a general rule, “pH in coastal waters that is higher than 9 or lower than 7 
should be investigated”.  
Globally, a continuing increase in anthropogenic CO2 emissions will cause ocean acidification; locally, reduced 
pH is also a secondary symptom of eutrophication. It is predicted that pH could drop a further 0.3–0.6 pH units 
(beyond the reduction of 0.1 unit that has occurred over the past 250 years) by the end of the century, 
depending on how much additional CO2 is emitted into the atmosphere53. As oceans acidify, the diurnal and 
seasonal variations in pH that are typical of estuarine and coastal waters will also shift, and the time that 
                                                           
49 pH can in fact be less than 1 and can exceed 14, but these are extremes and would not normally be found in the environment. 
50 http://spice.wa.edu.au/wp-content/uploads/2012/02/Researching-ocean-buffering.pdf 
51 https://www.niwa.co.nz/news/investigating-ocean-acidification 
52 http://www.ozcoasts.gov.au/indicators/ph_coastal_waterways.jsp 
53 http://spice.wa.edu.au/wp-content/uploads/2012/02/Researching-ocean-buffering.pdf 
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organisms are exposed to an unfavourable pH will increase. Adverse effects include inhibition of shell, coral 
and exoskeleton growth (because solubility of calcium carbonate is increased), modification of fish behaviour, 
including reproduction, and direct toxic effects. In addition, heavy metals become more soluble and therefore 
more bioavailable with a reduction in pH, which increases their toxicity; the solubility of phosphorus and other 
nutrients is increased, which makes them more bioavailable to phytoplankton; and pH affects ammonia 
toxicity54. Sutula et al. (2011) note that “nutrient-enriched estuaries will be among the ecosystems most 
vulnerable to ecological and biogeochemical perturbations from ocean acidification”. Some primary producers, 
such as seagrass, benefit from increased dissolved inorganic carbon. 
3.5.2 Existing approaches 
The ANZECC (2000) guidelines compile default trigger values for pH derived from ecosystem data for 
“substantially natural and slightly disturbed ecosystems”. Recognising that both increases and decreases in pH 
can result in adverse effects, default trigger values for “estuaries” and “marine” water of southeast Australia 
(Table 3.3.2, Volume 1 of the Guidelines) are a lower limit of 7.0 and an upper limit of 8.5 (for “estuaries”) and 
a lower limit of 8.0 and an upper limit of 8.4 (for “marine”).  
The default trigger values are “low risk”, and it is emphasised that “the default trigger values should only be 
used until site- or ecosystem-specific values can be generated”. No data or recommendations are available for 
New Zealand systems. The southeast Australia systems are probably most like New Zealand systems; ANZECC 
recommends that, for New Zealand systems “consideration should be given to the use of interim trigger values 
for southeast Australian estuarine and marine ecosystems”. ANZECC provides extensive guidance on the test 
statistic(s) that should be compared to the trigger values in order to assess the status of any particular site. 
Hunt (2016) notes that the “recommended method for comparing water quality monitoring data from a specific 
site with trigger values from a reference site, is to compare the median concentration of samples from the test 
site with the eightieth percentile of data for this parameter from a suitable reference site. If regional reference 
site data are not available, the median concentration at the test site should be compared with the trigger value 
for that parameter in the ANZECC guidelines. There is no recommended minimum number of samples required 
from a test site to allow meaningful comparison with trigger values. However, as for all monitoring data, the 
larger the number of samples from a test site, the higher the reliability and validity of the comparison”. 
ANZECC (2000) notes that “[f]or marine waters, guidelines tend to focus more on the requirement that changes 
to the normal pH be limited (generally to a maximum of 0.2 pH units)”. The 1992 ANZECC Guidelines 
recommended that the pH of coastal and marine waters should not be permitted to vary by more than 0.2 
units from the normal values. 
Sheldon and Alber (2011), writing about Georgia (U.S.) waters, noted that pH varies with salinity along the 
length of an estuary, so pH criteria are best described in terms of deviations from normal. In estuaries and 
coastal waters they studied, pH showed a log–linear relationship with salinity, with different relationships for 
                                                           
54 Ammonia has a more toxic form (un-ionized ammonia NH3) at high pH compared to the form it takes (ionized ammonia NH4+) at low pH.  
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different water-body types (Figure 10). The log–linear regression lines are considered to be “normal” pH, and 
deviations of greater than 0.5 or 1 unit from normal were considered to be “fair or poor, respectively, based 
on literature reports suggesting that decreases from normal pH of 0.5 units or less appear to be tolerated well 
by most organisms, whereas a decrease of 0.5–1 units or more can result in stress responses and more serious 
deleterious effects”. Sheldon and Alber recommended that “both annual minimum and annual median values 
should be compared to these criteria in order to assess both acute episodic and chronic conditions”. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Data relating pH to salinity from Georgia (U.S.) estuarine and coastal waters, with indicators of deviation from 
“normal”. Green denotes “good” water quality values (deviation <0.5 pH units of “normal”), yellow denotes “fair” 
(deviation between 0.5–1.0 pH units of “normal”), and red denotes “poor” (deviation >1.0 pH units of “normal”). Black 
dots are observations. Reproduced from Sheldon and Alber (2011). 
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Whereas ANZECC (2000) provides absolute default trigger values for pH, Sheldon and Alber’s (2011) approach 
is to couch thresholds in terms of deviations from what is considered to be normal, which aligns with (although 
is far less stringent than) the 1992 ANZECC guidelines. The pilot National Objectives Framework (NOF) for 
Estuaries55 proposed a “bottom line between fair and poor” as being “0.5 pH units from expected”, which aligns 
with Sheldon and Alber’s approach and the approach in the 1992 ANZECC guidelines. 
Waikato Regional Council currently uses a combination of the ANZECC (2000) guidelines default trigger values 
and expert judgement to derive “standards” for seven water quality variables that are judged as being relevant 
to the “suitability of estuarine water quality for ecological health”56. For each variable, there are three 
categories (excellent, satisfactory, unsatisfactory), which are based on the “critical values” for the water quality 
variable at hand. The three categories for pH, considering that pH can affect plants and fish, are:  

“Excellent”, pH 7.5 – 8 
“Satisfactory”, pH 7 – 7.5 or 8 – 8.5 
“Unsatisfactory”, pH <7 or >8.5 

Hunt (2016) provides details as to how WRC’s standards have been developed and how they are applied. 
3.5.3 Options 
(1) Have no standard. 
Williamson et al. (2105) note that “pH criteria were not included in the ARC [Auckland Regional Council] 
Environmental Response Criteria (2002), because pH was considered to unlikely to be an issue in Auckland’s 
coastal waters”. Nevertheless, they noted, that it may still be important to measure in order to accurately 
assess heavy metal and ammonia toxicity. Furthermore, pH of oceanic and coastal waters is expected to change 
due to acidification of the world’s oceans by increased levels of atmospheric carbon dioxide. 
Sheldon and Alber (2011) noted that the “buffering capacity of seawater is often thought to protect estuaries 
and coastal waters against pH changes large enough to affect organisms, so pH is not always used as an 
indicator in coastal waters. However, there is mounting evidence that estuaries do experience pH changes that 
are stressful to their inhabitants”. 
(2) Retain and/or refine WRC’s current pH standard based on ANZECC (2000) guidelines default trigger values 
and expert judgement. 
Williamson et al. (2015) regard the ANZECC guideline default trigger values for pH to be “robust, current and 
unlikely to change”. 
                                                           
55 NZ Ministry for the Environment, unpublished. 
56 http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/#Heading5 
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Hunt (2016) points out that WRC’s current standards imply that a pH range from 7.5–8.0 is better than 7.0–7.5 
or 8.0–8.5, and suggests that it would be helpful to know the rationale for separating the “excellent” and 
“satisfactory” categories. Hunt suggests that it may be preferable to retain just two categories: “unsatisfactory” 
(defined according to the current WRC standard), and another category that combines the current 
“satisfactory” and “excellent” categories. 
(3) Develop a standard based on departure from “normal” pH. 
3.5.4 Requirements 
(1) Nothing. 
(2) Nothing is required to retain WRC’s current standard. Starting with the categories used in the current 
standard and using information presented herein a minimum standard could be developed. 
(3)  For a representative (or representatives) of each the marine water types in the Waikato region, a sampling 
programme could be developed to establish the “normal” variation in pH sensu Sheldon and Alber (2011), and 
either Sheldon and Alber’s definitions of “good”, “fair” and “poor”, or the (similar) pilot NOF recommendation 
for a “bottom line between fair and poor” as being “0.5 pH units from expected”, could be used as the standard. 
pH is relatively simple to measure in the field, although it requires instrumentation that is accurate and 
routinely calibrated with laboratory-based measures of alkalinity. Salinity needs to be measured together with 
pH to evaluate the connection between the two (Figure 10). As noted previously, a range of water-quality 
parameters could be measured at the same time (e.g., DO nutrients, chlorophyll a, turbidity, pH, salinity). 
Access to coarse nutrient data (DIN, DRP), or at least estimates of nutrient loading for characterising monitoring 
locations according to trophic status, would assist in interpreting links between eutrophication and observed 
trends in pH. The other data may also be used in its own right to define reference conditions for the other 
parameters. It is convenient that the usual water-quality parameters are all intrinsically linked (they are driven 
by, essentially, the same amalgam of physical and biological process), and so they all vary across similar 
temporal scales. This simplifies the design of any integrated sampling programme. 
Ideally, in order to give as true a picture as possible of the natural temporal variability in pH, sampling would 
be conducted across at least an entire year (preferably two years; Hunt, 2016) to resolve seasonal variations in 
primary production, including algal blooms, and to capture as many floods (high freshwater inputs) as possible. 
Less ideally, a measurement campaign extending across at least the spring–neap cycle could be conducted in 
each of the seasons.  
Sampling across a salinity gradient will be required, which could be achieved by occupying a site (or several 
sites) within each representative estuary that experiences a temporal variation in salinity due to the translation 
through the site of a horizontal salinity gradient with the rise and fall of the tide. This could be accomplished 
using a moored instrument, which will be much simpler than conducting repeated spatial surveys designed to 
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measure across a range of salinities. A sampling frequency (at the fixed site) of at least 60 minutes will be 
required to resolve variation in pH at the diurnal scale. 
Retention of at least one “sentinel” monitoring site for an indefinite term and/or linkages to data from the NZ 
Ocean Acidification Observing Network would provide valuable data on any long-term trends in pH associated 
with a global increase in CO2 emissions. 
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4. Water-column sediments 
4.1 Background 
4.1.1 SSC / TSS 
Suspended-sediment concentration (SSC) and total suspended solids (TSS) are often used interchangeably to 
describe the concentration in water of solid-phase material. They vary by analytical method: SSC is estimated 
by measuring the dry weight of all the sediment from a known volume of the water–sediment mixture, and TSS 
is estimated by measuring the dry weight of sediment from a known volume of a subsample of the original 
(Gray et al., 2000).  
Filtering and weighing samples is expensive; a less accurate but cheaper strategy is to infer TSS/SSC from 
turbidity (defined in section 4.1.3, below) using a local calibration. We will use the term “TSS/SSC” to represent 
suspended-solids concentration without going into the differences between the two analytical techniques57.  
4.1.2 Water optics – visual clarity and light penetration 
Visual clarity is one of two main “components” of water optics (the other is light penetration). The following 
discussion of visual clarity is drawn from Davies-Colley et al. (2014).  
Visual clarity is the sighting range as it affects human recreational users and visual habitat for fish and aquatic 
birds. Visual clarity is expressed as the horizontal sighting range of a black target (yBD, units metres), which can 
be measured directly using, for example, a Secchi disk. yBD can also be inferred exactly from the light-beam 
attenuation coefficient C as yBD = 4.8/C. Light attenuation (units m-1) is defined as the proportional loss of 
photons from a light beam by absorption plus scattering per unit length of light path. C is measured using a 
beam transmissometer operating at a wavelength of 550 nm, which corresponds to the peak sensitivity of the 
human eye, and is also applicable to fish and birds as well. Davies-Colley et al. note that “yBD [measured directly 
or inferred from C measured at 550 nm] is an excellent index for protecting the visual ecology of waters, as 
well as their suitability for human recreational use”. 
Fine mineral sediments are strongly light attenuating (mainly by scattering); hence, sediment-laden water 
typically has low visual clarity. Fine mineral sediments are typically not very light absorbing, but organic 
coatings can change that, and ferric iron minerals are also more light absorbing. Organic particles are strongly 
light absorbing and scattering; “muddy”, “brown” and “turbid” water often appears that way because of high 
concentrations of organic particles and/or organic-coated mineral particles. Light attenuation by both mineral 
and organic particles is a strong function of particle size, with attenuation for quartz peaking at around 1.2 m 
diameter and decreasing with increasing particle size above that. For organic particles, attenuation peaks at 
around 5 m diameter. Davies-Colley et al. note that eutrophic systems characteristically have low visual clarity 
because of dense concentrations of organic particles (phytoplankton cells and detritus) which, being around 
                                                           
