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Physical and chemical criteria to assess the quality of freshwater ecosystems and proposed benchmark values
This is an abbreviated and slightly modified version of Annex 3 of Volume 4 Scientific Background of the UN Environment (2018)  A Framework for Freshwater Ecosystem Management publication (www.unenvironment.org/resources/publication/framework-freshwater-ecosystem-management).


Benchmark values are presented for the 
· oxygen regime 
· nutrients (phosphorus and nitrogen) and Chlorophyll a (Chl-a) 
· ammonia 
· pH
· temperature 
· heavy metals (aluminium, arsenic, cadmium, chromium, copper, lead, mercury, nickel and zinc). 
The proposed benchmark values are based on internationally and nationally established criteria to protect aquatic life and to characterize severe ecosystems degradation. The selection of countries and entities for comparison is based on the overview of existing Water Quality Guidelines (WQGs). The physical and chemical WQC and WQS considered for comparison stem from the following countries and entities: 
· Australia/New Zealand 
· Canada 
· China 
· European Union (for numerical values the United Kingdom standards are used, with the exception of priority pollutants) 
· Japan, 
· South Africa, 
· United Nations Economic Commission for Europe (UNECE)  
· US. 
In the European Union Environmental Quality Standards (EQSs) are established at the community level for a limited number of priority pollutants. For all other indicators, the establishing of numerical quality standards to underpin the implementation of the Water Framework Directive (EU WFD) is the responsibility of the Member States. If standards at the community level are not available, the UK standards are used for comparison with guideline values in other countries and entities. For each group of indicators, the ecological relevance, natural variations and regional differences are briefly indicated. For simplicity, benchmark values are expressed as annual average concentrations, unless indicated otherwise; noting also that many countries apply a more advanced monitoring strategy taking for example into account in-situ variations in time and place.  

Selection of values
In the selected WQGs mutually different terminology is used and mutually different levels of protection are defined. It should be emphasized that the values presented here may not always provide the same level of protection (Category 1) or the same level of impairment (Category 4). A short summary of the defined levels of protection in the guidelines considered is presented here. 
As all criteria and standards are the result of extensive and often long-lasting scientific, public and political debates in the considered countries or regions, the established levels of protections are not discussed here and are furthermore not evaluated in relation to standards and criteria in other countries and regions. All criteria and standards in existing guidelines are compared and finally ‘consensus’ benchmarks are proposed. If there is a large range in the considered values, the benchmarks proposed here (in the following referred to as “proposed benchmarks”) are close to the median values of the criteria and standards in the guidelines considered. 

Oxygen regime 
Multicellular organisms like fish and invertebrates, and many single-celled organisms like bacteria require oxygen for respiration, although some specialized forms can survive at very low oxygen concentrations. However, the minimum level of Dissolved Oxygen (DO) to maintain higher forms of life varies strongly. Most fish-species require reasonably high levels of oxygen. 
The percentage of DO saturation (DO %) is the amount of oxygen relative to the total amount of oxygen that the water can hold in equilibrium at a given temperature. 100 % air saturation means that the water is holding as many dissolved gas molecules as it can in equilibrium with the gas in the atmosphere. Supersaturation (>100%) may occur owing to the process of excess photosynthesis, evident in many nutrient enriched lakes or dense weed beds, or by rapid aeration as of frequent occurrence beside hydro-power dams, large waterfalls or highly turbulent rivers. Values below 100% saturation may be caused by microbiological decomposition of organic material from natural sources or discharges of organic waste, and other oxygen demanding chemicals, such as ammonium. In the lower layer of stratified lakes (i.e. in the hypolimnion) low saturation of DO is quite usual, because of lack of oxygen input and because the rate of oxygen used for decomposition of organic material exceeds replenishment of oxygen through the upper layer of the water column during turnover. 
DO concentrations vary depending on temperature, pressure and salinity. Benchmarks for oxygen concentrations are best derived from local conditions of these parameters. Oxygen concentrations are constantly affected by diffusion, aeration, photosynthesis, respiration and decomposition resulting in daily, seasonal, vertical and horizontal fluctuations. Therefore, monitoring programs for oxygen should take into account such fluctuations. 
Biological Oxygen Demand (BOD) measures the amount of oxygen consumed by microorganisms, mostly measured in a 5-day lab experiment (BOD₅). The greater the oxygen demand, the more rapidly oxygen will be depleted in the water. 

Table A 1 presents an overview of the WQC for the oxygen regime in a number of countries and jurisdictional entities. 
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[bookmark: _Ref445249708][bookmark: _Toc445710807][bookmark: _Toc445713222]Table A 1: Overview of some Water Quality Criteria (WQC) for Dissolved Oxygen Saturation, Dissolved Oxygen Concentration and BOD₅ for high ecosystem integrity in freshwaters.
	