57 There is a lot of literature on this subject. 
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that 5 m size, are strongly light attenuating. Light attenuation also depends on shape, which is a relevant 
factor for clays, in particular, which come in a wide variety of shapes.  
Davies-Colley et al. (2014) note that turbidity (defined in section 4.1.3, below) is a practical surrogate for visual 
clarity, turbidity being easier and cheaper to measure with a turbidimeter than visual clarity (either by 
horizontal sighting of a black target or by measuring attenuation with a beam transmissometer). Local 
calibration between turbidity and visual clarity is still required, though. 
Light penetration is the other main component of “water optics” (visual clarity was the first component). Light 
penetration is reduced mainly by multiple scattering extending the pathlength taken by photons per unit depth, 
which increases the opportunity for photons to be absorbed by the water (Kirk, 1985). Suspended particulate 
matter is a primary cause of multiple scattering, and therefore of reduced light penetration. Light penetration 
is expressed as the irradiance attenuation coefficient (Kd), which is defined as the proportional decline of 
downwelling irradiance per unit depth (Kirk, 2011). Kd can be measured using a PAR (photosynthetically 
available radiation) sensor. However, Davies-Colley and Nagels (2008) show that Kd can be empirically related 
to turbidity (at least in rivers) (turbidity is defined in section 4.1.3, below), meaning that turbidity may stand in 
as a relatively cheap and easy-to-measure surrogate given local calibration.  
Davies-Colley et al. (2014) note that visual clarity and light penetration are not immediately inter-relatable58. 
Efforts are currently underway by NIWA, with research funding in the MBIE-funded Cumulative Effects 
programme being used to develop a statistical model(s) of light penetration as a function of optical water 
quality (including TSS, chlorophyll a and coloured dissolved organic matter) from data from the Kaipara and 
some other northern estuaries (Raglan, Tairua, Tauranga). 
4.1.3 Turbidity 
Turbidity is a measure of the proportion of light scattered (at 90 degrees) by particles in the water column. 
Material that causes water to scatter light includes fine particulate inorganic and organic matter, algae and 
coloured dissolved organic matter. Turbidity is reported in nephelometric turbidity units (NTU); the higher the 
NTU, the more “cloudy”, “muddy” or “murky” the water appears to be.  
Turbidity can be used as a practical proxy (with local calibration) for suspended-sediment concentration (SSC) 
(or total suspended solids, TSS) and for the optical properties visual clarity and light penetration (Figure 11), all 
of which have direct effects on aquatic ecosystem health. 
 

                                                           
58 Do not confuse the irradiance attenuation coefficient Kd (light attenuation) with the beam attenuation coefficient C (visual clarity). As Davies-Colley et al. (2014) put it, “knowing visual clarity does not permit one to infer light penetration or vice versa”. 



 
 

82  
 

Figure 11. Turbidity versus suspended sediments for an upstream location (Manawatu at Foxton Loop) and a downstream 
location near the Manawatu Estuary mouth (left panel) and black disc visibility readings collected in the Manawatu (1991–
1998) and Whanganui (1992–2005) estuaries (right panel).  Of note are the occasional higher suspended-sediment 
readings for comparable turbidity readings at the estuary mouth in comparison to the upstream site. Figure reproduced 
from Cornelisen, C.D. (2010). Recommendations for Monitoring the Coastal Marine Area in the Manawatu-Wanganui 
Region. Cawthron Report No. 1752, 23 pp. 
Turbidity is usually measured with a turbidimeter. It is not an “intrinsic” measurement in the sense that the 
instrument design (placement of detectors, wavelength range, for instance) will critically affect the reading 
(there are standards for the design and operation of turbidimeters). Turbidity is cheap and easy to measure 
though, and a frequent strategy is to use turbidity as a “surrogate” for the more ecologically meaningful metrics 
of SSC/TSS, visual clarity and light penetration. This requires local calibration of turbidity against the desired 
metric. 
4.2 Existing approaches 
The ANZECC (2000) guidelines compile default trigger values59 for turbidity. The range for “estuarine and 
marine” water of southeast Australia60 (Table 3.3.3, Volume 1 of the Guidelines) is 0.5–10 NTU. It is noted that 
“[h]igher values may be found in estuaries or inshore coastal waters due to wind-induced resuspension or to 
the input of turbid water from the catchment”. Furthermore, turbidity “is not a very useful indicator in 
                                                           
59 The default trigger values are “low risk”, and it is emphasised that “the default trigger values should only be used until site- or ecosystem-specific values can be generated”. The default trigger values are intended to be compared with the median of replicate samples from the test site. 
60 No data or recommendations are available for New Zealand systems. The southeast Australia systems are probably most like New Zealand systems; ANZECC recommends that, for New Zealand systems “consideration should be given to the use of interim trigger values for southeast Australian estuarine and marine ecosystems”. 

y = 1.6091x + 3.7491
R2 = 0.8975

y = 2.0372x + 11.853
R2 = 0.6756

0
50

100
150
200
250
300
350
400
450
500

0 50 100 150 200
Turbidity (NTU)

Su
sp

en
de

d s
ed

ime
nt 

(g/
m3

)

Manawatu at estuary mouth
Manawatu at Foxton Loop

y = 2.2718x-0.576

R2 = 0.7108

y = 1.7296x-0.5302

R2 = 0.7717

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

0 50 100 150 200
Turbidity (NTU)

Bla
ck 

dis
k v

isib
ility

 (m
)

Manawatu Estuary
Whanganui Estuary



 
 

83  
 

estuarine and marine waters” and a “move towards the measurement of light attenuation in preference to 
turbidity is recommended”. 
The pilot National Objectives Framework (NOF) for Estuaries61 did not propose numeric bands for turbidity 
because of a current inability to “distinguish trends from natural variability”. The panel did suggest that a 
possible “national bottom line” could be “no worsening of turbidity”, and identified that a key gap is the ability 
to “meaningfully monitor” turbidity. 
Bricker et al. (2003), in their Table 1, note ranges for “turbidity” in surface waters of U.S. estuaries. They are: 

<1 m Secchi depth62, which they call “high turbidity” 
1–3 m Secchi depth, which they call “medium turbidity” 
>3 m Secchi depth, which they call “low turbidity” 

The “high”, “medium” and “low” labels are not standards or thresholds as such. 
Thresholds for turbidity used by Souchu et al. (2000) [quoted in Sutula et al., 2011] to assess trophic status63 
of French Mediterranean estuaries are: 

“Blue”: 0–10 NTU 
“Green”: 10–20 NTU 
“Yellow”: 20–30 NTU 
“Orange”: 30–40 NTU 
“Red”: >40 NTU 

Borja et al. (2004), describing the implementation of the European Water Framework Directive in estuaries 
and along the coast of the Basque region, northern Spain64, give the following for “high” and “bad” quality for 
different estuary types of the region grading to fully marine waters (Table 21): 

SRDE 
“High” quality: 2 m Secchi depth 
“Bad” quality: 0.5 m Secchi depth 

EEIF 
“High” quality: 2 m Secchi depth 
“Bad” quality: 0.5m Secchi depth 

EESA 
                                                           
61 NZ Ministry for the Environment, unpublished. 
62 Secchi depth or distance is the maximum water depth at which a black and white disc (30-cm diameter) can be seen from the surface. 
63 Souchu et al. (2000) classify lagoons into five eutrophication levels, from blue (no eutrophication) to red (high eutrophication). This is the same colour scheme as used in the Water Framework Directive. 
64 Which have many similarities to New Zealand estuaries (MOG, personal observation). 
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“High” quality: 2 m Secchi depth  
“Bad” quality: 0.5m Secchi depth 

FMESC–FMERC 
“High” quality: 12 m Secchi depth 
“Bad” quality: 4 m Secchi depth  

where Secchi depth is a measure of water transparency. 
Table 21. Different water-body types of the Basque region, northern Spain, used by Borja et al. (2004) for implementing 
the European Water Framework Directive. 

 
 
 
 

The Environmental Protection Division of the Ministry of Environment (British Columbia, Canada) has 
“ambient water quality guidelines (criteria) for turbidity, suspended and benthic sediments”65. The guidelines 
are “safe conditions or levels of a variable which have province-wide application and are set to protect various 
water uses”. A major use of the guidelines is to “set ambient water quality objectives”. Objectives are “the 
guidelines modified or adopted to protect the most sensitive designated water use in a particular body of 
water”.  
In summary, for “aquatic life (fresh, marine, estuarine)”, the guidelines are: 

Turbidity 
Clear flow 

Change from background of 8 NTU at any one time for a duration of 24 h in all waters during 
clear flows or in clear waters. 
Change from background of 2 NTU at any one time for a duration of 30 d in all waters during 
clear flows or in clear waters. 

High flow or turbid waters 
Change from background of 5 NTU at any time when background is 8 - 50 NTU during high 
flows or in turbid waters. 

                                                           
65 http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html 

SRDE EEIF EESA FMESC FMERC 
Small river-dominated estuaries; 75% freshwater, 25% marine. 

Estuaries with extensive intertidal flats; 50% freshwater, 50% marine. 

Estuaries with extensive subtidal areas; 25% freshwater, 50% marine. 

Full marine exposed, sandy coast; 100% marine water. 

Full marine exposed, rocky coast; 100% marine water. 
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Change from background of 10% when background is >50 NTU at any time during high flows 
or in turbid waters. 

TSS 
Clear flow 

Change from background of 25 mg/L at any one time for a duration of 24 h in all waters during 
clear flows or in clear waters. 
Change from background of 5 mg/L at any one time for a duration of 30 d in all waters during 
clear flows or in clear waters. 

High flow or turbid waters 
Change from background of 10 mg/L at any time when background is 25 - 100 mg/L during high 
flows or in turbid waters. 
Change from background of 10% when background is >100 mg/L at any time during high flows 
or in turbid waters. 

Note how the guidelines are different during “clear flow” compared to “turbid flow” periods. These are defined 
precisely for streams, but do not appear to be defined for marine or estuarine systems66. There are different 
guidelines for the use “recreation and aesthetics”: 

Turbidity 
Change from background of 5 NTU when background is <50 NTU. 
Change from background of 10% when background >50 NTU. 

Extensive supporting information on how guidelines should be used is available67. 
The Canadian Environmental Quality Guidelines (CEQGs), developed by the Canadian Council of Ministers of 
the Environment (CCME), provide “science-based goals for the quality of aquatic and terrestrial ecosystems”68. 
There are CEQGs for turbidity and suspended sediments (TSS), which were adopted from the original British 
Columbia ambient water quality criteria for particulate matter published in 1985. They are, for the “protection 
of aquatic life” in “marine waters”: 

Turbidity 
Clear flow 

Maximum increase of 8 NTUs from background levels for a short-term exposure (e.g., 24-h 
period).  
Maximum average increase of 2 NTUs from background levels for a longer term exposure (e.g., 
30-d period). 

High flow or turbid waters 
                                                           
66 http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbiditytech.pdf 
67 http://www.env.gov.bc.ca/wat/wq/BCguidelines/principles.html 
68 http://www.ccme.ca/en/resources/canadian_environmental_quality_guidelines/ 
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Maximum increase of 8 NTUs from background levels at any one time when background levels 
are between 8 and 80 NTUs.  
Should not increase more than 10% of background levels when background is > 80 NTUs. 

TSS 
Clear flow 

Maximum increase of 25 mg/L from background levels for any short-term exposure (e.g., 24-h 
period).  
Maximum average increase of 5 mg/L from background levels for longer term exposures (e.g., 
inputs lasting between 24 h and 30 d). 

High flow or turbid waters 
Maximum increase of 25 mg/L from background levels at any time when background levels are 
between 25 and 250 mg/L.  
Should not increase more than 10% of background levels when background is ≥ 250 mg/L 

The similarities with the British Columbia ambient water quality criteria in the way the CEQGs are framed are 
obvious, although some of the numbers are slightly different, particularly the numbers for “high flow or turbid 
waters”. 
The U.S. Environmental Protection Agency (1988)69 compiled U.S. state and federal turbidity “criteria” by 
water-body designated use. Although many of these are probably now out of date, they are interesting to look 
at as they demonstrate a wide range of approaches. 

Specific amount above natural level 
Delaware (all waters) 

“Shall not exceed natural levels by more than 10 Nephelometric or Formazin Turbidity units. 
Florida (all waters) 

“Shall not exceed 29 NTUs above natural background”. 
Linked to natural level 

California (all waters)  
“Where natural turbidity is between 0 and 50 JTU, increases shall not exceed 20 percent”, and 
so on. 

Linked specifically to use 
                                                           
69 http://nepis.epa.gov/Exe/ZyNET.exe/00001NCW.TXT?ZyActionD=ZyDocument&Client=EPA&Index=1986+Thru+1990&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C86thru90%5CTxt%5C00000001%5C00001NCW.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=p%7Cf&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&ZyPURL 
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Alaska 
Designated use aquaculture: turbidity “shall not exceed 25 NTU”. 
Designated use contact recreation: turbidity “shall not exceed 25 NTU”. 

Absolute values 
Louisiana 

All designated uses (estuarine lakes, bays, bayous and canals): 50 NTU. 
Hawaii  

Estuaries, except Pearl Harbour: geometric mean not to exceed 4.00 NTU. Not to exceed 8.00 
NTU more than 10% of the time. Not to exceed 15.00 NTU more than 2% of the time”. 

Effects-based 
Maryland (all waters) 

“Turbidity may not exceed levels detrimental to aquatic life”. 
Massachusetts (all waters) 

“Shall not be in concentrations or combinations that would exceed the recommended limits on 
the most sensitive receiving water use”. 

Link to other parameters 
New Mexico (all waters) 

“Turbidity attributable to other than natural causes shall not reduce light transmission to the 
point that desirable aquatic life … is inhibited”. 

Alaska (designated use growth and propagation of fish, shellfish… in marine waters) 
Turbidity “shall not reduce the depth of the compensation point for photosynthetic activity by 
more than 10%”. 

Waikato Regional Council currently uses a combination of the ANZECC (2000) guidelines default trigger values 
and expert judgement to derive “standards” for seven water quality variables that are judged as being relevant 
to the “suitability of estuarine water quality for ecological health”70. For each variable, there are three 
categories (excellent, satisfactory, unsatisfactory), which are based on the “critical values” for the water quality 
variable at hand. The three categories for turbidity, recognising that turbidity “can restrict plant growth”, are:  

“Excellent”, turbidity <2 NTU 
“Satisfactory”, turbidity 2 – 10 NTU 
“Unsatisfactory”, turbidity >10 NTU 

Hunt (2016) provides details as to how WRC’s standards have been developed and how they are applied. 

                                                           
70 http://www.waikatoregion.govt.nz/Environment/Environmental-information/Environmental-indicators/Coasts/Coastal-water-quality/Estuarine-water-quality-techinfo/#Heading5 
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4.2.1 Light for seagrass 
Seagrasses are typically found in water depths of 2–12 m, where light intensity is greatest, although they can 
occur down to 60 m depth. According to the NZ Seagrass General Information Guide (Matheson et al., 2009), 
New Zealand has only one species of seagrass, Zostera muelleri. This is indigenous but also occurs naturally in 
southern parts of Australia. Matheson et al. note that New Zealand seagrasses have historically been referred 
to as Z. novazelandica and/or Z. capricorni but now all are classified as a single species. NZ seagrasses are 
typically recorded as being intertidal, which may be because intertidal populations are more readily noticed, 
but it could also be because subtidal populations will be more susceptible to declining water quality. Recent 
large-scale and widespread reductions in seagrasses are noted, both in NZ and overseas, with causes ascribed 
to wasting disease, competition from introduced species, eutrophication and sedimentation. 
Availability of light is a primary factor influencing seagrass growth and productivity, which in turn controls the 
depth distribution of seagrass. Turner and Schwarz (2006) note that “[c]hanges in light regime are thought to 
have caused large-scale loss of seagrasses in the natural environment, and it is evident from international 
studies that maintaining adequate light regimes is a minimal requirement for the preservation of seagrass 
beds". Any significant reduction in light transmission through the water column will reduce the depth to which 
plants are able to survive. Physiological stress associated with reduced light include diminished growth and 
productivity and increased shoot mortality. 
Turner and Schwarz (2006) conclude that “the most ubiquitous and pervasive cause of seagrass decline is 
reduction in the amount of photosynthetically available radiation”, for which they ascribe three principal 
causes: (1) eutrophication, leading to the “proliferation of phytoplankton, macroalgae or algal epiphytes on 
seagrass leaves and stems”, (2) chronically increased turbidity, reducing light levels, and (3) “pulsed” increases 
in suspended sediments and/or phytoplankton, which cause a dramatic reduction in light penetration for a 
limited time. 
Seagrasses generally require high levels of light: 15–25% of incident light at the sea surface (cf., <5% for typical 
marine macroalgae and phytoplankton). According to Duarte (1991) seagrasses are typically confined to depths 
of less than 20 m, which is equivalent to 11% of incident light. 
The “preferred water clarity for seagrass” in Tool 2 of the New Zealand Estuary Trophic Index Toolbox 
(Robertson et al., 2016) is “an average value of at least 20% of the sunlight that strikes the water’s surface 
(incident light) should reach the estuary bed”. Furthermore, clarity should not “reduce from baseline”. 
Matheson and Wadhwa (2012) analyse the requirements for restoring seagrass beds in Porirua Harbour, 
including requirements for light, which they calculate following Duarte (1991). They do not actually note what 
the minimum light requirements are. 
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Duarte (1991) explores the relationship between seagrass colonization depth and light attenuation71 for a wide 
range of seagrass species, geographic locations and habitats. A strong linear relationship between maximum 
colonisation depth and the light attenuation coefficient was obtained, indicating that the smaller the light 
attenuation (units of m-1) the deeper it is that seagrasses are able to grow. Duarte concluded on the basis of 
this relationship that “seagrasses colonize littoral zones with suitable sediments down to the depth where the 
irradiance reaches on average 10.8% … of the irradiance available at the water surface”. Zostera capricorni was 
included in the analysis. Duarte noted that the “depth limit of seagrass meadows is not established as a sharp 
threshold, but, instead, it involves the progressive decline in seagrass abundance from the depth where 
maximum biomass is observed to their depth limit”. 
Turner and Schwarz (2006) gave the Indian River Lagoon (Florida) as an example of managing light to restore 
seagrass beds. The minimum light requirement for Bay seagrass species is 25% of incident light, which is greater 
than the amount of light currently reaching the target restoration depth of 1.7 m (15% of incident light). The 
difference indicates the level of improvement needed in water quality, and the minimum light requirements 
will be used to establish nutrient load-reduction targets. 
Steward et al. (2005) describe in detail how light (plus depth and spatial coverage) targets were set for 
restoring the Indian River lagoon. The targets, in turn, were used to develop water quality “criteria”, which 
included pollutant load and concentration reductions designed to increase light penetration of the water 
column. Extensive field surveys showed that the average annual light requirement at the median depth limit 
for seagrass is 33  17% (standard deviation) of surface PAR. The average growing-season light requirement at 
the same depth is 34  17%. The minimum annual light requirement lagoon-wide is 20  14% and the minimum 
growing season light requirement is 20  13%. From this, they conclude that: “[w]e consider the light 
requirements, 33% of surface light at the median of the depth limit distribution and 20% at the maximum (95th 
percentile) of the depth limit distribution, to be the annual, water column maintenance levels for [Indian River 
Lagoon System] grass beds”. Steward et al. note an interesting caveat: “[b]ecause there are biological, physical, 
and geochemical factors other than light [e.g., wave action and sediment grain size, bottom reflectance, 
epiphyte loads on seagrass blades, competition by macroalgae, and sediment toxicity] that constrain the depth 
limit of a grass bed … field measured or ecological light requirements will be higher than physiological 
requirements”. In other words, the light targets are likely to be too high from a purely physiological point of 
view, but they make up for other factors that degrade transparency. 
Sheldon and Alber (2011) recommended a measure of water transparency for Georgia (U.S.) waters, such as 
% transmission of photosynthetically available radiation or Secchi depth, which they noted was in line with U.S. 
Environmental Protection Agency (2001b) recommendations. Although U.S. Environmental Protection Agency 
(2001a) used a single criterion of 10% light transmission at 1 m to differentiate between “good” and “poor” for 
all regions in the U.S., later studies recommended more lenient thresholds for waters where submerged aquatic 
vegetation is not expected to be supported. This includes the Georgia estuaries, for which Sheldon and Alber 
                                                           
71 “Light attenuation” used by Duarte (1991) is given the symbol K and has units of m-1. It was calculated from irradiance–depth profiles or, when these were not available, from Secchi distance Sd as K = 1.7/ Sd where Sd is a measure of transparency. 
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proposed 10% light transmission as the good–fair threshold and 5% light transmission as the fair–poor 
threshold, and 0.5 m Secchi depth as the good–fair threshold and 0.3 m Secchi depth as the fair–poor threshold. 
Annual median values should be compared against these thresholds. 
Sutula et al. (2011) give examples of chlorophyll a thresholds designed to provide appropriate light 
requirements for seagrass in a range of U.S. estuaries and associated chlorophyll a thresholds (Table 22). 
Table 22. Examples of chlorophyll a and light requirements for seagrass habitats in various U.S. estuaries. Reproduced 
from Sutula et al. (2011). 