	DO Saturation (%)
	DO Concentration (mg/l)
	BOD₅
mg/l
	Reference

	Australia/ New Zealand
	80 – 120
	-
	-
	ANZECC/ARMCANZ (2000a)

	Canada¹  Warm water
                Cold water
	
	5.5 (6.0) 
6.5 (9.5)
	
	CCME (1999)

	China 
	
	7.5
	≤ 3
	China (2002)

	EU - UK
	>  80 
	8.0 -9.0 ²
	3
	UKTAG (2008a)

	Japan
	
	7.5
	1
	MoEJ (1997)

	South Africa
	80 – 120
	
	
	DWAF (1996a,b)

	UNECE
	90 – 110
	7
	-
	UNECE (1994)

	US¹  Warm water
           Cold water
	
	5.5 (6.0)
6.5 (9.5)
	
	US EPA (1986)


¹ DO-values between brackets apply to early life stages
² Value of 8.0 mg/l for cyprinid fish species and 9.0 for salmonid species in lakes

Existing quality criteria and standards for the oxygen regime (extreme impairment)
[bookmark: _Ref445244934][bookmark: _Toc445710808][bookmark: _Toc445713223]Table A 2: Overview of some Water Quality Criteria (WQC) for Dissolved Oxygen (DO) Saturation, DO Concentration and BOD₅ (Biochemical Oxygen Demand) for extreme impairment in freshwater ecosystems.
	
	DO Saturation (%)
	DO Concentration (mg/l)
	BOD₅
(mg/l)
	Reference

	Australia/ New Zealand
	-
	-
	-
	ANZECC/ARMCANZ (2000a)

	Canada  
	-
	-
	-
	CCME (1999)

	China
	
	3
	10
	China (2002)

	EU - UK
	45-50
	-
	7.5 -9.0
	UKTAG ( 2008a)

	Japan
	-
	2
	10
	MoEJ (1997)

	South Africa
	 40 
	-
	-
	DWAF (1996a,b)

	UNECE
	< 30 or > 150
	 3
	-
	UNECE (1994)

	US   
	-
	3 – 5.5
	-
	US EPA (1986)




Proposed benchmarks for the oxygen regime (Category 1 and 4)
In conclusion, there appears a general worldwide consensus that DO saturation levels between 80% and 120% most likely indicate that the natural oxygen regime is not or only slightly disturbed and appropriate to support the life of aquatic organisms. Oxygen concentration may be used as benchmark value, but the benchmark should be calculated by taking into account the temperature, pressure and salinity of the system. The proposed benchmark values are applicable for a first assessment of ecosystem quality. It should be emphasized that the given range may be too wide for specific organisms or early life stages of organisms in specific aquatic ecosystems 
The lowest reported values for the DO% in different guidelines are in the order of magnitude of 30% - 40%. These values are minimum daily averages in order to prevent disturbance of the day-to-day life of the organisms in the water bodies. The proposal is to apply 30% as the absolute minimum and 150% as a maximum. This value corresponds with about 3 mg/l and 13.6 mg/l at sea level and 20 ⁰C. Although the minimum concentration of DO to maintain higher forms of life varies markedly, the lower benchmark value of 3 mg O2/l represents a value where most multicellular organisms cannot survive for very long. For BOD₅ 10 mg/l is proposed as the benchmark for water where aquatic life is extremely impaired. In »Table A 3 the proposed benchmark values are summarized. 
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	High Integrity (Cat 1)
	Extreme Impairment (Cat IV)

	DO Saturation (%)
	80 - 120
	< 30 or > 150

	DO Concentration  (mg/l)
	7.3 - 10.9 ¹
	<3  or > 13.6 ¹̛  ²

	(optional) BOD₅   (mg/l)
	<3
	>10


¹ Dissolved oxygen concentrations vary depending on temperature, pressure and salinity; benchmark for freshwater at sea level (760 mm Hg) and 20⁰C based on the DO% 
² Daily averages  

Nutrients and Chlorophyll
Phosphorus and nitrogen are nutrients essential to aquatic life. However, an excess of nitrogen and phosphorus, thus a kind of chemical pollution can stimulate the growth of algae and higher plants which can dominate and change the structure of aquatic ecosystems, depending on whether P or N is limiting algal growth. An increase of the nutrient concentrations by anthropogenic influences resulting in “eutrophication” can lead to a series of direct and indirect negative effects such as the stimulated growth of open-water phytoplankton and attached filamentous and “epiphytic” plants, shifts towards dominance of cyanobacteria that include toxic forms, or abundant growth of submerged aquatic plants (macrophytes). In this way the originally chemical pollution can trigger biological pollution of the recipient water. High abundance of photosynthesizing communities can lead to high, even daily, fluctuations in oxygen from super saturation to oxygen depletion, and associated fluctuations e.g. of pH, reduced transparency of standing waters, clogging of water ways, and a large range of indirect shifts in prevalence of ecosystem components affecting both plants and animals. 
Chlorophyll-a (Chl-a) is a color pigment that is used by plants, algae and cyanobacteria to utilize sunlight for biomass production. The Chl-a concentration is often used as a general indicator for the biomass of algae and cyanobacteria and as an indicator for the trophic state of a water body. 
A wide range of nutrient and Chl-a (and, less commonly, other chlorophyll pigments) concentrations are reported in natural aquatic systems. Natural sources of phosphorus and nitrogen and decomposition of organic matter result in very low “background” concentrations of these nutrients, which are rapidly taken up and incorporated into ecosystem biomass. However, water bodies that drain geology containing phosphorus-rich rocks represent an exception of this rule of thumb. With increased human use of fertilizer, land disturbance, urbanized concentration of humans, and nutrient-rich gaseous, aerosol and particulate emissions to the atmosphere, nutrient enrichment of water bodies has become an increasing problem. Common inputs include those from sewage, industrial effluents, urban runoff, drainage from agriculture land, and atmospheric precipitation or direct deposition polluted with nutrients from vehicles, combustion, livestock and bacterial-mediated denitrification associated with a range of land-uses and industrial processes. 
»Table A 4 stands for an overview of nutrient and Chl-a criteria for high ecosystem integrity in a number of countries and entities. 