Dennison et al. (1993) tabulate (Table 23) minimal light requirements (percentage of incident light at the 
seagrass depth limit, where “incident light” is measured just below the water surface). They note that although 
the average minimal light requirement for seagrass was determined to be 10.8% by Duarte (1991) there is wide 
range of minimal light requirements amongst different seagrass species, from 4 to 29%. The New Zealand 
seagrass species is not represented in their dataset. 
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Table 23. Minimal light requirements for range of seagrass species compiled by Dennison et al. (1993). Reproduced from 
Dennison et al. (1994) Their original table caption is also reproduced in the Table. 

NIWA is currently doing research on the light requirements of the only New Zealand species of seagrass, Z. 
muelleri. Fleur Matheson (NIWA, personal communication [MOG]) notes that some relevant information does 
exist from studies of Australian Z. muelleri specimens, for instance, that a long-term average of 116 mol PAR 
m-2 s-1 is required for its survival, and that the compensation point (photosynthesis equals respiration) is around 
45 mol PAR m-2 s-1. This and further New Zealand-specific information is being used to understand light 
requirements.  
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4.3 Options 
The matter of water-column-sediment standards is complicated by the many and various ways that they could 
be expressed, and by the fact that different expressions are relevant to different aspects to be managed. To 
recap: 

 Visual clarity is one of two main “components” of water optics; the other is light penetration.  
o Visual clarity is expressed as the horizontal sighting range of a black target (yBD, units metres), 

which can be measured directly using, for example, a Secchi disk. yBD can also be inferred 
exactly from the light-beam attenuation coefficient C as yBD = 4.8/C, where C (units m-1) is 
measured using a beam transmissometer operating at a wavelength of 550 nm. Visual clarity 
is directly relevant to the “visual ecology” (a low visual clarity reduces the ability of visual 
predators to feed) and to human recreational use (people do not like swimming in water with 
a low visual clarity). 

o Light penetration is expressed as the irradiance attenuation coefficient (Kd), which is defined 
as the proportional decline of downwelling irradiance per unit depth. Kd can be measured using 
a PAR (photosynthetically available radiation) sensor. Light penetration is directly relevant to 
the availability of light at different levels in the water column and at the seabed, which affects 
the growth of submerged aquatic vegetation.  

 Suspended-sediment concentration and total suspended solids are often used interchangeably to 
describe the concentration in water of solid-phase material. SSC and TSS vary by analytical method. 
Although high SSC/TSS is correlated with degraded water optics, it is really directly relevant to issues 
related to elevated mass of sediment in the water column, such as abrasion of fish gills and reduction 
of shellfish feeding efficiency, smothering of the seabed (which can occur when sediment settles out 
of suspension), change of seabed composition (e.g., progressive muddying of a previously sandy 
seabed by continuous deposition of mud from the water column), and elevated sedimentation rate 
leading to premature infilling of the estuarine basin by sediments. 

Visual clarity, light penetration and SSC/TSS therefore relate to different aspects to be managed. Therefore, as 
a first step, one needs to be quite clear as to what aspect to be managed or value the standard relates to.  
For example, if the water is being managed for contact recreation, then the Ministry for the Environment (1994) 
guidelines that state that visual clarity should be greater than 1.6 m (measured horizontally through the water 
column) should be applied. As a contrasting example, if the aspect to be managed is submerged aquatic 
vegetation (which might be one of many aspects to be managed to provide for the value of ecosystem health) 
then then corresponding standard should be framed in terms of light penetration.  
Turbidity is a measure of the proportion of light scattered (at 90 degrees) by particles in the water column. 
Unlike visual clarity, light penetration and SSC/TSS, turbidity is not an “intrinsic” property, and it is not directly 
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relevant to issues of visual ecology or human recreational use (visual clarity is), availability of light (light 
penetration is), or mass of sediment (SSC/TSS is). However, turbidity is easy to measure (using a turbidimeter), 
and can be used as a practical proxy (with local calibration) for visual clarity, light penetration and SSC/TSS.  
Although there are examples of water-quality standards based on turbidity (some of these have been reviewed 
above in section 4.2), these probably do not represent best practice. For example, framing a standard around 
turbidity to provide for human recreational use might work in a single estuary where there is a good 
relationship between turbidity and visual clarity (which is what really affects the recreational experience); 
however, that standard might not be transferrable to other estuaries in the region where there may be 
different relationships between turbidity and visual clarity. The ANZECC guidelines acknowledge that turbidity 
may not be a particularly useful indicator: “Low turbidity values are normally found in offshore waters. Higher 
values may be found in estuaries or inshore coastal waters due to wind-induced resuspension or to the input 
of turbid water from the catchment. Turbidity is not a very useful indicator in estuarine and marine waters. A 
move towards the measurement of light attenuation in preference to turbidity is recommended.”  
Options are: 
(1) Have no standard.  
Williamson et al. (2015) note that “[c]larity guidelines are currently not applied in the Auckland coastal 
environment” but that “clarity and turbidity are very important indicators of water quality in terms of 
recreation and ecology, and should be addressed and managed as best as possible”.  
(2) Retain and/or refine WRC’s present turbidity standard based on ANZECC (2000) default trigger values and 
expert judgement. 
Williamson et al. (2015) point out that clarity and turbidity are highly location- and weather dependent, and 
that ANZECC thresholds, for instance, are “of doubtful relevance for shallow and muddy Auckland estuaries, 
which can become naturally quite turbid on windy days, irrespective of catchment discharges”. More 
fundamentally, and as explained above in this section), water-quality standards based on turbidity probably do 
not represent best practice. 
 (3) Develop reference conditions for water-column sediments for the different marine water types of the 
Waikato region, and then develop a standard in terms of an acceptable departure from the reference. 
(4) Adopt an existing effects-based threshold.  
4.4 Requirements 
(1) Nothing. 
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(2) Nothing is required to retain WRC’s current standard. Starting with the categories used in the current 
standard and using information presented herein a minimum standard could be developed. 
(3) Section 2.2 provides an overview of where the reference condition approach sits in the ANZECC framework 
for deriving guideline values for a waterbody (which then may be translated into objectives and/or standards), 
and section 2.3 provides further brief commentary on the notion of the reference condition. Stoddard et al. 
(2006) note that the reference condition essentially refers to a site that is unimpacted by humans. As Hunt 
(2016) points out, however, it is often difficult to find a suitable unmodified site that could function as a 
reference site. That is likely to be the case for each of the marine water types of the Waikato region.  
Assuming the existence of a suitable reference site(s), measurements would need to be made over at least a 
two-year period to capture as wide a range as possible of wind conditions and rainfall intensities, both of which 
affect SSC/TSS and water optics; wind generates waves, which resuspend bed sediments, and rainfall erodes 
sediment from the catchment, which is delivered to the Coastal Marine Area suspended in freshwater runoff. 
With data in hand, water quality standards, representing “a level of quality desired by stakeholders” may then 
be defined in terms of an acceptable level of change from the reference condition. As noted in section 2.2, the 
ANZECC guidelines refer to a social process, in which stakeholders “need to negotiate an effect size, which 
describes how much deviation from the reference condition is tolerable”.  
Any standards so derived would be applicable to only the location in the estuary where the data were collected, 
because the sediment regime is bound to be very different from place to place within any given system. For 
example, turbidity (and the more ecologically relevant parameters that turbidity functions as a surrogate for) 
on exposed intertidal flats will primarily vary episodically in response to bed-sediment resuspension by wind-
driven waves; between wind events, turbidity will be very low, and at the height of wind events turbidity may 
be very high. In contrast, turbidity in deep estuarine channels will vary periodically on the tidal cycle in response 
to scour of the channel bed by quasi-steady tidal currents, and it will also vary episodically in response to rainfall 
(but not necessarily wind).  
(4) Section 4.2.1 provides examples of this for seagrass; these thresholds are effects-based, and could be 
directly adopted, although the thresholds for seagrass species not found in New Zealand waters may not be 
exactly applicable to New Zealand seagrass species. An additional standard for SSC/TSS may be required to 
provide a suitable substrate for the seagrass or to protect against smothering by deposited sediment.  
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5. Water temperature 
5.1 Background 
Water temperature is a key attribute driving many life-sustaining processes in the marine environment 
including organism metabolism and growth (e.g., Green and Fisher, 2004; Braby and Somero, 2006), 
photosynthesis and respiration, and aspects of reproduction (e.g., effects on spawning; Minchen, 1987).  Water 
temperature can also affect whole-of-ecosystem metabolism and a coastal water body’s capacity to process 
and assimilate organic inputs, as in the case of estuaries downstream of terrestrial runoff.  Water temperature 
also influences the temporal and spatial distribution of organisms (Cairns et al., 2008), from larvae to fish to 
marine mammals (O’Connor et al., 2007; Whalan et al., 2008; Kaschner et al., 2006; MacLeod, 2009).  
Temperature is, in turn, linked to ecologically important chemical and physical characteristics such as molecular 
diffusivity, conductivity, solubility of gases (such as dissolved oxygen) and the density and viscosity of seawater; 
all of these affect important biogeochemical processes including nutrient transport and assimilation by 
organisms. In addition to its life-supporting capacity, water temperature is of importance to recreational users 
of marine waters, such as swimmers, surfers and fishers.   
Ocean temperatures vary primarily as a function of solar radiation, which changes with latitude and season, 
and which is attenuated with water depth. Changes in water temperature, including spatial and temporal 
fluctuations, are linked to larger-scale climate-related processes, such as the ENSO cycle and climate change. 
At local scales, rainfall and wind patterns can also affect water temperature, particularly in estuaries where 
large temperature changes can occur rapidly in response to weather events (e.g., Goodwin and Cornelisen, 
2012).  Water temperatures in estuaries and along coasts can be further influenced by freshwater inputs from 
rivers (MacKenzie and Adamson, 2004) and anthropogenic discharges that result in thermal pollution (Choi et 
al., 2002; Keser et al., 2005).  In Doubtful Sound, for example, the discharge of lake water through the 
Manapouri Hydroelectric Power Station into the fiord alters the natural temperature regime of surface waters 
(Goodwin and Cornelisen, 2012).   
Activities frequently associated with the potential to affect coastal water temperatures are most commonly 
related to discharges, including outfalls from processing plants that use water for cooling or changes in 
freshwater flows from rivers. In general, changes in temperature as a function of these activities will be less of 
a concern in large coastal embayments or tide-dominated estuaries, whereas coastal lagoons and poorly mixed 
estuaries will be more susceptible to these activities. 
Due to its important links to many processes and relevance to health of marine organisms and ecosystems, 
water temperature is probably the most widely measured water-quality attribute in research and monitoring 
programmes. Although it may not be directly influenced by any consented activity, water-temperature data 
can assist in interpreting changes observed in other attributes that may be of primary concern; for instance, in 
the case of monitoring dissolved oxygen, which varies in concentration as a function of temperature, or faecal 
indicator bacteria, which vary in persistence and growth as a function of water temperature.   
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Water temperature is typically measured using logging sensors that are deployed for a period of time and that 
can sample at a high frequency (e.g., every 5 min), thereby capturing the large degree of temporal variability 
that is typical of coastal water bodies.  Alternatively, instantaneous measurements may be taken where and 
when samples are collected for other attributes. This may be weekly to monthly depending on the objectives 
of the monitoring; with a much lower sampling frequency it is important that measures are taken at a 
consistent time of day, since the daily (and even hourly) fluctuation in temperature can be several degrees.  
Satellite imagery for sea-surface temperatures (remote sensing) can also provide information on spatial 
variability of water temperature over large areas. 
National Environmental Monitoring Standards, developed by hydrologists for rivers, provide documentation 
on standardised water-temperature recording, including sampling frequencies, site selection, deployment, 
acquisition of water temperature data from permanently installed sensors versus instantaneous 
measurements, data processing, and measures for quality assurance. Details can be found at 
www.landandwater.co.nz.  
5.2 Existing approaches 
The measurement of temperature is typically carried out for ancillary purposes to support interpretation of 
other attributes; standards for water temperature are typically applied in cases of consented activities where 
a thermal discharge could potentially impact the receiving water body. Unlike a toxicant or dissolved oxygen, 
for example, a measure of water temperature is not generally considered as being good or bad unless well 
outside the normal range of variability (Sheldon and Alber, 2011). Hence, standards for water temperature are 
usually based around a level of change over and beyond a “natural” or baseline range.   
The ANZECC (2000) guidelines do not provide default trigger values for temperature for the protection of 
aquatic ecosystems, but they do recommend that managers define their own upper and lower low-risk trigger 
values, using the 80th and 20th percentiles, respectively, of the ecosystem temperature distribution.   
Based on the current Waikato Regional Coastal Plan (2007), permitted minor discharges cannot result in 
temperature changes exceeding 30C, which is consistent with Schedule 3 of the Resource Management Act 
(1991) that states the natural temperature of the water shall not be changed by more than 30 C.   
In the United Kingdom, the Water Framework Directive provides a guideline limit of 2oC for a change in 
temperature that has been adopted on occasion as a standard for marine waters; the Directive’s guidelines are 
mainly aimed at protecting or improving coastal waters in order to support shellfish (UK TAG, 2008). This is 
consistent with the ANZECC (1992) recommendation that, for aquaculture species farmed in estuarine/marine 
waters, temperature should not be changed by more than 2oC over a one-hour period.   
The Canadian Water Quality Guidelines are even more conservative, and state that “[h]uman activities should 
not cause changes in ambient temperature of marine and estuarine waters to exceed ±10C at any time, location, 
or depth. The natural temperature cycle characteristic of the site should not be altered in amplitude or 



 
 

99  
 

frequency by human activities. The maximum rate of any human-induced temperature change should not 
exceed 0.50C per hour” (CCME, 1996). 
The U.S. Clean Water Act provides guidance for development of standards and criteria for water temperature 
that are similar to Canada’s; both address absolute changes in temperature as well as changes to the extent to 
which temperature fluctuates. Their most comprehensive resource is referred to as the Quality Criteria for 
Water Gold Book, which dates back to 1986 and which gives the following criteria aimed at preventing adverse 
thermal effects on any indigenous marine community of a water body segment: “the maximum acceptable 
increase in the weekly average temperature resulting from artificial sources is 1°C (1.8°F) during all seasons of 
the year, providing the summer maxima are not exceeded, and daily temperature cycles characteristic of the 
water body segment should not be altered in either amplitude or frequency.”  
Implementation requires characterisation of baseline conditions. For example, U.S. Environmental Protection 
Agency (1986) states: “summer thermal maxima, which define the upper thermal limits for the communities 
of the discharge area, should be established on a site-specific basis. Baseline thermal conditions should be 
measured at a site where there is no unnatural thermal addition from any source, which is in reasonable 
proximity to the thermal discharge (within 5 miles) and which has similar hydrography to that of the receiving 
waters at the discharge.”  
In the United States, criteria for water temperature can be proposed and set at the state level. In Oregon, for 
example, ocean and bay waters downstream of the Columbia River “may not be warmed by more than 0.3 
degrees Celsius above the natural condition unless a greater increase would not reasonably be expected to 
adversely affect fish or other aquatic life.” (DEQ, 2008). This is much more conservative than other examples, 
but appears to apply to well-mixed ocean waters such as large coastal embayments, as opposed to an estuary.   
5.3 Options  
(1) Have no standard. 
Due to the life-sustaining importance of water temperature, this does not seem to be a defendable option, 
with the exception, perhaps, being in open-water situations or more than a set distance from land. Regardless 
of standards, temperature measurements will still be important as ancillary information for interpreting other 
attributes that may be linked to standards, such as dissolved oxygen.  
(2) Retain the existing standards in the WRC Regional Coastal Plan.  
Basing a temperature standard on a set deviation from surrounding waters is likely to be the most manageable 
approach; for example, temperature of waters beyond zones of reasonable mixing should not exceed a set 
deviation from the temperature of the surrounding waters within a set time period. The current approach does 
not account for changes in temperature variability, however. For instance, a discharge may not change the 
water temperature by more than 30C, but it could still change (for example, dampen) the natural variability in 
temperature.   
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(3) Adopt the ANZECC approach and derive a standard from upper and lower low-risk trigger values.  
The high level of temperature variability in coastal water bodies, occurring over short (hourly) to long 
(seasonally) periods, suggests that defining trigger values based on 80th and 20th percentiles of the temperature 
distribution may not be practical.   
(4) Tailor standards according to water types. 
Current WRC standards are based on a set deviation of 3oC for discharges. Consideration could be given to 
tailoring criteria depending on the water body type (for example, different estuary types versus a coastal 
embayment). For instance, a 3o C change in an estuary that varies considerably in temperature may be 
comparable to a much smaller change (e.g., 0.3o C) in offshore waters that are more constant and that also 
have a greater capacity to buffer sources of thermal pollution. This may also need to vary depending on water 
use, for instance, popular bathing areas or aquaculture areas.   
5.4 Requirements 
(1) Nothing. 
(2) Depending on the water body, the current limit of 30C may need to be reviewed to ensure that it does not 
represent a significant change above the normal range; the standard needs to be effects-based and designed 
to protect the life-supporting capacity of the receiving water body.  
(3) Basing upper and lower limits on distribution of temperature will require considerable amounts of time-
series data to establish ranges of variability across all water types and to account for seasonal and inter-annual 
temperature cycles. Temperature variability will likely vary considerably by water body type. Hence, baseline 
data would need to be collected from at least one example of each water body type.  
(4) Tailoring criteria according to water body type will require time-series data, or at least a review of what 
levels of change may be appropriate for different types.  
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6. Microbial contamination 
Additional contribution to chapter: Jonathan Banks, Cawthron Institute 
6.1 Background 
Contamination of water by faecal pollution is a major threat to water quality worldwide, due largely to the risks 
of humans acquiring pathogenic viruses and bacteria through contact recreation and consumption of 
contaminated shellfish. Landuses and an associated influx of anthropogenic sources of faecal contamination 
have the potential to cause coastal water quality problems. With a few exceptions, most point sources of 
human faecal contamination, such as sewage outfalls, are suitably managed in New Zealand. Faecal 
contamination caused by diffuse runoff carrying faecal contaminants from multiple sources tend to be more 
complex and difficult to address.  
Common sources contributing to contamination in residential areas include dogs (Ervin et al., 2014), which can 
carry much higher concentrations of faecal bacteria than other animals and which can be the primary source 
of contamination at bathing beaches (Wright et al., 2009). In rural areas, contamination is caused primarily by 
ruminant animals and in some cases by faulty septic tanks; if occurring upstream, these sources are known to 
contribute to contamination of downstream coastal waters (e.g., Cornelisen et al., 2011).  Other sources such 
as birds can be significant sources of contamination, particularly in coastal environments (e.g., Wright et al., 
2009). Councils, including WRC, often lack sufficient water quality monitoring data, both spatially and over 
time, to pinpoint problem areas and identify sources of contamination. As a result, the approach taken is to 
carry out monitoring during times of the year that recreational use of estuaries and bathing beaches is high, 
and to provide advice on water quality and recreational use based on guidelines provided by the Ministry for 
the Environment (MfE, 2013).  
Commonly monitored water quality parameters for detecting faecal contamination in nearshore coastal waters 
throughout New Zealand relate primarily to minimising human health risk around bathing and shellfish 
gathering. For more than 100 years, faecal indicator bacteria (FIB) such as Escherichia coli and enterococci have 
been used worldwide as proxies for faecal pollution and as indicators of the potential presence of pathogens 
such as enteric viruses, Campylobacter, and protozoans such as Cryptosporidium spp. and Giardia spp. In New 
Zealand, high concentrations of faecal indicator bacteria can lead to closures of bathing waters and shellfish 
harvest areas. Other water quality issues also need to be considered. For example, while pathogens associated 
with microbial contamination such as norovirus pose a known risk to human health, little is known as to 
whether faecal contamination of water affects other marine organisms. There is evidence that some 
pathogenic organisms, such as Toxoplasma gondii, shed in the faeces of cats, have the potential to affect 
marine mammals such as Hectors dolphins, whose habitats overlap with river plumes (e.g., Dubey et al., 2003).  
FIB concentrations are currently the easiest parameter to monitor for the presence of faecal contamination 
and pathogen risk. The indicator bacteria are not typically disease causing; rather, concentrations of FIB have 
been correlated with the presence of pathogens (e.g., noroviruses) through epidemiological studies.  Due to 
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the small population size in New Zealand, the guidelines are based on studies and relationships developed 
overseas. The types of sources also affect the level of pathogen risk. For instance, some animals such as cows 
and deer will carry higher levels of pathogens than, say, birds (Gerba and Smith, 2005; Soller et al., 2010).  
Several factors need to be considered when collecting water for FIB tests and when interpreting results. Risk 
of faecal contamination varies according to the surrounding catchment and landuse and the hydrological 
characteristics of the coastal water body (e.g., flushing). Wave action, climate and water depth also influence 
FIB concentrations as the bacteria are known to persist in sediments and beach sands and may spike without 
recent rainfall. Bacteria and viruses are also more prevalent in turbid waters where microbes attach to particles, 
which prolongs viability due to solar shading and extends microbe transport into the coastal zone (Hurst et al., 
1989; Rzeżutka and Cook, 2004). As a result, there are a number of parameters that may influence levels of 
microbial contamination, including rainfall, tidal state, water clarity and suspended sediments (or turbidity), 
light penetration, salinity and water temperature. Natural patchiness in these water-column constituents can 
impede our ability to identify trends over time in response to changes in anthropogenic pressures.  For instance, 
enterococci concentrations in coastal waters have been shown to vary by 60% on average and by as much as 
700% between samples that are collected only minutes apart (Boehm, 2007).  
An important consideration for coastal monitoring is that some sources of FIB do not necessarily indicate recent 
faecal contamination of water. Faecal bacteria can persist in sediments, beach sands and algae (Boehm, 2009; 
Ishii and Sadowsky, 2008; Ksoll et al., 2007; Yamahara et al., 2007). Fine-grained sediments in which bacteria 
may reside can be resuspended during wind / wave events causing spikes in FIB in the absence of any rainfall 
and subsequent increase in river flows. Faecal bacteria can also be stored in river-bed sediments, leading to 
high counts downstream that may not reflect recent contamination.   
As highlighted by the above, the monitoring of FIB comes with some limitations that can be addressed, in part, 
by measuring auxiliary parameters (e.g., temperature, rainfall, turbidity, tide stage) at the same time as the 
samples for FIB testing are being collected. A major factor causing FIB mortality, and therefore a reduction in 
concentration in samples, is ultraviolet radiation (Noble et al., 2004). For this reason, it is important to avoid 
collecting samples for FIB after the water column has been exposed to high levels of sunlight for a prolonged 
period; hence, sampling is better done in the morning than late in the day. Emerging technologies and 
approaches to monitoring faecal contamination are discussed further below. Not all newer technologies can 
be implemented within standards-based regulatory frameworks, but they may assist in obtaining better results 
and additional information that can be used in managing a contamination problem (where standards are being 
breached).   
6.2 Existing approaches 
The following provides a brief overview of approaches currently being used to monitor microbial 
contamination.  A more comprehensive review and recommendations on developing coastal water quality 
standards for WRC, including microbial contamination, is provided in a 3-part series of reports by Amanda Hunt 
(Hunt 2016). In New Zealand, monitoring of microbial contamination is common within state-of-the-
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environment (SOE) water quality monitoring programmes and can be used to illustrate where environmental 
management has been effective. For the coastal environment, SOE-based monitoring is typically carried out at 
popular bathing locations during peak-season months, and some councils also monitor shellfish quality. 
Standards and guidelines for microbial contamination are also routinely established for consented point-source 
discharges (e.g., sewage outfalls) and frequently for urban stormwater management programmes.  
The guidelines most relevant and commonly used for coastal water quality monitoring in New Zealand are the 
Microbiological Water Quality Guidelines for Marine and Freshwater Recreational Areas (MfE, 2003). These 
guidelines (commonly referred to as the “recreational water quality guidelines”) are based on concentrations 
of FIB, typically E. coli in freshwater and enterococci in marine water72. Faecal coliforms are the indicator for 
monitoring water quality for recreational shellfish harvesting. As indicated in the review by Hunt (2016), “the 
guidelines have no regulatory status and are not standards. However, regulatory status can be conferred by 
incorporation in a regional plan.”   
The recreational water quality guidelines are intended to assist in both SOE and public-health monitoring, the 
latter being based on monitored concentrations of FIB and also risk assessments for public beaches. The risk 
assessment component is to help make informed decisions around beach closures, since the results for FIB are 
typically delayed by at least a day. It is noted by Hunt (2016) that the guidelines are overdue for a revision by 
the Ministry for the Environment, and that MfE is to keep the Coastal Special Interest Group and councils 
informed around the timing. 
Under the existing guidelines and for the primary purpose of managing bathing waters, samples are typically 
collected at nearby popular bathing beaches, and results are used to grade a beach according to a standard. 
There are two stages to grading a beach. The first assesses a beach’s suitability for recreation using the 
Microbiological Assessment Category (MAC), which is based on five years of enterococci test results (Table 24), 
and a Sanitary Inspection Certificate (SIC), which is based on a beach’s risk of human faecal pollution. Results 
are expressed as a grade of Very Good, Good, Fair, Poor or Very Poor. Beaches graded Good, Fair or Poor have 
the potential to be affected by faecal contamination and must be tested routinely (e.g., weekly) for enterococci. 
The results of the routine tests are then used to trigger “action points” (Table 25).  
Table 24. MfE Microbiological Assessment Category (MAC) definitions for marine waters.    