[bookmark: _Ref445284855][bookmark: _Toc445710809][bookmark: _Toc445713225]Table A 4: Overview of some Water Quality Criteria (WQC) for Nutrients and Chlorophyll a (Chl-a) in for high ecosystem integrity in freshwaters. 
	
	Total P in µg/l
	Dissolved P in µg/l
	Total N in µg/l
	Nitrate-N  in µg/l
	Chl-a in µg/l
	Reference

	Australia/ New Zealand
   - Lakes
   - Rivers and streams
	
10 - 25
 10 - 100
	
5 - 10
4 - 40 
	
350 - 1000
150 - 1200
	
10 - 100
15 - 444
	
3 - 5
3 - 5
	ANZECC/ARMCANZ  (2000a)

	Canada 
	4 - 10
	-
	-
	
(3,000)¹
	
	CCME (2004) CCME (2012) 

	China
	20
	-
	200
	-
	-
	China (2002)

	EU - UK
  - Lakes
  - Rivers
	
5 – 55
-
	
-
20 - 50
	
-
-
	
-
-
	
-
-
	
UKTAG (2008b)
UKTAG (2008a)

	Japan
	5
	
	100
	
	
	MoEJ (1997)

	South Africa
	-
	5
	-
	500
	-
	DWAF (1996a,b)

	UNECE
   - Lakes
   - Flowing waters
	 
10
15
	
-
-
	
300
300
	
	 
2.5
4
	UNECE (1994)

	US
  - Lakes and reservoirs
  - Rivers and streams
	
8 - 37.5
10 - 76
	
-
-
	
100 - 1270
120 - 880
	
-
-
	
10.9 – 12.35
0.4 – 3.75
	US EPA (2002)


¹ For protection from direct toxic effects; the guideline does not consider indirect effects due to eutrophication

Existing quality criteria and standards for Nutrients and Chlorophyll a (Extreme Impairment)
The Canadian WQGs present TP trigger values based on the categories published by the OECD. Extremely eutrophic systems, so-called hyper-eutrophic systems have values of TP >100 μg/l. The guideline for nitrate-N concentration is estimated at 124,000 μg/l. .
Based on the EU WFD, the UK standards provide phosphorus concentration in poor systems. The values for soluble reactive phosphorus are > 500 μg/l in low alkalinity rivers and > 1,000 μg/l for high alkalinity rivers. 
In Japan the lowest class of uses corresponds with concentrations of TP ≤ 100 μg/l and TN ≤ 1,000 μg/l. Above these values the day to day-lives of the population may be limited or disrupted. 
The boundaries for the lowest class of surface water quality published by UNECE (1994) are TP > 190 μg/l for flowing waters and > 125 μg/l for lakes, for both flowing waters and lakes UNECE (1994) recommends the use of a uniform boundary of TN > 2,500 μg/l and Chl-a > 165 μg/l for flowing waters and > 110 μg/l for lakes and reservoirs. These concentrations indicate extensively polluted, hypertrophic water. 
In the South-Africa WQGs levels of TP > 250 μg/l and TN > 10,000 μg/l as average summer concentrations refer to hypertrophic conditions with usually nuisance growth of aquatic plants and blooms of cyanobacteria, often including species that are toxic to man, livestock and wildlife.

[bookmark: _Ref445245874][bookmark: _Toc445710810][bookmark: _Toc445713226]Table A 5: Overview of some Water Quality Criteria (WQC) for total phosphorus, dissolved phosphorus, total nitrogen, nitrate-N and Chl-a for extreme impairment of freshwater ecosystems.
	
	Total P in µg/l
	Dissolved P in µg/l
	Total N in µg/l
	Nitrate-N  in µg/l
	Chl-a in µg/l
	Reference

	Australia/ New Zealand
	-
	-
	-
	-
	-
	ANZECC/ARMCANZ (2000a)

	Canada
	100
	-
	-
	
(124,000)¹
	
	CCME (2004)
CCME (2012) 

	China
	400
	-
	-
	2000
	-
	China (2002)

	EU-UK
  - Lakes
  - Rivers
	
-
-
	
-
500 - 1000
	
-
-
	
-
-
	
-
-
	

UKTAG (2008a)

	Japan
	100
	
	1000
	
	
	MoEJ (1997)

	South-Africa
	
	250
	
	10000
	
	DWAF (1996a,b)

	UNECE
  - Lakes
  - Flowing waters
	
125
190
	
-
	
2500
2500
	
-
-
	
110
165
	UNECE (1994)

	US
	-
	-
	-
	-
	-
	US EPA (2016a)


¹ For protection from direct toxic effects; the guideline does not consider indirect effects due to eutrophication

Proposed benchmarks for Nutrients and Chlorophyll a (Category 1 and 4)
It may be concluded from the guidelines considered that the setting of a general benchmark for nutrient and Chl-a for high integrity of ecosystems is difficult to establish. Although there is a huge amount of data available concerning the relationship between nutrient concentrations and phytoplankton growth (expressed as Chl-a), natural concentrations of nutrients as well as the relationship between nutrient and Chl-a under un-impacted conditions vary. Besides differences in the natural trophic state owing to natural sources of nutrients and geographic factors, the relationship between nutrients and Chl-a are influenced by a range of factors, including alkalinity, transparency, flow conditions and water depth. Most of the guidelines strongly emphasize the importance of taking into account natural site-specific conditions for an assessment of the influence of nutrients and the setting of criteria. Nevertheless, a number of guidelines provide numerical criteria for nutrients and Chl--a, with differences often made between rivers and lakes. Based on existing guidelines the proposed benchmark values for Category 1 are for TP < 10 μg/l for lakes and reservoirs TP < 20 μg/l for rivers and streams, for TN < 500 μg/l and < 700 μg/l respectively and for Chl a < 3 and < 5 μg/l. These concentrations refer to a state where nutrients may be expected to be low and have minimal impact; although in some situations even these seemingly low values may already signify some ecological impact.
Some guidelines present values for dissolved phosphorus and nitrate-N instead of total concentrations. Both indicators might be better indicators for the trophic status and the impact of eutrophication but both are less often used in the guidelines considered. The differences between total phosphorus and dissolved phosphorus are mostly relatively small. The difference between total nitrogen and nitrate-N may be rather large. As shown in Tables A4 and A5 the existing guidelines present strongly varying values for nitrate-N. For that reason, no proposals are given for dissolved phosphorus and nitrate-N. 
In the guidelines considered only a few trigger values are given for systems in extremely impaired quality status. It is proposed to take over the UNECE values of 1994 as IWQGES benchmarks, unless new scientific-based guidelines are available.
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	High Integrity (Cat 1)¹
	Extreme impairment (Cat IV)

	Total Phosphorus (μg/l)
 - lakes and reservoirs
 - rivers and streams
	
< 10
< 20
	
>125
>190

	Total Nitrogen (μg/l)
 - lakes and reservoirs 
 - rivers and streams
	
< 500
< 700
	
> 2500
> 2500

	Chlorophyll a (μg/l)
 - lakes and reservoirs
 - rivers and streams
	
< 3.0
< 5.0
	
> 165
> 125


¹ Background concentrations in undisturbed natural waters may deviate due to natural nutrient sources and geographical conditions.  

pH
The pH-value of water indicates how acid or basic a water body is. The scale is logarithmic from 0 (extremely acidic) and 14 (extremely basic), hence each increment of pH represents an order of magnitude in acidity. A pH of 7 is considered as neutral, but pure water has a slightly lower value. Natural values for freshwater bodies vary between 6 and 9. Very low or high pH values affect the cellular function of most aquatic organisms, resulting in reduced growth, reproduction or survival. The pH is also highly relevant because the solubility and toxicity of several heavy metals vary with pH. A change in pH can also alter availability of nutrients for algae growth in the water column and the release of nutrients from the sediment. Values of ambient pH values are affected by geological, hydrological and biological processes. Carbonate material and limestone can lead to higher pH values and can buffer pH changes, e.g. against acid rain. If biological decomposition processes dominate pH values can decrease. High photosynthesis rates increase the pH values. In waterbodies with high rates of respiration and decomposition significant diurnal variations in pH occur. In eutrophic systems the pH may fluctuate widely within 6 and 10 over a 24-hour period. Differences in temperature have only very slight effects on pH values. Human induced causes of pH changes include low-pH point-sources, mine-drainage, and acid precipitation as a result of emissions of sulphur dioxides and nitrogen oxides. Indirectly, nutrient enrichment may cause large variations of pH. 
In humic waters the decomposition of organic matter is generally the dominant process. Humic waters are water bodies with high levels of Dissolved Organic Carbon (DOC). Humic acids are produced by decomposition processes and decrease the pH. 
Spread across the world there are a number of lakes with unusual pH values. On the one hand, alkaline lakes, also known as soda lakes, generally have pH values between 9 and 12. These lakes have high contents of minerals, particularly dissolved salts, but can also be important sites for e.g. flamingo breeding. On the other hand, there are naturally highly acid lakes, which have usually been developed near volcanoes. In some of these fish coping with acidity as low as 3.5 can be found. 

Existing quality criteria and standards for pH (high integrity)
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Table A 7: Overview of some Water Quality Criteria (WQC) for pH for high ecosystem integrity in freshwaters. 
	
	pH
	Reference

	Australia/ New Zealand
	6.0 – 9.0
	ANZECC/ARMCANZ (2000a)

	Canada
	6.5 – 9.0
	CCME (1999)

	China
	6.0 – 9.0
	China (2002)

	EU - UK
	 6.6 (5.1¹)
	UKTAG (2013)

	Japan
	6.5 – 8.5
	MoEJ (1997)

	South Africa
	 0.5 deviation
	DWAF (1996a,b)

	UN ECE
	6.5 - 9.0
	UNECE (1994)

	US
	6.5 – 9.0
	US EPA (1986)


¹ Value used for humic waters

Existing quality criteria and standards for pH (extreme impairment)
An overview of pH values for extreme impairment in quality guidelines in a number of countries and entities is given in Table A 8. 