      Grade Standard 
A Sample 95 percentile ≤ 40 enterococci per 100mL 
B Sample 95 percentile 41–200 enterococci per 100mL 
C Sample 95 percentile 201–500 enterococci per 100mL 
D Sample 95 percentile > 500 enterococci per 100mL 

                                                           
72 Both E. coli and enterococci are relevant to monitoring in the marine environment since E. coli concentration in mussels and oysters is the primary indicator used in shellfish sanitation programmes, and enterococci is commonly used for water quality monitoring in marine waters. 
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Table 25. MfE trigger points for marine waters. Enterococci concentrations are typically expressed using the most probable 
number (MPN) method and a probabilistic test that assumes cultivable bacteria. 

 Level of action Standard 
Green Routine surveillance No single sample > 140 enterococci per 100 mL. 
Amber Alert Single sample > 140 enterococci per 100 mL 
Red Action Two consecutive samples > 280 enterococci per 100 mL 

The trigger points comprise a three-tier system analogous to traffic lights: 
Green – highly likely to be uncontaminated: “suitable for bathing”, but requiring water managers to 
continue surveillance (e.g., weekly testing for enterococci).  
Amber – potentially contaminated: “potentially unsuitable for bathing”, requiring water managers to 
investigate the suitability for recreation, increase testing for enterococci to daily, and identify sources 
of contamination.  
Red – highly likely to be contaminated: “highly likely to be unsuitable for bathing”, requiring urgent 
action from water managers, including daily testing for enterococci and public warnings and identifying 
sources of contamination.  

Waikato Regional Council’s standards for bathing water quality are based on the guidelines above. As 
summarised in Hunt (2016), “WRC defines ‘unsatisfactory’ conditions as those exceeding the action level (> 280 
enterococci / 100 ml). Levels between 28 and 280 enterococci per 100 ml are described as ‘satisfactory’. 
Concentrations below 28 enterococci per 100 mL are classified as ‘excellent’.” 
Guidelines in New Zealand generally follow those of the U.S. Environmental Protection Agency. The U.S. 
Environmental Protection Agency updated their microbiological water quality guidelines for recreational water 
in 2012 (U.S. Environmental Protection Agency, 2012). It is anticipated that the pending MfE update of New 
Zealand’s recreational water quality guidelines may reflect similar changes, which include revised 
microbiological guideline levels, a greater emphasis on importance of risk assessment, and different statistical 
approaches (see Hunt, 2016, and U.S. Environmental Protection Agency, 2012, for more information). 
6.2.1 Contamination in shellfish 
As noted by Hunt (2016), development of standards and monitoring of microbial contamination of shellfish is 
closely linked to food safety advice, and therefore falls under the jurisdiction of public health and commercial 
shellfish sanitation programmes (outside the scope of this report). Nonetheless, councils, including WRC, often 
include water quality guidelines for recreational shellfish harvest. The recreational water quality guidelines 
(MfE, 2003) set the following guideline for recreational shellfish-gathering: 
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Median faecal coliform content of samples taken over a shellfish gathering season shall not exceed a most 
probable number (MPN) of 14 per 100 mL and not more than 10% of samples should exceed an MPN of 43 
per 100 mL.   