[bookmark: _Ref445246577][bookmark: _Toc445710813][bookmark: _Toc445713229]Table A 8: Overview of some Water Quality Criteria (WQC) for pH for extreme impairment of freshwater ecosystems.
	
	pH
	Reference

	Australia/ New Zealand
	< 5.0
	ANZECC/ARMCANZ (2000a)

	Canada
	-
	CCME (1999)

	China
	< 6.0 or > 9.0
	China (2002)

	EU - UK
	< 4.89 (<4.03¹)
	UKTAG (2013)

	Japan
	< 6.0 or > 8.5 
	MoEJ (1997)

	South Africa
	-
	DWAF (1996a,b)

	UN ECE
	< 5.3
	UNECE (1994)

	US
	-
	US EPA (1986)


¹ Humic waters

Proposed benchmarks for pH (Category 1 and 4)
Summarizing the criteria and standards in the selected guidelines the range of pH values between 6.5 and 9.0 are mostly accepted as reasonable values for ecosystems with high integrity. However, natural geochemical and biological processes may cause pH values outside this range. E.g. so-called alkaline lakes have rather high pH levels and humic waters and volcano lakes and rivers may show pH values below 6.5. 
As a provisional conclusion, pH values lower than about 5 may be harmful for certain kinds of aquatic live. However, the information about minimum and maximum values indicating very poor aquatic systems is rather scarce. A limited number of species can survive under extreme pH conditions. 
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	High Integrity (Cat 1)
	Extreme impairment (Cat4)

	pH¹
	6.5² – 9.0³
	< 5 or >9


¹ Because of the logarithmic scale for pH the annual average cannot be calculated directly by simple averaging. It can be reported as range or mean. 
² Humic waters and acid lakes have naturally lower pH values 
³ Alkaline lakes have naturally higher pH values 

Temperature
Temperature of surface waters influences the variety of aquatic life. Some organisms prefer warm waters and other organisms can only survive in cold waters. Water temperature and its fluctuations influence growth, metabolisms, reproduction success, and mobility as well as migration patterns. The thermal tolerance of species can differ markedly. The rate of photosynthesis and microbiological processes will generally increase with increasing temperature, but temperature can also influence aquatic life indirectly, as the temperature can alter physical and chemical properties of the water, e.g. the DO concentration, the solubility and bioavailability of toxic compounds like heavy metals and the relative amount of unionized ammonia. Biota is adapted to daily, seasonal and annual temperature variation. 
The temperature of surface waters can vary largely, from frozen to above 35⁰C. The main determining factor is solar radiation, but also differences in temperature between the water and air, the temperature of the water sources and turbidity may influence temperature. Stratification of waters leads to vertical differences in temperature. Thermal stratification may occur seasonally in lakes. 
Human causes of temperature changes include discharges of heated industrial effluents and power stations, heated discharges of sewage waters, heated return flows of irrigation waters and removal of riparian vegetation cover. Shifts in climate, already showing impacts in distribution of aquatic life, are likely to be more prevalent over the next few decades. 

Existing quality criteria and standards for Temperature (high integrity)

[bookmark: _Ref445247086][bookmark: _Toc445710815][bookmark: _Toc445713231]Table A 10: Overview of some Water Quality Criteria (WQC) for temperature for high ecosystem integrity in freshwaters.  
	
	Temperature
	Reference

	Australia/ New Zealand
	No change from reference conditions
	ANZECC/ARMCANZ (2000a)

	Canada
	+1 or -1 ⁰C from ambient natural background¹
	CCME (1999)

	China
	Man-made fluctuations maximum weekly average rise ≤ 1 and weekly average drop ≤ 2 ⁰C
	China (2002)

	EU - UK
	< 25 ⁰C for warm waters and < 20 ⁰C for cold waters
	UKTAG (2008b)

	Japan
	-
	

	South-Africa
	Deviation of +2 ⁰C and -2°C or 10%  from ambient natural background on an average daily temperatures
	DWAF (1996a,b)

	UN ECE
	-
	UNECE (1994)

	US
	-
	USEPA (2016a)


¹ Values from the Government of British Columbia, a province of Canada 

Existing quality criteria and standards for Temperature (extreme impairment)

[bookmark: _Ref445247304][bookmark: _Toc445710816][bookmark: _Toc445713232]Table A 11 Overview of some Water Quality Criteria (WQC) for temperature for extreme impairment of freshwater ecosystems.
	
	Temperature
	Reference

	Australia/ New Zealand
	Outside the range 20th or 80th percentile of reference conditions
	ANZECC/ARMCANZ (2000a)

	Canada
	-
	CCME (2016)

	China
	Man-made fluctuations maximum weekly average rise ≤ 1 and weekly average drop ≤ 2 ⁰C 
	China (2002)

	EU - UK
	< 32 ⁰C for warm waters and < 30 ⁰C for cold waters
	UKTAG (2008b)

	Japan
	-
	 MoEJ (1997)

	South-Africa
	-
	DWAF (1996a,b)

	UN ECE
	-
	UNECE (1994)

	US
	-
	USEPA (2016a)




Proposed benchmarks for Temperature (Category 1 and 4)
Summarizing, general numerical criteria for temperature in aquatic ecosystems are not presented in the guidelines considered. Two ways are used for the assessment of temperature changes. Firstly, deviations from background values or reference sites may be used. For the high integrity benchmark the proposed criterion is that there are no deviations. Secondly, a benchmark may be derived from the optimum temperature range for specific life stages of relevant species (Table A 12). 
The guidelines considered in this annex provide only very limited information concerning numerical temperature criteria for extreme impairment of ecosystems. Benchmark values might be derived based on large deviations from background values or clear deviations from the thermal tolerance of characteristic species in an aquatic ecosystem. 
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	High Integrity (Cat 1)
	Extreme impairment (Cat 4)

	Temperature 
	No deviation from background value or reference systems or optimum temperature ranges of relevant species
	Large deviations from background value or the thermal tolerance range for characteristic species