As part of estuary water quality monitoring, WRC has a shellfish-gathering indicator that is derived from the 
above guideline; it is intended only for recreational harvesting. It is based on the median and the 90th percentile 
of monitoring data collected for faecal coliforms in each estuary. Faecal coliforms are less specific to humans 
than E. coli and enterococci but are considered more suitable for general assessments of faecal contamination 
in shellfish gathering water (Hunt, 2016; MfE, 2003). 
Because it can be expensive to test shellfish beds at a high enough frequency to detect faecal coliforms, closures 
of shellfish areas can be managed in response to trigger points from proxy measurements of water quality. For 
example, some shellfish beds are closed in response to a certain amount of rainfall in the catchment of a river 
that extends a plume over the beds. Other proxies used in different areas include river flows above a certain 
volume, decreases in salinity and increased turbidity. For instance, commercial shellfish harvest areas in 
Tasman Bay are closed once the Motueka River exceeds a flow of 60 cubic metres per second. Measures of E. 
coli in shellfish flesh are then used to confirm that food safety standards are not being breached when 
harvesting. The current E. coli sanitation threshold for harvesting is 230 MPN / 100 g mussel tissue. 
6.2.2 Emerging technologies  
There is a number of emerging technologies for monitoring FIB that may eventually become routine within 
standards-based monitoring frameworks as they become validated and also confirmed alongside 
epidemiological studies. The most likely technology to be put into practice soon is the use of molecular-based 
tests for FIB. These will address the current challenge around delayed results; typically results using standard 
culture methods cannot be produced for at least 24 hours following sample collection.  As a result, a decision 
on a beach closure today may be based on results from yesterday or a few days prior. Molecular tests using 
polymerase chain reaction (PCR) can be produced within a few hours. Recognising the need to speed up results 
from water quality monitoring at beaches, the U.S. Environmental Protection Agency recently approved some 
rapid quantitative polymerase chain reaction (qPCR) based methods for FIB (for example, Method 1609 for 
enterococci; U.S. Environmental Protection Agency, 2013)   
Microbial Source Tracing (MST) also uses PCR-based molecular markers that can identify and quantify different 
types of bacteria and viruses associated with faecal contamination from a specific source (see Harwood et al., 
2014, for an excellent review). Currently, the technology is useful in helping to prioritise and solve 
contamination problems, as opposed to being implemented within a standards-based monitoring framework. 
In the coming years, there are likely to be a number of source-specific markers that may be implemented within 
monitoring programmes to make more informed decisions (e.g., closing a beach due to presence of faecal 
contamination from humans, as opposed to seabirds). Background on MST methodologies and results from 
sampling carried out by a number of councils around New Zealand are provided in an Envirolink Tools report 
(Cornelisen et al., 2012).  
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6.3 Options 
(1) Have no standard. 
This is likely not an option due to human health risks and high values placed on contact recreation and shellfish 
gathering.   
(2) Retain the existing approach (use of MfE water quality guidelines for contact recreation and shellfish-
gathering).  
Although FIB have limitations, concentrations of FIB broadly correlate with the risk of contracting diseases from 
contaminated water. Additionally, water quality managers are familiar with the indicators and in many 
instances understand the limitations of FIB. Until better indicators can be developed and validated with 
epidemiological studies, the existing FIB and MfE Microbiological Assessment Criteria and action levels (the 
green/amber/red system) is likely the best (and only) option. WRC should keep up to date with revisions to the 
MfE guidelines and with progress in technologies, including faster, genetic-based tests for FIB that are 
emerging.  
(3) Employ standards based on new indicators and methods, including Quantitative Microbial Risk Assessment 
(QMRA) and faster qPCR-based tests to complement culture-based tests. 
There is potential, at least in the case of point-source discharge situations, to generate risk levels and forecast 
FIB concentrations through use of models, rather than waiting for the results of culture-based FIB tests. 
Traditional monitoring will still be required for validating and refining the model, and will be required to ensure 
compliance with legislation. Molecular qPCR-based tests for enterococci may allow fast screening of water at 
bathing beaches for suitability for contact recreation. These, along with other molecular-based tests, may be 
used to augment option (2). 
6.4 Requirements  
(1) Nothing. 
(2) Nothing, with the exception of updating standards to revised guidelines once produced by MfE. 
(3) Developing new approaches or indicators will require considerable resources. Regulations are typically a 
number of years behind technology. Once methods are developed and proven to be sound and reliable, then 
WRC may take advantage of the improved methods.  
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7. Toxicants 
Additional contribution to chapter: Oliver Champeau, Cawthron Institute 
7.1 Background 
Toxicants are a form of contaminant that include metals, hydrocarbons and pesticides.  
A comprehensive list of priority toxicants is provided in the European Union (EU) Water Framework Directive 
(WFD) Strategy on Priority Substances (Directive 2000/60/EC) (Table 26). In the ANZECC (2000) guidelines they 
are classified as toxic stressors (as opposed to non-toxic stressors such as nutrients, which can lead to 
environmental degradation under high concentrations).  
There are multiple sources of toxicants that contribute to contamination in estuaries and coastal waters. A 
major source is stormwater from urban areas, which flows over roads and roof surfaces, carrying with it 
toxicants associated with numerous sources such as vehicles and industrial activities (Gobel et al., 2007). Other 
catchment sources of toxicants to coastal waters include leachate from landfills, diffuse runoff of pesticides 
from agriculture, and activities such as lumber storage and treatment and mining (e.g., Abrahim and Parker, 
2002; Cave et al., 2005; Weis et al., 1993).  
Port activities, including topside loading and unloading of toxicant-containing cargoes and storage, as well as 
activities associated with shipping and maintenance in dry docks (e.g., biofouling paints, tributyltin compounds) 
can be significant sources of toxicants, which are known to accumulate over time within port, harbour and 
marina sediments. Marine farming can also involve toxicants, including the use of copper-based biofouling 
paints on structures and zinc added to feed for finfish (Lewis and Metaxas, 1991; Champeau, 2013).  
Local geology may also be important in some regions. For example, the red hills in the Nelson–Tasman region 
lead to naturally high inputs of chromium and nickel to downstream estuaries and to Tasman Bay and Golden 
Bay (Gillespie et al., 2011). Many toxicants, including metals, bind with sediments that settle out, which may 
cause them to become less bioavailable. Combined with the fact that concentrations are likely to be low and 
highly variable within the water column, monitoring of toxicants within estuaries and the marine environment 
tends to focus on seabed sediments or, in some cases, filter-feeding organisms such as mussels (e.g., “mussel 
watch” programmes). Because toxicants accumulate in shellfish, they can be unsafe for consumption in areas 
that receive large inputs of stormwater and/or wastewater (Hunt, 2016).  
Trigger values for toxicants are provided in the ANZECC guidelines, and are based largely on international 
ecotoxicological studies. As a result, triggers are often not tailored for local conditions or for local organisms.  
Trigger values for toxicants are primarily derived from toxicological experiments in which a dose–response 
relationship is determined using a biological assay. Bacteria, worms, zebrafish and mice are common models 
used, and more recently assays using urchins and mussels are being developed and applied in New Zealand (L. 
Tremblay, pers. comm.). One of the challenging issues around toxicants that has not fully been addressed are 
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the synergistic effects of multiple contaminants and stressors, and interactions among various mixtures, which 
all are poorly understood (Hunt, 2016).  
Table 26. List of priority substances in the European Union water policy.    

Metals and metalloids Cadmium, lead, mercury, nickel, tributyltin, and their compounds 
Aromatic hydrocarbons Anthracene, benzene, fluoranthene, naphthalene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene, trichlorobenzene, pentachlorobenzene,  
Pesticides (insecticides, herbicides, fungicides) 

Alachlor, atrazine, chlorpyrifos, chlorfenvinphos, 1,2-dichloroethane, dichloromethane, diuron, endosulfan, hexachlorobutadiene, hexachlorobenzene, hexachlorocyclohexane, isoproturon, pentachlorophenol, simazine, trifluralin 
Flame retardants Brominated diphenylether (pentabromodiphenylether congeners 28, 47, 99, 100, 153, 154) 
Chloroalkanes C10-13, trichloromethane (chloroform) 
Alkylphenols Nonylphenol, octylphenol 
Plasticizer Di(2-ethylhexyl)phthalate (DEHP) 

7.2 Existing approaches 
New Zealand trigger values for toxicant concentrations in water are currently based on the ANZECC (2000) 
guidelines, which are shown in Table 27 alongside a number of overseas water quality guidelines and 
standards for selected toxicants in the marine environment. The list is completed with substances that are 
subject to review for possible identification as priority (hazardous) substances; these include pesticides 
(bentazon, dicofol, glyphosate and aminomethylphosphonic acid, mecoprop, quinoxifen), plasticizer 
(bisphenol-A), EDTA, free cyanide, musk ethylene and perfluorooctanesulfonic acid. 
The ANZECC guidelines define trigger values for four different levels of protection based on the percentage of 
species expected to be protected (99%, 95%, 90% and 80%). ANZECC recommends a 99% level of protection if 
there are no local data on the potential for bioaccumulation, which would be the case for most New Zealand 
situations.  Several trigger values in the guidelines have a low reliability ranking due to a lack of data.  
Trigger values mainly cover landuse toxicants, and vary by country (Table 27). Activities in catchments and 
associated toxicants need to be characterised. A decline in marine water quality is often associated with 
terrestrial runoff from adjacent catchments. This may include inputs of pesticides that can have adverse effects 
on marine life; examples include impacts on productivity and composition of microalgal communities 
(Magnusson et al., 2012) and effects on photosynthesis by seagrass (Haynes et al., 2000). While pesticide 
concentrations may not exceed water quality guidelines during most of the year, it is acknowledged that the 
consequences for marine life of low-level chronic exposure to mixtures of pesticides, or pesticides in 
combination with abiotic factors such as high turbidity, nutrients or climatically induced factors, remain 
unknown (e.g. Lewis et al., 2012).  
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The seabed is often a good integrator of what is happening in the water column, and the concentration of 
toxicants within sediments can provide an indication of levels occurring within a water body. Monitoring 
toxicants within sediments is often the focus of managing consented activities in ports, harbours, marinas, 
sewage and stormwater outfalls and finfish farms. In New Zealand, toxicants and, in particular, metals in marine 
sediments are assessed against the ANZECC (2000) Guidelines, which specify low to high Interim Sediment 
Quality Guideline (ISQG) concentrations. The ISQG-Low concentration represents a 10% probability that a 
significant toxicity effect will occur in a sensitive species (low likelihood of observable biological effects), and 
the ISQG-High concentration represents a 50% probability (high likelihood of observable biological effects).  
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Table 27. Worldwide water quality guidelines and standards in the marine environment for selected toxicants.  Units are µg/L. 
 ANZECC1 CCME2 UK3 US EPA4 Japan5 ASEAN6 
  99% 95% Long term Estuary Marine CMC CCC A B AMWQC 
Metals - metalloids            

Arsenic (As)  (AsIII) 2.3 12.5  25 AD 69 36   (As III) 120 
Boron  5100   7000 AT      
Cadmium 0.7 5.5 0.12 5 2.5 D 40 8.8   10 
Chromium (III) 7.7 27.4 56        
Chromium (VI) 0.14 4.4 1.5  15 AD 1100 50   50 
Copper 0.3 1.3   5 AD 4.8 3.1   8 
Iron     1000AD     8.5 
Lead 2.2 4.4   25 AD 210 8.1    
Manganese  80         
Mercury 0.1 0.4 0.016 0.5 0.3 D 1.8 0.94   0.16 
Nickel 7 70   30AD 8.2 610    
Selenium  3    290 71    
Silver  1.4    1.9     
Thallium  17         
Vanadium  100   100 AT      
Zinc 7 15   40 AD 90 81  20  10 50 
Tributyltin  0.006 0.001  0.002 MT     0.01 
Triphenyltin (and  derivatives)     0.008 MT      

Chlorinated alkanes           
1,2-Dichloroethane 1000 1900  10 10 T      
1,1,1 trichloroethane 130 270   100 AA; 1000 MAC      
1,1,2-trichloroethane  1900   300 AA; 3000 MAC      
Chloroform 370 770  12 12 T    800  800  
Carbon tetrachloride 150 240  12 12 T      
Benzene  500 110  30 AA; 300 MAC      
Toluene  180 215  40 AA; 400 MAC      
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 ANZECC1 CCME2 UK3 US EPA4 Japan5 ASEAN6 
  99% 95% Long term Estuary Marine CMC CCC A B AMWQC 

Ethylbenzene 50 75 25        
Xylene  75-350   30 AA; 300 MAC      
Naphthalene 50 70 1.4  5 AA; 80 MAC      
Anthracene 0.01 0.4         
Phenanthrene 0.6 2         
Fluoranthene 1 1.4         
Benzo(a)pyrene 0.1 0.2         
Biphenyl     25 AA      

Chlorinated aromatic hydrocarbons           
Monochlorobenzene 5 55 25        
1,2 dichlorobenzene  120 42        
1,2,4 trichlorobenzene  20 5.4        
Trichlorobenzene (all isomers)    0.4 0.4 T      
Hexachlorobenzene 0.05 0.1  0.03 0.03 T      
Chloronitrotoluenes     10 AA; 100 MAC      
PCBs       0.03    

Chlorinated alkenes           
Perchloroethylene   70  10 10 T      
Trichloroethylene  330  10 10 T      

Phenols           
Phenol  400       2000  200 120 
Nonylphenols (+ ethoxylates)  1 0.7        
Pentachlorophenol  11  2 2 T 13 7.9    
4-chloro-3-methyl phenol     40 AA; 200 MAC      
2-chlorophenol 340    50 AA; 250 MAC      
2,4-dichlorophenol 120    20 AA; 140 MAC      

Other organics           
Methyl tertiary-butyl ether (MTBE)   5000        
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 ANZECC1 CCME2 UK3 US EPA4 Japan5 ASEAN6 
  99% 95% Long term Estuary Marine CMC CCC A B AMWQC 

Formaldehyde         300  30  
Organochlorine pesticides           

Total >drins=    0.03 0.03 T      
Aldrin  0.003  0.01 0.01 T 1.3     
Dieldrin  0.01  0.01 0.01 T 0.71 0.0019    
Endrin 0.004 0.008  0.005 0.005 T 0.037 0.0023    
Isodrin    0.005 0.005 T      

Chlordane  0.001    0.09 0.004    
Endosulfan 0.005-0.01  0.002  0.003 AA 0.034 0.0087    
Heptachlor (heptachlor epoxide)  0.0004    0.053 0.0036    
Lindane  0.007    0.16     
Hexachlorocyclohexane    0.02 0.02 T      
Toxaphene  0.0006    0.21 0.0002    
Dichlorodiphenyltrichloroethane  0.0004         
(all 4 isomers, total DDT)    0.025 0.025 T 0.13 0.001    
(para, para-DDT)    0.01 0.01 T      

Organophosphorus pesticides           
Azinphos-methyl  0.01   0.01AA ; 0.04 MAC      
Chlorpyrifos 0.0005 0.009 0.002        
Demeton     0.5 AA; 5 MAC      
Fenitrothion  0.001   0.01 AA; 0.25 MAC      
Malathion  0.05   0.02AA ; 0.5MAC      
Dichlorvos     0.04 AA and 0.6 MAC      
Triazophos     0.005 AA; 0.5 MAC      
Dimethoate     1 AA      

           
Carbamate pesticides           

Aldicarb   0.15        
Carbaryl   0.29        
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 ANZECC1 CCME2 UK3 US EPA4 Japan5 ASEAN6 
  99% 95% Long term Estuary Marine CMC CCC A B AMWQC 
Neonicotinoids pesticides           

Imidacloprid   0.65        
Urea insecticides           

Flucofuron     1.0 PT      
Sulcofuron     25 PT      

Herbicides and fungicides           
Alachlor           
Atrazine and Simazine   13 and 3.6   2 AA; 10 MAC      
Bentazone     500 AA; 5000 MAC      
Cyfluthrin     0.001 PT      
Hexachlorobutadiene    0.1 0.1 T      
Linuron     2 AA      
Mecoprop     20 AA; 200 MAC      
MCPA  1.4 4.2        
2,4D (ester)     1 AA; 10 MAC      
2,4D  36   40 AA; 200 MAC      
Permethrin   0.001  0.01 PT      
Trifluralin     0.1AA; 20 MAC      
Chlorothalonil   0.36        

1. Australian and New Zealand Environment Conservation Council (ANZECC) guidelines 2000 at 99% and 95% protection levels.  2. Canadian Council of Ministers of the Environment (CCME) http://st-ts.ccme.ca/en/index.html 3. United Kingdom http://www.ukmarinesac.org.uk/activities/water-quality/wq4.htm A annual; D dissolved concentration, ie usually involving filtration through a 0.45-µm membrane filter before analysis; T total concentration (ie without filtration); µg/l micrograms per litre; AA standard defined as annual average; MAC maximum acceptable concentration 4. United States of America Environmental Protection Agency (US EPA) CMC : Criterion Maximum Concentration (acute), CCC: Criterion Continuous Concentration (chronic). http://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-life-criteria-table 5. Japan A: usual aquatic life, B: special aquatic life (water area that should be conserved as spawning/rearing areas of aquatic life). http://www.env.go.jp/en/water/wq/wp.pdf  6. ASEAN: The Association of Southeast Asian Nations (Brunei, Indonesia, Cambodia, Malaysia, Myanmar, Philippines, Singapore, Thailand and Vietnam).  AMWQC refers to ambient marine water quality criteria. ASEAN (2008)  
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The ANZECC (2000) guidelines (Table 28) provide recommended toxicant guideline values to be applied for use 
in marine aquaculture. Guidelines currently used in New Zealand are based on laboratory studies carried out 
in other countries.  
Table 28. Table 4.4.3 from the ANZECC (2000) guidelines for the protection of aquaculture species.  
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7.3 Options 
(1) Have no standard. 

 
(2) Apply the ANZECC (2000) guidelines.  
The ANZECC guidelines are the only available information for informing standards at this time. WRC may want 
to consider a more conservative 99% level of protection for open-coast waters, with a slightly less conservative 
95% level of protection for estuaries, depending on aspirations and values for estuaries, but acknowledging 
that the protection level should be set to improve conditions, rather than allow worsening of conditions.   
Where aquaculture is present, standards should be consistent with the guidelines in Table 28. 
(3) Develop new standards based on data relevant to the Waikato CMA. 
ANZECC trigger values were derived using data from overseas studies, which limits their reliability in the case 
of some toxicants. The ANZECC trigger values should therefore be considered as indicative, without any specific 
representation of the local environment or sensitivity of endemic species.  
7.4 Requirements 
(1) Nothing. 

 
(2) Nothing. 

 
(3) Developing new standards is beyond the scope of a regional council.  Consideration of this option should 
be driven through national initiatives, with a view to updating regional guidelines when they are revised in the 
future. For example, the (New Zealand) Environmental Protection Agency Hazardous Substances and New 
Organisms (HSNO) team is currently exploring options to assess the validity of using toxicity data from exotic 
species to protect native species. WRC should remain informed about the progress of this initiative, which could 
have implications for monitoring programmes and standards for some contaminants.   
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8. Emerging contaminants 
Additional contribution to chapter: Louis Tremblay, Cawthron Institute 
8.1 Background 
Two reports have reviewed the literature on emerging contaminants and their relevance to New Zealand 
(Tremblay, 2011; Stewart et al., 2016). Despite there being a number of workshops since 2011, there is as yet 
no New Zealand strategy on emerging contaminants. Key government departments and industry bodies remain 
reluctant to acknowledge emerging contaminants as an issue of importance in New Zealand.  
There are multiple definitions for emerging contaminants (EC) in the literature, and they have been described 
by a number of terms, including contaminant of emerging concern (CEC) and contaminant of emerging 
environmental concern (CEEC). Despite the slightly different terminologies, the common theme for defining 
ECs is summed up by the US Geological Survey73, which defines an EC “as any synthetic or naturally occurring 
chemical or any microorganism that is not commonly monitored in the environment but has the potential to 
enter the environment and cause known or suspected adverse ecological and (or) human health effects”. The 
main sources and families of ECs are summarised in Table 29. 
Table 29. Sources and classes of emerging contaminants.    
Sewage disposal Stormwater Landfill leachate Agriculture Aquaculture Recreation 
Pharmaceuticals Plasticisers Pharmaceuticals Steroid hormones Veterinary medicines Pharmaceuticals 
Plasticisers Antimicrobials Plasticisers Veterinary medicines  Antimicrobials 
Antimicrobials Corrosion inhibitors Antimicrobials Agrochemicals  UV-filters 
Corrosion inhibitors Flame retardants Surfactants    
Flame retardants Surfactants     
Surfactants UV-filters     
UV-filters      
Steroid hormones           

There is a great amount of confusion as to what constitutes an EC.  One possible approach is to divide the term 
into subcategories. For instance, there are “new” ECs, which are recently manufactured chemicals, and there 
are “old” ECs, which have been around for several decades, but which have not been recognised, possibly 
because of a lack of analytical methods. To make things more complicated, there are “ECs within complex 
mixtures”, such as industrial effluents, oil residues and hospital effluents; either the mixture itself or newly 
identified (subgroups) of components within the mixtures may be considered to be ECs. Perhaps the most 
                                                           
73 see http://toxics.usgs.gov/regional/emc/ 
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complex are “transformation derived” ECs, which are metabolism or transformation products of emerging 
contaminants, legacy contaminants or benign chemicals.   
Land and marine farming potentially contribute a different profile of emerging contaminants to the marine 
receiving environment when compared with urban settings such as Auckland. In addition, compared to urban-
sourced ECs, which are potentially intercepted by wastewater treatment plants, ECs from land and marine 
farming are not readily removed from runoff. 
8.2 Existing approaches 
Managing emerging contaminants according to standards is limited to application of the ANZECC (2000) 
guidelines trigger values for emerging contaminants (Table 30). The trigger values have been derived according 
to risk-assessment principles and are not intended for use as simple pass/fail criteria. Instead, exceedance of a 
trigger value is intended to initiate a management decision-making process tailored to the local environmental 
conditions. The ANZECC guidelines are currently being reviewed and updated. 
Table 30. Fresh and marine water quality trigger values (95% level of species protection) for emerging contaminants 
recommended in the ANZECC (2000) guidelines.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A Low reliability trigger value for fresh water (μg/L), indicative interim working level only. 
B Low reliability trigger value for marine water (μg/L), indicative interim working level only. 
C Moderate reliability trigger value for fresh water (μg/L). 
D Moderate reliability trigger value for marine water (μg/L), indicative interim working level only. 
E High reliability trigger value for fresh water (μg/L). 
F High reliability trigger value for marine water (μg/L). 

 
8.3 Options  
There are limited options with regard to setting standards for emerging contaminants due to a lack of data and 
knowledge. The main international research groups have recognised that the continued introduction of 

Chemical Trigger value (μg/L), 
freshwater 

Trigger value (μg/L), 
marine 

nonylphenols 0.1 A 1.0 B dimethylphthalate 3700C 3700B diethylphthlate 1000 A 900D di-n-butyl phthalate 35 A 25B di-2-(ethylhexyl)phthalate 1A 1 B chlorpyrifos 0.01 E 0.009 F diuron 0.20 A 1.8 B glyphosate 1200 C 370 B Linear alkylbenzene sulfonates (LAS) 280 E 0.1 B Alcohol ethoxylated sulphates (AES) 650 E 650 B Alcohol ethoxylate surfactants (AE) 140 E 140 B 
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emerging contaminants into the environment requires ongoing research and monitoring to ensure the safety 
of a range of landuse activities.  
There are general concerns about the risk of ECs and the lack of information to address potentially significant 
issues that might arise. There is a need to generate nationally relevant information. A recent report prepared 
for Auckland Council, Environment Canterbury and Greater Wellington Regional Council (Stewart et al., 2016) 
summarises information required by regional councils in New Zealand to address concerns around 
environmental effects of chemicals collectively termed emerging organic contaminants (EOCs). The report also 
recommends an approach for councils to target monitoring efforts to a tiered suite of (primarily sediment) 
indicator EOCs.    
8.4 Recommendations 
1. Tailor the report by Stewart et al. (2016) for the Waikato region; review the current state of knowledge to 
determine whether further investigation is warranted, including identifying the relative impacts of ECs in the 
Waikato region and within the context of other water quality issues in Waikato's estuaries (note WRC has 
commissioned Streamlined Environmental to carry out a review of ECs). 
2. Remain up-to-date on research and policy initiatives being pursued by key national and international groups 
working on ECs. 
3. Use research outputs to rank the real and potential risks arising from ECs, and compare to risks associated 
with other stressors, so that management and monitoring resources can be appropriately allocated.  
4. Coordinate efforts with other regional and city councils and relevant government departments (mainly 
Ministry for the Environment, [NZ] Environmental Protection Agency, and Ministry for Primary Industries) and 
work closely with research institutions (e.g., the Centre for Integrated Biowaste Research) to identify and 
confirm knowledge gaps and develop a national framework to better manage ECs. 
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