Ammonia
Ammonia is one of the several forms of nitrogen that exist in aquatic environments. Ammonia occurs in two forms in the aquatic environment: the un-ionized form (NH₃) and the ionized form (NH₄⁺). The ionized form is also referred to as ammonium. The Total Ammonia Nitrogen (TAN) is the sum of both forms. The ionized ammonia and the un-ionized forms are interrelated through the chemical equilibrium NH₄⁺OH⁻ <-> NH₃H₂O <-> NH₃ + H₂O. 
The relative concentrations of NH₄⁺ and NH₃ are basically dependent on the pH and temperature. With increasing values of pH and temperature, the concentration of NH₃ increases and the concentration of NH₄⁺ decreases. Ammonia in aquatic systems is converted into less toxic nitrate by nitrifying bacteria and the use of oxygen. 
Unlike other forms of nitrogen in aquatic systems, ammonia causes direct effects on aquatic life. Especially the un-ionized form NH₃ is very toxic to aquatic organisms, whereas in the ionized form it is nontoxic. There are substantial data available on the toxicity to acute, lethal and sub-lethal effects of ammonia on fish, and effects on invertebrates and benthic organisms are also described. As NH₃ causes harmful effects, increase of pH or temperature has negative effects on aquatic life due to an increase of the concentration of NH₃. Beside the toxic effect, discharges of ammonia also contribute to eutrophication problems. Large discharges of ammonia may also cause oxygen depletion. 
Natural sources of ammonia include the decomposition of organic material, animal waste and discharges of ammonia by biota. The most important point sources include emissions and effluents from industrial plants, sewage treatments plants and accidental ammonia spills. The non-point sources include agricultural, municipal and atmospheric releases. Major agricultural sources include run-off in areas with intensive farming, accidental release or spills of fertilizer and the decomposition of livestock waste. 

Existing quality criteria and standards for Ammonia (high integrity)
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	Total Ammonia Nitrogen (TAN) in µg/l
	Un-ionized Ammonia in µg/l NH₃
	Reference

	Australia/ New Zealand
	320¹
	(14.8)²
	ANZECC/ARMCANZ (2000a)

	Canada
	· 
	19
	CCME (2010)

	China
	(150)5 
	-
	China (2002)

	EU-UK  
	200 - 300
	40
	UKTAG (2008a,b), UKTAG(2013)

	Japan
	-
	-
	MoEJ (1997)

	South Africa
	-
	7
	DWAF (1996a,b)

	UN ECE
	-
	-
	UNECE (1994)

	US
	1900ᶾ
	(9.1)⁴
	US EPA (2013a)


¹  At pH 8.0
²  Calculated value based on 320 µg/l TAN at pH 8.0 and 20 ⁰C 
ᶾ  At  pH 7.0  and 20⁰C
⁴  Calculated value based on 1900 µg/l TAN at pH 7.0 and 20 ⁰C 
5 NH₄⁺, pH unknown; not published in English




Existing quality criteria and standards for ammonia (extreme impairment)
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Table A 14: Overview of some Water Quality Criteria (WQC) for ammonia for extreme impairment of freshwater ecosystems.
	
	Total Ammonia Nitrogen (TAN) in µg/l 
	Un-ionized Ammonia in µg/l NH₃
	Reference

	Australia/ New Zealand
	2300¹
	(106.3)²
	ANZECC/ARMCANZ (2000a)

	Canada
	
	-
	CCME (2010)

	China
	(2000)5
	-
	China (2002)

	EU-UK
	-
	-
	UKTAG (2013)

	Japan
	-
	-
	MoEJ (1997)

	South Africa
	-
	100
	DWAF (1996a,b)

	UNECE
	-
	-
	UNECE (1994)

	US
	17,000ᶾ
	(81.7)⁴
	US EPA (2013a)


¹  At pH 8.0
²  Calculated value based on 2300 µg/l TAN at pH 8.0 and 20 ⁰C 
ᶾ  At  pH 7.0  and 20⁰C
⁴  Calculated value based on 1900 µg/l TAN at pH 7.0 and 20 ⁰C 
5  NH₄⁺, pH unknown; not published in English

Proposed benchmarks for un-ionized ammonia (Category 1 and 4)
The proposed value for un-ionized ammonia is 15 µg/l, i.e. a value close to the median values of the criteria and standards in the guidelines considered in this annex (see Table A 15). The percent of un-ionized ammonia of measured concentrations of total ammonia at different pH and temperature situations is stated in Emerson et al. (1975). Information how to calculate NH₃/ NH₄⁺ concentrations as function of pH is also included in a number of guidelines e.g. ANZECC/ARMCANZ (2000b), CCME (2010) and DWAF (1996a,b). At a pH of 7.5 and 20⁰C 15 µg/l NH₃ corresponds to nearly 1000 µg/l total ammonia-N. 
Based on Table A 15 a benchmark for un-ionized ammonia of 100 µg/l NH₃ is proposed for extreme impairment of freshwater ecosystems. This value corresponds with 6641 µg/l total ammonia-N.

[bookmark: _Ref445248112][bookmark: _Toc445710821][bookmark: _Toc445713236]Table A 15: Proposed IWQGES benchmarks for Un-ionized Ammonia
	
	High Integrity (Cat 1)
	Extreme impairment (Cat 4)

	Un-ionized Ammonia in µg/l NH₃
	15 
	100




Heavy metals
The term “heavy metals” refers to a group metals which may cause water pollution and adverse biological effects. The metals most frequently mentioned in water pollution studies and in WQGs are aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni) and zinc (Zn). Other metals like iron, selenium, silver and manganese are less frequently reported as environmental problems. Metals are different from organic pollutants because they are not created or destroyed by biological or chemical processes. Some metals are essential nutrients important for biological growth, survival and reproduction. Essential metals are Cr, Cu, Ni and Zn, whereas As, Cd, Pb and Hg are non-essential metals (EC, 2011b). Excess amounts of these metals are potentially toxic. An extensive number of studies on the toxic effect on aquatic species has been published and used to derive WQC for heavy metals. The bioavailability, and therefore, the toxicity of heavy metals in aquatic systems are related to the dissolved or sediment-bound fraction of heavy metals. The dissolved fraction depends on water temperature, pH, alkalinity, salinity and the amount and composition of suspended matter. Some forms of metals are more toxic, e.g. Cr VI is more toxic than Cr III and the toxicity of Hg is mainly determined by the prevalence of methyl-mercury. Some metals accumulate in fatty tissues of organisms (bio concentration) and may increase as they are transferred through predation up the food chain (bio magnification).  Some heavy metals are bound to suspended matter and occur in sediments and may cause adverse effects for organisms living in or near the riverbed and lake bottom. 
Heavy metals are elements which are present in geological structures and can therefore enter water resources by natural processes. Natural background concentration in aquatic systems differs owing to the natural composition of the catchment area and the intensity of leaching processes by rain and other water flows. 
The main human sources of heavy metal pollution are discharges by mining activities and by other industrial activities such as metal processing industries and manufacturing of leather, paints, dyes, paper, and ceramics. Non-point sources also contribute to heavy metal pollution: e.g. run-off of heavy metal containing pesticides and fertilizers, corrosion of metallic constructions and pipes, contaminated precipitation caused by e.g. explosives, combustion processes and vehicle emissions. 

Existing quality criteria and standards Heavy Metals (high integrity)
[bookmark: _Ref445248433][bookmark: _Toc445710822][bookmark: _Toc445713237]Table A 16: Overview of some Water Quality Criteria (WQC) for heavy metals for high ecosystem integrity in freshwaters.
	Guidelines
	
Aluminum in µg/l
	Arsenic in µg/l
	
Cadmium in µg/l
	
Chromium in µg/l
	
Copper in µg/l
	
Lead in µg/l
	
Mercury in µg/l
	
Nickel in µg/l
	Zinc in µg/l
	Reference

	
	pH
<6.5
	pH
>6.5
	
	
	CR III
	CR VI
	
	
	
	
	
	

	Australia/ New Zealand
	
	27
	1
	0.06¹
	-
	0.01
	1.0¹
	1.0¹
	0.06
	8¹
	2.4¹
	ANZECC/ARMCANZ (2000a)

	Canada
	5
	100
	5
	0.09
	8.9
	1
	2–4²
	1–7²
	0.026
	25–150²
	30
	CCME (2016)

	China
	-
	-
	50
	1
	-
	10
	10
	10
	0.5
	-
	50
	China (2002)

	EU
	-
	-
	-
	0.08³
	-
	
	-
	1.2⁴
	-
	4⁴
	
	EC (2013a)

	EU UK
	-
	-
	50
	-
	4.7
	3.4
	1⁵
	-
	-
	-
	8⁵
	UKTAG (2008c)

	Japan
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	30
	MoEJ (1997)

	South-Africa
	5
	10
	10
	0.15–0.4⁵
	12
	7
	0.3–1.4⁵
	0.2–1.2⁵
	0.04
	-
	2
	DWAF (1996a,b)

	UNECE
	-
	1.6
	10⁷
	0.07⁶
	-
	1⁷
	2⁶
	0.1⁶
	0.003⁶
	15⁶
	45⁶
	UNECE (1994)

	US⁸
	-
	87
	150
	0.25⁹
	74⁹
	11⁹
	-
	2.5⁹
	0.77⁹
	52⁹
	120⁹
	US EPA (2016a)



¹ Applicable for a hardness of 30 mg/l CaCO₃. Factors for calculating values at other hardness are presented in the guideline
² Applicable for hardness < 60 mg/l CaCO₃; at hardness > 180 mg/l CaCO₃:  Copper 4 μg/l, Lead 7 μg/l and Nickel 150 μg/l; otherwise to be calculated
ᶾ Applicable for a hardness < 50 mg/l CaCO₃; at harness 50 to- <100 mg/l CaCO₃ 0.09 µg/l, 100 to <200 mg/l CaCO₃ 0.15 µg/l and ≥ 200 mg/l CaCO₃ 0.25 µg/l
⁴ Bioavailable concentration
⁵ Depending on hardness. At higher hardness higher concentrations
⁶ Applicable for hardness from about 0.5 meq/l to 8 meq/l (= 25-400 mg/l CaCO₃)
⁷ Arsenic V and chromium III to be converted to arsenic III and chromium VI
⁸ Criteria are expressed in terms of the dissolved metals
⁹ Applicable for hardness < 60  mg/l CaCO₃; at higher hardness higher concentrations

Existing quality criteria and standards Heavy Metals (extreme Impairment) 

[bookmark: _Ref445248618][bookmark: _Toc445710823][bookmark: _Toc445713238]Table A 17: Overview of some  WQC for heavy metals for extreme impairment of freshwater ecosystems.
	
	
Aluminum in
µg/l
	
Arsenic in µg/l
	Cadmium in
µg/l
	
Chromium in
µg/l
	
Copper in µg/l
	Lead in µg/l
	Mercury in µg/l
	
Nickel in µg/l
	Zinc in µg/l
	Reference

	
	pH
<6.5
	pH
>6.5
	
	
	Cr III
	Cr VI
	
	
	
	
	
	

	Australia/ New Zealand
	-
	150
	94
	0.8¹
	-
	40
	2.5¹
	9.4¹
	5.4
	17¹
	31¹
	ANZECC/ARMCANZ (2000a)

	Canada
	
	
	
	1.0
	
	
	
	
	
	
	
	CCME (2016)

	China
	
	
	100
	10
	
	100
	1000
	100
	1
	-
	2000
	China (2002)

	EU
	
	
	
	0.45²
	
	
	
	14
	0.07
	34
	
	EC (2013a)

	EU-UK
	
	
	
	
	32
	
	
	
	
	
	
	UKTAG (2008c)

	Japan
	
	
	-
	-
	-
	-
	-
	-
	-
	-
	-
	MoEJ (1997)

	South-Africa
	100
	150
	130
	3³
	340
	200
	1.6³
	4³
	1.7
	-
	36
	DWAF (1996a,b)

	UN ECE
	
	75
	360⁵
	3.9⁴
	-
	6⁵
	18⁴
	82⁴
	2.4
	1400⁴
	120⁴
	UN ECE (1994)

	US⁶
	-
	87
	340
	2.0⁷
	570⁷
	16⁷
	-
	6.5⁷
	1.4⁷
	470⁷
	120⁷
	US EPA (2016a)



¹ Applicable for a hardness of 30 mg/l CaCO₃. Factors for calculating values at other hardness are presented in the guideline
² Applicable for a hardness < 50 mg/l CaCO₃; at harness 50 to- <100 mg/l CaCO₃ 0.6 µg/l, 100 to <200 mg/l CaCO₃ 0.9 µg/l and ≥ 200 mg/l CaCO₃ 1.5 µg/l
ᶾ Depending on hardness. At higher hardness higher concentrations
⁴ Applicable for hardness from about 0.5 meq/l to 8 meq/l (= 25-400 mg/l CaCO₃)
⁵ Arsenic V and chromium III to be converted to arsenic III and chromium VI
⁶ Criteria are expressed in terms of the dissolved metals
⁷ Applicable for hardness < 60  mg/l CaCO₃; at higher hardness higher concentrations
In Table A 17 an overview of heavy metal criteria in the considered WQGs is presented. All values are related to acute or short term effect concentrations. It is assumed that long-term exposure to concentrations of pollutants which may cause negative effects on short-term might be indicative for extreme impairment.

Proposed benchmarks for Heavy Metals (Category 1 and 4)
The presented overview in Table A 18 highlights that existing guidelines provide benchmark values for high integrity status for all heavy metals considered. The values in the guidelines are scientifically based and well documented. However, the criteria for setting standards can vary across guidelines. This variation is most likely due to the different procedures applied when deriving final limit values; most likely different toxicity data and different safety factors have been applied. Some differences moreover occur due to different corrections for hardness and the use of dissolved compared with total concentrations. All values presented in Table A 18 are intended to protect aquatic life for long-term, based on annual averages. IWQGES benchmarks for heavy metals are proposed on the basis of the recommended values of the guidelines considered. The proposed IWQGES values are nearly always close to the median value and not the arithmetic mean. In most of the guidelines considered the thresholds for some heavy metals depend on the hardness of the water. The proposed benchmark values in Table A 18 are the proposed benchmarks for waters with low hardness. In many cases natural backgrounds are however lower than the proposed benchmarks. As recommended in some of the guidelines considered, estimating backgrounds for heavy metals may be a prerequisite because of the great variation between regions. 
The high impairment category considered by the guidelines provide criteria for acute or short-term exposure levels. However, the guideline values found differ per guideline. This variation is most likely due to the different procedures applied when deriving threshold values. Based on the values in the guidelines considered benchmarks are proposed for heavy metals which indicate extreme impairment of freshwater life. The proposed benchmark values to demarcate the high impairment category are also close to the median value, not to the arithmetic mean of acute, short-term and maximum allowable concentrations presented in the guidelines considered. The rationale is that acute and short-term values may result in extreme impairment if exceeded continuously.
[bookmark: _Ref445248836]

[bookmark: _Ref445471958][bookmark: _Toc445710824][bookmark: _Toc445713239]Table A 18: Proposed benchmarks for Heavy Metals
	
	High Integrity (Cat 1) ¹
	Extreme Impairment (Cat IV)

	Aluminum (μg/l)
pH <6.5
pH >6.5
	
5
10
	
-
100

	Arsenic (μg/l)
	10
	150

	Cadmium (μg/l) ²
	0.08
	1.0

	Chromium (μg/l) ² 
Cr III
Cr VI
	
10
1
	
75
40

	Copper (μg/l) ²
	1
	2.5

	Lead (μg/l) ²
	2
	5

	Mercury (μg/l) ²
	0.05
	1.0

	Nickel (μg/l) ²
	20
	50

	Zinc (μg/l) ²
	8
	50


¹ Natural sources and geographical conditions may cause natural background values that differ from the benchmarks for high integrity. Instead of these benchmark values natural background concentrations may be used for setting criteria for high integrity.
¹ Applicable for waters with low hardness (< 60  mg/l CaCO₃). In case of higher hardness, the values may be higher. 
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